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Abstract

The objective of this study was development of a graphical user interface to make an
accessible, user-friendly, fast learning, and easily portable work environment for atomic
simulations.The Simple Python Ipywidgets Interface to obtain the optoelectronic proper-
ties of Nanostructures (SPIN) is an open source graphical user interface that allows users
to work with standard SIESTA files and perform end-to-end atomic level simulation pro-
cesses, that is, it contains the complete flow, from the construction and visualization of
structures or systems until the pre-processing, execution, and post-processing of calcula-
tions such as structure optimization, electronic properties like band structure and density
of states (DOS) and optical properties. SPIN is an easy-to-use and fast-learning solution
written in Python and built from Ipywidgets, however, the end-user can use all available
features without the need for Python language knowledge. In this sense, to verify the use
of the interface, different approaches have been studied:

First, we present the effect of different structural defects on electronic and optical
properties of blue phosphorene nanotubes of both armchair and zigzag chirality. In addi-
tion, we have considered the influence of an applied electric field on the electronic states
of either pristine and defect-laden structures. The main defective features considered
are double vacancies and Stone-Wales defects, although results with these imperfections
are, as well, compared with those arising when single vacancies of two types are regarded.
The possible transition from semiconducting to metal-like behavior induced by the applied
field for large enough zigzag nanotubes is predicted. Deviations of the optical response of
defective systems compared to the pristine case are mainly revealed for the visible range
and above, with an evident quantitative anisotropy related to the specific polarization of
the incident light: parallel or perpendicular to the nanotube growth direction. This char-
acterization of structural defects and their effects on the optoelectronic properties of blue
phosphorene nanotubes is required to define how the surface of the nanotubes could be
utilized to develop new optoelectronic devices.

In second place, the efficiency of (14, 14) armchair and (14, 0) zigzag based blue phos-
phorene nanotube (BPNT) to identify and remove three popular toxic antibiotics — Sul-
fanilamide (SAM), Sulfadimethoxine (SMX), and Sulfadiazine (SDZ) - from the water
bodies were studied using density functional theory calculations. Analyzed molecules are
weakly adsorbed on the pristine BPNTs with adsorption energy of about —0, 312, —0, 285
and —0,377 eV. Further, the electronic properties of the fundamental and antibiotics-
adsorbed BPNT are investigated. The effect of single-vacancy BPNTs on the adsorption
affinity of antibiotic molecules was studied. Compared with pristine systems, despite the
increase in the reactivity of the zigzag BPNTs to the sulfonamides, armchair configurations
show a transition from bipolar-magnetic semiconductor to not magnetic metallic system,
suggesting that defective armchair BPNTs also can be employed as a sensor for antibiotic
molecules, besides single-vacancies increases the F, 4, values of all evaluated systems by
up to 89% indicating an improvement in the capacity of BPNTs to adsorbed biologically
active sulfonamide-based compounds like SAM, SDZ, and SMX.




Finally, the adsorption of single H atom and H5 on blue-phosphorene monolayer with
and without Pt atom adsorbed on the surface has been investigated using density func-
tional theory with the Perdew-Burke-Ernzerhof exchange correlation functional. Using H
adsorption energy as a descriptor, catalytic activity of evaluated systems for hydrogen
evolution reaction was estimated. Obtained results evidence the impact of Pt atom on
fundamental properties of the Blue-phosphorene monolayer, consequently, affecting its
catalytic activity toward hydrogen evolution reaction. These data, potentially, can be a
useful basis for designing and developing novel functional materials with predetermined
catalytic properties.

Keywords: Blue-phosphorene, GUI, DFT, optoelectronic properties, Adsorption affin-
ity
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1. Preliminary aspects

1.1. Introduction

1.1.1. Graphical user interfaces and computational tools focused on atomic
level simulations

The vast majority of studies and research carried out over the last few years at the atomic
level have been possible thanks to the growing computing power. That has allowed an
important advance in theoretical and computational methods to describe materials at the
electronic level, which has constituted and allowed the creation of valuable tools to ob-
tain reliable information at the atomic level [[1]]. One of the most popular approaches is
the density functional theory (DFT), which is implemented differently in many free and li-
censed computational codes. Among which we can find SIESTA [2], GPAW [3], Quantum
ESPRESSO [4], VASP [5], among others, which provide the ability to perform efficient
calculations of electronic structures and ab initio molecular dynamics simulations, both of
molecules and solids. It should be noted that power tools have been developed that work
in console or terminal (by command line) such as sisl [6] and VASPkit [[7] that facilitate
pre- and post-processing in SIESTA and VASP respectively. There are also programming
languages such as Python, with computational environments such as Jupyter notebook [8]
and some packages responsible for performing simulations and calculations at the atomic
level such as ASE [[l], Pyprocar [9], sisl [6]] and pymatgen [[10] whose purpose is to fa-
cilitate the handling of workflows. We can also find some software that provides a graph-
ical user interface focused on density functional theory calculations, such as sisl-gui [€],
UI4dft [11] and gpaw-tools [[12] that provides an interesting advance in terms of the im-
plementation of graphical user interfaces that simplify the process of simulating materials
at the atomic level, giving the user the possibility to calculate, visualize and save density of
states (DOS), band structure, charge densities and optical properties of the investigated
structures for SIESTA and GPAW, respectively. Another powerful tool is the commercially
available ASAP (Atomistic Simulation Advanced Platform) program [[13], which gives the
possibility of several analysis tools and features such as electronic properties, thermo-
dynamics properties, geometry evolution, chemical reactions and more, employing the




SIESTA code.

1.1.2. Two-dimensional materials

In 1947, PR. Wallace [[14] first studied graphene from a theoretical point of view, where
it was proposed as a limiting case of 3D graphite, but it was not until 2004 that graphene
was successfully isolated by Andre Geim and Konstantin Novoselov [[15]. This fact opened
a wide field of research on two-dimensional (2D) materials, so much so that based on their
work both won the Nobel Prize in Physics in 2010, an event that caused a "graphene gold
rush” [[16] and a great interest in the synthesis of new two-dimensional materials so that
today there is a large set of isolated and theoretically proposed 2D materials [17-19],
these materials have fascinating properties that give them great potential to be used in
numerous industrial applications such as small molecule sensors, flexible and low power
electronics and spintronic devices, optoelectronic applications in photonics, photovoltaics,
and plasmonics, as well as batteries, supercapacitors, and applications in thermoelectric
energy [20]; among them, we find phosphorene, which has unleashed a wave of scientific
research activities in the field of materials since its successful isolation in 2014 [21], 22].

1.1.3. General aspects, properties and applications of phosphorene

Phosphorene is a two-dimensional material composed of a monolayer sheet structure of
black phosphorus, this being a thermodynamically stable allotrope of phosphorus [21]],
which was synthesized in the year 1914 [23]. Phosphorene is a semiconductor material
that has a honeycomb structure with a fold or puckered hexagon [24]. It can be obtained
by mechanical exfoliation, with a sticky tape [25], by liquid exfoliation [26]. This mate-
rial has interesting properties that are basically caused by its unique structure that has a
strong in-plane covalent bond network and weak van der Waals interactions between sur-
face layers [27]; For this reason, this material is predicted to be an excellent alternative
to graphene.

One of the most remarkable characteristics of this material is its anisotropic behavior
in the plane between the armchair (AM) and zigzag (ZZ) directions [28]. Phosphorene
has a direct band gap ranging from 0.3 eV to 2 eV, which is modulated by changing the
number of stacked layers, due to quantum confinement.

These characteristics allow phosphorene to have great potential in photodevice appli-
cations in the ultraviolet (UV) and near-infrared (NIR) regions. The possibility of modu-
lating the phosphorene bandgap is also an advantage over graphene, which lacks a gap.
It allows phosphorene to have a moderate on/off coefficient (10* — 10°) , while retaining
high carrier mobility, making it suitable for many applications such as digital transistors.
Furthermore, phosphorene exhibits greater flexibility due to its smaller Young’s Modulus
compared to graphene [21], 24, 27, 29-32]. It can be shown that phosphorene contains
desirable qualities and parameters for device applications such as digital transistors be-
cause the candidate materials must have high carrier mobility for fast operation, a high
on/off coefficient (a larger bandgap at 0.4eV"), high conductivity and low off-state conduc-
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1. Preliminary aspects

tance for low power consumption; Phosphorene meets these characteristics, which make
this material play a important role in this type of application, and, in addition, makes it a
more favorable option in general terms than graphene, since this material shows superior
properties in some aspects but lacks necessary characteristics in others, e.g. compared to
phosphorene, graphene has extremely high carrier mobility, but due to its lack of a band
gap the material is impractical in field effect transistor applications (FET), since its on/off
coefficient is small (~ 5.5 — 44 ). [27,29]. It should also be noted that in phosphorene,
its pleated or “puckered” structure provides a suitable surface for interaction with drugs,
bioactive molecules, fluorescent molecules, and metal atoms allows a series of biological
applications such as targeted drug delivery, detection of biomolecules, cell imaging, and
cancer therapy [33].

Having the phosphorene as start point, other 2D phosphorus allotropes have been
proposed. These have been classified according to their absorption spectrum as red phos-
phorene, blue phosphorene and green phosphorene. Of these, blue phosphorene (BP) has
stood out because, like black phosphorene, it is predicted to be stable and was recently
proposed (2014) [34] and synthesized (2018) [35,36]. Its primary cell is hexagonal, un-
like black phosphorene, it has an isotropic structure. BP is a semiconductor material, and
due to its characteristics, studies have been carried out to use it in applications such as op-
toelectronic and nanoscale devices, due to tunable electronic and dielectric properties that
occur since the material has a specific band gap for the width and the edge of the [37]
structure. Various first-principles calculations exploring the geometric, electronic, and
magnetic properties of blue phosphorene monolayers, doped with light non-metal atoms
such as C' and O, have been performed. These calculations show that these systems
feature spin-polarized band gap. However, the main source of magnetism in these two
systems is quite different. This phenomenon may provide a route to functionalities of
optical and spintronic devices [38]. We can also find applications in transistors, negative
differential resistive devices, and lithium ion batteries [31], 39, 40].

1.1.4. Nanotubes, a morphology of great interest

The physico-chemical properties of two-dimensional materials can be modulated by chang-
ing the material morphology to form quantum dots [41], nanoribbons [42], nanowires
[43], nanorods [44], microrods/microscale platelets, nanotubes, nanoparticles, nanoscales,
and microscale scales [21],22)], each of these systems have different degrees of quantum
confinement.

Nanotubes (NTs) have been considered one of the most outstanding morphologies due
to the great interest that has been given to them in recent decades. This is due to the fact
that there is currently an urgent demand for tubular electronics to satisfy the wide range of
needs in optoelectronic devices, which emphasizes the importance of nanotube research,
in particular, for its electronic and optical properties [45]. Nanotubes are a class of one-
dimensional (1D) materials, whose thickness varies depending on the 2D material from
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which they come, and they have unique properties, such as high hardness, mechanical re-
sistance and flexibility. Similarly, they have optoelectronic properties modulable through
their diameter. In addition, they can conduct electric current effectively and have high
thermal conductivity. Due to that, they are potential materials in microelectronics, pho-
tovoltaic energy, gas detection, infrared photodetection, photocatalyst, and biomedicine
applications [46-56].

The “wrinkled” structure of phosphorene nanotubes gives them anisotropic behavior
in the plane between the armchair (AM) and zigzag (ZZ) [28] directions. For nanotubes,
the winding direction is a determining factor of its electrical properties. Furthermore, the
band gap and its optical properties can be modulated by its diameter [45]. We can mention
the research carried out by Yu et al [57], where they found that armchair-type phospho-
rene nanotubes have semiconducting properties along the axial direction, and that com-
pressive stress can significantly improve the carrier mobility; Additionally, they showed
that both strain effects and size effects are significant. Thus, armchair-type phosphorene
nanotubes have promising applications in nanoscale field-effect transistors, infrared pho-
todetectors, and strain sensors.

Regarding blue phosphorene nanotubes (BPNTs), Aierken et al [58] showed that blue
phosphorene is more suitable for producing small nanotubes. On the other hand, Montes
et al [48] showed that BPNTs are indirect bandgap semiconductors. This bandgap turns
outto be very sensitive to tube diameter, giving BPNTs great potential as a one-dimensional
platform for electronic devices. Moreover, Xiao et al [59] perform first principles calcula-
tions of the electronic structure and carrier mobility in BPNT, where it is evident that the
value of carrier mobility in the armchair direction ( ~ 3.3 x 10?) is less than the values
obtained for the zigzag direction (~ 1.5 x 10°), and the latter presents values comparable
to those of Carbon nanotubes ( ~ 10°) and higher than those of phosphorene nanotubes
(~ 4.2 x 10%). Ju et al [60] investigated the electronic structure and related properties
of BPNTs using first-principles calculations to explore their photocatalytic activity, show-
ing that the value of the formation energy of BPNTs with diameters greater than 8 Ais
very close to that of carbon nanotubes, indicating that these structures could be stable.
It is also pertinent to rescue the DFT study of the structural, electronic, dielectric, and
elastic properties of blue phosphorene nanotubes reported by Hao et al [61], where it is
observed that the properties of AM and ZZ type BPNTs are almost the same, and isotropy
is evident for a radius of up to 13 A.In fact, in both directions, the structure has Young’s
Modulus of approximately 136G Pa this being smaller than that of graphene, which indi-
cates that the structure exhibits greater flexibility; also, band gaps are sensitive to the
effects of axial deformation. Additionally, Montes and Schwingenschlogl [62] studied
the adsorption of some molecules such as CO, COy, NH3, NO and NOs in zigzag and
chair-type BPNT, finding that these nanotubes outperform the gas sensing performance of
other one-dimensional materials, in particular, S7 nanowires and carbon nanotubes, and
two-dimensional materials, in particular graphene, phosphorene, and M 0S5, furthermore,
they demonstrated that BPNTs are highly promising candidates for sensors functional gas.




1. Preliminary aspects

1.1.5. Modulate the properties of nanosystems: Structural defects and
electric field

Nanotubes often suffer from various types of topological defects during their growth. Ex-
periments and theory have shown that the existence of defects, such as vacancies or
Stone-Wales defects in nanostructures, can produce a significant influence on mechanical
and electronic properties, proving to be useful in achieving new properties and broaden-
ing the range of applications [63]. Expanding on some examples, Zhou et al [64], inves-
tigated the effects of monovacancies, divacancies, Stone-Wales defects, and octagon-
pentagon pair defects in carbon nanotubes with ZZ chirality and found that the existence
of vacancies and the defect of the octagon-pentagon pair reduces the band gap, while
the SW defect induces an opening of the band gap in the CNTs. More interesting still,
the bandgaps of the (8,0) and (14,0) CNTs configurations with two octagon-pentagon
pair defect show 0.517 eV and 0.163 eV, which are slightly smaller than the perfect CNTs.
Also, with increasing defect concentration, there is a decrease in the bandgap, causing
the two types of CNTs to change from a semiconductor to metallic conductor. Sorkin and
Zhang studied the effect of monovacancies and divacancies on the mechanical properties
of black phosphorene nanotubes (PNTs) [65]. According to their findings, divacancies in
armchair PNTs (AM) and monovacancies in zigzag PNTs (ZZ) have the lowest vacancy for-
mation energy, which decreases with tube diameter in AMPNTs and increases in ZZ PNTs.
In the case of phosphorene, Sorkin and Zhang studied the effect of monovacancies and
divacancies on the mechanical properties of PNTs [65]. According to their findings, va-
cancies in AM-type PNTs and single vacancies in PNTs with ZZ chirality have the lowest
vacancy energy, which decreases with tube diameter in AMPNTs and increases in ZZPNTs.
However, research on phosphorene nanotubes is limited compared to carbon nanotubes.

Another possibility to modulate the properties of nanosystems is the application of
an external electric field on the structures. For example, Ospina et al [66] investigates
the effect of external electric fields on optical and electronic properties of blue phospho-
rene nanoribbons, and found that the energy gap decreases as the electric field intensity
increases, and the nanoribbons shows a transition from semiconductor to metal. This
phenomenon could be used to develop new tunable optoelectronic devices. Besides, their
theoretical results for the imaginary part of the dielectric function show that the inter-
band linear optical response of blue phosphorene nanoribbons is also affected by changes
in electronic properties due to the influence of the applied electric field. For CNTs, Tien
et al [67] show that band gap modulation of monovacance defect semiconductor carbon
nanotubes can be easily achieved by applying a transverse electric field and found that
the band structures of defective CNTs vary quite differently from that of the pristine nan-
otube, and are highly dependent on the applied direction of the transverse electric field.




1.1.6. Nanotubes with potential application in the removal of antibiotics
from agueous media

Sulfonamide molecules constitute an important class of drugs, comprising several types
of pharmacological agents that possess antibacterial, antiviral, anticarbonic anhydrase
(CA), diuretic, protease inhibitor, cyclooxygenase 2 (COX2) inhibitor, and anticancer ac-
tivities, among others [68]. Sulfonamide antibiotics are produced in large quantities and
are widely used in human therapy and livestock production. As a result, more and more
pharmaceutical residues from sewage effluents, hospital effluents, and other untreated
wastewater will seep into surface and groundwater, then migrate and transform into the
aquatic environment. Concerns arising from exposure to sulfonamide antibiotics in aquatic
environments include acute and chronic toxic effects and antibiotic resistance to microor-
ganisms. However, the removal of antibiotics by existing water treatment technologies is
incomplete [69, 70]. An alternative is to take advantage of the potential of some struc-
tures and nanosystems as adsorbents of organic pollutants, such as emerging pollutants,
present in bodies of water. For example, Liu et al [[71]], investigated how sulfonamide ad-
sorption behaves on multiwalled carbon nanotubes. Among the sulfonamides evaluated
are Sulfanilamide (SAM), Sulfamerazine (SMR), Sulfadimethoxine (SMX), Sulfadiazine
(5DZ), Sulfadimidine (SMT), and Sulfamethoxydiazine (SMD). Their results indicate that
CNTs have potential application in the removal of sulfonamides from aqueous solutions
by adsorption process, which can reach a high efficiency (in a pH adsorption range of 3 to
9). Recently, Bhuvaneswari et al [[72], studied the molecular interaction of armchair-type
blue phosphorene nanotubes (10, 10) with Sulfapyridine (SP) which is an antibacterial
drug Sulfanilamide (SAM), and found that the interaction properties of the BPNTs that
interact with the antibiotic, such as the remarkable Bader charge transfer, the significant
adsorption energy and the prominent average band gap variation, indicate high efficiency
of the BPNT to eliminate the toxic antibiotics from water bodies.

1.1.7. Catalytic activity of blue phosphorene for hydrogen evolution reac-
tion

With the growing demand and use of fossil fuels as an energy source, important prob-
lems have developed in the world called “energy crises”, because of the finite nature of
fossil fuels. Likewise, their combustion results in a "greenhouse” effect. Thus an alterna-
tive means of energy production and storage are required. For this reason, the scientific
community has developed a great interest in researching and designing sustainable al-
ternatives for energy resources, among which hydrogen energy presents a viable option
because is one of the cleanest fuels and represents one of the energy sources most promis-
ing to replace traditional fossil fuels. However, its potential only has a good prospect if
hydrogen production can be carried out in a “green” and low-cost way. These require-
ments are fulfilled by the electrocatalytic hydrogen evolution reaction (HER), which is the
cathodic reaction in the electrochemical splitting of water and offers the potential to pro-
duce H, [[73-7€]. Currently, the main commercial electrocatalysts for HER are composed
of noble metals such as platinum (Pt) and materials based on it, because they are the most
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efficient catalysts. However, Pt has a low abundance and a high cost, which limits its ap-
plication in industry [[77-80] . For this reason, the exploration and development of new
catalysts with low cost and high efficiency is highly desirable for practical of HER.

Due to the fascinating properties already mentioned, 2D materials, including phospho-
rene, have great potential in numerous applications in electrocatalytic HER [20-22, 73,
81/-86]]. Nonetheless, recent studies have shown that the HER activity of pristine phos-
phorene is much lower than other common electrocatalysts such Pt or MoS5 [87] and
the activity of systems like bulk or nanosized phosphorene is not satisfactory for practical
applications [88]. In that sense, several strategies have been implemented in order to
optimize hydrogen adsorption to improve the HER activity such as the introduction of ex-
trinsic active sites by metal doping. For example, C'o [85], Au [89], Pd [90], Pt [91-93],
hetero-atoms doping, and adsorption of functional groups like like N Hy and OH [94].
Another alternative to modulate the catalytic HER on phosphorene is the creation of op-
timal active sites with system defects [87, 95, 9€]], system strain modulation [97], and
functionalization [98]. On the other hand, a recent study [99] analyzed the behavior of
Metal-doped Phosphorene in the HER reaction. Their results indicated that owing to the
enhanced electro-conductivity, abundant metal-P active sites, and optimized adsorption
energy by doping, the Phosphorene-Metal exhibits enhanced hydrogen evolution reaction
activities and stability in comparison to the bare phosphorene.

Blue-phosphorene has also motivated the scientific community to investigate its cat-
alytic properties, for example, Ju et al [[L00] found that blue-phosphorene nanotubes are
promising candidates as photocatalytics materials for oxygen evolution reaction (OER).
On the other hand, some studies have shown that doped BP has excellent photocatalytic
potential for N H; production, electrocatalytic oxygen reduction reaction (ORR) and HER,
which indicates BP can be used to design applications experimentally for water molecule
splitting [[101-103]. Moreover, various studies of hetero-structures and engineering band
gap of BP by functionalization have been performed [[104-106€(] given an interesting pos-
sibility for designing efficient photocatalysts.

1.2. Problem Description

The fascinating opto-electronic properties of derivatived of 2D materials give them the
potential to be used for countless purposes and applications, and it is of great interest to
the scientific community to be able to modulate this range of properties and applications.
Two of the strategies used to modulate the properties of nanostructures are to generate
artificial defects in the structures by irradiation of ions or electrons [63] or by the applica-
tion of an external electric field. For this reason, the effect of including various defects and
applying an external electric field in nanotubes from different materials, mainly carbon,
are studied [64, 65,67, 107-120]. It has been shown that despite the great amount of
theoretical efforts in the analysis of materials such as BPNTs, the vast majority of studies
to date are not systematic and do not allow a complete analysis of the capabilities of the
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material. For this reason, there is still certain untreated aspects with respect to BPNTs,
among which we find the effect of neutral structural defects on opto-electronic character-
istics, such as single atom vacancies or single vacancies, double vacancies or divacancies
and structural defects of the type Stone-Wales and the influence of the application of an
external electric field on the electrical and optical properties of these nanosystems.

Additionally, it has also been shown that another untreated theoretical is the poten-
tial of BPTNs to adsorb or sense antibiotics from aqueous media and the effect that the
inclusion of defects in the structure could have in this type of applications. It should be
noted that this type of residual substance present in agueous environments generates
great concern due to its potential risk to the environment and biological survival. Because
it represents a high risk to human health and can affect the evolutionary structure of the
bacterial community, strengthening bacterial resistance to these products [[121]]. Some
materials, such as Carbon, are used in efficient techniques for the removal of antibiotics
from wastewater due to their properties, and it has been shown that the nanotubes of this
material have potential application removing of antibiotics from aqueous solutions [[71]],
the reason for which, it would be interesting to analyze and contrast the capacity of BPTNs
to retain this type of contaminants.

Since the opto-electronic properties of 2D and derivatived materials open the doors
to an innumerable set of applications. The use of user-friendly interfaces and graphical
environments that allow multiple calculations to be carried out in a simple way, is re-
quired. These interface must integrate fundamental elements in the process such as the
construction and visualization of structures or systems, the pre-processing, execution,
and post-processing of calculations. In this sense, there are tools whose purpose is to
simplify this type of procedure, among which we can find powerful implementations for
pre- and post-processing such as VASPkit that work through the console or command line,
which is not always the case. more convenient. There are also excellent alternatives like
ASE, Pyprocar, sisl and pymatgen that provide elements to extract, visualize, and analyze
information, but require users to have proficiency in the Python programming language.
Most of the mentioned tools involve investing a lot of time in understanding how the tool
works, and usually, it also involves learning the programming language in which it is writ-
ten in case you are not familiar with it. Therefore, the development of simple, usable,
friendly and intuitive open source user interfaces are of great help. The GUI4dft and
Gpaw-tools softwares provides an interesting advance in terms of the implementation of
graphical user interfaces that simplify the process of simulating materials at the atomic
level, however, these softwares are focused solely on the SIESTA and GPAW packages,
respectively. For this reason, in this work, we propose the development of a graphical
user interface using Ipywidgets (interactive HTML widgets for Jupyter notebooks and the
IPython kernel) to develop an accessible, user-friendly, fast learning, and easily portable
work environment for atomic simulations. The interface will integrate the construction
process of the atomic structures and the performance of electronic structure calculations,
having different packages or calculators at the user’s choice as the core. As an initial
version that allows us to validate the use of the tool, we will use the SIESTA [2] pack-
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1. Preliminary aspects

age as the core. In this sense, to verify the use of the interface, the optical and electrical
properties of blue phosphorene nanotubes and their potential in optical applications will be
studied, as well as their potential and capacity to adsorb or sense sulfonamide antibiotics
in bodies of water.

On the other hand, the great interest in researching and designing low cost and high
efficiency sustainable alternatives for energy resources such as hydrogen energy has pro-
vided the opportunity to explore the catalytic activity of various two-dimensional materi-
als including blue-phosphorene, however, the behavior of integrating a blue-phosphorene
with other active material like platinum has not been studied yet and it could be another
strategy to enhance Hydrogen adsorption. In that sense, the catalytic activity of BP, mod-
ified with a single Pt atom (BP— Pt), toward HER is investigated using density functional
theory (DFT). The effects of Pt on fundamental properties of the BP are investigated in
detail and their consequent impact on catalytic properties of the complex BP— Pt system
is discussed.

1.3. Justification

The use of simulation environments at the atomic level is a great strategy for the system-
atic study of nanomaterials, however, it is necessary to have platforms and interfaces that
are easy and intuitive to use, in which the minimum effort and time should be invested
for its use and implementation. For this reason, in this work, a graphical user interface
based on Ipywidgets of jupyter notebook is developed, which allows us an integration
in the processes of construction of atomic structures, the realization of electronic struc-
ture calculations and the preliminary analysis of the results obtained. As an application
example, the properties electrical and optical properties of single-walled blue phospho-
rene nanotubes with and without structural defects, in addition to the influence of the
application of an external electric field on the opto-electronic properties of these nanosys-
tems is analyzed in order to identify their potential in optical applications. In addition, the
potential of these structures in applications whose purpose is to adsorb toxic antibiotics
(sulfonamides) from bodies of water is analyzed. On the other hand, the catalytic activity
of a BP modified with a single Pt atom and the effect of Pt on fundamental properties of
the BP is investigated.

1.4. Hypothesis

m The use of graphical environments for the development of simulations at the atomic
level can favor the research processes of the physical-chemical properties of differ-
ent nanomaterials by reducing the time invested in learning how to use the tools
and their execution in high performance computing environments.

m The structural defects allow to modulate the optical and electrical properties of
the phosphorene nanotubes and in turn modify their interaction with sulfonamide
molecules.




m Theinclusion of a single platinum atom on a blue-phosphorene monolayer modulate
the electronic properties improvement the Hydrogen evolution reaction.

1.5. Objectives

1.5.1. General objective

Develop a graphical interface for simulations at the atomic level, which allows the simple
study of the physical-chemical properties of nanomaterials.

1.5.2. Specific objectives
m Develop a graphical interface that simply integrates different stages in the simula-
tion process at the atomic level.

m Determine the opto-electronic properties of blue phosphorene nanotubes and the
effect of both structural defects in the structures and the application of an external

electric field.
m Determine the sensor potential of blue phosphorene nanotubes against organic molecules.

m Determine the effect of platinum atom on the hydrogen adsorption behavior of blue-
phosphorene monolayer.
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2. Computational details and model construction

2.1. SPIN: [S]imple [P]ython [I]pywidgets [N]otebook Inter-
face to obtain the optoelectronic properties of materials
employing DFT

SPIN, our simulation environment, is an open-source graphical user interface that seeks
to integrate tools and packages to provide an intuitive, easy-to-use, and fast-learning so-
lution for the atomic-level simulation of materials. In SPIN, the construction, visualization
of structures, the pre-processing, execution, and post-processing of calculations are in-
tegrated. In the developing proposed simulation environment, the Jupyter Notebook tool
has been used, which is an open source project that has support for multiple languages,
including Python, the programming language in which this work is developed. The graphic
elements of the simulation environment have been built using the widgets provided by the
Ipywidgets library, which are objects that allow building interactive graphical user inter-
faces(GUI) in jupyter notebook. The Py3Dmol [122] and NGLview [[L23] libraries have
also been integrated, which allows us to visualize 3D molecules created in the interface in
an interactive way. The architecture of the interface is divided into four main components:
The first one provides us with a view of the structure, which can be created manually,
updated from a file (all Openbabel [124] formats are suported), load some predefined
molecules or build systems like bulks, nanotubes or nanoribbons. The second component
provides us with the elements to introduce the calculation parameters and build the initial
files (inputs) according to the core of the selected calculation (for the initial version, the
SIESTA package was implemented). In the third component, we can select and execute
different calculations, for example, the structure’s relaxation, the band structure’s calcu-
lation, the density of states, or optical properties. Finally, the fourth component gives us
the tools to customize plots of results fully obtained.
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2.2. Impact of different structural defects on fundamental prop-
erties of blue phosphorene nanotubes

The structure and electronic properties have been studied employing first-principles cal-
culations within the framework of the density functional theory. The package ab initio
SIESTA [2] was used. Where localized double-(, single-polarized atomic orbitals are em-
ployed as a basis set, together with norm-conserving pseudopotentials. The exchange-
correlation functional used corresponds to the generalized gradient approximation (GGA).
All calculations have been performed using a 1 x 1 x 5 supercell. The structures are re-
laxed through the FIRE minimization algorithm until the force on the atoms are smaller
than 0.04 eV/A [125]. The Brillouin zone sampling is carried out via a Monkhrost-Pack-
grid of 1 X 1 x 2. A Mesh cutoff value of 350 Ry was used. The study was carried out with
the inclusion of collinear spin-polarization for single-vacancies systems and without for all
other systems (pristine nanotubes, double-vacancies or divacancies (DV), and nanotubes
with Stone-Wales (SW) defects).

The optical properties have been determined within the framework of the independent
particle approximation, through the imaginary part of the dielectric function, which is given
by [126]:
2me

o) = (

2
m) Z |M(c,a),(v7a)|§(Ec7a - Ev,a - hw), (21)
cv

where, the indices ¢ and v represent the respective sets of quantum numbers associated
with the energy state of the conduction and valence band, respectively, including o =1, |
for the 2 component of the Spin. M. ,) (v») describes the corresponding element of the
electric dipole moment matrix. In practice, the conservation energy is guaranteed with a
Gaussian function with HWHM equal to 0.06 eV'. Two polarizations of the incident light
have been considered: the directions x and z (perpendicular and parallel to the growth
direction of the nanotube, respectively). To ensure convergence of the optical absorption
spectrum, a grid of 1 x 1 x 101 was used. The total of the imaginary part of the dielectric
function is finally given by:

€0 =¢E24F €2 (2.2)

Having obtained &5, using the Kramers-Kronig relations, its real part, £;(w), is eval-
uated. With knowledge of the full dielectric function, it is possible to derive other optical
properties as a function of frequency. A relevant quantity in this sense, given the viability
of its experimental measurement, is the refractive index. It can be evaluated from:

1 1/2
n(w) = — |e1(w) + 82w+52w} : 2.3

(@) = o |1 + 1) + 23)

BPNT structures can be seen as a coiled blue phosphorene monolayer (BPML) and,
similarly to carbon nanotubes [127], they can be intertwined in different directions. In

the present investigation, we consider the so-called achiral nanotubes, in which the rolling
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2. Computational details and model construction

line runs along the zigzag and armchair direction of the monolayer. Furthermore, the unit
cell of BPNTs is determined by the chiral and translational vectors, which are given by
C7h = na; +mas, y T = uay + vay respectively; where aj y a; are the BPML unit cell vec-
tors. The geometric and electronic structure of BPNTSs is characterized by a pair of indices
(n, m). So, for achiral zigzag-type blue phosphorene nanotubes (ZZ-BPNT) m = 0, while
for armchair-type blue phosphorene nanotubes (AM-BPNT) n = m (see panel (a) on the
figure @). As n and m increase, the diameter of the BPNTs increases. Unlike carbon
nanotubes, BPNTs have two radii, determined by the buckling of phosphorus atoms in the
original BPML.

As mentioned, we investigated the effects of structural defects in nanostructures. In
particular, we will study the simple vacancies or monovacancies (SV) of two types (A and
B), which are obtained by eliminating an atom from the original structure, the divacancies
(DV), which can be constructed by eliminating a pair of adjacent atoms, the Stone-Wales
(SW) defects, which are formed by rotating a P — P bond in the hexagonal lattice by
90 degrees. A graphical view of these imperfections can be seen in the panels (b), (c),
(d) and (e) from the figure @ In order to contrast and identify the influence that these
defects have on the electronic properties of the material. Eight different nanotube sizes
are considered for armchair and zigzag configurations, ranging from n = 7 to n = 14, for
all studied systems.

2.3. Adsorption affinity of Sulfonamides onto Blue-phosphorene
nanotubes

Generally, to activate the surface of nanotubes, whether carbon or other material, it is
necessary to induce defects, dope, decorate, or functionalize the nanotube wall to achieve
an increase in its adsorption capacity [[128-132].

Therefore, in this work, we analyze the adsorption of a sulfanilamide molecule (SAM)
on pristine and defective single vacancy (SV) blue phosphorene nanotubes. So that it is
possible to contrast and identify the incidence of SV in the adsorption capacity of the BPNT.
Our analyses consider BPNTs of type AM and ZZ, characterized by the chiral numbers (14,
14) and (14, 0), respectively. A supercell of 1 X 1 x 5 guarantees that the SAM molecule
do not interact with their images. The analyzed adsorption sites for SAM can be seen in
figure .

The calculation of structural and electronic properties is performed within the frame-
work of DFT, as it is implemented in the ab initio SIESTA package [2] where localized
double-( polarized atomic orbitals are employed as basis set, together with conserved
norm pseudopotentials. For the exchange and correlation functional used, the one pro-
posed by Dion et al [133] and whose exchange was modified by Klimes et al [[L34]. This
functional include van der Waals interactions and is labeled as (KBM). All structures are
relaxed through the FIRE minimization algorithm, until the force on the atoms is smaller
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Figure 2.1: Panel a) contains a cross-sectional (top) and longitudinal
(bottom) view of a pristine nanotube of the zigzag type (14,0) and the
armchair type (14, 14). Panels b), c), d) and e) show a schematic view
of the simple vacancies (A and B), divacancies and Stone-Wales type
defects of BPNTSs of size (14.0) and (14.14), respectively.
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2. Computational details and model construction
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Figure 2.2: Schematic view of all evaluated SAM adsorption sites for
both, pristine and single-vacancy nanotubes.

than 0.04 eV/A []. The Brillouin zone sampling is carried out via Monkhrost-Pack-grid
of 1 x 1 x 2. A Mesh cutoff value of 350 Ry was used. The study was carried out with
the inclusion of collinear spin-polarization for SV systems and without spin-polarization
for pristine BPNT structures.

The adsorption energy between the molecule and the BPNT is characterized by evalu-
ating the adsorption Energy (F,4), which is defined as:

Eads = ETotal - EBPNT - EAdsm'bate’ (24)

where Esgsorbate 1S the total energy of SAM, Er.:. is the total energy of the system
composed of the BPNT and the adsorbate and Egpyt is the BPNT total energy.

Further, conventional transition state theory is adopted to determine the recovery time
of BPNTs from the interaction of the toxic antibiotics [, ]. The following equation,
which encompasses the attempt frequency 6,, adsorption energy from eq. Ell, Boltz-
mann’s constant (kg), and the temperature (1), is employed to reckon the recovery time
of the blue-phosphorene nanotube. Recovery time captures the time cost for the desorp-
tion of a target molecule from the sensing material’s surface [] and could be obtained
according to the transition state theory and Van’t Hoff-Arrhenius explanation:

_ _Eads
7 = 0 exp( T ), (2.5)
where the frequency factor 6, is assume to be 10'2H z and 10'% H z, under visible and
UV light conditions, respectively [—], kg is approximately 8,617 x 107° eV /K
[] and T is evaluated in 300 (ambient temperature) , 310, 320 and, 330 K.
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2.4. Impact of single Pt atom adsorption on fundamental prop-
erties of blue phosphorene and its activity toward hydro-
gen evolution reaction

Periodic density functional calculations were performed using the Vienna ab initio simu-
lation package (VASP) [E] within the generalized gradient approximation (GGA), utilizing
Perdew, Burke and Ernezerhof for the exchange-correlation energy functional []. The
kinetic energy cut-off of 500 eV for the plane wave basis set was selected. Integration
of the reciprocal space for all surfaces was carried out using 5 x 5 x 1 grids of special
k-points within Monkhorst-Pack scheme for the geometry optimization procedures [];
while 17 x 17 x 1 grid was used for the Density of States calculations. Blue-phosphorene
monolayer was represented by a 4 x 4 supercell in all performed calculations. All complex
are fully relaxed employing the conjugate gradient algorithm until the force in each atom
is less than 0.001 eV/,& . The criterion for the convergence of the total energy is set as
10~* eV per atom. A vacuum of 18 A along the z direction was included to avoid possible
interactions between cell images repeating in z direction.

Adsorption of a single Hydrogen (H) and Platinum (Pt) atoms on various top, bridge,
fcc, and hcp sites were studied first to define the preferable adsorption locations on the BP
monolayer. Additionally, we evaluated the adsorption energies of a single H atom, two H
atoms, and Hs molecule on BP and BP-Pt surfaces. Forthe H, molecule, three orientations
were considered, parallel, perpendicular, and tilted to the plane of the surface, as can be

seen in Fig. E

The adsorption energy values were calculated from the following expression:

a) BP—Pt b) BP-H and BP-H,

Pt

¢) BP-Pt—H and BP-Pt—H, e

P

H

Figure 2.3: Adsorption sites available on BP surface (panels a and b)
and on BP surface decorated with platinum atom (panel c).
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2. Computational details and model construction

Eacls = ESurf—l—Adsorbate - (ESurf + EAdsm'bate)y (26)

where Fg,,; correspond to the energy of the pure BP or BP— Pt and Eagdsorbate the
energy of the adsorbate (atomic H, H, or Pt) in a vacuum, respectively. For H, atomic
H energy was used as reference.

The effect of van der Waals corrections, as implemented by Grimme et al., [142]
on adsorption energies was tested and because of the closeness of the results with and
without dispersion corrections, most calculations have been carried out without the cor-
rections, unless specifically stated otherwise.

To construct a volcano curve, hydrogen adsorption energies have been obtained for
the 12 metals used in work of Ngrskow et al. [143], employing 4 x 4 supercells with 4
atomic layers and 18 A of vacuum. In electrocatalysis instead of using energy of a single
H atom asin eq. E, it is common to employ half of the energy of H; in the gas phase as
the reference. Thus, HBE values for the volcano curve were obtained using the following

expression:
1

EAds,H = ESuT‘f+H - (ESurf + 5 Hz,g) (2.7)

The numeric difference between the Ey 4 and %EHM is 2.25 eV, thus, if HBEs were
calculated using eq. @, the whole curve would have shifted to the left for a value of
2.25 eV, without affecting the trends of activity. Experimental values for HER exchange
current were taken from the works of Ngrskow et al. [[143] and Trasatti [144] and were
plotted versus the corresponding HBEs.
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3. SPIN: [S]imple [P]ython [I]pywidgets
[N]otebook Interface to obtain the optoelectronic
properties of materials employing DFT
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Solution method: SPIN, is an open source graphical user interface that seeks to
integrate a set of tools and packages to provide an intuitive, easy-to-use and fast-
learning solution, given the possibility to make different processes such as the con-
struction and visualization of structures or systems and the pre-processing, erecu-
tion, and post-processing of calculations. SPIN is an Ipywidgets based Interface
that allow users to work easily in any operating system (Windows, Linuz and Mac),
because it works on Jupyter Notebooks.

1. Introduction

The vast majority of atomic level studies and research carried out over the
last years have been possible thanks to the increasingly growing computing
power. It has allowed an important advance in theoretical and computa-
tional methods to describe materials at the electronic level. As a result,
valuable tools to obtain reliable information at the atomic level have come to
practical realization [1]. One of the most popular approaches is the density-
functional theory (DFT), which is implemented in different formats, with a
large number of either free or under-license computational codes and environ-
ments. Among them we find SIESTA [2], GPAW [3], Quantum ESPRESSO
[4], VASP [5], and others. These powerful tools give users the possibility to
performing electronic structure efficient calculations and ab initio molecu-
lar dynamic simulations of both molecules and solids. This would allow to
understand the observed behavior of such structures, including structural,
mechanical, electronic, magnetic and optical properties; as well as to predict
those features of compounds that have not yet been determined experimen-
tally [6]. Softwares whose purpose is to integrate and facilitate tasks of the
different stages in the realization of this type of calculations are already avail-
able; that is, to perform pre-processing, execution and post-processing. In
that sense, potent command line tools have been developed such as some
sis] utilities [7], and VASPKkit [6], which facilitate pre- and post- processing
in SIESTA and VASP respectively. Also, it is important to highlight that
the end users of the aforementioned software do not need to know their base
programming language (like Fortran, C or Python) in order to make use
of them. However, basic knowledge of the BASH command language is re-
quired, which can present challenges for clients and it is not always the most
convenient option.

There are also programming languages such as Python, where it is pos-



sible to find computational environments such as Jupyter notebook [8], and
some packages responsible for performing simulations and calculations at the
atomic level which are excellent alternatives: ASE [1], sisl [7], Pyprocar [9],
and pymatgen [10]. Their purpose is to ease the management of atomic sim-
ulation workflows while providing elements for extracting, visualizing, and
analyzing information; but, at the same time, require users to have profi-
ciency in Python programming language.

Most of the mentioned tools involve investing a lot of time in understand-
ing how they actually work. Usually, it also involves learning the underlying
programming language in which they wee prepared. This becomes a draw-
back for those who are not familiar with it. To overcome this issue, the
development of simple, usable, friendly and intuitive open source user inter-
faces are necessary and can be of great help. Software like sisl-gui [7], Guiddft
[11], gpaw-tools [12], and ASAP (Atomistic Simulation Advanced Platform)
program [13], provide advances in terms of the implementation of graphical
user interfaces. That simplifies the process of simulating materials at the
atomic level. They allow the user to calculate, visualize and save the den-
sity of states (DOS), band structure, charge densities, and optical properties
of the investigated structures. However, it may be inconvenient that they
are focused on specific software or only available with commercial licenses.

For example, the ASAP program provides several tools for the analysis of
features such as electronic and thermodynamical properties, geometry evo-
lution, chemical reactions, and more, employing the SIESTA code. For this
reason, in this work, we propose the development of an Open-source graph-
ical user interface using Ipywidgets with the purpose of obtaining an easy,
user-friendly work environment for atomic simulations, fast learning and eas-
ily portable to the cloud. These are interactive HTML widgets for Jupyter
notebooks and IPython kernel. The interface will integrate the construction
process of the atomic structures and the performance of electronic structure
calculations, having different packages or calculators at the user’s choice as
the core. As an initial version, that allows us to validate the usefulness of
the tool, we will use SIESTA software as the core.

2. Implementation

2.1. Software architecture

SPIN, our simulation environment, is an open source graphical user in-
terface that seeks to integrate a set of tools and packages to provide an
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intuitive, easy-to-use and fast-learning solution. In SPIN, fundamental ele-
ments in the atomic level simulation of materials, such as the construction
and visualization of structures or systems and the pre-processing, execution,
and post-processing of calculations are integrated. In its development, the
Jupyter Notebook tool has been used. It is an open source project that can
support multiple programming languages, including Python, the one in which
this work is developed. As for the graphic elements of the simulation envi-
ronment, they have been built using the widgets provided by the Ipywidgets
library. These are objects that allow the building of interactive graphical user
interfaces (GUI) in Jupyter notebooks. The Py3Dmol [14] and NGLview [15]
libraries have also been integrated, which allows us to visualize, in an inter-
active way, the 3D molecules created in the interface. Relationships between
SPIN scripts and the main packages are shown in Figure 1. The interface ar-
chitecture is divided into four main components. The first one provides with
a view of the structure, which can be created manually or updated from a file
(all Openbabel [16] formats are supported). Also, it is possible to load some
predefined molecules or build systems like bulks, nanotubes or nanoribbons.
The second component provides with elements to introduce the calculation
parameters and build the initial files (inputs), according to the core of the
selected calculation (as commented, STESTA package is used to implement
the initial version). In the third component, the possibility of selecting and
executing different types of calculations is implemented. For instance, struc-
tural relaxation, calculation of the band structure, density of states or optical
properties. Finally, the fourth component allows to make fully customized
plots of results obtained. All requirements for SPIN are given in Tab. 1.

2.2. Software functionalities

DFT calculations require some insight from the user on how the algo-
rithm should treat the problem, e.g, which operators or parameters are ap-
propriate or when is convergence achieved. In the following we shall discuss
the different components in calculations with SPIN (also shown in the flow
chart Figure 2). This beta version includes the three basic parts of SPIN for
DFT calculations employing SIESTA code; i.e, Geometric structure, Config-
ure (DFT parameters), and Calculation (control workflow).

2.2.1. Description of a geometric structure
The Geometric description has two tabs: Structure options and Viewer.



Initial geometric

structure

Structure options:

Read structure file
Create structure manually
Load predefined structures
Load created structures

Select a

/ Calculator options:

i SIESTA

Preprocessing
inputs

| Preprocessing options:

« Upload input file |

« Create input file /

Check structure No Calculate electronic Calculate optical No Check structure
relaxation results properties? properties? relaxation results
lVes i Yes
~ e ~
No Everything is Colculated se_lecled Calculated selected Everything is No
electronic s 9 —1
correct? i optical properties correct?
properties (
L Y " ¥
Yes Yes
Check results
Successfully Successfully
completed completed
No
ing is correct?

Y

Postprocessing
outputs

Successfully
completed

Figure 2: SPIN flow chart
6



Python library  Version

siesta 4.1.5
matplotlib 3.4.3
numpy 1.21.2
pandas 1.3.2
ase 3.22.0
openbabel 3.1.1
ipysheet 0.5.0
ipywidgets 7.5.1
py3dmol 1.7.0
nglview 3.0.3
ipyfilechooser 0.6.0
openpyxl

Table 1: SPIN requirements

Structure options. Is the tab used to generate a first set of atomic coordi-
nates. This tab includes four options:

e Upload file: Allows to load external structure files in the formats
supported by Openbabel. The program supports SIESTA file formats
* fdf also.

e Create structure manually: This is the default option for enter-
ing atomic coordinates and unit cell vectors. Coordinates need to be
included in Angstrom units.

e Structures predefined: Allows access to ase build options.

e Load created structures: This option gives the possibility of loading
previously built structures.

Viewer. The viewer is only a preview of the made structure in this beta
version.

2.2.2. Description of SIESTA parameters
In this section, the user can configure the DFT parameters for SIESTA
calculations. There are two options:

e Upload input file : In this option, parameters from a previous fdf
file can be reloded. Only the parameters in fdf are read.



e Create input file: Setup of all basis DFT parameters. Also one may
define the type of calculation. For this, four options are predefined:

— Relax structure: This option is mandatory to run any other
procedure, since it creates the file ”label-relaxed.cif” that contains
the equilibrium structure required for bands, DOS and optical
calculations.

— Calculate Bands structure: Defined the option to get the band
structure for periodic systems.

— Calculate Total and Partial Density of states: Giving the
DOS and PDOS in the system. For PDOS, current beta version
does not include a plotting facility.

— Calculate Optical properties: Defined the option to get the
optical properties for periodic systems.

2.2.3. Description of Control workflow and calculations
This section allows user to select and perform single or multiple calcula-
tions.

3. Illustatrive example

3.1. Graphene

A complete review of graphene’s electronic properties is written in [17].
The simple ways to obtain graphene in the laboratory together with its re-
markable electronic, thermal, mechanical, and optical properties turn it into
the most studied two-dimensional (2D) material [18]. This explosion of in-
terest in graphene and the release of 2D materials matches an incredible
growth of computational tools aimed at analyzing and characterizing their
properties, and to predict new ones (even new 2D systems) [19]. The all com-
putational tool density functional theory (DFT) stands out by its power for
quantitatively predicting several properties of complex materials. Currently,
there is access to many commercial and academic DFT implementations.

Graphene is a triangular lattice with two carbon atoms in the unit cell.
The vector of the unit cell and the atomic positions of carbon atoms for
graphene are given in the Table 2.

The geometric parameters of the unit cell can be included in SPIN-GUI.
The first step is to activate the configuration and instantiate the App in a
Jupyter Notebook, employing the following instructions:
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Parameter ¢ j

a %aw 73 Gee 0

b % Gee — @ Gee O

c 0 0 15.
Atom 4 0 0 0
Atomp Qe 0 0

o
Table 2: Geometric parameters of graphene unit cell. a.. = 1.44A represents the distance
between two carbon atoms in the structure.

from spin import x
App = Spin ()

Then, one may use module structure of the SPIN-GUI to build the desired
one and define the unit cell. When running the App.Structure() command,
four different options are available for structure building. These are: upload
input file, create the structure manually, use any of SPIN predefined struc-
tures, or load already created SPIN structures (see figure 3 panel a). So,
for the case of graphene, we are going to select the second option (create
structure manually). The first step is to introduce how many atoms will be
involved; that is, two in this example (figure 3 panel a). Once it is made,
SPIN-GUI asks for the coordinates of each atom and the values of unit cell,
as can be seen in figure 3 panel b. These values can be found in table 2.
After the structure creation, the Viewer tab gives the possibility to visualize
and edit the created graphene structure (see figure 4).

The next step is the creation of SIESTA input files, for which the only
python command required is App.preprocessing(). When App.preprocessing
() is called, SPIN-GUI shows some of the most used SIESTA parameters as
inputs in Create input file tab. Besides, the end-user can select the kind
of task to perform: obtaining structural optimization, determining the elec-
tronic band structure, calculating the density of states (DOS) and/or evalu-
ating the optical properties. Any SIESTA parameter not found in the ”Create
input file” tab can be quickly and easily introduced in the ”Additional param-
eters” tab. For graphene example, the structural and electronic properties
have been studied by means of first principles calculations, within the frame-
work of DFT, where localized single-(, single-polarized atomic orbitals are
employed as basis set, together with norm-conserving pseudopotentials. The
included exchange-correlation functional corresponds to the so-called gener-
alized gradient approximation (GGA), using Perdew, Burke and Ernezerhof



In [2]:

a)

App.structure()

Structure options ‘ Viewer

QPIN

‘ » Upload file o

w Create structure manually e

Total number of atoms:

Create structure manually

‘ » Predefined structures e

‘ ¥ Load created structures e

b)

In [2]: App.structure()

Structure options | Viewer

®PIN

Label: | Graphene

‘ » Upload file

~ Create structure manually

Total number of atoms: | 2
Create structure manually

‘ } Predefined structures

‘ » Load created structures

Atomic coordinate x (A) ‘Atomic coordinate y (&)
1 0.000 0.000
2 1.440 0.000
4
Lattice vector x (&) Lattice vector y (&)
a 2.160
b 2.160
c 0.000

‘Afomic coordinate z () Atom &
0.000 C
0.000 C v
>
Lattice vector z (A)
1.247 0.000
-1.247 0.000
0.000 15.000

Get structure

Figure 3: Structure tab of the GUL It contains the Graphene creation example step by

step.
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In [2]: App.structure()

Structure options Viewer

Select Visualizer | PyaDnr v
Show labels O
Style | sphere V

EditAtom | 0 v

Add Atom (OJ

Delete Atom (J

Figure 4: Viewer tab of the GUIL

description [20]. All structures are relaxed through the FIRE minimization
algorithm. The criterion of convergence for the total energy is set as 10~*
eV per atom [21]. Integration over the reciprocal space for all surfaces was
carried out using 81 x 81 x 1 grids of special k-points within Monkhorst-Pack
scheme for the geometry optimization procedures [22]. The value of Mesh
cutoff used is 250 Ry. Calculation was carried out without the inclusion
of spin-polarization. Additionally, ”Relaz structure” and ”Calculate Band
Structure” options were selected. The input files configuration can be seen
in detail in figure 5. Once the inputs were completed, and "Make fdf” but-
ton was clicked, the folder containing graphene example job must have been
created, and all the flow and outputs will be stored there.

When the input files and jobs are created, the user is able to perform
selected calculations. To do this, the invocation of Calculations() is manda-
tory. As it can be seen in figure 6 panel a), end-user can choose one or
multiple created jobs and, accordingly, one or multiple actions. In the latter
case, execution is sequentially made. Pressing the ”"Run” button will start
the selected calculations. As each of the processes ends, an initial basic re-
port will be generated that allows the user to know in a general way some
characteristics of the results, according to each type of calculation. For ex-
ample, in figure 6 panel b, the result for Total Energy of the system after
structural optimization can be found. In the case of band structure calcu-
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App.preprocessing()

RPIN

v SIESTA

S|esta i Open SIESTA manual

‘ » Upload input file (.fdf)

~ Create input file

~ DFT calcule control

Basis set

Mesh cutoff:

XC Functional and Autho!

Energy shift.
Max. SCF lterations:

Mixing weight:

Number pulay | 5
Spin polarization:

karid_Monkhorst_Pack: O Gamma 81 Q 0
@ Enter kgrid_Monkhorst_Pack ’0—‘ ’T‘ ’—‘
0

Relax structure

Num CG steps.
Variable cell
Type of Run:
Max force tol [eV/Ang]:
Calculate Band structure

bandLineScale | ReciprocallatticeVec V¥

Do you want enter bandLines or bandPoints? @ bandLines
O bandPoints

%block BandLines | %block Bandlines
105000000000 0.000000000 0.0000 M

300 0.0000000000 0.000000000 00000 \Gamma
300 03333333333 0.333333333 0.0000 K
300 0.5000000000 0500000000 0.0000 M
%endblock BandLines

Y%block BandPoints

writeKbands
writeBands
O Calculate Total and Partial (projected) Density of States

] Calculate Optical

‘ » Aditional parameters ‘

v

Structure job was successfully created in /calculations/Structure

0 you want o download input file?

Figure 5: Preprocessing tab of the GUIL
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lation, information about band-gap value as well as a basic plot of energy
band structure are presented. As it can be noticed, for graphene example,

the resulting band-gap value is 0 and the band-structure plot remains very
similar to that reported in previous studies [23-25].

4. Conclusion

SPIN is anew versatile tool for researchers who want to reduce the
complexity of using DFT calculation code. Because it provides higher-level
user interaction, it can also be used for educational purposes. SPIN is an
Ipywidgets-based Interface that allows users to work efficiently in any op-
erating system (Windows, Linux, and Mac) because it relies on Jupyter
Notebooks. Within its environment, it is possible to work with standard
SIESTA files and prepare figures of the atomic structure and other relevant
features such as energy band spectrum, DOS, PDOS, and optical proper-
ties for publication. At the current stage, the core structure of SPIN deals
with a completed pipeline using the SIESTA calculator. However, SPIN has
been developed to add new functions and calculators easily. As the number
of available new functionalities are added, SPIN will become an even more
attractive toolbox contributing to the efficient development and utilization
of electronic structure theory and molecular dynamics simulations. SPIN
will also encourage and contribute to further collaborative efforts with the
open exchange of data and results as well as efficient scripting to benefit the
research community.
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a)

b)

# Press CTRL + ENTER or click run button
Calculations()

RPIN

~ SIESTA run

siesta

Select calculations folder (Default "Calculations™). Select No selection

Select calculations (Multiple values can be selected with shift + click):

CH3CH20 Select actions:
Graphene

‘Graphene relax_structure
‘Graphene bands

N* processors:

] oo

‘Graphene: Relaxing Structure.

Job completed

Relax structure

System: Graphene  Status: o

Relaxed structure total energy: -308.093283 eV

‘Graphene: Calculating bands Structure
Job completed

Band structure

System: Graphene  Status: o
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Graphene - Band structure
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2 /
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Figure 6: Calculations component of the GUI
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ARTICLE INFO ABSTRACT

Keywords: Using density functional theory, we present the effect of different structural defects on electronic and optical
Blue-phosphorene properties of blue phosphorene nanotubes of both armchair and zigzag chirality. In addition, we have
DFT b considered the influence of an applied electric field on the electronic states of either pristine and defect-laden
Nanotubes

structures. The main defective features considered are double vacancies and Stone-Wales defects, although
results with these imperfections are, as well, compared with those arising when single vacancies of two types
are regarded. The possible transition from semiconducting to metal-like behavior induced by the applied
field for large enough zigzag nanotubes is predicted. Deviations of the optical response of defective systems
compared to the pristine case are mainly revealed for the visible range and above, with an evident quantitative
anisotropy related to the specific polarization of the incident light: parallel or perpendicular to the nanotube
growth direction. This characterization of structural defects and their effects on the optoelectronic properties
of blue phosphorene nanotubes is required to define how the surface of the nanotubes could be utilized to

Optical response

develop new optoelectronic devices.

1. Introduction

The successful isolation of graphene in 2004 [1] opened a broad
field of research on two-dimensional (2D) materials so that today there
is a large set of synthesized and theoretically proposed systems of this
kind [2-4]. These have fascinating properties that endow them with
great potential to be used in numerous industrial applications such
as small molecule sensors, flexible/low power electronics, spintronic
devices, optoelectronic applications in photonics, photovoltaics, and
plasmonics, batteries, supercapacitors, and thermoelectric energy ap-
plications [5]. Among 2D materials, phosphorene, since its successful
isolation in 2014, has unleashed enormous scientific activity in the field
of materials due to its remarkable electronic properties [6,7]. Phos-
phorene has several allotropes as black phosphorene, red phosphorene,
green phosphorene, and blue phosphorene (BP). In particular, BP is a
single-layer allotrope of phosphorus that was predicted to be thermally
and dynamically stable in 2014 [8], and was recently synthesized
(2018) [9,10]. BP is a semiconductor of the indirect bandgap. Due to its
characteristics and the possibility of tuning its electronic and dielectric
properties, studies have been carried out to use them in applications
such as optoelectronics and nanoscale devices that require of specific
bandgap [11].

* Corresponding authors.

2D materials can be manipulated to form nanotubes (NTs). Nan-
otubes are a class of one-dimensional (1D) materials whose thickness
varies depending on the 2D material from which they come. The nan-
otubes have unique properties, for example, high hardness, mechanical
resistance, and flexibility. Also, nanotubes have optoelectronic proper-
ties that can be modulated through their diameter, allowing nanotubes
to have potential applications in microelectronics, photovoltaic energy,
gas detection, infrared photodetection, photocatalyst, and applications
in biomedicine [12-28]. On the other hand, due to the importance
of a better knowledge of the optical properties of the nanotubes and
their possible use in new optoelectronic devices, several studies have
been reported [29-32]. In the case of phosphorus nanotubes, they show
asymmetric optical properties concerning the polarization direction.
That is, zigzag tubes show very weak reflectivity for parallel polariza-
tion while, in contrast, the armchair tube displays high reflectivity. This
shows a dependence between optical properties and chirality [30].

Two dimensional nanostructures as well as nanotubes usually suffer
from various types of topological imperfections during their growth.
Experiments and theory have demonstrated that the existence vacancies
and Stone-Wales defects in the nanostructures have a significant influ-
ence on the mechanical and electronic properties, allowing to achieve
new features and expand the range of applications for the material [33,

E-mail addresses: jcorrea@udemedellin.edu.co (J.D. Correa), elflorez@udemedellin.edu.co (E. Flérez).
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34]. Expanding on some examples, Zhou et al. [35], investigated the
effects of monovacancies, divacancies, Stone-Wales defects (SW), and
octagon-pentagon pair defects in carbon nanotubes (CNTs) with zigzag
chirality (ZZ). As a consequence of the presence of vacancies and the
defect of the octagon—pentagon pair, the bandgap of the nanotube
becomes reduced. In contrast, the SW defect induces an opening of
the bandgap in CNTs. Besides, with the increasing defect concentration,
there is a decrease in the bandgap, which causes CNTs to change from
a semiconductor to a metallic system. Regarding phosphorene, Sorkin
and Zhang studied the effect of monovacancies and divacancies on the
mechanical properties of black phosphorene nanotubes (PNTs) [36].
According to their findings, vacancies in armchair (AM) PNTs and
mono-vacant in zigzag(ZZ) PNTs have the lowest vacancy energy,
decreasing with tube diameter in AMPNTs and increasing in ZZPNTs.
Aierken et al. [37] showed in their work that blue phosphorene is
advantageous to make small NTs. Research on phosphorene nanotubes
is limited comparatively with carbon nanotubes. Nevertheless, these
kinds of structures have attracted great interest in recent decades due
to the urgent demand for tubular electronics, and their favorability
towards adsorption and sensing of several molecules; for example,
heptachlor, usually present in contaminated water [28]. This fact em-
phasizes the importance of research on phosphorene nanotubes, given
their electronic and optical properties [38].

In our previous work [39], we investigated the effects of monova-
cancies (or single-vacancies) (SV) on the electronic structure of BPNTs.
There, we considered two different types of SV in our calculation,
called type A (SV-A) and type B (SV-B). Compared to blue phosphorene
nanotubes, which exhibit fundamental bandgap values between one
and two electron-volts, in the case of individual atomic vacancies (SV),
the incorporation of spin polarization helps to identify the induction
of localized mid-gap states in BPNTs. The energy difference between
the highest near valence and lowest near conduction localized states
is approximately 0.5 eV. Furthermore, increasing the concentration of
individual vacancies leads to the formation of additional bands that
change the energy gap of the system. This phenomenon would indicate
that structural defects have a substantial impact on the electronic
properties of nanotubes.

Another possibility to modulate the properties of nanosystems is the
application of external electromagnetic probes on the structures. For
example, Ospina et al. [40] investigated the effect of external electric
fields in the optical and electronic properties of blue-phosphorene
nanoribbons. They found that, for all systems, the energy band gap
decreases as the electric field strength is augmented, and detected a
transition of the electronic spectrum from semiconducting to metallic
character. This phenomenon could be employed to develop new tunable
optoelectronic devices. In addition, their theoretical results for the
imaginary part of the dielectric function show that the interband linear
optical response of blue phosphorene nanoribbons is also affected by
changes in the electronic properties due to the influence of the applied
electric field. For CNTs, Tien et al. [41] have shown that the bandgap
modulation of semiconducting CNTs with monovacancy defect can be
easily achieved by applying a transverse electric field, and found that
the band structure of defective CNTs vary quite differently from that of
the pristine nanotube, and strongly depends on the applied direction of
the transverse electric field.

Despite great deals of theoretical efforts, there are still certain
untreated aspects regarding the BPNTs. One of them is the influence
of imperfections like divacancies and Stone-Wales defects on the elec-
tronic features of these nanosystems. Thus, in the present work, we
aim to investigate such an influence and report on the properties of
the energy states in the presence of defect sites in the BPNT structure.
Besides, we investigate the effect of an external electric field in the
properties of pristine BPNTs, BPNTs with monovacancies and double-
vacancies, and BPNTs with Stone-Wales defects; and, secondly, we
analyzed the optical properties of these nanosystems. Our study is
based on first-principles density-functional theory (DFT) calculations.

To study the effect of an electric field on the electronic structure of
the systems and to demonstrate the influence of atomic defects on
the properties of BPNTs, we report the band structure and the band
gaps of a semiconducting BPNT with a mono-vacancy, double-vacancy
and Stone-Wales defect under a transverse electric field based on
calculations. The reader will find some remarks on the methodology
employed in the next section of the article. Then, Section 3 will contain
the presentation and discussion of the obtained results, and, finally, the
conclusions of the work will appear in Section 4.

2. Computational details and model constructing

The calculation of structural and electronic properties is performed
within the framework of DFT, as it is implemented in the ab initio
SIESTA package [42], where localized double-{ and polarized atomic
orbitals are employed as a basis set in addition to using
norm-conserving pseudopotentials. We use a 1 x 1 x 5 supercell. As
exchange and correlation functional, we consider a GGA in the ap-
proximation of Perdew, Burke, and Ernzerhof (PBE) [43]. All structures
are relaxed using the FIRE minimization algorithm until the forces on
the atoms are less than 0.04 eV/A [44]. The Brillouin zone is sampled
using a 1 x 1 x 2 Monkhorst-Pack grid. A MeshCutoff value of 350 Ry
is taken. Besides, the study is carried out without the inclusion of spin
polarization for DV and SW defects.

The optical properties are determined within the framework of the
independent particle approximation, through the imaginary part of the
dielectric function, which is given by [45]:
2re
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mw
where, the indices ¢ and v represent the respective sets of quantum
numbers associated with the energy state of the conduction and valence
band, respectively, including ¢ =1, for the z component of the spin.
M. 5) 0 describes the corresponding element of the electric dipole
moment matrix. In practice, the energy conservation is guaranteed with
a Gaussian function with HWHM equal to 0.06 eV. We considered two
polarization of the incident light: x and z directions (perpendicular and
parallel to nanotube growth direction, respectively). In order to ensure
the convergence of the optical absorption spectrum we have used a
k-grid points of 1 x 1 x 101.

The total imaginary part of the dielectric function is given finally
by

& =¢€r1+é€y 2)

Having obtained ¢,, with the use of the Kramers—-Kronig relations,
its real part, ¢;(w), is evaluated. With the knowledge of the entire
dielectric function, it is possible to derive other optical properties as
functions of frequency. A relevant quantity in this sense, given the
feasibility of its experimental measurement, is the index of refraction.
It can be evaluated from:

1/2
n(w) = é [el(w) + \/sf(w) + s%(w)] . 3)

BPNT structures can be seen as rolled up blue-phosphorene mono-
layer (BPML) and, in a similar way to carbon nanotubes [46], can
be twined on different directions. In this report, we consider the so-
called achiral nanotubes, on which the rolling line goes along the
zigzag and armchair direction of the monolayer. In addition, the unit
cell of the BPNTs is determined by the chiral and translation vectors,
which are given by C, = nd, + ma, and T = ud, + vd, respectively;
where @) and 4, are the BPML unit cell vectors —Details about the
determination of geometric structure of BPML and BPNTs are given in
the supplementary material-. The geometric and electronic structure of
BPNTs is characterized by a couple of indices, (n, m). In accordance, for
achiral zigzag blue-phosphorene nanotubes (ZZ-BPNTs) m = 0, while for
armchair blue-phosphorene nanotubes (AM-BPNTSs) n = m (see panel (a)
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Fig. 1. Panel (a) contains transversal (top) and longitudinal (bottom) views of the (14,14) armchair and (14,0) zigzag pristine BPNTs. Panels (b) and (c) show a schematic view

of double-vacancy ad and Stone-Wales defects of (14,0) and (14, 14) BPNTSs, respectively.

from Fig. 1). As n and m increase, the diameter of the BPNTs augments.
Unlike carbon nanotubes, BPNTs have two radii, determined by the
buckling of phosphorus atoms in the original BPML.

As mentioned, we investigate the effects of structural defects in
the nanostructures. In particular, we shall study both double-vacancies
(DVs) -which can be constructed by removing a pair of adjacent atoms-,
and Stone-Wales defects (SWs) -which is formed by rotating a P — P
bond in the hexagonal network by 90°. A graphical view of these
imperfections is seen in panels (b) and (c) of Fig. 1. Our previous results
on pristine BPNTs and BPNTs with two different single vacancies [39]
will be presented as well, in order to contrast and identify the influence
that such defects have on the electronic properties of the material. Eight
different nanotube sizes for both armchair and zigzag configurations,
going from n =7 to n = 14 are considered, for all studied systems.

3. Results and discussion
3.1. Electronic properties

The value of formation energy (see Table S1) for all defects consid-
ered is obtained from the equation Ep = Ej,tes—sora — pEp, Where
Ejyefeci-iorar 18 the total energy of the defective structure, and Ej is the
total energy of the perfect nanotube divided by the total number of
atoms in it. Besides, np is the number of phosphorus atoms in defective
BPNT. Single vacancies’ formation energies are between 2.526 and

2.013 eV, depending on the size of BNPT radius. These values are in
agreement with previous results for the formation energy of SV on a
blue phosphorene monolayer, with a formation energy of 2.380 eV [33].
For DV, the formation energy lies between 2.888 and 1.901. These
values are in concordance with the report for BP of 2.850 eV [33]. For
SW defect, the formation energies are between 0.159 and 1.353 eV. This
energy range of is rather long and suggests that SW defect is the most
favorable from the energetic point of view, similar to the case of BP
where formation energy of SW defect is 1.600 eV.

For pristine BPNTs are structurally optimized and their electronic
band structure is calculated [39]. Then, defects of the single-vacancy
(SV) [39], double-vacancy (DV), and Stone-Wales types are assumed.
In each of the cases, energy dispersion relations are obtained for a
1 x 1 x 5 supercell, such that the Brillouin Zone is folded. To analyze
the effect of DV and SW defects on the electronic properties of BPNTs,
we present in Fig. 2 the energy band structures for pristine (panels
(a) and (b)) BPNTs to contrast with the energy band structures of DV
(panels (c) and (d)) and SW (panels (e) and (f)) for both, armchair
and zigzag systems with n varying between 7 and 14. To complement
the analysis of electronic structure of pristine and defective SW BPNTs,
Fig. 3 shows the projected density of states (PDOS) for pristine and
DV SW BPNTS. The PDOS is considered over the s, p,, and p, orbitals.
For all BPNTs, it is possible to observe that, for valence states, the
contribution of p, orbital to the density of states is more significant
than the other ones; which is expected since p, and p, orbitals are
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Fig. 2. Band structure of a-b Pristine c-d DV and e-f SW BPNTs for n equal to 7, 9, 12 and 14 for armchair and zigzag quiralities. The red label corresponds to band-gap value.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the leading causes of the atomic bonds. However, for the conduction
states, one may observe matched contributions from p, and p, ones.
This behavior is probably due to the hybridization of p orbitals, induced
by the buckling present in blue-phosphorene. Besides, the curvature of
BPNTs could increase orbital hybridization, which is observed for small
diameters nanotube. This behavior is independent of the nanotube chi-
rality. For defective nanotubes, for example, nanotube with a DV, the
PDOS show similar nature to the pristine case, but some contributions
coming from localized states induced into the energy gap are observed,
in concordance with the band structure in Fig. 2.

All the calculated BP nanotubes showed indirect band-gaps, which
is consistent with the planar monolayer BP characteristics. It can be
noticed that, for both SW and DV defects for ZZ-BPNTs the induced

band-gap states are dispersionless, indicating their local nature. In the
case of AM-BPNTs, for DV systems, the associated states appearing
within the original band-gap show strong dispersion for conduction
bands, together with quasi-flat valence band ones. This has to do with
the smaller size of the translation vector in the structure geometry
(recall that is approximately half of the ZZ-BPNT translation vector
one). In SW case, AM-BPNTs show a small dispersion, which is very
similar to what was observed in ZZ chirality. Another fact we can
observe is that the band structures of SW systems remain very similar
to the pristine ones.

About size of the nanotubes (see Figs. 2 and 4), it can be observed
that there is not a noticeable influence on the band structure of any
of the defects analyzed (DV and SW) since, as long as the radius of
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orbitals are considered.

the nanotube increases, the band structure remains very similar to the
previous one, a phenomenon observed in both chiralities (AM and ZZ),
the smaller ZZ-BPNTs being the only notable exception.

The dependence of band gap on size and chirality for BPNTs with
various structural defects is shown in Fig. 4. Interestingly, the band
gap of the zigzag systems progressively increases with the increase of
radius. It can be seen that for almost all systems (except SV-A) the
band gap is rapidly increasing until a determined size, above which
we observe smaller changes with the increase of radius. However, the
armchair systems exhibit a different trend, the band gap values remain
almost constant in all systems and have minimal changes — in one sense
or the other —, which points to no significant dependence between size
and band gaps for these particular systems.

Analyzing the band gap values for the different types of structural
imperfections, we can observe that all defects have some effect on
the band gap value. Actually, all structures have a smaller band gap
compared to pristine BPNTs with the same radius and chirality. One
may conclude that SW defects have the least effect, since these systems
present the least change with respect to pristine nanotubes. In DV
defects case, the band gap values for AM systems are approximately
50% lower while they lead to an average decrease of 18% in ZZ
systems. The most notable effect on the band gap values is the one
coming from structures having single-vacancies of both types, A and B,
whose presence reduces them significantly as we can see from Fig. 4.
We can conclude, then, that vacancies induce a decreasing of band
gap. The same effect can be seen in the study carried out by Zhou,
et al. [35] on (8,0) and (14, 0) zigzag carbon nanotubes. Like the results
obtained for the BPNTs, the systems with SW type defects undergo
smaller changes in the band gap with respect to the pristine nanotubes.
However, a difference can be seen in the influence of each point defect
on the band gap of these systems: in the case of carbon nanotubes,
structures with DV defects experienced a greater reduction in their band

gap than systems with SV, a phenomenon contrary to that observed for
BPNTs.

“The strain engineering significantly modifies the optical absorption
in the visible light, while the effect of the external electric field on
the optical properties is weak. Our results will be helpful to design
the electro-optical devices based on monolayer materials with MH
band”. “Such significant changes in the electronic properties under
external excitations show that multilayered GaN shows promise in
configurable nanoelectronic devices” Furthermore, its charge carrier
mobilities are significantly higher than the other popular 2D semicon-
ductors, e.g., MoS2 and phosphorene. Therefore, this 2D-BN material
could have huge application potentials in the electronics and solar
energy conversion fields Compared to the isolated arsenene and SnS2
monolayers, the arsenene/SnS2 heterostructure has the enhanced opti-
cal absorption from visible to ultraviolet region, especially possessing
the absorption peak up to 35.1

3.2. Effect of external electric field on electronic properties

Due that the general form of the band structure of BPNT is not
stronger affected by the radius of the nanotube, as was discussed
in the previous section, it was decided to present only the results
corresponding to the smallest and biggest nanotubes in all the studied
systems; i.e., NTs with n = 7 and n = 14. In order to study the
effect of external electric field on blue-phosphorene nanotubes, band
structure calculations were performed under various transverse electric
field — oriented along the +x direction, specifically — intensities, ranging
between 0.1 V/A and 0.6 V/A. In Figs. 5 and 6 we show the obtained
electronic band structure and the related density of states for the
cases of biggest AM and ZZ pristine, type-A and type-B SV, DV, and
SW defect. Calculations for both SV types were performed with the
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inclusion of spin-polarization, as can be realized by observing the spin-
resolved DOS in each case. We left the analogous results for smallest
nanotube size to be presented on supporting material (figures S1 and
S2)

According to what is shown in the band structure plots for pristine
and defect-laden systems (see Figs. 5 and 6), there is a trend towards a
semiconductor-to-metal transition — indicated by a significant reduction
of the energy band gap - induced by the strengthening electric field.
The conclusions derived from results obtained for the largest NT radii,
with regard to the effect of this external probe on their electronic
properties, can be extended for all systems: There exists a great depen-
dence with the size and chirality of nanotube. It has been seen that the
biggest structures, i.e, systems with n = 14 require lower field strength
to approach the semiconductor-metal transition, in comparison with
smaller structures. In fact, either pristine or imperfect AMBPNTSs reach
the metallic condition for sufficiently intense applied field, with the
pristine, DV and SW cases becoming metals already at relatively small
probe strength; and SV-laden systems needing stronger fields for the
transition. In contrast, structures with ZZ chirality require higher fields
to reduce the energy band gap close to zero. Actually, in neither of the
smaller ZZ systems a transition of that kind was reached; that is, the
systems remained as semiconductors.

The above mentioned effect of an applied electric field on energy
band gap of BPNTs can be better noticed by observing Fig.S3. There, we
plot the calculated gaps for the cases with smallest and largest NT radii,

considering pristine and the distinct defect-laden structures involved.
Some particular phenomena can be observed:

» The semiconductor-metal transition in armchair structures (pan-
els (a) and (b)) takes place regardless the vacancy or defect type.
Transitions to a metallic system occur, in general, at lower values
of field intensity. Smaller NTs with ZZ chirality (panels (c) and
(d)) do not become metallic even for the highest field strengths,
no matter the kind of imperfection considered. Band gaps have
little variation, with a slight decrease in the pristine, SW and DV
cases; and a very weak growth when SVs are included. Zigzag
BPNTs having n = 14 show a trend towards metallic character for
high enough applied fields, except for those bearing SV-A. For
the latter complex, a minimum close to zero appears at the value
of 0.5 V/A, and then the band gap increases. Nevertheless, such
particular behavior does not prevent us from concluding that the
degree of band gap modification under the same electric field is
more significant when nanotubes radii increase, similar to results
obtained for zigzag Boron nitride nanotubes (BNNTSs) reported by
Chegel and Behzad [47].

The band gap variations are quite different between the systems.
For pristine, and defective nanotubes with DV and SW imperfec-
tions, when the applied field grows stronger, the variations of
energy gaps are very similar from a given field strength. However,
for SV-A and SV-B, the decay of this quantity with the increase
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Fig. 5. Effect of electric field on energy band structure and density of states of pristine and different structural defect types on blue-phosphorene nanotubes for the biggest Armchair
nanotube (n = 14) system. For band structure plots, values of 0, 0.2, 0.4 and 0.6 V/A electric field intensity are considered.

of field strength is faster than for the other systems, indicating
a strong effect associated to the vacancy defect. Furthermore,
the band-gap changes for the two single-vacancy models share a
similar trend, even though the exact values of the band gaps under
various strengths of the external transverse field are different
indeed. This behavior, observed in pristine and single vacancy
BP nanotubes is similar to that shown by CNTs when an external
electric field is applied along the +x direction, according to the
results obtained by Tien et al. [41], in a study carried out for
(10,0) zigzag CNTs, as well as the results shown by Kim et al. [48]
in (5,5) armchair CNTs.

In general, the electric field effect on the energy gap of defective
BPNTs resembles — in some cases, closely — the corresponding behavior
of pristine NTs. The results come closer as long as the applied field

intensity grows enough. In all, it is possible to say that a strong enough
electric field acts in a way that changes the coupling between atomic
orbitals responsible for the energy spectrum of the structures, with this
interaction to be somewhat affected by the presence of defects in the
system.

3.3. Optical properties

The analysis of optical response of the systems under consideration
goes through the calculation of the frequency-dependent dielectric
function e(w) = €,(w) + ie,(w). It is an essential quantity to understand
the various optical properties. To provide a view on this phenomenon,
calculations were performed for the largest and smallest structures
involved: AM and ZZ type nanotubes with n = 7 and n = 14, always
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comparing with the corresponding quantity in the pristine NT case.
Two different polarizations of the incident light were considered: one
is perpendicular to NT growth direction, and the other is parallel to
it. In accordance, Fig. 7 show the imaginary part of the frequency-
dependent dielectric function (for corresponding real part see Fig. S6
in supplementary material).

Distinctions regarding the particular incident polarization can be
readily observed. They appear to be more pronounced in the case of
ZZ-BPNTs. However, noticeable changes from one kind of system to
another cannot be observed, except for pristine NTs, for which both
minima and resonant peaks at energies > 3 eV exhibit quite different
amplitudes, something that will reflect in the index of refraction as
will be commented below. It is worth to highlight a low-energy feature
that the SV-B produces in the armchair structure under perpendicular

incident polarization. It clearly departs from the remaining cases, in-
dicating the contribution from valence-to-conduction band transitions
around the main energy band gap, as can be noticed from Fig. 6(a,b).
Comments along the same lines can be given when analyzing the real
part of the dielectric function.

To provide a more detailed discussion, we choose as representative
system the case of ¢,(w) with light field oriented along the z-axis. In the
parallel (||) direction for pristine BPNTSs, a rather wide absorption band
in the region from ~2 eV to > 6 eV is observed (see cyan curve in Fig. 7),
this implies that the light within such an energy range will be strongly
absorbed by the pristine case. After introducing defects, the absorption
edges are shifted to a lower energy range compared with that of pristine
BPNTs. That is, single vacancies (SV-A and SV-B), divacancies and
Stone-Wales defect systems (with smaller changes) all make the optical
absorption edges generate a slight redshift phenomenon. For the e,(w)
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spectra along the perpendicular x direction, the absorption edges of
SV-A,SV-B and DV in the smallest zigzag systems (n = 7) are below
1.5 eV. indicating a redshift phenomenon. Nevertheless, the edges of all
other evaluated systems are nearly the same as each other for ~2 eV.
In all cases, the response for parallel and perpendicular polarizations
of the incident light show the main peaks in the ultraviolet region
(above 3.3 eV) which denotes the inter-band optical transitions between
remote conduction and valence bands. Besides, in all defective systems
considered, absorption peaks become weaker in both, perpendicular
and parallel polarization configurations.

Fig. 8 contains the refractive index calculated, as a function of
the incident photon energy, from the real and imaginary parts of the
dielectric function. Again, the two previously mentioned light polariza-
tions are considered. There is a clear quantitative anisotropy between
the components of this measurable quantity belonging to parallel and
perpendicular orientations of the light field, with the greater values
associated to the parallel one. In addition, results for defective BPNTs
differ from their values in the pristine case mostly in the energy range
above 2 eV, where oscillations in n(w) reveal larger amplitude for
pristine structures. Values of refraction index are higher for the bigger
(n = 14) NTs and they are largest in the particular AM chirality.

By focusing attention on the low-energy interval, it is seen that there
are practically no quantitative differences between the defective and
pristine cases, except for the DV case - for energies below 2 eV - in the
AM structures (for which the static value n(0) is essentially the same
in all cases)-, and for SV-B systems in the ZZ ones, which raise n(0)
above the pristine and other defect-laden BPNTs. The latter situation
appears only in the n = 7 size and is more pronounced for parallel light
polarization; but, in general, values of the static index of refraction tend
to coincide for all structures when their size is larger.

The effect of the external electric field on the optical properties of
pristine and defective BPNTs has been considered as well. In supple-
mentary material Figs S4 and S5, the imaginary part of the dielectric
function appears depending on the field intensity for all studied cases.
Results suggest that the external electric field only significantly affects
the optical response of the AMBPNT n=14 with parallel polarization
of the incident light. This reveals through a field-induced transition
on the infrared region of the spectrum, just for the highest values
of field strength considered. This behavior is in accordance with the
observed electronic structure of all investigated systems. One of the
forms to characterize the optical response is to evaluate the refractive
index. In Table S2, the static refractive index is reported together
with its value at 2.1 eV—energy that corresponds to the yellow line
of sodium, which is a usual reference in optical measurements. Our
results suggest that the refractive index shows variation concerning
the polarization of incident light, but the presence of structural defects
does not induce significant changes in this quantity. In general, when
an external electric field is applied, values of static refractive index
and frequency-dependent indices of refraction show small changes.
The exception is found, however, for AMBPNT n=14, for which static
refractive index shows a rather large increase as the external electric
field strengthens. This behavior is especially observed for incident light
polarized parallel to the BPNT growth direction, and may be related
with a field-induced enhancement of the expected value of interband
electric dipole moment under near-zero gap conditions.

4. Conclusion

We have investigated electronic structures of n = 7 to n = 14
armchair and zigzag blue phosphorene nanotubes with various types



J.M. Vergara et al.

Refractive index n(w)

Refractive index n(w)

Fig. 8. The refractive index of smallest and biggest (» = 7 and n = 14 respectively) pristine and defective blue phosphorene nanotubes as a function of the incident photon energy.
The calculation includes two distinct polarizations of the incident photons: E; corresponds to light polarized along the direction parallel to, and E, to light polarized perpendicular

1.5

1.0

Armchair systems (n=7) E

Armchair systems (n=7) E;

Armchair systems (n =14) E |

Armchair systems (n=14) £

Zigzag systems (n=7) E .

Zigzag systems (n =7) E

Pristine E, Pristine £, Pristine E, pristine £,
SV-A E, SVA E, SV-AE, SV-A E,
—— SVB E, SV E —— SV-B E, —— SV-B Ej
DV E DV E
. DV Ey - DV Ey
— SW E, — SWE,
— sw — W £
o 1 2 3 4 5 6 1 2 3 4 5 6 o 1 2 3 4 5 6 0 1 2 3 4 5 6

Zigzag systems (n=14) E,

Zigzag systems (n = 14) E

Pristine E,

SV-A E,
— SVB E,

DV E,
— SWE,

Pristine E,

SV-A E|
— SVB E

DV Ey
— W E;

Pristine E,

SV-A E,
— SVBE,

DV E,
— SWE,

Pristine E,
SV-A E,
— SV-B E,
DV Ej
— sW E,

1 2 3 4 5
Photon Energy (eV)

1 2 3 4 s
Photon Energy (eV)

to the BPNT growth direction. Curves for the different defective systems are identified.

of defects, including, double-vacancy and Stone-wales defect, and the
effect of applied external electric field on it, by using the first-principles
calculations in the density-function theory. Our results indicate that
all vacancy defect types induce a decreasing in the BPNTs band gap.
Besides, the effect of single-vacancies in reducing the system band gap
is stronger in both, zigzag and armchair, compared to other types of
defects, reaching a value 90% lower in the armchair systems compared
with pristine nanotubes and 65% in those of the zigzag types.

When a external electric field is applied on the structures, we have
observed that bigger systems requires lower field strengths to reach the
semiconductor-metal transition. This transition does exist regardless
of the vacancy defect type on armchair systems, which makes the
armchair chirality more favorable to achieve it. We can also conclude
that both single-vacancy systems (type-A and type-B) require lower
electric field values to become a metallic material metal, compared
with other all systems.

With regard to the optical properties, we have revealed an
anisotropy linked to the particular incident light polarization to be
either parallel or perpendicular to the nanotube growth direction.
Besides, the differences in values of the calculated index of refraction,
related with the presence or absence of defects, are noticeable mainly
within the visible range and above, whilst static values remain practi-
cally the same for larger nanotubes and only show deviations in smaller
zigzag nanotubes laden with type B single vacancies.
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1. Introduction

Sulfonamide molecules constitute an important class of drugs, compris-
ing several types of pharmacological agents that possess antibacterial, antivi-
ral, anticarbonic anhydrase (CA), diuretic, protease inhibitors, cyclooxyge-
nase 2 (COX2) inhibitor, anticancer activities, and others [1]. Sulfonamide
antibiotics are produced in large quantities and are widely used in human
therapy and livestock production. As a result, more and more pharmaceu-
tical residues from sewage effluents, hospital effluents, and other untreated
wastewater will seep into the surface and groundwater, then migrate and
transform into the aquatic environment. It should be noted that this type of
residual substance present in aqueous environments generates great concern
due to its potential risk to the environment and biological survival, because
it represents a high risk to human health and can affect the evolutionary
structure of the bacterial community, strengthening bacterial resistance to
these products [2—4].

Currently, many techniques have been used to remove antibiotics, in-
cluding biological processes, and advanced oxidation processes (AOPs), and
an alternative is to take advantage of the potential of some structures and
nanosystems as adsorbents of organic pollutants, such as emerging pollutants,
present in bodies of water. Some materials, such as carbonaceous materials,
are used in efficient techniques for removing antibiotics from wastewater due
to their properties. In particular, it has been shown that nanotubes of this
material have potential application in the removal of antibiotics from aqueous
solutions [3-6]. For example, Liu et al. [7] investigated how sulfonamide ad-
sorption behaves on multiwalled carbon nanotubes. Among the sulfonamides
evaluated are Sulfanilamide (SAM), Sulfamerazine (SMR), Sulfadimethox-
ine (SMX), Sulfadiazine (SDZ), Sulfamethazine (SMT), and Sulfamethoxy-
diazine (SMD). Their results indicate that CNTs have potential applications
in the removal of sulfonamides from aqueous solutions by adsorption pro-
cess, which can reach a high efficiency (in a pH adsorption range of 3 to
9). However, the adsorption mechanisms need further investigation to guide
engineering applications because the removal of antibiotics is incomplete[8].

Taking into account the profitable benefits of carbon nanotubes and the
adsorption strategy, we are inspecting the efficiency of nanotubes formed
by blue phosphorene, one of the four main allotropes of phosphorus (black,
red, green, and blue) which was predicted to be thermal and dynamically
stable in (2014) [9] and was recently synthesized (2018) [10, 11]. Regarding



Blue-phosphorene nanotubes (BPNTs), Bhuvaneswari et al [12], studied the
molecular interaction of armchair-type blue phosphorene nanotubes (10, 10)
with Sulfapyridine (SP) which is an antibacterial drug Sulfanilamide (SAM)
, found that the interaction properties of the BPNTs that interact with the
antibiotic, such as the remarkable Bader charge transfer, the significant ad-
sorption energy, and the prominent average band gap variation, indicate a
high efficiency of the BPNT to eliminate toxic antibiotics from water bod-
ies. Ome of the strategies used to modulate the properties of systems is to
generate artificial defects in the structures by irradiation of ions or electrons
[13]. It would be interesting to analyze and compare the effect that these
modifications in BPNTs would have on the adsorption capacities of these
antibiotics.

Despite theoretical efforts, there are still untreated aspects regarding the
capabilities of blue phosphorene nanotubes in the removal of antibiotics. For
this reason, in the present work the behavior of blue phosphorene nanotubes
has been evaluated in the adsorption of antibiotics and the effect that the
inclusion of structural defects such as single-vacancies could have in this type
of applications, specifically in the adsorption of Sulfanilamide molecule as a
model sulfonamide antibiotic.

2. Computational details and model constructing

Generally, to activate the surface of nanotubes, whether carbon or other
material, it is necessary to induce defects, dope, decorate, or functionalize
the nanotube wall to achieve an increase in its adsorption capacity [14-18].

Therefore, in this work, we analyze the adsorption of a sulfanilamide
molecule (SAM) on pristine and defective single vacancy (SV) blue phospho-
rene nanotubes. So that it is possible to contrast and identify the incidence
of SV in the adsorption capacity of the BPNT. Our analyses consider BPNT's
of type AM and ZZ, characterized by the chiral numbers (14, 14) and (14,
0), respectively. A supercell of 1 x 1 x 5 guarantees that the SAM molecule
do not interact with their images. The analyzed adsorption sites for SAM
can be seen in figure 1.

The calculation of structural and electronic properties is performed within
the framework of DF'T, as it is implemented in the ab initio STESTA package
[19] where localized double-( polarized atomic orbitals are employed as basis
set, together with conserved norm pseudopotentials. For the exchange and
correlation functional used, the one proposed by Dion et al [20] and whose



a) Pristine nanotubes

Figure 1: Schematic view of all evaluated SAM adsorption sites for both, pristine and
single-vacancy nanotubes.

exchange was modified by Klimes et al [21]. This functional include van
der Waals interactions and is labeled as (KBM). All structures are relaxed
through the FIRE minimization algorithm, until the force on the atoms is
smaller than 0.04 eV/A[22]. The Brillouin zone sampling is carried out via
Monkhrost-Pack-grid of 1 x 1 x 2. A Mesh cutoff value of 350 Ry was used.
The study was carried out with the inclusion of collinear spin-polarization
for SV systems and without spin-polarization for pristine BPNT structures.

The adsorption energy between the molecule and the BPNT is character-
ized by evaluating the adsorption Energy (Fqq4s), which is defined as:

Eads - ETotal - EBPNT - EAdsorbate; (1>

where Fagsorpate 18 the total energy of SAM, FEpgq is the total energy
of the system composed of the BPNT and the adsorbate and Egpyt is the
BPNT total energy.

Further, conventional transition state theory is adopted to determine the
recovery time of BPNTSs from the interaction of the toxic antibiotics [23, 24].
The following equation, which encompasses the attempt frequency 6, adsorp-
tion energy from eq. 1, Boltzmann’s constant (kg), and the temperature (7),
is employed to reckon the recovery time of the blue-phosphorene nanotube.
Recovery time captures the time cost for the desorption of a target molecule
from the sensing material’s surface [25] and could be obtained according to
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System Initial SAM positions Final SAM positions FE,4 System Initial SAM positions Final SAM positions F,4
Benzene Benzene -0,279 Benzene Benzene -0,509
e NH, NH, -0,191 . 2H 2H -0,497
Pristine 22| g0, 1, SO,NH, 0,130 SVZZ ) vn, NH, -0,380
2H 2H -0,094 SO,NH, SO,NH, -0,272
Benzene Benzene -0,312 Benzene Benzene -0,373
s 2H 2H -0,205 wr 2H 2H -0,221
Pristine AM | vy, NI, w0053 SVAM ) v, NH, -0,161
SO,NH, SO,NH, -0,028 SO,NH, SO,NH, -0,122

Table 1: Results interaction of pristine and single-vacancy (SV) with SAM molecule;
Adsorption energy (Eqqs) is presented in eV.

the transition state theory and Van’t Hoff-Arrhenius explanation:

_Ea S
7 =0y teap( k.B]‘f ), 2)

where the frequency factor 6, is assume to be 10"2Hz and 10 H z, under
visible and UV light conditions, respectively [25-27], kp is approximately
8,617 x 107° eV/K [25] and T is evaluated in 300 (ambient temperature) ,
310, 320 and, 330 K.

3. Results and discussion

3.1. Geometric structures of Sulfonamides on pristine and single-vacancy
BPNTs

The adsorption of SAM molecule on the Pristine and SV Blue-Phosphorene
nanotubes for both armchair and zigzag configurations have been analyzed
over four different adsorption sites, indicated in Figure 1. The crucial prop-
erty, which supports us in verifying the kind of interaction taking place be-
tween the SAM antibiotics and the BPNT, thereby highlighting the use of
the designed base nanotube is adsorption energy (Fquqs) [28, 29]. The mea-
sured F,45 results are given in table 1, it evidence that while SAM adsorption
on 2H, NHy, and SOsN H, sites is possible, Benzene position is the most
outstanding in the results, since it obtained the highest adsorption energy
within its respective groups (same chirality and same type of vacancy), i.e.
is the most stable in all evaluated systems. This is attributed to the presence
of polar groups and aromatic rings offering = — 7 interactions between target
contaminants and BPNTs [3, 4, 30-32]. The polarity of the adsorption/inter-
action energy (negative) suggests that the adsorption process of the molecule
is stable and signifies the easy attraction of the SAM antibiotic towards both
pristine and SV BPNT. In the case of SV systems, there is an increment in
the E,4s value in comparison with pristine system in all studied positions, the
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Molecule Position System E,is System F,g
Pristine ZZ  -0,279 SV 727  -0,509

SAM Benzene o ictine AM 0312 SV AM  -0.373

Pristine 2Z 0,217 SV ZZ  -0,382
Sz Benzene b itine AM -0.285 SV AM  -0.537
SMX Benzene Pristine 2Z  -0,207 SV 77z -0,372

Pristine AM  -0,248 SV AM  -0,322

Table 2: Results interaction of Benzene sites for pristine and single-vacancy (SV) with
SAM, SDZ and SMX molecules; Adsorption energy (Fqqs) is presented in eV.

above indicates that structural defects, in this case, single vacancies, slightly
improve the ability of BPNTs for SAM molecule adsorption. Besides, in SV
system, it can be note that ZZ chirality is most favorable than AM, since the
adsorption energy of the molecule is superior to that of its equivalent position
with AM because in all evaluated systems the F,4, had a percentage increase
of almost 40%, which indicates that for these systems the chirality of the ZZ
type is possibly more active than the AM type and therefore, it benefits the
adsorption of the SAM molecule.

Additionally, the adsorption of SDZ and SMX antibiotics was studied on
benzene position as it can be seen in figure 2. According to the obtained
results in table 2, pristine BPNTs shows a similar behavior in all evaluated
molecules, that is, the AM BPNTs presents superior Fyq4, than ZZ systems.
These results indicate that AM configurations should be a better option,
and is important to remark that AM phosphorene nanotubes present signif-
icant stable nature in comparison to the zigzag phosphorene nanotubes [33].
It could be observed from Table 2 that the order of maximum adsorption
capacity of the three sulfonamides were SAM > SDZ > SMX for pristine
systems and ZZ SV. In SV AM-BPNTs SDZ molecule presents higher E,4s
than SAM and SMX (SDZ > SAM > SMX). In comparison with results ob-
tained in previous studies for BPTNs [29], SAM, SDZ, and SMX molecules
have a smaller E,q4s than another antibiotics like oxytetracycline (OC) and
sulfapyridine (SP) (< —1,25 approximately). Regarding CNTs, previously
reported absorption affinities depends on initial conditions, that is, the order
of adsorption efficiency of some sulfonamides was SMD > SMT > SDZ >
SMX > SMR > SAM obtained by Liu et al [7], SMT > SMR > SP > SDZ
obtained by Zhao et al [4] and SMX > SMT obtained by Wei et al [34].
Furthermore, according to the values obtained, single vacancies improve ad-



Figure 2: Schematic view of evaluated Benzene position for SDZ and SMX adsorption
sites for both, pristine and single-vacancy nanotubes.



sorption energy of the SAM, SDZ, and SMX molecules, that is, the increase
in E,4, are found in percentage increase ranges that go from 20% to 89%
for the AM SAM (smaller increase) and AM SDZ (larger increase) systems.
This indicates that structural defects, in this case, single vacancies, improve
the capacity of BPNTs for adsorption of these toxic antibiotics.

3.2. Electronic properties

The electronic structure of the system can be inspected through band
structure. The band structure for Benzene sites (most stable in all systems)
is present in Fig. 3. The electronic band structure shows that the inclusion of
SV vacancy on ZZ and AM BPNT induces localized states into the nanotube
band gap. Besides, the SV vacancy induced the magnetization of the system,
which we observed as different bands for each spin component. The band
gaps measured reckoned for the pristine BPNTs are 1,793 for AM and 1,927
for ZZ configurations [35]. Results indicate that SV induces a reduction in
band-gap value and transforms the ZZ and AM BPNTs systems into a small
gap magnetic bipolar semiconductor. These results are according to previous
results [35, 36]. However, when a SAM and SMX molecule is adsorbed,
AM BPNT shows a transition from a bipolar-magnetic semiconductor to not
magnetic metallic system. This suggests that defective AM BPNTs also can
be employed as a sensor for these antibiotics.

3.8. Recovery time

The adsorption energies observed for the interaction of antibiotics on BP-
NTs influences the recovery time taken by the BPNT to come to its original
state. From Table 3, it can be seen than from all molecules the initial form of
the BPNTs in both, pristine and SV can be attained quickly. In particular,
it would take little time for the BPNT to be retrieved back to its premier
position. However, it is important to highlight that both values of 7 that are
too long and too short are unfavorable for detection in real experiments [25].

4. Conclusion

Electronic response of Zigzag and Armchair BPNTs to biologically active
sulfonamide-based compounds were studied using DF'T calculations. Results
indicate that analyzed molecules SAM, SDZ, SMX are weakly adsorbed on
the pristine BPNTs with adsorption energy of about —0,312, —0,285 and
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B, = 102 (Visible light)

Molecule Position System 7 300K 7 310K T 320K 7 330K
Pristine ZZ 4,9 x107%® 3 4x107% 2,5x107% 1,8 x107%
Pristine AM 1,8 x 107%7 1,2 x 1077 8,3x107% 5,9 x 107
SAM Benzene SVZZ  4,8x10°% 25x 107" 1,4x107% 7,8 x10°%
SVAM  1,9x107% 1,2x1079% 7.6x107° 5,0x 1077
Pristine ZZ 4,4x107 3,3x 107 2,6 x 1079 2,0 x 1077
SDZ Bongene  Pristine AM 6,0 x 1079 4,2%x107% 3,0x107% 22 x107%
SV 77 2,6x107% 1,6x107% 1,0x107% 6,8 x 1077
SVAM  1,1x10% 55x107% 29x107% 1,6x 10~
Pristine ZZ 3,0x 10799 2.3x107% 1,8 x 109 1,4x 10"
SMX Bongene  Lristine AM 1,5 x 107 1,1x 107 8,2x 107 6,2 x 107"
SV 727 1,8 x107% 1,1 x107% 7,3 x107°7 4,8 x 1077
SVAM  26x1079 1,7x10797 1,2x107°7 8,2x 107

6, = 10 (UV light)

Molecule Position System 7 300K T 310K T 320K 7 330K
Pristine ZZ 4,9 x 1072 3,4 x 107 2,5x 1072 1,8 x 107"
SAM Bongene  Pristine AM 1.8 x 1071 1,2x 107" 8,3x 10712 5,9 x 10712
SV 77 4,8x107% 2 5x107%® 1,4x107% 7,8 x 107
SV AM 1,9x 107 1,2x107'° 7,6 x 10" 5,0x 10~ ™
Pristine ZZ 4,4x107® 3,3x 1078 2,6x10° 2,0x 10713
SDZ Bengene  Pristine AM 6,0 x 10712 4,2x 1072 3,0x107'2 2,2x 10712
SV 77 2,6 x1071° 1,6x107 1,0x1071° 6,8 x 1071
SVAM  1,1x107°7 55x107% 2.9x107% 1,6x 107
Pristine ZZ 3,0x107® 23x10° 8 1,8x10 7 1,4x 1013
SMX Bongene  ristine AM 1,5 x 10712 1,1x10712 82x 1071 6,2x10°1
SV 77 2,6 x 1071 1,7x 107" 1,2x 1071 8,2 x 10712
SVAM  1,8x107% 1,1x107* 7,3x107'1 4,8 x 107!

Table 3: Results interaction of Benzene sites for pristine and single-vacancy (SV) with
SAM, SDZ and SMX molecules; recovery time (7) is presented in s.
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—0,248 eV, Besides,for SAM molecule, Benzene position is the most out-
standing in the results, since it obtained the highest adsorption energy within
its respective groups (same chirality and same type of vacancy). To improve
the adsorption, a P atom of the BPNT has been removed given a single-
vacancy defect. SV increase the reactivity of the BPNTs so that the ad-
sorption energies increased for all evaluated systems to about a percentage
ranges that go from 20% to 89% for the AM SAM (smaller increase) and AM
SDZ (larger increase) systems, respectively. This indicates that structural
defects, improve the capacity of BPNTs for adsorption of these toxic antibi-
otics. The orders of E,4s of three sulfonamides were as follows: SAM > SDZ
> SMX for pristine systems and ZZ SV. In SV AM-BPNTs SDZ molecule
presents higher F,4s than SAM and SMX (SDZ > SAM > SMX). The calcu-
lations results demonstrate that despite the increase in the reactivity of the
Z7 SV BPNT to the sulfonamides, AM configurations show a transition from
bipolar-magnetic semiconductor to not magnetic metallic system, suggesting
that defective AM BPNTs also can be employed as a sensor for antibiotic
molecules like SAM, SDZ, and SMX.
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Abstract

The adsorption of single H atom and H» on blue phosphorenemonolayer with and without Pt atom adsorbed on the
surface has been investigated using density functional theory with the Perdew-Burke-Ernzerhof exchange correlation
functional. With H adsorption energy as a descriptor, catalytic activity of evaluated systems for hydrogen evolution
reaction was estimated. Obtained results evidence the impact of Pt atom on fundamental properties of the blue
phosphorene monolayer such as its electronic structure, work function and charge distribution in the system. As the
result catalytic activity toward hydrogen evolution reaction is affected as well. These data, potentially, can be a
useful basis for designing and developing novel functional materials with predetermined catalytic properties.

Keywords: Platinum, blue phosphorene, HER, DFT

. Introduction

With the growing demand and use of fossil fuels as an energy source, their significant disadvantage has become
evident, stemming from their finite nature. Furthermore, their combustion results in “greenhouse” effect,
significantly affecting the climate [1]. Thus, alternative means of energy production and storage are required.
Hydrogen presents a viable option for carbon-free energy storage because of its high energy density and ecologically-
friendly products of its combustion.

However, employing hydrogen for energy conversion and storage solutions has potential only has a good prospect
if its production can be carried out in a “green” and low-cost way. These requirements are fulfilled by the
electrocatalytic hydrogen evolution reaction (HER) given by

2H" + 2e-— H: (acidic media)
1
2H,0 + 2e < H, + 20H" (alkaline media)

Currently, the best known electrocatalysts for HER are based on noble metals such as platinum. [2—4] It, however,
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is very scarce, and, thus, has a high cost, which limits its application in industry [2,5-8]. For this reason, the exploration
and development of alternative new catalysts with low cost and high efficiency is highly desirable for practical
implementation of HER [9-12].

In recent years, the interest in two-dimensional materials has been growing, sparked by their unique properties
that have potential use in numerous applications, electrocatalysis among them. [13-24] Among 2D materials, black
phosphorene (also named phosphorene), since its successful isolation, drew attention as a potential electrocatalyst for
HER due to its remarkable electronic properties, large surface area, high carrier mobility, and long carrier diffusion
distance [25-29]. However, HER activity of pristine black phosphorene is much lower than that of Pt [30] and is not
satisfactory for practical applications. [31]

In that sense, several strategies have been implemented in order to optimize HER activity of black phosphorene,
such as the introduction of extrinsic active sites by metal doping, for example, Co, [27] Au, [32] Pd [33] and Pt, [34—
36] doping and decoration with functional groups like NH, and OH. [37] Another alternative is to alter the catalytic
HER on phosphorene by the creation of optimal active sites with system defects, [30, 38, 39] system strain modulation,
[40] and functionalization. [41] In this regard, recent study [42] analyzed the catalytic properties of metal-doped
phosphorene toward HER. The results indicated that the free energies of hydrogen adsorption AGH* (a typical HER
activity descriptor) for Co-doped system is very close to the optimal value of 0 eV, suggesting high expected HER
activity.

Another allotrope of phosphorus is blue phosphorene (BP). It was theoretically predicted to be thermally and
dynamically stable [43], and was later synthesized. [44, 45] Because of its characteristics like a buckled semiconductor
structure, a carrier mobility in excess of 103 cm?V's"! [46] and the possibility of tuning its electronic and dielectric
properties, the BP presents a significant interest in applications such as optoelectronics and nanoscale devices that
require a specific bandgap [47]. This gave a further impulse to investigate the catalytic properties of BP, and it was
found that blue phosphorene nanotubes are promising candidates for photocatalytic oxygen evolution reaction. [48]
Also it has been shown that doped BP has excellent photocatalytic potential for NH3 production and electrocatalytic
oxygen reduction reaction which points that BP can be potentially used to design practical applications for water
molecule splitting. [49-51] Moreover, various studies of hetero-structures and engineering band gap of BP by
functionalization have been performed [52-54] offering an interesting possibility for designing efficient
photocatalysts. Interestingly, while decorating blue phosphorene with a single atom of another material, active for
HER, such as Pt, could be another strategy to optimize HER activity of the resulting system, [55] there are no studies

available on complex systems, comprised of Pt supported on BP monolayer.

Here fundamental properties of BP, modified with a single Pt atom (BP-Pt), are investigated using density

functional theory (DFT). Changes in the charge distribution, electron and band structure of the BP-Pt system are



discussed in the context of their consequent impact on catalytic properties of the overall system.

. Computational details

Periodic density functional calculations were performed using the Vienna ab initio simulation package (VASP)
[56] within the generalized gradient approximation, utilizing Perdew, Burke and Ernezerhof for the exchange-
correlation energy functional. [57] The kinetic energy cut-off of 500 eV for the plane wave basis set was selected.
Integration of the reciprocal space for all sur-faces was carried out using 5 x 5 x 1 grids of special k-points within
Monkhorst- Pack scheme for the geometry optimization procedures, [58] while 17x17x1 grid was used for the Density
of States calculations. Blue phosphorene monolayer was represented by a 4 x 4 single-layer supercell in all performed
calculations. All systems were fully relaxed employing the conjugate gradient algorithm until the variation in the total
forces was smaller than 0.001 eV/A at the current and previous step. A vacuum of 18 A along the z direction was

included to avoid possible interactions between repeating cell images.

Adsorption of a single hydrogen and platinum atoms on various top, bridge, fcc, and hcp sites were studied first
to define the preferable adsorption locations on the BP monolayer (Fig. 1). Additionally, the adsorption energies of a
single H atom and Hz molecule on BP and BP-Pt surfaces were evaluated. For the H, molecule, three initial
orientations were considered, parallel, perpendicular, and tilted to the plane of the surface, as can be seen in Fig. 1.

The adsorption energies on clean BP and Pt-modified BP surfaces were calculated from the following expression:
EAds = ESurf+Adsorbate - ( ESurf -EAdsorbate ) (2
where Esurt correspond to the energy of the pure BP or BP—Pt and Eadsorbate the energy of the adsorbate (atomic H, H»

or Pt) in a vacuum, respectively. For H, atomic H energy in gas phase was used as reference.

The effect of van der Waals corrections, as implemented by Grimme et al., [59] on adsorption energies was tested and
because of the closeness of the results with and without dispersion corrections, most calculations have been carried

out without the corrections, unless specifically stated otherwise.



3.1.

a) BP—Pt b) BP-# and BP-H,

Figure 1: Adsorption sites available on BP surface (panels a and b) and on BP surface decorated with platinum atom (panel c). Blue, silver and
brown spheres correspond to atoms of P, Pt and H, respectively.

To construct a volcano curve, hydrogen adsorption energies have been obtained for the 12 metals used in work of
Narskow et al., [60] employing 4 x 4 supercells with 4 atomic layers and 18 A of vacuum. In electrocatalysis instead
of using energy of a single H atom as in eq. 2, it is common to employ half of the energy of H; in the gas phase as the
reference. Thus, HBE values for the volcano curve were obtained using the following expression:

1
E ngs i =Esurten '[Esm + 2 Erog J (3)

1
The numeric difference between the Eng and E E is 2.25 eV , thus, if HBEs were calculated using eq. 2, the

H2,g

whole curve would have shifted to the left for a value of 2.25 eV, without affecting the trends of activity. Experimental
values for HER exchange current were taken from the works of Ngrskow et al.[60] and Trasatti[3] and were plotted

versus the corresponding HBEs.

. Results and discussion

Effect of platinum atom on fundamental properties of BP monolayer

The adsorption of a platinum atom on the BP 4 x 4 monolayer has been analyzed over four different adsorption sites,

indicated in Fig. 1 (a). The results evidence that while adsorption on hcp and top sites is possible, fcc position is the

most stable. Initially being placed onto bridge site Pt atom also converges to the fcc position with strong adsorption
4



energy of —4.2 eV (see Tab. S1 in Supplementary Information).
The electronic coupling effects between BP monolayer and Pt atom were analyzed employing the 2D cross sections

of charge density difference shown in Fig. 2.

a) BP—Pt

—0,24
N

+o,gD' > Oo,oq
of O

Figure 2: Cross sections of charge density difference in BP—Pt system. Red and yellow colors denote regions of charge buildup, while blue and
green — of charge depletion. Blue and silver spheres correspond to atoms of phosphorus and platinum. Cross planes, normal to the surfaces, are

shown from the top view on the systems.

Planes

It is evident that formation of electron-rich region between Pt and nearest P atoms is present, pointing to P—Pt charge
transfer taking place in the system. As the result, accumulation of -0.23 e negative charge on Pt atom is seen while
and P atoms in direct contact with the adatom become slightly positively charged. This observation is in line with
previously reported charge transfer from the surface to adsorbate in system, comprised of black phosphorene decorated
with Pt atom. [61] From the electronic localization function (ELF) in Fig. S1 it also can be seen that the P-Pt bond has
a mixed metallic-covalent nature.

Band structure data, illustrated in Fig. 3, show that BP monolayer is a semiconductor material. Also, in the same
Figure it can be seen that that the d-states of the Pt atom are located close to the Fermi level, i.e, the density of states
starts at the bottom of the valence band and fills up to the Fermi level, in agreement with the charge transfer from P

to Pt, described above.



3.2.

a) Pristine BP monolayer

E—Ep(eV)

E - Ep(eV)

Figure 3: Band structure and DOS of BP pristine monolayer (panel a); band structure, DOS and PDOS of BP with Pt atom present in the system
(panel b). DOS plots correspond to average of all atoms in the system, besides, PDOS in panel b represent the sum of s and p states for BP and d

states for Pt. For each system, the Fermi level (horizontal line) is indicated.

H adsorption on BP and BP—Pt surfaces

Adsorption of a single H atom on BP monolayer was studied in a similar way to Pt atom, i,e. the same adsorption
sites, seen in Fig. 1 were considered. Here it must be mentioned that the obtained Eags,1 Values with and without van
der Walls corrections were very close. Specifically, hydrogen adsorption energy on the most stable top site without
dispersion corrections is—1.84 eV, while if the Grimme-D3 scheme was used, the adsorption energy becomes slightly
more negative (Eags,H=—1.89 eV). For this reason, the results presented in this study are based on the calculations
carried out without the van der Waals corrections. Previous results for black-phosphorene [62] indicate H atom
preferably occupies the top site, as well, however on black phosphorene its adsorption is less stable, judging from
adsorption energy value of -1.29 eV. Also, the shorter optimized P — H distance on black-phosphorene, of 1.45 A
compared to 0.76 A on blue phosphorene further confirms stronger adsorption on the latter phase.

To assess the effect of a single Pt atom presence on fcc site of the BP on atomic hydrogen stability on the same surface,
adsorption of H atom was analyzed on ten different sites of the BP-Pt system located on various distances from the Pt

adatom (Fig. 1(c)). On the Pt-modified BP surface the adsorption at a distance from Pt atom was less stable than in its
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vicinity (-1.84 eV vs. -2.86 eV), suggesting a local nature of Pt atom on stability of other adsorbates on the same
surface, in agreement with observed changes in charge distribution and electron localization, described above.
The band structure in Fig. 4 panel (a) shows that H atom induces a semiconductor-metal transition in both surfaces -

with and without Pt atom, since an overlap of valence and conduction bands in both systems, takes place.
a) BP-H

— = — I Poos sp
= — ~, I POOS H

=1

5
s
4

E — Ex(eV)

E — Eg(eV)

Figure 4: Effect of Pt in electronic structure of BP—H; panels a) and b) shows band structure,PDOS and DOS of BP with H atom and BP—Pt with
H atom, respectively. DOS/PDOS plots correspond to average of all atoms in the system, besides, PDOS represent the sum of s and p states for

BP and d states for Pt. For each system, the Fermi level (horizontal line) is indicated.

Furthermore, in Fig. 5 can be seen that presence of the H atom leads to surface dipole formation, that can alter the
chemical properties of the sites in the vicinity of the adsorbate. Also on a more fundamental level, the band structure,
and the DOS and PDOS for BP system with H atom, show breaking of some generation around the I"-point and that
the resulting electronic states close to the Fermi level stem from a hybridization of BP and H in both, s, and p states.
A good catalyst usually has a band extending across the Fermi level, which interacts with the reactant [63] on the
surface. When the interaction is weak, the level is just broadened, and when the interaction is strong, the level is split
into bonding and antibonding orbital. When the overall reaction is in equilibrium, the orbital is half-filled at the
transition state and the part of the density of states that lies below the Fermi level reduces the energy of activation

[64]. When Pt atom is present on the BP surface the adsorption of H induces the breaking of many degenerations,
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given to more accessible states than the pristine BP surface. Overlapping between the BP, and Pt orbitals (s+p and d,
respectively) occurs around the Femi energy level, i.e., from 0,25 eV to -0,75 eV. These findings indicate that there

are far more orbital hybrids in the BP-Pt-H system than in the unmodified BP system.

max a) BP — H (top) b) BP - Pt - H (bridge - final position)
H Charge difference Charge difference

_“2 0—1,17 s
© B g. @

Plane(s)

Figure 5: Cross sections of charge density difference in BP and BP—Pt systems with atomic hydrogen. Red and yellow colors denote regions of
charge buildup, while blue and green — of charge depletion. White spheres indicate position of hydrogen atom, the rest of the color coding is the

same as in Fig. 2 Cross planes, normal to the surfaces, are shown from the top view on the systems.

Table 1: Adsorption energies E, 4, ,hydrogen-nearest surface atom distance d(P — H(,,))distance between hydrogen atoms d(H — H) and if

there was dissociation in the systems with H,. On the most stable site for each evaluated system.

Normal Normal
Initial . . d(H— H) o
System ) Final site E 445 (eV) d(P - H)) d(P—Hg) . Dissociation?
site . @)
Q) (&)
BP—Pt fcc fcc -4.20 1.37 - - -
BP—-H top top -1.84 0.76 - - -
BP—Pt—H hep (1 bridge (away pr) -2.87 0.91 - - -
BP—H,
. top top -0.52 2.92 3.67 0.75 No
Tilted 45°
BP—Pt —H, top (4 bridge (near pr)
. . -0.73 2.68 2.68 2.08 Yes
Tilted 45° bridge (near pr)

3.3. Hy adsorption on BP and BP-Pt surfaces
The adsorption behavior of H, molecules, parallel and perpendicular to the surface, and in intermediate, tilted
configuration (with the angle between the surface and the H-H bond close to 45°) was evaluated on various sites of
BP (4 x 4) monolayer (the site and orientation indications are given in Fig. 1). It can be seen from the values in
Table 2 that top site is the most preferable for H, adsorption on pristine BP. It is noteworthy, that the geometry obtained

from tilted initial orientation after the relaxation is very close to that where H, was initially perpendicular to the surface
8



plane, and more stable than of the system where H, was oriented parallel to the surface plane.

Table 2: Initial and final locations, adsorption energy values (Eags) and optimized geometries for BP—H, and BP—Pt—H,. The most stable sites in
each system are highlighted with bold font.

Normal Normal
System Initial site Final site f::;) d(P—Hy) d(P—Hgp) d()(‘IA; 0 Dissociation?
(&) (&)
top top -0.52 2.92 3.67 0.75 No
BP—H, hep hep -0.49 331 3.40 0.75 No
Tilted 45° fcc bridge-hcp 0.59 0.54 0.85 5.83 Yes
bridge bridge-hcp 0.64 0.57 0.97 6.74 Yes
t0P(4)  bridge (uear_pey -DFidGE (near_pe, -0.73 2.68 2.68 2.08 Yes
fCC2)  bridge uear—p) P (away-ro 0.01 0.81 2.44 8.25 Yes
top(1) Brdge (near—pt) -DHIAGE (away—po) 0.03 0.16 243 5.09 Yes
top(2) Bridge (rar away—pe) -DIi0OE (rar away—pey 042 0.20 0.98 3.88 Yes
BP—Pt—H, top(3) bridge (rar away-pe) -0ridge (rar away-pey ~ 0.50 0.13 0.97 3.86 Yes
Tilted 45° fec(1) bridge (rar away—pe) 0P (far away—po) 0.61 0.54 0.95 4.26 Yes
hep(1) bridge (near-pe) -bridge (rar away-ro) 0.63 0.73 2.06 8.21 Yes
bridge(2)  Pridge @way-re) tOP (rar away-po) 0.74 0.55 0.97 6.08 Yes
hep(2)  Pridge (ear-po) “NCP (rear-poy 0.78 0.90 1.55 5.10 Yes
bridge(1) ~ Prid9e caway-re) 0P (away-re 0.94 0.40 0.91 5.47 Yes

Then, the absorption of a tilted H> molecule was studied on ten different sites of BP-Pt surface to define the preferable
adsorption location. According to the obtained results in Tab. 1 H, adsorbs weakly on the pristine BP (—0.52 eV).
Presence of Pt atom on the surface does not change significantly adsorption characteristics of molecular hydrogen on
top) site with an Eagsn=—0.73 eV (Tab. 2). It should be noted that in all systems a dissociation of H, molecule is
possible as it can be seen in Tab. 1.

Interestingly, H. interaction with certain sites of BP-PT, such as hcp(1) and fcc(2) could result in a dissociation of
hydrogen with resulting two atoms of hydrogen adsorbed on opposite sides of the BP ML plane (see Fig. S2 of the
Supplementary Information). This phenomenon resembles hydrogen spillover process which consists of four steps:
1). molecular hydrogen interaction with the surface; 2). H, dissociation; 3). atomic hydrogen migration from
hydrogen-rich surface to the hydrogen-poor substrate; 4). atomic hydrogen diffusion into the substrate. Hydrogen
spillover has been reported for other 2D substrates, such as graphene, carbon nanotubes and Ceo fullerene [65-67],

thus, the obtained results suggest that this process may take place in the BP-Pt system as well.
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3.4.

Importantly, from band structure and DOS in Fig. 6, it can be seen that interaction of BP with H, molecule does not
induce changes in the electronic structure of the BP because the H, molecule states are mixed with the BP states, over
and under minimal conduction band and maximal valence band. Besides, it can be seen that Pt atom in BP with H;
causes the induction of additional bands near the Fermi level and lowers the conduction band minimum, as was
discussed previously. Finally, ELF plots evidence separation of electron densities of H, and the surface atoms in case
of intact H, adsorption, pointing to its physisorption. In case of the dissociative hydrogen molecule adsorption an

electron-rich regions around H and P atoms are formed, evidencing formation of chemical bond.

a) BP-H,

[ roos e
25 N = roos
2 (=

E—Ep(eV)

Figure 6: Effect of Pt in electronic structure of BP—H,; panels a) and b) shows band structure, PDOS, DOS and ELF of BP-H; and BP-Pt — H;
respectively. red lines in band structure represent the contribution of nearest P atoms to H, and Pt —H,. DOS/PDOS plots correspond to average
of all atoms in the system, besides, PDOS represent the sum of s and p states for BP and d states for Pt. For each system, the Fermi level (horizontal

line) is indicated.

Theoretically estimated BP and BP-Pt activities toward hydrogen evolution reaction

Depending on whether it takes place in acidic or alkaline media, HER is schematically expressed by 1. In acidic
media the process starts with VVolmer reaction,followed by either Heyrovsky or Tafel reaction, that in acid media can

be expressed as:
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H'++e o H (Volmer)
H'+H"+e <" +H, (Heyrovsky) ()
2H <> 2" +H, (Tafel)

Here * corresponds to surface adsorption site. Thus, the only reaction intermediate interacting with catalyst’s surface
is adsorbed hydrogen, and atomic hydrogen binding energy (HBE) on the material of interest has been the most
common activity descriptor for HER in acidic media [68-72]. In alkaline media water is the expected reacting species,

the HER mechanism is also comprised of three possible steps:

H,0+e+ <> H +OH" (Volmer)
H +H,0+e" <> H,+OH+"  (Heyrovsky) (5)
2H <> H,+2" (Tafel)

The reaction can proceed either by Volmer—Heyrovsky or VVolmer-Tafel steps,but in either of the mechanisms
atomic hydrogen is the only reaction intermediate adsorbed directly on the surface, similarly to the situation in acidic
media. Therefore, an optimal HBE is still an important factor maintaining the balance between adsorption and
desorption of H*intermediate in alkaline media.

Other factors may additionally define characteristics of HER, such as its rate. In general terms the rate of H* and
OH- adsorption on the surface is the rate determining step for the HER in the acidic and alkaline media, respectively.
During adsorption, the charge has to move through the interfacial double layer (H+ in acid and OH- in alkaline) and
its rate depends on the extent to which electrolyte, i.e. water, can accommodate this charge migration. If the interfacial
water is easily reorganized, charge transfer through the double layer will be rapid; if the interfacial water is rigid and
difficult to reorganize, charge transfer through the double layer will be slow.[73] Within the model, used in the present
work, it is impossible to draw a conclusion about the impact of Pt atom presence on the BP surface on the near-surface

water structure, and this question will be addressed in the future studies.

Therefore, using theoretically calculated values of hydrogen bond energy (HBE) it is possible to approximately
estimate HER activity of BP and BP—Pt systems, since HBE is often used as an activity descriptor.[2, 3, 60, 74]
Practically, HER exchange current density is a commonly used experimental criterion for evaluating catalytic activity
of a material towards HER. Plotting it against the value of HBE, a volcano-type curve is obtained, on which the
materials with the best catalytic properties for HER are located in the proximity of its apex. Although underlying
principles are not completely clear yet, HER volcano plot is a useful tool for screening potential new catalysts and is

used throughout the literature.

Thus, two branches of volcano curve were fitted with linear functions and the resulting curve can be seen in Fig.

7. For the sake of comparison, previously obtained data on HER activity of composite systems, comprised of Pt ML,
11



supported on polar terminations of tungsten and molybdenum carbide, is shown as well. jError! No se encuentra el
origen de la referencia. It is important to keep in mind that Eags+ values, presented in this figure, were obtained using

half of the total energy of Hy in gas phase as the reference.

AG,./eV
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Figure 7: Volcano curve showing the correlation between theoretically calculated adsorptionenergy of atomic hydrogen and experimentally obtained
HER exchange currents for selectedmetallic catalysts. Predictions on the HER activity for BP—Pt system is indicated with blue square. Value for
the activity of the pristine BP system is outside of the scale of the plot and, therefore, is not indicated. Free energies for hydrogen adsorption, AGH*

calculated as Eagsn + 0.24eV [49], are indicated as well.

As it can be seen hydrogen binds too weakly to the surface of pristine BP (HBE = 0.41 eV), and, therefore is outside
of the scale of the plot. However, adding a single Pt atom to the surface, affects significantly its electronic properties
in the vicinity of the modification site, as it was discussed above. As the result a noticeable shift in the predicted

activity is seen, suggesting that BP-Pt system performance for HER would be comparable to that of Ni.

Thus, similarly to other systems comprising Pt supported on various material (see Table S4 of the Supplementary
Information), the resulting activity of BP-Pt system is lower than that of pure Pt, but noticeably higher than of
unmodified BP. Compared to activity of Pt supported on SnO, TiSe,, CoS; and W-B,0, nanosheets [75-78] the BP-
Pt system is expected to be more active. At the same time, as it is seen in Figure 7 and Table S4, transition metal
carbides (TMC), employed as the support, are expected to be more active toward HER than BP-Pt. However, the direct

comparison of the PYTMC and BP-Pt systems is not possible at the moment, since the mentioned Pt/TMC systems
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consisted of a full platinum monolayer, supported on the carbides, while the present work focuses on the single Pt
atom interacting with the BP monolayer. This analysis, however, is outside of the scope of the present work and could

present an interest topic for a future study.

Indeed, in a realistic system low Pt coverage of 1/16 ML, described in the present work, is rarely attainable, and the
coverage of Pt adatoms will play a twofold important role: i). at higher coverages more surface atoms of the BP will
be affected by the presence of platinum, consequently affecting the average HBE on these surfaces; ii). at high Pt
coverages most of the BP surface sites will become unavailable, and hydrogen adsorption will take place mostly on
sites formed by the adatoms and their electronic structure would play an increasingly important role [12]. Therefore,
an important next step would be to consider higher Pt coverages on BP ML to bring the model closer to actual practical

catalytic system.

The stability under the working conditions is an important characteristic for potential catalysts. Using the method
proposed by Anicijevi¢ et al. [79] the stability of BP-Pt systems was evaluated (See Section S1 of the Supporting
Information). The obtained results indicated that a single Pt atom would not be very stable under the conditions of
HER. This model, however, does not account for factors such as presence of electrolyte and possible formation of 3D
Pt structures on the BP monolayer, therefore must be further expanded in the future to bring the theoretical model

closer to the practical systems.

Nonetheless, the obtained information opens possibilities for fine tuning of the catalytic properties of 2D phosphorus-
based systems and present an important first step toward further systematic approach to designing catalytically active

materials, tailored for specific target processes.

Conclusions

Periodic DFT calculations have been performed on systems comprised of blue phosphorene monolayer with and
without Pt atom present on the surface to study their interactions with atomic and molecular hydrogen. The obtained
results evidence that in these systems presence of Pt atom causes charge transfer from the surface to the adsorbate.
Also, Pt atom induces band transformation and state occupation, producing states near the Fermi level, all of which
will promote the semiconductor properties of BP, and affect its interaction with species, adsorbed on the BP surface,
in particular atomic and molecular hydrogen.

As the result of these changes the activity of BP—Pt systems toward HER sees an improvement, compared to that
of the unmodified BP surface. Better understanding of the origins of the HER activity of the BP materials may offer
a theoretical basis for a systematic and controlled design and development of new inexpensive catalysts for the

hydrogen evolution reaction.
13



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Acknowledgments

The authors would like to thank Universidad de Medellin (UdeM) for supporting their work. Authors thank
MINCIENCIAS to financial support of this research by contract 120680864729.

References

Pera-Titus M. Porous inorganic membranes for CO, capture: present and prospects. Chemical reviews.
2014;114(2):1413-92.

Conway BE, Bockris JO. Electrolytic Hydrogen Evolution Kinetics and Its Relation to the Electronic and Adsorptive
Properties of the Metal. The Journal of Chemical Physics. 1957 mar;26(3):532-41.

Trasatti S. Work function, electronegativity, and electrochemical behaviour of metals. Journal of
Electroanalytical Chemistry and Interfacial Electrochemistry. 1972;39(1):163-84.

Skilason E, Tripkovic V, Bjorketun ME, Gudmundsdbottir S, Karlberg G, Rossmeisl J, et al. Modeling
the electrochemical hydrogen oxidation and evolution reactions on the basis of density functional theory
calculations. The Journal of Physical Chemistry C. 2010;114(42):18182-97.

McCrum IT, Koper M. The role of adsorbed hydroxide in hydrogen evolution reaction kinetics on modified
platinum. Nature Energy. 2020;5(11):891-9.

Cheng N, Stambula S, Wang D, Banis MN, Liu J, Riese A, et al. Platinum single-atom and cluster catalysis

of the hydrogen evolution reaction. Nature communications. 2016;7(1):1-9.

Bockris J, Ammar I, Hug A. The mechanism of the hydrogen evolution reaction on platinum, silver and

tungsten surfaces in acid solutions. The Journal of Physical Chemistry. 1957;61(7):879-86.

Zheng VY, Jiao Y, Zhu Y, Li LH, Han Y, Chen Y, et al. Hydrogen evolution by a metal-free electrocatalyst.

Nature communications. 2014;5(1):1-8.

Zeng L, Li G, Zhang S, Xiao S, Zhao N, Chen BH, et al. Highly dispersed platinum on LaNi
nanoparticles/nanoporous carbon for highly efficient electrocatalyic hydrogen evolution. International

Journal of Hydrogen Energy. 2022.
14



[10]

(1]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

Vasilchenko D, Zhurenok A, Saraev A, Gerasimov E, Cherepanova S, Kovtunova L, et al. Platinum
deposition onto g-C;N, with using of labile nitratocomplex for generation of the highly active hydrogen

evolution photocatalysts. International Journal of Hydrogen Energy. 2022;47(21):11326- 40.

Akter A, Pietras J, Gopalan S. Heavily neodymium doped ceria as an effective barrier layer in solid oxide

electrochemical cells. International Journal of Hydrogen Energy. 2022;47(78):33429-38.

Koverga AA, Floérez E, Jimenez-Orozco C, Rodriguez JA. Not all platinum surfaces are the same: Effect
of the support on fundamental properties of platinum adlayer and its implications for the activity toward

hydrogen evolution reaction. Electrochimica Acta. 2021;368:137598.

Bhimanapati GR, Lin Z, Meunier V, Jung Y, Cha J, Das S, et al. Recent advances in two-dimensional
materials beyond graphene. ACS nano. 2015;9(12):11509-39.

Wang L, Hu P, Long Y, Liu Z, He X. Recent advances in ternary two-dimensional materials: synthesis,
properties and applications. Journal of Materials Chemistry A. 2017;5(44):22855-76.

Glavin NR, Rao R, Varshney V, Bianco E, Apte A, Roy A, et al. Emerging applications of elemental
2D materials. Advanced Materials. 2020;32(7):1904302.

Jeong GH, Sasikala SP, Yun T, Lee GY, Lee WJ, Kim SO. Nanoscale assembly of 2D materials for energy
and environmental applications. Advanced Materials. 2020;32(35):1907006.

Shifa TA, Wang F, Liu Y, He J. Heterostructures based on 2D materials: A versatile platform for efficient
catalysis. Advanced Materials. 2019;31(45):1804828.

Ao KL, Shao Y, Chan IN, Shi X, Kawazoe Y, Yang M, et al. Design of novel pentagonal 2D transitional-
metal sulphide monolayers for hydrogen evolution reaction. International Journal of Hydrogen Energy.
2020;45(32):16201-9.

Qin B, Zhang Q, Li YH, Yang G, Peng F. Formation of lattice-dislocated zinc oxide via anodic corrosion
for electrocatalytic C 0, reduction to syngas with a potential-dependent CO: H, ratio. ACS applied materials
& interfaces. 2020;12(27):30466-73.

Wang E, Zhang B, Zhou J, Sun Z. High catalytic activity of MBenes supported single atom catalysts for
oxygen reduction and oxygen evolution reaction. Applied Surface Science. 2022;604:154522.

Ren Y, Zhai Q, Wang B, Hu L, Ma Y, Dai Y, et al. Synergistic Adsorption Electrocatalysis of 2D/2D

15



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(311

[32]

heterostructure toward high performance Li-S batteries. Chemical Engineering Journal. 2022;439:135535.

Jin H, Yu H, Li H, Davey K, Song T, Paik U, et al. MXene Analogue: A 2D Nitridene Solid Solution for
High-Rate Hydrogen Production. Angewandte Chemie International Edition. 2022:e202203850.

Lu Y, Zhong H, Li J, Dominic AM, Hu Y, Gao Z, et al. sp-Carbon Incorporated Conductive Metal-Organic
Framework as Photocathode for Photoelectrochemical Hydrogen Generation. Angewandte Chemie
International Edition. 2022:e202208163.

Hu R, Jiang H, Xian J, Mi S, Wei L, Fang G, et al. Microwave-pulse sugarblowing assisted synthesis of 2D
transition metal carbides for sustainable hydrogen evolution. Applied Catalysis B: Environmental.
2022;317:121728.

Pang J, Bachmatiuk A, Yin Y, Trzebicka B, Zhao L, Fu L, et al. Applications of phosphorene and black
phosphorus in energy conversion and storage devices. Advanced Energy Materials. 2018;8(8):1702093.

Yang A, Wang D, Wang X, Zhang D, Koratkar N, Rong M. Recent advancesin phosphorene as a sensing
material. Nano Today. 2018;20:13-32.

Zhang WI, Zhang K, Wu Xj. Enhanced catalytic hydrogen evolution reaction in phosphorene nanosheet via
cobalt intercalation. Chinese Journal of Chemical Physics. 2019;32(5):572.

Srivastava R, Nouseen S, Chattopadhyay J, Woi PM, Son DN, Bastakoti BP. Recent Advances in
Electrochemical Water Splitting and Reduction of CO, into Green Fuels on 2D Phosphorene-Based
Catalyst. Energy Technology. 2021;9(1):2000741.

Dinh KN, Zhang Y, Zhu J, Sun W. Phosphorene-Based Electrocatalysts. Chemistry —A European
Journal. 2020;26(29):6437-46.

Cai Y, Gao J, Chen S, Ke Q, Zhang G, Zhang YW. Design of phosphorene for hydrogen evolution
performance comparable to platinum. Chemistry of Materials. 2019;31(21):8948-56.

Shao L, Sun H, Miao L, Chen X, Han M, Sun J, et al. Facile preparation of NH, -functionalized black
phosphorene for the electrocatalytic hydrogen evolution reaction. Journal of Materials Chemistry A.
2018;6(6):2494-9.

Wu Q, Liang M, Zhang S, Liu X, Wang F. Development of functional black phosphorus nanosheets with
remarkable catalytic and antibacterial performance. Nanoscale. 2018;10(22):10428-35.

16



[33]

(34]

[35]

[36]

[37]

[38]

[39]

[40]

(41

[42]

[43]

[44]

[45]

Wu T, Ma VY, Qu Z, Fan J, Li Q, Shi P, et al. Black phosphorus—graphene heterostructure-supported Pd
nanoparticles with superior activity and stability for ethanol electro-oxidation. ACS applied materials &
interfaces. 2019;11(5):5136-45.

Bai L, Wang X, Tang S, Kang Y, Wang J, Yu Y, et al. Black phosphorus/platinum heterostructure: a highly
efficient photocatalyst for solar-driven chemical reactions. Advanced Materials. 2018;30(40):1803641.

Wang X, Bai L, Lu J, Zhang X, Liu D, Yang H, et al. Rapid activationof platinum with black
phosphorus for efficient hydrogen evolution. Angewandte Chemie. 2019;131(52):19236-42.

Kovalska E, Luxa J, Melle-Franco M, Wu B, Marek I, Roy PK, et al. Single step synthesis of platinoid-
decorated phosphorene: perspectives for catalysis, gas sensing, and energy storage. ACS applied materials &
interfaces.2020;12(45):50516-26.

Gan Y, Xue XX, Jiang XX, Xu Z, Chen K, Yu JF, et al. Chemically modified phosphorene as efficient
catalyst for hydrogen evolution reaction. Journal of Physics: Condensed Matter. 2019;32(2):025202.

Lu J, Zhang X, Liu D, Yang N, Huang H, Jin S, et al. Modulation of phosphorene for optimal hydrogen
evolution reaction. ACS applied materials & interfaces. 2019;11(41):37787-95.

Wang M, Song R, Zhang X, Liu G, Xu S, Xu Z, et al. Defects engineering promotes the electrochemical hydrogen

evolution reaction property of phosphorene surface. international journal of hydrogen energy. 2021;46(2):1913-22.

Liu F, Huang Z, Liu H, Liao Y, Qi X, Zhong J. Strain Modulation of Black Phosphorene for the Hydrogen
Evolution Reaction Activity. physica status solidi (b). 2021;258(11):2100195.

Vishnoi P, Gupta U, Pandey R, Rao CN. Stable functionalized phosphorenes with photocatalytic HER
activity. Journal of Materials Chemistry A. 2019;7(12):6631-7.

Liu D, Wang J, Lu J, Ma C, Huang H, Wang Z, et al. Direct synthesis of metal-doped phosphorene
with enhanced electrocatalytic hydrogen evolution. Small Methods. 2019;3(7):1900083.

Zhu Z, Tomanek D. Semiconducting layered blue phosphorus: a computational study. Physical review
letters. 2014;112(17):176802.

Zhang W, Enriquez H, Tong Y, Bendounan A, Kara A, Seitsonen AP, et al. Epitaxial synthesis of blue
phosphorene. Small. 2018;14(51):1804066.

Zhang JL, Zhao S, Sun S, Ding H, Hu J, Li Y, et al. Synthesis of Monolayer Blue Phosphorus Enabled
17



[46]

[47]

(48]

[49]

(50]

[51]

[52]

(53]

[54]

[55]

[56]

by Silicon Intercalation. ACS nano. 2020;14(3):3687-95.

Sun M, Chou JP, Hu A, Schwingenschlogl U. Point defects in blue phosphorene. Chemistry of Materials.
2019;31(19):8129-35.

Swaroop R, Ahluwalia P, Tankeshwar K, Kumar A. Ultra-narrow blue phosphorene nanoribbons for tunable
optoelectronics. RSC advances. 2017;7(5):2992-3002.

Ju L, Dai Y, Wei W, Liang Y, Huang B. Potential of one-dimensional blue phosphorene nanotubes as
a water splitting photocatalyst. Journal of Materials Chemistry A. 2018;6(42):21087-97.

Cheng Y, Song Y, Zhang Y. The doping and oxidation of 2D black and blue phosphorene: a new
photocatalyst for nitrogen reduction driven by visible light. Physical Chemistry Chemical Physics.
2019;21(44):24449-57.

Maibam A, Das SK, Samal PP, Krishnamurty S. Enhanced photocatalytic properties of a chemically
modified blue phosphorene. RSC Advances. 2021;11(22):13348-58.

Xiao Y, Wang J, Wang Y, Zhang W. A new promising catalytic activityon blue phosphorene nitrogen-
doped nanosheets for the ORR as cathodein nonaqueous Li-air batteries. Applied Surface Science.
2019;488:620-8.

Li C, Xu Y, Sheng W, Yin WJ, Nie GZ, Ao Z. A promising blue phosphorene/C, N van der Waals type-
Il heterojunction as a solar photocatalyst: a first-principles study. Physical Chemistry Chemical Physics.
2020;22(2):615-23.

Wang BJ, Li XH, Zhao R, Cai XL, Yu WY, Li WB, et al. Electronic structures and enhanced
photocatalytic properties of blue phosphorene/BSe van der Waals heterostructures. Journal of Materials
Chemistry A. 2018;6(19):8923-9.

Maibam A, Chakraborty D, Joshi K, Krishnamurty S. Exploring edge functionalised blue phosphorene
nanoribbons as novel photocatalysts for water splitting. New Journal of Chemistry. 2021;45(7):3570-80.

Zhu J, Cai L, Yin X, Wang Z, Zhang L, Ma H, et al. Enhanced electrocatalytic hydrogen evolution activity
in single-atom Pt-decorated VS, nanosheets. ACS nano. 2020;14(5):5600-8.

Kresse G, Furthmtuller J. Efficient iterative schemes for ab initio total energy calculations using a plane-
wave basis set. Physical review B. 1996;54(16):11169.

18



[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(68]

Perdew JP, Burke K, Ernzerhof M. Generalized gradient approximation made simple. Physical review letters.
1996;77(18):3865.

Monkhorst HJ, Pack JD. Special points for Brillouin-zone integrations. Physical review B.
1976;13(12):5188.

Grimme S, Antony J, Ehrlich S, Krieg H. A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu. The Journal of chemical physics.
2010;132(15):154104.

Ngrskov JK, Bligaard T, Logadottir A, Kitchin JR, Chen JG, Pandelov S, et al. Trends in the Exchange
Current for Hydrogen Evolution. Journal of The Electrochemical Society. 2005;152(3):J23.

Sun X, Luan S, Shen H, Lei S. Effect of metal doping on carbon monoxide adsorption on phosphorene: a
first-principles study. Superlattices and Microstructures. 2018;124:168-75.

Kulish VV, Malyi Ol, Persson C, Wu P. Adsorption of metal adatoms on single-layer phosphorene.
Physical Chemistry Chemical Physics. 2015;17(2):992-1000.

Santos E, Quaino P, Schmickler W. Theory of electrocatalysis: hydrogen evolution and more. Physical
Chemistry Chemical Physics. 2012;14(32):11224-33.

Quaino P, Santos E, Soldano G, Schmickler W. Recent Progress in Hydrogen Electrocatalysis. Advances
in Physical Chemistry. 2011.

Sihag A, Xie ZL, Thang HV, Kuo CL, Tseng FG, Dyer MS, et al. DFT insights into comparative hydrogen
adsorption and hydrogen spillover mechanisms of Pt,/graphene and Pt,/anatase (101) surfaces. The
Journal of Physical Chemistry C. 2019;123(42):25618-27.

Ambrusi R, Orazi V, Marchetti J, Juan A, Pronsato M. Hydrogen storage by spillover on Ni, cluster
embedded in three vacancy graphene. A DFT and dynamics study. Journal of Physics and Chemistry of
Solids. 2022;167:110706.

Moyal AM, Paz-Tal O, Ben-Yehuda E, Moretto P, Bielewski M, Napolitano E, et al. Insights on hydrogen
spillover on carbonaceous supports. Nanoscale. 2022;14(25):9068-77.

Zheng J, Sheng W, Zhuang Z, Xu B, Yan Y. Universal dependence of hydrogen oxidation and evolution

reaction activity of platinum-group metals on pH and hydrogen binding energy. Science advances.

19



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

2016;2(3):21501602.

Bhowmik T, Kundu MK, Barman S. Palladium nanoparticle—graphitic carbon nitride porous synergistic
catalyst for hydrogen evolution/oxidation reactions over a broad range of pH and correlation of its catalytic

activity with measured hydrogen binding energy. Acs Catalysis. 2016;6(3):1929-41.

Tian X, Zhao P, Sheng W. Hydrogen evolution and oxidation: mechanistic studies and material advances.
Advanced Materials. 2019;31(31):1808066.

Dubouis N, Grimaud A. The hydrogen evolution reaction: from material to interfacial descriptors. Chemical
Science. 2019;10(40):9165-81.

Rebollar L, Intikhab S, Oliveira NJ, Yan Y, Xu B, McCrum IT, et al. “Beyond adsorption” descriptors
in hydrogen electrocatalysis. ACS Catalysis.2020;10(24):14747-62.

Ledezma-Yanez I, Wallace WDZ, Sebasti"an-Pascual P, Climent V, Feliu JM, Koper M. Interfacial water
reorganization as a pH-dependent descriptor of the hydrogen evolution rate on platinum electrodes. Nature
Energy. 2017;2(4):1-7.

Michalsky R, Zhang YJ, Peterson AA. Trends in the Hydrogen Evolution Activity of Metal Carbide
Catalysts. ACS Catalysis. 2014;4(5):1274-8.

Sun Z, Gao Z, Zhang C, Guan L, Tao J. Atomically dispersed low-cost transition metals catalyze
efficient hydrogen evolution on two-dimensional SnO nanosheets. International Journal of
Hydrogen Energy. 2021;46(56):28602- 12.

Li B, Wu Y, Li N, Chen X, Zeng X. Arramel; Zhao, X.; Jiang, J. Single Metal Atoms Supported on
MBenes for Robust Electrochemical Hydrogen Evolution ACS Appl Mater Interfaces.
2020;12(8):9261-7.

Song Z, YiJ, Qi J, Zheng Q, Zhu Z, Tao L, et al. Line defects in monolayer TiSe, with adsorption
of Pt atoms potentially enable excellent catalytic activity. Nano Research. 2022;15(5):4687-92.

Shi J, Chen T, Sun X. The effect of heteroatom doping on the active metal site of CoS, for hydrogen
evolution reaction. RSC Advances. 2022;12(27):17257-63.

Anitijevic DDV, Nikolic VM, Marteta-Kaninski MP, Pasti 1A. Is platinum necessary for efficient

hydrogen evolution? —-DFT study of metal mono-layers on tungsten carbide. International journal of hydrogen

20



energy. 2013;38(36):16071-9.

21



82



7. Conclusions

7.1. SPIN: [S]imple [P]ython [I]pywidgets [N]otebook Inter-
face to obtain the optoelectronic properties of materials
employing DFT

SPIN is a new versatile tool for researchers who want to reduce complexity of using
SIESTA software in their studies. Because it provides higher-level user interaction, it
can be also used for educational purposes. SPIN is a Ipywidgets based Interface which
allow users to work easily in any operating system (Windows, Linux and Mac), because it
works on Jupyter Notebooks. This new tools allow the users to work with standard SIESTA
files and prepare figures of the atomic structure and properties such band structure, DOS,
PDOS and optical properties for publication.

What can be expected from SPIN in the future? At the current stage, the core struc-
ture of SPIN deals with completed pipeline using SIESTA calculator, however, SPIN has
been developed to easily add new functions and calculators, in that sense, for future we
expected to add functionalities for other calculators, for example, GPAW, among others.
As the number of available calculators increases and new functionality is added, SPIN
will hopefully become an even more attractive toolbox contributing to efficient develop-
ment and utilization of electronic structure theory and molecular dynamics simulations.
We hope that SPIN will also encourage and contribute to further collaborative efforts with
open exchange of not only data and results but also efficient scripting to the benefit of the
research community.

7.2. Impact of different structural defects on fundamental prop-
erties of blue phosphorene nanotubes

We have investigated electronic structures of n = 7 to n = 14 armchair and zigzag
blue phosphorene nanotubes with various types of defects, including, double-vacancy
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and Stone-wales defect, and the effect of applied external electric field on it, by using
the first-principles calculations in the density-function theory. Our results indicate that all
vacancy defect types induce a decreasing in the BPNTs band gap. Besides, the effect of
single-vacancies in reducing the system band gap is stronger in both, zigzag and armchair,
compared to other types of defects, reaching a value 90% lower in the armchair systems
compared with pristine nanotubes and 65% in those of the zigzag types.

When a external electric field is applied on the structures, we have observed that bigger
systems requires lower field strengths to reach the semiconductor-metal transition. This
transition does exist regardless of the vacancy defect type on armchair systems, which
makes the armchair chirality more favorable to achieve it. We can also conclude that both
single-vacancy systems (type-A and type-B) require lower electric field values to become
a metallic material metal, compared with other all systems.

With regard to the optical properties, we have revealed an anisotropy linked to the
particular incident light polarization to be either parallel or perpendicular to the nanotube
growth direction. Besides, the differences in values of the calculated index of refraction,
related with the presence or absence of defects, are noticeable mainly within the visible
range and above, whilst static values remain practically the same for larger nanotubes
and only show deviations in smaller zigzag nanotubes laden with type B single vacancies.

This characterization of structural defects and their effects on the optoelectronic prop-
erties of blue phosphorene nanotubes is required to define how the surface of the nan-
otubes could be utilized to develop new optoelectronic devices.

7.3. Adsorption affinity of sulfonamides onto Blue-phosphorene
nanotubes

Electronic response of Zigzag and Armchair BPNTs to biologically active sulfonamide-
based compounds were studied using DFT calculations. Results indicate that analyzed
molecules SAM, SDZ, SMX are weakly adsorbed on the pristine BPNTs with adsorption
energy of about —0, 312, —0,285 and —0, 248 eV/, Besides,for SAM molecule, Benzene
position is the most outstanding in the results, since it obtained the highest adsorption
energy within its respective groups (same chirality and same type of vacancy). To im-
prove the adsorption, a P atom of the BPNT has been removed given a single-vacancy
defect. SV increase the reactivity of the BPNTs so that the adsorption energies increased
for all evaluated systems to about a percentage ranges that go from 20% to 89% for the
AM SAM (smaller increase) and AM SDZ (larger increase) systems, respectively. This
indicates that structural defects, improve the capacity of BPNTs for adsorption of these
toxic antibiotics. The orders of F,4, of three sulfonamides were as follows: SAM > SDZ
> SMX for pristine systems and ZZ SV. In SV AM-BPNTs SDZ molecule presents higher
E,q4s than SAM and SMX (SDZ > SAM > SMX). The calculations results demonstrate that
despite the increase in the reactivity of the ZZ SV BPNT to the sulfonamides, AM config-
urations show a transition from bipolar-magnetic semiconductor to not magnetic metallic
system, suggesting that defective AM BPNTs also can be employed as a sensor for antibi-
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7. Conclusions

otic molecules like SAM, SDZ, and SMX.

7.4. Modulation of Blue-Phosphorene for Pt atom adsorption
by hidrogen evolution reaction

Periodic DFT calculations have been performed on systems comprised of blue phosphorene
monolayer with and without Pt atom present on the surface to study their interactions
with atomic and molecular hydrogen. The obtained results evidence that in these systems
presence of Pt atom causes charge transfer from the surface to the adsorbate. Also,
Pt atom induces band transformation and state occupation, producing states near the
Fermi level, all of which will promote the semiconductor properties of BP, and affect its
interaction with species, adsorbed on the BP surface, in particular atomic and molecular
hydrogen.

As the result of these changes the activity of BP—Pt systems toward HER sees an
improvement, compared to that of the unmodified BP surface. Better understanding of
the origins of the HER activity of the BP materials may offer a theoretical basis for a
systematic and controlled design and development of new inexpensive catalysts for the
hydrogen evolution reaction.
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System Ej(eV/A) SV-A E(eV/A) SV-B E;(eV/A) DV Ef(eV/A) SW

(7,7 2,310 2,177 2,888 1,353
(88) 2,266 2,134 2,877 1,323
(9,90 2,135 2,013 2,748 1,128
(10,10) 2,248 2,148 2,886 1,330
(11,11) 1,951 1,820 2,527 0,814
(12,12) 2,031 1,878 2,565 0,888
(13,13) 1,711 1,616 2,227 0,634
(14,14) 1,438 1,353 1,904 0,159
(7,00 2,105 1,420 1,932 0,426
(8,0) 2317 1,679 1,855 0,668
(9,0) 2412 2,246 1,883 0,807
(10,0) 2,486 2,415 1,901 0,913
(11,0) 2,495 2,018 1,907 0,983
(12,0) 2,526 2,470 1,910 1,036
(13,0) 2,512 2,457 1,935 1,059
(14,0) 2,432 2,096 1,921 1,065
BlueP[1] 2.380 2.380 2.850 1.600

TABLE S1: The formation energy of all evaluated systems
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FIG. S1: Effect of electric field on energy band structure and density of states of pristine and
different structural defect types on blue-phosphorene nanotubes for the smallest Armchair nanotube
(n = 14) system. For band structure plots, values of 0, 0.2, 0.4 and 0.6 V/Aelectric field intensity

are considered.
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FIG. S2: Effect of electric field on energy band structure and density of states of pristine and
different structural defect types on blue-phosphorene nanotubes for the smallest Zigzag nanotube
(n = 14) system. For band structure plots, values of 0, 0.2, 0.4 and 0.6 V/Aelectric field intensity

are considered
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FIG. S3: The energy band gap as a function of the intensity of the externally applied electric field.
Panels (a) and (b) are for the case of Armchair nanotubes with n = 7 and n = 14 respectively, and
panels (c) and (d) are for Zigzag nanotubes with n = 7 and n = 14 respectively. In all cases we
have considered different types of systems: Pristine, SV-A, SV-B (single vacancies), DV (double

vacancy) and SW (Stone -Wales defect).

[1] M. Sun, J.-P. Chou, A. Hu, and U. Schwingenschlogl, Chemistry of Materials 31, 8129 (2019).
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1,597 1,506

1,284 1,414
1,285 1,391
1,286 1,395
1,289 1,391
1,294 1,371
1,303 1,377
1,326 1,379

1,382 1,535
1,382 1,530
1,382 1,521
1,383 1,524
1,385 1,521
1,458 1,524
1,626 1,520

1,283 1,414
1,284 1,396
1,285 1,395
1,288 1,388
1,292 1,373
1,300 1,378
1,313 1,382

1,375 1,533
1,376 1,531
1,376 1,525
1,378 1,525
1,379 1,527
1,391 1,528
1,618 1,528

1,285 1,415
1,287 1,396
1,288 1,396
1,291 1,393
1,296 1,378
1,304 1,380
1,316 1,385

1,380 1,545
1,381 1,538
1,381 1,534
1,383 1,532
1,385 1,530
1,414 1,535

1,548 1,535

TABLE S2: Static refractive index,refractive index at fw = 2.1 eV

different values of the external electric field. The calculation includes

of all evaluated systems for

two distinct polarizations of

the incident photons: Ej corresponds to light polarized along the direction parallel to, and E, to

light polarized perpendicular to the BPNT growth direction.
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FIG. S4: The imaginary part of the dielectric function as a function of the intensity of the externally

applied electric field for the case of Armchair nanotubes with n = 7 and n = 14 respectively. In all

—~

cases we have considered different types of systems: Pristine, SV-A, SV-B (single vacancies), DV
(double vacancy) and SW (Stone -Wales defect). The calculation includes two distinct polarizations
of the incident photons: Ej corresponds to light polarized along the direction parallel to, and E

to light polarized perpendicular to the BPNT growth direction.
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FIG. S5: The imaginary part of the dielectric function as a function of the intensity of the externally
applied electric field for the case of Zigzag nanotubes with n = 7 and n = 14 respectively. In all
cases we have considered different types of systems: Pristine, SV-A, SV-B (single vacancies), DV
(double vacancy) and SW (Stone -Wales defect). The calculation includes two distinct polarizations
of the incident photons: Ej corresponds to light polarized along the direction parallel to, and E

to light polarized perpendicular to the BPNT growth direction.
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FIG. S6: The real part of the dielectric function of smallest and biggest (n = 7 and n = 14 respec-
tively) pristine and defective blue phosphorene nanotubes systems as a function of the incident
photon energy. The calculation includes two distinct polarizations of the incident photons: E) cor-
responds to light polarized along the direction parallel to, and E| to light polarized perpendicular

to the BPNT growth direction. Curves for the different defective systems are identified.
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Eaas

Eqas

System SAM position (_iiyout VAW ) (with VAW)
Benzene 0,174 -0,279
o NHs -0,030 -0,191
Pristine ZZ SOsN Hy -0,008 -0,130
2H 0,197 -0,094
Benzene 0,199 -0,312
o of 0,131 -0,205
Pristine AM NH, 0,156 -0,053
SOsN Ho 0,136 -0,028
Benzene 0,168 -0,517
of 0,035 -0,497
SV 727 N Ho -0,033 -0,380
SOsNHo 0,048 -0,272
Benzene 0,226 -0,373
2H 0,249 -0,221
SV AM NH, 0,094 -0,161
SOsN Hs 0,173 -0,122

Table S1: Results interaction of pristine and single-vacancy (SV) with SAM molecules with
and without taking into account Van der Wals interactions; Adsorption energy (Egqs) is

presented in eV.

Molecule Position System without VdE\(}l\;'iscorrectiOHS
Dz Bewene | b 7 0120
SMD  Bewene | poie 22 0173
SME Bovene | proe 22 o211
SMT  Bowene | b o, 0222
SMX  Bowene | proiee 22 0051

Table S2: Results interaction of pristine with different Sulfonamides molecules without taking
into account Van der Wals interactions; Adsorption energy (FE,qs) is presented in eV.



0o = 10™ (Visible light)

System Molecule Position 7 300K 7 310K 7 320K 7 330K
Benzene 4,9x107% 3,4x107%® 2 5x107% 1,8x 107
. NH, 1,6 x107% 1,3x107% 1,0x107% 8,3x 10710
Pristine 27 SAM SO.NH, 1,5x10710 1,3x10710 1,1x10°° 9,7x 101!
2H 3,8x 1071 3.4x1071 3,0x1071 27 x1071!
Benzene 1,8x107%7 1,2x1079 8,3x10 % 5,9x 10708
L 2H 2,8x107% 22x107% 1,7x107% 1,4x107%
Pristine AM- SAM NH, 7.9%10712 7,4x10°2 6,9x10~12 6,5 x 10~'2
SO;NH, 2,9x10712 2,8x10712 2,7x10712 2,6 x 10712
Benzene 4,8x107% 2,5x107%% 1,4x107% 7,8x107%
2H 2,2x107%  1,2x107% 6,7x107% 3,9x107%
SV ZZ SAM NH, 2,4%x107% 1.5x107% 9,7x107°7 6,4x 10797
SO;NH, 3,7x107% 2,6x107% 1,9x107% 1,4x10708
Benzene 1,9x107% 1,2x1079 7,6x10°°7 5,0x 10707
2H 5,1x1079 3,9%x107% 3,0x107% 2,4x107%
SV AM SAM NH, 5,0 10710 4,1 x 10710 3,4x10710 2,8x 10710
SO;NH, 1,1 x10719 9, 7x10711 84 x 1071 7,4x10711

0y = 10 (UV light)

System Molecule Position 7 300K 7 310K T 320K T 330K
Benzene 4,9x1072 34x1072 25x1072 1,8x 10712
- , NH, 1,6 x 10713 1,3x1071 1,0x107%% 83 x 10714
Pristine 22 SAM GO0,NH, 1.5x10- 1.3x10-4 1.1x10-4 9.7x10-15
2H 3,8x 1071 3,4x1071 3,0x10715 2,7x1071°
Benzene 1,8x 107 1,2x107" 83x1072 5,9x 10712
- 2H 2,8x 1078 2,2x10718 1,7x1071 1,4x10713
Pristine AM-— SAM— 7,9% 1071 7.4x 10716 6,9x 10716 6,5 x 1016
SO;NHy; 2,9%x10716 2.8x10710 27x10716 2 6x10716
Benzene 4,8x107% 2 5x107% 1,4x107% 7,8x 107"
2H 2,2x107% 1,2x107% 6,7x107% 3,9 x107%
SV 72 SAM NH, 2,4x10710 1,5x10719 9,7x10" 6,4 x 10711
SO;NHy 3,7x1072 26x1072 1,9x10712 1,4x10712
Benzene 1,9x10710 1,2x1070 7,6x10~" 5,0x 10~
2H 5,1x 1078 3,9%x 1078 3,0x1071 24x10713
SV AM SAM N, 50x 1071 4,1x 107 3,4x 10" 2,8x 10~
SO;NHy, 1,1x107™ 9,7x107% 84x1015 7.4x1071°

Table S3: Results interaction of pristine and single-vacancy (SV) with SAM molecule; recovery

time (7) is presented in s.
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System Initial Site Final Site Eoqs(eV) Work Normal
function d(P — H)
(eV) (A)
BP-Pt fcc fcc -4,200 5.404 1,365
bridge fcc -4,196 5,395 1,309
hcp hcp -4,068 5,634 1,147
top top -3,622 5,724 1,852
Table S1: Adsorption energy values and optimized geometries for BP-Pt
System Initial Site Final Site Eqqs(eV) | Work Normal
function d(P—H)
(eV) A)
BP-H top top -1,843 4,421 0,757
top-VdW top -1,894 4,422 0,757
fcc bridge -1,757 4,951 1,049
hcp bridge -1,754 4,928 1,022
bridge fcc -1,549 5,133 0,732
Table S2: Adsorption energy values and optimized geometries for BP-H
System Initial Site | Final Site E.q4s(eV) | Work Normal
function d(P —H)
(eV) (A)
BP-Pt-H hepay bridgeaway-pt) | -2,866 5,031 0,190
fecee bridgeaway-pt) | -2,859 5,041 0,153
bridge tOP(near—pt) -2,423 4,888 1,602
topy) bridgemear—pe) | -2,300 4,900 0,929
hepeay bridgemear—pet) | -2,299 4,905 0,901
top(s) topaway-po) -2,089 4,636 0,605
top(y) topaway—pro) -2,016 4,622 0,505
bridge(s toP(away—prt) -1,863 4,533 0,524
topcy) tOP(near—prt) -1,542 5,058 1,630
feew fcc -1,297 5,088 0,569

Table S3: Adsorption energy values and optimized geometries for BP-Pt-H




a)

Pristine BP

b)

BP—Pt

c)

BP — H (top)

BP—Pt—H

Figure S1: Electronic localization function for different evaluated systems.

System AGh+ (eV) Ref
Pt-SnO 0.09 Ref. [1]
Pt- W2B202 nanosheets 0.17 Ref. [2]
Pt-TiSez 0.006 Ref. [3]
Pt-CoS2 0.03 Ref. [4]
Pt-Mo-MoC -0.05(-0.91) Ref. [5]
Pt-C-MoC -0.38 (-0.62) Ref. [5]
Pt-W-WC -0.36 (-1.05) Ref. [5]
Pt-C-WC -0.40 (-1.43) Ref. [5]
Pt-BP -0.14 (0.65) This-work

Table S4: Comparison of our results with other materials as reported in previous literatures. Where possible AG, values on
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unmodified supports are indicated in parentheses.

S1. Stability of Pt on Blue phosphorene monolayer
The cohesive energy is given by:
E = EPtn 'nEPt

coh
n

Here Ept is the total energy of relaxed bulk system, Ep; and Ej is the energy of the isolated
Pt atom in vacuum and N is total number of atoms. Replacing corresponding values:
B -24.386-4><(-O.518)

coh

=5.578eV

For BP — Pt the obtained value of E,;; = —4,2 eV.
The electromotive force (EMF) of such cell can be written as
EMF = Eads - Ecoh
Z
Where F is Faraday constant and z - number of transferred electrons.
Introducing Standard Hydrogen Electrode in place of Pt electrode would result in EMF of
this cell being equal to the Pt Standard redox potential E,‘,’tz+/Pt. A potential at which the

dissolution of monolayer would occur (Eg;ss), therefore, can be obtained by combining
EMPFs for these two cells:

_ o Eqas — Econ
Eqiss = PtZ*Y/pt ZF
E,.=1188- —4.2+558
2-96500
E,. <1.188V

diss
Therefore, BP-Pt system is going to be somewhat unstable in these conditions. Potentially
it can be further stabilized by increasing Pt surface coverage, but this requires further
study.
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Figure S2: Schematic view of initial and final site for hcp(1) and fcc(2) positions on Tilted
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