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As an emerging type of two-dimensional (2D) family, transition metal oxyhalides with the chemical formula
MOX; have been studied in recent years. Inspired by the successful synthesis of ZrOI, monolayer with excellent
photocatalytic and piezoelectric properties, we conducted a systematic and comprehensive investigation of
ZrOX; (X = Br, I) and its Janus ZrOBrl monolayers using first-principles calculations. The results show that
the mechanically, dynamically, and thermally stable ZrOX, and Janus ZrOBrl are indirect-gap semiconductors
with band gaps ranging from 1.89 to 3.48 eV by the hybrid density functional HSE06 method. Besides, their
valence-band minimum and conduction-band minimum can straddle the redox potential of water at pH = 0,
respectively. Interestingly, due to the optimal band alignment mechanism, the band-edge position of Janus
ZrOBrl with an intrinsic electric field does not expand. Moreover, biaxial compressive strain (within —6%)
effects on the band alignments and band gaps are discussed. What is more, strong anisotropy and high
optical absorption in the visible-ultraviolet region (~10° cm™') render these monolayers fantastic polarizers
and photoelectronic devices. Besides, the orientation-dependent carrier mobility of these monolayers is much
higher than that of many other 2D semiconductors, making them potential electronic and photocatalytic devices.
For piezoelectric performance, all of these monolayers exhibit a considerable in-plane transverse piezoelectric
coefficient d;, reaching about 20 pm/V. Furthermore, the Janus ZrOBrl possesses additional out-of-plane
piezoelectric responses due to structural mirror asymmetry. Under AC stacking mode, multilayer Janus ZrOBrl
has appreciable vertical piezoelectric coefficients d3; and ds;, reaching 1.17 and 4.61 pm/V, respectively. Our
findings highlight that all three monolayers are multifunctional devices, especially in the fields of photocatalysis

and piezoelectricity.
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I. INTRODUCTION

With the continuous depletion of fossil fuels and the in-
creasing severity of environmental pollution, it is urgent to
find clean, efficient, and environmentally friendly renewable
energy sources. Hydrogen production based on photocat-
alytic water splitting is considered to be one of the most
suitable technologies for this purpose [1]. Commonly, a high-
performance photocatalyst for water splitting should possess
these key characteristics, e.g., an appropriate band gap larger
than 1.23 eV, a suitable band-edge energy position to straddle
the redox potential of water (Ey+/n, = —4.44eV, Eo,/m,0 =
—5.67¢eV) [2], and high carrier mobility to enhance the trans-
port efficiency of photogenerated holes and electrons at the
water interface [3], as well as the strong absorption of visible
light to effectively harvest solar energy [4].

Since the successful fabricating of graphene in 2004 [5],
two-dimensional (2D) materials have been extensively stud-
ied due to their remarkable physical and chemical properties
[6-9]. Compared to three-dimensional (3D) materials, high
carrier mobility, excellent optical absorption, strain-tunable
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band gaps, and admirable specific surface areas render 2D
materials promising candidates for photocatalysts [10-15],
such as graphitic carbon nitride (g—C3Ny) [16], MXenes [17],
and transition metal chalcogenides (TMDs) [18,19]. Particu-
larly, 2D Janus materials with an intrinsic electronic field (EF)
will not only relieve the restriction of band-gap requirement
but also accelerate the separation of carriers to different sur-
faces [20]. Inspired by the successful synthesis of the Janus
MoSSe monolayer in 2017 [21], Ma et al. [15] explored
the potential application of the Janus MoSSe monolayer as
a wide solar-spectrum water-splitting photocatalyst. Besides,
the photocatalytic ability of other new types of Janus has also
been widely investigated recently, such as Janus M,XY (M =
Ga, In; X/Y = S, Se, Te) [22], Janus PdPSeX (X = O, S, Se)
[23], Janus WSSiIN, [24], and Janus XMInZ, (X = Cl, Br, I;
M = Mg, Ca; Z=S, Se, Te) [25].

Alongside photocatalytic water splitting to produce hy-
drogen, piezoelectricity is another major energy conversion
technology that harvests electricity from mechanical motion
[26,27]. Myriads of 2D materials have been reported as poten-
tial piezoelectric devices, such as TMDs [28,29], hexagonal
boron nitride [30], and graphene nitride [31]. Generally, the
piezoelectric polarization of traditional 2D compounds is
confined to the basal plane, which prevents their flexibility
of piezoelectric device operations in the vertical direction.
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Fortunately, 2D Janus materials will break this restriction, and
display outstanding both in-plane and out-of-plane piezoelec-
tricity due to the mirror asymmetry in the z axis. Dong et al.
[32] reported that the synthesized Janus MXY (M = Mo, W,
X/Y = S, Se, Te) held both strong in-plane and weak out-
of-plane piezoelectric polarizations when an in-plane uniaxial
strain was applied in monolayers. For multilayer MoSTe, the
piezoelectric coefficient d33 can reach 5.7-13.5 pm/V, greater
than that of the state-of-the-art 3D piezoelectric materials
such as AIN (ds3 = 5.1 pm/V) and GaN (d33 = 3.1 pm/V)
[33]. Additionally, novel types of Janus with considerable
in-plane and out-of-plane piezoelectric coefficients have been
predicted to be prevalent piezoelectric materials [34,35].

Until now, 2D traditional materials with both excellent
photocatalytic and unique piezoelectric properties remain
scarce, so it is necessary to explore new 2D materials and their
Janus forms to find multifunctional devices capable of gener-
ating hydrogen and converting energy [36]. As an emerging
type of 2D family, transition metal oxyhalides with the chem-
ical formula MOX, have been reported recently [37-39].
Particularly, Alam et al. [40] showed that ferroelectric TiOX,
and multiferroelectric VOX; (X = F, Cl, Br) monolayers have
excellent in-plane piezoelectric responses, ranging from 29.03
to 37.76 pm/V. Based on first-principles calculations, Song
et al. [41] found that monolayer TiOCl, is expected to be used
in solar cells and other optoelectronic devices as an efficient
light-absorbing material. In the latest experimental success,
2D NbOI, with anisotropic electronic and optical properties
has been fabricated [42]. Subsequently, Wu et al. discovered
the high piezoelectric performance of layered NbOI, [43]. In
addition, Pan et al. [44] pointed out that anisotropic NbOX; (X
= Cl, Br, I) monolayers are potential candidates for photocat-
alytic water splitting with high solar-to-hydrogen efficiency
at different conditions. More interestingly, Su et al. [45]. pre-
dicted that Janus NbOXY (X, Y = Cl, Br, I; X # Y) monolayers
can be versatile semiconductors, which can be used in flexible
electronics, optoelectronic, UV photonics, piezoelectric, and
photocatalytic applications.

Triggered by these above, in this work we focused on
the ZrOX, (X = Br, I) monolayers and their corresponding
Janus structures, comprehensively and systematically investi-
gated the electronic, optical, piezoelectric, and photocatalytic
water-splitting properties of ZrOX, (X = Br, I) and their Janus
monolayer. Our results show that the pristine ZrOX, mono-
layers are dynamically, thermally, and mechanically stable,
while for Janus ZrOXY monolayers, except for Janus ZrO-
Brl, the other two Janus monolayers (ZrOBrCl, and ZrOCII)
have imaginary frequency in phonon spectra. Furthermore,
ZrOBr,, ZrOl,, and Janus ZrOBrl monolayers are found to
be semiconductors with indirect band gaps of 3.48, 1.89,
and 2.10 eV, respectively. All these monolayers have suitable
band-edge positions for the overall water splitting in acidic
conditions, and the effect of biaxial compressive strain (within
—6%) is also considered. Additionally, pristine ZrOX, and
Janus ZrOBrl monolayers present excellent light absorption
and anisotropic high-carrier mobility. Moreover, unlike other
common 2D piezoelectric materials, these three monolayers
have large in-plane transverse piezoelectric responses, reach-
ing about 20 pm/V. Under the AC stacking, multilayer Janus
ZrOBrl has an appreciable vertical piezoelectric coefficient

dz,, reaching 4.61 pm/V. These results reveal that these mono-
layers can be promising photocatalysts and energy-conversion
devices.

II. COMPUTATIONAL DETAILS

All the calculations were performed using the Vienna
ab initio Simulation Package (VASP) based on density-
functional theory (DFT) [46—49]. The projected augmented
wave was adopted for the ion-electron interactions, where
generalized gradient approximation (GGA) in the scheme
of Perdew-Burke-Ernzerhof (PBE) was used to describe the
exchange-correlation functions of electrons [S0-53]. A kinetic
energy cutoff of 600 eV and a Gamma scheme 17 x 16 x 1
k point were selected during the geometry optimization and
self-consistent calculations. The convergence criteria of force
and energy difference were set to 1 x 107*eV/A and 1 x
10~% eV, respectively. To prevent interlayered interactions,
a vacuum layer of 30 A was considered along the z direc-
tion, and the DFT-D3 method of Grimme was adopted to
delineate the potential van der Waals interactions [54,55].
A dipole correction in the normal direction was included
throughout the Janus ZrOBrI calculations [56]. Based on the
finite-displacement method at the PBE level, a greater than
4 x 4 x 1 supercell with 4 x 3 x 1 k point was constructed to
obtain phonon dispersions using the PHONOPY code [57]. To
evaluate the thermal stability of these monolayers, a4 x 4 x 1
supercell was expanded to perform the ab initio molecular dy-
namics (AIMD) simulations in the canonical (NVT) ensemble
at 300 K for 8 ps with a time step of 2 fs. To appraise the
mechanical stability, the finite-difference method was adopted
to attain the elastic coefficients.

As it is well known that DFT-GGA calculations under-
estimate band gaps of semiconductors, the hybrid density
functional (HSEO06) [58,59] and single-shot GW (GyWy)
[60—62] methods were adopted. In the GoW, calculations,
the quasiparticle energies were obtained from the DFT-GGA
wave functions. A k point set to 15 x 15 x 1 and a cutoff
energy of 400 eV were used, and the number of bands was
increased to 128. Then, we used the maximally localized
Wannier function as implemented in the WANNIER90 package
[63] to interpolate the quasiparticle band structure, where p
orbitals of halogen atoms and the s- and d orbitals of Zr
atoms were chosen for the initial projections. Because of the
heavy element I, the spin-orbital coupling (SOC) [64] effect
was also considered at the HSEOQ6 level. To measure the op-
tical response and corresponding exciton binding energies of
these systems, the Bethe-Salpeter equation (BSE) [65] calcu-
lations were carried out on top of the single-shot GyW, within
the Tamm-Dancoff approximation. The eight highest valence
bands and the eight lowest conduction bands are included
as the basis for excitonic eigenstates. To quantify the carrier
mobility, the deformation potential (DP) theory [66,67] and
Boltzmann theory were implemented at the PBE level. A con-
stant scattering time (r = 10fs) and a denser k-point sampling
(2 times denser than that used in the geometry optimiza-
tion) were set when solving the Boltzmann transport equation
(BTE). In the BTE method, the effective mass was calculated
by BOLTZTRAP code [68] and extracted by PYMATGEN code
[69], respectively, and the carrier mobility was obtained by
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FIG. 1. (a) The optimized crystal structures of ZrOX, (X = Br, I) and Janus ZrOBrI monolayers, where the black dashed lines represent
the unit cell. (b) Phonon spectra and (c) AIMD simulations at 300 K for ZrOX, and Janus ZrOBrI monolayers, where the blue lines and the red
lines represent the variation of the total energy and temperature with time, respectively. (d) The original (left) and final (right) crystal structures
after AIMD simulations with 8 ps. The blacked dashed lines represent the supercell by 4 x 4 x 1.

the formula: 4 = =, where o and n are, respectively, conduc-
tivity and carrier concentration computed by the BOLTZTRAP
code. Within the density-functional perturbation theory [70],
piezoelectric stress coefficients can be given directly from
the VASP code. Due to the 3D periodic boundary conditions,
the 2D elastic coefficients and piezoelectric stress coefficients
should be corrected by the length of the unit cell in the z
direction: C}P = zCP and ¢}P = ze}P [71].

III. RESULTS AND DISCUSSION

A. Structural stabilities

The optimized geometric structures of ZrOX, (X = Br,
I) and Janus ZrOBrI monolayers are shown in Fig. 1(a),
and have an orthorhombic form with space group Pmm?2
(No. 25) for ZrOX, and Pm (No. 6) for Janus ZrOBrl.
The Janus nature of ZrOBrl originated from the two outer
sublayers of nonequivalent halogen atoms sandwiching the
central Zr atom. The rectangular lattice exhibited as strongly
anisotropic because of different compositions along the x
(O-Zr-0) and y (X-Zr-X) directions. The optimized structural
parameters of these specific monolayers are summarized in
Table I, and the obtained results accord well with the pre-
vious research [72]. Notably, the Zr cation spontaneously
displaced away from the structural center, giving rise to the
long and short Zr—X bonds along the y direction, whereas
Zr-O bonds are the same. Furthermore, the larger the radius
of the halogen atom, the greater the lattice constants and

bond lengths. The relevant parameters of Janus ZrOBrI mono-
layer lie between the values of non-Janus ZrOBr; and ZrOI,
monolayers.

Based on these reliable optimized structures, we next ex-
amined the (i) dynamical stability; (ii) thermal stability; (iii)
mechanical stability; and (iv) experimental feasibility of these
monolayers. As shown in Fig. 1(b), being nearly free of soft
phonon modes in the phonon spectra indicated these three
monolayers were dynamically stable. Since each unit cell
contained 4 atoms, there were 12 phonon modes that could
be observed throughout the Brillouin zone (BZ), which were
composed of three acoustic modes and nine optical modes. It
is noteworthy that the phonon spectra of Janus ZrOBrCl and
Janus ZrOCII were also calculated, as shown in Fig. S1 in the
Supplemental Material [73]. However, these results showed
that both Janus ZrOBrCl and Janus ZrOCII monolayers are
not dynamically stable due to the large imaginary frequency,
and thus we will only consider Janus ZrOBrl monolayer in
subsequent calculations. Additionally, the AIMD simulations
of investigated monolayers revealed slight energy fluctuations
during 8 ps at 300 K, with tiny structure distortion and no
broken bonds, thus verifying the thermal stability of ZrOX,
and Janus ZrOBrl monolayers at room temperature [shown
in Figs. 1(c)-1(d)]. To examine mechanical stability, the inde-
pendent elastic constants of these monolayers were computed,
and the result showed that all these compounds indeed met
the Born criteria [74], namely, C;Cy — C2, > 0 and Cgs > 0
(seen in Table IV).
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TABLE 1. The calculated lattice constants (a and b) (A), monolayer thickness i (A), bond lengths (dz—x1, dze—x2, dz:—0) (A), cohesive
energy E.,;, (eV/atom), band gaps from HSE (EgHSE), HSE+SOC (E;*SE”OC), and GoW, (Egcow‘)) (eV) levels of ZrOX, and Janus ZrOBrl.

Materials a b h er—XI er—XZ er—O Ecnh Eé{SE E;ISE+SOC EgGOWO
ZrOBr, 3.89(3.884) 3.89(3.88%) 3.87 2.65 2.85 1.97 5.35 3.48(3.47%) 3.44 4.98
ZrOl, 3.95(3.94%) 4.10(4.11%) 4.24 2.88 3.03 1.99 4.94 1.89(1.83%) 1.84 3.34
ZrOBrl 3.93 4.00 4.04 2.66(2.87) 2.82(3.03) 1.98 5.14 2.10 2.07 3.62

2Obtained by Yang et al. from DFT calculations [72].

To assess the thermodynamic stability and experimental
synthesizability of these monolayers, we figured out the co-
hesive energy by the following formula:

Nz:Ez: + Np:Ep: + MiE1 + NoEo — EmL
Nt '

coh = (D
where Nz;, Ng;, N1, and Ng are the numbers of Zr, Br, I, and
O atoms per unit cell, respectively. Ny is the total number of
atoms in the specialized monolayer. Ez;, Eg;, E1, Eg, and Epp,
respectively, refer to the energies of isolated Zr, Br, I, and O
atoms, and the total static energy of the composed specific
monolayer. The computed results are given in Table I.

It is known that the positive E.qp indicates binding, and the
larger the value, the more stable the structure. In Table I, for
considered monolayers, the calculated values of the cohesive
energy within the range of 4.94 to 5.35 eV/atom are similar
to those of already synthesized phosphorene (3.48 eV/atom)
[75] and MoS; (5.02 eV/atom) [76], implying the promising
feasibilities of these compounds in the future experiment.

B. Electronic structures

The projected band structures and projected density of
states of ZrOX, and ZrOBrl monolayers computed via the
HSEO06 method are shown in Fig. 2(a). It can be observed
that the ZrOBr;, ZrOl,, and ZrOBrl monolayers are semi-
conducting with indirect band gaps (3.48, 1.89, and 2.10 eV,
respectively), and their valence-band maxima (VBMs) locate
at the Y point, while the conduction-band minima (CBMs)
reside at the I" point. The band gaps of other transition metal
oxyhalides MOX, and their Janus monolayers MOXY were
listed in Table S1 in the Supplemental Material [73] for
comparison. From the projected electronic bands, we can see
that the main contributors to the valence-band regions are the
p states of halogen atoms, whereas the conduction-band re-
gions dominantly originate from Zr-4d states. Specifically, all
CBMs are predominantly composed of the Zr-d,. states, and
VBMs mainly comprise the Br-p,, and I-p, states for ZrOBr,,
and ZrOI, monolayers, respectively. Because of the elec-
tronegativity, the Br-p states have lower energy than I-p; then,
the VBM of Janus ZrOBrl monolayer mainly comes from the
I-p,. Additionally, due to the presence of heavy element I,
the SOC effect at the HSEO06 level was also considered. As
shown in Fig. S2 in the Supplemental Material [73], the SOC
correction affects the band structures of these monolayers
slightly; thus, we did not take it into account in the forth-
coming electronic properties calculations. What is more, band
structures and gaps calculated by the GoW, method are also
shown in Fig. S3 (see the Supplemental Material [73]) and
Table I for comparison. Obviously, band structures are similar

in the two different methods, but band-gap values obtained by
Go W) are significantly greater than those from HSE06 due to
the consideration of electron-electron interactions.

To get the charge-transfer information, the electron lo-
calization function and Bader charge of the pristine ZrOX,
and Janus ZrOBrl monolayers were analyzed. The charge
depletion around Zr atoms, and charge localization around O
and halogen atoms, as shown in Fig. S4 in the Supplemental
Material [73], means that Zr atoms lose electrons while O and
halogen atoms gain electrons. For the ZrOBr, structure, we
found that 1.196 e transfers from the Zr to O atoms, and 0.568
e transfers from the Zr to Br atoms. Besides, for the ZrOI,
structure, 1.204 e transports from the Zr to O atoms, and 0.502
e transports from the Zr to I atoms. These are in line with the
electronegativity difference: O (3.44) > Br (2.96) > 1 (2.66)
> Zr (1.33). In the Janus ZrOBrl monolayer, about 53% of
the total transferred charge is delivered to the O atoms, and
the rest is sent to the halogen atoms (0.572 e to the Br atoms,
0.499 e to the I atoms). The Br atoms receive more charge
compared to the I atoms because of the large electronegativity
in Br atoms. Such difference will result in a potential gradient
perpendicular to the basal plane, forming an intrinsic electric
field between the upper and lower layers.

Finally, the band-decomposed charge densities of VBM
and CBM were plotted to visualize the spatial distribution
of carriers. As shown in Fig. 2(c), the CBMs and VBMs of
pristine ZrOX, are uniformly distributed around the upper
and lower sides, while for Janus ZrOBrl, the VBM mainly
distributes at the I side and the CBM mainly distributes at
the Zr and Br side. The spatial separation of photogenerated
electrons and holes can reduce the possibility of carrier re-
combination, which is advantageous for photocatalytic water
splitting. Figure 2(b) exhibits the planar-average electrostatic
potentials along the z axis. Consistent with the Bader charge
analysis, different from the pristine ZrOX,, the Janus ZrO-
Brl possesses an intrinsic dipole with corresponding potential
drops A® (0.16 eV), which generates a built-in electric field
EF (1.75eV/A) pointing from the I layer to the Br layer.
The different carrier distributions will significantly affect the
photocatalytic schemes of Janus semiconductors, which will
be discussed below.

C. Photocatalytic properties

As an excellent water-splitting photocatalyst, apart from
the proper band gap, the band-edge positions are required
to straddle the redox potential of water. The absolute
band-edge positions of VBM (Evgm) and CBM (Ecgm)
are extracted via the following formula [77,78]: E{‘,b,fM =
EQbn — Vaae, E&iv = Ein — Voac, Where EQRY oy are the
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FIG. 2. (a) Projected band structures (left) and density of states (right) of the suborbitals of the Zr-d and -p, orbitals of O/Br/I atoms
calculated by the HSEO6 method. (b) Plane-averaged electrostatic potential along the z direction. (c) The charge distribution of CBM and
VBM states, the isosurface value is 0.03 e/A~3. (d) Band-edge alignments from the HSE06 method compared with the water redox potential

at pH = 0. The red dots represent the real position of CBM and VBM.

energies of VBM/CBM calculated by the HSEQ6. For pristine
ZrOX, without vertical EF, there is only one vacuum level,
while for Janus ZrOBrl, there are two different vacuum levels
[20]. First, as shown in Fig. 2(d), the pristine ZrOX, monolay-
ers indeed meet the traditional photocatalytic mechanism [ the
VBM is lower than the oxidation potential of H,O/O, (—5.67
eV) and the CBM is higher than the reduction potential of
H*/H, (—4.44 eV) at pH = 0 ], demonstrating their photo-
catalytic water-splitting potential. Second, for Janus ZrOBrl,
it is necessary to identify the most possible schemes for photo-
catalytic HER and OER according to the different band edges
on the different V,,. for the two surfaces [78]. Figure S5 (see
the Supplemental Material [73]) shows four possible photo-
catalytic water-splitting schemes for Janus ZrOBrl. According
to the charge distributions of VBM/CBM in Fig 2(c), we know
that the most achievable scheme for the Janus ZrOBrI is the
VBM relative to the small V,,. (I side) and the CBM relative
to the big one (Br side) [red circles in Fig. 2(c)]. It can be
found that the band-edge positions of Janus ZrOBrlI can also
cross the redox potential [Fig. 2(d)], implying it can satisfy
the basic requirements for full water splitting. Furthermore,
the band-edge positions calculated by the GoW, are also pre-
sented in Fig. S6 in the Supplemental Material [73], and we
can see that the redox capabilities of these monolayers are
improved due to the enlarged band gaps. Since the band-gap
values obtained by HSEO06 are accurate enough and close to
the experimental results, we only consider the HSE06 method
in subsequent calculations of strained band structures to save
computational resources. To be mentioned, it has been demon-

strated that transition metal oxyhalides NbOCI, and NbOI,
were unable to meet the band-edge requirement to achieve full
photocatalytic water splitting at pH = 0 under the unstrained
case [44], while the corresponding Janus NbOCII and NbOBrI
were compatible with both HER and OER without consider-
ing optimal band-alignment mechanism [45].

Considering that materials may be affected by strain during
operation in practical engineering applications, we investi-
gated band gaps and band alignments of ZrOX, and Janus
ZrOBrI monolayers under biaxial compressive strain (within
—6%) [4,79,80]. As shown in Fig. 3(a), band gaps of all
studied monolayers decreased monotonically with the in-
crease of compressive strain. Furthermore, Fig. 3(b) shows

(@) (b)

4 -4.0
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FIG. 3. (a) Biaxial compressive strain effect on the band gap of
ZrOX,; and Janus ZrOBrI monolayers at the HSE06 level. (b) Biaxial
compressive strain effect on the band alignment of ZrOX, and Janus
ZrOBrl monolayers at pH = 0.
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FIG. 4. (a) The imaginary parts of the dielectric function calculated by the GoW, + BSE method for ZrOX, and Janus ZrOBrI monolayers,
respectively. (b) The optical absorption coefficients computed by the GoW, + BSE method for ZrOX, and Janus ZrOBrl monolayers. (c) The
optical anisotropy ratio as a function of photon energy for ZrOX, and Janus ZrOBrI monolayers.

that all of these monolayers, except Janus ZrOBrl at —6%,
could still meet the photocatalytic water splitting under biax-
ial strain in acidic conditions (pH = 0). As the compressive
strain increased, the position of VBM gradually shifted to-
wards the oxidation potential of H,O/O,, and the position of
CBM in ZrOBr, and Janus ZrOBrI did not change signifi-
cantly, but gradually moved upwards in ZrOI,. Surprisingly,
when the compressive strain reached —4%, the overpotential
x(Hy) and x(O;) (the potential difference between the re-
duction/oxidation potential and actual CBM/VBM) of ZrOI,
exceeded 0.1 eV, indicating that there is enough energy for
photogenerated carriers to proceed with the HER and OER
[81,82]. To be mentioned, despite Janus ZrOBrl having an
internal EF, its redox capacity was not enhanced due to the
optimal band-alignment mechanism. In general, these studied
systems can achieve photocatalytic water splitting under prac-
tical conditions in an acid environment.

D. Optical properties

Optical property is one of the golden keys to measuring
whether semiconductor materials are excellent optoelectronic

devices. Besides, photocatalysts with prominent light ab-
sorption will work more efficiently. Therefore, we studied
the optical properties of the pristine ZrOX, and Janus ZrO-
Brl by computing the complex dielectric constants ¢ using
the GoWo-BSE method. The absorption coefficient can be
written as

5 1/2
a(w) = Q[,/af@) +8() —a(@)]

where €| and &, represent the real and imaginary parts of
the dielectric function, respectively. From Fig. 4(b), we find
that the optical absorption spectra of these monolayers exhibit
high anisotropy and strong linear optical dichroism between
the x- and y directions. Interestingly, the optical absorption
of y-polarized light is stronger than that of x-polarized light
in the range of about 2 ~4 and 6 ~ 8 eV, while the op-
posite is true in the range of about 4.5 ~ 5.5 eV. Besides,
ZrOBr,, ZrOl,, and Janus ZrOBrl have significant optical
absorption peaks along the y direction at energies of 3.75,
2.91, and 3.18 eV, respectively. Notably, Zr-d,> orbitals can
hardly hybridize with the planar I/Br-p, orbitals, while Zr-
d,, orbitals can effectively hybridize with I/Br-p, orbitals;

@
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thus, transitions from the I/Br-p, valence bands to the Zr-d,,
conduction bands along the y direction are easier to achieve
despite the Zr-d,> orbitals having lower conduction-band en-
ergy in the x direction [as shown in Fig. 2 (a)], which leads to
effective light absorption of the incident light polarized along
the b axis of these monolayers. Therefore, the strong optical
anisotropy can be observed in the three systems. Compared to
other semiconductors [4,83], the wide light absorption range
(from visible to ultraviolet regions) and appreciable optical
absorption coefficient (~10° cm™!) render ZrOX, and Janus
ZrOBrl candidates for solar-conversion devices. In addition,
such outstanding optical properties bring these three mono-
layers great advantages as ideal photocatalysts. Moreover, the
exciton binding energies E}, of ZrOBr,, ZrOl,, and Janus ZrO-
BrI are calculated to be 1.34, 0.43, and 0.47 eV, respectively,
which are comparable to those of photocatalysts such as GaN
(0.44 eV) [84], GaInSSe (0.46 V) [82], Al,S3 (1.09 eV) [85],
and In,Se; (0.69 eV) [85], indicating they can effectively split
excitons into free electrons and holes.

The strong linear optical dichroism of ZrOX, and Janus
ZrOBrl, derived from their anisotropic orbital hybridization,
can be quantified as [86]

max[oy (fiw, oy (fiw)]

AP (fiw) = A3)

min[a, (hw, @, (hw)]’

where a,, (hw) is the absorption coefficient in the x/y di-
rection at photon energy Zw. As shown in Fig. 4(c), since
the incident optical light could hardly be absorbed in the x
direction within the energy of about 3.5 eV, the three monolay-
ers exhibited significant A©PY. Specifically, at the energy of
3.75,2.91, and 3.18 eV, the maximum A ©PY were found to be
14.73, 80.78, and 59.82 for ZrOBr,, ZrOI,, and Janus ZrOBrlI,
respectively. Such unique optical characteristics provided a
method to directly determine the crystal orientation using a
polarization optical microscope. At around 500 nm, the APV
of ZrOBr,, ZrOIl,, and Janus ZrOBrl were found to be 1.23,
7.39, and 3.89, respectively, which were comparable to or
even larger than that of PdSe, (A©PY =1.09) [87], GeSe
ultrathin film (A©PY = 1.09) [86], transition metal oxyhalides
NbOI, (A©PY = 1.75) [42], and corresponding Janus NbOXY
(X/Y = Cl, Br, I) monolayers (APY = 1.8 ~ 5.5) [45]. The
strong anisotropic optical absorption of ZrOX, and its Janus
ZrOBrlI monolayers indicated their great potential for applica-
tions in polarization-sensitive photonics fields, such as linear
polarizers and polarization-dependent photodetectors.

E. Transport properties

Carrier mobility is a crucial factor in determining whether
semiconductors are good candidates for electronic and
optoelectronic devices. In addition, higher and direction-
dependent carrier mobility is also favorable for semiconduct-
ing photocatalysts. Here, we evaluated the charge-migration
ability of ZrOX, and Janus ZrOBrl monolayers using the
DP theory [66,67]: wop = % where e, kg, and T are
the electron charge, Boltzmann constant, and temperature,
respectively. Cop, Ey, m*, and my represent the elastic mod-
ulus, deformation potential constant, effective mass along
the transport direction (x and y), and average effective mass
(my = mj;m;‘), respectively. The calculated data of Cyp, E|,

@ LZL method o) BTE method
= 800
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E“ :\:! ) T Ea,
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i i . " A . 0 1 |
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Carrier mobility u (cm?V-'s™) ZrOBr, :Zro-lz ZrOBrl
FIG. 5. (a) The anisotropic electron and hole mobility obtained
by Lang-Zhang-Liu (LZL) method for ZrOX, and Janus ZrOBrl
monolayers. (b) The anisotropic electron and hole mobility obtained
by the Boltzmann transport equation (BTE) method for ZrOX, and

Janus ZrOBrI monolayers.

m*, and carrier mobility u,p are summarized in Table II, and
the relevant fitted results are presented in Fig. S7 and Fig. S8
in the Supplemental Material [73].

The results showed that the carrier mobility uop of elec-
trons and holes in ZrOX, and Janus ZrOBrl monolayers
was orientation-dependent due to anisotropic Cpp, E;, and
m*. Interestingly, all of these monolayers possessed smaller
electron-effective mass along the y direction and smaller hole-
effective mass in the x direction, i.e. ,mg, < mg, my <
mﬁy, where x/y represents the two orthogonal transport di-
rections, and e/h signifies the two types of carriers. This
phenomenon can be analyzed from the band structures. For
all these monolayers, the conduction-band edge at the I'
point dispersed more sharply along the y direction (i.e., I’
— Y) while relatively flatter in the x direction (i.e., [ —X),
resulting in m, being one order of magnitude smaller than
my,.. The anisotropic hole-effective mass at the Y point could
be analyzed similarly. Generally, the smaller the effective
mass, the faster the carrier responded to the external field
force. For electron mobility, all these compounds exhibited
the anisotropy of jtcy > e, due to the electron-effective mass
anisotropy of m}, < m,. For hole mobility, in the ZrOBr,
monolayer, the hole-effective mass anisotropy of my, < my,
was sufficient to compensate for the deformation potential
anisotropy of Ejn, > Ejpy, thus leading to the hole mobil-
ity anisotropy finc > [ny. However, in monolayer ZrOI, and
Janus ZrOBAl, the anisotropy of my;, < my, could not counter-
act the effect of more significant anisotropy of Eip, > Ejpy; a
reverse result of uy, < fny occurred in both materials.

In fact, for the same carrier in a semiconductor, the x- and
y-directional deformation potentials (£, and E1,) will couple
together and jointly contribute to mobility. Lang, Zhang, and
Liu (LZL) showed that based on the DP theory, the carrier mo-
bility of 2D semiconductors with anisotropy is more precisely
expressed as [88]

3 (5Cp . +3Copy
eh ( 8 )
9E? +7E; E) ,+4E2
* Ix ably 1y
kBmemd(—zo )

o = . @)

The p, could be acquired by replacing x — y in Eq. (4). As
shown in Table II and Fig. 5(a), compared to the traditional DP
of Bardeen and Shockley, the hole mobility in the LZL method
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TABLE II. Elastic modulus (Cyp), deformation potential (E,), effective mass (m*), and carrier mobility (uop) for pristine ZrOX, and Janus
ZrOBrl monolayers along the x and y directions. The carrier mobility computed using the Lang-Zhang-Liu anisotropic method is displayed in

the brackets.

Materials Carrier types Cop (Nm™) m* (m,) E, (eV) wop (cm? V=171
ZrOBr, Electrons X 86.06 3.80 2.23 80.02 (55.47)
y 38.57 0.39 2.61 249.56 (412.76)
Holes X 86.06 043 4.42 150.90 (197.02)
y 38.57 493 1.61 44.05 (22.14)
ZrOl, Electrons X 98.72 3.79 2.58 81.87 (84.56)
y 35.58 0.27 1.55 1140.74 (1198.82)
Holes x 98.72 0.35 5.80 286.76 (429.16)
y 35.58 1.08 1.24 742.57 (135.18)
ZrOBrl Electrons X 93.23 4.05 1.81 132.41 (83.57)
y 36.92 0.31 2.31 415.64 (778.52)
Holes X 93.23 0.37 9.58 74.29 (111.64)
y 36.92 1.66 1.69 210.78 (37.62)

was significantly improved in the x direction while reduced in
the y direction.

Furthermore, under the LZL method, all three mono-
layers presented a pattern: mj, < mp., ey > Mexs My, <
mﬁy, and fthy > pny. This can be explained by the effective
Ej, whose anisotropy is weakened by the formula 9E7  +
TE\ <E\ —|—4E12_\,. The result showed that all these mono-
layers have relatively high electron mobility with values
ranging from 412.76 to 1198.82cm? V~!'s~!, which were
comparable to or larger than those of common 2D semicon-
ductors [15], such as MoSSe (530cm? V~!s~!) [15], ScSeCl
(662.21 cm?> V~!' s71) [80], and AISCI (716.62cm? V~'s™!)
[4] monolayers, indicating ZrOX, and Janus ZrOBrl mono-
layers can be promising candidates for electronic and
optoelectronic devices. Notably, the carrier transport prop-
erties of these materials we studied were very similar to
those of transition metal oxyhalides NbOX, (X = Cl, Br,
I) with high electron mobility in the y direction, up to
10 cm? V~!s~!. However, the hole mobility of ZrOX, and
Janus ZrOBrI is much higher than that of NbOX,, which can
be attributed to the heavy hole mass in NbOX, compounds
[44]. Moreover, we also calculated the anisotropic ratio R, =
max(fLy, (by)/ min(ii,, () to evaluate the anisotropy of car-
rier mobility, where max(uy, 1,) and min(uy, p,) are the
maximum and minimum carrier mobility for electrons and
holes, respectively. The mobility anisotropic ratio R, of
ZrOBr;, ZrOl,, and Janus ZrOBrl monolayers were calcu-
lated to be 7.44 (8.90), 14.18 (3.17), and 9.32 (2.97) for
electrons (holes), respectively, which were larger than those
of reported 2D semiconductors, such as Janus PtSSe [Ry, =
1.33(6.01)] [89], AISI monolayer [R,,; = 4.02(1.29)] [4], and
single-layer P4O, [R.,; = 1.49(1.80)] [90]. Excitingly, the
highly anisotropic transport properties of ZrOX, and Janus
ZrOBrlI can provide approaches for nanoelectronic device en-
gineering. For example, by selectively arranging electrodes
along different crystal directions, the carrier mobility can be
increased by at least one order of magnitude [45]. Besides,
orientation-dependent carrier mobility in these monolayers
can reduce the recombination of photogenerated electron-hole

pairs, which is beneficial to improving the performance of
photocatalytic water splitting.

From Fig. 2(a), we can notice that the conduction bands
of these three monolayers in the x direction were so flat they
could not be regarded as parabolic shapes. Besides, there
are several maxima whose energies are close to the VBM
on the valence band in the ZrOBr, monolayer. Therefore,
obtaining the effective mass of the carrier through parabolic
fitting with band energy may not be accurate. Then, we further
calculated the carrier transport properties by solving the BTE
using the semiclassical Boltzmann theory, which considers all
bands and regions in the BZ [91]. The calculated results are
presented in Table III and Fig. S9 and Fig. S10 (see the Sup-
plemental Material [73]). In this method, the calculated m;‘y,
my., and mj were almost consistent with the results obtained
from the DP method, while the obtained m, (5.45, 5.02, and
4.21 me for the ZrOBr,, ZrOI,, and Janus ZrOBrl mono-
layers, respectively) were much higher than those obtained
from the DP method (3.80, 3.79, and 4.05 m, for the ZrOBr»,
ZrOI,, and Janus ZrOBrl monolayers, respectively) due to
the nonparabolic conduction band. As shown in Fig. 5(b),
carrier mobility obtained by the BTE method and LZL method
followed similar regulars: (1) fley > fex, and finy > fny; (i1)

TABLEIIL. Carrier effective mass m;/m; and mobility 1,/ i, for
ZrOX; and Janus ZrOBrI monolayers by the BTE method. These data
were calculated at the PBE level with a carrier density of 10" cm—2
and an assumption of 7 = 10fs.

ZrOBr, ZrOl, ZrOBrl
m, (me) 5.45 5.02 421
m;y (me) 0.41 0.29 0.34
my, (me) 0.51 0.37 0.39
mz, (me) 4.86 1.22 1.92
Hex (cm2V—1g™h 36.58 43.38 49.29
ey (cm?V~1sh 482.46 741.43 608.83
My (cm? V71s™h 395.19 59491 532.48
My (cm? V71s™h 40.96 179.46 108.38
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TABLE IV. The elastic constant coefficient C;; (in N/m), piezoelectric tensors ¢;; (in x 10> pC/m), and piezoelectric strain coefficients d;;

(in pm/V) of 2D ZrOX, and Janus ZrOBrl monolayers.

Materials Ci Cy Cy Ces € €22 €16 €3] €3 d dy dis ds dx
ZrOBr, 80.02 38.03 1.90 10.39 —19.68 1.61 —0.06 0 0 —24.71 5.47 —0.58 0 0
y4(0)0} 101.11 34.41 1.90 9.28 —23.78 0.37 —0.77 0 0 —23.56 2.38 —8.30 0 0
ZrOBrl 94.00 36.76 1.99 10.00 —22.05 0.69 —1.04 0.09 0.09 —23.53 3.09 —10.40 0.09 0.23

Strong anisotropy existed between electron and hole mobility
in these three compounds; and (iii) the monolayer ZrOI, had
the highest carrier mobility, while the Janus ZrOBrI possessed
moderate carrier mobility. Since the BTE method for calculat-
ing the effective mass took into account all bands and regions
in the Brillouin zone, we expect these data to show better
agreement with experimental transport measurements.

F. Elastic and piezoelectric properties

For 2D monolayers without out-of-plane periodicity, elas-
tic coefficients C;; associated with the out-of-plane degree of
freedom can be discarded. Considering the symmetry require-
ment of the orthorhombic Pmm?2 space group in ZrOX, and
Pm space group in Janus ZrOBrl, the in-plane C;; can be
expressed as

Ci Cn O
Cik=|Cir Cn 0 (5)
0 0 Ces

The calculated results are summarized in Table IV. Com-
bining these data, Young’s modulus Y(6) and Poisson’s ratio
v(0) concerning the in-plane angle (6) could be obtained using
the following formulas [92]

Y() = C11Cyp — C}, ©)
Ciis* + (Cncé;—cfz _ 2C12)S2 2 + Cyct
Ciac* — (Cll +Cip — %ﬁ)cz §% 4+ Cpas*
U(Q) = ’ (7)

Coct + (%ﬁ;cé — 2C12>02 s+ Cp1st
where s and ¢ denote sin () and cos (6), respectively. The
orientation-dependent Y(6) and v (0) are depicted in Figs. 6(a)
and 6(b). It can be observed that both Y(f) and v (#) in
these three monolayers exhibited strong anisotropy. Besides,
Young’s modulus along the x and y directions, namely, Y, (V}),
were 79.93 (37.98), 101.01 (34.37), and 93.89(36.72) Nm™!
for ZrOBr,, ZrOl,, and ZrOBrl, respectively, showing that
the ZrOI, monolayer was the most stiff, whereas the ZrOBr,
monolayer was the most flexible. Poisson’s ratio of ZrOX;
and Janus ZrOBrl was entirely positive with values rang-
ing from 0.05 to 0.50. Young’s modulus of ZrOX, and
Janus ZrOBrI were smaller than previously reported graphene
(342.2Nm~") [74], hexagonal boron nitride (275.8Nm™!)
[74], and h-TiS, (167N m™") [93], indicating that these cal-
culated monolayers have excellent mechanical flexibility and
will be used in flexible electronic applications.

Due to the breaking of spatial inversion symmetry, ZrOX,
and Janus ZrOBrl monolayers exhibited piezoelectric effects.
The piezoelectric tensor e;; and piezoelectric coefficient d;; in

the 2D materials could be connected by the Voigt notation:
ejx = d;jCjx. Considering the symmetry, the e; and d;; of
studied monolayers could be simplified as

0 0 €16 0 0 d16
ex=|en en 0], dijj=|d1 dn 0|, (8
€31 e3x 0 dy1  dyp 0

where d>; # dyy and d3; # ds; denote two distinctive in-
plane and out-of-plane piezoelectric coefficients, respectively,
and dj¢ means the shear piezoelectric coefficient. The corre-
sponding schematic diagram is shown in Fig. 6(c), and the
calculated results are tabulated in Table I'V. It can be observed
that all these monolayers had an ideal in-plane transverse
piezoelectric coefficient d»;, which were —24.71, —23.56, and
—23.53 pm/V for ZrOBr;, ZrOl,, and Janus ZrOBrl, respec-
tively. The negative value meant that the polarization in the
y-axis direction would weaken when stretching the x axis of
the crystal. Additionally, attributed to the anisotropic crystal
structure and elastic response, there was a strong anisotropy
between in-plane transverse and in-plane longitude piezo-
electric coefficients. Typically, the ZrOI, had the strongest
anisotropy with an anisotropic ratio of about 9.9 (d»/d»).
Interestingly, unlike other 2D transition metal oxyhalides
MOX,, whose piezoelectric response was mainly composed
of in-plane longitudinal piezoelectric coefficients, such as
NbOX, (X =Cl, Br, I) (d1: 27.4 ~ 42.2 pm/V and dj5: —5.1
~ —4.1 pm/V) [43], TiOX, (X = Cl, Br) (d1;: 33.8 ~ 37.6
pm/V and dj5:—3.8 ~—3.7 pm/V) [40], and FM VOX, (X =
F, Cl, Br) (d;: 29 ~ 29.6 pm/V and dj,: —0.75 ~ 0.24 pm/V)
monolayers [40], ZrOX, and Janus ZrOBrI with considerable
negative transverse piezoelectric response were unique and
could be preferred piezoelectric materials. This could be at-
tributed to the polar displacement of the Zr cation along the y
axis, which led to the bending of the O—M-O bonding chain
in the x axis of the crystal. Once the tensile mechanical strain
was applied along the x axis, the angle of O-M-O bonding
decreased towards 180°, thus greatly reducing polarization
along the y direction. Surprisingly, the Janus ZrOBrI also had
out-of-plane piezoelectric coefficients ds; and d3; due to the
inversion asymmetry along the z direction. The d3; of Janus
ZrOBrl (0.09 pm/V) was superior to typical 2D piezoelectric
materials like Janus NbOXY (X/Y = Cl, Br, I) (0.002 ~ 0.074
pm/V) [45] and Janus MoSTe (0.03 pm/V) [32] monolayers.
Besides, the d3; was larger than d3, with a value of 0.24 pm/V.
With both large in-plane d,; and significant out-of-plane d3;
piezoelectric coefficients, the particularly special 2D semicon-
ductor ZrOBrI would be an excellent anisotropic piezoelectric
candidate.

Since vertical piezoelectricity can be significantly im-
proved by stacking [32,94], we investigated the piezoelectric
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(a) Young's Modulus (N/m) (©)

- - d;

(b) Poisson's Ratio

d31 d32

FIG. 6. The direction-dependent Young’s modulus (a) and Poisson’s ratio (b). The schematic diagram of piezoelectric responses (c),
where the blue thin arrows represent the direction of mechanical stress and the thick arrows (black, red, and green) denote the direction
of charge polarization. (d) Seven high-symmetry stacking types of bilayer Janus ZrOBrl. For AA, AB, and AC stacking, the two Janus ZrOBrl
monolayers are parallelly orientated. Br and I atoms in up layers are settled on the I-top site (AA), on the Zr-top site (AB), and on the O-top
site (AC). For AA’, AB’, and AC’ stacking, the two Janus ZrOBrI monolayers are antiparallelly orientated. Br and I atoms in up layers are
settled on the I-top site (AA"), on the Zr-top site (AB’), and on the O-top site (AC’). The BB’ stacking represents Zr atoms in the upper layer
settled on the top of Zr atoms in the lower layer. (e) Four-layer Janus ZrOBrl under the AC stacking mode.

response of multilayer Janus ZrOBrl. As shown in Fig. 6(d),
seven different stacking models with high symmetry were
considered to ascertain the energetically advantageous config-
uration, and the total energy of their system is shown in Table
S2 in the Supplemental Material [73]. Obviously, the bilayer
2D Janus ZrOBrI structure stacked by AC mode is the most
stable, with an interlayer distance of 2.85A and a binding
energy of 0.24 eV. Subsequently, we computed the piezoelec-
tric coefficients of multilayer Janus ZrOBrl stacked in AC
mode. As shown in Table S3 (see the Supplemental Material
[73]) and Fig. 7, elastic tensor (C;; and C;;) and piezoelectric
tensor (ez1, €22, €31, and e3y) of multilayer 2D Janus ZrOBrl
increased to varying degrees with the increase of the number
of layers. Especially for the four-layer 2D Janus ZrOBrl,
whose d3; and d3; reach 1.17 and 4.61 pm/V, respectively.
Surprisingly, the growth rates of ds; and d3; in the four-layer
reached 1200 and 1904%, respectively, significantly higher
than that of four-layer 2D LiAlTe, (242%) [95]. This is
because multilayer 2D Janus ZrOBrl was stacked by each
Janus ZrOBrI monolayer with the same polarization direction,
resulting in the superposition of out-of-plane dipole moments
in multilayers. Although the elastic constants increased with

increasing number of layers, the increase of e3; and e3; was
greater, resulting in the increase of d3; and d3,. The verti-
cal piezoelectric coefficient ds; of multilayer Janus ZrOBrl
stacked in AC mode was close to AIN (d33 = 5.1 pm/V) [33]
and LiAlTe, (d3; = 2.76 ~ 3.32pm/V) [95], indicating that
it could provide large out-of-plane piezoelectric output signals
for device applications.

IV. CONCLUSIONS

In summary, based on first-principle calculations, we
demonstrated that ZrOX, (X = Br, I) and Janus ZrOBrl
monolayers are stable and mechanically flexible 2D semi-
conductors with excellent electronic, photocatalytic, optical,
and piezoelectric properties. All of these monolayers have an
indirect band gap (ranging from 1.89 to 3.48 eV), and their
CBM and VBM can straddle the redox potential of water in
acid environment (pH = 0), which means they can meet the
prerequisite for photocatalytic water splitting. Furthermore,
the effects of biaxial compressive strain (within -6%) on the
band alignments and band gaps were also discussed. The
results show that with the increase of strain, both CBM and
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FIG. 7. (a)-(c) The relationship between the elastic tensor, piezoelectric tensor, and piezoelectric coefficients with the number of layers in

multilayer ZrOBrI under AC mode.

VBM gradually shift toward higher energy. Because VBM
is more sensitive to strain, the band gaps decrease mono-
tonically with the increase of external strain. In addition,
all three monolayers can still cross the redox potential of
water under different strains. In particular, ZrOl, at —4%
strain is the most ideal photocatalyst due to the sizable x (H»)
and x (Oy).

What is more, ZrOX, and Janus ZrOBrl exhibit
outstanding optical absorption in the visible and ultraviolet
regions, which makes them excellent solar collectors. Besides,
the orientation-dependent optical properties also render them
promising optical devices such as polarizers. Interestingly,
all three systems have ultrahigh electron mobility in the y
direction (reaching 10> ~ 10° cm?® V™! s™!), indicating they
are good electronic devices. Moreover, the anisotropy of
carrier transport facilitates the separation of electrons and
holes, thus improving the performance of photocatalytic
water splitting. When it comes to piezoelectric properties, all
systems exhibit exceptional in-plane transverse piezoelectric
coefficients with a value of about 20 pm/V. Especially, for
Janus ZrOBTrI, there are two unique out-of-plane piezoelectric
responses due to the broken symmetry of structure. In the
AC stacking mode, the vertical piezoelectric coefficients d3;

and d3; reach 1.17 and 4.61 pm/V, respectively, close to the
3D AIN (d33 = 5.1pm/V). Our findings revealed that ZrOX,
and Janus ZrOBrl monolayers are potential multifunctional
2D semiconductors with excellent performance in the
fields of electronics, photocatalysis, optoelectronics, and
piezoelectricity. We hope this research will provide theoretical
guidance for further scientific exploration of 2D transition
metal oxyhalides.
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