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Abstract

Material design has been widely utilized to tune physical and chemical properties of materials, broadening their use in
application. In the semiconductor industry, strain engineering has widely been used to tune physical properties by deformation
of materials through inducing strain.|[1] Moreover, this method has been shown to be applicable for the enhancement of
rechargeable batteries, namely sodium and lithium ion batteries.|2| This work focuses on elucidating the effect of strain on
potassium ion battery (KIB) performance, through strain engineering a diverse set of 2D KIB anode materials, allowing for a
systematic comparative study on the applicability of strain engineering in enhancing KIB performance. A computational study
based on density functional theory (DFT) was performed to simulate biaxial strains onto the materials, evaluating the effect
on properties relating to anode performance. The properties that were assessed included the propensity to form vacancy defects,
potassium adsorption energetics, and electronic structure (as a proxy for electrical conductivity). In this work, it was found
that strain engineering shows to be an applicable method in enhancing the prospects of 2D anode materials. In particular, this
was shown for the effect of strain relating to potassium adsorption, showing a significant strengthening of adsorption energy
for the +10% strained models, namely 36% for graphene, 32% for silicene, and 12% for phosphorene. Moreover, it was found
that the introduction of vacancy defects could additionally contribute to increasing potassium storage. In the application of
strain engineering as a method, applying tensile strains showed to be the most favorable, as the results for the compressive
strained models showed a propensity for significant structural changes and disorder.
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Populaire wetenschappelijke samenvatting

Oplaadbare batterijen spelen een belangrijke rol in het dagelijks leven. Ze worden gebruikt in
mobiele telefoons, laptops, elektrische voertuigen en medische toepassingen.[3][4] Bovendien zijn
oplaadbare batterijen belangrijk in het efficiént kunnen gebruiken van wind en zonne- energie om de
COz-uitstoot wereldwijd te verminderen.|5] De meeste oplaadbare batterijen die worden gebruikt
zijn lithium-ion batterijen.|6] Het aanbod van lithium is echter gelimiteerd terwijl de vraag naar
batterijen toeneemt.[7][8] Omdat kalium veel voorkomt, focust dit werk zich op de toepassing van
kalium-ion batterijen.[6][9]

In figuur 1 wordt de kalium-ion batterij (KIB) weergegeven waarbij de drie belangrijkste compo-
nenten staan aangegeven: de anode, de kathode en de elektrolyt. Als de batterij wordt gebruikt,
bewegen de kalium ionen (paarse cirkels) van de anode naar de kathode.[6] De elektronen worden
buiten de batterij getransporteerd, wat zorgt voor het opwekken van elektrische energie (zie e in
figuur 1).[6] Veel onderzoek wordt gedaan naar deze componenten om de prestatie van batterijen
te verbeteren.
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Figure 1: De kalium-ion batterij weergegeven met de drie belangrijkste component: de anode, de kathode, en de
elektrolyt. De kalium atomen zijn weergegeven met paarse cirkels en de electronen met e .

Dit onderzoek focust zich op de methode van ‘strain engineering’ om eigenschappen van de anode
aan te passen en daarmee mogelijk te verbeteren. Strain engineering is een methode waarbij een
materiaal wordt vervormd door het uit te rekken of in te drukken, waardoor eigenschappen van
het materiaal veranderen. Er is gekozen om het effect van ‘strain engineering’ te onderzoeken
op twee dimensionale (2D) materialen. Dit is omdat 2D materialen makkelijk kunnen worden
uitgerekt en ingedrukt.|1] Bovendien zijn ze veelbelovend voor de toepassing als anode in kalium-
ion batterijen.[10]

Het effect van ‘strain engineering’ is bepaald door te kijken naar de eigenschappen van de
geselecteerde materialen die belangrijk zijn voor de toepassing van kalium-ion batterijen. Deze
eigenschappen zijn gerelateerd aan de stabiliteit van het materiaal, de capaciteit voor de opslag
van kalium ionen, en hoe goed het materiaal stroom kan geleiden. Dit is ten eerste onderzocht
voor modellen van de reguliere 2D materialen. Vervolgens zijn deze modellen aangepast om de
materialen te beschrijven als ze worden uitgerekt of ingedrukt om het effect van ‘strain engineering’
te begrijpen. De vergelijking van de aangepaste modellen met de reguliere modellen laat zien of
de verbetering van KIB anode materialen mogelijk is door middel van ‘strain engineering’.

Als resultaat laat dit onderzoek zien dat ‘strain engineering’ een toepasbare methode is om
de prestatie van kalium-ion batterijen te verbeteren. Het uitrekken van de materialen resulteerde
namelijk in een toename van de affiniteit voor het adsorberen van kalium ionen met een hoogste
toename van 36%. Dit wijst erop dat de capaciteit voor de opslag van kalium ionen kan toenemen
door het uitrekken van een anode materiaal, wat de prestatie van een kalium-ion batterij verbetert.
De methode van ‘strain engineering’ biedt daarom uitkomst voor het verbeteren van de toepassing
van kalium-ion batterijen als alternatief voor lithium-ion batterijen.



1 Introduction

Rechargeable batteries are widely used in various applications such as mobile phones, electrical
vehicles and medical implants. Energy storage technologies, including rechargeable batteries,
are of great importance in the employment of renewable energy sources, and the reduction of
worldwide carbon emission. [5] Currently, the lithium ion battery is the most common rechargeable
battery, due to its high energy density.@ However, in contrast to the increasing demand of batter-
ies, the supply of lithium is limited, which may become an issue in the future. An alternative
could be provided by the use of potassium in so called potassium ion batteries (KIBs), provided
with the advantage of potassium being an abundant resource.@ ﬂgﬂ

Batteries contain three main components, the cathode, the anode and the electrolyte, as illus-
trated in figure 2] The electrolyte serves as a barrier between the two electrodes, allowing for
the movement of potassium ions, while hindering the movement of electrons. Typically for KIBs,
potassium is provided by the cathode. @ As illustrated in ﬁgure charging the battery involves the
transport of potassium ions through the electrolyte to the anode. When the battery is discharged,
the potassium ions move back to the cathode, while the electrons are transported along an external
circuit, generating a current.@
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Figure 2: A schematic overview of electron and potassium (purple spheres) displacement in KIBs upon charging
and discharging.

The anode plays a crucial role in the electrochemical performance of batteries.@ With respect
to that, properties of the anode such as electrical conductivity, structural stability and specific
capacity are considered to be of importance, where specific capacity refers to how much charge
per unit can be stored.@ For the application of commercially produced LIBs, graphite mate-
rials are utilized. However, graphite materials are known to have a relatively low theoretical
capacity, with a value of 372 mAh/g for lithium storage Capacity. Initially carbonaceous
materials were investigated for the application of KIBs as well, where likewise the limited capacity
comprises a disadvantage, with a value of 279 mAh/ g.@ Hence, the development of anodes
that have higher potassium storage capacity is considered of importance.ﬂﬂ] In the light of higher
potassium storage capacity, both phosphorus-based materials and silicon have been considered
promising candidates for KIB application.@ Silicon shows a high capacity of 995 mAh/g in
the form of KSi, and phosphorus has a significantly high theoretical capacity of 2,596 mAh/g for
lithium and sodium ion batteries. However, for the application of both materials as KIB
anode, challenges arise as phosphorus is structurally instable at ambient conditions and silicon is
prone to anode degradation upon insertion and extraction of atoms. Additionally, focus lies
on improving the low conductivity and structural stability of KIB anodes that arises due to the
extraction and insertion of relatively large K-ions upon battery applications.@

In respect to these challenges, 2D materials show a lot of promise for the application of KIB
anodes, as they contain a larger specific surface area than their 3D counterparts.[10] This allows
for an increased number of active sites for K* ion storage, and adaption to volume variation caused
by the insertion and extraction of potassium atoms. @



In this work, three 2D materials were selected based on their prospects in the application of KIB
batteries, as shown in figure The first material we focus on is graphene, as its bulk graphite
form is widely used as an anode in LIBs, and has shown a lot of promise also for KIBs.
Graphene is a widely studied nanomaterial with a planar hexagonal structure made out of carbon
atoms. It is a strong material with remarkable mechanical properties and high electrical
conductivity. However, the relatively low theoretical maximum for its storage capacity of
potassium (278 mAh/g) is a disadvantage in its use for KIB applications.

A high capacity is of importance for the electrochemical performance of KIBs. Therefore, ma-
terials with a higher (theoretical) capacity were additionally selected, namely silicene (716 mAh/g)
and phosphorene (2,695 mAh/ g). Silicene, has a buckled hexagonal structure, and cal-
culations have shown that it could be a suitable anode for various metal ion batteries, among
which are the KIBS. However, the application of silicene as an anode comes with ob-
stacles, such as the susceptibility to fracture as a result of mechanical stress. For the third
anode material investigated in this thesis, phosphorene was selected, which is a monolayer of phos-
phorus with a highly buckled structure. As mentioned, phosphorus has a significantly higher
theoretical capacity of 2,596 mAh/g for lithium and sodium ion batteries. In comparison to red
phosphorus, phosphorene has been shown to contain a higher capacity for lithium and sodium ion
batteries. However, as for silicene, the application of phosphorene comes with obstacles due to

its instability.

To improve the electrochemical performance of anodes in KIBS, various efforts have been made
using strategies such as structural design and morphology control. Another method that has
been used to tune physical properties is strain engineering. Strain is considered a measure of
deformation, as it is defined by the fractional change in length.[27] Therefore, strain engineering
consists of inducing strain into a material, resulting in deformation. Strain engineering has already
been widely utilized in the semiconductor industry. For energy storage applications, strain en-
gineering could likewise be a successful method as illustrated by the research of Hao et al. This
study showed that tensile strain can be applied to increase Li and Na adsorption on monolayer
MoS,, and that a similar method could be applied, to enhance battery performance, to other
stretchable low-dimensional nanornaterials. The computational study of Hao et al. illustrated
the applicability of strain engineering low-dimensional nanomaterials to enhance battery perfor-
mance for LIBs and SIBs. Hence, this work aims to elucidate the expected effect of this method,
with a specific focus on the enhancement of KIB performance.

Figure 3: The front and side views of the studied materials, a) graphene, b) silicene, and c) phosphorene, are
shown with the applied strain. The grey circles therefore represent carbon atoms, the beige circles silicon atoms,
and the orange circles phosphorus atoms. The blue arrows illustrates the applied tensile strain, while the red arrows
represent the compressive strain.

By performing a computational study, the effect of strain can be systematically assessed for a wide
range of properties and 2D anode materials, with the most promising ones then fed into experi-
mental and device optimisation. The strain engineering of 2D materials shows specifically a lot



of promise, due to a stronger deformation capacity, a larger variety of deformation methods, and
a higher sensitivity to strain, in comparison to bulk materials.[1] Silicene, graphene, and phos-
phorene include a diverse set of 2D KIB anodes with varying characteristics, including degree of
puckering and electrical conductivity, making them an ideal set for a systematic comparative study
on the applicability of strain engineering for 2D anodes. This contributes in evaluating whether
the method of strain engineering gives rise to a general effect on 2D KIB anodes in the light of
enhancing battery performance. Additionally, individual differences between the effect of strain on
the anodes can be possibly related to their varied characteristics.

In light of enhancing battery performance, the properties of the materials that will be studied
relate to their application in KIBs. These properties include electronic properties, the formation
of vacancy defects, and potassium adsorption. The study on the formation of structural defects is
limited to the study of vacancy defects, as they are among the most common in 2D materials. [28]
By means of an atomic scale computational study, this work aims to contribute to the motivation
for performing experimental studies on strain engineered 2D materials, with the expectation of
improving the application prospects of KIB anodes.

In this work, we will assess the selected materials based on electronic structure (as a proxy of elec-
trical conductivity), their propensity to form vacancy defects, and potassium adsorption energetics.
Subsequently, biaxial compressive and tensile strains will be applied to the various pristine models,
as shown in figure |3] to elucidate the effect of strain engineering on the highlighted metrics. The
results for each of the properties will show whether the applied strain results in a general effect
across the different anode materials or whether individual differences, such as in composition or
structure, play a more significant role.

2 Methodology

In this thesis, all simulations are performed using density functional theory (DFT), which in-
troduces the concept of electron density as an approach to solving the Schrodinger equation for
many-atom and many-electron systems, such as 2D materials.[29] DFT has been important in
understanding phenomena underlying physical properties and has made a substantial impact on
modern material research, making it suitable for the study of atomic structure, as modulated by
strain, on the selected properties relating to anode performance.[29] For this study, the Vienna
Ab Initio Simulation Package (VASP) was utilized, which is a DFT code that implements the
projector-augmented-wave method to describe the electron-ion interaction.[30](31] Additionally,
vaspkit was used to implement the electron-ion interactions.[32] For all simulated materials, initial
structures were extracted from the publicly available resource Materials Project.|33] The initial
structures of the 2D materials, extracted from Materials Project, were used to set up the pristine
models. The models were then optimised through performing convergence tests and geometry
optimization, guiding the choice of exchange-correlation functional. The strained models were at-
tained through modulation of the pristine models. Subsequently, the vacancy formation energies,
potassium adsorption energies, and electronic structures were calculated for the various models.
For results relating to the vacancy formation and adsorption energy, spin polarization was taken
into account.

2.1 Convergence tests

To assure the accuracy of the models, convergence tests were performed. The parameters that are
set through the convergence tests include kpoints, plane wave cutoff energy, vacuum size and the
supercell size. Provided that the parameters have resulted in a sufficiently converged model, they
were set accordingly. In this case, increasing the parameters further, no longer leads to a significant
change in total energy, thus excluding the necessity for higher values in light of computational cost.

K-points refer to the number of points that are used to sample the Brillouin zone, for which the
Monkhorst-Pack scheme was used.|[34] The vacuum size was increased and converged to ensure the
accurate modeling of isolated 2D materials, as the periodic supercell is expanded in all directions.
The convergence criterion chosen for the k-points, plane wave cutoff energy, and vacuum size was
0.01 eV /atom. Therefore, convergence was considered to be reached when increasing a parameter



no longer led to a significant change in total energy, defined as being greater than 0.01 eV /atom.
For the geometry optimisations, the convergence criterion for the total energy of the system was
aimed to be 0.1 eV. A maximum deviation of 0.1 A from the pristine model was considered for
the bond lengths at the edge of the supercell. However, due to time considerations, a general
convergence criterion of 0.3 eV and deviation of 0.2 A was chosen.

In addition to plane wave cutoff, k-points and vacuum size, the supercell size also needs to be
converged, something that is especially important for the defective systems. As the supercell is
expanded in all directions, its size needs to be sufficiently large to ensure the calculation of an
isolated vacancy or adsorbed potassium atom. In this case, the modified supercell will not be
affected by vacancies or adsorbed potassium atoms from neighboring supercells.

The convergence tests were performed on a unit cell for phosphorene and graphene. For silicene,
a 2x2 cell was used. The k-points showed to be converged at 7x7x1, 33x33x1, and 11x1x11 for
silicene, graphene, and phosphorene respectively. The plane wave cutoff energy was set at 400, 800
and 400 eV. For the vacuum size, values of 10 A, 8 A, and 20 A were used.

For graphene and silicene, the supercell size was chosen to be an 8x8 cell containing 128 atoms.
The supercell size for phosphorene was taken to be a 6x6 cell containing 144 atoms. Due to time
considerations it was not considered feasible to go up to larger systems. Therefore, the supercell
models do not fully concord with the aimed convergence criteria.

For silicene, the energy of the system converged to the aimed convergence criterion of 0.1 eV.
However, the Si-Si bond lengths at the edge of the system deviated maximally 0.016 A from those
of the pristine model, which lies above the aimed 0.01 A. The 8x8 model of silicene is considered
to conform to convergence criteria to a great extent and is expected to yield accurate results. The
supercell model of graphene gives rise to an energy converged to 0.17 eV, and C-C bond lengths
having a maximal deviation of 0.015 A. While both not conform to the ideal convergence crite-
ria, the values are considered close to convergence, and relatively accurate results and trends are
expected. The model of phosphorene deviated the most significantly from the aimed convergence
criteria in terms of total energy, having converged to 0.29 eV. This is considered to be an important
point of discussion relating to the results of the vacancy and adsorption energies of phosphorene.
At the edges of the cell, the OC and OB bond lengths had a maximal deviation of 0.003 A and 0.005
A respectively. Therefore, the bond lengths at the edges do conform well to those of the pristine
model. The graphs representing the results of the convergence tests can be found in Appendix A.

2.2 Choice of exchange-correlation functional

The exchange-correlation (XC) functional describes all the many-body interactions.[29] As there
is no exact form for the XC functional to reach the answer for the ground state of the many-body
Schrodinger equation, various approximations exist.[29] In this work, the XC functional was chosen
to best describe the structural parameters of the 2D materials, as the effect of atomic structure,
on anode performance, is studied.
The structure was assessed by evaluating structural parameters, such as bond lengths, bond angles,
and lattice constants, of the models that were set up using various XC functionals. The 2x2
supercell models that were used were geometry optimized, where the positions of the atoms, the
size and volume of the cell were allowed to relax until sufficient accuracy was reached. The
required accuracy for all geometry optimizations was set at an energy difference of 10 2 eV.
The ground state of the models were found for each of the considered XC functionals, including
optPBE-vdW [35], vdW-DF /vdW-DF2 [36|(37], PBE [38|, PBEsol [39] and PBErev [40]. Van der
Waals corrections were either included in the functionals or implemented by means of the DFT-D3
method.[41] The corrections were explicitly applied in calculations relating to the adsorption and
vacancy formation energies. Particularly, they were of importance in the calculation of physical
adsorption energies, as van der Waals interaction play an important role between the potassium
atom and the surface.|42]

An appropriate choice of functional was based on the structural parameters of the models. The
structure of the models was assessed through evaluating the structural parameters, for which the
bond lengths and angles were determined by use of the atomic simulation environment (ASE).[43]



The parameters were compared to reference values, and the choice of XC functional was made for
the models most closely fitting to the structure of the 2D materials as presented by the selected
literature.

As a result, PBEsol was chosen as XC functional for each of the materials, resulting in models best
conforming in structure to the 2D materials as presented by the selected literature (table . For
graphene, experimental values of the structural parameters were used as a reference.[44][45] For
silicene and phosphorene, computational studies were chosen as reference, which used LDA and
SGGA-PBE as XC functionals respectively. [46][47]

The choice for XC functional was based on the maximal and average deviation of the calculated
structural parameters from the chosen literature, which are shown in table [ For silicene and
graphene, PBEsol showed to be the best choice in respect to both the maximal and average
deviation. In the case of phosphorene, the maximal deviation of various functionals were of the same
range. Therefore, the lowest average deviation across the structural parameters was prioritized,
thus resulting in the choice for PBEsol. The more detailed motivation behind the choice of XC
functional can be found in Appendix B, comprising the values of the calculated and the referenced
structural parameters along with the deviation.

Table 1: The average deviation and maximal deviation from the referenced literature for each material, taken over
the calculated structural parameters (lattice constants, bond lenghts, bond angles), shown in %, denoted by davg
and dmax. Silicene, graphene, and phosphorene are denoted by Si, C, and P respectively.

Si C P

davg dmax davg dmax davg dmax
optPBE-VdAW 1.12 1.64 0.28 0.42 2.06 5.48
PBE ( +D3) 0.81 1.24 0.19 0.29 1.52 4.79
VdW-DF/VdW-DF2 1.72 2.49 0.46 0.70 3.31 8.22
revPBE (+D3) 1.22 1.60 041  0.63 1.53  4.67
PBEsol (+D3) 049 0.76 0.03  0.07 1.45 4.79

As a result of the choice of XC functionals, pristine models were obtained containing structures
that compare to those of the selected reference studies. The resulting optimised structure of the
pristine silicene model has a lattice constant of 3.847, a Si-Si bond length of 2.267 A, and a Si-Si-Si
bond angle of 116.1°. The structural parameters of the pristine graphene model show a lattice
constant of 2.46 A, a C-C bond length of 1.42 A and a C-C-C bond angle of 120°. This model
shows excellent agreement with experimental values, with a maximum deviation of 0.07 %. The
lattice constant a and ¢ of the pristine phosphorene model include 3.29 A and 4.59 A respectively.
The OB and OC bond lengths had the respective values of 2.212 A and 2.239 A, while the AOB
and BOC bond angles were determined to be 96.0° and 102.4°.

2.3 Setup of strained models

To evaluate the effect of strain as a means to increasing KIB anode performance, strained models
were set up by modulating the pristine models that resulted from the convergence tests, geometry
optimization, and choice of XC functional. Various strains were applied by multiplying the lattice
vectors of the pristine models with percentages ranging from -30% to +30%. Typically for 2D ma-
terials, in-plane strains over 5% are considered to be large deformations.[48] Therefore, a relatively
large range of biaxial strains was applied, gaining a broad overview of the effects of strain on the
2D materials, including propensity for breakage.

Each strained structure was geometry optimized, where the positions of the ions were allowed to
relax, while the volume and size of the cell remained fixed. Therefore, the structures were relaxed,
while fixing the effect of the strain. The effect of the strain was initially assessed by determining
the total energy of the strained models. This showed the energy needed to strain the system and
divert it from its ground state, represented by the minimum energy. Additionally, the structural
parameters of the strained models were determined, providing insight into the ways the materials
yield to the forced modulation of strain. The range of the strains was individually modified for
each of the 2D materials, upon assessment of significant changes in structure or energy.



2.4 Vacancy formation energy

To assess the structural stability of the models upon the applied strain, the tendency to form
vacancies was calculated. This was done through the calcualtion of the vacancy formation energy,
referring to the energy that it is needed to form a vacancy defect under equilibrium conditions,
and is defined by

Evf - Edefect Epristine + Ea; (1)

where E, ¢ represents the vacancy formation energy, Egcfect the total energy of the defective model,
Epristine the total energy of the pristine model, and E, the total energy of an atom in the pristine
model.[49] When the vacancy formation energy consists of a relatively low value, less energy is
needed to form a vacancy defect such that the material would be more prone to the formation
of vacancy defects and possibly to structural instability. The defective model was obtained by
modifying a pristine model, by removing an atom, and performing a geometry optimization. In
this geometry optimization, the positions of the atoms were allowed to relax, while the rest remained
fixed. This allowed for an appropriate comparison between the pristine and defective model.

2.5 Adsorption energy

The efficient adsorption of potassium is an important metric for anodes in KIB batteries. This
metric was assessed by the calculation of the adsorption energy as defined by the following equation:

EA = Eadsorbed Esubstrate EK; (2)

where E 4 represents the adsorption energy, E gsorpeq the energy of the model containing the ad-
sorbed potassium, Egypsirate the total energy of the substrate model, and Ex the energy of an
isolated potassium atom.|50] Negative adsorption energies are in the focus of this work the most
favorable, as they correspond to a high affinity for adsorption.

For the calculation of the adsorption energies, the vacuum size of the models was increased with
at least 7 A to account for the added potassium. The potassium was added to various adsorption
sites, with a distance from the surface of 2.5 A. Similarly to the defective models, the models with
adsorbed potassium atoms were geometry optimized, obtaining relaxed structures. The energy of
a potassium atom in a KIB was approximated by the energy of an isolated potassium atom. This
energy was calculated by performing a simulation for a potassium atom in a box with dimensions
of 14 x 14 x 14 A, allowing for the calculation on an isolated atom. For each of the materials, E g
was uniquely calculated with parameters corresponding to the respective models. The plane wave
cutoff energy of the potassium atom was found to be converged for the values of the plane wave
cutoff used for the models. The result of this convergence test can be found in Appendix A.

2.6 Bader charges

The Bader charges of various models were evaluated to better understand the systems that arise
upon vacancy formation and potassium adsorption. The analysis was performed by means of the
publicly available Bader Charge Analysis code as provided by the Henkelman group.[51] The anal-
ysis can provide a good approximation of the total electronic charge of an atom.|52] Therefore,
calculating the Bader charge, provides a means to quantify charge redistribution and transfer pro-
cesses such as vacancy formation and adsorption. For the formation of vacancy defects, the focus
will be on how the charge is redistributed as bonds are no longer made with the vacant atom.
Upon potassium adsorption, the potassium atom bonds with atoms on the 2D surface, resulting in
a redistribution of charge. Therefore, the calculation of Bader charges can be used to better under-
stand the interaction of vacancy defects and potassium atoms with the 2D surfaces. Specifically,
the analysis will be done on the pristine models, and moreover Bader charges on selected strained
models were calculated that showed a significant difference in adsorption or vacancy formation
energy with respect to the pristine model.



2.7 Electronic properties

The conductivity of a material is of importance in its application as anode. Therefore, the density
of states and band structures, as a proxy for electrical conductivity, were calculated for the pristine
and strained models. For each of these models, the primitive cell was determined from the geometry
optimized 2x2 supercell using vaspkit. For the band structures, a high symmetry path along
the Brillouin zone was taken. The coordinates of the high symmetry points were determined using
SeekPath. The density of states and band structures were plotted using py4vasp.

The projected density of states was obtained by use of Vaspkit.

3 Results

3.1 Pristine models

Throughout the research the pristine models were taken as a reference to evaluate the effect of
strain in respect to the pristine models. The pristine models of a) graphene, b) silicene, and c)
phosphorene, are represented in figure [4], showing the structural parameters of the models.

2.21

Figure 4: An illustration of the pristine models of a) graphene, b) silicene, and c) phospohrene, showing the values
for the evaluated structural parameters.

To assess the change in electronic structure upon strain, the density of states and band structures
were simulated for the optimised structures, with the pristine models taken as a reference. The
electronic properties calculated for the pristine models were found to be in accordance with the lit-
erature. [56] For graphene and silicene, the density of states and the band structures
showed the expected Dirac cones. Phosphorene showed a bandgap of 0.65 eV, which is
comparable to previously reported values in the literature (0.80/0.87 eV) considering different use
of functional and simulation parameters. Therefore, phosphorene was found to be semicon-
ducting, in agreement with literature. The mentioned characteristics of the electronic properties
are shown in the calculated density of states and band structures (figure [5)).
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Figure 5: The density of states and band structures of the pristine models are shown for graphene, silicene, and
phosphorene respectively. For graphene and silicene the characteristic Dirac cones are present, concording with the
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3.2 Strain engineering of undefective models

The strained models were initially assessed on energy and structure to determine the range of
applicable strains, and moreover, to get an overview of the (electronic) structural changes, as
modulated by strain, that affect the calculated properties relating to anode performance. In figure
[6] the energy of the strained models are set out against the applied strain. This graph shows
parabolic behavior for all three materials for the deviation from the ground state of the unstrained
system. For silicene, the energy outside the range of -10% to +10% strains starts significantly
deviating from the pristine system. Therefore, an initial range of strains between -10% and +10%
was chosen to assess the effect of strain on silicene. As a result of the additional initial assessment on
the structure of the strained models, a range of -5% to +20% was chosen for phosphorene. Outside
the range of -5% to +25%, phosphorus atoms were found to make different bonds, resulting in
notable differences with the structure of the pristine model, as shown in figure [7] In the rest of
this work, the range of strains was chosen to be -5% to +10%, allowing for sufficient comparison
between the compressed and tensile strained models. Overall, the results of the initial assessment
of the strained models concord with the known structural stability and mechanical strength of the
materials. For graphene, known as a strong material, no initial reassessment of the range of strains
was considered, though for the significantly high compressive strains of -20% to -30% it should
be noted that the carbon atoms started to make significantly more bonds, including bonds with
carbon atoms outside of their nearest neighbors. In contrast, the range of strains for phosphorene
and silicene was significantly reduced, for compressive as well as tensile strains, to a smaller range,
corresponding to the respective structural instability and susceptibility to fracture formation.
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Figure 6: The energy of the strained models as a function of various applied strain.
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Figure 7: Various models of phosphorene shown outside of the range from -5% to +25% that resulted in structures
significantly different from the pristine structure, which is additionally represented in the figure.

As shown in figure [6] the energy of the compressed models generally deviate more significantly
from the ground state. For graphene, this is specifically shown for the strains ranging from 20% to
30%. Therefore, it is not surprising that upon geometry optimization of the respective supercells,
the structures became significantly disordered. These models were therefore omitted in the cal-
culations of the vacancy formation and adsorption energies. The ranges of strains for the models
were further modified upon introduction of vacancy defects and potassium adsorption, resulting in
bent or disordered structures for high applied strains.
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3.2.1 Structural changes as a function of strain
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Figure 8: The change in structure upon strain represented by selected structural parameters for each material.
The effect of strain on structural parameters is shown, on the bond length for graphene, the bond angle and length

for silicene, and the OC bond length for phosphorene. For each of the materials, figures are shown illustrating the
change in structure upon the applied strain for a) graphene, b) silicene, and ¢) phosphorene.

For each material, the change in structure upon the applied strain was assessed to understand how
the materials yield to strain, and moreover, to understand the effect of the change in structure,
as modulated by strain, on the evaluated properties relating to anode performance. In general,
bond lengths were found to increase upon tensile strains and decrease for compressive strains, in
concordance with expectations. However, each material showed to yield differently to the applied
strain.

Graphene was found to have the most stable reaction to the applied strain, which aligns with
graphene being a strong material. Phosphorene showed to have the least consistent response
to the strain, which could possibly be explained by its highly buckled structure and variety in
bond lengths and angles. The various responses are illustrated in figure [8 by a few representative
structural parameters set out against the strain. The stable reaction of graphene to the applied
strain can be found in the C-C-C bond angle remaining constant with applied strain, while the
C-C bond length showed to change in a strictly linear manner.

The structural parameters of phosphorene show in general a relatively linear response to the
applied strain. The unpredictable behavior of phosphorene is found for the OC bond lengths
(Figure [4), which do not reveal a clear trend upon the applied strain, as shown in figure [§f The
results of silicene show a relatively regular reaction to the strain in terms of structural parameters.
However, a difference is observed for the response to compressive as opposed to tensile strains.
The Si-Si-Si bond angle shows to be most prominently affected by the application of compressive
strains, while the Si-Si bond length is more prone to change upon the application of tensile strains,
which is shown in figure

For silicene, the distance between the upper and lower Si atoms was additionally evaluated,
to understand the change in puckering upon applied strain. The effect of strain on the defined
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distance shows to be relatively linear, showing that the structure flattens upon the application of
tensile strain, while upon compression the structure becomes increasingly more buckled. The flat-
tening of the structure is illustrated in ﬁgure in b), along with structural changes for a) graphene
and c) phosphorene, showing the increase in C-C bond length for graphene, and the change in OC
bond length and structure for phosphorene. An overview of all evaluated structural parameters
upon application of strain can be found in Appendix C.

3.2.2 Electronic structure changes as a function of strain
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Figure 9: The change in density of states shown for a) silicene, b) graphene, and c) phosphorene, respectively, for
various applied strains.

The change in electronic structure upon strain was evaluated as a proxy for electrical conductivity.
The effect of the applied strain resulted in a different effect for each individual material. For
silicene, the Dirac point was found to shift with applied strain (figure @ with the Dirac cone
shifting to the valence band upon compressive strains and to the conduction band upon tensile
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strains. In contrast, the Dirac cone of graphene changes in shape, becoming either steeper upon
tensile strains, or broader upon compressive strains, which is shown in the calculated density of
states in figure[0D] For phosphorene, which in contrast to graphene and silicene is a semiconductor,
shows a direct correlation between band gap and applied strain. As shown in figure [L0| the band
gap becomes direct upon the 3% tensile strain. The band gap becomes smaller as the structure is
compressed, likewise due to higher interactions between atoms that are forced closer together. The
shrink of the band gap for the 10% tensile strain might be explained by the change in structure,
where the structure is flattened (figure [8]) resulting equally in more interaction between the atoms.
This change in structure also served as a possible explanation for the sudden decline in adsorption
energy for the 10% strained model, as presented in the results later on. The change in band gap can
similarly be observed in the density of states shown in figure The calculated band structures
for the various applied strains can be found in Appendix F.
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Figure 10: The band gap of phosphorene for various strains, where the band gaps for the tensile strains are direct.

In summary it was found that the energy, the structure, and electronic structure, significantly
started deviating from the pristine models with applied strain. Changes in energy and structure
resulted in a reassessment of the studied range of strains for each material, resulting in a range
of -5% to +10% for graphene and phosphorene, and +2% to +10% for silicene. The effect of
the strain as presented by the results show to concord with what is known about the mechanical
strength and stability of the materials, showing graphene to have the most stable response to
strain. The initial assessment on the change in (electronic) structure of the materials provides the
basis for understanding the effect of strain as vacancy defects and potassium atoms are additionally
introduced.

3.3 Vacancy strain engineering

The effect of strain engineering on the propensity of vacancy defect formation was assessed through
the calculation of vacancy formation energies, with the pristine models taken as a reference. The
values for the vacancy formation energy of pristine graphene, silicene, and phosphorene were calcu-
lated to be 7.70, 3.28 and 1.33 eV, respectively, in good agreement with previous literature.[49][61]
The vacancies that resulted for a) graphene, b) silicene, and c¢) phosphorene, are represented in
figure With 7.70 eV as the highest calculated value, graphene shows to be the least prone to
the formation of vacancy defects. This aligns with the known mechanical strength of graphene,
adding to the mechanical strength that was previously found in the respective stable response to the
application of strain. The relatively low vacancy formation energies for silicene and phosphorene
correspond to their obstacles in KIB anode application, relating to structural instability.
Moreover, to understand the reorganisation of charge due to the introduction of a vacancy, the
Bader charges were calculated to compare the pristine to the defective models (calculated Bader
charges can be found in appendix G). For graphene, the charge transfer showed to be relatively
delocalized. In the case of silicene, the atoms closest to the formed vacancy, showed to form four
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bonds, instead of the common three, which can be found in the significant increase of charge
(4+0.173, +0.157, and +0.189) for these specific atoms. Moreover, it was found that atoms located
farther away from the vacancy (about 2-3 bond lengths), still showed a significant change in charge
due to the introduction of the vacancy defect. In the case of phosphorene, the atom located in
the middle showed to have the most significant change in charge (-0.090), closest to the originally
removed atom. This site was found to have a negative value (-0.064).

a) b) c)

Figure 11: Vacancy defects in the defective models shown for a) graphene, b) silicene, and c) phosphorene.

It was found that upon the introduction of vacancy defects, the structural parameters changed
in proximity. For silicene and graphene, both having hexagonal structures, it was found that the
introduction of defects resulted in disordered structures for high strains. This is likely caused by
additional strain that was induced by the introduction of defects, as illustrated by the generally
found structural changes. As a result, the range of strains for silicene only consists of positive
strains, as the compressed models resulted in bent or disordered structures. For the bent struc-
tures the vacancy formation energy was initially still calculated. However, it was found that the
formation of vacancy defects significantly increased as can be seen in Appendix D. Additionally,
the high tensile strained models of 20% and 30% of graphene showed to be significantly affected by
the induced strain, resulting in under-coordinated carbon atoms. Therefore, the strained models
that resulted in bent or disordered structures were omitted for silicene and graphene, resulting
in only tensile strained models for silicene and a range from -5% to +10% for graphene for the
calculation on the defective models. An example of models showing bent or disordered structures
upon introduction of vacancy defects, can be found in figure [I2]

Figure 12: An example of the bent/disordered models arising as a result of vacancy defects for silicene (left) and
graphene (right), respectively.

With the application of the reassessed strains, the likelihood of forming a vacancy defect
changed, as shown for the three materials in figure [I3] For compressive strains, the vacancy
formation lowered, with 40.6% for graphene and 103.0% for phosphorene, showing an increased
propensity for the formation of vacancy defects. This is in accordance with the previous results,
showing that compressed strained models are more prone to significant structural changes and
deformation. Tensile strains up to 5% or 6%, show vacancy formation energies that slightly in-
crease with respect to the pristine model with a maximum increase of 0.6% for graphene, 14.9%
for silicene, and 14.3% for phosphorene. For a high tensile strain of 10%, graphene and silicene
show a significant decline in vacancy formation energy of 24.7% and 20.7% respectively, relative to
the pristine models. This showed that it becomes more favorable to form defects as the system is
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significantly tensile strained. This might point to a way for the hexagonal structure of silicene and
graphene to release the energy of a significantly high applied tensile strain through the formation
of a vacancy defect. This is additionally supported by the results for the highly tensile strained
models of 20% and 30% for graphene, showing that uncoordinated carbon atoms formed upon the
introduction of vacancies and potassium atoms.

With tensile strain, phosphorene shows a similar propensity to form vacancy defects in respect
to the pristine model, even when a significant tensile strain of 10% is applied. The change in
structure of the strained models resulted in a difference in the vacancies that formed, as illustrated
in ﬁgure where the vacancies of the pristine and 10% strained models are shown for a) graphene
and b) silicene respectively, and for ¢) phosphorene the vacancies of the -5% strained and pristine
model are shown. The calculated vacancy formation energies can be likewise found represented in
tables in Appendix D, while calculated Bader charges for selected vacancies upon strain can be
found in Appendix G.
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Figure 13: Vacancy formation energy as a function of strain for a) graphene, b) silicene, and c) phosphorene.
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Figure 14: An illustration of the vacancies that formed for pristine and strained models for a) graphene, b) silicene,
and c¢) phosphorene.

For selected defective models that showed to most deviate in vacancy formation energy in
respect to the pristine models, the density of states were calculated. For graphene and silicene,
the biggest deviation from the pristine density of states were found. For these materials, the Dirac
cones were found to be distorted by the introduction of added peaks. The calculated density of

states can be found in appendix F, showing the electronic structure for the defective pristine and
strained models.
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3.4 Potassium Adsorption

The calculation of the adsorption energy was used to assess the efficiency of potassium adsorption
upon applied strain. Initially, the adsorption energy for the pristine models were calculated, to
understand the changes that arise upon the application of strain. Potassium can adsorb onto
various sites, hence that various sites were assessed to determine the most favorable site, referring
to the site with the most negative value for the adsorption energy. The various sites that were
assessed included the hole sites (H), top sites (T), and bridge sites (B), as shown in figure
for a) graphene, b) silicene, and c) phosphorene. The hole sites that were evaluated were taken
to be the midpoint of the shown structures. Due to the puckering of silicene and phosphorene,
additional sites were evaluated. For silicene, this included a distinction between the top sites on
the upper and lower atoms, while for phosphorene a distinction was made between the upper and
lower bridge sites. For each material, the most favorable site was found to be the H site which
is in agreement with the literature, as shown in table The adsorption energy of phosphorene
shows to be the most negative with a value of -2.809 eV, which is followed by silicene and graphene
respectively with the values of -2.190 eV and -1.80 eV. This is in agreement with the known values
for the (theoretical) specific capacity for each of the materials, as the capacity of graphene is
relatively low and the capacity for phosphorene was expected to be the highest. This shows that
the calculation of the adsorption energy can be used as a good measure to evaluate potassium
storage capacity in this research.

To understand the charge transfer upon the introduction of a potassium atom, the Bader
charges were calculated to compare the pristine to the adsorbed models. For each material, the
potassium adsorption showed to be ionic. The adsorption of potassium showed to be the most ionic
for graphene. For graphene, the change in charge for the carbon atoms surrounding the H site
was found to be delocalized. For silicene, this was likewise the case. However, it was shown that
the upper atoms surrounding the H site had the most significant change in charge, gaining a more
negative value. This is likely explained by the stronger formation of bonds formed with the upper
atoms, relatively to the lower surface atoms of silicene. In the case of phosphorene, the transfer
of charge likewise showed to be delocalized and in addition relatively symmetric. The calculated
Bader charges for the pristine models, and the change in charge for the H sites containing adsorbed
potassium, can be found in appendix G.

a) b) c)

Figure 15: An illustration of the assessed adsorption sites of the pristine models of a) graphene, b) silicene, and
¢) phosphorene.

The adsorption energies that were calculated for the pristine models showed to be in good
agreement with the referenced studies. This can be seen in table 2l The values of silicene, except
for being slightly higher, show good agreement with the referenced study. The lower values of the
referenced study could be explained by the omitted use of van der Waals corrections. [62]

For graphene, the adsorption energies of the referenced study are considerably lower, which can be
explained by the difference in use of functional.[50] A similar explanation for the relatively high
values of phosporene could be adopted, or could be partially ascribed to the relatively high conver-
gence criterion for our supercell size.[63] For phosphorene, the T site was found to be unstable for
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the methodology chosen in this work, therefore the T site is not included in table [2| The site was
found unstable as the potassium atom moved away from the T site upon geometry optimization,
when the positions of the atoms were allowed to relax. Overall, the adsorption energies are found
to have similarity in value and in affinity of sites to the referenced studies.

Table 2: Adsorption energies of potassium on the pristine silicene, graphene, and phoshporene model respectiely,
compared to literature. The adsorption energies of silicene, graphene, and phosphorene are shown together with the
distances dk=si, dx=c, and dx=p. Here, dx—gsi (A) is defined as the bond length between the adsorbed potassium
atom and the nearest Si atom. For dk-c (A) and dx=p (A) the distance is defined as the seperation between the
adsorbed potassium atom and the surface layer.

Ea (eV) TU | dkssi | TL | dks=si | H | dk=si | B | dk=si
Literature |62] | -1.704 | 3.18 -1.799 | 3.41 -2.188 | 2.91 - -
Calculations -2.068 | 3.19 -2.109 | 3.37 -2.190 | 3.49 -2.107 | 3.31
Ea (eV) B | dk=c | T | dk=c | H | dk=c

Literature [50] | -0.98 | 2.66 -0.98 | 2.68 -1.05 | 2.57

Calculations -1.72 | 2.67 -1.72 | 2.69 -1.80 | 2.60

Ea (eV) ‘ B ‘ dk=p ‘ Bl ‘ dk=p ‘ H ‘ dk=p ‘ T ‘ dk=p
Literature |63] | - - -0.940 | - -1.142 | 2.65 -0.554 | -
Calculations -2.783 | 2.52 -2.510 | 2.85 -2.809 | 2.53 - -

3.4.1 Defective models

To understand the effect of introducing a vacancy defect onto a system, the adsorption energy
was calculated on the unstrained defective models of the 2D materials. This was done by cal-
culating the adsorption energy on various sites around the vacancy, and comparing these values
to the adsorption energy on the reference sites, which were taken at edge of the supercell away
from the vacancy defect. The various sites that were evaluated are shown in figure [16| for a) sil-
icene, b) graphene, and c) phosphorene. Overall, the adsorption energy was found to strengthen
when potassium is adsorbed near the vacancy, as opposed to sites on the edge of the cell. The
strengthening of the adsorption energy at the most favorable site around the vacancy, in respect
to the most favorable site on the edge of the cell, included 26% for graphene, 9% for silicene, and
12.7% for phosphorene. This points to the introduction of vacancy defects possibly contributing
to potassium storage capcacity.

For silicene, the adsorption energies on the edge were found to be between -2.83 and -2.99 eV,
except for the TU site that was found to be unstable. With the chosen methodology, only the
H1, H2 and H3 site around the vacancy were found to be stable, with the H2 site being the most
favorable with a value for the adsorption energy of -3.26 eV. In the case of graphene, all sites on
the edge were found to be stable, with a lowest adsorption energy of -2.03 eV. Around the vacancy,
the B1 site was the only site that was found to be stable with an adsorption energy of -2.56 eV.
At the edge of the phosphorene supercell only the H site was found to be stable, giving rise to an
adsorption energy of -2.92 eV. The stable sites around the vacancy included the T1 and H2 site
showing an increase in adsorption energy to -3.29 eV and -3.22 eV respectively. The T1 site was
found to be the most favorable, likely relating to the found results for the Bader charges on the
unstrained defective model of phosphorene. These results showed that the Bader charge of the T1
site significantly decreased due to the introduced vacancy, resulting in a significant negative value
for this site, relative to surrounding atoms. The calculated adsorption energies for each unique
adsorption site is included for each system in Appendix E.
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Figure 16: The evaluated adsorption sites labelled for the unstrained defective models of a) silicene, b)
graphene and c) phosphorene.

3.4.2 Strain engineering

For the introduction of potassium atoms it was found that the structural parameters changed in
proximity, likewise to the introduction of vacancy defects. For the strain engineering of potassium
adsorption it was found that the structures of the highly strained models of silicene and graphene
became bent or disordered, likely caused by additional strain induced by the potassium atom,
likewise to the vacancy defects. For silicene, the adsorption energies on the bent structures were
still calculated. However, it was found that the favorable adsorption sites significantly altered, as
can be found in Appendix E. Therefore, the strained models that resulted in bent or disordered
structures were omitted. This resulted in the omission of compressive strained models for silicene
and graphene, and the higher tensile strained models of graphene for 20% and 30% applied strain.
An example of models showing bent or disordered structures upon potassium adsorption, can be
found in figure [I7]
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Figure 17: An example of the bent/disordered models arising as a result of potassium adsorption for silicene (left)
and graphene (right), respectively.

The potassium adsorption was assessed for the resulting strained models. It was found that the
adsorption energy changed due to application of strain for each of the 2D materials, as shown in
figure For each material, there are strained models that show an adsorption energy stronger
to that of the pristine model. Specifically, for the 10% strained models each material shows a
significant strengthening of adsorption energy of 36% for graphene, 32% for silicene and 12% for
phosphorene. This shows that strain engineering could be an applicable method in the improving
of potassium storage capacity for each of these materials.

The change in adsorption energies can likely be explained by the change in structure. The H
sites were found to remain the most favorable for each material upon the application of strain.
However, the characteristics of the hole sites changes through the modulation of the structures
through strain. For graphene, as shown in a) in figure the hole site increases upon strain, as
expected based on previous results, possibly allowing the potassium atom to adsorb closer to the
surface. For graphene, tensile strain results in a considerable linear strengthening of the adsorption
energy. This possibly relates to the linear increase of the bond length (and constant bond angle)
as shown in previous results, resulting in a consistent change of the character of the evaluated hole
site.

For silicene and phosphorene a significant strengthening between the +5% and +10% model can
be noticed. This might be explained by the flattening of the initially more buckled structures. In
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the case of silicene, the flattening of the structure possibly allows for the formation of stronger
bonds between the potassium atom and the lower surface atoms, increasing adsorption energy, and
potassium capacity storage. The flattening of the structure, could likewise be an explanation of
the strengthening in adsorption energy for phosphorene. However, the change in the character of
phosphorene shows to be more variable, as the structural change to the applied strains showed
to be more varied. The change in structure of the hole sites is likewise shown for b) silicene and
c¢) phosphorene in figure This shows that for the strain engineering of potassium adsorption
capacity, the structure of each of the materials is of importance as it relates to the structure of the
adsorption sites.
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Figure 18: The adsorption energy of the H site shown against the various applied strains for the 2D materials.

The 10% tensile strained models of phosphorene, silicene, and graphene show the most sig-
nificant strengthening of adsorption energy. However, the 10% tensile strained models of silicene
and graphene were shown to be more prone to vacancy defect formation. This could additionally
contribute to the improvement of potassium storage capacity, as shown by the previous results.
However, if the formation of defects occurs in large quantities, this could likewise result in un-
stable structures. For silicene, this might be an issue as the lower vacancy formation energies for
silicene and phosphorene showed to compare to their obstacles in application regarding mechan-
ical strength and structural instability. In the case of graphene, the vacancy formation lowers to
5.80 eV, which is still significantly higher than the values for pristine silicene and phosphorene,
hence the lower vacancy formation energy of graphene could additionally contribute to increasing
potassium storage. For phosphorene, applying compressive strains might additionally be of use in
increasing potassium storage. However, the vacancy formation energy showed to have a value of
-0.04 eV, showing the formation of vacancy defects to be energetically favorable for this strained
model in equilibrium conditions, which could hinder the use of compressive strains for phosphorene
in KIB applications. The values of the adsorption energy upon strain for each of the evaluated
sites and materials can be found in Appendix E. Additionally, the calculated Bader charges for the
potassium atom and surrounding atoms for the strained models can be found in Appendix G.
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Figure 19: The change in potassium adsorption onto the H site upon applied strain is shown for a) graphene, b)
silicene, and c) phosphorene.

b) — J—
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3.4.3 Electronic structure

The projected density of states (PDOS) was calculated for selected models with adsorbed potassium
that showed a significant change in adsorption energy with respect to the pristine models. The
figures are included in Appendix F, and show in red the contribution of the potassium states to the
conduction bands of the electronic structures of the materials. A higher contribution of potassium
states to the conduction band likely points to a higher charge transfer from the potassium atom
to the 2D materials. This is generally supported by the calculated Bader charges of the potassium
atoms for the same systems. Considering the pristine models, the PDOS shows the smallest
contribution of potassium states in the conduction band for phosphorene, followed by silicene and
then graphene. This aligns with the adsorption of potassium onto the pristine phosphorene model
being the least ionic and the most ionic for graphene. With strain, it is shown that the contribution
of potassium states in the conduction shifts. For phosphorene, the contribution is the lowest for
the 0% strained model, higher for the -5% and the highest for the 5% and 10% strained models.
This additionally concords with the respective calculated Bader charges of 0.855, 0.856, 0.865 and
0.862. In the case of silicene, the contribution of the potassium states shows to increase between
the 0% and 10% strained model, which shows a difference in regarding expectation relative to the
respective Bader charges of 0.862 to 0.855. For graphene, the contribution shows to stay relatively
the same between the 0% and 10% strained models, with respective Bader charges of 0.905 and
0.902. These results point at a high contribution of potassium states in the conduction band
relating to a more ionic potassium adsorption. The mentioned results of the projected density of
states, additionally with the calculated total density of states, of the adsorbed potassium systems
can be found in Appendix F. The values for the Bader charges that were mentioned can be found
in Appendix G.

Moreover, it was found that the potassium adsorption resulted in a decrease of the band gap for
phosphorene across the various applied strains. This is represented by figure[20] and is important in
the application of phosphorene as KIB anode, as potassium adsorption shows to increase electrical
conductivity.
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Figure 20: The bandgap of pristine phosphorene for various strains shown in comparison to the bandgap of
g
phosphorene models with adsorbed potassium.

4 Conclusion

In this work, the effect of strain was evaluated on properties of 2D KIB anode materials, relating
to anode performance, including the propensity to form vacancy defects, potassium adsorption
energetics, and electronic structure. It was found that strain engineering is an applicable method
that could be used in the enhancement of KIBs. In particular, this was found across the 2D
anode materials for the +10% strained models, showing a significant strengthening of adsorption
energy, pointing to an increase in potassium storage capacity. Additionally, it was found that
the formation of vacancy defects could provide an additional means to improve potassium storage
capacity, as the adsorption energy around the vacancy was shown to strengthen relative to states
farther removed from the vacancy defect. In the application of strain engineering, tensile strains
would be recommended over the use of compressive strains, as the compressive strained models
showed overall to be more prone to significant structural changes and disorder.
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Table 3: For each material, the strain of the strained model is shown that showed to contain the best
prospects for KIB anode application, illustrated by the values for the vacancy formation energy and
adsorption energy. The values for the pristine models are denoted in the brackets.

| +10% graphene | 4+6% silicene | 4+10% phosphorene
Vacancy formation energy (eV) | 5.80 (7.70) 3.55 (3.28) 1.35 (1.33)
Adsorption energy (eV) -2.45 (-1.80) -2.30 (-2.19) | -3.15 (-2.81)

In table[3] the strained models that showed the best prospects for KIB anode application are shown
for each of the materials. In brackets, the values of the pristine models are represented. As shown,
the 10% tensile strained model was selected for graphene, as it shows a strengthening of adsorption
energy in respect to the pristine model of 36.1%. Additionally, the vacancy formation energy
lowered to a value of 5.80 eV, increasing the propensity to form vacancy defects, possibly allowing
for an additional increase in potassium storage capacity. Therefore, the relatively low potassium
storage capacity of pristine graphene is expected to significantly increase for the application of
+10% tensile strain, resulting in comparable storage capacity to pristine silicene and phosphorene,
selected for their high storage capacity. In the case of silicene, the +6% strained model showed to
have the best prospects for KIB anode application. In respect to the adsorption energy, the +10%
strained model showed the best prospects with a strengthening of adsorptioin energy with 32%.
However, for this applied strain the vacancy formation energy was found to significantly decrease
with 20.7% in respect to the pristine model. This would possibly result in a more significant obstacle
in application of silicene as anode, regarding its susceptibility to form fractures. Therefore the +6%
strain model was selected, showing a strengthening of adsorption energy with 5% and an increase in
vacancy formation energy of 8.2%. Regarding phosphorene, the 10% strained model was selected
showing a similar value in vacancy formation energy, a strengthening of the adsorption energy
with 12.1%, and a decrease in band gap for pristine phosphorene of 23.1% improving electrical
conductivity. However, it should be noted that the adsorption energy for phosphorene was found
to be significantly stronger with a value of -3.15 eV, which could show to be an obstacle in KIB
application, limiting potassium transport due to high affinity for potassium adsorption. Likewise,
the strong adsorption energy could contribute to a significantly high storage capacity. In summary,
the three selected strained models include 2D strained engineered material that show great promise
in their application as KIB anodes, hence showing the applicability of strain engineering as a
method to enhance KIB performance.

5 Future research

To further elucidate the general effect of strain across 2D anode materials, a wider variety of
materials could be selected to better understand the effect of strain on materials showing a larger
variety of (electronic) structures and composition. To gain a better understanding of the prospects
of the 2D strain engineered materials in KIB application, the carrier mobility could be calculated to
relate the change in electronic structure with strain, to the electrical conductivity of the materials.
Additionally, the effect of strain on potassium storage capacity could be further elucidated through
performing simulations to assess potassium adsorption for the introduction of multiple potassium
atoms, in contrast to the study of the adsorption of an isolated potassium atom, more closely
representing anode materials in the application of KIBs. Lastly, the effect of strain on 2D materials
could be elucidated for a wider range of properties, focusing for example on other applications.
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Appendix A: Convergence Tests
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Figure 21: Convergence tests performed for silicene with PBE+D3 as XC functional: a. kpoints convergence
test where the system was converged at 7x7x1 for a convergence criterion of 0.01 eV /atom, b. plane wave cutoff
energy convergence test where the system was converged at 400 eV for a convergence criterion of 0.01 eV /atom,
c. vacuum convergence test where the system was converged at 10 A for a convergence criterion of 0.01 eV /atom,
d. supercell size convergence test on the vacancy formation energy, where the system chosen was the 8x8 supercell
which converged to 0.1 eV, below the general convergence criterion of 0.3 eV taken for the supercell size convergence
test.
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Figure 22: Convergence tests performed for graphene with optPBE-vdW as XC functional: a. kpoints convergence
test where the system was converged at 33x33x1 for a convergence criterion of 0.01 eV /atom, b. plane wave cutoff
energy convergence test where the system was converged at 800 eV for a convergence criterion of 0.01 eV /atom,
c. vacuum convergence test where the system was converged at 8 A for a convergence criterion of 0.01 eV /atom,
d. supercell size convergence test on the vacancy formation energy, where the system chosen was the 8x8 supercell
which converged to 0.18 eV, below the general convergence criterion of 0.3 eV taken for the supercell size convergence
test.
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Figure 23: Convergence tests performed for phosphorene with PBE+D3 as XC functional: a. kpoints convergence
test where the system was converged at 11x1x11 for a convergence criterion of 0.01 eV /atom, b. plane wave cutoff
energy convergence test where the system was converged at 400 eV for a convergence criterion of 0.01 eV /atom,
c. vacuum convergence test where the system was converged at 20 A for a convergence criterion of 0.01 eV /atom,
on the vacancy formation energy, where the system chosen was the 6x6 supercell
which converged to 0.3 eV at the taken convergence triterium for the supercell size convergence test.

d. supercell size convergence test
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Figure 24: Convergence tests performed for an isolated potassium atom using PBE as XC functional, where it is
shown that the plane wave cutoff energy is converged at 400 eV.
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Appendix B: Structural Parameters

Silicene

Table 4: Structural properties of silicene for various XC functionals.. The structural parameters
are shown with the respective deviation (dev) to the referenced literature. The lattice constant is
denoted by a, the bond length by d and the bond angle by

| a(A) | dev (%) | d(A) | dev (%) | () | dev (%)

Literature |46) 3.83 - 2.25 - 1164 | -

optPBE-VAW 3.873 | 1.12 2.287 | 1.64 115.7 | 0.60

PBE+D3 3.866 | 0.94 2.278 | 1.24 116.1 | 0.26

VdW-DF2 3.899 | 1.80 2.306 | 2.49 115.4 | 0.86

revPBE+D3 3.882 | 1.36 2.286 | 1.60 116.2 | 0.71

PBEsol+D3 3.847 | 0.44 2.267 | 0.76 116.1 | 0.26
Graphene

Table 5: Structural properties of graphene for various XC functionals. The structural parameters
are shown with the respective deviation (dev) to the referenced literature. The lattice constant is
denoted by a, the bond length by d and the bond angle by

|ad) | dev (%) | d@A) | dev (%) | () | dev (%)

Literature [44][45] 2.46 - 1.42 120 -

optPBE-VdW 2.4702 | 0.41 1.426 | 0.42 120 0

PBE 2.4671 | 0.29 1.424 | 0.28 120 0

VdW-DF 2.4764 | 0.67 1.430 | 0.70 120 0

revPBE 2.4751 | 0.61 1.429 | 0.63 120 0

PBEsol 2.4604 | 0.02 1.421 | 0.07 120 0
Phosphorene

Table 6: Structural properties of phosphorene for various XC functionals.. The structural pa-
rameters are shown with the respective deviation (dev) to the referenced literature. The lattice
constants are denoted by a and ¢, the bond lengths by d and the bond angles by

a (JAA) | dev (%) | ¢ (A) | dev (%) | dos (A) | dev (%) | doc (A) | dev (%)

Literature [47] 3.31 - 4.38 - 2.22 - 2.24 -

optPBE-VdW 3.32 0.30 4.62 5.48 2.237 0.77 2.278 1.70
PBE+D3 3.30 0.30 4.59 4.79 2.218 0.09 2.260 0.89
VdW-DF 3.35 1.21 4.74 8.22 2.248 1.26 2.297 2.54
revPBE+D3 3.31 0 4.67 4.67 2.222 0.09 2.270 1.34
PBEsol+D3 3.29 0.60 4.59 4.79 2.212 0.36 2.239 0.04

aog () | dev (%) | Boc () | dev (%)

Literature [47] 96.34 - 102.10 -

optPBE-VdW 95.9 0.46 103.8 1.67
PBE+D3 96.0 0.35 103.9 1.76
VdW-DF 96.2 0.15 104.6 2.45
revPBE+D3 96.3 0.04 104.5 2.35
PBEsol+D3 96.0 0.35 102.4 0.29
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Appendix C: Strain engineering
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Figure 25: The change in bond angle, length, and distance shown against the various applied strains for graphene.
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Figure 26: The change in bond lengths and angles for phosphorene shown against the various applied strains.
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Figure 27: The change in bond angle, length, and distance shown against the various applied strains for silicene.
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Appendix D: Vacancy formation energy

Silicene

Table 7: Vacancy formation energy (VFE) for various applied strains.

Graphene

Table 8: Vacancy formation energy

Phosphorene

Strain (%)

VFE (eV)

1
-2

Strain (%) |

-4.05
1.08
3.28
3.77
3.76
3.55
2.60

(VFE) for various applied strains.

VFE (eV)

-5

0
+5
+10

Table 9: Vacancy formation energy

Strain (%) |

4.97
7.70
7.75
5.80

(VFE) for various applied strains.

VFE (eV)

-5
-3

0
+3
+5
+10
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Appendix E: Adsorption energy

Silicene

Table 10: Adsorption energy for the various sites of the strained models.

Strain (%) | H TU TL B

-4 -6.91 | -7.23 | -7.07 | -7.21
-2 -2.39 | -3.20 | -2.53 | -3.14
+0 -2.19 | -2.07 | -2.11 | -2.11
+2 -2.20 | -2.06 | -2.11 | -

+4 -2.22 | -2.07 | -2.11 | -

+6 -2.30 | -2.15 | -2.18 | -
+10 -2.88 | -2.68 | -2.73 | -2.72

Table 11: Adsorption energies of potassium for various sites on the unstrained defective model of silicene.

‘TL ‘Tl

| H

| H1

| H2

| H3 | B

Ea (eV) | -2.829 | -3.197 | -2.987 | -2.713 | -3.256 | -3.146 | -2.906

Graphene

Table 12: Adsorption energy for the various sites of the strained models

Strain (%) | H | T | B

+0 -1.80 | -1.72 | -1.72
+5 -2.17 | -2.09 | -2.09
+10 -2.45 | -2.36 | -2.37

Table 13: Adsorption energies of potassium for various sites on the unstrained defective model of silicene.

| T

| H

| B

| B1

Ea (eV) | -1.96 | -2.03 | -1.97 | -2.56

Phosphorene

Table 14: Adsorption energy for the various sites of the strained models

Strain (%) | H Bl | B

-5 -3.10 [ -2.78 | -3.02
-3 -2.97 | -2.68 | -2.94
+0 -2.81 | -2.51 | -2.78
+3 -2.63 | -2.33 | -2.61
+5 -2.58 | -2.27 | -2.55
+10 -3.15 | -2.84 | -3.12

Table 15: Adsorption energies of potassium for various sites on the unstrained defective model of phosphorene.

| T1 | H | H2

Ea (eV) | -3.291 | -2.921 | -3.224
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Appendix F: Electronic structure

Band structures: Strained models

Silicene
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Figure 28: The band structures plotted for various compressive strains
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Figure 29: The band structures plotted for various tensile strains
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Figure 30: The band structures plotted for various compressive strains
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Figure 31: The band structures plotted for various tensile strains
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Figure 32: The band structures plotted for various compressive strains
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Figure 33: The band structures plotted for various tensile strains

Density of states: Vacancy defects
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Figure 34: The total density of states shown for defective phosphorene for the -5% and 0% strained model.
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Figure 35: The total density of states shown for defective graphene for the -5%, 0% and 10% strained model.
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Figure 36: The total density of states shown for defective silicene for the 0% and 10% strained model.
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Density of states: Potassium adsorption
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Figure 37: The total density of states shown for phospherene with an adsorped potassium atom on the H site for
the -5%, 0%,5% and 10% strained model.
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Figure 38: The total density of states

shown for graphene with an adsorped potassium atom on the H site for the
0% and 10% strained model.
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Figure 39: The total density of states shown for silicene with an adsorped potassium atom on the H site for the
0% and 10% strained model.
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Figure 40: The projected density of states shown for phosphor atoms, and the potassium atom separately, for
the models of phosphorene with an adsorped potassium atom on the H site for 0%, -5%, 5%, and 10% strain,
respectively. For the contribution of the potassium states, the values are multiplied by 10 to improve visualization.
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Figure 41: The projected density of states shown for carbon atoms, and the potassium atom separately, for the
models of graphene with an adsorped potassium atom on the H site for 0% and 10% strain, respectively.For the
contribution of the potassium states, the values are multiplied by 2 to improve visualization.

applied strain 0%

applied strain 10%

—s — s
— K(x10) — K(x10)
50 50
w0 0
8w 8w
£ g
20 20
10 10
o o

-4 -2 2 4 -4 -2 [ 2 4

[
Energy (eV) Energy (eV)

Figure 42: The projected density of states shown for silicon atoms, and the potassium atom separately, for the
models of silicene with an adsorped potassium atom on the H site for 0% and 10% strain, respectively. For the
contribution of the potassium states, the values are multiplied by 10 to improve visualization.
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Appendix G: Bader charges

Vacancy defects
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Figure 43: The Bader charges of the pristine models are shown on the left, with the change in Bader charge upon
the introduction of a vacancy defect on the right, for graphene, silicene, and phosphorene, respectively.
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Figure 44: The Bader charges of the atoms surrounding the vacancies for various strained models for each of the
materials. For graphene, the -5%, the 0%, and the 10% vacancies are shown. For silicene, the 0% and 10% and for
phosphorene the -5% and 0%.
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Potassium adsorption

— 0%
-0.077
0.122 0.077  +0.008 -0.036
-0.167 R -0.053f R
0.107 0.007 0.081
0.152

— %

0.026
0.008

Figure 45: The Bader charges of the pristine models are shown on the left, with the change in Bader charge upon
potassium adsorption on the right, for graphene, silicene, and phosphorene, respectively.
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Figure 46: The Bader charges are shown for the potassium atom and atoms surrounding the adsorption site for
each of the materials. For graphene and silicene, the Bader charges are shown for the 0% and 10% strained models.
Additionally, the distance of the potassium atom to the surface is shown. For phosphorene, the Bader charges are
shown for the adsorption sites located in the -5%, 0%, 5% and 10% strained models.
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