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We perform a theoretical investigation using the density functional tight-binding (DFTB) approach for the
structural analysis and electronic structure of copper hydride (CuH) metallic nanoparticles (NPs) of different size
CuH (from 0.7 to 1.6 nm). By increasing the size of CuH NPs, the number of bonds, segregation phenomena and radial
Segregation phenomena distribution function (RDF) of binary Cu-Cu, Cu-H and H—H interactions are analyzed using new implementa-
Data science tions in R code. The results reveal that the number of Cu-Cu bonds is more than that of Cu-H while the number of
H—H bonds are the less. Thus, a large amount of H atoms prefers to connect to Cu atoms. The increase in the size
of the NPs contributes to their stabilization because of the increase in the interaction of H—H bonding. The
segregation of Cu and H atoms shows that Cu atoms tend to co-locate at the center, while H atoms tend to reside
on the surface. From the density of state (DOS) analysis, CuH NPs shows a metallic character which is compatible
with experimental data. HOMO and Fermi levels decrease from -3.555 to -3.443 eV and from -3.510 to -3.441 eV.
Herein, an increase in the size contributes to the stabilization of CuH NP due to decrease in the HOMO energies.

1. Introduction

Binary metal hydrides have attracted increasing attention, espe-
cially in hydrogen storage applications, due to the ability of metallic
atoms to absorb large amounts of hydrogen both safely and efficiently
while storing and transporting hydrogen. Among them, copper(1) hy-
dride (CuH), the oldest hydride known [1], is unique since it can be
synthesized in solution at room temperature. Additionally, CuH appears
in a myriad of chemical processes, ranging from catalysis to electro-
chemistry to organic synthesis [2-13]. CuH also exhibits unusual
bonding behavior and is unstable at atmospheric hydrogen pressure
[14-16], but as a metastable compound, it may be relevant to the ap-
plications of copper in which hydrogen entry into the metal is expected.

Elucidating the behavior of nanomaterials is one of the key factors
for both science and technology because of their potential unusual
properties. One of these curious behaviors is that nanostructures lead to
a variety of anomalous phenomena different from their bulk patterns
[17-21]. Thus, nanostructured metal hydrides may have the potential
to be an important class of materials due to the ability to tune the
material properties. In the literature, there has not been any consider-
able attention paid to CuH material at the nanolevel except for the
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following two studies: the morphology and stability of CuH nano-
particles (NPs) in different environments [22]. In the study, CuH NPs
was found to be very porous and, thus, half the surface area; further-
more, the half-life of CuH may be controlled by the mobility of hy-
drogen atoms in the copper matrix. CuH nanoclusters have been applied
for energy storage and conversion [23]. On the other hand, CuH in
wurtzite bulk form exhibits a semiconductor character, whereas, in-
terestingly, CuH at the nanolevel shows metallic character with particle
sizes between 44 and 149 yum [22-26].

In this work, for the first time, the structural and electronic prop-
erties of CuH NPs have been carried out by a density functional based
tight binding (DFTB) method whose run-time complexity is fast and
efficient. Moreover, the performance of DFTB calculations has been
shown on metallic nanoparticles in the previous studies [27,28]. In this
study, we analyzed the HOMO, LUMO and the frontier molecular or-
bital energy gap (E,), total energy, density of states (DOS), radial dis-
tribution functions (RDFs), order parameter (R) to analyze the segre-
gation phenomena of Cu and H atoms and the number of bonds
between Cu-Cu, Cu-H and H—H binary interactions in CuH NPs. In
order to conduct structural analysis, we also developed programs in R
language (discussed in the next section) to analyze the number of
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bonds, segregation phenomena, and RDF.

2. The method of calculations

The structural analysis and electronic structure of CuH NPs have
been investigated using DFTB implemented in DFTB + code [29] with
the hyb-0-2 [30,31] set of Slater Koster parameters. The DFTB form-
alism contains two major contributions (see Eq. (1)). These contribu-
tions correspond to the Hamilton and overlap matrix elements, and the
repulsive potentials [32]. The basic idea of the DFTB formalism is to
perform the second order expansion of the Kohn-Sham (KS) DFT total
energy functional around a reference electronic density (o),

Bl = B[] + El[p,, 8] + E%[o, (60)%] @

where p is the sum of neutral atomic densities. The first term in Eq. (1)
is a Kohn-Sham effective Hamiltonian which is defined as

E°[py] = Hy = (n,1H [p,]1,) )

and the second term is the energy due to charge fluctuations

1.
El[py, 8] = ES’”Z (ax + ¥ex)Aqx
3)

where S, = (n,In,) is the overlap matrix elements. For the first two
terms, the Hamiltonian and overlap of atomic orbitals are precalculated
and stored as well as a self-consistent charge (SCC) procedure is used in
the SCC-DFTB approach to self consistently due to the dependence of
the DFTB Hamiltonian on the atomic charge. The third term is the re-
pulsive potential which is approximated as a sum of two-center repul-
sions,
Elp, 607 = 5 3 Vas (i - Ral)
AB C)]
with pair potentials which depend on the respective atom types and the
interatomic distance Ryp = E,; - E;. We do not explain the procedure
of DFTB calculations in detail because there currently exist several
studies available with detailed descriptions of theoretical aspects and
performance of the DFTB approach, as well as advances in theoretical
development and application [33-36].

The initial structures of some of CuH NPs from n = 204 to 2418
atoms are indicated in Fig. 1. All of the CuH NP models were carved
from bulk 60 x 60 X 60 supercell of hexagonal crystal structure
(wurtzite, space group P6smc) with the unit cell lattice constants a
=2.74 A and c=4.39 A observed in experiments [37,38]. The chemical

arrangement of Cu and H concentrations was chosen as
x = 0.50 (Cu;_xHy). All calculations have been performed at constant
volume.

To make the program more accessible to non-computational scien-
tists, we have designed and implemented programs to simplify struc-
tural analysis. These includes functions to analyze the number of bonds,
segregation phenomena, and RDF of CuH NPs based on the size. We also
have made the codes of the properties mentioned above open source
freely available online (https://github.com/hasankurban/Structural-
Analysis-NanoParticles). Additionally, these programs include high re-
solution visualizations to plot data, though our intent is broader than
the scope of the work in this paper.

We have chosen R—itself an open source programming langua-
ge—that is among the most ubiquitously used platforms (R includes
both an interactive environment and IDE-like versions), and is found in

Fig. 1. Initial structures of some CuH spherical nanoparticles from n = 204 to
2418 atoms. (Cu is blue, H is yellow).
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Fig. 2. Variation of number of bonds of binary Cu-Cu, Cu-H and H—H inter-
actions based on the size of CuH nanoparticles.
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Fig. 3. Size dependence of the order parameter of Cu and H atoms in the CuH
nanoparticles.

virtually all computational and data science analyses and has become
one of the most common scientific computational tools. It is our belief
that for these reasons, R is both a necessary and excellent too for the
material science community if material science is to stay current with
the general tendency to include computation as part of any scientist’s
skill set. To address the likely problem many, if not most, material
scientists are not programmers, we have carefully designed the tools to
be to be easily used and, for those who can, placed in GitHub, to tailor
the code for their own needs. In the near future our plan is to the
software as a web service to further simplify usage.
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Fig. 4. Radial distribution function of CuH nanoparticles with (a) n = 204, (b) 297, (c) 1941 and (d) 2418 atoms.

3. Results and discussions
3.1. Structural analysis

The number of the nearest neighbor contacts (n;), that is the
number of bonds, is generally adopted to distinguish the degree of
packing, which is an important property of NPs. The number n;; [39] for
the NPs is given by

nuzz S
i i< O

)

1, <120

where §; = [ i, j= Cu or H, r; is the distance between

0, ry > 1.2
atom i and j and r,§°) is a nearest neighbor criterion derived by fitting
the experimental data [40]. Thus, the number of bonds is used to
analyze the atomic distribution of Cu and H atoms in the CuH NPs. We
used Algorithm I for this process in which the input parameters are the
data set D, which is centered at the origin, and the nearest neighbor
criterion ry(o) which are pre-calculated and show the smallest distance
between binary interactions (line 2). After calculating new r; values, the
algorithm compares them with the input values rl-](-o) as shown in line 5
and returns the nearest number contact counts for each binary inter-
action.

Algorithm 1 Nearest Neighbor Contacts over D

: %% D is centered at the origin

INPUT data D, nearest neighbor criterion r
OUTPUT Nearest Neighbor Contacts 7;;

: %% 1i,j: element type, i.e., Cu, H

= ij d;; where

©)
]

RANEEE A S

Tij

(0)

; (0)
55y = {1, if 75 < 1.2r;;
ij

0, otherwise r;; > 1.27

Fig. 2 shows the numbers of bonds in CuH NPs with different sizes
ranging from 204 to 2418 atoms. From the curve of CuH NPs shown in
Fig. 2, it is clear that the number of Cu-Cu, Cu-H and H—H (H,) bonds
increase gradually with increased the size of CuH NPs. Furthermore, the
number of Cu-H bonds is relatively smaller than that of Cu-Cu, while
H—H bonds are the smallest. This means that Cu atoms tend to form
more bonds with Cu atoms: that H—H tend to scatter on the surface can
likewise be inferred. Moreover, the number of Cu-Cu bonds is larger
than that of Cu-H and H—H bonds; therefore, it appears that Cu atoms
have a greater preference for Cu atoms than for H atoms. When it comes
to geometrical shapes, there is a sharp increase in the number of bonds
of the CuH nanoparticle including 597 atoms with hexagon shape.

One of the major problems of some materials [41] is the formation
of a stable structure for getting high-efficiency devices. The distribution
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Fig. 5. Structural analysis of the data sets with 204 and 2418 atoms.

of atoms in crystalline structures is, in general, uniform and homo-
geneous [42]. Thus, the order parameter (Ry) is calculated to determine
the stable structure in NPs by analyzing the distribution of the different
types of atoms [39,43]. Ry is identified by the average distance of a
type T; atoms in accordance with the center of a NP,

g o

©

where ny, is the number T; type atoms in the ternary ABC NPs, and 7 is

the distance of the atoms to the coordinate center of the NP. If an ¢
distance from center of NP to a reference point is defined to show the
location of atoms; if Ry < &uin (a “small” value), it means that the T;
type atoms are at the center, and if Ry; > &4, (a “large” value), it means
that the T; type atoms are at the surface region of NP. If neither is true,
ie, if guin < Ry < €max (@ “medium” value), it means a well-mixed NP.
The Ry; of each atom type is analyzed using algorithm 2. The algorithm
takes D, data set (Line 2), as an input and calculates the order para-
meter values Ry; as shown in line 9 where ny; represents the number of
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atoms for atom type T; and x;, y; and z; are the coordinates of the atom j.

Algorithm 2 Order Parameter over D

: %% D is centered at the origin

INPUT data D

OUTPUT Order parameter Rp

: %% T;: element type, T; < D, ie., 71 = Cu, 7o = H
: for T; € D do

%% nr,: number of atoms of type 1

%% Rr,: order parameter for element type 7T;
%% x;,Y;,z;: coordinates of the atom j

Ly o o 2
Ry, = 5= X000/ 5 + 23

’n,T7
end for

R AT >

3

Fig. 3 shows the behavior of R of Cu and H atoms in terms of the NP
size. The segregation behavior of atoms in the Cu-H NPs is performed
using the order parameter. The segregation of Cu and H atoms show
that Cu atoms tend to locate at the center, while H atoms tend to occupy
the surface as a general trend. The segregation of H atoms to the surface
is due to its lower cohesive energy. The R shows different character-
istics with the increase of the size of CuH NPs. R, values increase, and
Ry decrease sharply for NPs with 297 and 597 atoms. Rc, values de-
crease, and Ry increase for NP with 426 atoms. Later, there is a smooth
decrease in R¢, and a smooth increase in Ry for NPs with 771 and 1020
atoms, and then H atoms mainly grow on the surface, while Cu atoms
mainly tend to co-locate at the center.

The Radial Distribution Function (RDF) is an important structural
characteristic that defines the probability of finding a particle at a
distance r from another tagged particle. The RDF is mathematically
defined as Line 16 g, = n¢,/(1Al X Vi X Vy) where n(, is the mean
number of atoms in a shell of width dr at distance r, Al represents total
atom number and V is the volume of the spherical shell and V} is the
mean atom density. Algorithm III describes the RDF over D and takes
three inputs: data set D, a distance vector r, and a distance vector dr
that denotes the thickness of a spherical shell.

Algorithm 3 Radial Distribution Function (RDF) over D

1: %% dr: thickness of a spherical shell & dr € (0, 1)
2: %% r can be given to the program as an input or
3: %% randomly constructed while program executes.
4: %% D is centered at the origin, O: origin, x € D

5. INPUT data D, distance vector r, distance dr

6: OUTPUT g(r): RDF values for the particles in D
7. for r; e r do
8
9

%% n(r;): mean number of atoms in a shell of

: %% width dr at distance r;
10 n(r;)=D;|>D, €D &r; <dx,0)<r;+dr
11: %% Vs: Volume of the spherical shell.
2. V= 47rr12d7‘
13: %% Vy: the mean atom density.
14: Vg =|D|/(4/3 7r})
15 %% g(r;): RDF value for r;
6 g(rs) = n(rs)/ (D] xV, x V)
17: end for

Fig. 4 shows the RDF Cu-Cu, Cu-H and H-H binary interactions in
CuH NPs with (a) n=204 and (b) 297, (c¢) 1941 and (d) 2418 atoms.
The RDFs are calculated for each atomic pair of optimized CuH NPs. Cu-
H has a narrower and higher distribution than H-H interactions. When
it comes to size dependence, the peaks for both pairs also decrease with
increasing NP size. Moreover, the fluctuations of obvious peaks in the
RDF also increase with raising the NP size.

Fig. 5 demonstrates statistical properties of each variable and bi-
lateral relationships between the variables. To keep the discussion
simple, we only show the results for the data sets which have smallest
and largest atom numbers; 204 and 2418. Each of the ten data sets used
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Fig. 7. HOMO, LUMO and Fermi energies of CuH nanoparticles in terms of size.

in this study is a 4-dimensional data set with different atom numbers.
The first variable (V1) is categorical and has information about element
type and the rest of the variables are continuous. Fig. 5 shows that there
is no linear relationship between the variables, and each variable is
normally distributed. Moreover, the distribution of the atoms between
elements appears balanced.

3.2. Electronic structure

To obtain detailed information on electronic states in CuH NPs, we
report in this study the results of the electronic partial and total DOS of
different sizes as seen in Fig. 6(a, b). The density of localized states
increases concomitantly with the size of CuH NP where the greatest
contribution is coming from the d-orbital of Cu atoms. The fluctuations
considerably disappear based on the increase in the size of CuH NPs.
The density of localized states has a sharply increasing tendency in the
region of between -8 and —2eV. The DOS analysis also indicates that
CuH NPs has no energy gap, so, all the NPs show metallic character.
According to experimental observations, hexagonal bulk CuH shows
semiconductor character; while its NP shows metallic character. Thus,
the predicted results in this study are compatible with experimental
data [44]. There are a decrease and an increase in HOMO, LUMO and
Fermi energy with increasing the size of NPs. The HOMO value for the
NP with 204 atoms (the smallest one) is -3.55eV wide, i.e., about
0.11 eV greater than the biggest NP with 2418 atoms. The NP with 2418
atoms has the lowest HOMO value (-3.44 eV) and thus it is less reactive
due to the smallest HOMO value, while being more stable than the
other CuH NPs (see Fig. 7). Fermi energy levels are found to be the
bottom of the valence band and closer to the LUMO energy levels.

4. Conclusion

In this study, we have investigated the size dependence of structural
and electronic properties of CuH nanoparticles containing from 204 to
2418 atoms, using the density functional tight binding (DFTB) ap-
proach. To perform structural analysis, we designed, implemented, and
tested R code which can be easily used by non-programmers to analyze

the number of bonds, segregation phenomena, and RDFs of binary in-
teractions in CuH NPs. From the results of our calculations, we found
that the number of bonds Cu-Cu is bigger than that of Cu-H while H,
bonds are the smallest. Thus, the ability of Cu atoms to absorb large
amounts of H is more than H,. The increase in the size of the NPs
contributes to the stabilization because of the enhanced strength of
H—H bonding. The segregation of Cu and H atoms show that Cu atoms
tend to co-locate at the center, while H atoms tend to reside on the
surface. The size dependence of the HOMO, LUMO, and Fermi energy
levels becomes greater when the size of NP decreases. The decrease in
the HOMO levels contributes to the stabilization of CuH NP. From ex-
perimental data, CuH in wurtzite bulk form shows semiconductor
character, whereas, interestingly, CuH NPs shows metallic character.
From the density of state (DOS) analysis, CuH NPs shows a metallic
character which is compatible with experimental data and is caused by
an increase in the size of CuH NP. These results will provide insight into
the storage of hydrogen based on the CuH NPs.
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