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ARTICLE INFO ABSTRACT

Keywords: Recently, the knowledge of surface-dependent properties has attracted a lot of attention since it is crucial for
Rutile materials functionalization based on the morphological control of nanoparticles (NPs). This study describes the

Germanium dioxide surface-dependent properties and morphological transformation routes of rutile germanium dioxide (r-GeOs)

xilllf)fhmogy using the density functional theory (DFT) and the Wulff construction procedure. The calculations revealed the
DET following order of relative surface stability: (110) > (100) > (321) > (311) >(201) >(211)>(101) >(103)

> (001) > (111), with the Ge-O bonds being attributed to Ge4, —Oz, and Ge4s —Og, interactions. The results
demonstrate that the different coordination breakages on the outermost polyhedra are related to atomic charges,
band gap, relative stability, and Fermi energy. Additionally, a map of the morphological transformation routes
and the band alignment were elaborated, showing that cubic, octahedral, or hexadecahedral morphologies can
have photocatalytic activity for Hy production via water splitting. The methodology and results reported herein

can help target the synthesis and functionalization of rutile-type materials.

1. Introduction

The class of ultra-wide band gap (UWBG) materials has attracted the
attention of researchers and industries due to their potential use as
luminescent phosphors, oxygen sensors [1-3], quantum computer
components [4], deep-ultraviolet optoelectronic devices [5,6], photo-
sensitive sensors [7], water purifying and food sterilizing agents [8],
among others [9]. Furthermore, UWBG materials are promising candi-
dates for high-power and efficient electrical energy conversions [10].
Inside this class of compounds, rutile germanium dioxide (r-GeO3) has a
band gap energy of ~ 4.68 eV and exhibits high transmittance, dielectric
constant [11], thermal stability [12], and carrier mobility [13]. On the
other hand, it is known that the nanoparticle (NP) morphology depends
on synthesis parameters, such as reaction time, temperature, pH, sur-
factants or the presence of dopants [14,15]. In this regard, Wang et al.
[16] synthesized r-GeOy NPs with square prism morphologies via the
hydrothermal method, which proved to have superior photocatalytic
activity compared to the r-TiO5 for Hy production by water splitting.
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Associations between morphology and nanomaterial features can be
made from the knowledge of the structural and electronic properties of
its exposed (hkl) surfaces. However, a complete description of these
properties cannot be easily obtained experimentally. In this sense,
computational methods such as electronic structure calculations based
on density functional theory (DFT) have been widely used in materials
science and engineering [17-20]. The Wulff model [21] allows
morphological characterization through the relation between the
surface-dependent properties and its relative exposure rate [22]. When
combined with theoretical methods, this approach becomes a useful tool
to explain or predict experimental results [23-27].

Tamijani et al. [28] showed that the relative stability order of r-GeO3
surfaces is (110) > (100) > (101) > (001), in agreement with to
observed for other rutile-type materials [29-33]. However, these studies
are limited to low miller indices surfaces. Especially regarding the r-
GeOy, no studies dealing with the characteristics and routes of
morphological transformations of their NPs were found. Furthermore,
including non-conventional (hkl) indices in surface modeling can open
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new perspectives for experimental studies aiming to obtain them for a
specific application.

Motivated by this literature gap, the present research focuses on the
structural and electronic study of r-GeO; surface-dependent properties
based on (DFT) simulations. For this purpose, the (001), (100), (101),
(103), (110), (111), (201), (211), (311) and (321) surfaces were
simulated. The results allow the construction of a morphological map-
ping that can describe all crystalline habits that encompass any surface
studied herein. This approach can help experimentalists in the synthesis
control to obtain and describe desired NP shapes.

2. Computational setup

The simulations were performed using the DFT methodology
implemented in the CRYSTAL17 [34] package in conjunction with the
B3LYP-D3 [35], which is the B3LYP functional with the empirical and
semi-classical Grimme dispersion correction D3 [36]. The Ge and O
atomic centers were described by the 9-7631(511d)G [37] and 6-
2111d1G [38] all-electron basis sets, respectively. A modified version
of the B3LYP-D3 functional (23.3 % HF exchange) was adopted using the
same methodology applied by Gomes et al. [39] to improve its
approximation to the experimental reference data [40,41].

In the simulations, the precision of the infinite Coulomb and the HF
exchange series was controlled by five parameters o;, withi =1, 2, 3, 4
and 5, where o, is the overlap, ay is the penetration for Coulomb in-
tegrals, ag is the overlap for HF exchange integrals, and o4 and as are the
pseudo-overlaps (HF exchange series). As two-electron contributions are
neglected when the overlap between atomic functions is below 10~%,
the five parameters o; were set to 8, 8, 8, 8, and 16, respectively. The
convergence criteria were 1.5 x 107> Ha Bohr! for the largest force
component, and for electronic energy were set to 10~® hartree/cell. The
reciprocal space integration used an 8x8x8 k-point mesh in the irre-
ducible Brillouin zone.

The Hirshfeld-I charge calculation model [42] was used to calculate
the atomic charges. This model is a modification of the original Hirshfeld
method, where the superposition density of all atoms is replaced by
calculating iteratively optimized weighted symmetric functions.

3. Model system

The tetragonal r-GeO; structure belongs to the space group P4(2)/
mnm (n° 136). This structure is formed by [GeOg] polyhedron and
characterized by two lattice parameters (a =b = 4.3975A and ¢ =
2.959A) and the internal parameter u = 0.3059 [40], which determines
the positions of the O atom with respect to the Ge atom (Fig. 1).

The results of bulk structural optimization using the B3LYP-D3 and
B3LYP-D3 (23.3 %) functionals for a, ¢, u and Egq, and the experimental
reference data [40,43-45] are shown in Table 1.

The HF modification considerably improved the Egq, value from 4.23

[001]

r-GeO, bulk [GeOg4] polyhedra

[010]
[100]

Fig. 1. (a) Unit cell of r-GeOy and (b) [GeOg] polyhedron present in the
structure. The green and red spheres represent the Ge and O atoms,
respectively.

Applied Surface Science 609 (2023) 155321

Table 1
r-GeO, lattices parameters (10\) and band gap energy (Egqp) (eV).
Functional a=>b c u Egqp
B3LYP-D3 4.3796 2.8992 0.3053 4.23 (9.62
(0.54 %) (0.17 %) (0.21 %) %)
B3LYP-D3-(23.3 4.3720 2.8944 0.3052 4.68 (0.00
%) (0.72 %) (0.00 %) (0.24 %) %)
Experimental - - - 4.68 [45]
4.3975 [40] 2.9590 [40] 0.3059 [40] -
4.397 [43] 2.863 [43] 0.3061 [43] -
4.397 [44] 2.8619 [44] 0.3060 [44] -

The values in parentheses are the deviations calculated by the mean of the
experimental data.

eV to 4.68 eV, in agreement with the experimental reference data [45].
This process increased the reliability of predicting the electronic and
structural properties of the surfaces. From the optimized bulk structure,
it was possible to build symmetrical and stoichiometric 2D slab models
(finite in the z-direction but periodic in the x- and y-directions), which
were optimized as a function of its internal coordinates.

The number of slab layers (thickness) plays a significant role in the
accuracy of surface modeling. The slab thickness was selected as a
function of surface energy (Ey.) convergence, i.e., when the energy
difference between two consecutive slab models is smaller than 0.01 J/
m?. Herein the Egy is defined by: Egy¢ = (Esiap —NEpuk ) /2A, Where Egqp is
the total energy of the surface model in the (hkl) direction, Ep,j is the
total energy of the bulk per molecular unit, n is the number of molecular
units in the model, and A is the unit cell area of the slab. The conver-
gence of Eg,r was reached with slab thicknesses of 32.16, 21.65, 18.48,

13.94, 30.40, 26.72, 17.21, 19.29, 7.73 and 11.31 A for the 001),
(100), (101), (103), (110), (111), (201), (211), (311) and (321)
surfaces, respectively. Fig. 2 shows all surface models and the atomic
arrangement of its outermost layers. No reconstruction was observed
during the surface simulations.

Taking into account the outermost [GeOx] polyhedra, the (100),
(101) and (110) surfaces have the coordination number (CN) equal to 5
(CN = 5); the (001), (201), (211), (311) and (321), CN = 4; and the
(111), CN = 3. Furthermore, all surfaces are terminated in two-fold
oxygen atoms (O¢zp).

The coordination number (CN) is used as an approximation to
describe the electronic environment in which each atom is inserted.
However, using a parameter that counts atoms without distinguishing
their distance from a central atom may not accurately describe relatively
distorted polyhedra. For example, despite having the same coordination
(CN =5), the (100), (110), and (101) surfaces can differ structurally
due to distortions from the optimization process (Table 2). Therefore, it
is necessary to use the effective coordination number (ECoN) [46,47] as
a descriptor that quantifies such distortions. In the ECoN calculation,
bonds are not counted as integers but fractions, with values between
0 and 1 that get closer to zero for larger distances from the central atom.
The difference between CN and ECoN expresses how distorted a poly-
hedron is.

4. Results and discussion

The E:L‘l’,r;f”"t expresses the cutting slab energy, while the Eg,; in-
corporates this energy and its variation due to structural optimization
(Table 2). The calculated stability order after optimization is (110) >
(100)>(321)>@B11)>(201)>(211)>(101)>(103)>(001) >
(111). It should be noted that the lower the Eq,(hkl), the greater the
relative stability of the (hkl) surface.

The (100) and (110) surfaces are almost degenerate, in agreement
with what was observed by Tamijani et al. [28]. The high instability of
the (111) surface can be associated with the lowest coordination of the
[GeOs] polyhedra, which appears only on this surface (Fig. 2).
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Fig. 2. Side view of the a) (110), b) (100), ¢) (321), d) (311), e) (201), f) (211), g) (101), h) (103), i) (001) and j) (111) surfaces.

Table 2
Surface energy before (Eg, ") and after (Eqyy) structural optimization, band

gap energy (Egqp) and effective coordination number (ECoN) for the outermost
[GeOy] polyhedra with coordination breakdown.

Surface Eswf(J.m’z) E?;r’} P (J.m2) Egqp(eV) ECoN
(110) 2.03 12.47 4.05 4.94
(100) 2.04 9.26 4.83 4.76
321) 2.39 6.64 4.33 3.88
311) 2.43 5.53 4.21 3.88
(201) 2.45 7.58 4.41 3.97
211 2.47 9.48 4.51 3.84
(101) 2.52 9.06 3.82 4.55
(103) 2.88 8.08 3.85 3.96
(001) 3.00 14.50 3.60 3.99
111 4.31 12.67 4.16 2.99

As already mentioned, the (110), (101), and (100) surfaces have
CN = 5. The (110) and (100) are the most stable, probably due to the
high values of ECoN (4.94 and 4.76, respectively) when compared to
(101) (4.55). On the other hand, the (001), (103),(201),(211),(311)
and (321) surfaces possess CN = 4.

The (103),(201),(211), (311), and (321) surfaces have more than
one polyhedron with coordination breakdown (see Figure S1 in Sup-
plementary Material), which become impossible to associate the ECON
or CN with their relative stabilities. The (201),(211),(311), and (321)
surfaces have the lowest Eg,¢ values than the conventional surfaces
(101), (001) and (111), and can be more likely to appear in NP
morphology. Additionally, these surfaces possess more distorted outer-
most polyhedra, susceptible to interactions that recover the lost sym-
metry due to coordination breakdowns.

According to Fig. 3, the smallest differences between E;‘Z,'}_"pt and
Eqy can be observed for the (201), (321) and (31 1) surfaces, indicating
that these structures were slightly modified in the optimization and

non—opt
E surf E surf

Esurf (]/mZ)
2

mme
O _(110) (100) (321) (311) (201) (211) (101) (103) (001) (111)

Fig. 3. Equyf (J/m?) (grey) and E?;'}*OP * (J/m?) (colorful) before and after opti-

mization, respectively.

could explain their higher stability in comparison with other surfaces
that also have CN = 4. Considering that these differences may not
represent surface stability (being only a tendency), the results demon-
strate the importance of considering the optimization effects.

Since dimensionality is crucial for the electronic structure and de-
termines the macroscopic optical properties of NPs, the density of states
(DOS) is shown for r-GeOs surfaces (Fig. 4). The valence bands (VB) are
dominated by states associated with O atoms, while for the conduction
bands (CB) the Ge and O contributions are almost equal. Regarding the
Egqp, it can be noted that the surface with the highest value is the (100),
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Fig. 4. Projected density of states (DOS) of r-GeO, surfaces following the relative stability order (from top to bottom): (110), (100), (321), (311), (201), (211),
(101), (103), (001) and (111), and top view (on the right side) of the electrostatic potential surfaces (Vs(r)) of each one of them.

i.e., 4.83 eV, in agreement with G. Deng et al. [48], which reported
(100) films of r-GeO, with Eg, = 5.12 eV, value superior to the bulk
(4.68 eV). The (001), (101), and (1 03) surfaces have E,q, values below
4.00 eV and are among the most unstable. These differences allow band
gap engineering mechanisms to be proposed through the r-GeO,
morphological control.

Arranging the surfaces to increase the Fermi energy (Er) (which
corresponds to the top of the VB), that is, (100) < (110) < (101) <
(201) < (211) < (321) <(311) < (103) < (001) < (111), it can be
seen that the surfaces with higher CN in their outermost polyhedra are
those with lower Er values, suggesting that the more modified a surface
concerning the bulk, the higher its chemical potential.

The electrostatic potential isosurfaces (Fig. 4) show different charge
distribution patterns for each surface. For example, there is a pattern of
continuous bands of negative charges interspersed with positive charges
for the (110), (100), and (101) surfaces. The (100) and (11 0) surfaces
show wider bands of positive charge density. The (001), (103), (111),
(201), (211), (311), and (321) surfaces exhibit more significant areas

associated with charge neutrality (in green), evidencing that NPs with
these exposed surfaces generally have a greater tendency to exhibit long-
distance interactions.

Fig. 5 shows the analysis results performed using the Crystal Orbital
Hamilton Population (COHP) [49] method for the Ge — O bonds on each
surface. Table S1 (more details in Supplementary Information) includes
the different contributions of the orbital pairs and the corresponding
energies observed from curve integration for the intervals considered
(ICOHP). On all surfaces, only anti-bonding interactions occur in the CB,
and in the VB has a predominance of bonding interactions. Furthermore,
it can be verified that the (001), (101), and (103) surfaces exhibit
lower ICOHP values, suggesting more intense Ge-O bonds in the coor-
dination polyhedra on these surfaces.

The Gesg —Oy and Gezq —Og, interactions were not considered, as
they did not exhibit significant values of ICOHP. The Ge — O bonds are
interactions predominantly of the Ges, —O2, and Ges, —Oo, type, indi-
cating the occurrence of hybridization between s and p orbitals of the Ge
atom. The Ge4, —Oy; and Ge4s —Opy; orbital interactions result in anti-
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Fig. 5. Crystal Orbital Hamilton Population (COHP) for the Ge — O bonds on the (001), (100), (101),(103),(110),(111),(201),(211),(311) and (321) r-GeO,
surfaces and ICOHP (eV) values calculated up to Fermi level. The positive and negative values correspond to anti-bonding and bonding states, respectively.

bonding orbitals, with the Ges, —Oy being responsible for the most
significant number of anti-bonding states.

Table S2 (more details in Supplementary Information) shows the
Hirshfeld atomic charges of the outermost polyhedra. For comparison, in
the r-GeO; bulk, the O atom has a charge of —1.159, while on the (111)
surface, this value is —0.460. The (110), (001), (101), and (100)
surfaces are those with the greatest charge module values for the total
charge average of the O atom. These surfaces also have higher ECoN
values, demonstrating that the charge of O atoms is associated with
polyhedra distortions: the greater the distortions, the higher the charges
of the O atoms.

The total charge associated with Ge atoms varies between +2.254 for
the (110) surface and +1.039 for the (111). Except for the (111) sur-
face (which has a lower charge on the outermost Ge atoms due to its low
coordination), the charges of each central Ge atom are always greater
than +2.000. Regarding the average charge of the outermost [GeO,]
polyhedra (Quqiyheara = (1.Qo + Qge)/(n+ 1)), the highest charges can be
seen for the (100), (110), and (101) surfaces. In addition, these sur-
faces exhibit greater Qpoyneara Values, as demonstrated in Fig. 4, in which
it is possible to observe that these surfaces also have greater charge
density (areas in red or blue).

In the r-GeO; bulk, the charges of Ge atoms are higher due to the
absence of bond breakages. In contrast, the charges were redistributed
due to O vacancies in the outermost atomic layers of the surfaces.
Moreover, the charge modules tend to increase in the innermost layers of
the surface models, considering that they reproduce the bulk structure.

Using the Wulff model together with the E( * and Ey,; values (see

Table 1), it was possible to represent the crystals referring to these two
states. As it can be seen, in the crystal obtained from the E[;:* !, only the
(8311) and (1 03) surfaces become exposed, with a relative exposure rate
of 92.8 % and 7.2 %, respectively (see Fig. 6).

As a result of optimization, the (110), (100), (321),(101), (201),
(211) and (311) become exposed. The (100) and (110) surfaces are the
most stable and almost degenerate for Eg,s values exhibit very close

relative exposure rates, i.e., 22.2 % and 22.7 %, respectively. The
exposure of each surface is not strictly related to its Eg,, since the (101)
plane has greater Eg,s than the (100) and (110) surfaces and a relative
exposure of 24.1 %. This occurs because of the different growth dy-
namics of each plane, where different variations in the relative exposure
rate are observed for the same variations of Eg,y. If the (101) surface had
Eqy close to that of the (100) and (110) surfaces, the NPs would look
similar to vy (Fig. 7).

According to the model used by Laranjeira et al. [51,52], it is possible
to impose the modulation of the Ej,s value for each surface to obtain a
crystal corresponding to the highest possible exposure for each (hkl)
surface (v; —v10), which is represented by the ratio of surface energies
() matrix, where all Eg,; values were divided by the Eg, value of the

110)y
urf 7°
In Fig. 7, the crystals e;_10 correspond to the combinations of Eg,y

modulations occurred in v;_10. For example, in crystal e; the Ey, are
simultaneously changed for the (110) and (1 00) surfaces, as occurred
in v; and v,, respectively. As the I'" decreases, the characteristic
morphology of each (hkl) surface becomes evident, as are the cases of
[(110) and I['(190). According to the graph, the morphologies are rod-like.
The morphologies obtained by decreasing I'201) ,[(101) and T'11),
exhibit an octahedral shape, while those associated with decreases in
['(321), [(311) and ['(211) have hexadecahedral geometric shapes. For the
o1y and T'(111), the crystals become increasingly flattened. As a

most stable surface (in this case, the Ei

consequence, when I'" is closer to zero, the lateral facets practically
disappear, forming disk-like morphologies.

Considering that the surfaces with the corner of the coordination
polyhedra exposed have the biggest growth rate compared to those with
the face exposed [53], C. Jing et al. [54] proposed the velocity surface
growth order: (111) >(001) >(101) > (100) > (110) for r-GeO,. This
order agrees with the stability order calculated here; most stable sur-
faces have the lowest velocity growth. The authors also described a
growth mechanism for rod-like r-GeO, nanoparticles (Fig. 8a and 8b).
Take into account that the surfaces with lower Eg,r have preferential
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Fig. 7. (a) Graph of morphologies with all possible variations for surfaces with maximum exposed areas and combined two by two, highlighting morphologies with
exposed surfaces with possible photocatalytic activity for H, production via water splitting, and (b) matrix modification of the represented morphologies in (a).

growth in NPs, here was proposed a new growth mechanism for rod-like
r-GeOy (Fig. 8c), where the sharps that before were associated with
(111) surface growth can be due to (321).

Wang et al. [16] compared the r-GeOy and r-TiOy based on their

photocatalytic activities for Hy production via water splitting. These
authors synthesized r-GeO3 by the hydrothermal method and obtained a
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Fig. 8. (a) Transmission Electron Microscopy (TEM) images of rod-like r-GeO, obtained via liquidus phase deposition for 0.5-2 h, (b) proposed morphological
transformation route by C. Jing et al. [54] and (c) alternative route using the results reported here.

square prism morphology (Fig. 10c). From TEM data, it can be verified
that one of the exposed surfaces in the crystal is the (110). However,
according to the band alignment (Fig. 9), the (110) surface does not
have photocatalytic activity for the H" /H, process. This suggests the
occurrence of another exposed surface, the (001). Through modulations
inT'(go1) and I'(110) (Fig. 9a and 9b), it is possible to obtain the theoretical
morphology corresponding to experimentally observed NP.
Furthermore, the (001), (103), (201), (211), (311) and (321)
surfaces have a band alignment favorable for the production of Hy
(Fig. 9). Nonetheless, this does not mean that under experimental con-
ditions, it would be possible to produce Hj in the same way for all
mentioned surfaces since factors such as the kinetics of different re-
actions for each surface must be considered. The surfaces with CN =5 in
their outermost polyhedra do not have a conduction band minimum

Potential vs NHE (eV)

—~~
—
—
o

o
— e

Fig. 9. Band alignment for r-GeO, surfaces, based on the methodology reported
by Toroker et al. [55]. The positions of the conduction band minimum (Ecgum)
and the valence band maximum (Eypy) are defined by Ecpmjvem =
Epgc & 0.5Egqy —E,, Where Epgc is the energy of the band gap center, and E. is
the Normal Hydrogen Electrode (NHE) potential (4.44¢eV).

favorable for the occurrence of the H" /H; process.

In addition to the (001) surface, it is observed that the NPs with
(111), (201), (211), (311), and (321) exposed facets tend to have
photocatalytic activity for Hy production. In short, cubic, octahedral or
hexadecahedral morphologies have possible photocatalytic activity for
r-GeOy-based systems (Fig. 10).

5. Conclusions

The relative surface stability order (110) > (100) > (321) > (311)
>(201)>(211)>(101)>(103)>(001) > (111) was determined for
r-GeOs. The (211), (201) and (321) surfaces occupy the middle part of
the stability order and exhibit chemical and structural characteristics of
interest with low ECoN values in the outermost polyhedra, demon-
strating the importance of considering surfaces with (hkl) indices higher
than the low Miller indices. The COHP analysis showed that the (001),
(101) and (103) surfaces exhibit a greater number of bonding in-
teractions, indicating that the Ge — O bonds present in the coordination
polyhedra on these surfaces are more intense and that the Gey, —O2, and
Gegs —Ogp couplings are responsible for bond stabilization in all
analyzed systems.

It was also demonstrated that the (00 1) surface possesses the lowest
Egq value (3.60 eV), while the (100) surface has the highest (4.83 eV),
evidencing that the optoelectronic properties of r-GeOs-systems can be
significantly altered according to morphology. Based on the Eg,s values
and the Wulff construction, it was possible to make a systematically
morphological transformation mapping and to know the characteristic
morphology of each (hkl) surface. This approach allows a better un-
derstanding of the relationship between the NP morphology and the
material properties, as exemplified in the determination of morphol-
ogies with photocatalytic activity for Hy production via water splitting.
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