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Existe un sinfín de diferentes átomos en la naturaleza, decía Demócrito.
Algunos son redondos y lisos, otros son irregulares y torcidos. Precisamente
por tener formas diferentes, podían usarse para componer diferentes cuerpos.
Pero aunque sean muchísimos y muy diferentes entre sí, son todos eternos,
inalterables e indivisibles pues la palabra «átomo» significa «indivisible».

Demócrito, artículo 5.





Abstract

The present thesis is focused on the computational treatment of transition metal
oxides and classical semiconductors. The interest in these materials is due to their
electronic, optical, and magnetic properties, and their wide range of applications in
catalysis, electronic devices, and photo-and electro-catalysis. One of the
fundamental properties of these materials is the band gap, which determines the
optical, electrical, and chemical properties. From a theoretical perspective, the most
widely employed methodology to describe the band gap of these materials is the
Density Functional Theory (DFT). The estimation of the band gap by DFT with the
GGA approach or hybrid functionals is justified for materials that are not highly
correlated such as TiO2, ZnO, V2O5, III-V semiconductors, etc. However, when one
deals with highly correlated materials, it is necessary to introduce methods that
include many-body effects (electron hopping), such as the GW, and the dynamical
mean-field theory (DMFT).

In order to solve the problem of the description of highly correlated materials, we
started this thesis with the study of transition metal oxides with Mott Hubbard
character by using the Charge Transition Level approach (CTLs). From this
research, it was found that CTLs approach provides a better description of the band
gap of highly correlated materials than those obtained with hybrid functionals and
high level of theory methods such as GW and DMFT, where the computed values
are compared with experimental measurements. Next, the description and
rationalization of the role of quantum confinement on III-V semiconductors through
the consideration of (110) surfaces with different thicknesses was studied. The
results from quantum confinement indicate that there are two groups of
semiconductors, the first one corresponds to semiconductors that are less affected
such as the Al-V group, and the second one to semiconductors that are strongly
affected such as the In-V group.

Then we moved to the computational treatment of composite materials for
photocatalytic applications such as the heterojunctions. In a dedicated chapter,
some methodological aspects that need to be considered in the design of binary and
ternary heterojunctions were provided. In particular, the description of type-II
heterojunctions is given since these kinds of interfaces are the most interesting for
photocatalysis applications.

In this last chapter of the thesis two cases of co-catalysts are described, both based
on single atoms catalysts (SACs) for the hydrogen evolution reaction (HER). First, the
effect of different gold nanoparticles size (Single atoms, Nanoclusters, and
Nanoparticles) supported on nitrogen-doped graphene is discussed. Second, the
formation of two intermediates (MH and HMH) in transition metal oxides adsorbed
on different nitrogen-doped graphene supports and molybdenum disulfide (MoS2)
is described.

Keywords

Photocatalysis, correlated materials, CTL approach, heterojunctions, single atom
catalyst, hydrogen evolution reaction, hybrid functionals, density functional theory
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Chapter I: Introduction

1.1 Catalysis and photocatalysis

In the last decades, one of the most important aspects considered by scientists

around the globe is the development of new materials with specific

chemical-physical properties that can cover the environmental requirements of our

time. The development and improvement of new materials paves the way of many

sub-areas of materials science, chemistry, physics and engineering to discover and

create new opportunities for Scientists and PhD students who want to introduce

new ideas, concepts, and theories about the different kind of materials that can be

use and are friendly with our planet. The catalysis and photocatalysis are clear

examples of sub-areas of materials science and chemistry that can help to do this.

The goal in materials science and chemistry is the development of new materials

that make them more efficient in the processes where they are applying.1

The energy demand and all the comforts that the society is enjoying seems to be

one of the main sources of pollution. This issue is mainly regarded to the way in

which many countries around the globe are generating energy: through the use of

petroleum derivatives.2 One of the alternatives to solve this issue are the so-called

green energies (e.g. solar, eolic, geothermic, etc), and with that the development of

new materials that can help to take benefits of these natural sources. The

development and design of new materials can also help to improve the power

generation processes and another actual issues, as is the power storage capacity.1

In the daily activities many processes depend on chemical reactions and the use of

catalytic materials make these processes easier, an example is the food production

by the use of fertilizers. An essential compound in the synthesis of fertilizers is

ammonia which usually is produced by a metal catalyst in the Haber-Bosch process.3

Another example is the conversion of toxic gases and pollutants generated from the

internal combustion engine into less-toxic pollutants by a catalytic converter.4

Since the discovery of TiO2 electrode for the water splitting process by Fujishima and

Honda,5 nowadays it is well know that the photocatalytic activity of semiconductors
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for photocatalysis applications mainly depend on three steps: i) light absorption;ii)

separation and migration of the photogenerated species (electrons and holes); iii)

redox reactions on the surface, see Figure 1.

Figure 1. schematic representation of the photocatalytic activity on semiconductors. i) light
absorption;ii) separation and migration of the photogenerated species (electrons and holes);
iii) redox reactions on the surface.

In catalysis and photocatalysis some of the existing semiconductors do not absorb

light in the visible range, in this respect narrow band gap materials are desired. A

variety of investigations have been done with the goal of increase the photocatalytic

efficiency on semiconductors and 2D materials taken in consideration the sequential

steps mentioned above.6 However, the generation of the electron-hole pair implies

also their recombination process. To address the recombination process of the

photogenerated species in semiconductor and with that increase the photoactivity a

variety of strategies have been used, some of them are: via doping, nanostructuring

(co-catalyst), formation of a semiconductor/metal oxide heterojunction, or a

combination of these approaches.1,7,8 Of course, all of them taken in consideration

the next requirements; (1) a good visible light absorption, (2) a favorable position of

the edges of the valence and conduction bands with respect to target redox species,

(3) an efficient charge carriers separation upon excitation, (4) a high mobility and

low recombination rate of the charge carriers, and last but not least (5) a good

chemical stability.7–9

1.2 Heterojunctions

A clear example of materials that can improve the chemical-physical properties of

new materials in catalysis and photocatalysis are heterojunctions, which are

composite materials where two or more units are in contact due to the formation of

a junction region. Considering the Anderson diffusion model for semiconductor

materials, one can identify three types of heterojunctions depending on the

alignment of the valence band (VB) and conduction band (CB) edges of the

interface,10 in Figure 2 is shown a scheme of the three types of heterojunctions:
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a) straddling gap (Type-I)

It is formed by the union of two semiconductors with very different energy gaps and

is characterized in that the conduction band of component B is above that of

component A. The valence band of component B is below component A (the bands

of component A are among those of component B, Figure 2(a). The holes and

electrons are transferred and accumulated in the component of smaller energy gap.

b) staggered gap (Type-II)

It is formed by the union of two semiconductors with a very similar energy gap and

is characterized in that the photo-excited electrons are transferred from the

conduction band of component A to the conduction band of component B. While

the holes can travel in the direction opposite to the electrons, that is, from the

valence band of component B to the valence band of component A. This type of

interface allows to reduce the energy gap, to generate an efficient separation of the

charge (to decrease the recombination rate) and improve the catalytic activity in

materials, Figure 2(b). This type of heterojunction is common when you have p and

n semiconductors.

c) broken gap (Type-III)

It is formed by two semiconductors with a similar or very different energy gap and is

characterized by generating a high conduction charge transfer. The valence band of

component B is above the conduction band of component A, Figure 2(c).

Figure 2. Heterojunctions types. (a) type I, straddling gap; (b) type II, staggered gap; (c) type
III, broken gap.

In the last decades, heterojunctions have been studied extensively and advances in

synthesis methods to form them have been demonstrated. However, still many

questions about what its happening at the atomistic scale exist, in this way,

computational approaches are well suited to investigate the functioning of

heterojunctions and with that provide valuable atomistic insights.
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An accurate and efficient method used to describe materials at atomistic scale is

density functional theory (DFT).9,11

1.2.1 Methodological aspects to be consider in the design of heterojunctions with

DFT

To address semiconductor heterojunctions with DFT calculations one has to deal

with various methodological issues. Some of them are of very general nature, such

as i) the problem of the determination of the band gap within the DFT formalism,12

and ii) the necessity of properly aligning energy levels of the involved species in the

interface with respect to target redox species. Other methodological problems are

intrinsically related to the creation of the interface, and involve the role of surface

termination, the problem of strain that can result by the use of the same supercell

to describe two materials with different lattice constants, etc.13 Sometimes the role

of quantum confinement when nanostructured materials are considered needs to

be addressed.14

1.2.1.1 The band gap problem

The problem of describing the Kohn-Sham (KS) band gap in semiconductor materials

has been widely discussed in the past. There is general consensus that hybrid

functionals, where a portion of exact exchange is added to the DFT exchange

functional, offer a better description of this important property.15–18 However,

several kinds of hybrid functionals have been proposed over the years. They usually

differ by the choice of the GGA functional19 approximating the semi-local part, and

by the amount of exact exchange added to the DFT functional. Usually this is fixed

and is not material dependent. An alternative to the hybrid functionals is

represented by the dielectric-dependent (DD) functionals where the amount of

exact exchange is obtained self-consistently from the dielectric constant of the

material.20–22 However, in a recent study, Tilak Das and coworkers compared the

performances of various popular hybrid functionals, including standard (PBE0,

B3LYP, HSE06, etc.) and dielectric-dependent (DD) functionals.17 The conclusion is

that there is no general improvement in the use of DD functionals compared to

PBE0, HSE06 and B3LYP, although some systems are better described at the DD level.

Thus, standard hybrid functionals as PBE0 or HSE06 are recommended for

non-magnetic bulk 3D metal oxides, while layered materials benefits from the use of

DD, range-separated functionals.
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Another specific problem related to the study of heterojunctions where two or

more materials are interfaced, is that a single functional must be used for the whole

system, thus limiting the use of material dependent functionals such as the DD ones.

An important requirement is thus that the functional used provides a balanced

description of both components.

1.2.1.2 Band offsets

To describe the band alignment in a semiconductor heterojunction one can follow

three different strategies. The first one consists in using an alternating sequence of

slabs A/B/A/B/A/B… repeated along the non-periodic direction of the supercell,

“alternating slabs junction” approach;23–25 in this model an interface between A and

B is defined and optimized, but the slabs are not terminated by a surface exposed to

vacuum. This approach has the advantage that there is no need to model the

surface of a material, provided that no important surface effects are present.

A similar approach makes use of a sequence of surface terminated slabs separated

by a vacuum region (__), A/B/__/A/B/__/A/B/__. Which is call “surface terminated

junction” approach, here the effect of the two surfaces are present, one for A and

one for B, and as in the previous model, the A/B interface is explicitly taken into

account.26

The third and last approach is the simplest one and is based on the calculation of

the properties of the separated, non-interacting, A and B components of the

junction, “independent units”. These can be calculated using bulk unit cells,27,28 or

finite slab models reasonably converged with respect to the thickness.27–29

Once the model has been defined, the next step consists in calculating the band

edges and offsets (VBO and CBO) of the two materials, choosing a proper reference

to align them. This can be done following the “electrostatic potential line-up”

method where the plane-averaged electrostatic potential (V) of the heterostructure

and the separated components are calculated.23 Then, the valence band maximum,

VBM, and the conduction band minimum, CBM, of the composing units are aligned

using as a common reference the macroscopic average of V or V stationary

points.23,30–34 An alternative approach, which has a similar accuracy, is to use the

core levels (e.g. the energy of the 1s orbitals).35–37



6

1.3 Co-catalyst

Nanostructuring is the other way to improve the photoactivity in materials and a

clear example of nanostructuring is the use of co-catalyst, which constitutes of a

pair of cooperative catalysts that improve each other’s catalytic activity.

Here we give attention to a particular case of co-catalyst which is the Single Atom

Catalyst (SACs) with the intention to describe the hydrogen evolution reaction (HER).

SACs consist of isolated metal single atoms (SAs) dispersed onto the support

surfaces and possess unique chemical and physical properties often different from

those of the conventional supported metal nanoparticles (NP) catalysts. Among the

various co-catalysts proposed in literature it is possible to find the platinum-group

elements (PGE) such as Pt, Pd, Rh Ru, and Ir.38–43 A particular case that does not

form part of the PGE but present an excellent photocatalytic hydrogen evolution is

gold.44,45 However, due to the low abundance of the PGE and high prices, a

searching for novel inexpensive materials than can reproduce the performance of

the PGE and gold has started in the last decades. Materials based on

earth-abundant elements, such as the first-row transition metals (e.g., Fe, Co, Ni, or

Cu), have been recognized as good co-catalysts for the hydrogen evolution.46–49

Then, the use of proper co-catalysts loaded on the light harvesting semiconductor

could promote or accelerate the photocatalytic courses for the hydrogen evolution

reaction. Co-catalyst can serve as the reaction sites and catalyze the reactions,

promote the charge separation and transport driven by junctions/interfaces formed

between the co-catalyst and the light harvesting semiconductor.50 In this area also

the DFT can help to elucidate the best SACs than can be used for the HER. Figure 3

schematically shows the areas where SACs are applied. In this thesis, two

sub-chapter are dedicated to the study of SACs supported in 2D structures and in

particular nitrogen-doped graphene for the HER.

Figure 3. Schematic representation of Single Atom Catalyst (SACs) applications.
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Chapter II: Methodological aspects

2.1 Theoretical description of oxide semiconductors

Density functional theory (DFT) is one of the commonly used method to study the

electronic structure of oxide semiconductors.12 One of the fundamental properties

of a semiconductor is the band gap, which determines the optical, electrical and

chemical properties. Band gap calculation is usually based on the analysis of the

position of the Kohn-Sham (KS) energy levels,51 despite the fact that DFT is a ground

state theory and that Kohn-Sham orbital energies provide, in principle, just a crude

approximation of the band gap. The measurement of the band gap implies to excite

one electron from the valence band (VB) to the conduction band (CB, optical

transition) or to remove or add electrons to the system as in photoelectron

spectroscopies, causing important electronic and geometrical relaxations that follow

the ionization process. In the first case the measures are affected by the formation

of excitons, in the second it is often difficult to distinguish initial from final state

effects.52 Nevertheless, Kohn-Sham band gaps are widely and universally used due

to their simplicity and rapid calculation.

A well-known problem is related to the choice of the exchange-correlation

functional in density functional theory (DFT) calculations. The limitations of the

generalized gradient approximation (GGA) are known; in particular the

self-interaction problem, which results in the underestimation of the band gaps in

semiconductor.53 Unfortunately, this underestimate is not systematic, and varies

substantially case by case. Furthermore, delocalized solutions for excited electrons

and holes are favoured over localized solutions, often leading to un-physical results.

In order to partly solve these issues, various strategies have been implemented,

such as the use of the Hubbard correction, U, that can be incorporate to the local

and semilocal density functionals (LDA+U and GGA+U).54,55 The role of the U term is

to treat the strong on-site Coulomb interaction of localized electrons by adding a

Hubbard-like term. This provides a simplified description of strongly correlated

electronic states (d and f orbitals), while the rest of the valence electrons is treated

by the usual DFT approximations.



8

The other approach to address the self-interaction error is the use of hybrid

functionals. Which, were introduced in quantum chemistry in order to improve the

prediction of thermochemical properties, e.g. atomization energies, of molecular

systems.56,57 They are constructed by adding a portion of the exact exchange energy

Ex to GGA type functionals, whose exchange and correlation contributions are

denoted as ExGGA and EcGGA, respectively. The general form of the

exchange-correlation energy for one-parameter hybrid functionals is defined by

following equation:

��㈱ = ��� + (1 − �)����� +�㈱��� Eq. (1)

Where the fraction of exact exchange is denoted as α, in the case of one-parameter

hybrids, may vary from 0 (pure GGA functional) to 1 (Kohn–Sham exact exchange

potential).58 Several hybrid functionals have been designed, which differ by the

specific choice of the GGA functional approximating the semi-local part, and the

value of α.59 Among others, the PBE060 and B3LYP56,57 functionals deserve special

mention. The B3LYP functional does not follow equation (1), but is based on a

different three-parameter formula fitted to reproduce a set of experimental data

(20% of exact exchange, or α = 0.20). Instead, PBE0 builds on the original Becke’s

one-parameter hybrid with α = 0.25. The first applications of hybrid functionals to

solids appeared at the end of the 90s’, showing a significant improvement over GGA

in the band gaps description of semiconductors, as well as of other properties.53,61

Since then, hybrid functionals specifically designed for solid systems have also been

developed. In particular, range-separated hybrids were proposed so that the

Coulomb kernel in the exchange energy is separated in short-and long-range

contributions. A range-separated hybrid where the long-range part of the Coulomb

interaction is neglected (short-range hybrids) is the Heyd–Scuseria–Ernzerhof

(HSE)62,63 functional for which the short-range exchange fraction is set to 0.25.

Screened exchange functionals have been successfully applied to the calculation of

the properties of solids.15,64,65

Hybrid functionals are extremely useful in the description of electron localization.

Different from semilocal functionals, where the self-interaction error

over-delocalizes electrons and holes, introducing a portion of exact exchange in

hybrid functionals partially corrects the self-interaction error, giving a qualitatively

correct representation of localized electrons and holes, an important aspect in

photocatalysis. A direct proof of this comes, among others, from the direct

comparison of measured and computed EPR properties.66
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A variant of the hybrid functionals are the dielectric-dependent hybrid functionals,

whose considered the effect of the dielectric constant of the materials.

2.2 Dielectric-dependent hybrid functionals

As with LDA+U and GGA+U, the choice of the correct value for the exact exchange

fraction α in hybrid functionals remains an issue. The value of α has dramatic

consequences on the band structure and, in particular, on the band gap. For

example, PBE0 overestimates by more than 50% the gap of silicon.67 Clearly, a fixed

value of α (e.g. 0.20 for B3LYP or 0.25 for PBE0) does not guarantee a comparable

accuracy in the description of the electronic properties of a broad set of materials.

An alternative approach is to consider the exact exchange fraction as a term which

depends on the bonding characteristics and, therefore, on the electronic and

dielectric properties of the material. Then, the exact exchange fraction is related to

the strength of the electronic screening in a solid. Quasiparticle corrections to DFT

eigenvalues are inversely proportional to the static dielectric constant of a

material.68,69 In this respect, the exact exchange fraction is given by the inverse of

the static dielectric constant.70,71 For dielectric-dependent hybrids, the

exchange-correlation potential takes a functional form similar to PBE0 (see equation

(1) above), but with an exchange fraction which is system dependent:70,71

� =
1
�∞

Eq. (2)

Clearly, α depends on the approximations made in computing the dielectric

constant, ε∞ , or on the experimental errors in case this is taken from experiment.

For a deeper discussion of dielectric dependent (DD) hybrid functionals the reader is

referred to a recent reviews on this topic.20–22,72

There are various ways to perform a DD hybrid functional calculation. One can take

the experimental dielectric constant of a material and derive the corresponding α

value - equation (2); in this case, the method has some empirical flavour due to the

use of an external parameter. The other approach is to compute the dielectric

constant starting from an initial α value, generate a new DD α, and iterate the

procedure until self-consistency is obtained. This leads to a method where the

dielectric constant is derived theoretically and the method can be considered as

parameter-free, fully ab initio. Ideally, the computed and measured dielectric

constants should be similar, as well as the α values and the description of the

electronic structure.
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From a purely theoretical point of view, the self-consistent determination of the

dielectric constant is preferable as it does not require to rely on experimental data.

An alternative model to the dielectric dependent approach to fix the amount of

non-local exchange and provide good band gaps is to design functionals that satisfy

the Koopmsn’s condition, such as those based on a set of parameters suggested by

Moussa et al.,73 and later by Deák et al,.74

2.3 Charge transition levels

Despite all the problems mentioned above, KS-DFT is still widely used to estimate

the band gap of highly correlated solids, such as transition metal oxides and in

particular, monoxides of the elements located is the right side of the first transition

metal row (Mn, Fe, Co, Ni, Cu) and among other oxides (CuWO4, Fe2O3, VO2, etc.,).

These oxides are magnetic insulators, i.e. they exhibit insulating character, high spin

configurations, and often antiferromagnetic ordering, i.e. nearby metal cations

display opposite spin. Their electronic structure is characterized by a predominant

contribution of metal’s d-orbitals both to the valence and the conduction bands.

Differently from the charge-transfer oxide insulators, where electronic excitations

correspond to an actual transfer from O 2p orbitals to metal’s d-orbitals, electronic

excitations in these materials are rather described as an electron hopping from one

metal center to the next. Their description in terms of band model raises

fundamental questions, and for this reason they are classified as magnetic insulators

or even as Mott-Hubbard insulators in the intermediate regime.75 In this class of

materials narrow bands are formed due to the very localized nature of the 3d

orbitals of late transition metals or the f orbitals of rare-earth elements. This is also

the reason why these are often referred to as highly correlated solids. The

treatment of complex oxides requires to go beyond the analysis of KS levels,76 and

more accurate but also computationally demanding approaches have been

proposed, such as the GW77 or the Dynamical Mean-Field Theory (DMFT) methods.78

In a sub-chapter of this thesis, attention is given to; MnO, FeO, CoO, NiO, and CuO

oxides, which are materials characterized by the presence of atomic like cation 3d

orbitals occupied by a number of electrons that goes from 5 (Mn) to 9 (Cu). This

leads to the presence of occupied and unoccupied metal 3d states and a permanent

magnetic moment, all these systems are antiferromagnetic at the ground state. A

very simplified model to describe conductivity in these systems has been proposed

by Hubbard in 1963.79
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In the Hubbard model the electron mobility is due to the excitation of one electron

from a metal cation to an adjacent neighboring cation (hopping) according to the

following equation (where the oxidation state of the cation is that of the TM

monoxides):

M2+(3dn) +M2+(3dn) → M3+(3dn−1) +M+(3dn+1) Eq. (3)

According to this oversimplified view, the band gap (Eg) of the system, is

approximated as Eg = U = I – A, where I and A are the ionization potential

[M2+(3dn) M3+(3dn-1) + e-] and the electron affinity [M2+(3dn) + e-  M+(3dn+1)] of a

M2+(3dn) ion. Thus, the band gap can be approximated as the difference between

two total atomic energies, that of the metal cation with one electron removed (I)

and with one electron added (A). Of course, solid-state effects largely contribute to

modify the band gap from what predicted based on this model. These have been

included in the classical Zaanen, Sawatzky and Allen (ZSA) theory.80 The ZSA model

of insulating TM compounds is based on a comparison of the on-site correlation

energy, Udd, and the charge transfer energy,  . When Udd <  the energy gap Eg is

determined by Udd (Eg  Udd) corresponding to the transition 3dn + 3dn  3dn-1 +

3dn+1 giving rise to a Mott-Hubbard insulator. When Udd >  the charge transfer

energy , corresponding to the transition 3dn  3dn+1L (where L indicates a hole on

a ligand), determines the gap (Eg   ) and the system is classified as a charge

transfer insulator. In the ZSA model the relative weight of the two terms is

empirically defined, while here it is the result of the full ab initio determination of

the final wave functions.

It is possible to estimate the position of energy levels introduced by an isolated

defect in the gap of a semiconductor by considering the charge transition levels

(CTLs) approach.81–84 Where the total energies of different electronic states are

considered instead of one-electron KS energies. Usually the transition level ϵ(q/q’)
is defined as the Fermi level, referred to the top of the VB, for which the formation

energies of defects in the charge states q = q’ + 1 and q’ are equal. Here the CTLs can

be derived on the basis of Janak’s theorem.85 This method is rather accurate when

used in connection with hybrid functionals,86–91 and allows to circumvent the

problem of the calculation of the total energy of charged supercells, which is not

possible with the CRYSTAL92 code because of the interaction with the balancing

background of charge. The charge transition levels approach imply the creation of

charged species, whose stability is largely influenced by their reciprocal distance. It

is thus mandatory to check the convergence of the CTLs gap with respect to the

supercell size.
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The energy gap of TM oxides has been estimated as the difference between the

ionization potential (I) and the electron affinity (A) of the system. The procedure

starts from the ground state electronic structure of the neutral oxide, by removing

or adding one electron, respectively, forming the corresponding +1 and -1 charged

states, respectively. Optical transition levels (ϵopt) are estimated while keeping the

atoms fixed in their fundamental state’s positions, while thermodynamic transition

levels (ϵtherm) are calculated on the fully relaxed charged system.93

The formation energy ϵopt(q/q’) of these charges states has been obtained following

the approach described in details by Gallino et al,.91 where the Janak’s theorem is

used starting from this expression:

���� � �' =
��,�' −��,�

� − �' −�� = 0
1�ℎ+1 �−� ���

�− �'
−��

Eq. (4)

ED,q’ and ED,q are the total energies of the defective systems with charge q’ and q =

q’+1, respectively, while еh+1(N) is the KS eigenvalue of the lowest unoccupied (h+1)

state of the q charged state (N electrons). Ev is the Valence Band Maximum of the

neutral system. After taking into account the mean value theorem for the integrals,

it is possible to compute the formation energy ϵopt(q/q’) of the charged states

following eq. (5) reported below, where the calculation of two eigenvalues is

required instead of all the eigenvalues of n between 0 and 1:

���� � �' =
�ℎ+1 � +�ℎ+1 �+1

2 −��
Eq. (5)

Here, eh+1(N) and eh+1(N+1), are the KS eigenvalues of the lowest unoccupied state

(LUMO) in the charge state q and the highest occupied state (HOMO) in the charge

state q’, respectively.

The ionization potential, I, can thus be obtained as:

���� +1 0 =
���� +1 +���� 0

2 −�� =− �
Eq. (6)

while the electron affinity, A, can be written in terms of the corresponding transition

levels:

���� 0 −1 =
���� 0 +����(− 1)

2 −�� =−�
Eq. (7)
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Then, the optical energy gap, Eg (opt) is calculated as the difference of ionization

potential and electron affinity, which in turn is the difference between ϵopt(0/-1)

and ϵopt(+1/0) determined with respect to the top of valence band in the host

material:

�� ��� = � −� = − ���� +1 0 + ���� 0 −1 Eq. (8)

Notice that this definition of optical gap does not include exitonic effects, and that

for this reason this quantity is sometimes referred to as the fundamental gap.

Optical transition levels (ϵopt), as stated above, do not include relaxation effects and

can be directly compared with the position of the band edges estimated from

optical excitation. The direct comparison between experimental excitation energies

and calculated band gaps will be based on the optical (fundamental) gaps, i.e.

keeping frozen the nuclei configurations. This assumption is based on the shorter

time lapse associated to photons absorption/emission (femtoseconds) compared

atomic relaxation (picoseconds). On the other hand, it can be interesting to estimate

also the effects related to the geometrical relaxation upon trapping of charged

species.91,94 This information may allow us to rationalize the accuracy of DFT-KS gaps,

since this effect is generally neglected when looking at KS energy levels of the

neutral system. Moreover, the estimate of relaxation energies provides additional

information about the non-radiative decay of photoexcited electrons and holes.

2.4 Used codes

The systems discussed in this thesis have been studied using the CRYSTAL code92

where the Bloch functions of the periodic systems are expanded as linear

combination of atom centred Gaussian functions

(https://www.crystal.unito.it/index.php); and the VASP code95–97 based on

augmented plane waves where the one electron wave-functions are derived from a

pseudo orbital by means of a linear transformation (PAW method,

https://www.vasp.at/). The use of two computer codes was motivated by the

different efficiency in calculating the band structure with hybrid functionals; on

conventional CPUs the atom-centered CRYSTAL code does not undergo relevant loss

of efficiency when doing hybrid functional calculations. However, the increased

computing power in the new generation of architectures makes feasible hybrid

functional calculations also with plane-wave codes, as VASP. Further computational

details can be found in the chapters described below.
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Chapter III: Fundamental material properties

When one wants to deal with the description of fundamental properties of material

several aspects need to be considered. Here we describe in particular two cases. The

first one is related to the theoretical description of the electronic structure of

magnetic insulators, and in particular of transition metal oxides (TMOs) like MnO,

FeO, CoO, NiO and CuO, which poses several problems due to their highly correlated

nature. To do this we present a different approach (Charge Transition Levels, CTLs)

based on the assumption that the band gap in some TMOs can have partial

Mott-Hubbard character, and can be defined as the energy associated to the

process: Mm+(3dn) + Mm+(3dn)  M(m+1)+(3dn-1) + M(m1)+(3dn+1). The band gap is thus

associated to the removal (ionization potential, I) and addition (electron affinity, A)

of one electron to an ion of the lattice.

In the second part is treated the description and rationalization of the role of

quantum confinement in the group III-V semiconductor thin films by studying (110)

surfaces of each semiconductor.
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3.1 Band gap description of magnetic insulators from a charge transition levels

approach

The goal of this sub-chapter was the extension of CTLs from the domain of point

defects to a bulk property such as the band gap. The results show that the

calculation based on CTLs provides band gaps in better agreement with experiments

than the KS approach, with direct insight into the nature of the gap in these complex

systems. In the following sections are described some computational details, the

results, a general discussion and the summary.

3.1.1 Introduction

One of the fundamental properties of a material is the band gap, which determines

the optical, electrical and chemical properties. In DFT, the calculation of the band

gap is usually based on the analysis of the position of the Kohn-Sham (KS) energy

levels,51 despite the fact that DFT provide just a crude approximation of the band

gap. KS-DFT in the Local Density (LDA) or Generalized Gradient (GGA) approximation

is known to produce band gaps that are too small due to the self-interaction error.98

As was mentioned in the method section, more accurate description of the KS band

gap can be obtained by using the hybrid functionals56,57,62,99 or the DFT+U

approach.54,55 However, also hybrid functionals and the DFT+U method are not free

from limitations. In hybrid functionals the exchange energy is constructed including

a portion  of exact Fock exchange, where  depends on the formulation used. The

same applies to the determination of the U value in LDA+U or GGA+U approaches.

The dependence of the results on the choice of the  or U parameters represents a

severe limitation in the predicting value of DFT calculations of the band gap of

insulating and semiconducting materials.

As was already mentioned, KS-DFT is still widely used to estimate the band gap of

highly correlated solids (i.e MnO, FeO, CoO, NiO, and CuO). These oxides are

antiferromagnetic at the ground state and are characterized by the presence of

atomic like cation 3d orbitals occupied by a number of electrons that goes from 5

(Mn) to 9 (Cu).

The content of this sub-chapter is published in the Journal of Chemical Theory and Computation: L. A.
Cipriano, G. Di Liberto, S. Tosoni, and G. Pacchioni, “Band gap in Magnetic Insulators from a Charge
Transition Level Approach”, J. Chem. Theory Comput., 16, 6, (2020) 3786-3798.
https://doi.org/10.1021/acs.jctc.0c00134

https://doi.org/10.1021/acs.jctc.0c00134
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To overcome the limitations of the GGA and LDA functionals in the TM monoxides,

advanced approaches such as Dynamic Mean-Field Theory,100–102 Random Phase

Approximation,103,104 and GW76,105–109 have been applied to fill the gap between the

KS band gaps and the experimental ones. However, in this chapter is suggested the

CTL scheme, which is an alternative approach to the calculation of the band gap in

these systems within the frame of DFT. A first example of this approach has been

recently reported for the study of CuWO4, also a magnetic insulator.110 The idea is

the following. In order to go beyond the approximations inherent to KS-DFT, the

band gap has been computed starting from the consideration that they are all

characterized by rather localized 3d orbitals and using a hybrid functional which

provide a good description of the ground state properties, to be more specific the

PBE0 dielectric-dependent functional have been applied (PBE0DD) for this study.

Next, the charge transition levels (CTL)81–84 scheme, normally adopted to compute

electronic transitions for defects in insulators was used to estimate the band gap of

the material. This procedure, based on adding or removing one electron to the

system, and not on one-electron levels of the ground state, is thus an alternative

and better-grounded approach and can be used to provide a validation of KS-DFT

band gaps.110 More details about the CTL approach can be found in the

methodology chapter.

The use of dielectric-dependent hybrid functionals has shown an improvement in

the description of several materials, including inorganic20,21 and organic

compounds;111 recently, it has also been successfully applied to the same class of

solids of interest in this paper, i.e. MnO, FeO, CoO and NiO.72 It should be

mentioned, however, that while dielectric-dependent functionals improve the

description of selected solids, this is not necessarily a universal way to cure the

problems of hybrid functionals.

3.1.2 Computational details

Spin-polarized hybrid functional calculations have been done using the PBE0

formulation60,99 with the fraction of exact Fock exchange calculated within the

Coupled-Perturbed Kohn Sham (CPKS)112–114 method as implemented in CRYSTAL17

code.92 Here, calculation based on PBE0 functional, where α was self-consistently

determined is refer as PBE0DD. The self-consistent dielectric dependent procedure to

determine the optimal α on PBE0DD has been done at the experimental geometry.17

For sake of comparison, repeated KS calculations with the screened hybrid

functional HSE0662,63 at the geometry optimized with PBE0 have been done.
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In order to comparate the effect of the exact Fock exchange on HSE06 functional,

the geometry and the self-consistently determined α from PBE0DD were considered:

below refer as HSE06DD. The choice to rely on α as determined with PBE0DD is due to

the fact that the dielectric constant calculation with HSE is not implemented in the

CRYSTAL code, results with HSE06 and HSE06DD are reported in the discussion

section. Next, the charge transition levels (CTL) scheme which is based on the

calculation of energy levels of charged states and goes beyond the approximations

inherent to the Kohn-Sham (KS) approach was used to estimate the band gap of the

TMOs. Almost all the TM oxides considered here have Fm3� ��� m [225] point group115

with the exception of Cu2O which has a Pn3� ���m [224] point group.116

Here, the direct or indirect nature of the energy gap for the TM oxides is indicated

by i or d, Egi or Egd, respectively. From CTLs, the direct bang gaps have been

computed taking the eigenvalues at the Γ point (HOMO and LUMO), while the

indirect band gaps were computed taking the eigenvalues with the highest and

lowest energies at other k-points. More details about CTL approach is described in

the method chapter.

3.1.2.1 Basis sets, supercells, tolerances

Calculations were done considering all electron Alhrichs-type basis sets (Pob-TZVP117)

for Mn, Fe, Co, Ni, Cu and O atoms. With NiO, the results have been checked versus

Pople basis set type and quality, Table 1.

Table 1. Effect of the basis set in the KS-DFT indirect (Egi, in eV) and direct (Egd, in eV) band
gaps, magnetic moment (µB/atom), and dielectric constant for NiO.

NiO Geom Egi / eV Egd / eV M / μB/atom Dielectric
constant

Basis set

PBE0(α=0.25) Opt 5.30 6.44 1.71 4.75
AhlrichsPBE0(α=0.25) Exp 5.30 6.42 1.71 4.75

PBE0DD (α=1/sc-ε∞) Opt 4.47 5.62 1.66 5.49
PBE0exp (α=1/ε∞exp) Exp 4.26 5.52 1.66 5.61
PBE0 (α=0.25) Opt 5.65 6.45 1.73 3.78

PoplePBE0 (α=0.25) Exp 5.79 6.61 1.74 3.68
PBE0DD (α=1/sc-ε∞) Opt 5.95 6.80 1.75 3. 59
PBE0exp (α=1/ε∞exp) Exp 4.68 5.53 1.68 4.55
Experiment 1.90a,b 5.76c

XAS+XES 4.0d

PES+BIS 4.3e

Optical absorption 3.7f;3.87g

See reference as: a118, b119 c120, d100, e121, f122 and g123.
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Based on this comparison, the Alhrichs-type basis sets have been chosen because

they provide a good accuracy; for instance, on the lattice parameters of the cubic

unit cells.115

The cutoff value for coulomb and exchange integrals in self-consistent field

calculations was 10-7 for coulomb overlap tolerance, coulomb penetration tolerance,

exchange overlap tolerance, exchange pseudo overlap in direct space, and 10-14 for

exchange pseudo overlap in reciprocal space. The SCF calculation was considered

converged when the difference in energy between two subsequent cycles was lower

than 10-8 atomic units (a.u.). The sampling of the reciprocal space was adapted to

the size of the supercell: a shrinking factor of 8 in the Pack-Monkhorst scheme was

adopted for the 2×1×1unit cells, these cells have two TM oxides (TM = Mn, Fe, Co,

Ni, and Cu) and two O atoms along the [111] direction and allowed us to compute

the AFM and FM solutions in the TM monoxides, and subsequently reduced to 2

when working on larger supercells.

The simulated cells have been fully optimized, both atomic coordinates and lattice

parameters, and simulations were considered converged with threshold values of

0.0003 a.u. and 0.0045 a.u. for root-mean-square (rms) and the maximum absolute

value of the gradient, respectively, and of 0.0012 a.u. and 0.0018 a.u. for rms and

maximum displacements, respectively. The ferromagnetic (FM) and a few possible

antiferromagnetic (AFM) configurations were considered for each oxide. Only the

most stable magnetic structure was used here. When evaluating charge transition

levels it is more difficult to reach convergence, especially with large supercells. In

these cases, the tolerance on the total energy was changed to 10-7 a.u. The

truncation criteria for the two-electron integrals were unchanged.

The density of states (DOS) curves for the 2×1×1 unit cells were determined with

shrinking factor 10 for reciprocal space Pack-Monkhorst net and also for reciprocal

space Gilat net, see Figure 4 for the DOS of each oxide.
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Figure 4. Density of States for: (a) MnO, (b) FeO, (c) CoO, (d) NiO, (e) CuO, and (f) Cu2O at
PBE0DD level, for FeO was considering the experimental dielectric constant. Green line and
blue dotted line represent the d states for the cation (Mn, Fe, Co, Ni, Cu) and p states for O,
respectively. The red dotted line represents the Fermi level. [93]

3.1.3 Results

3.1.3.1 Test case of the CTL approach: Cu2O

The first case is that of Cu2O, a non-magnetic oxide. Nevertheless, it has a narrow Cu

3d band and can be used to verify if the procedure adopted for the calculation of

the band gap using the CTLs is sufficiently accurate. The first set of calculations was

the determination of the optimized ground state properties using the standard PBE0

functional, and the corresponding dielectric dependent version, PBE0DD. For this

system a self-consistent dielectric dependent α = 0.245 was found, corresponding to

a dielectric constant equal to 4.09, Table 2. This value is practically the same

dielectric constant found in PBE0 for the optimized geometry. Therefore, the two

approaches provide very similar direct KS band gaps, Egd (PBE0) = 2.84 eV, and

Egd (PBE0DD) = 2.79 eV, Table 2.

The dielectric constant computed for the full optimized Cu2O structure at the PBE0

level was ~37% smaller than the experimental one, 6.46.124 Similar values are also

obtained by determining the optimal α (PBE0DD), as reported in Table 2.
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Experimentally, optical absorption studies report values of the direct band gap

between 2.17 and 2.62 eV,125 thus the PBE0 and PBE0DD values, about 2.8 eV, are

close to the upper limit of the experimental measurements. As was already

mentioned, optical absorption experiments usually provide a lower bound to the

real band gap due to the presence of excitons. After determining the optimal

exact-exchange percent on the PBE0DD functional, the CTLs at the level of PBE0DD
have been checked versus supercell size using cells containing 6, 12, 24, 48, 72 and

108 atoms, Table 3.

Table 2. KS-DFT direct band gap (Egd, in eV), and dielectric constant for Cu2O.

Cu2O Egd / eV ε∞
PBE0 (α=0.25) 2.84 4.06
PBE0DD (α=1/sc-ε∞) 2.79 4.09
Exp. 2.17-2.62a 6.46b

See references as: a = optical absorption125, and b124.

Table 3. Direct (Egd, in eV) and indirect (Egi, in eV) band gap of Cu2O for supercells of
increasing size computed according to the CTLs method.

The nature of the transition has been considered and in CuO2 the ionization involves

a Cu+(3d10) ion which formally becomes Cu2+(3d9). On the other hand, the addition

of one electron to the supercell results in a delocalized electron that occupies the Cu

4sp band. Not suprisingly, the 6-atoms unit cell is too small and cannot be used to

obtain reasonable values of the gap (calculated neglecting structural relaxation),

Table 3. Even the 12-atoms cell is not sufficient, while the results tend to become

stable (Eg variations within 0.2 eV) with larger supercells, Figure 5. Considering the

largest cell, 3×3×2 (108 atoms), it gives a direct band gap of 2.55 eV, in excellent

agreement with the experimental estimates (2.17-2.62 eV, see also Figure 5).

Cell size 1×1×1 2×1×1 2×2×1 2×2×2 3×2×2 3×3×2
n. of atoms 6 12 24 48 72 108
Egd / eV 0.14 1.52 2.02 2.63 2.47 2.55
Egi / eV 0.05 2.52 2.70 2.99 3.19 3.10
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Figure 5. Direct band gaps of Cu2O computed with the CTLs approach as a function of the
supercell-size. The black dotted line represents the direct KS-PBE0DD band gap; the grey
interval represents the range of experimental values. [93]

The charged cells have been relaxed in order to evaluate the impact of structural

relaxation, finding for the largest supercells small relaxation effects, around 0.11 eV.

The gap values computed with the CTLs approach are quite similar to those

obtained at the PBE0DD KS-level, see Tables 2 and 3, and Figure 5. In particular, the

direct band gap obtained with CTLs (2.55 eV) is within the experimental range

(2.17-2.62 eV), and it is slightly closer to experiment than the KS one (2.79 eV). On

one side this validates the procedure followed; on the other side it provides a

justification for the use of the KS method to estimate the band gap of Cu2O. Having

demonstrated that the procedure works for the simple case of the non magnetic

Cu2O oxide, more complex TM oxides were analyzed; MnO, FeO, CoO, NiO and CuO

respectively.

3.3.3.2 MnO

In the ground state, due to the octahedral crystal field, the Mn2+ ion has a (t2g)3(eg)2

configuration, with five unpaired electrons per Mn ion. A spin population of 4.82 μB

per Mn ion was computed, very close to the nominal value, indicating a high level of

ionicity of this oxide. Using the spin population as a measure it was identified that

the covalent contribution is less than 4%. At the PBE0 level we found that the AFM

state is 0.16 eV more stable than the FM one and for the reason the AFM

configuration was used in the following studies. At this level of theory, MnO exhibits

an indirect band gap of 3.93 eV and a direct gap of 4.62 eV. The dielectric constant is

ε∞= 4.26.
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The next step consisted in the calculation of MnO using the dielectric dependent

version of the PBE0 functional. Determining ε∞ in a self-consistent way leads to ε∞ =

4.34 corresponding to an α value of 0.23; this is quite close to the

exchange-correlation value in PBE0 (α = 0.25). It is not surprising that the PBE0DD

indirect band gap, Egi = 3.70 eV, is slightly smaller than at the PBE0 one. The direct

gap, Egd = 4.40 eV, is also similar to PBE0, and the magnetization is the same. The

computed dielectric constant, 4.25-4.34, is sufficiently close to the experimental one,

4.95.126 Experimentally, band gap values in the range 3.6-4.1 eV have been reported

for MnO, with gaps derived from optical absorption measurements smaller than

those from photoemission.

The next step was the determination of the band gap of MnO using the procedure

based on the CTLs using supercells of increasing dimensions, Table 4 and Figure 6.

First is discussed the nature of the electronic state obtained by adding or removing

one electron to/from the supercell. When the positive charged supercell was

computed with PBE0DD, the spin population of a Mn ion goes from 4.81 μB/atom,

ground state, to 3.91 μB/atom, with a reduction of 0.9 unpaired electrons. The hole

is fully localized on a single Mn ion which formally changes its state from Mn2+(3d5)

to Mn3+(3d4). The addition of an excess electron at the same level of calculation,

however, results in different situations depending on the supercell used. With the

largest supercell was found a reduced Mn ion with a spin population of 4.29

μB/atom, and a localization of about 0.5 excess electrons, which formally goes from

Mn2+(3d5) to Mn+(3d6). However, the 4×3×3 supercell (as well as any smaller one)

gives a completely delocalized solution for the excess electron.

Table 4. Indirect (Egi, in eV) and direct (Egd, in eV) band gap of MnO for supercells of
increasing size computed according to the CTLs method.

Cell size 2×2×2 4×3×2 4×3×3 4×4×4
n. of atoms 16 48 72 128
Egi / eV 2.27 3.12 3.21 3.52
Egd / eV 2.58 3.45 3.53 3.64

The smallest supercell for which it was possible to achieve convergence of

single-point calculations for the charged systems was the 2×2×2 one. The results

become stable starting from the 4×3×2 supercell (48 atoms), Figure 6. The indirect

band gap increases regularly by increasing the supercell size, and it becomes

Egi = 3.52 eV with the 4×4×4 supercell (128 atoms). These values are only a bit

smaller than the KS indirect band gap computed at the PBE0, 3.91 eV, or at the

PBE0DD, 3.70 eV, levels.



23

Of course, this could be partly fortuitous as the results are not yet fully converged

with respect to the supercell size, Table 4 and Figure 6. Unfortunately, going to even

larger supercells becomes too demanding in terms of computational resources

required. Nevertheless, considering the number in Table 4, the similarity between

CTLs indirect band gaps, and KS-DFT one is clear. This provides a validation of the

band gap for a magnetic insulator computed at the KS-DFT level. Indeed, the indirect

nature of the band gap, which results from KS calculations but also from GW

approaches,105 is confirmed by the present CTLs methodology. Differently from the

indirect gap, the direct gap estimate significantly improves, moving from 4.4-4.6 eV

(KS-DFT) to 3.5-3.6 eV (CTLs), to be compared with the experimental range (3.6-3.8

eV). As for the previous cases, relaxation effects on large charged cells are small,

around 0.15 eV.

Figure 6. (a) Indirect and (b) direct band gaps of MnO computed with the CTLs approach as
a function of the supercell-size. The black dotted lines represent the indirect and direct
KS-PBE0DD band gap; the grey interval represents the range of experimental values. [93]

3.3.3.3 FeO

With FeO, only partial results are reported here due to severe convergence

problems. Several attempts and efforts have been done in the tentative to

overcome these problems, mostly related to the calculation of the dielectric

constant of the material and of the charged supercells required to obtain the band

gap with the CTLs approach. Therefore, only KS-DFT results are reported. The AFM

state is 0.24 eV lower than the FM one. At the PBE0 level and with full optimization

of the unit cell, the gaps are Egi = 2.04 eV and Egd = 2.11 eV, and the magnetization is

3.73 μB/atom. Due to problems in the calculation of the dielectric constant we

cannot report PBE0DD results.



24

Then, we also determined the ground state properties using the average

experimental dielectric constant, 10.17 (computed from Ref. 127,128), finding much

smaller gaps values (around 0.8 eV) and a similar magnetization.

These data can be compared with literature at the same level of theory (PBE0), but

with plane wave codes. A significant difference is found with the recent paper of Liu

et al.72 where Egi = 3.02 eV and Egd = 3.42 eV are reported. In another PBE0 study by

Tran et al.129 the indirect and direct band gaps are 1.20 and 1.60 eV, respectively.

The large differences found in the KS-DFT band gap for FeO show that this system is

particularly delicate and is very challenging for DFT-based electronic structure

approaches. Alfredsson et al.130 studied FeO using hybrid functionals and the

CRYSTAL code, they found that about 30%-60% of Fock exchange is needed to

correctly reproduce the electronic structure of this material. We also noticed that

Skone et al.21 computed the dielectric constants and band gaps for MnO, CoO, and

NiO applying the self-consistent dielectric depend method with PBE0 functional in

combination with the CRYSTAL code, but they did not report the values for FeO,

probably due to the same kind of problems discussed here.

3.3.3.4 CoO

In CoO, the Co2+ ion has a (t2g)5(eg)2 configuration, and three unpaired electrons. A

magnetization value of 2.76 μB per Co ion was computed here, close to the nominal

value. The covalent contribution is thus 8%, a bit higher than in MnO. At the PBE0

level the AFM state is 0.14 eV lower in energy than the FM one, and for that reason

the AFM was used for the PBEODD and the CTLs. On a fully optimized structure at

PBE0 level, CoO exhibits an indirect KS band gap Egi = 4.71 eV and a direct gap Egd =

4.87 eV. The dielectric constant is ε∞ = 4.54. Using the PBE0DD functional a dielectric

constant of ε∞ = 4.92 is found, which correspond to α = 0.203. Then, the indirect KS

band gap becomes Egi = 3.93 eV and the direct one Egd = 4.03 eV. The change in

magnetization with respect to PBE0, 0.03 µB/atom, is negligible. The computed KS

values span in the range 3.93-4.87 eV, and they are considerably larger than the

experimentally reported band gaps which are in the range 2.5-2.7 eV.

In Table 5 are reported the band gaps computed according to the CTLs procedure

starting, also in this case, from the PBE0DD ground state. When the positive charged

supercell was considered, it was found a Co ion where the magnetization is reduced

from 2.72 μB/atom, ground state, to 1.90 μB/atom, with a reduction of 0.82 unpaired

electrons. Thus, the hole is localized on a single Co ion which changes configuration

from Co2+(3d7) to Co3+(3d6).
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The addition of an excess electron leads to one Co ion with magnetization 2.01

μB/atom. In this case, the excess electron is fully localized, and the process

corresponds to Co2+(3d7) + e Co+(3d8).

Table 5. Indirect (Egi, in eV) and direct (Egd, in eV) band gap of CoO for supercells of
increasing size computed according to the CTLs method.

Cell size 2×1×1 4×3×2 4×3×3 4×4×4
n. of atoms 4 48 72 128
Egi / eV 0.08 2.84 3.13 2.66
Egd / eV 0.30 2.96 3.20 2.71

The smallest supercell for which it was possible to achieve convergence for single

point calculations on the charged systems is the 2×1×1 one. However, the

corresponding band gaps are still away off any convergence. The results become

stable and comparable starting from the 4×3×2 supercell (48 atoms), see Figure 7,

even if some oscillations are present. Egi becomes 2.66 eV in the 4×4×4 supercell, to

be compared with 3.9-4.7 eV (KS-DFT), and is in very good agreement with the

experimental estimates, 2.5-2.7 eV. Similarly, the direct band gap, Egd = 2.71 eV, is

consistent with the experiment, while the KS-DFT one is in the range 4.0-4.9 eV.

Even if some oscillations in the bang gap with CTLs are present, this shows that for

CoO, going from the KS-DFT approach to the CTLs one there is a clear improvement

of the results, leading to a band gap in much better agreement with the experiment,

as we clearly observe in Figure 7. For this system, upon a full relaxation of the

charged cell a significant structural relaxation following the polaron formation was

found, around 0.61 eV.

In conclusion, for CoO the CTLs approach gives indirect and direct band gaps (2.6-2.7

eV) in much better agreement with the experiment (2.5-2.7 eV) than all the KS-DFT

calculations considered in this work. It is worth noting this is a particularly

challenging system since also other forms of hybrid functionals, such as the range

separated HSE06,72 which overestimate the KS band gap of CoO with Egi = 3.50 eV

and Egd = 4.29 eV, in line with our values computed with PBE0 and PBEODD

functionals.
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Figure 7. (a) Indirect and (b) direct band gaps of CoO computed with the CTLs approach as a
function of the supercell-size. The black dotted lines represent the indirect and direct

KS-PBE0DD band gap; the grey interval represents the range of experimental values. [93]

3.3.3.5 NiO

The Ni2+ ion has a (t2g)6(eg)2 configuration, and a triplet state. The magnetic moment

is 1.71 μB per Ni ion, with a deviation of 14.5% from the nominal ionicity. Thus, the

covalent character increases as one move from MnO towards the end of the series.

As for the other oxides, the ground state is AFM, and in PBE0 is separated by 0.27

eV from the FM solution.

The nature of the gap in NiO has been widely debated and it is generally accepted

that it has mixed charge transfer and Mott-Hubbard character, as described in the

Zaanen-Sawatzky-Allen model.80 At the PBE0 level, and optimizing both atomic

positions and lattice constants, NiO exhibits an indirect band gap of 5.30 eV and a

direct gap of 6.44 eV, and a dielectric constant ε∞= 4.75.

At the PBE0DD level we obtain a self-consistent value of ε∞ = 5.49 corresponding to

α = 0.182. Egi becomes 4.47 eV and Egd = 5.62 eV. A small change of 0.05 µB/atom

was observed in magnetization. At the PBE0exp level (where α = 0.174 is obtained as

the inverse of the experimental dielectric constant, 5.76),120 the gap values are

about 0.1-0.2 eV smaller than in PBE0DD.

Experimentally, band gap values in the range 3.7-4.3 eV have been reported with

optical absorption measurements giving smaller gaps than those derived from

photoemission or x-ray absorption.115 With PBE0 functional errors of about 22% are

found for the estimation of the indirect band gap, the use of dielectric dependent

functionals provides a much better estimates of this quantity (errors of around 7%).
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The direct band gap is instead always significantly overestimated by 1.8 eV (PBE0DD)

and 2.6 eV (PBE0), with errors around 33-41%.

Moving to the results of the CTLs, Table 6. In the positively charged 4×4×4 supercell

there is a Ni ion with a magnetic moment of 0.74 μB/atom, i.e. 0.92 μB/atom lower

than in the ground state. This shows that the hole forms in the 3d shell, and the Ni

ion formally goes from Ni2+(3d8) to Ni3+(3d7). Of course, the Ni 3d levels are

hybridized with the O 2p ones, as shown by the DOS curves, and the state is not a

purely Ni 3d state, see Figure 4(d). The addition of an excess electron, however,

always results in a completely delocalized solution, with the added electron

redistributed over all the Ni atoms of the supercell. Attempts to favor the formation

of a polaron associated to the localized charge in the solid failed.

Table 6. Indirect (Egi, in eV) and direct (Egd, in eV) band gap of NiO for supercells of
increasing size computed according to the CTLs method.

Cell size 2×1×1 2×2×2 4×3×2 4×3×3 4×4×4
n. of atoms 4 16 48 72 128
Egi / eV 2.87 3.41 3.67 3.65 3.79
Egd / eV 3.16 4.24 4.18 4.12 4.17

The band gap data start to become reliable from the 2×2×2 supercell (16 atoms),

Table 6 and Figure 8. The indirect band gap, Egi, increases with the cell size until

reaching 3.6-3.8 eV when the cell contains more than 50 atoms. For instance, an

indirect band gap of 3.79 eV is obtained with the largest supercell. In a similar way,

rather stable values are obtained for Egd, with 4.17 eV being the best estimate

(largest cell), Table 10.

Figure 8. (a) Indirect and (b) direct band gaps of NiO computed with the CTLs approach as a
function of the supercell-size. The black dotted lines represent the indirect and direct

KS-PBE0DD band gap; the grey interval represents the range of experimental values. [93]
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The indirect gap computed with CTLs, Egi = 3.79 eV, is thus smaller than that

computed at the PBE0DD level, 4.47 eV, and not too far from the experiment which

reports an indirect band gap between 4 and 4.3 eV.100,121 The direct band gap

computed with CTLs, Egd = 4.17 eV, is much smaller than that computed at the

KS-PBE0DD level, 5.62 eV, and much closer to the experimental measures of the

direct band gap, 3.7-3.9 eV.122,123 In this respect, the gap computed with the CTLs

procedure shows an overall better agreement with experiment compared to the KS

approach. As for CoO, we observed a significant energy contribution (around 0.64

eV) arising from relaxation of the charged cells and consequent localization of

electrons and holes.

3.3.3.6 CuO

CuO is the last TM oxide considered. Here Cu is Cu2+(3d9). In an octahedral field this

would result in a (t2g)6(eg)3 configuration which is Jahn-Teller distorted so that the

unit cell is no longer cubic but becomes monoclinic (C2/c structure). In an ionic

picture each Cu should have one unpaired electron. A magnetization of 0.72 μB

was computed per Cu ion which means that the material has a substantial covalent

contribution, 28%, the largest value found so far. In order to compare the relative

stabilities of the AFM and FM solutions a double cell was used. In CuO there are four

different AFM configurations: AFM1 ( ), AFM2 ( ), AFM3 ( ), and

AFM4 (), all quite close in energy, but the last one, AFM4, is the most stable

and is 0.10 eV lower in energy than the FM configuration.

At the PBE0 level CuO exhibits an indirect KS band gap of 3.48 eV, a direct gap of

4.37 eV, and a dielectric constant of ε∞= 5.05. Differently from the previous systems,

non-negligible changes on the band gap are observed if the calculations are done

using the experimental geometry. The band gap is reduced by about 0.3 eV, showing

that this property is more sensitive to structural changes than the magnetization or

the dielectric constant. This is due to the deviation of the PBE0 lattice parameters

compared to experiment: a, b, c and β changed from 4.653 Å, 3.410 Å, 5.108 Å and

90.48° (exp.)131 to 4.839 Å, 3.199 Å, 5.018 Å and 102.73° (PBE0).

For the PBE0DD calculations we obtain ε∞ = 5.74, not far from the experimental value,

6.46.124 This corresponds to an α value of 0.174, which provides a PBE0DD

Egi = 2.29 eV, and Egd = 3.18 eV. A small reduction of 0.06 µB/atom occurs in the

magnetization with respect to PBE0. These values can now be compared with the

experimentally reported band gaps which are in a range 1.4-1.7 eV.
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The results with the CTLs method are reported in Table 7 and Figure 9. Removing or

adding one electron to the neutral cell (treated with PBE0DD) results in both hole and

excess electron largely delocalized on the Cu 3d states. This is different from the

previous cases and can be attributed to the higher degree of covalency in the

material.

Table 7. Indirect (Egi, in eV) and direct (Egd, in eV) band gap of CuO for supercells of
increasing size computed according to the CTLs method.

Cell size 1×1×1 2×2×1 2×2×2 2×3×2 3×3×2
n. of atoms 8 32 64 96 144
Egi / eV 0.77 2.13 2.01 2.39 2.15
Egd / eV 1.65 2.45 2.41 2.60 2.55

The small 2×2×1 supercell containing 32 atoms provides direct and indirect gaps,

2.13 and 2.45 eV, respectively, which are quite close to those obtained with the

largest supercell, Table 7 and Figure 9. The indirect band gap, Egi, becomes 2.15 eV

in the 3×3×2 supercell; the value seems to be reasonably converged (within roughly

0.2 eV). Notice that this value is quite close to the KS indirect band gap computed at

the PBE0DD level, Egi = 2.29 eV. The best estimate of the indirect band gaps with the

CTLs (2.15 eV) is larger than the experimental values, 1.4-1.7 eV, but in better

agreement than the KS band gap at the PBE0 or PBE0DD levels, 3.48 eV and 2.29 eV,

respectively. Similarly, the best estimate of the direct band gap with CTLs, (2.55 eV)

is significantly closer to the experimental range (1.4-1.6 eV), than KS band gaps at

the PBE0 or PBE0DD levels, 4.08 eV and 3.18 eV, respectively. Once more, CTLs

provides better values than the KS-DFT approach. As for previous cases (MnO and

Cu2O), relaxation effects on large charged cells are small, around 0.09 eV.

Figure 9. (a) Indirect and (b) direct band gaps of CuO computed with the CTLs approach as a
function of the supercell-size. The black dotted lines represent the indirect and direct

KS-PBE0DD band gap; the grey interval represents the range of experimental values. [93]
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3.1.4 Discussion and summary

In this sub-chapter we have addressed the complex nature of transition metal

oxides with magnetic character and their band gap. MnO, CoO, NiO, CuO have been

studied with both hybrid functional calculations and with an alternative procedure

based on the charge transition levels. Cu2O has also been considered as a test case

of non-magnetic oxide. The method is based on the use of charge transition levels

(CTLs) and the band gap is estimated from energy levels of the material with one

electron added and one electron removed. FeO has been studied only at the hybrid

functional level since insurmountable convergence problems have been

encountered in the calculation of the CTLs for this oxide. The idea behind the CTL

approach to the calculation of band gaps is that some oxides have very localized 3d

states and can be described with the Hubbard model. The approach, however, is

fully ab initio, and the nature of the final wave function for the generated electron

and hole is determined self-consistently and can be localized or delocalized.

The work had two objectives. First, a completely different way to compute the band

gap of a highly correlated material is proposed, based on the calculation of energy

levels of charged states; in this respect, the study provides a test of the validity of

the KS approach for the calculation of the band gap of this class of highly correlated

solids (all display indirect band gap with exception of Cu2O). Second, the analysis of

the electron and spin densities of the system with one electron added and one

electron removed allows one to better define the nature of the fundamental

electronic transition. The results show that this is related to the excitation from a

more or less localized filled 3d level of a TM ion to the empty 3d states of

neighboring TM ions, depending on the Mott-Hubbard vs. charge-transfer nature of

the material.

The method proposed is parameter free. If one uses a dielectric dependent hybrid

functional as a starting point, the amount of Fock exchange to be used, α, can be

deduced from the dielectric constant of the material, α = 1/ε, eliminating the

necessity to tune the α value against experimental values or the problems caused by

a fixed value of this parameter. However, the approach is general and any hybrid

functional can be used as a starting point for the calculation of the band gap with

CTLs.

With this fully ab initio approach, which takes into account effects induced by extra

electrons/holes in the system, we computed direct and indirect band gaps for the

series of oxides mentioned above. Figure 10 reports the band gaps as a function of

the covalent fraction of the oxides considered.
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As already pointed out above, when moving to the right of the periodic table we

find a systematic increase in covalent character.

Figure 10. Trend of band gaps as a function of the covalent fraction of the oxides. Panel (a)
is for indirect band gaps (Egi); panel (b) reports direct band gaps (Egd). Grey intervals indicate
the range of experimental values. Blue dots are for band gaps calculated via CTLs, while red
squares are for KS band gaps. [93]

In general, the indirect band gaps computed with the CTLs are slightly better than

those obtained with a hybrid functional, Figure 10(a). This shows that the use of

KS-DFT in combination with hybrid functionals for the study of highly correlated

oxides provides sufficiently accurate results, despite the intrinsic limitations present

in the KS estimate of band gaps. On the other hand, we have found a clear

improvement in the direct band gap estimate, Figure 10(b). In all cases considered

the band gap obtained with CTLs is found to be in better agreement with the

experiment than the KS results. In some cases, e.g. CoO and NiO, the improvement

is substantial. Upon full relaxation of charged supercells, we found that for some

oxides relaxation is small, while for other oxides, as NiO and CoO, we find

substantial deviations due to polaron formation.

We now compare the CTLs results to calculations performed with the

state-of-the-art screened hybrid functional for solids, HSE06.16 We first observed

that our calculations with HSE06 are generally close to those reported in ref. 72. We

see that in some cases such as FeO and MnO (direct gap), HSE06 performs better

than PBE0 in reproducing the band gap, while a general tendency towards the

overestimation can be observed. HSE06DD mitigates this tendency, but CoO and NiO,

for instance, remain a critical case.
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It should be noted, in this respect, that the results obtained with CTLs result are

more robust over the whole series of magnetic insulators.

When we compare the results of the CTLs with other methods such as the GW

approach, Table 8, we find a general good performance of CTLs. In particular, the

gap computed with CTLs shows a comparable or even better performance

compared to G0W0@HSE03, G0W0@HSE06, GWRPA or GWLF + Vd calculations

reported in the literature,72,76,105,106 Table 8.

Table 8. Indirect (Egi, in eV) and direct (Egd, in eV) band gaps, from different theoretical
approaches and experimental measurements.

Method MnO FeO CoO NiO CuO Cu2O
Egi Egd Egi Egd Egi Egd Egi Egd Egi Egd Egd

This work
CTL 3.52 3.64 - - 2.66 2.71 3.79 4.17 2.15 2.55 2.55

HSE06 3.19 3.87 2.16 2.43 3.99 4.02 4.83 5.72 2.78 3.63 2.30

HSE06DD 3.06 3.71 - - 3.30 3.35 4.07 5.11 1.80 2.66 2.26

Previous
works
HSE06a 2.92 3.56 2.21 2.66 3.50 4.29 4.56 5.06 - - -

HSE06b 4.77 - 2.41 - 2.82 - 4.09 - - - -

HSE06c - - - - - - - - 2.74 3.26 2.02

G0W0@HSE03d 3.4 4.0 2.2 2.3 3.4 4.5 4.7 5.2 - - -

G0W0@HSE06e - - - - - - - - 3.6 3.5 -

GWRPA [f] 3.81 - 1.65 - 3.23 - 4.28 - 2.49 - 1.59

GWLF + Vd [f] 3.36 - 2.14 - 2.80 - 3.48 - 1.19 - 2.03

Experiment
PES+BIS 3.9±0.4g 2.5±0.3h 4.3i 1.4-1.7j

XAS+XES 4.1k 2.6k 4.0k

OA 3.6~3.8l 2.40m 2.7n 3.7n;
3.87p

1.44o;
1.57q

2.17-2.62r

See reference as: a72, b16, c132, d,105 e,106 f,76 g,133 h,134 i,121 j,135 k,100 l,136 m,137 n,122 o,138 p,123

q,139 and r.125

Of course, the approach is not free from limitations. The most severe is that the

results need to be checked versus cell size in order to obtain converged values. In

this respect, the use of semilocal or short-range hybrid functionals could mitigate

the problem. However, hybrid functionals represent a noticeable step forward with

respect to the semilocal ones when one deals with localized states in a CTL

approach.87 In conclusion, the work done with CTLs provides an alternative

approach for the determination of the band gap of magnetic insulators that goes

beyond the KS approximation. Furthermore, the method allows an accurate

description of the nature of the transition responsible for the excitation which is not

always easy to obtain from the analysis of the DOS curves based on the KS levels.
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3.2 Role of quantum confinement in group III-V semiconductor 2D

nanostructures

This sub-chapter is focused on structural and electronic properties of bulk and (110)

surfaces of the III-V semiconductors, for which the impact of system size to the band

gap and band edges position were evaluated and rationalized. The sub-chapter is

organized as follows. First, an introduction and the computational details of the

simulation are reported. Next, a discussion arising from bulk materials and 2D slab

models is given. In the last part a summary is given and a possible extension of the

results to 3D confinement case are proposed (0D dimensionality).

3.2.1 Introduction

The importance of group III-V semiconductors cannot be underestimated due to

their crucial technological applications, for instance as light-emitting diodes,

infrared detectors, sensors, photocatalysts, etc.140–146 Some of them have high

electron mobility, comparable or even higher than Si, the standard material in

microelectronics (e.g. GaAs has three times higher electron mobility than Si).147 In

addition, they are semi-insulating materials allowing their use as substrates in

integrated circuits.148 Group III-V semiconductors are also promising as

photocatalysts because of their absorption edge in the visible light spectral region,

due to a low band gap. When applied in photocatalysis, they are usually covered by

oxides thin films, such as TiO2. This process has a twofold purpose, i) the oxide

protects the semiconductor from passivation; ii) recombination of photogenerated

charge carriers is hindered, since electrons can migrate by tunnelling towards the

oxide, and then to an active redox center,149–156 similarly to what happens in

oxide-oxide heterojunctions with a type II-alignment of the band edges.31,37,157–160

One of the most important and interesting properties of semiconductor

nanostructures, including group III-V semiconductors, is related to quantum size

effects.161–163 The electronic properties (band gap and relative position of the band

edges) of nano-objects such as quantum dots of group III-V materials exhibit strong

size-dependence and a pronounced deviation from their bulk counterpart.164–167

The content of this sub-chapter is published in the Nanoscale Journal: L. A. Cipriano, G. Di Liberto, S.
Tosoni, and G. Pacchioni, “Quantum Confinement in Group III-V Semiconductor 2D Nanostructures”,
Nanoscale, 12 (2020) 17494-17501. https://doi.org/10.1039/D0NR03577G

https://doi.org/10.1039/D0NR03577G
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This, however, does not hold true for all materials: some semiconductors are

strongly affected, while others are almost insensitive. For instance, experimental

evidences indicate that AlP, AlAs, AlSb are by far less affected by quantum

confinement than InP, InAs, InSb.168 Ga-based semiconductors are in an

intermediate range. On one side this is a positive aspect, since it provides the

possibility to rationally design dots with desired properties, on the other side it

opens a fundamental question about the origin of this different behaviour.

In some cases the impact of quantum confinement is quite substantial, and the band

gap of nanostructures can be more than twice the bulk one.164,165,167,169–171 The

deviation of the band gap from the bulk value (ΔEg) goes as 1/d2, where d is the

non-periodic dimension of the nanostructure.168,172 For a perfect, ideal system,

equations related to a particle in the box have been proposed,173 where ΔEg

depends on both the size (d) and the effective mass of electrons (me*) and holes

(mh*) according to:14,173

∆�� =
ℎ2

8��2
1
��
∗ +

1
�ℎ
∗

Eq. (9)

One can have confinement in three dimensions, as in nanoparticles (0D system), or

confinement in two-dimensions, as in quantum wires (1D system). Finally, the

system can be confined in one-dimension as in quantum wells or 2D systems. The

non-periodic dimension d in Eq. (9) is defined as the diameter in quantum dots or

nanoparticles, or as the thickness of 1D nanorods or 2D wells (slabs).14 In this latter

case, the confinement dimension is the non-crystallographic direction, i.e. that

perpendicular to the selected plane.

In general, the coefficient k depends on the dimensionality of the model. In the case

of a three-dimensional confinement, as in an ideal spherical dot, the coefficient k is

equal to one.173 For ideal quantum wires and quantum wells, k is 1.71 and 2.00,

respectively.166,168,172 These values can be used to validate theoretical models

describing the electronic properties of systems undergoing quantum size effects, as

perfect spherical nanoparticles, quantum wires, or quantum 2D slabs, as shown by H.

Yu, et al.14

As mentioned above, the rationalization of the electronic properties of group III-V

semiconductors quantum dots is challenging, since the impact of quantum size

effects can be very different, being negligible in some cases, and dominant in

others.
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From a theoretical point of view, this requires to adopt models that explicitly

include quantum size effects in the simulation. Quantum dots, for instance, require

to treat thousands of atoms with first principles approaches.

The goal of this chapter is twofold: first, the impact of quantum confinement in

group III-V 2D semiconductor nanostructures was investigated and rationalized,

providing new insight about the phenomenon. Second, a solid recipe for the study

of this class of materials, based on simplified and computationally feasible models is

provided. To achieve these purposes nine semiconductors have been studied (AlP,

AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs and InSb), by means of Density Functional

Theory calculations where the exchange and correlation functional is described at

the HSE06 level, a hybrid functional that has been shown to accurately reproduce

bulk properties.16,174–177 The focus is on two-dimensional slabs, and on the evolution

of their properties with the slab thickness.

3.2.2 Computational details

Calculations have been performed at the level of Density Functional Theory, as

implemented in CRYSTAL17 code.92 The HSE06 screened-hybrid exchange and

correlation functional has been chosen;62,178 due to it represents a suitable choice

for the treatment of semiconductor materials.16,17 The gaussian-type orbitals basis

set of each atom have been taken from Ref 174, and already used by Pernot et al.

for this type of materials.179

The threshold criterion for energy convergence of each SCF cycle has been fixed to

10-7 atomic units (au). The truncation criteria for the coulomb and exchange

integrals were set to 10-7, 10-7, 10-7, 10-7, and 10-14 au. The sampling of the reciprocal

space was done in the Pack-Mokhorst scheme and was adapted to the cell size: we

adopted a shrinking factor equal to 6 (16 points in the reciprocal space) for bulk

calculations, and equal to 4 (9 points) for slab calculations. Geometry optimization

include relaxation of both lattice parameters and ionic positions for bulk and slab

calculations. The slab models were generated from the optimized bulk geometry.

Band structures were determined at the fully optimized bulk cells by sampling 47

points in the reciprocal space. We choose to report the following path:

Γ×X×W×L×Γ×K.176,177
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3.2.3 Results

3.2.3.1 Bulk

Group III-V materials investigated in this chapter have a cubic crystal structure, as in

zinc blend.180 They are all semiconductors with band gaps going from 0.24 eV to

2.51 eV.147 Hybrid functionals53,174,175,181 or high-level methods, such as GW,177,182

are required to accurately reproduce both structural and electronic properties of

these materials. Starting from the experimental crystal structures of AlP, AlAs, AlSb,

GaP, GaAs, GaSb, InP, InAs, InSb we fully optimized the bulk geometries at the

HSE06 level, given the good performance of this functional for the treatment of

solids,62,175 and particularly for this class of materials.174 In Table 9, we report the

computed lattice constant (a) and band gap (Eg) of each system.

First, we notice that the lattice constants are very close to the experimental values,

with deviations below 1.5%. The computed band gaps are in agreement with

previous theoretical reports.174,176,177,183 Moreover, the overall accuracy estimated

by the Mean Absolute Error (MAE) is 0.15 eV, in line with previous studies reported

(0.12 eV) in the literature with HSE06.174 As mentioned above, some systems, e.g.

InAs and InSb, require particular care due to the very low band gap. If standard DFT

approaches are used instead of hybrid functionals or high-level theories such as GW,

these systems are incorrectly predicted to have metallic

conductivity.15,53,65,174,175,181,182,184,185

It is worth mentioning that in the case of InP, InAs, and InSb, if Spin Orbit Coupling

(SOC) effects are neglected, as in this work, this results in an overestimation of the

band gap by about 0.1-0.2 eV.176 In particular, it was shown that at HSE06 level, SOC

leads to a reduction of the band gap towards the experimental values by 0.04 eV,

0.12 eV, and 0.26 eV for InP, InAs, and InSb, respectively.176 In general, the band

gaps of Al-based III-V semiconductors are the highest, being in the range 2.2-2.5 eV,

in line with experiments.147 In-based III-V semiconductors have an opposite

behaviour, displaying overall the lowest band gaps. Ga-based materials do not show

a specific behaviour in this respect, since GaP has a high gap, comparable to that of

Al-based systems, GaAs has an intermediate gap,147 and GaSb is a small-gap

semiconductor, with band gap around 0.8 eV, Table 9.
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Table 9. Calculated band gap (Eg, in eV) compared with experimental ones, and lattice
constant (a, in Å) of AlP, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb.

Eg / eV a / Å
semiconductor HSE06 Exp HSE06 Exp

AlP 2.52 2.51a 5.4671 5.4510b

AlAs 2.38 2.35c 5.6741 5.6200b

AlSb 2.19 2.39a 6.1365 6.1347b

GaP 2.46 2.35d 5.4913 5.4505b

GaAs 1.29 1.52e 5.7070 5.6537b

GaSb 0.80 0.81f 6.1404 6.1180b

InP 1.68 1.42g 5.9128 5.8687b

InAs 0.68 0.36h 6.1247 6.0360b

InSb 0.37 0.24i 6.5316 6.4782b

See references as: a186,187, b188, c186,189, d190, e191, f192, g193, h194, and i195.

The effective masses of electrons (me*) and holes (mh*) were evaluated from the

band structure, Figure 11. Effective masses of each semiconductor have been

calculated at the Γ point where the bands are parabolic and symmetric as is

reported in literature and according to Eq. 10.147,148,177,196–199

1
�∗ =

1
ћ2
∂2�
∂�2 �

Eq. (10)

me* and mh* have been evaluated by looking at the curvatures of the bands

corresponding to the Conduction Band Minimum (CBM), and Valence Band

Maximum (VBM), respectively, Table 10. The curvature of the bands was fitted with

a third-degree polynomial and a quadratic regression of this polynomial was

performed. The calculated values are in line with literature ones; in particular, the

hole effective mass is always higher than the electron's one. Furthermore, as for the

band gaps, Al-based semiconductors have the highest electron effective mass, while

In-based ones have the lowest one. Ga-based semiconductors span from high me*

for GaP, comparable to that of AlAs and AlSb, to low me* as in the case of GaAs, and

GaSb.
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Table 10. Electron and hole effective masses at Γ point. Vales are reported in m0 units,
where m0 is the free electron mass.

This work Previous Theoretical Experimental
me

* mh
* me

* mh
* me

* mh
*

AlP 0.433 0.501 0.220a; 0.209b 0.595b --- ---
AlAs 0.151 0.439 0.150a; 0.149b 0.510b 0.150a,c 0.472a

AlSb 0.128 0.327 0.140a; 0.118b 0.365b 0.120c 0.375a

GaP 0.139 0.384 0.130a; 0.163b 0.411b 0.130a,c 0.326a

GaAs 0.059 0.346 0.067d; 0.076b 0.314d; 0.355b 0.067a 0.350a

GaSb 0.039 0.274 0.042d; 0.041b 0.235d; 0.265b 0.039a 0.250a

InP 0.098 0.423 0.085d; 0.094b 0.479d; 0.450b 0.080a 0.531a

InAs 0.039 0.376 0.027d; 0.029b 0.343d; 0.373b 0.026a 0.333a

InSb 0.025 0.312 0.017d; 0.018b 0.245d; 0.263b 0.014a 0.263a

See references as: a147, b198, c148, and d177. The theoretical values in b are at the modified
Becke-Johnson (MBJ) semilocal exchange level, while the values reported in d are at HSE06
level.

Figure 11. Band structure of group III-V semiconductors. a) AlP, b) AlAs, c) AlSb, d) GaP, e)
GaAs, f) GaSb, g) InP, h) InAs, and i) InSb. Red lines represent the valence band (VB) and
blue lines the conduction band (CB). The Fermi energy of each system has been set to 0 eV
(dotted line). [200]
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3.2.3.2 Surface

The most representative surfaces of cubic structures as the zinc blend for the III-V

semiconductors are the (100) and (110) ones. The first one is polar and usually

undergoes reconstruction.201–210 The (110) surface is stable without reconstruction,

and is widely studied.201,204,208,211–220 Thus, the slabs terminated by the (110) surface

were considered here. Each slab was designed from the optimized bulk structures,

with an increasing thickness going from 0.5 nm to 10 nm, approximately - the exact

values depend on the material. This corresponds to 2D films containing from 4 up to

40 atomic layers. In all cases was observed that the top layers of the optimized

structures display some corrugation, where the electron-withdrawing atom (group V

atom) moves slightly outward, and the group III atom moves inward from its atomic

layer, see Figure 12.

Figure 12. Surface termination of the relaxed (110) surfaces in the group III-V
semiconductors. Black dots represent the III-group elements and grey dots the V-group
elements. [200]

The results have been benchmarked against previous theoretical simulations,214–218

suggesting that this effect comes from the need to compensate for the lower

coordination of the surface atoms.214,218 The extent of corrugation was checked

with system size, and the surface corrugation remains constant for films thicker than

1.5 nm. This suggests that when comparing slabs of increasing thickness, the effect

of corrugation is localized on the surface layers and will not affect quantities, as the

band gap, reported below.

Figure 13, shows the trend of the band gap of the 2D semiconductors as a function

of the slab thickness. In particular, is reported the band gap of the slabs (Egslab)

normalized with respect to the bulk one (Egbulk), to better appreciate the deviation

from the bulk behaviour. As expected, the band gap approaches the bulk's one by

increasing the thickness of the 2D material from a few layers to a few dozens of

layers. However, in some cases, see e.g. InP, InAs, InSb, GaAs, GaSb, the band gap

becomes significantly larger than the bulk one for small thickness.
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This is particularly clear for InAs and InSb, where the band gap for the 2D material is

up to three times higher than for the 3D counterpart. For these systems, only when

the thickness becomes larger than 6-8 nm the band gap approaches the bulk one. In

contrast, AlP, AlAs, AlSb and GaP are much less affected and do not exhibit strong

changes in band gap as the dimensionality of the slabs is reduced from 3D to 2D. A

few atomic layers are enough to reproduce the bulk gap, see Figure 13. For this

reason, the simulations of the III-V semiconductors were restricted to slabs of ~3.0

nm, as the properties are fully converged at this thickness. More details for each

semiconductor can be found in the second section of the SI for the original paper,

i.e., lattice parameters, band gap, surface energy and band edges of the (110) slabs

of various thickness.200

Figure 13. Computed band gap (Egslab) with respect to the bulk (Egbulk) for 2D slabs of III-V
semiconductors as a function of the slab thickness. The inset reports a magnified region to
appreciate the trend of systems that are nearly insensitive to the slab thickness. The
horizontal dotted line is set at Egslab/Egbulk = 1. [200]

For materials where the band gap strongly changes from 3D to 2D, the question is

the origin of this behaviour, which could be related to shifts in the valence band, in

the conduction band, or both. To answer this question, in Figure 14 is plotted the

position of VBM and CBM of the III-V semiconductors as a function of the slab

thickness, see also Table 11. All values are referred to the vacuum level, set at 0 eV.

In all cases, VBM and CBM converge to the corresponding bulk values by increasing

the slab thickness, and the final values are reasonably close to the experimental

data, Table 11, where MAE(VBM) = 0.25 eV, and MAE(CBM) = 0.22 eV.
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This is an important result as it allows one to use the VBM and CBM positions to

estimate the Ionization Potential (IP), IP = - VBM, and the Electron Affinity (EA) as

EA = - CBM, for III-V 2D semiconductors and in general for III-V nanostructures.

Table 11. Calculated “bulk” Valence Band Maximum (VBM, in eV) and Conduction Band
Minimum (CBM, in eV) of III-V semiconductors. Values (in eV) are taken from the thickest
slab models considered in this work. The experimental values are taken from Ref. 147.

This work Experimental
semiconductor VBM / eV CBM / eV VBM / eV CBM / eV

AlP 6.21 3.75 6.18 3.66
AlAs 5.48 3.20 5.77 3.42
AlSb 4.59 2.45 4.85 2.46
GaP 5.59 3.22 5.71 3.36
GaAs 4.86 3.47 5.24 3.72
GaSb 4.10 3.26 4.47 3.66
InP 5.43 3.72 5.38 3.96
InAs 5.38 4.63 5.03 4.61
InSb 4.08 3.63 4.44 4.20

Figure 14. VBM and CBM as a function of the thickness in III-V semiconductors 2D slabs. (a)
AlP, (b) AlAs, (c) AlSb, (d) GaP, (e) GaAs, (f) GaSb, (g) InP, (h) InAs, and (i) InSb. [200]
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The first observation from Figure 14 is that the VBM of the III-V semiconductors is

rather insensitive to nanostructuring hence to quantum confinement. On the other

hand, the CBM changes significantly by reducing the thickness of the slabs, going

from a 3D to a 2D regime.

This can be explained in light of the mobility of electrons and holes in the material.

From Table 10 one can see that the hole effective mass is always considerably

higher than the electron's one, suggesting that quantum size effects are not relevant

for holes while they are important for electrons, Eq. 9.147,148,177,198 As me* is smaller,

higher is the impact on CBM, hence on the band gap. For instance, InSb has the

lowest me*, followed by InAs, and indeed the CBM varies significantly by reducing

the size of the slab. AlP, AlAs, AlSb have the highest electron effective mass (roughly

5-10 higher than that of InAs and InSb), and their CBM is almost constant, Figure 14.

Then, according to Eq. 9, the behaviour of both band gap and CBM can be

rationalized in term of electron’s effective mass.

If the qualitative rationalization of the trend is clear, one can go a step further and

try to provide a quantitative measure of the quantum confinement effect. To

illustrate this, the In-based family of III-V semiconductors was considered, as these

are showing the strongest dependence on reduction of the dimensionality. Defining

ΔEg as the deviation of the band gap in a given 2D system from the corresponding

bulk reference, i.e. ΔEg = Egslab - Egbulk. Figure 15(a) shows the slab thickness

corresponding to a given percentage deviation (from 5% to 20%) for some of the

most confinement-sensitive materials (InSb, InAs, InP); Figure 15(b) shows ΔEg
against the slab thickness. As expected, InSb is more affected than InAs, that in turn

is more sensitive than InP. In the case of InSb and InAs, the quantum confinement is

very strong, and one needs films ~10 nm thick to converge the band gap within

5-10%, Figure 15(a). Then, the obtained data was fitted according to the equation of

an ideal quantum well (Eq. 9), and was found an excellent agreement, as shown in

Figure 15(b). The calculated average coefficient (kavg) of Eq. (10) is 2.06, to be

compared with the theoretical value 2.00 (Eq. 10). This result indirectly validates the

idea of using slabs for the modelling of quantum wells.14 This is an important result.

In fact, since the 2D models of nanostructures follow precisely the equation for a

quantum well, one can indirectly estimate the impact of quantum confinement for

other nanostructures, such as quantum dots, without the need to explicitly calculate

their electronic structures. In fact, from Eq. 9, it follows that given the systems

effective mass and size d, the deviation from the bulk band gap (ΔEg) of a quantum

dot is twice that of a quantum well. Stated differently, the slope of the curve for the

quantum dot is twice that of a quantum well.
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Figure 15. (a) Deviation (%) of band gap (ΔEg) from the bulk value for InSb, InAs, and InP 2D
nanostructures: 5% (black), 10% (green), 15% (blue), and 20% (red), respectively. (b) band
gap changes with respect to the bulk versus system size of InP (circles), InAs (squares), InSb
(diamonds). On the x-axis is reported the square of system size times the effective mass
(calculated from that of electron and hole) according with Eq. 9. Solid lines come from
fitting curves as hyperboles. [200]

The concepts illustrated above have been used to predict the behaviour of the band

gap in III-V semiconductor 2D slabs and 0D quantum dots. Figure 16 shows the trend

of ΔEg of the quantum wells simulated here (2D slabs) obtained upon electronic

minimization at DFT/HSE06 ground state geometry, and of the corresponding

quantum dots, compared with available experimental data. As was mentioned

above, quantum dots values have been obtained recurring to Eq (9), where k = 1 for

3D confinement (0D system), and k = 2 for 1D confinement (2D system). Thus, the

deviation from the bulk’s gap for a 0D nanoparticle will be twice that observed for

2D wells, i.e. Eg (0D) ≈ ΔEg (2D) × 2.

Experimental data of InP, InAs, and InSb were taken from Refs 171 and 221–223. These

values have been already used in previous theoretical works. To name a few, the

atomistic tight-binding224,225 (TB) and the popular k.p approaches226–228 were used to

study InSb,229 and the effective mass approximation (EMA)173,230,231 for InP, and

InAs.232 Our model leads to robust quantitative predictions, Figure 16, comparable

with the existing ones with different methods. It is important to stress that using

this procedure relies only on 2D slabs calculations, which are computationally much

less demanding than nanoparticles.
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Figure 16. Deviation of the band gap in a given system from the corresponding bulk
reference, ΔEg, as a function the size of the model. Solid lines with empty symbols are for 0D
dots values calculated from slabs’ ones (See main text). Solid circles, squares and diamonds
are taken from experimental data.171,221–223 Blue are for Indium and pink one for V-group
elements. [200]

3.2.4 Summary

In this sub-chapter the properties of 2D nanostructures of group III-V

semiconductors (AlP, AlAs, AlSb, GaP, GaAs, GaSb, InP, InAs, InSb) were investigated

to evaluated the role of quantum confinement on the electronic structure, and

particularly on the band gap. First, the structural and electronic properties of bulk

structures at the DFT/HSE06 level were simulated, which allows one to reproduce

accurately the lattice parameters, the band gaps, and the electron and hole

effective masses of the bulk materials. Then, the study of 2D slabs have been done

considering various thickness, going from ultrathin films, consisting of 4 atomic

layers, up to slabs of 40 atomic layers, which fully reproduce the bulk properties.

The study of the properties as a function of the film thickness provides a measure of

the impact of quantum confinement, where InSb and InAs show that largest

variation of the band gap by reducing the dimensionality, and are more sensitive to

quantum size effects. On the other side, AlP, AlAs, AlSb and GaP are almost

insensitive to nanostructuring. In particular, the conduction band edge is affected by

the reduced dimensionality while the valence band is almost insensitive.
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The observed trends, and the different response of InSb and InAs compared to the

other III-V semiconductors, can be rationalized based on the different electron and

hole effective masses, where the first term is dominant. This is corroborated by the

fact that if one considers InP, InAs and InSb the computed properties can be

predicted by an existing model for quantum wells and quantum dots, where the

band gap deviation is proportional to the sum of the reciprocal of the electron and

holes effective masses. This rationalization allowed to correctly reproduce the

behaviour of InSb and InAs quantum dots without computing explicitly the

electronic structure of these nanostructures, but using the results obtained on the

2D slabs. The agreement of the predicted data for 0D quantum dots with

experiments is surprisingly good. This suggests that for nanostructures where

quantum confinement effects play a role, it is possible to accurately reproduce the

electronic properties, as band gap and band edges by simulating simple 2D slab

models, rather than nanoparticles, which often are computationally significantly

more demanding, or perhaps to predict the behaviour of 1D nanowires.
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Chapter IV: Heterojunctions

Electronic structure calculations provide a useful complement to experimental

characterization tools in the atomic-scale design of semiconductor heterojunctions

for photocatalysis. The band alignment of the heterojunction is of fundamental

importance to achieve an efficient charge carriers separation, so as to reduce

electron/hole recombination and improve photoactivity.

First, we describe an example of the type-II heterojunction following experimental

observations and the idea that composite materials made by a low band gap

semiconductor covered by a thin oxide layer are increasingly used in solar cells and

photocatalysis.

In the second part some general considerations are discussed for the design and

preparation of new interfaces with desired properties based of the important role of

accurate electronic structure calculations.
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4.1 An example of type-II heterojunction: Structure and band

alignment of InP photocatalysts passivated by TiO2 thin films

This sub-chapter describes the nature of InP/TiO2 heterojunction by means of

Density Functional Theory calculations, showing that due to strong interface

chemical bonds, the formation of a InP/TiO2 junction is a favorable process.

The sub-chapter is organized as follows. First, an introduction about the uses of the

InP/TiO2 heterojunction is described and the computational details are provided.

Third, the nature of different InP/TiO2 interfaces, their stability and electronic

nature are discussed. Next, the band alignment from the explicit models of the

InP/TiO2 interfaces considered are presented. In the penultimate section the

thickness dependence of TiO2 covering InP (thickness from 0.6 to 2.1 nm) is

discussed and in the last part a summary is provided.

4.1.1 Introduction

The energy and environmental transition towards an efficient use of renewable

sources implies, among others, the development of new semiconducting materials

for photo-catalysis and environmental remediation. The aim is to develop efficient,

cheap, and eco-friendly devices. TiO2, one of the most studied oxides ever, is one of

best candidates, mainly because of its versatility and low cost.233–235 Unfortunately,

the efficiency of bare TiO2 is low because of its quite large band gap (3.2-3.4 eV),

and fast electron-hole recombination. The first issue can be addressed by

introducing in the lattice specific doping species, either metals and

non-metals.236–238 However, when charge carriers are generated by light absorption,

the doping strategy does not hinder, and sometimes favors, their recombination

often resulting in photo-catalytic systems less efficient than expected. To overcome

this issue, heterojunction based materials offer a potential solution, since in many

instances charge carriers recombination is reduced or slowed down, thanks to the

opposite migration path of holes and electrons across the junction.7,8,239

The content of this sub-chapter is published in the Journal of Physical Chemistry C and Journal of
Solid-State Electronics: L. A. Cipriano, G. Di Liberto, S. Tosoni, and G. Pacchioni, “Structure and band
Alignment of InP Photocatalysts Passivated by TiO2 Thin Film”, J. Phys. Chem. C., 125, 21, (2021)
11620-11627. https://doi.org/10.1021/acs.jpcc.1c01666; L. A. Cipriano, G. Di Liberto, and S. Tosoni,
“Computational Study of Group III-V Semiconductors and Their Interaction with Oxide Thin Films”,
Solid State Electronics, 184 (2021) 108038. https://doi.org/10.1016/j.sse.2021.108038

https://doi.org/10.1021/acs.jpcc.1c01666
https://doi.org/10.1016/j.sse.2021.108038
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The basic idea is that if the band edges of the two species are properly aligned, as in

a so-called type-II junction, photo-excited electrons and holes will be energetically

promoted in the two sides of the junction, thus reducing the probability of

recombination. This results in a more efficient migration toward electrochemically

active sites on the surface of the photocatalyst. Many examples of TiO2-based

heterojunctions have been reported, since this offers the possibility to take

advantage of TiO2 virtues, and at the same time to minimize the electron-hole

recombination mechanism.29,158,240–243 However, the problem due to low visible light

absorption remains, if TiO2 is the absorbing species.

For this reason, in the last few years several studies proposed to combine TiO2 with

small band gap materials, such as III-V semiconductors.149–156,244–246 III-V

semiconductors absorb a significant fraction of the solar light spectrum, thanks to

their band gaps between 1.5 eV and 2.5 eV. However, these materials often are

unstable in water or in contact with air, and they suffer from degradation and

oxidative processes that alter their functionality. This is not the case of TiO2, a stable

and non-toxic material. The simple idea is that combining the two materials one can

obtain a device with a strong light absorption power that, if covered by a protecting

TiO2 layer, can avoid the detrimental processes associated to degradation in air or

humid environments.149–156,244–246 Eventually, if the band edges are aligned according

to a type-II junction, visible light photo-generated electrons on the semiconductor

will be efficiently injected into TiO2, and then towards the active redox sites on the

surface.

In this context, the InP/TiO2 (anatase) heterojunction has emerged as a promising

candidate for photocatalysis and solar cells,150,154 where anatase films of various

thickness are grown on an InP support or nanoparticle. Experiments showed that: i)

due to the InP low band gap, 1.42 eV, a relevant fraction of solar light can be

harvested; and ii) photogenerated electrons can be efficiently promoted from InP to

TiO2.155,247,248 In fact, InP/TiO2 photo-cathodes displayed an enhanced activity

compared to the separated components,153 and InP/TiO2-based solar cells reached

up to 19.2% efficiency at the laboratory scale.155 Moreover, InP/TiO2 has been

successfully used for CO2 photoreduction; in this case it has been found that the

optimal TiO2 thickness is of about 3 nm.154 Therefore, it is interesting to study this

system at the atomistic level in order to unravel the physics behind InP/TiO2

interfaces, with the hope to be able to contribute to the rational design of new

devices with improved properties. In the present sub-chapter the study of InP/TiO2

interface has three main goals: i) describe the atomistic nature of the interface in

terms of chemical structure and stability; ii) determine from first principles the
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effective band edges alignment of the heterojunction; iii) discuss the role of the TiO2

film thickness for the efficiency of the heterojunction.

4.1.2 Computational details

The calculations have been performed at the level of Density Functional Theory

(DFT), as implemented in the VASP 6.1.0 code.96,97,249 The valence electrons, O

(2s,2p), P (3s, 3p), Ti (3p, 4s, 3d), and In (5s, 5p), have been expanded into a set of

plane waves with a kinetic cut-off of 400 eV, whereas the core electrons were

treated with the Projector Augmented Wave (PAW) approach.250,251 The hybrid

exchange−correlation formulation proposed by Heyd, Scuseria and Ernzerhof

(HSE06) was adopted,178 since it provides accurate structural and electronic

properties of both semiconductors and metal oxides.16,17,174

A conjugate-gradient algorithm was employed for geometry optimization of the

direct interface.252,253 The truncation criteria for electronic and ionic loops were set

to 10-6 eV and 10-3 eV/Å, respectively. For the optimized bulk materials an 8×8×8

Monkhorst−Pack k-point grid was set,254 and for slabs model we reduced the

k-points sampling mesh to 4×4×1.

4.1.3 Nature of different InP and TiO2 surfaces

The most stable surfaces of InP are the (100) and (110) ones. The first is polar and

usually undergoes reconstruction,201,203,206,208,255 while the (110) surface is stable,

and does not reconstruct.211–216,218,219 Thus, InP slabs terminated by the (110) surface

were considered in this study.200 As was described in the chapter above, InP form

part of the III-V semiconductors, materials that present a quantum confinement

effect.200 In the chapter of role of quantum confinement in III-V semiconductors was

found that a ~3 nm thick slab model is needed to guarantee fully converged

electronic properties to the bulk on InP. To describe the properties of InP(110)

surface, a 12 atomic layers thick model was considered (thickness ~2.4 nm), since it

represents a good compromise between convergence to bulk properties, and

computational feasibility. Indeed, the calculated band gap with a 12-layers slab, 1.51

eV, is only 0.06 eV higher than the bulk one, 1.45 eV. The surface energy to form

this model, Es = 0.70 Jm-2, is consistent with other values reported in the

literature.200

In the case of anatase TiO2, the most relevant surfaces are the (101) and (001) ones.

As a first approximation to model a very thin TiO2 passivating layer on the InP/TiO2

interface, a thin films with both (101) and (001) surface terminations of thickness
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around 0.6 nm and 0.8 nm were considered. The calculated band gaps of both thin

surfaces are significantly higher than the bulk one, as a consequence of quantum

size effects due to finite size of the model.162,256,257 The calculated surface energy of

TiO2(101) is substantially lower than that of TiO2(001), Es = 0.2 Jm-2, an effect that

can be attributed to the finite size of the films.163,256,258 In Table 12 are reported the

calculated lattice parameters (a, b, and γ, in Å and degrees - ◦ -), band gap (Eg, in eV),

and surface energy (Es, in Jm-2) of the optimized TiO2(101), TiO2(001), and InP(110)

2D models used to construct the heterojunction.

Table 12. Lattice parameters (a, b, and γ) , band gap (Eg, in eV), and surface energy (Es, in
Jm-2) of TiO2(101), TiO2(001), and InP(110) slabs.

Model Thickness / nm a / Å b / Å γ / ° Eg / eV Es / Jm-2

TiO2(101) 0.6 3.596 10.847 94.7 4.20 0.96
TiO2(001) 0.8 3.685 3.685 90.0 3.78 1.21
InP(110) 2.4 4.198 5.958 90.0 1.51 0.70

4.1.4 Nature of different InP/TiO2 heterojunction models

Starting from the relaxed surface structures of InP and TiO2, were designed two

models of InP/TiO2 heterostructures, one where InP(110) is interfaced with

TiO2(101), and the second one where the contact involves the TiO2(001) film.

Designing a suitable model for an interface of two solid materials requires a super

cell which minimizes the lattice mismatch, to avoid spurious strain-related effects.259

This can be done by adopting large simulation cells, accounting for the non-epitaxial

growth due to poorly matching lattices, or by finding the proper orientation that

minimizes the lattice mismatch, and maximizes the chemical interaction at the

interface. Here, was found a reasonable starting configuration for both InP/TiO2

interfaces with good cation-anion matching, by placing TiO2(101) and (001) thin

films on a (1x1) InP(110) supercell rotated by 45°. Since in reality the TiO2 thin film is

grown to cover InP, the lattice parameters were fixed to those of InP, and in that

way the strain is transferred to the TiO2 phase, a usual procedure when simulating

thin films supported on semiconductors.260 This results in a tensile strain of 1.1%

and 5.1% for a and b lattice vectors of the TiO2(101) film, and 1.1% and 6.9% for the

TiO2 (001) ones. These are high strains, and therefore their impact on the TiO2

electronic properties were checked, finding that the band gap deviations compared

to the respective unstrained models of TiO2(101) and (001) are of about 0.2 eV. The

position of the VB and CB edges is not remarkably affected by the strain, either; the

largest deviation with respect to the unstrained model is an increase of 0.29 eV

reported for the conduction band minimum of TiO2(101).
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As will show in the next sup-chapters, uncertainties in this range do not affect the

general conclusions, and in this respect the lattice strain can be considered

acceptable.

Figure 17 shows the optimized structures of InP/TiO2(101) and InP/TiO2(001)

interface models, where the formation of new chemical bonds at the interface were

observed: In-O bonds display lengths in the range 2.27-2.31 Å, and the Ti-P ones are

within 2.67 and 2.79 Å. These values are in line with the typical In-O and Ti-P

distances in In2O3 (2.18 to 2.23 Å),261 TiP (2.44 to 2.55 Å),262 Ti5P3 and Ti3P (2.49 to

2.77 Å),263 and TiP2 compounds (2.51 to 2.74 Å).264 This suggests that In-O and Ti-P

bonds at the interface have a comparable strength to those of the corresponding

binary compounds.

Figure 17. Side views of (a) InP/TiO2(101) and (b) InP/TiO2(001) explicit interfaces. The
new-chemical bonds between InP and TiO2 formed at the interface are shown in the insets.
DOS of the systems are also reported: grey shaded area, total DOS; green line, InP; red
dashed line, TiO2. Atoms: Grey: Ti; red: O; pink: In; light blue: P. [265]

The interfacial energy (Eint), defined as the formation energy of the composite

models with respect to the bulk materials, has been computed following Eq. 11:34

���� =
� ��� ���2 −������,���2 −������,���

2�
Eq. (11)

E(InP/TiO2), Ebulk,TiO2 and Ebulk,InP are the DFT total energies of the InP/TiO2 interface, TiO2

bulk, and InP bulk structures, respectively. N and M are the number of TiO2 and InP

formula units in the composite system, while A is the interface area.
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The formation energy of the heterojunction, Eint, results from two steps: (i) the

surfaces of InP and TiO2 are cut from their respective bulk structures with an

endothermic process (surface energy), and (ii) the interface is formed by putting

them into contact (adhesion energy). The interfacial energies are 1.35 Jm-2 for

InP(110)/TiO2(101) and 1.80 Jm-2 for InP(110)/TiO2(001). In addition, the calculated

adhesion energy is -0.75 Jm-2 for InP(110)/TiO2(101) and -0.65 Jm-2 for

InP(110)/TiO2(001), indicating that the formation of both interfaces is

thermodynamically a favorable process. Furthermore, the adhesion of InP(110) with

TiO2(101) is 0.1 Jm-2 larger than with TiO2(001). By comparing these data with the

surface energies reported in Table 12, one can also evaluate the energy cost of

straining the titania film to form the interface. Cutting an InP(110) from the bulk

costs 0.70 Jm-2 (Table 12). Cutting an unstrained TiO2(101) surface from the bulk, in

turn, has a cost of 0.96 Jm-2 (Table 12). Thus, the creation of the unstrained,

separated components of the interface implies a cost of 1.66 Jm-2. By subtracting

the adhesion energy from the interfacial energy, one obtains the formation energy

of the strained, separated components, which is, for InP(110) and TiO2(101), 2.10

Jm-2. Straining the TiO2(101) film, thus, has a cost of 0.44 Jm-2. One can consistently

calculate the cost of straining the TiO2(001) film, which results as large as 0.54 Jm-2.

Interestingly, the energy gain when forming the interface (adhesion energy) is in

both cases higher that the energy cost to strain the TiO2 units. This leads to an

overall energy gain to form the interface when compared to separated surfaces.

4.1.5 Charge transfer and band alignment

The charge transfer across the interface by considering the atomic charge

distribution layer by layer was analyzed by means of the Quantum Theory of Atoms

in Molecules (QTAIM).266–270 Charge polarization effects are mainly localized at the

contact region, and they rapidly disappear by moving away from the interface, see

Figure 18. Even if atomic charges are far for providing a quantitative estimate of the

charge transfer,271–273 they suggest that the interaction at the contact region

between InP and TiO2 has mainly a covalent character, in line with what found in the

structural analysis where the formation of short, direct bonds has been observed.

This is further corroborated by the analysis of the charge density difference plots,

calculated as ρInP/TiO2 – (ρInP + ρTiO2), where ρInP/TiO2 is the charge density of the

composite, and ρInP, ρTiO2 those of the composing units, Figure 18. The plots clearly

show that upon formation of the interface, there is an accumulation of charge

between the Ti-P and the In-O atoms, a typical indication of a covalent character of

the bonding.
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Figure 18. (a) calculated atomic charge (normalized with respect to the surface area) of
each crystallographic layer in InP/TiO2(101) interface model; (b) charge density difference
plot (Dr), where charge accumulation regions are in yellow, and depletion ones in blue.
Panels (c) and (d) are the same but for the InP/TiO2(001) interface. [265]

Moving to the electronic properties, and in particular the band alignment, first by

looking simply at the density of states (DOS) for a qualitative description. Figures

17(a) and 17(b) also report the DOS of InP/TiO2(101) and InP/TiO2(001) interface

models projected on the two composing units. In both cases the main contribution

to the Valence Band Maximum (VBM) is due to InP, while the Conduction Band

Minimum (CBM) is predominantly projected onto TiO2, despite a significant

hybridization. Even though the analysis of the DOS allows one to get an idea of the

band alignment, it cannot provide a quantitative description because of

hybridization effects. The relative position of the band edges can be estimated

accurately by aligning the VBM and CBM of the separated components by using as a

common reference the core level binding energies, e.g. the O1s and P2p orbital

energies, similarly to what is done in XPS experiments.35–37,274–278 The convergence

of the VBM and CBM values with the inner shells of the core levels was carefully

checked and the Conduction Band Offset (CBO) and Valence Band Offset (VBO) were

computed by using equations 12 and 13.

���� = [(���� −��2�)��� − ���� −��1�)���2 + (��2�
−��1�)���/���2

Eq. (12)

���� = [(���� −��2�)��� − ���� −��1�)���2 + (��2�
−��1�)���/���2

Eq. (13)
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For InP/TiO2(101) the computed Conduction Band Offset (CBO) is 0.17 eV, while the

Valence Band Offset (VBO) is 2.75 eV, indicating that the band edges of InP are

higher in energy than those of TiO2. In the case of InP/TiO2(001), CBO and VBO are

0.10 eV and 2.60 eV, respectively. These values are close to those obtained from the

DOS curves. This is an important result, since it shows that InP/TiO2 is always

expected to behave as type-II heterojunction, irrespective of the anatase facet

involved in the junction, (001) or (101), and of the method used to obtain the

alignment, thus providing a first principles rationalization of the experimental

findings,153–155 see Figure 19.

Figure 19. Band alignment of (a) the InP/TiO2(101) and (b) the InP/TiO2(001) heterojunction
models. Grey: Ti; red: O; pink: In; light blue: P. [265]

4.1.6 Effect of the TiO2 film thickness in the InP/TiO2 interface

As the TiO2(101) film allow to obtain the most stable InP/TiO2 interface, here is

described the role played by the TiO2(101) film thickness from about 0.6 nm to ~2

nm in thickness. This is a regime where electron tunneling can dominate over

classical charge carrier diffusion in an insulating material.279 In general, the

probability of tunneling rapidly decreases with the thickness of a potential barrier.

On the other hand, the band edges of the film can change going from ultrathin to

thin layers, until they converge to typical bulk values. In this respect, the band

alignment affects the potential barrier for charge carrier transfer. So, to address this

aspect, InP/TiO2 interfaces with TiO2(101) thickness of 0.6 nm, 1.3 nm and 2.1 nm

were simulated. The structural analysis indicates that by increasing the TiO2(101)

thickness from 0.6 nm to 2.1 nm, the structural properties of the interface do not

exhibit significant changes. The interface energy (Eint) goes from 1.35 J/m2 (0.6 nm
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film) to 1.06 J/m2 (1.3 nm film) and 1.14 J/m2 (2.1 nm film), reflecting the initial

decrease in the TiO2 (101) surface energy as a function of the slab thickness.

While the nature of the valence and conduction bands does not vary with film

thickness, the TiO2 band gaps decreases by increasing the thickness, until it

approaches the bulk’s value, indicating that quantum confinement effects vanish

rapidly with the size of the TiO2 layer.256 Indeed, the TiO2(101) band gap goes from

4.20 eV (0.6 nm), to 4.11 eV (1.3 nm), and 3.85 eV (2.1 nm). Thus, while the TiO2

thickness does not affect the band edges alignment, Figure 20, being InP/TiO2

always a type-II junction, it affects the band offsets. Both VBO and CBO increase

with the thickness of the coating film, as reported in Figure 20. However, while

going from 0.6 nm to 1.3 nm-thick films the increase is significant both for VBO (0.53

eV) and CBO (0.26 eV), a further increase in thickness up to 2.1 nm affects

significantly only the CBO (0.21 eV), while the VBO (0.03 eV) seems almost

converged. However, significant changes in the band offset by further increasing the

thickness are not expected, because a 2.1 nm anatase slab displays a band gap value

almost converged to the bulk one. This result provides further support to the

conclusion that the properties of the system are reasonably converged with anatase

films of more than 2 nm thickness.

Figure 20. Band alignment of the InP/TiO2(101) heterojunction with different TiO2 thickness:
(a) 0.6 nm; (b) 1.3 nm; and (c) 2.1 nm. Grey: Ti; red: O; pink: In; light blue: P. [265]

So far, the discussion is based on the band structure of the ground state of the

system. However, photoexcitation implies the generation of an electron-hole pair,

and it is an exited state problem. To address, this aspect the coexistence of one

electron and one hole in the system was simulated. This is done by computing the

lowest triplet configuration, which provides a reasonable approximation to the real

excited state which corresponds to a singlet open shell configuration.280
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As the nature of the valence and conduction bands does not vary with film thickness,

the triplet configuration for the InP/TiO2 heterojunction was study with TiO2(101)

film 1.3 nm thick, which is an intermediate thickness and implies less computational

demand. Figure 21 shows that a vertical excitation from the ground state structure

results in a delocalized solution where the hole is shared by several P atoms, and the

photo-generated electron is distributed over few Ti and In atoms. This excited state

is 1.9 eV above in energy than the ground state, thus compatible with the

photo-excitation of InP under visible light. This process is followed by an atomic

relaxation with polaron formation. If the atomic coordinates are relaxed, a localized

solution with one electron localized on a Ti atom of TiO2 and the corresponding hole

on a P atom of InP is found, i.e., on the two sides of the interface. The atomic

relaxation leads to a non-radiative decay with an energy gain of 1.3 eV, Figure 21.

Interestingly, the charges migration and electron-hole localization follow what

predicted by the band alignment picture. Therefore, this result corroborates and

validates the prediction obtained based on ground state properties.

4.1.7 kinetics effects

Although they are not include explicitly in this study, since this requires the

simulation of excited states dynamics,281,282 some qualitative correlation between

our results and the expected performances of the devices in terms of efficiency of

carriers’ migration can be done. This is based on the analysis of the carriers’

effective mass, calculated from the curvature of the band structure of InP and

TiO2.200 The electron mobility in InP is quite high, as can be evinced by the low

effective mass (me
*), 0.10 (DFT) and 0.08 (experimental).147 The results of the first

principles calculations show that i) high electrons’ mobility in InP, and ii) the

energetically favorable migration towards TiO2 are beneficial for electrons’ injection

from InP into TiO2, and this prediction is in line to what experimentally observed:

the electrons’ transfer efficiency in InP/TiO2 may reach up to 85%.248 Then, when

electrons migrate into the TiO2 unit, their mobility strongly decreases, as shows also

by the calculated me
* of 1.05 (DFT), to be compared with the experimental one

~0.4-1.283,284 This explains why the efficiency of InP/TiO2 devices deteriorates when

the TiO2 film thickness increases, as reported by Zeng et al.154 In particular, they

showed that the efficiency of InP/TiO2 improves when the TiO2 coating reaches ~3

nm, whereas the insulating character of TiO2 prevails at higher thicknesses. If the

latter regime can be easily understood in the light of carriers’ mobility in TiO2, when

the TiO2 thickness is small quantum tunneling prevails over classical diffusion,279 and

the probability of electrons transfer should decrease rapidly with the thickness.
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This contradiction can be explained by taking into consideration the fact that the

overall potential well is determined by the band edges alignment, and, as reported

above, the conduction band offset increases with the thickness of the TiO2 film from

0.6 nm to 2.1 nm, thus favoring the electron transfer process.

Overall, the calculations show that not only the InP/TiO2 system is described as a

type-II junction, irrespective of the TiO2 surface in contact with InP, but, most

importantly, the behavior is retained by increasing the size of the passivating

anatase film, providing a theoretical rationalization of the beneficial spatial

separation of photogenerated carriers under visible light in titania-coated

semiconducting nanoparticles.150,153,155 Last, based on the band edges alignments,

was possible to predict that increasing the TiO2 thickness from 0.6 nm to 2.1 nm is

beneficial for carrier’s separation, because a larger band offset implies a stronger

thermodynamic drive for photoelectrons’ migration from InP to TiO2. This in a

regime where electron migration from InP to the surface of the TiO2 component is

not affected by the detrimental insulating character of TiO2, which is expected to

become dominant at larger thicknesses.154 This conclusion is consistent with recent

experiments showing improved photocatalytic efficiency of InP/TiO2 photocatalysts

by increasing the TiO2 film thickness from less than 1 nm up to an optimal value of

about 3 nm.154

Figure 21. Energetics of electron and hole generation in the InP/TiO2(101) heterojunction,
where the TiO2 film thickness is 1.3 nm. The vertical excitation has a cost of 1.9 eV,
compatible with the photoexcitation of InP. The localization of a hole on InP and an electron
on TiO2 (polaron formation) leads to an energy gain of 1.3 eV and stabilizes the excited state.
Spin density isosurfaces at 0.0005 e/A3 are reported. Grey: Ti; red: O; pink: In; light blue: P.
[265]
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4.1.8 Summary

Two different InP/TiO2 interfaces made by InP(110) converged slabs with ultrathin

TiO2 films of ~0.6-0.8 nm thickness exposing both (101) and (001) surfaces were

modellated. These simulations allow to found that irrespective of the TiO2 surface,

the formation of a InP/TiO2 junction is a favorable process, characterized by the

formation of new covalent In-O and Ti-P interface bonds. Where the InP/TiO2(101)

interface is more stable than the InP/TiO2(001) one. The band edges alignment is

consistent with a type-II junction, where TiO2 band edges are lower in energy than

the InP ones. This will favor the migration of photogenerated electrons from InP to

TiO2, consistently with the experimental observation.

By studying the role of the TiO2 film thickness, it was found that the system always

behaves a type-II junction, but the increase in the band offset observed for thicker

films implies that the thermodynamic gain for carrier’s migration increases with the

TiO2 thickness up to about 2 nm. These results provide a first principles

rationalization of experiments showing that InP/TiO2 outperforms the separated

components, in particular if the coating titania layer is thicker than 2 nm.
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4.2 Rational design of binary and ternary semiconductor

heterojunctions for photocatalysis

As was already mentioned, the band alignment of the heterojunction is of

fundamental importance to achieve an efficient charge carriers separation, so as to

reduce electron/hole recombination and improve photoactivity. In this sub-chapter

we report some examples that addressed methodological aspects that need to be

consider in the design of binary and ternary semiconductor heterojunctions and

how these are determined at the level of density functional theory (DFT).

The sub-chapter is organized as follows. First, a short introduction and the

description of the computational details is given. Next, some considerations that

need to be address in the design of heterojunctions for specific examples of the

type-II heterojunctions and the ternary heterojunctions is discussed. Last, some

general recommendations are given.

4.2.1 Introduction

The applications of heterojunctions in photocatalysis cover various aspects of

modern life.285–293 As was already mentioned in the introduction, the key

requirements for the design of an efficient photocatalyst are (1) a good visible light

absorption, (2) a favorable position of the edges of the valence and conduction

bands (VB and CB) with respect to target redox species, (3) an efficient charge

carriers separation upon excitation, (4) a high mobility and low recombination rate

of the charge carriers, and last but not least (5) a good chemical stability.37,294–300

Composite materials in which two or more units are in intimate contact thanks to

the formation of a junction region can in principle successfully address all these

aspects.7,8 In the photocatalysis process the Type-II heterojunction shows the best

challenges, this is because when the band edges are positioned according to a

Type-II alignment, the photogenerated electrons and holes migrate towards

different components of the heterojunction, hindering recombination and

enhancing the efficiency of the redox processes.

The content of this sub-chapter is published in the Chemistry -A European Journal: G. Di Liberto, L. A.
Cipriano, S. Tosoni, and G. Pacchioni, “Rational Design of Semiconductor Heterojunctions for
Photocatalysis”, Chem. A. Euro. J., 27, (2021) 13306-13317.
https://doi.org/10.1002/chem.202101764

https://doi.org/10.1002/chem.202101764
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Sometimes the advantage of creating a heterojunction consists in the possibility to

protect a chemically unstable low-band gap semiconductor by coating it with a

corrosion resistant thin oxide film as was shown in the last chapter and in another

works;150–152,301 this can lead to a visible-light active and chemically stable

photocatalyst.

The possibility to engineer and design interfaces between different semiconductors

opens in principle a variety of systems to investigate. In doing this, one has to take

into account a number of parameters, such as the choice of the surface

terminations that are interfaced, the nature of the chemical bonds, the occurrence

of a charge transfer at the interface, the possibility to growth nanofilms exploiting

quantum confinement effects, etc. An important role in this context is played by

electronic structure calculations based on Density Functional Theory (DFT). In this

sub-chapter the systems that will be discussed have been selected based on their

relevance for practical applications, on the existence of experimental results

showing the possibility to construct the junctions, and in order to identify specific

effects that determine the final behavior of the junction. Which gives the possibility

to discuss the underlying physical principles behind semiconductor heterojunctions

for photocatalysis, and to show how is it possible to conceive new atomic-scale

interfaces and predict their performances.

4.2.2 Computational details

Most of the systems discussed is this sub-chapter have been studied using the

CRYSTAL code92,302; for a few cases the VASP periodic code has been used.96,97,249

4.2.3 Examples of Heterojunctions

4.2.3.1 Type-II heterojunctions: joining different semiconductors

Here are presented four cases of Type-II heterojunctions as described by DFT

calculations. In the first three cases anatase TiO2 is interfaced with various

semiconductors: halide perovskites;303 ternary compounds such as BiVO4 and

SrTiO3;243,304 and in the last example BiVO4 is interfaced with WO3.305

4.2.3.1.1 TiO2/CsPbX3

In this example the role of surface termination was considered. Over the past few

years there have been a growing interest towards organic-inorganic halide

perovskites, ABX3, where A is an organic cation or an alkali metal cation, B an



61

inorganic cation, and X is the halogen.306–310 These materials find application in solar

cells, light emitting diodes, photocatalysis, etc.311–317 CsPbX3 perovskites have been

used in combination with oxide films, such as TiO2, that protect them from chemical

attack314,318–322 and provide a Type-II alignment of the band edges.294,303,309,323 The

most relevant polymorphs of CsPbX3 materials are the cubic (a) and orthorhombic (g)

phases.308,310,324 Using the CRYSTAL code and the HSE06 functional the properties of

α-CsPbX3 (X= Cl, Br, I) 2D nanostructures have been studied.325

The (001) surface of α-CsPbX3 (X = Cl, Br, I) 2D nanostructures has two main

terminations, PbX2- and CsX-, while the (110) one is characterized by three

terminations, X, Cs, or PbX. This offers a great variability in designing the junction

with TiO2. The PbX2-terminated slabs have band edges lower in energy than the

CsX-terminated ones, but their stability is similar. In the case of the (110) surface,

X-termination displays the lowest surface energy. Since the corresponding band

edges are in closer agreement with the experiment, it is likely that this is the

termination of (110) surfaces in real samples. Taking the most stable terminations,

the band edges of the (110) slabs are always below those of the (001) ones, so that

it is possible in principle to take advantage of this feature to design systems that

induce charge carriers separation. Using the independent units method, without

explicitly simulating the interface, a qualitative estimate of the band alignment in

CsPbX3/TiO2 has been obtained, showing a Type-II alignment for all three

perovskites, Figure 22.

Figure 22. Band edges offset of CsPbX3(110) and TiO2(101) moieties in CsPbX3/TiO2

heterojunctions (DFT/HSE06 results). [9]
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This example shows the importance of the selection of the proper facet to construct

the heterojunction, a result that has been obtained without the explicit

consideration of the interface.

4.2.3.1.2 TiO2/BiVO4

TiO2/BiVO4 is a highly active system in photocatalytic water splitting.326,327 This

example was used to discuss the role of slab thickness and surface termination -

CRYSTAL calculations with HSE06 and PBE0DD functionals.328 As is reporter in Ref 96,

slabs of about 2 nm thickness for both TiO2(101) and BiVO4(010) components, Figure

23, showed converged structural and electronic properties, with a marginal effect of

the choice of the functional. However, using thinner slabs results in considerably

shifted VBM and CBM values, Figure 23, showing the importance to check-out the

converged electronic and structural properties with respect to slab thickness.

Figure 23. Left: TiO2(101); right: BiVO4(010). (a) band gap (Eg), (b) Conduction Band
Minimum (CBM), and (c) Valence Band Maximum (VBM). [9]

Also with this example, the band edges of the independent units (no explicit

interface) were used to analyze the type of alignment in TiO2/BiVO4 comparing two

BiVO4 surfaces, (010) and (110). If TiO2(101) is interfaced with the BiVO4(010)

surface the alignment is of Type-I, and the offset of the VB is negligible, Figure 24,

thus reducing the driving force for the separation of the charge carriers. On the

contrary, TiO2(101)/BiVO4(110) is a Type-II heterojunction, where the band edges of

BiVO4 are higher in energy that those of TiO2. Therefore, the TiO2(101)/BiVO4(110)

interface outperforms the TiO2(101)/BiVO4(010) one showing once more the

importance of the surface termination.
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This prediction, consistent with the experimental observations,304 is obtained with

the simple approach of the “independent units” but is nevertheless useful to assess

the nature of the junction and represents a case of facet engineering.

Figure 24. (a) Type-I band alignment of TiO2(101)/BiVO4(010); (b) Type-II band alignment of
TiO2(101)/BiVO4(110) (HSE06 results). [9]

4.2.3.1.3 TiO2/SrTiO3

The third example, is the interface of anatase TiO2(001) with SrTiO3(001). Differently

from the previous two cases, here an explicit interface was constructed (CRYSTAL

calculations, PBE0DD functional).278 TiO2/SrTiO3 represents an archetype of

nearly-epitaxial matching between the two materials, due to the favorable lattice

mismatch between the (001) surfaces of the two semiconductors which minimizes

the strain.243,329 However, two surface terminations are possible for SrTiO3, SrO and

TiO2 termination, giving rise to two different interface models.

The band alignment has been obtained using (a) the independent units and (b) the

surface terminated junction models, Figure 25. In both cases a Type-II

heterojunction is predicted, and the band offsets differ by about 0.1 eV only.

Furthermore, the calculated offsets are fully consistent with the experimental

ones.243 This example shows that the use of independent units, without explicit

description of the interface, can be used in selected cases to predict the band

alignment. However, as shown below, this does not hold true in presence of

relevant polarization or charge transfer at the interface.
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Figure 25. Band alignment for the TiO2(001)/SrTiO3(001) heterojunction, where SrTiO3 is
terminated with a TiO2 layer. (a) independent units; (b) surface terminated junction models
(explicit interface). Blue: TiO2; orange: SrTiO3. [9]

The impact of oxygen vacancies (Ov) was also considered in this example, as they are

commonly present.242,330 Ov on TiO2 or in the contact region slightly decrease the

offsets by 0.0–0.1 eV, while Ov on the SrTiO3 side (less stable) lead to an increase of

the offsets. In general, the presence of oxygen vacancies has only a moderate

impact on the band alignment of the TiO2/SrTiO3 junction.

4.2.3.1.4 WO3/BiVO4

The last example of heterojunction made of two different components is WO3/BiVO4.

Photoanodes based on the WO3/BiVO4 heterojunction showed excellent

solar-to-hydrogen conversion efficiency in water splitting.305,331–333 This is thanks to

the visible light absorption of BiVO4 combined with the high electron conductivity of

WO3. The nature of WO3/BiVO4 has been investigated with the aim to study the

nature of charge transfer at the interface (CRYSTAL code, PBE0DD and HSE06

functionals).334 Recent experimental results confirm that the (010) surface of BiVO4

is involved in the junction with WO3.335 A WO3 slab of 1.6 nm thickness exhibits

converged properties while for BiVO4 2 nm films are required to recover the bulk

properties. The band alignment predicted by considering the separate units is

qualitatively the same obtained simulating the explicit interface (surface terminated

junction approach).

The role of charge polarization in this interface has been considered. This is an

important aspect that should always been discussed, besides the position of the

band edges.
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In fact, the band alignment determines the preferred direction of the

photogenerated electrons and holes based on pure thermodynamic arguments;

however, the creation of a large interface dipole due to the occurrence of a charge

transfer may favor or disfavor charge carriers migration.336,337 In the case of

WO3/BiVO4 the charge polarization at the interface is beneficial for charge

separation since there is a charge accumulation on the BiVO4 side on the interface

and a consequent charge depletion at the opposite side. This effect, together with

the band alignment, explains the superior photoactivity of this heterojunction. A

model limited to the separate units would not account for this phenomenon.

4.2.3.2 Type-II heterojunctions: joining different facets of the same semiconductor

A Type-II junction can be created also by joining differ surface terminations of the

same semiconductor;29,338–340 in this case one generates a “surface junction”.7 Here

two examples are mentioned, one is the BiOIO3(010)/BiOIO3(100) interface, and the

second one involves the combination of two titania anatase facets,

TiO2(001)/TiO2(101).

4.2.3.2.1 BiOIO3(010)/BiOIO3(100)

BiOIO3 nanocrystals exposing (010) and (100) surfaces are excellent

photocatalysts.340 However, if one considers the position of the VB and CB of the

(010) and (100) surfaces of BiOIO3 one cannot explain the experimental trends. In

fact, calculations done at the PBE0DD level with the CRYSTAL code show

unambiguously that the most stable (010) and (100) surfaces of BiOIO3 exhibit VBM

and CBM positions which are inverted compared to experiment.341 To reconcile

theory with experiment, it is necessary to invoke the formation of a junction

between a less stable (010) surface termination of BiOIO3 with the most stable (100)

one. When this is done new chemical bonds at the interface result in a

thermodynamically stable system and a significant charge polarization at the

interface. This junction not only provides the correct band alignment, but also

exhibits a position of the energy levels that is fully consistent with the experiment,

Figure 26. This example shows that to rationalize the behavior of semiconductor

heterojunctions it is important to describe the formation of explicit interfaces with

atomistic precision, and to take into account the overall thermodynamic stability of

the system, and not only the most stable surface terminations. This is a typical

example where it is necessary to employ the “alternating slabs junction” or the

“surface terminated junction” approaches.
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Figure 26. Band alignment in BiOIO3(100)/BiOIO3(010) (a) interface built from the most
stable BiOIO3(100) and BiOIO3(010) surface terminations; (b) interface build from the most
stable BiOIO3(100) surface and the less stable BiOIO3(010) termination. Only this latter
model explains the observed band alignment of the BiOIO3(100)/BiOIO3(010) heterojunction.
[9]

4.2.3.2.2 TiO2(001)/TiO2(101)

This case represents the most common example of junction formed by interfacing

two polymorphs of the same material, Degussa P25,342 a mixture of anatase (75%)

and rutile (25%) widely used to benchmark the photocatalytic efficiency of new

materials. An heterostructure formed by combining the (101) and (001) facets of

anatase TiO2 provides interesting photocatalytic properties, even better than the

reference P25,29,338,343–345 and has been studied with the CRYSTAL code and PBE060

and PBE0DD functionals. Two models have been used, the simple “independent

units” approach and that based on “surface terminated junctions”. A two-step

process was followed in order to design a realistic model of the heterojunction. The

superposition of (101) and (001) anatase facets leads to unacceptable strains and

poor Ti-O match at the interface. Thus, a superlattice was created by rotating the

two surfaces by an angle of ~45°, so that the lattice strain is considerably reduced

(6.3% and 0.9%) and a good cation-anion match in the contact region is achieved.

The resulting band alignment, obtained by considering electronic states on inner

layers, is of Type-II, Figure 27, and is predicted also by the independent units

model.158,277 The picture provided by the band alignment was assessed by simulating

the explicit formation of a hole in the VB and of an electron in the CB according to a

singlet-triplet excitation process.280 The vertical excitation was followed by a

structural relaxation that leads to hole and electron localization and polaron
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formation.346–348 The generation of charge carriers upon photon absorption starts at

the (001) surface with formation of delocalized holes in the VB and electrons in the

CB. The structural relaxation induces hole localization on a single O ion on the (001)

side of the junction and migration of the excited electron to the (101) side, where it

localizes to form a Ti3+ ion, as shown by the spin density plots, Figure 27. Of course,

this process can be studied only when the effect of the interface is explicitly

included in the model.

Figure 27. Band alignment of (001)-(101) anatase surface junction (PBE0 results). [9]

The effect of Nitrogen doping on the properties of the TiO2(001)/TiO2(101) junction

have been also addressed.160 While doping of oxide semiconductors has been

addressed in several studies, much less attention has been dedicated to the

combined effect of doping and formation of heterojunctions. The effect of N-doping

on anatase and rutile TiO2 has been studied extensively by some of us.237,349–352 The

presence of isolated N-dopants results in localized defect states just above the VB of

the material, thus increasing the absorption in the visible region of the spectrum.

N-dopants also favour the formation of O vacancies.

In a recent study, Sun et al. synthetized a junction formed by N-doped (001)-(101)

anatase TiO2 surfaces.344 The new photocatalyst exhibits higher photoactivity under

visible light with respect to the undoped samples, suggesting that the two main

strategies to improve TiO2 performances (heterostructure and doping) can also work

in a concerted way. A systematic analysis shows that both substitutional and

interstitial N-dopants localize preferentially at the interface. At higher dopant

concentrations, also doping of the inner layers becomes energetically accessible.
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The band alignment picture however is not strongly altered by the presence of the

N-impurities. This provides a solid theoretical basis for the experimental observation

that the N-dopants are not detrimental for photocatalysis, while they increase the

visible-light absorption capability. This is true also when the presence of the

N-dopants is combined with O vacancies, commonly present in real samples. The

excess electrons associated to the O vacancy (Ti3+ 3d1) states are spontaneously

transferred to the low-lying N-states, causing a remarkable decrease of the O

vacancy formation energy. Despite these compensating mechanisms and internal

charge transfers, the overall band alignment in N-TiO2(001)/N-TiO2(101) remains the

same of the undoped junction.

4.2.3.3 Ternary heterojunctions

In this section two examples of heterojunctions formed by three components are

discussed. In the first one, TiO2/TiO2/ZnS, a Type-II heterojunction is supposed to

increase the efficiency due to a cascade process. In the second example,

C3N4/SrTiO3/TiO2, the inclusion of a SrTiO3 buffer layer between C3N4 and TiO2

results in an inversion of the charge polarization at the interface and in a completely

different behavior, from Type-II in C3N4/TiO2 to Z-scheme in C3N4/SrTiO3/TiO2.

4.2.3.3.1 TiO2/TiO2/ZnS

As was described above, the anatase (101)-(001) junction exhibits an efficient

charge separation; where the (101) side stabilizes the photogenerated electrons and

the (001) side the photogenerated holes. An even better separation of charge

carriers could be achieved adding a third component with higher hole-stabilizing

capability, such as a ZnS(110) layer grown on the anatase (001) surface. This results

in a ternary TiO2/TiO2/ZnS composite, investigated with the CRYSTAL code and the

PBE0 functional.277 New Zn-O and Ti-S bonds form at the interface between TiO2 and

ZnS giving rise to non-negligible structural reconstruction, also beyond the

interfacial region.

The formation of a ternary compound has some effect on the band offsets. The

computed band alignment is consistent with the experimental evidence,353 i.e. the

ternary TiO2/TiO2/ZnS heterojunction promotes a charge carriers’ cascade. This has

been confirmed by an explicit simulation of a photoexcited electron-hole pair, which

shows electron localization on the TiO2 side and hole formation on the ZnS side of

the junction. However, the analysis of the band alignment alone is not sufficient to

conclude on the direction and efficiency of charge carriers’ migration.
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The excitation of one electron from the VB to the CB (triplet state) results in a full

localization of the electron on a Ti3+ ion of TiO2(001) and of the hole on a S site of

the ZnS(110) surface, with formation of two polarons spatially separated by about

0.8 nm, Figure 28. The following step consists in localizing the electron on the

TiO2(101) moiety, as predicted by the band alignment. However, this step implies a

penalty of 0.8 eV due to Coulombic forces hindering the electron-hole spatial

separation. In this respect, the TiO2/TiO2/ZnS junction is predicted to have good

photoactivity, but not to overperform the TiO2/TiO2 one. Coulomb forces act against

the separation of charge carriers predicted based on the relative energy of the band

edges. This highlights the necessity of explicitly including structural and electronic

junction’s effects, as well as charge carriers’ localization. Complex semiconductor

architectures made by three or more units may exhibit effects that cannot be

predicted by a simple inspection of the band edges of the system.

Figure 28. Triplet excited configurations in TiO2/TiO2/ZnS. (a) vertical excitation; (b) a
relaxed configuration where h+ is localized on ZnS(110) and e- on TiO2(001) (two polarons).
(c) a relaxed configuration where h+ is localized on ZnS(110) and e- in on TiO2(101). Spin
density iso-surfaces at 0.003 |e-|/a03 are shown in green. Light blue: Ti; red: O; yellow: S;
grey: Zn. [9]

4.2.3.3.2 C3N4/SrTiO3/TiO2

The last case considered also shows that the simple inspection of the band

alignment to predict the charge carriers separation may not be sufficient. This is the

case of graphitic carbon nitride, g-C3N4,354–357 a material which has attracted a lot of

attention due to a high visible-light activity, chemical stability, and facile synthesis.
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Beside these positive aspects, the activity of g-C3N4 is deteriorated by a fast

recombination of charge carriers,356 a problem that can be mitigated by creating a

g-C3N4/TiO2 (anatase) interface.358–361 Experimentally it has been shown that the TiO2

band edges are lower in energy than those of g-C3N4;7,336,337,359 accordingly,

g-C3N4/TiO2 should behave as a Type-II junction. On the contrary, photogenerated

electrons and holes in g-C3N4/TiO2 follow a different migration scheme, referred to

as direct Z-scheme.7,337,362 Differently from a Type-II junction where electrons and

holes migrate towards the energetically most favourable component, Figure 29(a-b),

a different transport mechanism occurs in direct Z-scheme photocatalysts. Here the

photogenerated electrons on side A, with lower CB, recombine with the holes

photogenerated on semiconductor B with a higher VB. In this way the

photogenerated electrons in B and holes in A can be preserved, Figure 29(c-d).

Coherently with this scheme, in g-C3N4/TiO2 electrons do not migrate from g-C3N4 to

TiO2, as expected for a Type-II junction, and are retained on g-C3N4. At the same

time, holes do not migrate from TiO2 to g-C3N4, but they tend to stay on the oxide.

This change in behaviour from Type-II to direct Z-scheme in g-C3N4/TiO2 is due to an

important effect: the generation of an interface dipole that determines a bend

bending which prevents the flow of charge carriers as predicted by the Type-II

alignment, Figure 29.337

Figure 29. Type-II and direct Z-scheme heterojunction. (a) and (b) Type-II photocatalyst: (a)
Band bending at the interface due to the formation of the interface dipole; (b)
Photo-generated carriers migrate according to the alignment shown in (a). (c) and (d) Direct
Z-scheme photocatalyst; (c) Band bending at the interface due to the formation of the
interface dipole; (d) Photo-generated carriers migrate according to the alignment shown in
(c). Reproduced with permission and adapted from Ref. 337.

The problem has been recently addressed by performing VASP DFT calculations with

the HSE06 functional.363 The g-C3N4/TiO2 interface was built by combining the g-C3N4

and TiO2(001) units (as experimentally observed).364 In g-C3N4/TiO2 the VB and CB

bands of TiO2 are 0.63 eV and 0.24 eV, respectively, below those of g-C3N4 (Type-II

alignment).
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However, the DFT calculations show the formation a large interface dipole of 1.2 D,

with charge polarization  - on TiO2 and  + on g-C3N4, which confer to the junction

the typical direct Z-scheme character, Figure 30. This provides a first principles

rationalization of the observed behaviour of g-C3N4/TiO2 photocatalyst under

irradiation and shows that the band alignment can be insufficient to predict the

direction of charge carriers’ migration.

However, the direction of the charge carriers flow can be reversed by modifying the

interface. This requires to switch the direction of the interface dipole. A way to do

this is to introduce a buffer layer between the g-C3N4 and TiO2 components. In

particular, the addition of a thin SrTiO3 layer, thus creating a ternary

g-C3N4/SrTiO3/TiO2 junction,365 leads to the desired result. The g-C3N4/SrTiO3

interface is characterized by stronger covalent bonds compared to the g-C3N4/TiO2

one. The band edges of SrTiO3 are between those of TiO2 and g-C3N4, leading to a

cascade sequence of Type-II alignments, as for the TiO2/TiO2/ZnS case discussed

above. The strong chemical bonds at the g-C3N4/SrTiO3 side of the interface result in

a large dipole of opposite sign compared to that of g-C3N4/TiO2. The insertion of the

SrTiO3 layer leads to the creation of an interface dipole that favours migration of

photogenerated electrons toward TiO2 (+ charge polarization) and photogenerated

holes toward g-C3N4 (- charge polarization). This picture is fully consistent with the

experiments,365 thus providing a rationalization of the opposite behaviour of

g-C3N4TiO2, a direct Z-scheme photocatalyst, and g-C3N4/SrTiO3/TiO2, a classical

Type-II heterojunctions, Figure 30.

Figure 30. Band alignment and interface dipole in g-C3N4/TiO2, a direct Z-scheme
photocatalyst, and g-C3N4/SrTiO3/TiO2, a Type-II heterojunctions. The change in behaviour is
due to the SrTiO3 buffer layer, and the inversion of the interface dipole. [9]
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4.2.4 Summary

From a methodological point of view, the use of hybrid functionals or other

self-interaction corrected functionals is recommended, while less important is the

choice of the hybrid functional used due to them guarantees a balanced description

of the two (or more) components of the junction. Different models can be adopted

to determine the band alignment. In some cases, the use of the simple

“independent units” model is sufficient to predict the band alignment.

In the other cases, either the “alternating slabs junction” or the “surface terminated

junction” models are employed, and the chemical nature of the interface is explicitly

included. In both cases, the choice of the surfaces to be joined is crucial: this

determines the amount of strain in the model, the thermodynamic stability of the

interface, the occurrence of charge transfer, the final band offsets, etc. Both

“alternating slabs junction” and “surface terminated junction” approaches make use

of slabs to represent the bulk materials, and a proper study of the convergence of

the electronic properties with slab thickness is required. Once the explicit model of

the interface is defined, some other aspects need to be considered. One is the

direction of the charge polarization at the interface. This results in an interface

dipole that can facilitate the charge carriers separation, or act to modify the nature

of the band alignment, for instance from Type-II to a direct Z-scheme. In the

examples have been shown how in some systems the inclusion of buffer layers can

be used to reverse the sign of the charge polarization and the nature of the band

alignment.

Another aspect that is worth considering is the explicit formation of photogenerated

electron/hole pairs by computing the triplet excited state of the system. The

subsequent structural relaxation results in polarons formation and carriers

localization on the two sides of the junction. However, this may result in a strong

coulomb interaction that makes the charge carriers separation less favorable,

despite the alignment of the bands. From the few cases studied it does not seem

that point defects or impurity atoms included in one or both sides of the junction

have a major effect on the final alignment and band offsets. On the other hand, very

few studies have been dedicated to this aspect, and further work is necessary to

provide an answer to this question.
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Chapter V: Co-Catalyst

In this chapter are provided two particular examples of co-catalyst for

electro-catalysis applications, both based on single atom catalyst (SACs) for the

prediction of the hydrogen evolution reaction (HER). First, a collaboration with the

group of Prof. In-Hwan Lee from the Korea University is presented and in the second

part the role of dihydride and dihydrogen compounds in the hydrogen evolution

reaction is discussed.
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5.1 Gold nanoclusters supported on nitrogen-doped graphene as a

photocatalyst for hydrogen conversion

Here is reported a collaboration with the group of Prof. In-Hwan Lee from the Korea

University, where they have been synthesized a series of well-dispersed and stable

size-different Au spherical nanocatalysts: single atoms, SAs (r = 0.25nm);

nanoclusters, NCs (r = 0.5-1.0nm); and nanoparticles, NPs (r = 10nm) on

nitrogen-doped graphene (N-Gr) via the pyrolysis method. They have observed that

Au NCs/N-Gr photocatalyst exhibit an impressive HER achievement (3.16 μmol

mg-1cat h-1) over Au single atoms/N-Gr (2.06 μmol mg-1cat h-1) and Au

nanoparticles/N-Gr (0.92 μmol mg-1cat h-1) under visible-light, with a maximum

apparent quantum yield of 14.30%. In order to simulate the experimental

observations and to provide an additional answer to the observed trend, we have

been considered the single Au1 atom (SAs), A20 clusters (NCs), and Au(111) surface

(NPs) supported on N-doped graphene (N-Gr) to evaluate the HER by computing the

free energy of hydrogen adsorbed in the different models.

5.1.1 Introduction

A photocatalyst represent a fundamental part for the photocatalysis process. In the

last years attention is given to the develop of hydrogen cells for the water splitting

process by using a photocatalyst,366 which can help to solve environmental issues. In

this respect plasmonic metals represent an advantageous photocatalyst to enhance

light-to-fuel production due to the effect of surface plasmon resonance (SPR), which

results from interactions between light and plasmonic nanoparticles (NPs).367 Thus

far, gold and silver NPs are known as the best SPR host materials because they offer

extremely free electron densities (~1023 cm-3) in the visible-light region.368 Mustafa S.

Y, et al,. have been reported the size-dependence of SPR has an essential role in

practical applications.369 In the limit of larger metal NPs (mean diameter larger than

25 nm), the SPR peak commonly strengthens as d decreases.370

The content of this sub-chapter is published in the Journal of Materials Chemistry A: D. V. Dao, L. A.
Cipriano, G. Di Liberto, T. T. D. Nguyen, S-W. Ki, H. Son, G-C. Kim, K. H. Lee, J-K. Yang, Y-T. Yu, G.
Pacchioni, and I-H. Lee, “Plasmonic Au Nanoclusters Dispersed in Nitrogen-Doped Graphene as a
Robust Photocatalysts for Light-to-Hydrogen Conversion, J. Mater. Chem. A., 9 (2021) 22810-22819.
https://doi.org/10.1039/D1TA05445G
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This trend remains insufficiently investigated for the case of smaller metallic NPs

with diameters below 25 nm. For example, Peng et al. have been demonstrated that

as d decreases, the SPR peak strengthens for Ag NPs.371 Furthermore, Zeng et al.

have been proposed that Au single atoms (SAs) immobilized by carbon nitride bring

superior photocatalytic hydrogen evolution.372 The shape dependence of plasmon

resonance of gold nanoparticles has been considered by Colleen L. N. and Jason H.

Hafter, they found that metal nanoparticles cause enhanced optical absorption and

scattering that is tunable through the visible and near-infrared.373 These

investigations imply that nanoclusters can be potentially used under light irradiation

for the SPR.

In the last years particular attention have been given to graphene (Gr), a

two-dimensional (2D) carbon structure which is considered as a proper electron

acceptor to prolong the lifetime of plasmon-produced charge carriers. Indeed, Gr

has been widely utilized in photocatalysis because it has a large surface area,

excellent electron transfer capability, and chemical stability.374,375 As a support, the

Gr 2D material can accelerate the separation and transportation of produced

electron-hole pairs and also prevent the agglomeration of photocatalyst particles,

thus improving photoconversion.375 Furthermore, it has been reported that

nitrogen-doped graphene (N-Gr) present interest as a photocatalyst for the

hydrogen production because of its highly tunable optical properties.376,377 The C–N

bonds can additionally strengthen the light absorption to facilitate the

photocatalytic reactions. As a result, N-Gr can also serve as a photocatalyst,

particularly for light-driven hydrogen production.377

5.1.2 Computational details

The calculations were performed at the level of Density Functional Theory (DFT), as

implemented in VASP 6.1.1 code.95–97 The valence electrons, C (2s22p2), N (2s22p3),

and Au (6s15d10) have been expanded on a set of plane waves with a kinetic cut-off

of 400 eV, whereas the core electrons were treated with the Projector Augmented

Wave (PAW) approach.250,251 The Perdew-Burke-Ernzerhof (PBE)

exchange−correlation functional was used.19 The truncation criteria for electronic

and ionic loops were set to 10-6 eV and -10-3 eV/Å, respectively. The reciprocal space

has been sampled by a Γ-centered mesh adopting a 5×5×1 grid. The grid was

increased to 20×20×1 for the density of states calculations (DOS). Dispersion forces

have been considered according to the Grimme’s D3 parametrization scheme.378
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A Nitrogen-dopant concentration of about 4% was considered in all models, similar

to that found experimentally. Simulations span from relatively small cells when Au1

was adsorbed, to big supercells to accommodate Au20 nanoclusters.

Here is just reported a summary of how Prof. In-Hwan Lee group’s have been

synthesized a series of size-different Au spherical nanocatalysts; single atoms: SAs (r

= 0.25 nm), nanoclusters: NCs (r = 0.5-1.0 nm), and nanoparticles: NPs (r = 10 nm)

supported on nitrogen-doped graphene (N-Gr) via the pyrolysis method, see Figure

31, which represents in a schematic way the procedure followed to synthesize the

mentioned catalysts. More information about the experimental details, preparation

and structural characterization of Gr, N-Gr, Au SAs/N-Gr, Au NCs/Gr, Au NCs/N-Gr,

and Au NPs/N-Gr) can be found in the original paper and in its corresponding

supporting information.379

Figure 31. Schematic representation of the experimental procedure.

5.1.3 Results and discussion

5.1.3.1 Photoelectrocatalytic HER mechanism

The evaluation of the photocatalytic hydrogen production was performed in a mixed

aqueous solution of 0.25 M Na2SO3 and 0.25 M Na2S as sacrificial agents under

visible-light irradiation. After testing the samples for five hours, it was found that

the Au NCs/N-Gr nanocomposites deliver the highest hydrogen amount (15.8 µmol

mg–1), followed by Au SAs/N-Gr (10.3 μmol mg-1cat), Au NPs/N-Gr (4.6 μmol mg-1cat),

and free N-Gr (1.2 μmol mg-1cat) respectively, as described in Figure 32(a).
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Next, the HER rate was normalized as a function of time and it was found that the

Au NCs/N-Gr nanocomposites achieve excellent photocatalytic activity with an HER

rate of about 3.16 μmol mg-1cat h-1, which is 153%, 343%, and 1317% more than

those obtained from Au SAs/N-Gr (2.06 μmol mg-1cat h-1), Au NPs/N-Gr (0.92 μmol

mg-1cath-1), and N-Gr (0.24 μmol mg-1cath-1), respectively, see Figure 32(b).

Figure 32. (a) Time-dependent hydrogen production amount and (b) Hourly hydrogen
production rate. [379]

From Figure 32, the results show that the Au NCs consisting of a few tens of atoms

supported on N-Gr offer the best activity for light-to-hydrogen conversion in a

mixture of Na2SO3 and Na2S solution. The Au SAs exhibit an inferior performance

compared to the Au NCs, even if it has a strong photocurrent response. The inferior

performance of the Au SAs was attributed to the fast recombination of electronic

excitations on the surface before being accessible to the N-Gr to direct the catalytic

reactions.

As the Au NCs/N-Gr was the best photocatalyst, the HER activity was also performed

in methanol and TEOA aqueous sacrifices as the common hole scavengers under

visible-light. However, the highest hydrogen production was obtained with the

mixture of Na2SO3 and Na2S (3.16 μmol mg-1cat h-1), then in TEOA (1.82 μmol mg-1cat
h-1), and MeOH (0.84 μmol mg-1cath-1), respectively.

5.1.3.2 DFT modeling of the HER activity

In order to study the HER activity by DFT modeling, four different catalysts have

been compared: (a) N-Gr; (b) single Au atoms supported on N-Gr (Au SAs/N-Gr); (c)

small Au nanoclusters (Au NCs/N-Gr); (d) Au nanoparticles (Au NPs/N-Gr). To

represent these catalysts, the following DFT models have been considered:
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(a) N-Gr: a N-Gr supercell with a concentration of about 4% of N atoms, close to

that experimentally observed; in particular, the graphitic Nitrogen N-Gr was

simulated, as this is the dominant species from XPS analysis carried out by

our experimental colleges.

(b) Au SAs/N-Gr: a Au single atom stabilized on N-Gr, Au1/N-Gr;

(c) Au NCs/N-Gr: a Au20 nanocluster (either with the tetrahedral or planar shape)

supported on N-Gr, Au20/N-Gr;

(d) Au NPs/N-Gr: since nanoparticles of 20 nm contain from half-a-million to a

million of atoms, here the Au NPs was represented by studying the

adsorption of hydrogen on the extended Au(111) surface.

5.1.3.2.1 Characterization of the catalysts

We observed that after doping with nitrogen, N-Gr remains as a flat monolayer and

the Fermi level in N-Gr is shifted to the valence band, confirming that

nitrogen-doped graphene behaves as a n-type semiconductor. Compared to

graphene, each N-atom introduces an excess electron delocalized over the entire

plane. After testing different Au adsorption sites, it was found that Au atom binds

preferentially on the C atom adjacent to the N-dopant on the N-Gr support, on top

of Cortho with a BE = -0-99 eV, see Figure 33(a-b).

Figure 33. (a) top and (b) side views of Au binding on top of Cortho, on N-Gr and (c) density of
states for this site. [379]
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On this site, the Au atom assumes a negatively charged state, Au-1. This result can be

obtained by the combined analysis of atomic charges according to the Quantum

Theory of Atoms In Molecules (QTAIM),266–270 and the density of states (DOS) profile,

Figure 33(c). These results show that the dispersion of Au metal can lead to fully

reduced states by the N-Gr reducing agent during the pyrolysis stage, in line with

the XPS analysis carry out in the experimental section of this study.379

For Au20, two stable conformers have been considered, tetrahedral (T-Au20) and

planar (P-Au20), see Figure 34. Gas-phase T-Au20, which has been observed

experimentally, is 2.80 eV more stable than the planar isomer; the band gap is 1.80

eV for T-Au20 and 0.69 eV for P-Au20, respectively, showing that at this cluster size

the system is non-metallic.

Figure 34. (a) Tetrahedral (T-Au20) and (b) planar (P-Au20) conformers and its corresponding
density of states. Yellow balls correspond to gold atom. [379]

Both isomers have been adsorbed on pristine graphene, Gr, and N-doped graphene,

N-Gr. On graphene, Gr, the T-Au20 isomer is 1.22 eV more stable than the P-Au20 one,

and in both cases, the interaction is dominated by dispersion forces, with no charge

transfer to the support, Table 13 and Figure 35. Things are very different on

N-graphene. Here P-Au20 becomes the preferred structure, 0.13 eV more stable than

the T-Au20 isomer. The two structures are thus iso-energetic on N-graphene as also

reported recently. The bonding, however, is no longer due exclusively to dispersion

interactions. In fact, when dispersion contributions are removed, T-Au20 is unbound

by 0.30 eV while P-Au20 is bound by -1.04 eV. This is a genuine chemical bond which

reflects the occurrence of an electron transfer at the interface, -1.69 |e|from N-Gr

to P-Au20.
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Notice that T-Au20 has the same BE on both graphene and N-graphene (0.05 eV

more stable on graphene), while P-Au20 is by far more stable on N-graphene, see

Figure 36 for the isomers on N-Gr and its respective density of states.

Table 13. Au20 isomers on graphene and N-graphene. Binding energy with (BEWD, in eV) and
without dispersion (BEWOD, in eV), relative energy with and without dispersion contribution
(REWD and REWOD, in eV), bond lengths (d, in Å), dipole moment (μ, in a.u.), and charge
transfer from the support to the isomers (CT, in |e|).

site BEWD REWD BEWOD REWOD dC-N dAu-N dAu-C µ CT
T-Au20/Gr -2.26 0.00 0.22 0.00 --- --- 3.12-3.46 1.51 -0.04
P-Au20/Gr -3.85 1.22 0.45 1.75 --- --- 3.32-3.60 1.20 -0.13
T-Au20/N-Gr -2.21 0.13 0.30 0.00 1.41 3.48-3.69 3.16-3.52 3.49 -0.48
P-Au20/N-Gr -5.14 0.00 -1.04 0.34 1.41 3.50-3.60 3.35-3.66 6.98 -1.69

Comparing the DOS plots of the gas-phase clusters and after adsorbing them on Gr;

with T-Au20 was observed that the valence band is shifted to lower energy levels

with respect to the Fermi level, while with P-Au20 the conduction band is shifted

close to the Fermi level, the band gap of the clusters remain intact, see Figures 34

and 35. However, when the clusters were adsorbed on N-Gr, the band gaps are

reduced. On T-Au20/N-Gr the band gap is reduced by 0.3 eV and the conduction

band was shifted to the Fermi level; with P-Au20/N-Gr the conduction band was also

shifted to the Fermi level and the band gap is reduced by 0.1 eV with respect to the

gas-phase cluster, see Figures 34 and 36.

Figure 35. Side view of the Au20 isomers on Gr and it respective density of states. (a)
T-Au20/Gr and (b) P-Au20/Gr. Black and yellow balls correspond to carbon and gold atoms,
respectively. [379]
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Figure 36. Side view of the Au20 isomers on N-Gr and it corresponding density of states. (a)
T-Au20/N-Gr and (b) P-Au20/N-Gr. Black, blue, and yellow balls correspond to carbon,
nitrogen, and gold atoms, respectively. [379]

5.1.3.2.2 HER activity of the catalyst

The thermodynamics of the adsorption and hydrogen evolution on the four model

catalysts was evaluated following the procedure proposed by Nørskov et al.380 One

starts by computing the energy of an H atom adsorbed on a given site; the

adsorption energy is defined with respect to the free H2 molecule:

∆�� =
1
�(�����+�� −����� −

�
2��2)

Eq. (14)

Since we adsorbed just one H atom the equation is reduced to:

∆�� = �����+� − (����� +
1
2��2)

Eq. (15)

The H adsorption on N-Gr implies four sites. The most stable is on top of the Cortho,

which is indicated with a gray shading color in Table 14, see also Figure 37(a). Since

with N-Gr the most stable site was the Cortho, an Au atom was adsorbed on top on

this site and next the H was adsorbed as well on top of Au, Au1/N-Gr, see Figure

37(b). With Au(111) surface three possible sites were found, where the hollow site is

the most stable, Table 14 and Figure 37(c).
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Table 14. Adsorption energy of hydrogen on different sites (ΔEH, in eV) of N-Gr, Au1/N-Gr,
and Au(111) surface, respectively. N-H, C-H, C-Au, and Au-H bond distances are also
reported in the Table. The most stable site is indicated in shading gray color.

Model site ΔEH dN-H dC-H dC-Au dAu-H

N-Gr
N 1.62 1.05 --- --- ---

Cortho 0.41 --- 1.12 --- ---
Cmeta 1.01 --- 1.13 --- ---
Cpara 0.66 --- 1.12 --- ---

Au1/N-Gr Au1/Cortho -0.60 --- --- 2.43 1.57

Au(111)
Au1 0.45 --- --- --- 1.60
Au23 0.45 --- --- --- 1.60

Hollow 0.26 --- --- --- 1.93

Figure 37. Top view of the one hydrogen adsorbed on (a) N-Gr, (b) Au1/N-Gr, and Au(111)
respectively. Black, blue, yellow, and white balls correspond to carbon, nitrogen, gold, and
hydrogen atoms. [379]

Contrary to N-Gr and the Au(111) surface, several adsorption sites exist on T-Au20

and P-Au20 supported on N-Gr, see Table 15 and Figure 38. In the case of T-Au20, the

strongest adsorption sites are the Au1 and Au4 atoms at the interface with N-Gr,

with a binding energy ΔEH of -0.40 eV, marked in shading gray color (a negative

adsorption energy indicates an exothermic process). While with P-Au20, the

strongest adsorption site is the Au2.
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Table 15. Adsorption energies of hydrogen on T-Au20/N-Gr and P-Au20/N-Gr supports (ΔEH,
in eV), and the C-Au, N-Au, and Au-H bond distances (d, in Å). The most stable site is
indicated in shading gray color.

System site ΔEH dC-Au dN-Au dAu-H

T-Au20/N-Gr

Au1 -0.40 3.37-3.50 3.48-3.49 1.63
Au2 0.09 3.17-3.50 3.46-3.56 1.63
Au3 0.10 3.31-3.50 3.40-3.47 1.63
Au4 -0.39 3.29-3.54 3.42-3.50 1.63
Au5 0.13 3.27-3.53 3.46-3.59 1.77
Au6 0.22 3.31-3.51 3.38-3.53 1.60
Au7 0.17 3.21-3.50 3.57-3.59 1.77
Au8 -0.15 3.31-3.52 3.46-3.56 1.62

P-Au20/N-Gr
Au1 -0.20 3.39-3.60 3.51-3.63 1.61
Au2 -0.47 3.40-3.58 3.52-3.64 1.72
Au3 0.23 3.31-3.54 3.42-3.61 1.79

Figure 38. Hydrogen adsorption sites of (a) T-Au20 and (b) P-Au20 supported on N-Gr. Black,
blue, and yellow balls correspond to carbon, nitrogen, gold, and hydrogen atoms. [379]

After knowing which is the most stable site for each support, it was possible to

compare the activity of the various catalysts by using the full set of adsorption data.

In order to do this, one has to compute the free energies for H adsorption and

generate a plot of the free energy diagram for the HER at standard conditions. The

free energy of the adsorbed hydrogen is defined as:380

∆�� = ∆�� +∆���� −�∆�� Eq. (17)

Where ∆�H is the adsorption energy for each catalyst, and ∆���� is the

zero-point energy. The entropy of adsorption of ½ H2 is ∆�� ≅
1
2��2

0 , where ��2
0

is the entropy of H2 in the gas-phase at standard conditions, e.g., 130.68 J mol-1 K-1

at 298.15 K and 1 bar. Considering these conditions, �∆�� becomes -0.193 eV.
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In Table 16 are reported the computed free energies for H adsorbed on the more

stables sites for each catalysts. From these data, one can construct the free energy

diagram for the HER at equilibrium, as shown in Figure 39. The best catalysts are

those where the H adsorption has a free energy close to that of the precursor, H+ +

e (0 eV), and of the product, ½ H2 (0 eV). This is because the catalysts that exhibit

free energies close to those of reactants and products, e.g., close to zero, are at the

apex of the typical volcano plot of HER. These catalysts do not bind too strongly or

too weakly to the reacting species. Table 16 reports the adsorption energy (ΔEH, in

eV), the contribution due the ZPE (ΔEZPE, in eV), the entropy contribution (TΔSH, in

eV), and the free energy (ΔGH, in eV) of hydrogen in the four supports considered in

this study.

Table 16. Adsorption energy (ΔEH, in eV), the contribution due the ZPE (ΔEZPE, in eV), the
entropy contribution (TΔSH, in eV), and the free energy (ΔGH, in eV) of hydrogen in the
supports considered in this study.

Name Catalyst ΔEH / eV ΔEZPE / eV TΔSH / eV ΔGH /eV
N-Gr N-Gr 0.41 0.18 -0.19 0.78
Au(111) Au NPs 0.26 -0.01 -0.19 0.44
T-Au20/N-Gr Au NC -0.40 -0.01 -0.19 -0.22
P-Au20/N-Gr Au NC -0.47 -0.01 -0.19 -0.29
Au1/N-Gr Au SAs -0.60 0.03 -0.19 -0.38

Figure 39. H adsorption free energy on: N-Gr (red), Au (111) (blue), T-Au20/N-Gr (magenta),
P-Au20/N-Gr (orange), and Au1/N-Gr (green). Results from DFT-PBE calculations. [379]

From Figure 39, it emerges that the worst catalyst is N-Gr; this is because H binding

on N-Gr is too weak, with a positive adsorption energy of 0.41 eV, see Table 16.
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This corresponds to a very high free energy for adsorption, 0.78 eV. N-Gr is not able

to dissociate H2 and is not a good catalyst for the reaction. Au(111), which models

the surface of Au NPs of around 20 nm in size, also has a positive adsorption energy

of 0.26 eV (hollow site), which indicates that H2 dissociation is endothermic. The

free energy for adsorption is still quite high, 0.44 eV, although 0.34 eV lower than

N-Gr, showing that Au NPs are much better catalysts than N-Gr. However, they still

bind hydrogen too weakly. The third case is that of Au NCs. Here we notice that

both T-Au20/N-Gr and P-Au20/N-Gr, the nearly isoenergetic tetrahedral and planar

isomers of Au20 on N-Gr, are able to adsorb hydrogen with an exothermic reaction

(-0.40 eV or -0.47 eV, see Table 16). The corresponding free energies are -0.22 eV

and -0.29 eV, respectively, e.g., close to the optimal zero value expected for an ideal

catalyst. Finally, a Au single atom catalyst binds H rather strongly, by -0.60 eV, so

that taking into account the ZPE and ∆�� corrections this results in a too negative

free energy, -0.38 eV, and an HER activity which is expected to be in between that of

the Au NCs and the Au NPs.

Thus, according to the DFT calculations, Au NCs/N-Gr containing a few tens of atoms

are the best catalysts for the HER process, followed by Au SAs/N-Gr, Au NPs/N-Gr

and N-Gr. This is precisely the order of reactivity measured experimentally. However,

the DFT results refer to the intrinsic activity of the catalysts considered, and do not

include plasmonic effects. This suggests that beside the stronger plasmon resonance,

also the intrinsic binding capability of the H species plays a role in the overall

photocatalytic performance in HER. The two effects, plasmon resonance and H

binding ability seem to work together and result in a high light-to-hydrogen

conversion for the Au NCs/N-Gr photocatalyst.

5.1.4 Summary

Taken together, the experimental and theoretical investigations suggest that an

efficient and stable photocatalyst based on Au NCs/N-Gr nanocomposites can be

obtained for light-to-fuel conversion. Where the photocatalyst performance follow

the next order; Au NCs/N-Gr > Au SAs/N-Gr > Au NPs/N-Gr > N-Gr, respectively.

These performances were synergistically attributed to two effects, (a) the strong

surface plasmon resonance stimulated by light absorption and transferred near the

surface of Au NCs, where the N-Gr conductive support can prolong the

plasmon-produced hot electrons and direct the light-to-hydrogen conversion; (b) a

intrinsic binding capability of the H on the different supports.
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5.2 Single atom catalysts for hydrogen evolution reaction: the role of

dihydride or dihydrogen complexes

This study start from the idea that the activity of SACs in HER is usually rationalized

or predicted using the original model proposed by Nørskov and based on the

formation of a MH intermediate. However, SACs differ substantially from metal

surfaces, and can be considered analogs of coordination compounds, where at

variance with metal surfaces, stable dihydride or dihydrogen complexes (HMH) can

form. We show that the formation of stable HMH intermediates, in addition to the

MH one considered in the original model, may change the kinetics of the process for

SACs. The sub-chapter is organized as following; first an introduction and the

computational details are given. Next, the equations for modelling the kinetics of

HER on surfaces and SACs is discussed, and a new equation is provide. In the last

part an experimental benchmark and the comparison of the new model is

presented.

5.2.1 Introduction

The hydrogen evolution reaction (HER) is one of the simplest but at the same time

most important reactions in chemistry, 2 H+ + 2 e− → H2. It is a two-electron transfer

reaction occurring at the cathode in electrochemical water splitting, H2O → H2 + ½

O2.381–384 It offers the potential to produce H2, a critical chemical species, important

both as reagent (e.g. in ammonia synthesis),385 as fuel (e.g. in fuel cells

technology),386 and in several other industrial processes (e.g. electronics, metallurgy,

chemical industry, etc.). To achieve a high energetic efficiency for water splitting,

specific catalysts that minimize the overpotential necessary for the HER are

needed.387 Among the best catalysts is platinum, which however has the

disadvantage of being a critical and costly raw material.388,389 For this reason, an

intense activity has been dedicated to the search for new materials with high

catalytic efficiency for the HER.

Among new catalysts for the HER, there is the emerging class of single atom

catalysts (SAC).390–392

The content of this sub-chapter is published in the Journal of American Chemistry Society: G. Di
Liberto, L. A. Cipriano, and G. Pacchioni, “Role of Dihydride and Dihydrogen Complexes in Hydrogen
Evolution Reaction on Single Atom Catalysts”, J. Am. Chem. Soc., 143, 48 (2021) 20431-20441.
https://doi.org/10.1021/jacs.1c10470

https://doi.org/10.1021/jacs.1c10470
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The concept of SAC was introduced in 2011393 although the presence of isolated

atoms or single sites at the surface of heterogeneous catalysts is known since a

longer time.391,394,395 SACs consist of isolated metal atoms dispersed and stabilized

on a support, and their chemistry is largely determined by the interaction with the

surrounding - in this respect, they are less “single” than the name suggests.

Certainly, in terms of structure SACs are better defined than supported metal

particles, where the activity is largely dependent on the size and shape of the

nanoparticle.396 Since in SACs the active site is relatively well defined, they are

expected to provide higher selectivity than supported nanoparticles. SACs have the

additional advantage of using tiny quantities of precious metals, thus making them

interesting for the design of novel classes of industrial catalysts.

Theoretical studies based on electronic structure calculations, in particular on

Density Functional Theory (DFT), have proven useful for the preliminary screening of

the large set of new catalytic materials for HER.397–399 The screening of the “best”

catalysts for HER is usually done following the proposed model by Nørskov and

coworkers in a seminal paper.380 This approach allows one to construct a volcano

plot following the Sabatier principle, a qualitative concept in heterogeneous

catalysis that states that the interactions between the catalyst and the substrate

should be neither too strong nor too weak. Recently, the Sabatier principle was

revisited by including in the analysis the applied overpotential resulting in an

extended Sabatier principle which suggests that the optimum hydrogen-evolution

catalyst binds hydrogen weakly rather than thermoneutrally, corresponding to the

apex of the volcano plot. More details about these approches will be describe in the

below sub-chapters.

Coming back to the Nørskov’s model, the exchange current i for H2 evolution, a

measure of the efficiency of the reaction, is plotted against the H atom adsorption

free energy, GH. This model, originally developed for H2 evolution from extended

metal surfaces, is commonly employed in its original formulation also for the study

of SACs.400–407 The basic assumption of this model is that the adsorption free energy

of the H atom is the only parameter required for describe the HER, as the

recombination of two H atoms on the active site gives rise to the formation and

desorption of H2 into the gas-phase. This hypothesis is widely verified, and in fact on

metal surfaces H2 can only exist in dissociated form or in a physisorbed state where

the molecule is weakly bound to the surface by van der Waals forces.408

However, the mechanism of H2 formation and release can be very different on SACs

as these class of materials can be considered surface analogs of organometallic

complexes.409–411 In organometallic chemistry the existence and the nature of stable

dihydride and dihydrogen complexes - HMH - is well established.412,413
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These consist of two H atoms bound to the same metal center. Changing the ligands,

Lx, the level of activation and population of the H2 anti-bonding orbital can be tuned,

with formation of a classical dihydride complex, MLx(H)(H) (oxidative addition), or of

the less conventional dihydrogen complexes MLx(H2) where the H-H bond is only

partly activated - typical H-H distance 0.8-0.9 Å. Pioneering work by Kubas has

shown that dihydrogen complexes can have high chemical stability.414,415 Since SACs

have clear analogies with coordination complexes, it is to be expected that these

kind of HMH intermediates can also form in this case. When this occurs, the original

computational recipe of HER on metal surfaces can be insufficient, and a more

elaborated model that accounts for the formation of two-hydrogen complexes is

required. This does not necessarily imply that the original model leads to incorrect

conclusions, only if both H adsorption processes on SACs are relevant, this affects

the prediction of the kinetics of the reaction. However, it is not possible to exclude a

priori the existence of the HMH intermediates and their role in the reaction.

This sub-chapter introduces an extension of the original Nørskov’s theory by

developing a theoretical approach that accounts for the presence of two

intermediates in HER on SACs, the single hydrogen, MH, and the two-hydrogen,

HMH, complexes. Here, the effect of the overpotential and of the solvent is not

included but some details about these effects will be discussed below. However, we

will show that for the specific case of SACs neglecting the possible formation of the

second intermediate can have much larger effects than the overpotential or solvent

effects.

The goal of this sub-chapter is to provide the fundamental kinetic equations and to

report numerical DFT simulations demonstrating that: (a) the formation of the two

intermediates is possible for most of the SACs considered, (b) the HMH intermediate

can have different nature, dihydride or dihydrogen, depending on the interaction

with the support, and (c) the proposed model should be used when predicting the

activity of SACs, since the original model, designed and well-grounded for metal

surfaces, may lead to different conclusions about the activity of SACs in HER. The

model proposed here, validated for a selected number of experimental SACs, is

general and can be applied for a preliminary screening of the HER activity of any

catalyst made by supported single atoms, as well as of homogeneous catalysts

based on coordination compounds.
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5.2.2 Computational details

Spin polarized DFT calculations have been performed with the VASP 6.2.095–97 code

using the generalized gradient approximation as formulated in the

Perdew–Burke–Ernzerhof (PBE) functional.19 Dispersion contributions have been

introduced using the D3 Grimme’s correction.378

The valence electrons, H (1s), C (2s,2p), N (2s, 2p), S (3s, 3p), Mo (4p, 5s, 4d), Sc (4s,

3d), Ti (4s, 3d), V (4s, 3d), Cr (4s, 3d), Mn (4s, 3d), Fe (4s, 3d), Co (4s, 3d), Ni (4s, 3d),

Cu (4s, 3d), W (6s, 5d) Pd (5s, 4d), and Pt (6s, 5d), have been expanded into a set of

plane waves with a kinetic cutoff of 400 eV, whereas the core electrons were

treated with the projector augmented wave approach.250,251 The truncation criteria

for electronic and ionic loops were set to 10−6 eV and 10−3 eV/Å, respectively. In all

cases where graphene is the support a 5×5×1 Monkhorst−Pack k-point grid was

used;254 for MoS2 we reduced the k-point sampling mesh to the gamma point 1×1×1.

The hydrogen evolution reaction (HER) has been studied on first row transition

metal (M) atoms either free (unsupported) or stabilized on solid surfaces: M

adsorbed on N-graphene (M/N-Gr where the symbol / indicates adsorption on the

surface) (4x4 supercell); M replacing a C atom of N-graphene (M@N-Gr where the

symbol @ indicates incorporation of the M atom in the graphene lattice), (4×4

supercell); a graphene model with 3N atoms that coordinate the M atom replacing a

C atom (M@3N-Gr) (4×4 supercell); a M atom adsorbed on a molybdenum disulfide

layered compound (M/MoS2) (6×6 supercell).

5.2.3 Modelling of HER on metal surfaces

Before to present the new kinetic model for HER on SACs, the basic features of the

original model are briefly summarized. In standard conditions, the change of Gibbs

free energy, ΔG0, for the semi-reaction 2 H+ + 2 e− → H2 is equal to zero. Thus, the

potential needed to promote the reaction is also zero, since ΔG0 = - nFE0, where n is

the number of electrons involved, F the Faraday’s constant, and E0 is the reduction

potential. However, in catalytic processes this is true only in principle, since an extra

potential - the overpotential h - is required for the reaction to occur; in the original

model, it is assumed that h = 0, an approximation that has been subject of intense

work in the last few years. When a proton is reduced on a metal catalyst, the next

reaction occurs (Volmer step):

H+ + e− +M⇄MH Eq. (18)



90

where M is a metal site, and MH denotes an adsorbed H atom on the surface.

In this simple reaction, ΔG0
H can differ from zero. In particular, if the H atom is

strongly bound to the surface ΔG0
H < 0; vice versa, if H is weakly bound then ΔG0

H> 0.

Now, in order to form H2 the reaction can follow two different mechanisms. The first

one is called Heyrovsky reaction, which involves the direct reduction of the second

proton on the same metal site, i.e.:

MH+H+ + e− →M+H2 Eq. (19)

The second path involves the Tafel reaction, where two H atoms bound to two

different metal sites can combine:

2 MH → 2M+H2 Eq. (20)

Usually the two paths occur in parallel, i.e. both are relevant, and their

predominance depends on the H coverage.416,417 Once the H2 molecule forms, it can

weakly bind to the surface thanks to dispersion forces. However, the physisorbed

intermediate is almost at the same energy of the separated systems, M + H2,418,419

and it is fully justified to ignore this minimum in the overall thermochemistry of the

reaction. This also means that the overpotential can be simply described by G0
H,

either following Volmer-Heyrovsky (VH) or Volmer-Tafel (VT) mechanisms. This

behavior was described by Trasatti making use of a volcano curve where the

exchange current, i0, of HER on different metal catalysts is plotted against the

strength of the M-H bond, the exchange current is proportional to the amount of H2

produced.420

In their seminal paper, Nørskov and co-workers provided a link between the

empirical observations and the atomistic calculation of the H adsorption free energy

under the basic assumption that every reaction barrier other than thermochemistry

is neglected.380 The approach consists in evaluating the adsorption energy of an H

atom on a metal (EH) computed with respect to the clean surface M and gas-phase

H2:

�� = ��� − (�� +
��2

2 ) Eq. (21)

Then, it is possible to calculate the change of Gibbs free energy as:

�0� = �� + ���� − T�0� Eq. (22)
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Here, ���� is the zero-point energy correction, and  S0H is the entropy

variation of the reaction at standard conditions, usually approximated as  S0H  -
S0�2
2 . G0

H varies with the H coverage,421 but this dependence is usually neglected.

Irrespective of the Volmer-Heyrovsky or Volmer-Tafel mechanisms for H2 evolution,

the relation between exchange current i0 and G0
H can be represented as a volcano

plot, Figure 40(a). This can be analytically derived by solving the kinetic equations

under the steady-state approximation for the MH reaction intermediate.422 For

simplicity, the equations are reported at pH = 0. This leads to two working equations

for VH (Eq. 23), and VT (Eq. 24) paths, at standard conditions:

��� �0 = ��� −2����
�
�0�
2���

1 + �
�0�
���

= ��� ������ +���
�
�0�
2���

1 + �
�0�
���

.

Eq. (23)

��� �0 = ��� −2����
�
�0�
2���

1 + �
�0�
���

2

= ��� ������ +���
�
�0�
2���

1 + �
�0�
���

2

Eq. (24)

��� and ��� are the kinetic constants of the VH and VT paths respectively. The

top of the volcano plot, Figure 38(a), corresponds to �0� = 0 ; the left side of

the plot is associated to metal surfaces that bind H too strongly, and the right side

to metals that bind H too weakly. The best condition consists in a metal that binds H

neither too strongly nor too weakly, as in this case the required overpotential h

tends to zero, making the reaction favorable.
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This means that the prediction of the activity of any metal catalyst in HER can be

deduced simply from the adsorption energy of an H atom on that metal surface, i.e.

by evaluating G0
H, hence the overpotential h. This strategy has been widely and

successfully applied in several computational studies of HER on metal surfaces.423–425

Figure 40. (a) Two-dimensional volcano plot for HER reaction assuming the formation of a
MH intermediate (classical kinetic model); (b) three-dimensional volcano plot for HER
reaction assuming the formation of MH and HMH intermediates (new kinetic model
proposed here); (c) two-dimensional volcano plot derived from numerical DFT results for
the case of HER reaction on 55 SACs computed assuming the formation of a single MH
intermediate; and (d) three-dimensional volcano plot derived from numerical DFT results
for the case of HER reaction on 55 SACs assuming the formation of MH and HMH
intermediates. Red: high activity; blue: low activity. When Log(i0) < -10 (extremely low
activity) the color is black. In panels (c) and (d) are only reported the intermediates having
both, ΔGH

(1) and ΔGH
(2) between -0.8 eV and 0.8 eV. [426]

5.2.4 Modelling of HER on single atom catalysts (SAC)

The approach described above, derived for an extended metal surface, has been

applied so far in its original formulation also to the case of SACs. However, SACs,

isolated metal atoms anchored on a support, can behave quite differently from an

atom of a metal surface. As we mentioned in the introduction, transition metal
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atoms surrounded by ligands are at the core of coordination chemistry and several

examples have been reported where a single transition metal (TM) atom can bind

and coordinate two H atoms, forming HMH complexes.412–415,427,428 In the respect,

the Volmer step on SACs, i.e. the formation of the MH surface complex, Eq. (18), can

be followed by the addition of a second H atom with formation of a stable HMH

intermediate. This introduces a new step in the process, with the consequence that

the kinetic equations describing the evolution of H2 become considerably more

complex. The exchange current in this case depends on two variables instead of

one:

i) the free energy change for the adsorption of the first H atom (�0�(1)), as in the

conventional kinetics of metal surfaces:

H+ + e− +M ⇄MH (MH formation) Eq. (25)

ii) the free energy change for the adsorption of the second H atom (�0�(2)):

H+ + e− +M⇄ HMH (HMH formation) Eq. (26)

Furthermore, the third reaction step, H2 evolution:

HMH→M+H2 (H2 evolution) Eq. (27)

is also a function of �0�(1) and �0�(2) , because the overall reaction 2 H+ + 2

e− →H2 is thermoneutral in standard conditions. This leads to:

∆�
�(3)
0 = ∆�

�(1)
0 +∆�

�(2)
0 Eq. (28)

Solving the kinetic equations using the same approximations done to for the case of

metal surfaces (see Kinetics of HER in the supporting information of the paper

published on JACS), one obtains the following expression for the exchange current

�0:

��� �0
= ��� ����

+��� 
�
�0�(1)+�0�(2)

2���

1 + �
�0�(1)
��� +�

�0�(1)+�0�(2)
��� +�

�0�(1)
2��� + �

�0�(2)
2��� +�−

�0�(1)
2���

Eq. (29)

Interestingly, the exchange current is still described by a volcano plot, Figure 40(b),

where the maximum current occurs when both; �0�(1) and �0�(2) are close

to zero, i.e. the formation of H adsorbates is thermoneutral.
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In this respect, the key requirements for a good HER catalyst are unchanged.

However, in the case of HER on SACs two formation energies, and not just �0�(1),

determine the overall performance of the catalyst.

Of course, as we mentioned above, if the rate determining step of the reaction is

the formation of the first intermediate, MH, one recovers the typical

two-dimensional volcano plot of the standard model, Figure 40(a). However, if the

second intermediate is sufficiently stable, the overall kinetics cannot be described

by one variable. So far, this possibility has not been considered in previous studies.

In the next sections is provided some numerical examples based on first principles

calculations of the different conclusions that can be reached if one neglects the

formation of the HMH intermediate using the classical one-variable model, its also

reported a benchmark of the proposed model against available experimental

measurements.

5.2.4.1 Experimental benchmark

Here is reported a validation of the proposed kinetic model by comparing the

predicted behavior of DFT calculations with experiment for a few selected cases.

This kind of comparisons is far from simple because the results from DFT

calculations can be compared to experiment only if the structure of the active SAC is

the same. While the structure is defined at atomistic level in the calculations, this is

not always the case in experiment. Electron microscopy, X-ray spectroscopies

(XANES and EXAFS), high resolution STEM, infrared spectroscopy of adsorbed probe

molecules, etc., often in combination, can provide essential information and

sometime unambiguous identification of the structure of the catalyst.429 More often,

the nature of the SAC is only partly elucidated, making a direct comparison with DFT

problematic. The second aspect is the dynamical behavior of SACs under reactive

conditions.430,431 The local coordination and position of a SAC can change in the

course of the reaction depending on the oxidizing or reducing environmental

conditions.432 A third problem is that often the catalyst contains small aggregates

beside SACs, and the overall activity can be due to a combination of active sites. A

fourth problem is that DFT total energies are affected by intrinsic errors,433 as

reaction free energies depend on the details of the calculation

(exchange-correlation functional, size of the supercell, nature of the

pseudopotential, treatment of dispersion, etc.). Finally, we have seen above that

recent work has shown the importance of other effects like the applied

overpotential434–436 and the interaction with the solvent.437 Taking into account all

these aspects, four representative experimental studies for a total of six catalysts
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where the nature of the SAC has been clearly identified, so that a comparison with

DFT calculations is meaningful.

The comparison is based on a key physical quantity in HER, the overpotential  , as
the absolute value of the exchange current, i0, depends on a kinetic constant which

is unknown. The overpotential match with the absolute value of free energy of the

reaction, GH; if the reaction occurs in one step,  = GH(1) / e; and if two steps are

involved, MH and HMH intermediates,  =  GH(1) + GH(2)  / ne, where n is the

number of electrons involved (2 in this case).

The first example of the computational procedure followed here considers the case

of a Co atom stabilized at N-doped graphene, where Co is located on a carbon

vacancy and coordinated to three N atoms, Co@3N-Gr (see Figure 41), a system

which has been studied both theoretically and experimentally.405,438,439

Figure 41. (a) top and (b) side view of Co@3N-Gr. Black, dark blue, and light blue
balls represent the carbon, nitrogen, and cobalt atoms, respectively. [426]

Figures 42(a-c) report the structures of the CoH@3N-Gr and HCoH@3N-Gr

complexes, respectively. The H---H distance in HCoH is of 0.90 Å, indicating the

formation of an activated H2 molecule, a precursor state of H2 desorption.440,441 Both

calculated H-H (0.90 Å) and Co-H (1.56 Å) bond lengths for the Co@3N-Gr SAC

compare very well with those reported for an experimentally isolated Co dihydrogen

complex (0.86 Å and 1.57 Å respectively, derived from DFT calculations442), Figure

42(d).
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Figure 42. (a) side view of CoH@3N-Gr intermediate, (b) side and (c) top views of the
HCoH@3N-Gr dihydrogen intermediate (DFT calculations); in (a) and (b) the (3N-Gr) support
is not reported for clarity. (d) side view of a Co dihydrogen coordination compound isolated
experimentally; the geometry reported has been obtained from DFT calculations of the new
complex.442 Selected distances and angles are reported. [426]

It is interesting to compare the predicted HER activity for Co@3N-Gr with the

experimental results of Fei et al., who reported a high activity for this catalyst.438,443

For each path, one- or two-intermediates, we have calculated the exchange current

and the ΔGH values using the equations reported above. The measured

overpotential (0.15-0.18 eV)444 is well reproduced using both a kinetic model based

on a single intermediate (GH
(1)= -0.12 eV) or on two intermediates (GH

(2)= -0.15

eV). Thus, this is a case where the formation of the dihydrogen complex does not

alter the conclusions obtained with the original model since both steps have GH  0.

However, this is not a representative example, and in other cases quite different

results are obtained with the two procedures.

The second case is that of Co atoms supported on MoS2, Co/MoS2. Usually, TM

atoms are incorporated into the lattice of MoS2 replacing a Mo cation;445,446 when

this occurs, the activity of the surface S atoms near the TM ion changes and results

in good HER activity (rather than SACs, these systems should be better classified as

doped MoS2). Recently, a system consisting of Co atoms supported on the surface of

MoS2 has been reported and an overpotential  = 84 mV for the HER has been

measured at 10 mA cm-2.447 High-angle annular dark-field STEM (HADDF-STEM)

images indicate that the Co atoms adsorb on the Mo-top sites, thus this is the site

considered in the calculations. If we use the classical model, GH
(1) = 340 meV ( =

340 mV); when we consider also the second step, GH
(2) = -665 meV, we have GH

(3)

= -324 eV and  = GH / 2 = 162 mV (Figure 43).
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This is consistent with Co/MoS2 being a catalyst with a very low overpotential for

HER. Notice that if we assume that the Co atom is on the hollow site of MoS2 instead

of on-top of Mo, the corresponding overpotentials are  = 269 mV (one step) and 
= 59 mV (two steps): also in this case Co is predicted to be an efficient catalyst and

the agreement with experiment is quantitative.

Figure 43. Optimized structures of (a) CoH/MoS2 and (b) HCoH/MoS2 complexes. [426]

The third example deals with Ni atoms trapped at defective graphene, Ni@D-Gr. In

this atomically dispersed catalyst, Ni atom is stabilized at a C-divacancy and its

coordinated to four C atoms in a square planar geometry, as shown HADDF-STEM

and XANES measurements.448 The catalyst exhibits an overpotential of 70 mV at 10

mA cm-2. Simulating Ni@D-Gr as in previous cases, one can obtain overpotentials of

 = 464 mV with the classical model, and  = 197 mV with the two-steps model.

While the two-H model is more or less consistent with experiment (197 mV versus

70 mV) the single step model is completely inconsistent (464 mV versus 70 mV).

The final example deals with TM atoms stabilized at N-doped graphene (M@4N-Gr).

In a recent study has been synthesized and characterized three catalysts adsorbed

on a C-divacancy and coordinated to 4 N-atoms, M@4N-Gr (M = Co, Ni, and W).405

The three catalysts have been selected based on DFT calculations that showed that

Co@4N-Gr is expected to be much more active in HER than Ni@4N-Gr and

W@4N-Gr. Using the classical model, in fact, the DFT overpotentials predicted in ref.
405 are 130 mV for Co, and 930 mV and 1620 mV for W and Ni.405 According to these

values, only Co@4N-Gr should be active, while W@4N-Gr and in particular

Ni@4N-Gr should be totally inert. The measured overpotentials at 10 mA cm-2

however are 230 mV (Co), 530 mV (W) and 590 mV (Ni),405 showing that all three

catalysts may be active, with Co exhibiting the lowest overpotential. We have

computed  for Co@4N-Gr, Ni@4N-Gr, and W@4N-Gr catalysts with the two kinetic

models, Figure 44. With the classical model we obtain  = 162 mV (Co),  = 882 mV

(W) and  = 1614 mV (Ni), the same DFT values reported in ref 405.
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However, when also the HMH complex is considered, the computed overpotentials

are 257 mV for Co, and 439 mV for W, in quantitative agreement with the

experiment (230 meV and 530 meV, respectively).405 Quite interesting is the case of

Ni, since here neither dihydride nor dihydrogen complexes form. The adsorption of

a second H leads to a H2 molecule weakly physisorbed, Figure 44(d). This is a typical

case where the conventional one step model is valid. This also means that the

computed overpotential for Ni is  = 1614 mV, in agreement with the theoretical

value reported in ref. 405, but in contrast with the measured overpotential of 590 mV.

We can only speculate that the structure of the Ni catalyst is probably different from

that considered here, but more work is required to clarify this point.

Figure 44. Optimized structures of (a) CoH@4N-Gr, (b) HCoH@4N-G, (c) NiH@4N-G, (d)
HNiH@4N-G, (e) WH@4N-G, and (f) HWH@4N-G complexes. [426]

Overall, the new model accounts for the features observed experimentally and

provide a better agreement with the experimental data than the classical one-step

model. The results have been obtained using the PBE exchange-correlation

functional. In order to assess the importance of this choice on the final results, the

analysis for M@4N-Gr has been repeated using the PBESOL and revPBE functionals.

While differences of up to 250 meV are found in the adsorption energies, the same

general conclusions are obtained with the three functionals: the HMH model

improves the agreement with experiments for Co@4N-Gr and W@4N-Gr, while for

Ni@4N-Gr no model (MH or HMH) provides a good result, suggesting that the Ni

catalyst occupies a different site.

5.2.4.2 Formation of two-hydrogen complexes on SACs

To assess the role of two-hydrogen HMH complexes in the prediction of the catalytic

activity of SACs, DFT calculations have been performed on a larger series of model

systems: (a) isolated, gas-phase TM atoms (M, from Sc to Cu, Pd and Pt); (b) the

same group of atoms adsorbed on N-doped graphene, M/N-Gr; (c) M atoms

replacing a C atom in N-doped graphene, M@N-Gr; (d) M atoms replacing a C atom

in graphene doped by three N atoms (pyridinic), M@3N-Gr; and (e) M atoms

adsorbed on MoS2, M/MoS2. In this way a hypothetical set of 55 systems to model

the HER on SACs is generated.
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For each system we have considered the activity as predicted (I) by the classical

one-intermediate model, and (II) by the new two-intermediates model (formation of

HMH complexes).

In most cases the adsorption of two H atoms on the 55 models of SACs results in the

formation either of dihydride or of dihydrogen complexes. In particular, all the

isolated TM atoms considered lead to the classical dihydride species, characterized

by long H---H distances (from 1.75 to 3.25 Å) and short M-H distances, see Figure 45,

consistent with matrix-isolation experiments.449

Figure 45. Schematic view of the MH and HMH intermediates on free M atoms. Bond
lengths are reported in Å, bond angles in degrees (º). (a) ScH, HScH; (b) TiH, HTiH; (c) VH,
HVH; (d) CrH, HCrH; (e) MnH, HMnH; (f) FeH, HFeH; (g) CoH, HCoH; (h) NiH, HNiH; (i) CuH,
HCuH; (j) PdH, HPdH; and (k) PtH, HPtH. [426]

For M atoms adsorbed on N-Gr, M/N-Gr, only Co, Ni, and Pd form dihydrogen

complexes, the rest give rise to dihydride species. When the metal atoms are

incorporated in N-Gr, M@N-Gr, we found four cases of dihydrogen species (Ti, Cr,

Mn, Fe), the rest being dihydrides; for M@3N-Gr the dihydrogen complexes form in

the case of Mn, Fe, Co, Ni, and Cu, while when the metal atoms are supported on

MoS2 the majority of SACs form dihydrogen species (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and

Pd), see Figure 46.
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Figure 46. Schematic view of the MH/MoS2 and HMH/MoS2 intermediates. The bond lengths
and angles are reported in Å and degrees (º), respectively. (a) HSc/MoS2, HScH/MoS2; (b)
TiH/MoS2, HTiH/MoS2; (c) VH/MoS2, HVH/MoS2; (d) CrH/MoS2, HCrH/MoS2; (e) MnH/MoS2,
HMnH/MoS2; (f) FeH/MoS2, HFeH/MoS2; (g) CoH/MoS2, HCoH/MoS2; (h) NiH/MoS2,
HNiH/MoS2; (i) CuH/MoS2, HCuH/MoS2; (j) PdH/MoS2, HPdH/MoS2; and (k) PtH/MoS2,
HPtH/MoS2. [426]

The reasons for the formation of dihydride or dihydrogen complexes have been

widely discussed for organometallic complexes and depend on the nature of the

ligands - electron donor species favor dihydride, electron attractor ligands favor

dihydrogen. This is apparent if one compares free, unsupported, and

MoS2-supported transition metal atoms: the free metal atoms have sufficient

electron density to break the H2 molecule so that only dihydride complexes are

formed; on MoS2 the bonding of M with three electronegative S atoms reduces the

electron density and the dihydrogen complexes dominate. An efficient descriptor is

the d-band center; for the case of a single H atom adsorption on M/MoS2 it has

been shown that a linear correlation exists between the position of the dz
2 orbital of

M and the strength of the M-H bond.450

One might wonder why, if dihydride or dihydrogen complexes on SACs are predicted

to exist by DFT calculations, they have not been observed. Actually, a few examples

of metal atoms on surfaces binding two H atoms are known, although their

relevance for HER has not been recognized so far. Well documented cases of

transition metal atom anchored on a silica surface that bind more than one H atom

have been reported by Basset and coworkers, [SiO)2ZrH2], [SiO)WH3(Me)2], and

[SiO)2TaH3].451–454
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Recently, combining inelastic neutron scattering and infrared spectroscopy, the

formation of a dihydrogen complex has been demonstrated for Cu ions coordinated

to a zeolite framework.455 The coexistence of dihydride and dihydrogen species has

been reported for the Ru atoms of the RuO2(110) surface based on HREELS

measurements and DFT calculations.456 The formation of dihydrogen and

multi-hydrogen complexes has been observed in DFT calculations on the HER of Pt

atoms on N-Gr,390 MoS2,457 onion-like carbon nanospheres,458 defective graphene

and h-BN,459 although their relevance for the kinetics of the process has not been

fully appreciated. More difficult is the observation of HMH complexes on SACs

stabilized on metal oxides, as here a tendency towards the spillover of one of the H

atoms to the surface, with formation of MH and OH species, has been

reported.460,461 Of course, the fact that HMH species can form on SACs, does not

necessarily means that these can also be observed in real samples at room

temperature. The majority of cases studied show a positive H2 desorption energy, i.e.

an endothermic process, but this ranges from a few tens of an eV for many

complexes up to 2.86 eV for the case of HPtH@3N-Gr. Using a Redhead equation for

first-order desorption processes,462 ΔEdes = RTdes [ln(Tdes) - 3.64], and assuming a

pre-factor  = 1013 s-1, one can estimate that thermal desorption of H2 from HMH is

possible for temperatures above 300 K only if ΔE > 0.8 eV. This condition is fulfilled

for a few cases: for M/N-Gr, Sc, Co, Ni, Pd, Pt (0.94 eV, 1.40 eV, 1.47 eV, 0.98 eV,

and 1.58 eV, respectively); for M@N-Gr and M/MoS2 only Pt (0.89 eV and 1.86 eV,

respectively); for M@3N-Gr, V, Ni, Cu, Pd, and Pt (0.87 eV, 1.08 eV, 1.09 eV, 1.19 eV,

and 2.86 eV, respectively). When stable dihydrogen or dihydride complexes form,

they can be detected using neutron diffraction, or spectroscopic techniques such as
1H NMR and IR, Figure 47.427

Figure 47. Correlation between the vibrational frequency (H-H, or M-H), and the H-H
distance for the various HMH complexes considered in this work. The distinct feature of
dihydrogen (a) and dihydride (b) complexes provides a fingerprint of the nature of the HMH
complex. [426]
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5.2.4.3 Comparison of kinetics based on one or two intermediates

Having discussed the formation, nature and stability of the HMH complexes for the

55 SAC models, we consider now their impact on the kinetics of HER. Using the

original Nørskov’ model, the plot of the exchange current vs ΔGH(1) results in the

classical two-dimensional volcano plot, see Figure 40(c); on the other hand, if one

considers the adsorption of two H atoms on the catalytic center, the exchange

current is plotted against ΔGH(1) and ΔGH(2), resulting in a three-dimensional volcano

plot, see Figure 40(d).

Both models lead to a volcano-type behavior, but the two volcano plots cannot be

directly compared, being described by a different number of variables. Thus, we

introduce a common descriptor of the efficiency of a given catalyst, defined as the

ratio of the exchange current, i0, and the maximum exchange current, imax

(corresponding to the top of volcano curve). If the logarithm of i0/imax is close to zero,

then the SAC has an exchange current close to the top of volcano curve, hence

maximum efficiency. On the contrary, when the exchange current is low, Log(i0/imax)

is a negative number. In this way, we can directly compare the efficiency predicted

by the two kinetic models. In Figure 48 we report a periodic table where the atoms

investigated are color coded: red corresponds to the most active SACs, blue or black

to the most inactive ones; and green corresponds to a weak activity. The results are

shown for all the studied cases.

Figure 48(a,I) refers to the predicted activity based on the classical MH intermediate

model for isolated metal atoms; the same for the two-intermediate models is shown

in Figure 48(a,II). The inclusion of the HMH intermediate in the kinetics leads to a

drastic reduction in the number of “good” catalysts: with model I Sc, Ti, V, Cr, Fe, Co,

and Pd are predicted to be good catalysts for HER, Figure 48(a,I), while with model II

only V, Cr, Fe, and Co exhibit high exchange currents, Figure 48(a,II). This is because

in the first case the condition ΔGH(1) ~ 0 eV is sufficient to guarantee high efficiency,

while in the second one also the condition ΔGH(2) ~ 0 eV needs to be satisfied. Notice

that even in Figure 48(a,II) there are metal atoms (e.g. Co) satisfying the ideal

conditions for HER, i.e. ΔGH(1)~0 eV and ΔGH(2)~0 eV.
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Figure 48. Predicted efficiency for the HER reaction for 55 models of SACs. (a) free M atoms,
M; and (b) M atoms adsorbed on N-Gr, M/N-Gr; (c) M atoms incorporated on N-Gr,
M@N-Gr; (d) M atoms incorporated on 3N-Gr, M@3N-Gr; and (e) M atoms adsorbed on
MoS2, M/MoS2. (I) classical model based on a single MH intermediate; (II) model based on
both MH and HMH intermediates (two-hydrogens complex). The color refers to the ratio of
the exchange current i0 for a given atom and the maximum exchange current, imax, and
provides a visual measure of the expected HER activity. The best catalysts (in red) have
Log(i0/imax) close to zero; the worse catalysts (in blue) have Log(i0/imax) close to -10. Atoms
are coloured in black when Log(i0/imax) < -10. On Sc@N-Gr the HMH complex does not form;
only the one-intermediate model can be applied. [426]

The second model correspond to M adsorbed on N-Gr, M/N-Gr; when the model I is

considered (MH intermediate only), Cr and Pd exhibit high currents, Figure 48(b,I),

while when also HMH intermediates is considered (model II) the picture changes,

with only Cr as good catalyst, Figure 48(b,II). The next two cases are that of the M

atoms incorporated on N-doped graphene with the graphitic and pyridinic

configuration.463,464 In the first one, a carbon atom of the lattice is replaced by a N

atom (N-Gr), M@N-Gr; and in the second, three C atoms are replaced by N atoms

(3N-Gr), M@3N-Gr. In both cases the M atoms are stabilized at a C vacancy. When

the model I is considered (MH intermediate only), Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and

Pd on N-Gr exhibit high currents, Figure 48(c,I), while when also HMH intermediates

are considered (model II) the picture changes, with only Ti, Mn, and Fe still

characterized by good performances, Figure 48(c,II).

A similar trend is found for the M atoms stabilized on 3N-Gr, Figure 48(d). Using

model I all SACs, with the exception of Sc, Ti, V and Pt are predicted to be active,

with particularly high efficiency for Co, Ni, Cu and Pd, Figure 48(d,I); on the contrary,
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much lower efficiencies are expected with model II, Figure 48(d,II), with only Mn

and Co still exhibiting a good HER activity.

The last SACs considered consists of M atoms supported on a MoS2 monolayer. The

metal atoms have been adsorbed in a hollow site above three sulfur atoms, as

recently suggested experimentally.465 For some atoms, e.g. Pt, the preferred

position is on-top of Mo465 and indeed, different results are obtained for the HER

depending on the adsorption site. Given the model character of our calculations, for

the discussion we consider only the hollow site. Also in this case, going from the

single MH intermediate (model I) to that based on MH and HMH intermediates

(model II) the number of good SACs predicted by theory is considerably reduced. In

the first case all the atoms with the exception of Ni and Pd have very high exchange

currents, Figure 48(e,I), while in the refined model only Sc, Ti, V, Cr, Mn, and Cu are

still very effective and satisfy simultaneously the condition ΔGH
(1) ~0 eV and ΔGH

(2) ~0

eV, Figure 48(e,II). For all other SACs the expected activity is decreased by some

orders of magnitude.

5.2.4.4 Beyond Nørskov’ model

The volcano plots discussed above represent a simple yet valuable tool to screen

electrode materials for electrocatalytic processes. They are based on the

combination of linear scaling relations with Sabatier’s principle and the

Brønsted–Evans–Polanyi approach466 which links thermodynamics to kinetics. The

volcano’s apex corresponds to a material that binds the reaction intermediates

neither too strongly nor too weekly at zero overpotential  (i.e. ΔG = 0 at  = 0). In

this respect, the original model of Nørskov and coworkers,380 extended here to the

special case of SACs, identifies the potential catalysts for which ΔG = 0 at  = 0. It is

entirely based on a thermodynamic approach, while kinetic effects due to the

presence of reaction barriers or to the applied overpotential are not included.

Recently, several authors have addressed this limitation showing that there are

deviations to the original model if the effect of the applied overpotential is explicitly

taken into account.434–436,467 In particular, the most active electrocatalysts bind the

reaction intermediate species with ΔG > 0 for   0. This corresponds to a shift of

the apex of the volcano plot of the order of 200 meV, which means that

electrocatalysts that bind weakly to the surface rather than forming thermoneutral

bonds can be active and should be considered as potentially good candidates.435,436

This shows that for a quantitative assessment of the performance of an

electrocatalyst, the effect of the overpotential, although small (0.2 eV), must be

included.
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Another aspect that is usually neglected in the modeling of materials for

electrocatalysis is the solvation energy contribution, given by the interaction of the

chemical intermediates with the solvent.437,468 In principle, ab initio molecular

dynamics studies can address this problem,469 but they are computationally very

demanding. Recently, approximated but computationally amenable recipes have

been proposed to account for solvation based on microsolvation models.470

Furthermore, the combined effect of the applied overpotential and of the solvent

can affect the morphology of the surface or induce surface reconstructions.

To assess the importance of these terms, we have introduced the effect of the

solvent on the formation of MH and HMH intermediates for Co@4N-Gr, Ni@4N-G

and W@4N-Gr, using the implicit solvent approach where the water molecules are

replaced by a continuum dielectric. The MH and HMH formation energies, ΔE(1) and

ΔE(2), respectively, change by -0.03/-0.04 eV only after inclusion of the solvent.

Finally, HER reactions are also pH dependent.471 Nevertheless, in most cases the

experimentally observed behavior of HER catalysts in variable pH conditions are

rationalized based on DFT calculations where the pH is not explicitly taken into

account.472,473 The pH contribution to the Gibbs free energy can be included by

considering a term of the type kbTln(10)pH, as reported by Nørskov and

co-workers.474,475 Of course, one issue that remains open is the stability of the MH

and HMH complexes in strong acid or basic conditions, but this is something the

goes beyond the simple model to predict the HER activity.

This brief discussion shows that substantial progresses have been done in recent

years in the study of reactions at electrode surfaces with DFT approaches. The

Nørskov’s model has been used extensively in the past and will most likely continue

to be used due to its simplicity. It provides a rapid screening of potentially useful

catalysts at low computational cost, thus allowing to examine large sets of new

materials. What should be stressed in the present context, is that things are quite

different, and more complex when one moves from extended metal surfaces to

single atom catalysts. As we have discussed above, the possible formation of

dihydrogen and dihydride complexes results in new intermediates not considered in

the original model. The formation of these intermediates can significantly alter the

thermodynamics and the kinetics of the process, resulting in ΔG values that can

differ by 1 eV or more from those obtained with the one H model. In this respect,

the effects that we are discussed in this paper for SACs can dominate over other

important, but quantitatively less relevant terms such as the role of the solvent and

of the overpotential.
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5.2.5 Summary

In this sub-chapter, we have shown that the predicted HER activity of isolated

transition metal atoms supported on a solid surface, often referred to as single

atoms catalysts (SACs), cannot be predicted with the standard model380 based on

the assumption that the MH complex is the only intermediate, as for HER on metal

electrodes. SACs, that can be considered analogs of coordination compounds, bind

hydrogen differently and can form two-hydrogen intermediates, HMH, not present

on metal surfaces. The HMH intermediate is a precursor of the H2 desorption step

that should be taken into account in the kinetics of the process. We have extended

the kinetic model proposed by Nørskov and coworkers to the case where this

second intermediate forms; the resulting HER activity, as measured by the exchange

current, is described by a three-dimensional volcano plot as the reaction now

depends on two free energies of H adsorption instead of one. According to this new

model the condition for the best catalyst as measured by the exchange current i0 is

that both ∆�
�(1)
0 and ∆�

�(2)
0 are close to zero, i.e. that the formation of H

adsorbates is thermoneutral. Recent work has shown that a rigid shift of about 200

meV of the apex in a volcano curve occurs when the applied overpotential is

included in the analysis.434–436 Nevertheless, screening studies based on the standard

approach provide a first assessment of the performances of a potential new catalyst.

In case of SACs we have shown based on DFT calculations that stable dihydride and

dihydrogen complexes form in many cases, and that neglecting this reaction step

may result in completely different and often too optimistic predictions of the

catalytic activity of SACs in HER.
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Conclusions

In this thesis, we have first introduced a method to characterize high correlated

transition metal oxides (TMOs) as are MnO, FeO, CoO, NiO and CuO, which pose

several problems due to their highly correlated nature. To do this we introduced a

different approach (Charge Transition Levels, CTLs) based on the assumption that

the band gap in some TMOs can have partial Mott-Hubbard character, and can be

defined as the energy associated to the process: Mm+(3dn) + Mm+(3dn) 

M(m+1)+(3dn-1) + M(m  1)+(3dn+1). The band gap is thus associated to the removal

(ionization potential, I) and addition (electron affinity, A) of one electron to an ion of

the lattice. From this study it was found that CTLs provides a better description of

the band gap of highly correlated materials than those obtained with a hybrid

functional and high level of theory methods (GW, DMFT), where the values obtained

with this approach are close to the experimental measurements.

Next, we studied the description and rationalization of the role of quantum

confinement in the group III-V semiconductor thin films and nanostructures by

studying (110) surfaces of each semiconductor (AlP, AlAs, AlSb, GaP, GaAs, GaSb, InP,

InAs, and InSb). The results indicate that when the quantum confinement is strong,

it mainly affects the position of the Conduction Band Minimum (CBM) of the

semiconductor, while the Valence Band Maximum (VBM) is almost insensitive to the

system's size. The results can be rationalized in terms of electron and hole effective

masses, and the slabs results can be generalized to other cases of quantum

confinement such as quantum dots, overcoming the need of an explicit

consideration and calculation of the properties of semiconductor nanoparticles.

In a dedicated chapter we provide some examples of heterojunctions and we have

discerned the methodological aspect that should be considered in the design of new

heterojunctions. In particular in all the studies, effort was given to the description of

different type-II heterojunctions, since only these kind of junctions are favorable for

the separation of photogenerated electrons and holes and are used in

photocatalysis. From these studies it was found that the use of hybrid functionals or
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other self-interaction corrected functionals is recommended since this guarantees

a good description of the two (or more) components in the junction. It is important

to mention that different models can be adopted to determine the band alignment

and in some cases, the use of the simple “independent units” model is sufficient to

predict the band alignment. But in cases where the chemical nature of the

interfaces is important, the “alternating slabs junction” or the “surface terminated

junction” models are needed since they describe more accurately the properties of

the components.

In a specific sub-chapter attention was given to the interface between InP and TiO2,

which is a system with applications in photocatalysis and solar cells. To do this the

effect of the TiO2 surface in contact with the InP and also the thickness dependence

of TiO2 covering InP have been considered. With this, we found that irrespective of

the anatase TiO2 surface in contact with InP, (101) or (001), the system behaves as a

type-II junction, where the TiO2 band edges are lower in energy than the InP ones,

providing a rationalization for the observed electron-hole separation (migration of

photogenerated electrons from InP to TiO2, consistently with the experimental

observation). From the role of the TiO2 thickness, it was found that a favorable

type-II junction is retained for every thickness of the titania passivating film.

In the last chapter of this thesis we have described two cases of co-catalysts, both

based on single atom catalyst for the hydrogen evolution reaction. First, the results

of a collaboration with the group of Prof. In-Hwan Lee from the Korea University

describe the role of different gold particles size (single atoms, SAs; nanocluster, NCs;

and nanoparticles, NPs) supported in nitrogen-doped graphene for the hydrogen

generalization. It was found that the photocatalyst performance follows the

following order; Au NCs/N-Gr > Au SAs/N-Gr > Au NPs/N-Gr > N-Gr, respectively.

These performances were attributed to two effects: (a) the strong surface plasmon

resonance stimulated by light absorption and charge transferred near the surface of

Au NCs, where the N-Gr conductive support can prolong the plasmon-produced hot

electrons and direct the light-to-hydrogen conversion; and (b) the intrinsic binding

capability of the H on the different supports.
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In the last part of the thesis an extension of the Nørskov model was proposed

starting form the idea that SACs can present the same behavior of coordination

compounds, which is the formation of dihydride or dihydrogen complexes on the

metal center (HMH intermediates). With this the formation of stable HMH

intermediates was observed, in addition to the MH one considered in the original

model. This may change the kinetics of the process for SACs and in some cases the

Nørskov model can be insufficient to describe the hydrogen evolution reaction on

SACs. According to this new model the condition for the screening of the best

catalyst for the HER may depends on how close to zero is the exchange current i0

measured from the free energy of the MH and HMH intermediates.
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