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Searching for novel photocatalysts is one of the most important topic in photocatalytic fields. For this purpose, in the present
work, the structural, electronic, and optical properties of GeH as well as GeH/graphene heterointerface are studied based on
the hybrid density functional calculations including the nonlocal van der Waals correction. Our results show that the strain-
engineered GeH monolayer will capture a broad range of the solar spectrum. Moreover, photogenerated electron-hole pairs can
be efficiently separated in GeH/graphene heterojunction by formation of a Schottky barrier. Comparing to a pure GeH monolayer,
the hybrid GeH/graphene complex displays an enhanced optical absorption in the visible region, suggesting powerful potentials

in energy and environmental applications.

1 Introduction

In the last several decades, great efforts have been made to ex-
tend the light absorption spectra of photocatalysts, e.g. TiO,
to the visible range by doping metal ions and/or non-metal
ions. ™" However, the photocatalytic activity of doped mate-
rials would be impaired by the thermal instability or the for-
mation of carrier recombination centres due to the strong lo-
calized states within the band gap.*> To overcome the dis-
advantages of doping, composite photocatalysts were devel-
oped based on the energy exchange between materials with
different electronic structures, which could efficiently sepa-
rate photogenerated electron-hole pairs as well as modulate
the band gap due to the combined effect of their heterolayered
structure. 3 In addition, the emergence of two-dimensional
(2D) materials (i.e. graphene and graphene-like materials)
has opens up a new way to searching for efficient compos-
ite photocatalysts. ! For example, Wang et al. demonstrated
that a ZnO photocatalyst hybridized with graphite-like C3Ny
exhibits high performance of photocatalytic activity and en-
hanced stability against photocorrosion due to the efficient
charge separation.'?> Du and coworkers reported that the op-
tical response of hybrid C;Ny and graphene composite is
greatly enhanced in the visible-light region. 3

Recently, Bianco et al. reported a novel graphene-like GeH,
which has single-atom layers stacked 2D structure.'* And its
electron mobility is reported to be five time higher than that
of bulk germanium and ten times higher than that of silicon,
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which is expected to have potential applications in photocatal-
ysis. 1516 Therefore, it is very interesting to study photocat-
alytic ability of GeH, as well as the combined effect of hybrid
GeH and graphene nanocomposite. Unfortunately, to the best
of our knowledge, both experimental and theoretical investi-
gations on this issue are still scarce.

Based on the hybrid density functional calculations with
the inclusion of the nonlocal van der Waals (vdW) correc-
tion, we here study the structural, electronic and optical prop-
erties of GeH as well as the GeH/graphene bilayer. The re-
sults demonstrate that GeH has a tunable band gap by isotropic
strain, which is suitable for visible and even infrared adsorp-
tion. However it shows relatively low photocatalytic activity
due to the high recombination rate of the charge carriers. Nev-
ertheless, our investigation demonstrate that the introduced
GeH/graphene heterointerface can not only promote the sep-
aration of photogenerated charge carriers with the formation
of a Schottky barrier, but also enhance the optical response
under visible-light region, enabling the development of more
efficient visible-light driven photocatalysts.

2 Computational Methods

Our DFT calculations were carried out using the Vienna
ab initio simulation package (VASP),'7'® with projector
augmented wave (PAW) method, ! and the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA)
to the exchange correlation functional.?? To account for the
underestimation of the band gap in standard DFT calculations,
the accurate electronic structures were calculated using the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional,?!? in
which the hybrid functional is mixed with 25% exact Hartree-

This journal is ©@ The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-5 |1



RSC Advances

()

o
o

© ° @ °0
oY %.9 &
T, 0@0 o, ° o

(b) 9\

0°

1.56A

\
o

(& o
2.47A O/g>7
/ 0.72A
o o

2.55A

00—00—00-00—00

Fig. 1 Optimized structures of GeH/graphene heterojunction. (a)
Top view, and (b) side view.

Fock (HF) exchange. A damped vdW correction based on
Grimme’s scheme is also incorporated to better describe the
nonbonding interaction between GeH and graphene mono-
layer. >

A cutoff energy of 500 eV was used to truncate the plane-
wave expansion of the wave functions. The first Brillouin zone
is sampled with Monkhorst-Pack grid of 5x5x 1 for structure
optimization and 9x9x 1 for static calculation.?* The vacuum
space is set to be 20 A, which is large enough to avoid inter-
actions between periodic images. The atomic positions were
fully relaxed in all reported calculations using the conjugate
gradient (CG) method to an energy convergence of 107% eV
and force convergence of 1072 eV/A.

In order to simulate the hybrid GeH/graphene nanocom-
posite, a 5x5 graphene supercell with the dimension of
12.3x12.3 A% is used, which perfectly matches with a
3x3 GeH supercell. The optimized structures for hybrid
GeH/graphene complex are present in Figure 1.

The binding energy between the monolayer GeH and
graphene was obtained according to the following equation:

1
E, = i (Eec +EGert — EgCGeH) (1)

s

where Ecyger, Eqc. and Eg.y represent the total energy of
the relaxed hybrid GeH/graphene complex, the pure graphene
sheet, and a GeH monolayer, respectively. A refers to the
area of the heterointerface. Note that a positive value indicates
favorite binding.

To calculate the optical properties of GeH/graphene
nanocomposite, the frequency-dependent dielectric matrix is
determined with HSEO06 functional. The imaginary part is
calculated by a summation over empty states using the equa-
tion: >
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where the indices ¢ and v refer to conduction and valence
band states, respectively. u. represents the cell periodic part
of the wavefunctions at the k point.The real part of the dielec-
tric tensor € (@) is then obtained by a Kramers-Kronig trans-
formation. The absorption coefficient (o;(E)) is then evaluated
according to the following expression: >
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3 Results and Discussion

As shown in Figure 1, the germanium atoms form a honey-
comb structure with the buckling of the germanium plane of
0.72 A. The hydrogen atoms bond to the Ge atoms on both
sides of the plane in an alternating manner. The Ge-Ge and
Ge-H bond length are 2.47 A and 1.56 A, respectively. The
equilibrium distance between graphene monolayer and GeH is
calculated to be 2.55 A. The heterointerface binding energy is
obtained according to Equation 1 with the value of 0.84 J/m?.
This value is about 3 times larger than that of the graphene/g-
C3Ny complex, ! and one order of magnitude larger when
compared with the GeH/TiO»(101) composite, !> indicating a
very high stability.

In order to understand the prospective photocatalytic per-
formance of GeH/graphene heterojunctions, we first studied
the electronic structures of GeH monolayer using hybrid func-
tional calculations. The band structures of GeH are shown in
Figure 2(a). It can be seen that GeH monolayer has a direct
band gap of 1.61 eV at I, in good agreement with recent ex-
periments. '41© In addition, the results of band edge positions
suggest that GeH has suitable redox potentials, with the oxida-
tion potential (Vp, /i7,0) slightly below the valence band, while
the reduction level (Vi+ /7, ) in between the gap.

Previous studies have demonstrated that tensile stress could
drive GeH monolayer into a topological insulator (TT).%”28 To
better understand the influence of the strain on photocatalytic
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Fig. 2 (a) The band structure of GeH using HSEO06 functional. The redox potentials are indicated by the blue dashed lines. The Fermi Level is
set to zero. (b) The calculated band gaps of GeH monolayer as a function of strain. (¢) Schematic diagram of the energy levels at I" for GeH.

The superscript *” refers to the antibonding states.
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Fig. 3 The charge distribution of (a) valence band and (b)
conduction band at I with isovalue of 0.01 e/A3.

response, here we investigate the strain dependence of band
gap of GeH monolayer. The tensile or compressive stress is
uniformly applied and the crystal symmetries are maintained.
The isotropic strain is defined as € = Aa / ag, where the lattice
constants of strained and unstrained supercells refer to ag +Aa
and ag, respectively. The calculated band gaps as a function
of strain are plotted in Figure 2(b).

The results show that when tensile stress is applied, Ge-Ge
bonding is weakened due to the increased bond length, hence
the splitting of bonding and antibonding states is decreased,
leading to the reduction of the band gap. If the tensile stress is
high enough, the valence band maximum (VBM) and conduc-

tion band minimum (CBM) of GeH degenerate at the Fermi
level at I, and the system becomes a semimetal.?’ In con-
trast, when the system undergoes compression, the splitting
of bonding and antibonding states is increased linearly, giv-
ing rise to the larger band gap. Consequently, our results show
that the strain-engineered GeH monolayer will capture a broad
range of the solar spectrum.

Despite these advanced properties, there are also some
drawbacks for GeH. As shown in Figure 2(c), VBM is mainly
composed of Ge 4p orbitals, whereas the CBM is composed
of the Ge 4s and 4p mixed states. The charge density distribu-
tion of VBM and CBM is largely overlapped (see Figure 3).
As a result, the photoexcited electrons have high possibilities
to fall back to the valence band, leading to low photocatalytic
activity. The high recombination rate of the photogenerated
electron-hole pairs hinders the practical applications of GeH.
To overcome this problem, a GeH/graphene heterostructure is
employed.

Upon formation of the interface, our calculations suggest
a redistribution of the ground state charge in the system. In
Figure 4(a) and (b), the three-dimensional charge density dif-
ference are plotted, which are obtained by subtracting the
charge density of the hybrid GeH/graphene complex from that
of the independent GeH and graphene monolayers. It can
be clear seen that there is a space charge region within the
GeH/graphene heterointerface. This can be understood based
on the fact that hydrogen has a strong ability to attract the ex-
tra electrons. When graphene adheres to the GeH monolayer,
the interaction between carbon and hydrogen atoms exerts a
driving force, which leads to the electrons transfer from the
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Fig. 4 (a) Top and (b) side view of the three-dimensional charge
density difference at the GeH/graphene heterointerface. Yellow and
light blue isosurfaces represent charge accumulation and depletion
with isovalue of 0.001 ¢/A3. (c) Band alignment at a GeH/graphene
interface. ¢, is the hole Schottky barrier.

areas of graphene to the areas of GeH monolayer, while holes
move in the opposite way. As shown in Figure 4(b), when
the charge redistribution in the GeH/graphene heterointerface
reaches equilibrium, a built-in electric field (Ebi) is induced.
Since graphene is a semimetal and GeH is a semiconductor,
the space charge region of GeH/graphene heterointerface re-
sults in the formation of a Schottky barrier (¢). The band
bending associated with the Schottky barrier height is illus-
trated in Figure 4(c).

To better understand the interface involved, we analyzed
the band alignment and calculated the Schottky barriers by
employing the lineup method.?%C In the first step, we deter-
mined the work functions of GeH and graphene monolayers,
which are determined as the difference between the vacuum
level and the Fermi energy. Based on the hybrid DFT re-
sults, the calculated work function of graphene is 4.54 eV, in
good agreement with measured values in the range of 4.3~4.6
eV.%10 The work function of GeH monolayer is 5.64 eV, about
24% larger than that of graphene. The Schottky barrier at
the GeH/graphene heterointerface was then determined as the
difference between the Fermi energy of the bilayer and the
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Fig. 5 The calculated optical absorption for GeH monolayer and
GeH/graphene complex as a function of wavelength.

VBM energy in an isolated GeH monolayer, corrected by the
interface dipole potential as detailed in the work by Shan ef
al..? The calculated ¢sp 1s 0.83 eV for holes to diffuse from
graphene to GeH. Thus, when charge carriers are photoex-
cited, photogenerated holes in the valence band of GeH are
trapped due to the Schottky barrier whereas the photogener-
ated electrons can freely diffuse from the conduction band of
GeH to graphene (see Figure 4(c)). Therefore, photoexcited
charge carriers can be separated effectively at GeH/graphene
heterojunctions, which lead to higher energy utilization effi-
ciency and improve the photocatalytic performance.

In order to investigate the visible-light adsorption ability of
GeH/graphene heterointerface, we calculated the optical ab-
sorption spectrum, which are obtained by Equation 3. As
shown in Figure 5, we found that HSEO6-computed results
can successfully reproduce the experimentally observed op-
tical absorption spectrum of GeH monolayer.'® Our calcula-
tions demonstrate that the GeH/graphene bilayer shows an en-
hanced absorption, with the integrated intensity up to 2 times
larger than the GeH monolayer. In addition, the absorption
spectrum of such hybrid complex has been expanded into the
orange-red region of the visible spectrum comparing with the
pure GeH monolayer, indicating that the hybrid GeH/graphene
nanocomposite could harvest a broader range of visible light
efficiently.

4 Conclusion

In this work, the structural and electronic properties of GeH
as well as its band alignment with graphene were studied us-
ing hybrid functional DFT calculations with the inclusion of
the nonlocal vdW correction. Our results demonstrate that
the strain-engineered GeH monolayer will capture a broad
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range of the solar spectrum. Moreover, the interactions within
the hybrid GeH/graphene complex lead to the charge redis-
tribution, which induce the built-in electric field and form a
Schottky barrier. Further analysis indicates that such heteroin-
terface could be beneficial to facilitate the photogenerated
charge separation, and enhance the optical response of GeH
monolayer under visible-light region. Thus, it is proposed
that GeH/graphene composite may be a powerful visible-light
driven photocatalyst.
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