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A B S T R A C T

Cu2O low-index surfaces periodic models have been simulated based on density functional theory. The calculated
surfaces energies allowed estimating the morphology by means of the Wulff theorem as well as the investigation
of possible paths of morphological changes. Therefore, systematic morphology diagrams and change paths ac-
cording to the energy modulation in relation to the surfaces stabilizations were elaborated. The applicability of
this strategy was exemplified by comparing the obtained results with experimental available data from the
literature. The morphology diagrams with the quantitative energetic point of view can be used as a guide to
support experimental works in order to understand the relation between surface interactions and crystal growth.
1. Introduction

During the last decades, intensive efforts have been employed in the
synthesis of crystalline materials with tailored shapes and different
properties attributed to different exposed surfaces [1, 2, 3]. The energy
excess and the energy distribution on the surfaces are important topics to
be explored when it comes to understanding the growth and stabili-
ty/activity of particles, mainly in the nanometric scale [4, 5]. In this
sense, quantum mechanical simulations have been presented concepts
and explanations that experimental approach has difficult in achieving
[6, 7]. Even that the theoretical studies have been shown enlightening
trends, there are still several open questions about the mechanisms that
govern themodulation of the surfaces making it an open field of research.
Therefore, the correlation of theoretical approaches with experimental
evidence can be considered as an interesting way to the development of
models that simplify the development of materials with desired
properties.

In the particular case of morphological studies, it is important to
emphasize that particles formed by different facets with distinctive
crystallographic indices can generate characteristics/properties totally
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different. These studies include differences of the surface terminations,
the atomic unsaturation, and the atomic and electron density of a plane,
which reflects directly on properties as catalysis, sensing and conduc-
tivity [8, 9, 10]. Therefore, even for particles with apparently similar
morphology, a slightly different inclination of one of the faces needs to be
evaluated.

In this context, copper (I) oxide (Cu2O) particles have recently
attracted attention due to the morphology-dependent applications [11,
12]. The new theoretical-experimental approaches showed the great di-
versity of how this material can present itself [11, 13].

The Cu2O is usually a p-type semiconductor with a band gap of ~2.2
eV with unique optical, electrical and magnetic properties [14, 15]. In
addition, it has a low cost, is non-toxic and is abundantly available [11].
This solid is known for crystallizing itself in a cubic structure with space
group Pn-3m usually interpreted as two sub-lattice, where four Cuþ cat-
ions are located on a face-centered cubic (fcc) sub-lattice while the two
O2- ions are in the body-centered cubic (bcc) sub-lattice, occupying two of
the tetragonal sites. This structure results in all Cu ions bicoordinated
with O ions and all O ions tetracoordinated with Cu ions. A unit cell
scheme can be seen in Fig. 1.
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Fig. 1. Unit cell scheme of the Cu2O. (Red and blue colors represent the O and
Cu atoms, respectively).

Fig. 2. Projected density os state of Cu2O bulk.
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Besides these properties and characteristics, Cu2O has been showing
potential of application as a catalyst of different species, energy con-
version processes and sensing [11, 16]. Thus, it is undoubted the
importance of a systematic detailing of Cu2O surface when discussing the
properties previously mentioned.

In summary, Cu2O is considered as a material composed of particles
with easily moldable form. This makes this material an interesting
example of how the form can be directly related to the properties at
equilibrium [17, 18]. There is a great number of studies that report a
great diversity of morphologies of this system, especially in cubic, octa-
hedral and rhombic dodecahedral crystals [19, 20]. It may be noted that
the major structures in equilibrium are obtained with the combination of
the (100), (111), and (110) low-index exposed facets. This fact shows the
high stability of the low-index in comparison with other high-index cut
planes to the Cu2O structure.

Scientific evidence show several ways of how the Cu2O is susceptible
to morphological changes as a function of the synthesis method [11, 12,
20, 21, 22]. Several facet-controlled routes can be found at literature
with a great diversity of precursors, solvents and heating source [12, 20].
Besides that, small adjustments in some synthesis routes, such as the
changes of surfactant concentration [21], pH [23], temperature [22] and
reaction time [24], induce morphological changes due to the stabiliza-
tion/destabilization of each surface in different orders.

In previous published articles, we have theoretically evaluated the
morphological modification of metal oxides in relation to the stability of
the surface [25, 26]. This methodology can provide useful quantitative
information about the energetic modulation of the surface energy and the
relationship among the control synthesis method, morphology and
respective properties.

The present study performs quantum computational calculations to
explore surface models of Cu2O low-index planes. The results of the
models were also applied to study all possible morphological changes in a
quantitative point of view in respect to the energy modulation. Such
information was organized in the form of diagrams that brings the pos-
sibility of a direct comparison with experimental results in order to
provide explanations about the particles growth directions under
different experimental conditions.

2. Methodology

Quantum mechanical calculations were performed according to
density functional theory (DFT) in conjunction with PBE functional
implemented in Vienna ab initio simulation (VASP) package (Version
5.4.1) [27, 28, 29]. The atomic basis set was described by the
projector-augmented-wave pseudo-potentials [27, 30]. In addition, it
was used a cut-off energy of 520 eV and Monkhorst-Pack scheme to the
k-points grid (5�5�5). In the first step of the calculations, it was
2

performed a structural optimization of the cubic Cu2O in order to achieve
the global minimum energy. The structural parameters of the input data
were extracted from the Inorganic Crystal Structure Database (ICSD)
CARD 63281 [31]. The structure optimization yielded a unit cell
expansion where the lattice parameters changed from 4.267 Å to 4.314
Å. In addition, the estimated band gap energy was 0.48 eV, a value
already expected due to the underestimation caused by the PBE func-
tional. The band structure and the projected density of states (DOS) of the
optimized bulk are shown in Figs. 2 and 3, respectively.

The (100), (110) and (111) surfaces were modeled from the opti-
mized bulk parameters taking into account the dipole corrections. A 15 Å
vacuum spacing was added between the surfaces in order to prevent
interaction with each other. The slab models were optimized with the
relaxation of all atoms of the structure.

It was performed calculations with all possible terminations of stoi-
chiometric structures without reconstruction. The surface Energy (Esurf)
values were calculated as performed in previous papers [25, 26, 32]. In
addition, the thickness of each surface was select in a way to reach the
convergence of the corresponding surface energy. This procedure is
intended to include the bulk properties in the model and to represent an
equilibrium condition.

The surface energy calculations allowed the estimation of the ideal
particle morphology at a fixed volume by means of the Wulff theory,
which relates the surface energies with the distance of the surface in a
perpendicular direction from the center of the bulk [33]. The Wulff
crystals were constructed by means of the VESTA program [34].

The study of the dangling bond density (Db) was also performed to a
direct comparison with the theoretical results and to improve the
exploration of each surface. The (Db) was calculated using Eq. (1), where
Nb is the number of dangling bonds per unit cell area on a particular
surface and A is the area of the surface unit cell [35, 36].

Db ¼Nb

A
(1)

3. Results and discussion

Fig. 4 shows a side view scheme of the selected (100), (110) and (111)
slabs. These terminations showed the most stable surface (lowest surface
energy) between all stoichiometric configurations in our models.

As shown in Fig. 4, the (100) surface presents just one possibility of
the ideal and stoichiometric surface. In this condition, one side is O-
terminated while the opposite side is Cu-terminated. It is worth noting



Fig. 3. Band structure of Cu2O bulk.

Fig. 4. Side view of the (100), (110) and (111) slabs.
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that the Cu-terminated surface is composed of two different Cu sites
resulting in twice as many Cu as exposed Oxygen found in the opposite
surface. The (110) surface also presents only one possibility of perfect
and stoichiometric surface, Cu-terminated and CuO-terminated surfaces.
The CuO-terminated side is composed of just one Cu site resulting in an
equal ratio of Cu and O atoms. In the case of the (111) surface, two
different terminations are possible in the perfect surfaces. The condition
of the O-terminated surface of both sides, represented in Fig. 4, presented
the most stable condition. The convergence of (100), (110) and (110)
Esurf's were achieved with the use of 16 (n¼ 4), 16 (n¼ 8) and 21 (n¼ 7)
layers, respectively. The total DOS of each slab model are presented in
Fig. 5.

The biggest difference between the total DOS of the surface models
(Fig. 5) was the absence of any band gap region of the (110) slab, which
suggests this superficial unsaturation generates bands that cover the
forbidden zone.

The surfaces energies values found in the Cu2O models without and
with the surface atoms relaxation (unrelaxed and relaxed) are listed in
Table 1.

According to the Esurf found in Table 1, the calculated stability order
of the surfaces was (111)> (110)> (100) for both unrelaxed and relaxed
3

models.
For a better understanding of the stability issues of these surfaces, it

was performed a count of the unsaturation numbers of the ion presented
at the surfaces in order to evaluate their dangling bonds density. This
simple method is known for showing adequate results regarding stability
order for bivalent systems of simple structure since all structure is
composed of similar interactions. Table 2 presents a detailed number of
unsaturated ions of the top and bottom side of each slab model. The
“double” term in Table 2 represents double unsaturated ions.

As described before, the saturated Cu ions are bicoordinated while O
ions are tetracoordinated. Thus, it was found that the sum of the unsa-
turations of all studied slabs is 4, as presented in Tables 1 and 2. The Db
values show the (111) and (100) presented the lowest and the highest
density of unsaturation, respectively. This result represents the same
order of stability of the quantum simulations, showing an expected
relation between the Db and surface energy. Moreover, the energy surface
is related to the number of formed dangling bonds.

From the calculated surfaces energies values (Table 1), it was
generated the morphologies of the unrelaxed and relaxed system using
the Wulff construction method in a vacuum condition, as presented in
Fig. 6.



Fig. 5. Total density of states of the a) 100, b)110 and c)111 Cu2O surface models.

Table 1
Surfaces energies and dangling bond density for Cu2O surfaces.

Surface Esurf unrelaxed
(Jm�2)

Esurf relaxed
(Jm�2)

Nb Area
(10�10 m2)

Db

(100) 1.68 1.26 4 18.61 0.21
(110) 1.21 1.04 4 26.32 0.15
(111) 0.81 0.76 4 37.22 0.11

Fig. 6. Wulff crystals of the unrelaxed and relaxed structure of Cu2O.
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The relaxation method did not result in expressive changes in the
Cu2O morphology, as seen in Fig. 6. The unique observed change was the
decrease of the (100) exposed area in relation of (111). In both cases, the
surface energy value of (110) surface indicated that it is not low enough,
or stable enough, for this surface to contribute to the Wulff solid. It is
important to emphasize that the classic Wulff method does not allow
predicting the differences of the particles size, but only allows predicting
the relative exposed area between the surfaces. The octahedral estimated
morphology is one of the most common morphology assumed by
experimental particles, as cited before.

Starting from the ideal morphology, it is possible to modulate the Esurf
of the studied surfaces in order to indicate paths of morphological
changes. Fig. 7 presents the diagram for Cu2O when the (100) and (110)
stabilize separately and when both stabilize simultaneously.

The used method for the elaboration of the paths of Fig. 7 can be of
great value to the understanding of the experimental changes observed in
the Cu2O system. The direct simulation of the real system, which con-
siders all experimental variables, presents a great complexity due to the
number of variables, both known and unknown. In addition, each
experimental synthesis method, or even adjustments in a specific
method, would require that new parameters and variables were taken
into account for a new theoretical modeling. A general diagram with all
possible morphologies, as presented here, is a way to circumvent the
several variables of the reaction environment.
4

It is important to emphasize that would be possible to elaborate
morphologies paths between any of intermediated morphology pre-
sented in Fig. 7. In order to show all possible morphologies with the
(100), (110) and (111) faces combinations, Fig. 8 presents a path starting
from the cubic (100) to the dodecahedral (110) particle of Fig. 7 keeping
constant the Esurf of the (111) surface.

Some examples can be presented to show the functionality of dia-
grams. According to Xu and coworkers [21], the different conditions to
reduce the Cu(OH)2 to the formation of Cu2O results in different final
morphologies. The combination of Sodium ascorbate (1 mL, 0.1 mol/L)
in Argon atmosphere resulted in a cubic morphology while the Hydrazine
hydrate (0.06 mL, 85%) in Air atmosphere resulted in octahedrons. With
results presented in (100) stabilization path in Fig. 7, it is possible to
estimate that the Ar/Sodium ascorbate combination and sub-products in
the environment induces the (100) stabilization decreasing its surface
energy in a minimum of 0.52 (100)/(111) ratio. On the other hand, the
Air/Hydrazine hydrate induces the (111) stabilization with the inverse of
the first condition as a minimum value. A more detailed process of the
(100)/(111) path can be observed in the Susman and coworkers study
[37]. Looking at their paper and comparing with Fig. 7, the increase of
0.67–1.35 mL of sodium citrate (Na3Cit) changed the (100)/(111) Esurf
ratio of 1.66 to 0.79. This represents an energy stabilization of (100)



Fig. 7. Morphology diagram according to surfaces energy modulations.

Table 2
Unsaturation count of the (100), (110) and (111) surfaces.

Planes Oxygen Oxygen Nb Copper Copper Nb Total Nb

Single Double Single Double

100
Top 0 1 2 0 0 0 2
Bottom 0 0 0 2 0 2 2
Sum 0 1 2 2 0 2 4
110
Top 2 0 2 0 0 0 2
Bottom 0 0 0 2 0 2 2
Sum 2 0 2 2 0 2 4
111
Top 1 0 1 1 0 1 2
Bottom 1 0 1 1 0 1 2
Sum 2 0 2 2 0 2 4
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surface caused by the Ni3Cit higher than 100% in comparison to (111)
surface. Subsequently, the authors increased the concentration of the
Na3Cit and decreased NaOH volume, in some stages, in order to find a
cubic morphology. These last modulations represent a minimum of Esurf
ratio change of 0.79 to 0.52, a minimum of 34.18% of (100) surface
stabilization in comparison to the (111) surface. These results can clarify
the rates of stabilizations caused by different amount of each species in
the reaction environment.

The paper of Chen et al. [12] reports a great set of Cu2Omorphologies
that can be found inside the morphologies diagrams. Among the reported
morphologies, Chen shows that the concentration of Cl� ions in the
glucose hydrothermal route controls the final morphology. The path of
these changes represents the same observed in Fig. 7 with the (110)
stabilization. With Cl� concentration used in the synthesis and the dia-
gram of Fig. 7 in hands, it is possible to evaluate directly the relation of
the amount of Cl� in solution and the (110) surface stabilization, as well
as it was done in the previous example.

Other studies show examples where the morphology changes corre-
spond to other morphologies found in Figs. 7 and 8 [11, 19, 38].
Furthermore, these other examples can be directly compared with the
Cu2O diagrams. This simple way of comparing the Esurf of each surface of
Wulff crystal point of view represents a great facility as a first observation
to the experimentalist when preparing Cu2O with different
morphologies.
5

4. Conclusions

In summary, we elaborated the bulk and surface models of Cu2O by
means of DFT/PBE calculations. The stoichiometric low index surface
models indicated the following surface energy order: (111) < (100) <
(100). The estimated dangling bonding densities also corroborated the
energy order of the models.

Subsequently, theoretical morphology in equilibrium condition was
estimated by means of simple Wulff methodology using the calculated
surfaces energies. The obtained Wulff crystal of the ideal structure pre-
sented an orthorhombic morphology, in accordance with reported
studies found in the literature that show this morphology is one of the
most common for this system.

Starting from the estimated Wulff crystal shape, morphologies dia-
grams that show possible paths of morphological changes were elabo-
rated according to different surface stabilizations. The use of this strategy
presents a set of utilities in experimental approaches related to the
morphology modulation. As an example of the utility of this strategy, the
diagrams were used to evaluate the surface energy ratios observed in
experimental particles as well as the energies involved in the morphol-
ogies modifications caused by differences in the synthesis methods.
Therefore, morphology diagrams schemes represent an easy tool to assist
in the quantitative understanding of modifications in experimental syn-
thesis and in particles growth direction.



Fig. 8. Morphology modulation from the cubic to dodecahedron morphology.
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