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Abstract

NanoMaterialsCAD is a new open source tool dedicated to the creation, manipulation, and 3D
visualization of crystalline structures at the nanoscale. It is designed for pre-processing atomistic
configurations to be used as input for atomistic (e.g., molecular dynamics or Monte Carlo) or ab initio
(e.g., density functional theory) computer simulations. It offers several tools for designing complex
nanostructures  (including  nanoparticles, nanowires, nanotubes, nanoscrolls, etc., and
combinations/permutations of them) which are either lacking or cumbersome in other existing packages.

Through its intuitive graphical user interface (GUI) it enables facile ways to design and modify the
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size/shape and relative positions of nanoobjects while observing the changes in real time.
NanoMaterialsCAD is written in C++, and exploits OpenGL (for the GUI), Win32API (for interaction
with Windows), and Assembly (for fast data management). The source code and executable file are
available for download from GitHub. We aspire that NanoMaterialsCAD will be adopted by the
nanomaterials modeling community as a valuable resource; to this end we will keep improving it,

incorporating more nanostructures and adding extra functionalities to its toolbox.

1. Introduction

Computer simulation is a powerful tool for elucidating the electronic or atomistic nature of various
phenomena at the nanoscale. With rapid advances in computer capacity and algorithms, and the rise of
High Performance Computing (HPC), little doubt remains that the prominence of computational
nanoscience is also constantly increasing. Indeed, a recent literature search showed that more than 7,000
articles on nanomaterials simulations are currently indexed in Web of Science per year, more than double
than just ten years ago. ™ This rapid surge is also attributed to the advances in experimental
methodologies regarding the fabrication and application of nanoparticles, thin films, and other
nanostructures, simultaneously leading to a demand for more in-depth theoretical analysis. [ B 14 B €171 18]
As a result, one of the main challenges for computational nanoscience is to design increasingly
sophisticated simulation models that correspond accurately to real-life systems and the conditions in

experimental setups, ©1 110 (1 B2 131 04T LST 126]

A crucial aspect of this challenge is the creation of the desired initial nanostructures, an often tedious and
time-consuming task which sometimes proves harder than anticipated. Especially when the configuration
is complicated and its physical properties are sensitively dependent on structure, small misjudgments on,

e.g., nanoparticle facet orientations or nanotube dimensions can yield misleading or, indeed, wrong



results. Currently, several programs are available for modeling and visualizing atomistic systems, such
as OVITO, M ATOMS, ¥ and VESTA. ¥ Although all of them offer valuable tools for manipulating a
system, and a graphical user interface (GUI) for the user to interact with, there are specific tasks that
these programs cannot perform (at least, to date), which are important for certain studies, e.g.,
creating a nanotube or a nanoscroll, inserting random point defects, introducing random displacements
of atoms, creating big databases of systems, etc. Commercial packages also exist, such as Materials

Studio Visualizer, ? but, as such, are not freely available to everyone.

Our previous experience with performing computer simulations that complement experimental work on
NP design and utility in various nanodevices 12 (2 1281 [241 [%] hag revealed the need for software that
enables facile nanostructure design. Of particular significance has been the demand to reproduce surfaces
and interfaces obtained from microscopy characterization of experimental samples, because of their
importance in the determination of, e.g., electronic structures and chemical, magnetic, or plasmonic
properties, etc. (2 (220 1261 271 28] \wjith this work, we are introducing our newly developed software,
NanoMaterialsCAD, ?* which caters for such needs. It is a free tool for modeling and manipulation of
nanoobjects at the atomic level that provides an easy and automated way to create various kinds of
crystalline structures such as nanoparticles, nanodots, nanowires, nanotubes, nanoscrolls, spatial vacuums,
etc., all packed into a single integrated application. This paper covers the basics of our software’s
capabilities; others are discussed in our Supplementary Information document containing a users’ manual.
Our aspiration is that NanoMaterialsCAD will be adopted by the nanomaterials modeling community as a
valuable resource; to this end we will keep improving it, incorporating more nanostructures and adding

extra functionalities to its toolbox.

2. Software Description

NanoMaterialsCAD ! is an open source tool dedicated to the creation and manipulation of crystalline
structures at the nanoscale. One of its strongest aspects is that it offers easy and intuitive ways to change
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the shape and/or the size of nanoobjects in real time while observing the changes immediately. This
enables quick and straightforward initialization of structures to be used in first-principle or atomistic
simulations of various methods. Especially in certain studies where the ability to create a big number of
system replicas with minor variations (e.g., to create training sets for Machine Intelligence generated
interatomic potentials) is crucial, NanoMaterialsCAD offers an efficient solution: the user can write their
own scripts and execute them by calling them from inside the program. A FOR loop in the script can be
used to create a great number of structures, which, combined with the ability of the program to generate

randomized configurations, can lead to numerous variations of the system.

2.1. General Information

The source code is implemented with C++, exploiting object-oriented programming, and OpenGL for the
graphical interface. NanoMaterialsSCAD offers an optimized GUI for the user to interact with (Figure 1a),
as well as multiple additional tools that can help manipulate it. Some of them are (i) unit cell
multiplication to create super cells, (ii) rotation and translation of selected atoms, (iii) real-time distance
calculation between any pair of atoms even while modifying their relevant positions, (iv) interactive
surface manipulation, (v) randomization of system properties, etc. The user can also insert random or
hand-picked vacancies, randomize the initial position of atoms by small displacements, randomize the
initially defined occupancy of crystal atomic positions (e.g., to create atomistic supercells for high

entropy alloys), etc.

Some of these operations can be used by calling commands in the command line, a fast way to access
certain utilities of the program. Further, Win32API allows the use of a dropdown menu with various
options (Figure 1b), enables drag-and-drop for input files, handles the communication between the user
and the program through the Windows Procedure, and creates a command window as a child window,
thus making the overall interface more user-friendly. Some parts of the program are written in Assembly
for more efficient data management. With fast performance being top priority, two modes are available
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for rendering atoms: points and spheres. Using spheres, one can readily render 10,000 atoms running at
60 fps (using Intel i5 CPU, 4™ gen. 3.20 GHz). Using point rendering, however, similar performance can

be achieved for ten times more atoms.

To appeal to a broad user base, the program is currently compatible with VASP ¥% and LAMMPS, B two
of the most widely used simulation packages, and can handle any POSCAR file (a prototype file invented
and used by the VASP team to describe crystalline structures) as input and produce POSCAR or
LAMMPS files as output. Using a POSCAR file as input for a given unit cell, a crystalline structure can
be generated either by using the command line or by selecting a “mold” from the menu (corresponding to
various structures available), also using the supercel I command to multiply the unit cell and create an
extended nanocrystal. The GUI lists the facets of the molds on the top-left corner of the window, along
with indication of where the facets intersect the x, y, and z axes (in A). For a cubic system this indicates
the distance of each facet from the center of the structure, whereas for a hexagonal system it indicates the
distance from the mid-point of the edges. Atom type and number are indicated on the right side of the
window (Figure 1a). Various functions can be performed using the mouse, mouse wheel, and selected

keys.

Next, we are going to analyze program utilities and offer some examples and case studies to demonstrate
the usage of the software. For more information on software usage the reader may refer to Supplementary
Information document and real-time video which serve as an up-to-date instruction manual as of the
submission date of this manuscript; however, as NanoMaterialsCAD will be under constant development,

more updated versions may be found online.

2.2 Design of 0D structures

NanoMaterialsCAD provides an easy way to create symmetrical nanoparticles (NPs). In the Edit tab of

the top bar menu (Figure 1b) three options (Cubic, Hexagonal, and Sphere) create NPs with specific



surfaces which can be subsequently modified by the user (i.e., surface ratios and/or NP size can be
changed). The structure is updated in real time so the user can immediately inspect the changes while

being applied to the system.

Let us use a Cr unit cell to demonstrate the creation of various exemplary NPs. First, we drag-and-drop
the POSCAR file that contains the unit cell; then we pick the Cubic option from the Edit menu tab. Using
the command supercel 1(10,10,10) we create a crystal box containing 10x10x10 repetitions of the
unit cell, maintaining its bcc symmetry. The NP is then ready for the user to modify its surfaces and
change their ratios or the NP size altogether. The origin of the axes is also redefined by the command
supercell (X,y,z), which duplicates the system and creates a x by y by z system. Initially the system
is a 1x1x1 unit cell, which means that the origin of the axes is simply the vertex (0,0,0) of the simulation
box. Once we use the command supercel 1 (X,Yy,z) we duplicate the whole system, which means we
also duplicate the (0,0,0) vertex. The algorithm finds the duplicated vertex closest to the center of the
system and sets it as the new origin of the axes. This allows the NP to be in the center of the simulation

box and, thus, easier to observe.

For the Cubic option the surface families are the {100}, {110}, and {111} of the cubic system. Each facet

is represented by a plane equation:
AX+By+Cz+D=0 1)

where A, B, and C are constants for each facet defining the orientation of the surface. D is the parameter
that the user can modify. Keys that allow surface manipulation are "q" and "w", "a" and "s", and "z" and
"x": each key moves a specific family of surfaces closer to or farther from the center of the NP. In doing
so, the initially cubic NP morphs smoothly into NPs of other shapes (Figure 2), enabling to explore the
full configurational space of symmetric Cr NPs. The importance of such a possibility will become clear
through case study 1, below. The same can be done for a NP with a hexagonal symmetry by picking the
Hexagonal mold option, whereas spherical NPs are easily produced with the Sphere mold, with the user

defining the radius.



2.3. Design of 1D Structures

NanoMaterialsCAD is capable of creating 1D structures such as nanowires (NWs), nanorods (NRs),

nanoscrolls (NSs), and nanotubes (NTs); this is the focus of this section.

NWs and NRs can be created in two ways. The first is through the Rod-like option from the Edit tab in the
program menu (Figure 1b). This option works as those discussed for NPs in the previous section, only this
time the user eliminates the termination of the nanocrystal upon specific surfaces, thus extending the
nanorods along specific directions (see Supplementary Information for details). The user can manipulate
the surfaces again with the “g”, “w”, “a”, “s”, “z” and “x” keys. The second way is by specifying the

exact surfaces; here is an example of creating a simple, infinitely long NW from the command line:
cut(1,0,0,10)
cut(-1,0,0,10)
cut(0,1,0,10)
cut(0,-1,0,10)
creating a NW of (100), (100), (010), and (010) surfaces at a distance of 10 A from its central axis.
Commands will be covered in more detail in a following section.

For NSs and NTs, on the other hand, the program requires a 2D material to help construct the structure.
By inserting the 2D material in the program and navigating to Edit — Nanoscroll (Figure 1b), the
algorithm constructs a NS from the initial 2D structure by rolling it around the x-axis according to the
Archimedean spiral equation (see Appendix A for details). The inner and outer radii lengths of the NS can
be adjusted with the “g” and “w” and the “a” and “s” keys. One can create a NT by matching the values

of the two radii (shown on the top-left corner of the window).



2.4. Design of 2D Structures

2D materials may be of interest by themselves, or required to construct NSs or NTs. Typical examples
include carbon sheets, transition metal dichalcogenides, and hydrogen-terminated thin films. A simple

way to create 2D materials is by slicing from a corresponding bulk system:
supercel1(40,40,20)
cut(0,0,1,5)
cut(0,0,-1,5)

This exemplary sequence of commands first creates an atomistic supercell of 40x40x20 crystal lattice

parameters and then cuts a 2D slice 10 A in thickness along the z direction.

2.5. Custom structure design

All systems discussed until now possess some form of symmetry which makes them easy to construct in
an automated fashion; for example, the NPs in Figure 2 are symmetric with respect to their center, NTs
have axial symmetry, and so on. Such systems are useful as model systems, showcasing basic principles.
However, oftentimes in real-life experiments more complex and/or defected nanostructures appear that
deviate significantly from an ideal system, which need to be accurately reproduced and simulated. This is

the focus of this section.

The command line is a tool designed to give the user freedom in designing complex structures (a text
predictor is also included for easy use). It also operates when a mold is enabled: for example, if the
spherical mold is selected, the user can cut the spherical NP wherever they want while working with it.
Some basic options available through the command line will be discussed here; for more details, or for

more commands, the interested reader can refer to Supplementary Information.



The command cut(h, k, I,D) that was used in previous sections cuts the system along the plane (hkl).
The fourth variable, D, is the one that appears in the plane equation (1). In practice, if we consider
equation (1) explicitly, e.g., the command cut(1,2,3,6) in a cubic system provides a plane which
intersects the x-axis at 6 A, the y-axis at 3 A, and the z-axis at 2 A. This way the user is not limited to a
given set of planes but they can create any combination of surfaces at will. The command
cut(h,k,l,D) limits a 3D crystal within a given plane, as described by the Miller indices. For
example, cut(-1,2,0,20) applies the (1,2,0) plane and cuts the axis at the 20 A mark. For hexagonal
systems the same command can be used omitting the third plane component. For example, if a;, a,, as, a4
are the axes of a hexagonal system, where a;=x and a,=z, the command cut(1,0,0,10) cuts the a;

axis at 10 A and the a3 at -10 A.

One can also select specific atoms and either delete them, thus adding random or hand-made vacancies, or
replace them with atoms of a different type, which can play an important role on the material’s
thermodynamical, mechanical, or optical properties. To replace atoms the user has to right-click on the
screen and navigate to Edit Selected — Change Element; a window then appears in which they can
choose any element. This feature can be very useful for, e.g., terminating surfaces with hydrogen atoms

(Figure 3a).

Of course, the user may combine any given number of individual nanoobjects to recreate an
experimentally observed structure. By inverting the IF statements used to construct any nanoobject the
user can also create a void within the volume or on the surface of a crystal. This way one can, for
example, half-embed a nanoparticle in an underlying support, as shown in Figure 3b. A case study of an
asymmetric Pt NP on a CuO substrate, as observed through high resolution transmission electron

microscopy (HRTEM), is discussed in case study 2, below.

3. Case Studies



Next, we will cover two case studies where simulations were performed on systems designed with
NanoMaterialsCAD. The goal is to demonstrate our new tool’s comparative advantage with respect to
other currently available software. Also, to highlight its flexibility, the first case study concerns classical
molecular dynamics (MD) simulations performed with LAMMPS, whereas the second is a density
functional theory (DFT) investigation performed with VASP. As mentioned above, both codes are among
the most commonly used for their respective methods, thus indicating the potential widespread utility of

our new software tool.

3.1 Case study 1: Determination of equilibrium shapes of Fe NPs with MD

Prediction of NP shapes is key to various nanotechnology applications since efficiency often depends
heavily on shape. Catalysis is an obvious example, with dissimilar NP morphologies offering different
numbers of active sites for reactions. 34 3% B4 %1 Equilibrium NP shapes are typically determined from
Wulff constructions and surface energy minimization arguments; therefore, one would intuitively expect
spherical (or near-spherical) shapes to occur, i.e., NPs with the lowest possible surface-to-volume ratios.
(361 [37] [38] [39] [401 [41] [42) %3] Lo\vever, in real-life experiments non-spherical geometries often prevail, driven

by either thermodynamic or kinetic effects. (2% (441 [4°]

A useful benchmarking practice in determining the probability of specific NP shapes for given sizes is to
identify the thermodynamically stable shape and calculate its differences in energy compared with those
of other shapes. [**! For example, Zhao et al. recently explained the formation of Fe nanocubes grown by
magnetron-sputtering inert-gas condensation based on differences in kinetic growth modes of different-
type facets (namely, {100} and {110}). “¥ To do so, the authors first compared the potential energy (as a
function of NP size) for five different shapes (i.e., cube; edge-cut cube; sphere; truncated rhombic
dodecahedron, TRD; and rhombic dodecahedron, RD), and concluded that, within the studied size range,
the TRD was consistently the most stable structure. However, it should be mentioned that only a TRD
with equilateral hexagon facets and a specific edge-cut cube were included in that assessment; this

10



sufficed for that study, as the main conclusion from that comparison was that nanocubes were clearly
energetically unfavorable and, therefore, their existence could not be explained by thermodynamics
arguments. If, on the other hand, one needed to perform a more rigorous comparison, including all
possible chamfered cube shapes for any given NP size, one would have to face the tedious and time-

consuming task of generating all these intermediate initial structures.

NanoMaterialsCAD offers the possibility to generate these structures efficiently and effortlessly, using
the procedure described above. We thus created nanocubes ranging between 1 and 8 nm in edge length,
and morphed them by edge chamfering toward edge-cut cubes, TRD, and, eventually, RD NPs. In doing
so, we varied the ratio between total areas of {100} and {110} facets, starting with purely {100}-
terminated cubes and ending with purely {110}-terminated RD. Obviously, the number of intermediate
shapes increased as the NP size increased, as indicated by the number of points in Figure 4a. In this
figure the potential energy per atom is plotted as a function of NP size, calculated by molecular statics
simulations performed with LAMMPS using the EAM potential developed by Mendelev et al. (as in Zhao
et al.). “ A zoom-in at the chamfering sequence for the 8 nm cubes is shown in the Figure 4b, indicating

that the energetically favorable structure is not the equilateral TRD, but a chamfered cube (also

describable as a non-equilateral TRD) with a surface area ratio of 4110 — 1,075, A visual aid in obtaining
100

energetically optimal structures is shown in Figure 4c. A comparison of potential energies of three NP
shapes (sphere, cube, and non-equilateral TRD) is shown in Figure 4d, along with equivalent results from
Zhao et al. We notice that there is good agreement between the two studies, with the TRD being the
energetically favorable shape followed by the sphere and the cube. The slightly lower values obtained
consistently in the current work are a result of performing the study at OK, instead of room temperature as
in the previous work, which reduced the potential energy by ~0.04eV/atom and are not of essence; what is
of interest is the relative trends for each individual study. In particular, our goal here was to produce a
very detailed plot based on a great number of initial structures generated by NanoMaterialsCAD, which

can prove useful for future studies. Further, NanoMaterialsCAD can be a very useful tool in evaluating
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the transferability of an interatomic potential (which are often fitted to bulk properties) to the nano-

regime, by comparing its prediction with the Wulff constructions of nanoparticles of given sizes.

3.2 Case study 2: Calculation of charge transfer between asymmetrical Pt NP and CuO support

with DFT

Surface charge and charge transfer between metallic NPs and metal-oxide supports are of great
importance for various applications in catalysis, surface plasmonics, electrochemistry, etc. 28 (271 [48]
Especially in the field of chemical (bio-) sensing, the nature of the NP-oxide support interface and the
resulting interactions can determine the sensitivity and selectivity of the sensor device. 9 % B1 Ap initio
theoretical studies based on real-life experimental data are often necessary to characterize these interfaces
accurately. To this end, HRTEM is a valuable tool, providing detailed information with atomic resolution

on real systems.

Our second case study demonstrates the practical usefulness of NanoMaterialsCAD in readily translating
HRTEM data into accurately reproduced structures to be used in DFT calculations. As a model system we
used a Pt NP deposited on CuO support, as shown in Figure 5a. CuO nanowires were grown by thermal
oxidation of Cu ¥ and were decorated with Pt NPs by magnetron sputtering inert-gas condensation. ! Pt
NPs are well-known to exhibit superior catalytic activity, owing to the effective electron transfer from the
NPs to the supports, especially reducible oxides such as cupric oxide. 3 B4 15 Here, the main challenges
in reproducing this exemplary structure were the asymmetry of the NP and the relative orientation of its

crystal structure with respect to the support.

To recreate this particular NP, after drag-and-dropping the relevant POSCAR file, we followed the
process described above for NRs: we first created a 10x10x10 A® supercell, and then cut the bulk system

along the corresponding surfaces indicated by the HRTEM micrograph. We notice that this particular NP
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is terminated only by surfaces of the {111} family (figure 5a, inset). To construct the substrate, we drag-
and-dropped the CuO unit cell ®® and created a 1x1x2 super cell. By doing so, we created four layers of
CuO along the [111] direction. The bottom layer had to be passivated with a pseudo-hydrogen layer for
subsequent DFT simulations. ®! To create the pseudo-hydrogen atoms we defined Change Element as
“H1.5” so that hydrogen atoms possess 1.5 electron charges each. After saving the file (ctrl+s), we
opened it in a text editor and added a 15 A vacuum along the [111] direction; we could then relax the
system with VASP to find the optimal positions for the Cu, O, and pseudo-H atoms. After the relaxation
finished we opened the output CONTCAR file with the NanoMaterialsCAD and multiplied it with

supercell(5,4,1) to create a 4x5 surface onto which the Pt NP was deposited.

Both the NP and the substrate files could be rendered in the same scene (to select individual files, one can
left-click on the plus sign at the top-left corner and click on the desired file). After composing the full
structure, we selected the NP alone and translated / rotated it (by right-clicking and selecting Translate or
Rotate, respectively, from the Edit — Selected tab). The distance of the NP from the substrate was also
controlled with the distance calculator tool, located at the left toolbar (if one atom from the NP and one
atom from the support are selected, their distance is instantly updated while moving the NP). Therefore,
NanoMaterialsCAD provided a facile way to precisely place the NP on top of the substrate as necessary

to reproduce the experimental configuration.

Once the desired configuration was achieved, we used DFT modeling to investigate the charge transfer
mechanism. The methodology is described in detail in the Supplementary Information and in references
[26] [27]. Figure 5b shows a charge density transfer plot of the system, that is, a projection on the x-z
plane of the total charge density difference between the overall structure (i.e., the relaxed Pt NP resting on
the CuO NW) and its corresponding isolated constituents (i.e., the relaxed Pt NP and the bare CuO NW
surface). Pronounced electron charge transfer is observed at the interfacial area, mainly caused by the
highly electronegative O atoms bonding with the Pt atoms of the NP. *"! Polarization and charge separation

also occurred in the volume of the NP and the CuO; this is more visible in the CuO where the polarity
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of the polar covalent bonds between Cu and O changes. The increased strong electric dipoles located on Pt
atoms close to the interfacial area evidently increase the positive charges of Pt atoms. The charge density
transfer plot of Figure 5b clearly shows that a cloud of electrons is located beneath the Pt NP, which
consequently leads to positively charged upper layers of the CuO NW. Our results highlight the electronic
NP-support interactions in the Pt-CuO system, which is relevant for the correct interpretation of
experimental studies. Hence, this example showcases how NanoMaterialsCAD can aid in the efficient
design of computational models to understand the structure-property relations and functionalities of

hybrid nanomaterials.

4. Conclusion and prospects for future expansion

In this paper we introduced NanoMaterialsCAD, an open source manipulation and visualization tool
dedicated to the creation of crystalline structures. We covered structures such as NPs, NWs, NSs, NTs,
2D materials, and more. We also explained the usage of the command line and introduced various
utility commands that assist in the manipulation of the system. Two case studies were presented that
demonstrate the usability of the program. In the former, we smoothly morphed Fe NPs from cubic
through chamfered-cubic and to, eventually, RD shapes, thus exploring their full configurational space;
we also calculated their configurational energies by classical MD. In the latter, we accurately
reproduced a configuration of a single Pt NP deposited on a CuO substrate (observed experimentally
by HR-TEM), and investigated the electron charge transfer with DFT. For both case studies, we
offered a step by step method of how to create the system with our software and explained the results

of the simulation.

NanoMaterialsCAD is constantly under development. Near-future additions will include incorporation
of amorphous and defect-based NPs. Algorithms will be considered for the parametric formation of
twinned and multiply twinned NPs (such as decahedra and Mackay icosahedra), as well as possible other
structures (such as anti-Mackay icosahedra, pentadodecahedra, polyicosahedra, Leary tetrahedra, etc.).

14



561 591 1% A5 an open source resource, NanoMaterialsCAD will also benefit from users adding utilities
and functionalities, and sharing plug-ins based on their own needs and priorities, thus expanding its

scope.

Appendix A: Nanotubes and Nanoscrolls: (Archimedean Spiral)

To create a nanoscroll, a 2D layer is required as input, which is mapped onto a scroll of two given radii.

Given a length, S, of this layer, the corresponding length of the nanoscroll is given by:

S6) = ;—9(9\/1 107+ (0+1+ 92)) (A1)

This expression is known as the Archimedes’ Spiral. For simplicity we assume that the nanoscroll starts
with R = 0 and ends up with R = r. If we solve this specific problem, it is trivial to generalize it and create

a nanoscroll with inner radius R = r, and outer radius R = r;.

For a given radius r and a given length S(6), equation (A1) needs to be solved for 6. Since it is impossible
to find an analytical solution for 8, we have to find the solution using a numerical method. We selected
one open and one closed method, namely the bisection and Newton-Raphson methods. Both produced

correct results, but the Newton-Raphson method proved superior in solving this specific problem. By

following the Newton-Raphson method, we need to calculate the derivative %(em’ which is almost

das(e)
dae

ds(6)

constant for 8 > 5°, at = (0.5, (for6 = 50’7 = 0.47) as it is shown in Figure AL.

This means that iterating only once using the Newton-Raphson method, we can find a solution of 8 with

very good precision, thus saving significant time.
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Figure 1: (a) The GUI of the NanoMaterialsCAD. (b) Current menu options for the creation of various

nanostructures, referred to as “molds”.

(a)

(b)

22



Figure 2: Smooth morphing via chamfering of a Cr NP from a cubic shape toward a truncated octahedron

and a rhombicuboctahedron.
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Figure 3: (a) Unrelaxed silicene nanoribbon terminated by H atoms (depicted red) with an added vacancy

(magnified in inset). (b) Example of creation of semi-spherical hole on the (001) surface of a NaCl

crystal, and deposition of a Pd NP, half-embedded in the support.
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Figure 4: (a) Potential energy (in eV/atom) as a function of NP size (in number of atoms, to
accommodate different NP shapes). Different chamfering sequences are marked by different colors. (b)
Zoom-in at the chamfering sequence for 8 nm cubes, indicating the energetically favorable structure (i.e.,
a specific chamfered cube or non-equilateral TRD). (c) If S1 is the distance from the center of the NP to
the intercept of a {100} facet on the x-axis, and S2 is the distance from the center of the NP to the
intercepts of a {110} facet on the z and x axes, then as the ratio S2/S1 approaches the value 1.6 the energy
of the NP approaches its minimum value, regardless of NP size. (d) Comparison between potential energy
values as a function of size for three different shapes between the current work and Zhao et al. Note that
for the latter work equilateral TRD results are shown, whereas for the former TRD corresponds to non-

equilateral TRD.
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Panel (d) reproduced with permission: [44] Copyright 2016, The American Chemical Society.

electrons/A2

Figure 5: (a) HRTEM micrograph of Pt NP deposited on a CuO NW by magnetron-sputtering inert-gas
condensation. The inset shows the reproduction of the NP by NanoMaterialsCAD, terminated by {111}
surfaces only. The corresponding facet indices are denoted on the experimental image and it should be
noted that along the specific [110] projection of the Pt structure the (111) and (111) planes (in red font)
are inclined with respect to the (110) plane, while the rest {111} facets of the NP are perpendicular. (b)
Corresponding relaxed atomistic model of the system, showing its charge density transfer plot. Blue and
yellow isosurfaces correspond to electron depletion and accumulation, respectively. Strong dipolar

behavior is observed at the NP-support interface.
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