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MoS2, a transition metal dichalcogenide (TMDC), has attracted significant amount of attention due to its direct
bandgap, tunability and optical properties. Recently, a novel structure consisting of MoS2 and noble metal nanoclusters has
been reported. Inspired by this, first principle calculations are implemented to predict the structures of M6X2 and M6XX ′

(M = Au, Ag; X , X ′ = S, Se). The calculated bandgap, band edge position, and optical absorption of these structures
prove that the silver compounds (Ag6X2 and Ag6XX ′) have great potential for catalytic water splitting. In addition, biaxial
strain (tensile strain and compressive strain) is applied to adjust the properties of these materials. The bandgap presents a
quasi-linear trend with the increase of the applied strain. Moreover, the transition between the direct and indirect bandgap
is found. The outstanding electronic and optical properties of these materials provide strong evidence for their application
in microelectronic devices, photoelectric devices, and photocatalytic materials.

Keywords: M6XX ′structure, water splitting, biaxial strain, electronic properties, optical absorption

PACS: 71.20.–b, 81.40.Jj, 78.67.–n DOI: 10.1088/1674-1056/ac6580

1. Introduction
Metal nanoclusters have been widely studied for the reg-

ulation of electronic properties.[1–5] In recent years, a series of
gold nanoclusters (Au NCs) have been synthesized and pro-
tected by various organic ligands including Au30,[6] Au28,[7]

Au25,[8] Au24,[9] and Au23.[10] Furthermore, metal nanoclus-
ters with low atomic numbers have been synthesized,[11]

such as Au11.[12–14] Previous reports have mentioned that the
Au12(SCH3)

+
9 cluster exhibits a catalytic role in some environ-

mental conditions.[15–26] Chen et al.[27] experimentally con-
structed a graphene oxide nanostructure decorated with Ag
nanoparticles, which demonstrated the high sensitivity to NH3.
Theoretical studies about the adsorption of Pt13

[28] and Fe13

(or Al13)
[29] nanoclusters on graphene have been reported.

The suspension bonds at graphene defects determined by den-
sity functional theory (DFT) demonstrate the possibility of
strongly binding metal nanoclusters with graphene. Bimetal-
lic core–shell nanoparticle (CSNP) structures have also been
developed in recent years. Due to the combination of two met-
als in these nanoclusters, a bimetal synergistic effect results
in high stability and catalytic activity.[30–34] The small size of
these metallic core structures can accurately regulate interac-
tions and optoelectronic properties. When resonance condi-
tions are obtained for noble metals, plasmon resonance can
be produced, which significantly enhances the electric fields
and the light absorption intensity of these materials. There-

fore, the utilization of noble metal nanoclusters shows great
promise for the development of high-performance microelec-
tronic devices. There have been many studies on bulk metal
nanoclusters in recent decades, but few theoretical studies on
two-dimensional (2D) metal nanoclusters have been reported.
Consequently, the investigation of 2D metal nanoclusters is
extremely important.

MoS2 is a popular transition metal dichalcogenide
(TMDC) due to its high photoresponse intensity and high mo-
bility. It is widely used in catalytic and photovoltaics ma-
terials for its excellent properties.[35,36] The structure of the
MoS2 surface bound to small nanosized Ag/Au clusters has
been theoretically studied, and it has been reported that the
bandgap is regulated due to the combination with these metal
nanoclusters.[37] A two-layer sulfide semiconductor structure
T-Au6S2 sandwiched with a gold nanocore (Au6) has high
stability, a direct bandgap of 1.48 eV, and mobility up to
2721 cm2·V−1·S−1.[38] Inspired by this structure, our paper
studies the structures composed of TMDCs and noble metal
nanoclusters (Au, Ag).

In this work, we report the stability, electrical proper-
ties, and optical properties of M6X2 and M6XX ′ structures
(M = Au, Ag; X ,X ′ = S, Se) with the space group P-3m1.
In these structures, an octahedral nanocluster is located in Mo
atom positions based on the T-MoS2 configuration. The work
in this paper provides a theoretical research basis for the syn-
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thesis and experimental investigation of the two-dimensional
metal nanocluster materials M6X2 and M6XX ′ (M = Au, Ag;
X ,X ′ = S, Se). Phonon dispersion and cohesive energy are
implemented to illustrated that these materials have high sta-
bility. The bandedge, band edge position, and optical absorp-
tion calculated by an accurate hybrid functional method prove
the potential of these structures for application in optoelec-
tronic devices and photocatalytic water splitting in the visible
light range. In addition, the electronic and optical properties of
these materials are modulated by biaxial strain (tensile strain
and compressive strain). Notably, increasing the strain inten-
sity changes the bandgap in a quasi-linear manner. Further-
more, the transition between the direct and indirect bandgap
is determined under biaxial strain, and an explanation for this
transition is explored.

2. Computational methods
The results in this paper were generated by DFT, through

using the Vienna ab initio simulation package (VASP 5.4).[39]

The exchange–correlation interactions were expressed by the
Perdew–Burke–Ernzerhof generalized gradient approximation
(PBE-GGA).[40] with projector-augmented wave (PAW) pseu-
dopotential. The plane-wave cutoff energy was 600 eV, with a
6×6×1 k-mesh in the first Brillouin zone. For structural op-
timization calculations, both the lattice structures and atomic
locations were fully optimized by a quasi-Newton algorithm,
with an energy convergence threshold of 10−5 eV and a force
convergence threshold of 0.01 eV/Å. A vacuum thickness of
15 Å was used for the 2D materials to avoid interlayer in-
teraction. Band structures were determined with the hybrid

functional (HSE06) method.[41,42] Phonon dispersion was cal-
culated with a 3×3×1 supercell by using Phonopy code. For
the optical properties, the hybrid functional (HSE06) method
was performed to calculate the complex dielectric constants
with a k-mesh of 6×6×1 in Gamma mode, an energy conver-
gence threshold of 10−5 eV per atom, and a plane-wave cutoff
energy of 500 eV.

3. Result and discussion
3.1. Geometry structures

The geometric parameters of Au6Se2, Au6SSe, Ag6S2,
Ag6SSe, and Ag6Se2 were determined after full structural re-
laxation. Figure 1 displays information about the lattice con-
stants a, the M–X–M bond angle θM−X , the bond length bM−X

between X and M atoms, the bond length b∗M−M between the
M metal atoms at the same height, the bond length bM−M be-
tween the M metal atoms at different heights, the height dif-
ference h between two X atoms, and the height difference h∗

between X and M atoms. All relevant parameter details about
this structure are provided in Table 1. Figures 1(c) and 1(e)
show the charge density difference, from which the charge
transfer can be further determined to analyze the bonds in the
structure.[43,44] The yellow charge accumulated between the
six metal atoms is symmetric, as shown in Fig. 1(c). The
bonds of one metal atom with two other metal atoms at the
same height are equivalent because their charge transfer dis-
tributions are the same. Figure 1(e) shows the different bonds
between atoms at different heights. The charge transfer per-
formance can be used to illustrate the characteristics of the
structure.
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Fig. 1. (a) Top view of M6X2 structure. (b) Metal nanoclusters and structural details. The green spheres represent the X atom (S, Se), the grey
spheres represent the M atom (Au, Ag), and coordinates axes are marked. (c) Top view of charge density difference (Ag6Se2). (d) Side view
of M6X2 structure. (e) Side view of charge density difference (Ag6Se2). The yellow area represents the accumulation of charge, the blue area
represents the loss of charge, and the isosurface level is 0.004.

3.2. Stability

We calculated the cohesive energy and the phonon dis-
persion of the M6X2 and M6XX ′ structures to determine their
stability in terms of dynamics. The formulas for calculating

the cohesive energy are as follows:

Ecoh =
Etot−6Eatom(M)−2Eatom(X)

8
, (1)

097101-2
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Ecoh =
Etot−6Eatom(M)−Eatom(X)−Eatom(X ′)

8
, (2)

where Etot represents the total energy of the M6X2 or M6XX ′

structure. Eatom is the ground state energy of a free atom,
calculated by placing an isolated atom in a large vacuum for
ground state energy calculations to avoid interactions between
the isolated atom and adjacent atoms. The cohesive ener-
gies of the M6X2 and M6XX ′ structures are shown in Ta-
ble 1: (Au6Se2) −3.107 eV, (Au6SSe) −3.149 eV, (Ag6S2)
−2.809 eV, (Ag6SSe) −2.679 eV, and (Ag6Se2) −2.745 eV.
Larger cohesive energies demonstrate higher structural stabil-
ity. Because Au atoms have a stronger ability to bind electrons
than Ag atoms, the absolute values of cohesive energy for the

gold compounds are larger than those of the silver compounds.

To further investigate the kinetic stability of these struc-
tures, phonon dispersion was performed with the 3× 3× 1
supercells. Figure 2 shows no negative frequency in phonon
dispersion along high-symmetry paths. In addition, the acous-
tic branch at the G point shows a linear trend, demonstrating
the dynamic stability of the structures. The strong bonding
between M and X atoms explains the stability of these materi-
als in terms of the similar strong electron shells between Mo
atoms and Au6 or Ag6 clusters. Moreover, the cohesive energy
and phonon dispersion also illustrate the excellent stability of
this system.

Table 1. Structural parameters and cohesive energy values of M6X2 and M6XX ′ structures (M = Au, Ag; X ,X ′ = S, Se) after structural optimization.

Cohesive energy (eV/atom) a (Å) b∗M−M (Å) bM−M (Å) bM−X (Å) h (Å) h∗ (Å) θM−X (◦)
Au6Se2 –3.107 5.857 2.796 2.818 2.465 5.748 1.719 76.738
Ag6S2 –2.809 5.902 2.800 2.807 2.377 5.421 1.563 81.446
Ag6Se2 –2.745 5.897 2.803 2.811 2.497 5.788 1.745 76.574

Cohesive energy (eV/atom) a (Å) b∗M−M (Å) bM−M (Å) bM−Se (Å) bM−S (Å) h (Å) h∗M−Se (Å) h∗M−S (Å) θM−Se (◦) θM−S (◦)
Au6SSe –3.149 5.750 2.775 2.801 2.466 2.466 5.836 1.769 1.769 74.204 74.202
Ag6SSe –2.679 5.913 2.796 2.808 2.497 2.376 5.585 1.739 1.552 76.872 81.961
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Fig. 2. Phonon dispersion of M6X2 and M6XX ′ structures (M = Au, Ag; X ,X ′ = S, Se) with a 3×3×1 supercell: (a) Au6Se2; (b) Au6SSe; (c)
Ag6S2; (d) Ag6Se2; (e) Ag6SSe.

3.3. Band structure

Figure 3 shows the band structures of M6X2 and M6XX ′

(M = Au, Ag; X ,X ′ = S, Se) calculated by the HSE06
hybridization functional. Four indirect bandgaps (Au6SSe,
Ag6S2, Ag6Se2 and Ag6SSe) and one direct bandgap (Au6Se2)
are shown. As is well known, direct bandgaps indicate more
energy conversion to effective energy with no vibration en-
ergy loss. Therefore, Au6Se2 can be deemed to be an ideal
candidate in optical materials. The bandgaps of the gold com-
pounds are 1.87 eV (Au6Se2) and 1.71 eV (Au6SSe), while
the bandgaps of the silver compounds are 2.61 eV (Ag6S2),
2.33 eV (Ag6Se2) and 2.45 eV (Ag6SSe). Therefore, it can
be concluded that the bandgaps of the gold compounds are
generally larger than those of the silver compounds. The va-

lence band maximum (VBM) and the conduction band mini-
mum (CBM) of Au6Se2 are located at point G. The CBM of
Au6SSe is located along the path of the high symmetric point
G–M in the Brillouin zone, and the VBM is located at point
G. The silver compounds (Ag6S2, Ag6Se2 and Ag6SSe) have
VBMs located at point G and their CBMs are located at point
M. The bandgaps of these five materials are in the range of
1.7–2.6 eV, meaning that they are traditional narrow-bandgap
semiconductor materials. The narrow-bandgap semiconduc-
tors have a wide frequency range for light absorption, demon-
strating great potential for optoelectronic semiconductor de-
vices in visible and ultraviolet light. The bandgaps of the gold
compounds are within 1.7–1.8 eV, which indicates stronger
absorption in the infrared region. Therefore, these gold com-
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pounds are suitable for photo-thermal conversion material. In
contrast to the gold compounds, the silver compounds are
more suitable for photocatalysis due to the bandgaps of ap-
proximately 2.3–2.6 eV, which are close to the redox potential
of water, showing promise for water splitting applications.

To further understand the contribution of different orbitals
to the band structure of these materials as well as their electron
states near the Fermi level, the total densities of states (TDOS)
and partial densities of states (PDOS) of the M6X2 and M6XX ′

structures were calculated. As shown in Fig. 4, the dotted line
at zero energy represents the Fermi level. The TDOS in Fig. 4
exhibits sharp peaks due to the localization of transition metal
d orbitals. The TDOS of the gold compounds in Figs. 4(a) and
4(b) show that the contribution of the Au atoms near the Fermi
level is greater than that of the X atoms. The PDOS shown in
Figs. A1(a) and A2(a) demonstrate that the contributions near

the Fermi level originate from the d orbitals of the Au atoms
and the p orbital of the X atoms (S, Se). The localization of the
gold compounds is lower than that of the silver compounds,
which corresponds to the larger band width of the gold com-
pounds shown in Fig. 3. The TDOS of the silver compounds
shown in Figs. 4(c) and 4(d) show that the contribution of Ag
in the M6X2 structure matches that of the X atoms near the
Fermi level but is lower than the contribution of the X atoms.
This is different from the densities of states of the gold com-
pounds. Figures A1(b), A2(b) and A2(c) show that the Fermi
level originates from the d orbitals of the silver atoms and the
p orbitals of the X atoms (S, Se). Due to overlapping levels
near the Fermi level, the bonds between the d orbitals of M
atoms and the p orbitals of X atoms are the dominant contri-
bution, which is closely related to the transport properties of
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Fig. 3. Band structure of (a) Au6Se2; (b) Au6SSe; (c) Ag6S2; (d) Ag6Se2; and (e) Ag6SSe.
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the materials. Near the CBM, the gold and silver compounds
show similar properties, with contributions mainly from the d
orbitals of M atoms (Au, Ag) and the p orbitals of X atoms (S,
Se).

3.4. Photocatalytic water splitting and optical absorption

The approximate band structure can drive the redox reac-
tion of water splitting. While the bandgaps of semiconductors
influence their photocatalytic properties, the band edge posi-
tions of their VBM and CBM are also closely related to the
intensity of redox reactions in photocatalytic water splitting.
There are two essential steps of photocatalytic water splitting:
hydrogen evolution reaction (HER) and oxygen evolution re-
action (OER), which require the participation of catalysts due
to the high overpotentials, dynamic barrier and low efficiency
of four electrons involved in the reaction.[45–48] Under the light
irradiation, photoexcited electrons and holes are produced to
participate the whole reaction.[49–51] Figure 5 shows the pro-
cess of photocatalytic water splitting. When CBM is higher
than the reduction potential (HER: 4H++4e−→ 2H2) of wa-
ter splitting and VBM is lower than the oxidation potential
(OER: 2H2O→ O2 +4H++4e−),[52] there will be an active
force driving the redox reaction. As a result, the H2 evolution
and O2 evolution proceed. The reaction activity of catalytic
water splitting is closely related to the band edge position.

Band edge position calculations are based on Mulliken
electronegativity theory.[53,54] Formulas (3) and (4) are used
to calculate the band edge positions of the conduction band
(ECB) and the valence band (EVB)

ECB = Ea−Eref−0.5Eg, (3)

EVB = Ea−Eref +0.5Eg, (4)

where Ea is the absolute electronegativity of a compound.
Eref is the free electron energy relative to the standard hy-
drogen electrode potential, which is approximately equal to
4.5 eV.[55,56] The Mulliken electronegativity values of com-
pounds M6X2 and M6XX ′ are calculated as follows:[57–60]

Ea(M6X2) = (Ea(M)6 ·Ea(X)2)
1
8 , (5)

Ea(M6XX ′) = (Ea(M)6 ·Ea(X)·Ea(X ′))
1
8 . (6)

The calculated values of Ea(M), Ea(X), and Ea(X ′) are the
electronegativity values of the M, X , and X ′ atoms, which can
be measured by experiments.[61] Mulliken electronegativity
is equal to the geometric mean of electron ionization poten-
tial and electron affinity. Methods for calculating band edge
positions are a major research focus.[62–64] The electronega-
tivity values of the atoms used in these calculations are Ag
(4.40 eV), Au (5.77 eV), Se (7.02 eV), and S (7.43 eV).[61]

The VBM and CBM band edge positions were determined by
aligning with the relative standard hydrogen electrode poten-
tial, and these band edge positions are shown in Fig. 6(a). The

redox potential of water splitting lies between the band edges
of the silver compounds (Ag6X2 and Ag6XX ′ (X ,X ′ = S, Se)),
revealing their photocatalytic water splitting potential. How-
ever, this is only a theoretical prediction based on the band
edge position of these materials, and real aqueous environ-
ments may involve other requirements. Therefore, further the-
oretical and experimental study is needed.[65]

CBM

VBM

1.23 eV

H2O

H2 H+

O2

EHO/O

EH⇁/H

Fig. 5. The mechanism of photocatalytic water splitting.

The energy range of light absorption is a crucial factor for
the performance of optoelectronic device materials. There-
fore, the absorption coefficient is a significant parameter for
characterizing the optical properties of materials, and out-
standing optical materials have high absorption coefficients.
The absorption spectra of two-dimensional materials are cal-
culated by in-plane polarized light excitation, and the dielec-
tric constants are obtained by the HSE06 exchange–correlation
potential method. The dielectric coefficient determined by fre-
quency includes a real part and an imaginary part. Therefore,
calculating the absorption spectrum of a material related to
photon energy is as follows:[66]

ε(ω) = ε1(ω)+ iε2(ω), (7)

α(E) =
4πe
hc

[
(ε2

1 + ε2
2 )

1/2− ε1

2

]1/2

. (8)

The light absorption of the five M6X2 and M6XX ′ structures is
shown in Fig. 6(b). The absorption coefficients of these ma-
terials are as high as 3×105 cm−1 and their absorption peaks
are located in the visible light range (1.7–3.3 eV), meeting the
requirements of photocatalytic water splitting. In addition, the
resonance modes in the high-energy region are also strong ab-
sorption peaks. In the visible region, Au6Se2 has two obvi-
ous resonance absorption peaks at about 2.25 eV and 3.2 eV,
while Au6SSe has three resonance absorption peaks at about
2 eV, 2.5 eV, and 3.2 eV. Ag6Se2 has two resonance absorp-
tion peaks at about 2.6 eV and 3 eV, while Ag6S2 and Ag6SSe
each only demonstrate one resonance absorption peak at about
3.2 eV and 3 eV, respectively. In the high-energy ultraviolet
region, the resonance absorption peaks of the five structures
are in the range of 4–4.5 eV. The gold compounds have more
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resonance absorption peaks and higher absorption coefficients
in the visible light region. Therefore, compared with the sil-
ver compounds, the gold compounds have higher absorption
efficiency and activity under visible light. Among the silver
compounds, Ag6Se2 has the highest number of resonance ab-
sorption peaks, meaning that it is the most suitable material
for photocatalytic water splitting in the visible light region.
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Fig. 6. (a) Band edge positions of M6X2 and M6XX ′ structures (M =Au,
Ag; X ,X ′ = S, Se), where the black dotted line represents the standard
redox potentials for water splitting. (b) Absorption spectra of M6X2 and
M6XX ′ structures, where the area surrounded by the black dotted line is
the energy range of the visible region.

3.5. Tuning band structures and optical property by biax-
ial strain

Strain engineering is an effective strategy for regulating
the electrical, optical, topological, and thermoelectric prop-
erties of semiconductors. In many practical material synthe-
ses, generated single-layer crystals and heterostructures will
produce stress and strain due to their synthesis conditions
and environments, and strain modulation also occurs in some
practical applications. However, using strain effects to opti-
mize the geometric structures and properties of materials and
meet the requirements of microelectronic devices, optoelec-
tronic devices, and solar cells is always a challenging sub-
ject. The use of uniform biaxial strain is more effective than
uniaxial strain or shear strain for regulating the bandgap of
semiconductors.[67] Therefore, uniform biaxial strain (includ-
ing tensile strain and compressive strain) was applied to adjust
the electronic structure and optical properties of the M6X2 and
M6XX ′ materials in this paper. A biaxial stress field was simu-
lated by fixing the lattice constant a under strain. The original
optimized lattice constant is a0, and the degree of biaxial strain
η was determined with the equation η = (a−a0)/a0. A biax-

ial strain η range from −6% to 6% was examined with a step
size of 2%. Positive values represent the tensile strain, while
negative values represent the compressive strain.

To explore the stability of the M6X2 and M6XX ′ struc-
tures under strain regulation, the curves of cohesive energy
under different strains were obtained, as shown in Fig. 7(a).
As shown, the cohesive energy values depend on the biaxial
strain η . Although the absolute value of cohesive energy grad-
ually decreases with increasing strain, it remains high enough
to demonstrate high stability under all the examined tensile
strain and compressive strain values. Figure 7(a) shows that
the cohesive energy under tensile strain decreases more slowly
than that under compressive strain. Therefore, under the same
strain, these structures are more stable under tensile strain.
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Fig. 7. (a) Cohesive energy of M6X2 and M6XX ′ structures (M = Au,
Ag; X ,X ′ = S, Se) under biaxial strain. (b) Bandgaps of M6X2 and
M6XX ′ structures under biaxial strain. The solid symbol represents the
indirect bandgap and the hollow symbol represents the direct bandgap.

Figure 7(b) shows the bandgap variation of the M6X2 and
M6XX ′ materials under biaxial strain. The bandgap gradually
decreases with increasing compressive strain. In contrast, the
bandgap gradually increases with increasing tensile strain. An
almost quasi-linear trend is seen, demonstrating potential use
in sensors and high-precision devices. Interestingly, when a
tensile strain is applied (η = 4%), the Au6Se2 direct bandgap
transitions to an indirect bandgap, and when a compressive
strain is applied (η =−6%), the Ag6S2 indirect bandgap tran-
sitions to a direct bandgap.

To further study the mechanism of direct-indirect
bandgap transition with biaxial strain, the projected bands
of Au6Se2 under different strains (η = 0%, 4%) were deter-
mined, as shown in Figs. 8(a) and 8(b) with the contributions
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of the Au and Se orbitals. The bands are shown relative to the
CBM at two k-points (G and B). With no biaxial strain, the
VBM and CBM of Au6Se2 are both located at point G. How-
ever, when compressive strain is applied (η = 4%), the CBM
shifts from point G to point B, which is located on the G–M
path. Therefore, the direct bandgap transitions to an indirect
bandgap. Figure 8(c) shows that when tensile strain is applied,
the contribution of Au d and p orbitals decreases and the con-
tribution of Au s orbitals increases at both points G and B.
The contributions of Se atoms do not significantly change un-
der different strains, so they are not shown in Fig. 8(c). When
compressive strain is applied, the opposite trend is seen. Over-
all, the Au s electrons at point G and point B change at a sim-
ilar rate. The contribution of Au d electrons only slightly and
insignificantly varies. For the electron-occupied state of the
Au p orbital (shown with bold red lines), the rate of variation
at point G is obviously higher than that at point B. Therefore,
the CBM level at point G changes more rapidly than at point B
(Figs. 8(a) and 8(b)). This leads to the direct-indirect bandgap
transition. However, further research on this transition is re-
quired.

Moreover, we perform the projected band structures un-
der different strains (η = 0, −6%) and the contribution of
orbitals for Ag6S2 to explore the explanation of the indirect-
direct bandgap transition under biaxial strain. As shown in
Figs. 9(a) and 9(b) relative to the CBM at two k-points (G, M),
with no biaxial strain, the VBM of Ag6S2 is located at point G
and the CBM is located at point M. When compressive strain
is applied (η = −6%), the CBM of Ag6S2 shifts from point

M to point G, resulting in the transition between a direct and
indirect bandgap. Figure 9(c) shows that under compressive
strain, the contributions of Ag d and Ag p orbitals increase
and the contribution of Au s orbitals decreases at both points
G and M. The projected orbital contributions of the S atoms do
not significantly change with changing strain, so they are not
shown in Fig. 9(c). When tensile strain is applied, the opposite
trend is seen. Overall, the Ag s orbital contributions at points
G and M change at the same rate. The contribution of the Ag
d orbital varies at a similar rate at points G and B. The vari-
ation rate of the contribution of the Au p orbital (shown with
bold red lines) is higher at point G than at point M. Therefore,
the CBM level changes more rapidly at point G than at point
M (Figs. 9(a) and 9(b)), which results in the indirect-direct
bandgap transition.

Figure 10 shows the optical absorption of the M6X2 and
M6XX ′ structures under different biaxial stains. Biaxial strain
has a strong regulating effect on the optical absorption of these
materials. With increasing compressive strain, the resonance
absorption peak in the visible region redshifts, consistent with
the decreasing bandgap shown in Fig. 7(b). In contrast, the res-
onance absorption peak blueshifts in the visible region. This
is related to the increasing bandgap under increasing tensile
strain shown in Fig. 7(b). It is worth noting that the intensity
of the resonance absorption peak in the visible region gradu-
ally increases under increasing strain. This demonstrates the
high solar energy utilization efficiency of these materials for
photocatalytic water splitting applications.
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4. Conclusion
In conclusion, M6X2 and M6XX ′ structures (M = Au, Ag;

X ,X ′ = S, Se) were studied by DFT theoretical calculations
based on first-principles theory. The high stability of these ma-
terials was predicted by investigating phonon dispersion and
cohesive energy. Of these materials, one has a direct bandgap
(Au6Se2) and four have indirect bandgaps (Au6SSe, Ag6S2,
Ag6SSe, and Ag6Se2). The band edge positions and opti-
cal absorption coefficients of the Ag compounds demonstrated
the great potential for photocatalytic water splitting. Further-
more, the bandgaps and optical properties of these materials
were regulated by biaxial strain. Their cohesive energy illus-

trates their stability under strain. Intriguingly, a quasi-linear
bandgap trend and a direct to indirect bandgap transition were
found under biaxial strain. To further explore this mechanism,
projected bands were determined to investigate the changes of
orbital contributions under strains that led to the band edge
variation. Finally, the optical absorption coefficients of the
structures under biaxial strain were obtained. The resonance
absorption peak blueshifts and redshifts under tensile strain
and compressive strain, respectively. Overall, this paper pro-
vides a meaningful idea and method for exploring new two-
dimensional nanomaterials with great potential in microelec-
tronic, optoelectronic, and photocatalytic applications.
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