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Van der Waals (VDW) heterostructures have attracted significant research interest due to their tunable interfacial
properties and potential applications in many areas such as electronics, optoelectronic, and heterocatalysis. In this work,
the influences of interfacial defects on the electronic structures and photocatalytic properties of hBN/MX, (M = Mo, W, and
X =38, Se) are studied using density functional theory calculations. The results reveal that the band alignment of hBN/MX;
can be adjusted by introducing vacancies and atomic doping. The type-I band alignment of the host structure is maintained
in the heterostructure with n-type doping in the hBN sublayer. Interestingly, the band alignment changed into the type-II
heterostructrue due to Vg defect and p-type doping is introduced into the hBN sublayer. This can conduce to the separation
of photo-generated electron—hole pairs at the interfaces, which is highly desired for heterostructure photocatalysis. In
addition, two Z-type heterostructures including hBN(Beg)/MoS,, hBN(Beg)/MoSe;, and hBN(Vy)/MoSe; are achieved,
showing the decreasing of band gap and ideal redox potential for water splitting. Our results reveal the possibility of
engineering the interfacial and photocatalysis properties of hBN/MX, heterostructures via interfacial defects.

Keywords: hBN/MX; heterostructures, interfacial defect, electronic state, photocatalytic properties

PACS: 71.15.Mb, 73.20.At, 74.78.Fk, 78.20.Ci

1. Introduction

Two-dimensional (2D) materials have attracted intensive
research interest since the discovery of graphene, in which ex-
cellent photoelectric, thermoelectric, mechanical, and chem-
ical properties have been reported, making these materials
ideal candidates for new-generation nanoscale devices.!!~6]
Most of the 2D materials, including hexagonal boron nitride
(hBN),[”! transition metal dichalcogenides (TMDCs),!3! black
phosphorus (BP),[°! layered double hydroxides (LDHs),!!]
antimonene,!'! and germanene,!'?! can be prepared by the
methods such as mechanical exfoliation!!3! and chemical va-
por deposition (CVD).!"*! For two decades of investigations,
extensive efforts have been devoted to tailoring 2D materials
to meet the desired properties for practical applications. One
of the most popular strategies is to stack different 2D com-
ponents together to form heterostructures of different func-
tionalities, and has open up a new paradigm of interface
engineering.[13-16]

When two 2D materials are vertically stacked together,
owing to the work function differences and charge transfer,
the band alignment at the interface will be modified. For
instance, Deng et al.l!”! reported that the Schottky barrier
height (SBH) of graphene/g-GaN heterostructures are effec-
tively turned by controlling the interlayer distance. Sun et
al.'"8 developed a method of tuning the electrical charac-
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teristics of graphene/WSe, heterostructures through changing
the interlayer coupling and a perpendicular electric field. In
addtion, the physicochemical properties of heterostructures
can be changed when defects exist in the interface. Fang
et al." demonstrated that interfacial defects give rise to a
significant influence on the electronic states of AIN/MoS,
heterostructures, in which different types of vacancies and
dopants have different effects on the band arrangement and
magnetic properties modifications. Zhao et al.[*’! found that
the heptazine/triazine based g-C3Ny heterostructure with the
(F, Ti) co-doped interface can not only improve visible light
absorption, but also promote electron—hole pairs separation

(211 designed a Z-

and inhibit carrier recombination. Xu ef al.
type photocatalyst (hBN/g-C3Ny) through interfacial defect-
engineereing and revealed the effects of different defects on
the interface of hBN/g-C3Ny heterostructures. All these stud-
ies highlight the important role of interfacial defect engineer-
ing in developing of efficient novel nanoscale devices.

Here in this work, We construct a heterostructure com-
posed of MX, (M = Mo, W, and X = S, Se) and hBN, and in-
vestigate the influences of interfacial defects on the electronic
structures and photocatalytic properties of heterostructures in
detail by using density functional theory calculations. The re-
sults exhibit that interfacial defect engineering can not only
change the band aligment of heterostructures but also control

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the types of photocatalysts, thereby providing a detailed guid-
ance of design the new photocatalysts.

2. Computational methods

In this work, all calculations are performed using the Vi-
enna ab initio simulation package (VASP), which is based on
density functional theory (DFT) in a plane-wave basis set with
the projector augmented wave (PAW) method.>>->#! The ex-
change correlation functional is approximated by the gener-
alized gradient approximation of Perdew, Burke, and Ernzer-
hof (GGA-PBE).[?! The DFT-D3 in the Grimme approach is
adopted since the GGA for exchange and correlation fails to
explain the interaction between the layered structures.?! In
all calculations spin-polarization is taken into account. Af-
ter the convergence test, the energy cutoff for plane-wave ex-
pansion is set to be 500 eV and a K-mesh to be 11 x 11 x 1
within the Brillouin zone. The energy convergence value
of the Kohn—-Sham equation using the self-consistent loop
is set to be 1 x 1075 eV/atom, and the maximum stress is
controlled to be within 0.01 eV/A. To avoid the interaction
between adjacent periodic images, a large vacuum spacing
of 20 A is introduced. The electron configurations of the
outer nucleus considered in the pseudopotential calculation
are Be(2s?), B(2s%2p'), C(2s2p?), N(2s22p’), O(2s*2p*),
Mg(3s2), Si(3s%3p?), S(3s23p*), Se(3d!%4s24p*), Mo(4d>5s!),
and W(4f'45d*6s2). The VASPKIT program is used for data
post-processing.>!

The values of binding energy (Ey) between the hBN and
MX, (M = Mo, W, and X = S, Se) monolayers are calculated

from![!7]

Ey = [EpN/mx, — EBN — Emx,] /NN 1)

where Epn/umx,. EBN, and Epyy, are energy of the heterostruc-
ture, isolated hBN and MX, monolayers, respectively; and
Npg/n is the number of boron (nitrogen) atoms in the supercell.
The negative value of E}, denotes a bound system, the more
strongly the hBN and MX, monolayers are bound together,
the smaller the value is.
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To obtain a better understanding of interlayer interaction,
the difference in charge density Ap between hBN and MX is
calculated from

Ap = PeN/MX, — PBN — PMX, 2

in which pgn/myx,, PBN, and pyx, are the plane-averaged
charge densities of the hBN/MX, heterostructure, hBN and
MX;, respectively.

The formation energy (Ef) for Vg (Vn)-hBN/MX,, and
Dg(Dn)-hBN/MX; are calculated from Egs. (3) and (4), re-
spectively, as follows: 28]

— EgN — Emx, + HB(N)> (3)
Hp, (4)

Ef = Evy(vy)-BN/MX,

Et = Epg (py)-BN/Mx, — EBN — Epx, + Hp(N) —

in which EVB(VN)—BN/MXy EDB(DN)—BN/MXZ’ EBN, and EMX2
are the total energy of Vp(VnN)-hBN/MX;, Dg(Dn)-hBN/MX>,
hBN, and MX;, respectively. ugp, un, and up are the chemi-
cal potential of B, N, and D atoms, respectively. The negative
value of Ef represents exothermic reaction in the experimental
synthetic process, and lower Ey implies a more stable state.

3. Results and discussion
3.1. Pristine hBN/MX; heterostructures

Firstly, we optimize the geometry of monolayer MoS,,
MoSer, WS,, WSes, hBN, and hBN without defects. All of
these 2D materials possess a hexagonal crystal structure (space
group: P63/mmc) separately with the calculated lattice con-
stant of 2.512 A, 3.190 A, 3.327 A, 3.191 A, and 3.327 A.
The calculated geometries are consistent well with the experi-
mental values.[?8! Figure 1 shows the supercell of hBN/MS,
heterostructure composed of 5 x5 x 1 hBN and 4 x4 x 1
MS,; (M = Mo or W) and that of hBN/MSe, composed of
4x4x1hBNand3x3x1MSe, (M=Moor W). The lattice
mismatches of the two kind of heterostructures are 1.6% and
0.7%, respectively. The detailed geometry and binding energy
of the structures can be seen in Fig. S1 in supporting informa-
tion.

oB oN OW o0Se °oB

°N OWOoSe

Fig. 1. Schematic illustration of crystal structures of (a) hBN/MoS,, (b) hBN/WS,, (c) hBN/MoSe,, and (d) hBN/WSe;.
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Figure 2 shows the band structures and atomic projected
densities of states (PDOSs) of the heterostructures and their

ponents (herein MoSe;).

Waals forces.

Table 1. Calculated band gap Eg (in unit eV) values of monolayer hBN,
MoS;, WS,, MoSe,, WSe,, and the reported results for comparison.

Energy (eV)

components. As can be seen from the band structures, the System Method Eg (eV) Reference
band gap of monolayer hBN, MoS,, WS,, MoSe;, and WSe; hBN PBE+D3 4.35 this work
PBE 4.37 Ref. [29]
are calculated tg be 4.35 e.V, 1.61 eV, 1.80 eV, 1.42 eV,. and GW o Ref. [30]
1.53 eV, respectively. As is well known, the PBE functional HSE 5.56 Ref. [29]
underestimates the band gap of hBN monolayer and MX, EXP 5.92,5.57 Refs. [31,32]
1 Table 1). H h in th K inl MoS, PBE+D3 1.61 this work
monolayer (Table 1). However, here in this work, we mainly PBE 159, 1.67. 1.8 Refs. [33-35]
focus on the trend of variation. Generally, the band gap and GW 2.66 Ref. [34]

. fomifi HSE 2.02,2.25 Refs. [33,34]
electro'nlc states of the }.1BN/MX2 heterostructure are signifi EXP 006 Ref. [36]
cantly influenced by the interlayer contact. The electrons from WS, PBE+D3 1.80 this work
M (M = Mo or W) atoms contribute to the valence band max- PBE 1.55,1.81 Refs. [33,34]
. . . . GW 291 Ref. [34]
imum (VBM) and the conduction band minimum (CBM) in HSE 1.98.2.32 Refs. [33.34]
the PDOS (Figs. 2(a)-2(d)), indicating that the band alignment EXP 1.97 Ref. [37]
of the heterostructure is of type-I. When they are stacked to- MoSe, PBE+D3 1.42 this work

) i PBE 1.33, 1.44 Refs. [33,34]
gether, the band gap of the composed structures will be modi- GW 231 Ref. [34]
fied. For example, the band gap of the hBN/MoS, heterostruc- HSE 1.72,1.99 Refs. [33,34]
. . EXP 1.55 Ref. [38]
ture is about 1.73 eV, slightly larger than that of the smaller WSe, PBE-D3 153 this work, Ref. [18]
band gap (herein MoS,) of component. However, the trend PBE 1.25,1.55 Refs. [33,34]
for the hBN/MoSe, is opposite, in which the 1.38 eV band GW 251 Ref. [34]
. .. HSE 1.63,2.10 Refs. [33,34]
gap value is 1.38 eV, smaller than minimum band gap of com- EXP 1.65 Ref. [39]
hBN/MoS, PBE+D3 1.73 this work
. . EXP 1.74 Ref. [40]
It can be concluded that the electronic properties of the hBN/WS, PBE+D3 s this work
hBN/MX, (M = Mo, W, and X = S, Se) heterostructures are EXP 2.14 Ref. [41]
not simply a superposition of the two different materials even hBN/MoSe, PBE+D3 1.38 this work
. PBE+optB86b 1.49 Ref. [42]
though the hBN and MX; layers are combined by van der hBN/WSe, PBE.D3 147 this work
GW 2.30 Ref. [43]
(b) BN WS, BN/WS,
5 =
=]
4.35 eV /Z
— tdos
.
1.80 eV 1.90 eV :svl\ég —_B
DOS (a.u.)
(¢) BN MoSe, BN/MoSe;
3
2 4.35 eV
— tdos
1 — Se
*BN
1‘4x7 eV *WSes)

Energy (eV)

Fig. 2. Calculated energy band structures and atomic PDOSs (in arb. units) of monolayers and heterostructures: (a) hBN/MoS,, (b) hBN/WS,,

(c) hBN/MoSe;, and (d) hBN/WSe;.
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3.2. Heterostructures with vacancies in hBN

Vacancy defects usually exist in the experimental pro-
cess of single-layer hBN prepared by electron beam irradia-
tion and thermal annealing.'***3] And vacancy defects have

great effects on the excitation, migration, and recombination

atoms, respectively.

Figure 4 shows the calculated energy band structures
and atomic PDOSs of the heterostructures. The Fermi level
of Vp/MX, remains unchanged, while the Fermi level of
VN/MX; shifts up to the conduction band. In addition, the
energy band arrangement of Vg /MXj is of type-II, while that

of photo-generated electron-hole pairs in semiconductor ma- ¢ Vn/MX; remains in type-I. Particularly, the degenerate en-

ergy level induced by boron vacancy is split in Vg /MX; het-
erostructures. However, the system with vacancy defect still

terials. Therefore, it is necessary to study the interface vacancy
defects of heterostructures in detail. Here, the influences of B
vacancy (Vg) and N vacancy (Vy), in hBN layer on the elec-
tronic structures of hBN/MX, (M = Mo, W, and X = S, Se)
are investigated. Figure 3 shows the position of Vg and Vy,

maintains semiconductor properties though their Fermi level
crosses the energy band. It can be concluded that the interface
vacancy defects can introduce the defect energy level into the

blue and red represent the removed nitrogen atoms and boron ~ band structure and change the energy band arrangement.

(b) (d)
\ s & >
i A .
3 - O] o4 P-4 p:so -4
4 <ot d P-4 Prid.
“P\‘é-c"'qp_‘ﬁj‘f"
\?\-j?_@/l,

Dy = Cx;, Sin, On, Sx Dp = Cg, Sig, Bep, Mgp

Fig. 3. Top views of doped geometrical configurations of (a) D-hBN/MoS,, (b) D-hBN/WS,, (c) D-hBN/MoSe;, (d) D-hBN/WSe;, with blue
and red representing the atoms after having substituted for N and B atoms.

(a)  Vp/MoS, (b)  Vp/MoSe,

—

Ve/WS,

*BN
® MoSey

Energy (eV)

M K G DOS (au) G MK G

VN/MOSZ
-

Energy (eV)

3 : & <
S (a.u.) (a.u.)
Fig. 4. Calculated energy band structures and atomic PDOSs of heterostructures: (a) Vg/MoS,, (b) Vg/MoSe,, (c) VB/WS,, (d) Vg/WSe,, (e) VN/MoS,, (f)
VN/MOSCZ, (g) VN/WSZ, and (h) VN/WSez.

. R A3Es S |
G M K G DOS(au) G MK G M K G DOS (au.)

(o)}

G MK G M K G DO G MK

3.3. Heterostructures with substitutions in hBN

s.14647] The atoms of

Doping is routinely employed to tune the electronic properties of semiconductors in many experiment
group (II, IV, VDA are chosen as substitutional dopants to replace the B or N atoms of interface in hBN/MX5. These systems are
described as D-hBN/MX, (D = Beg, Mgg, Cg, Sip, CN, Sin, On, and Sy). The top views of doped geometrical configurations
are depicted in Fig. 3. To achieve n-type doping, more than one electron will be inserted into the heterostructure for each of Cg,
On, Sig, and Sy doping. On the other hand, Cy, Beg, Mgg, and Siy are examined for the effects of p-type doping in hBN/MX>,
which a p-type doping hole is introduced into. Figure 5 shows the calculated energy band structures and atomic projected PDOSs
of the atom-doped heterostructures. It can be seen that the energy band arrangement of Cg/MX, is of type-I, while that of
Cn/MX; remains in type-1I. The Fermi level of Cg/MX; shifts up to the conduction band, while the Fermi level of Cn/MX;

keep unchanged. The carbon doped systems are greatly similar to the systems with vacancy defects. From this, it can be inferred

067101-4
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that Vn/Vp has n/p-type semiconductor properties. Figures S2 and S3 (in supporting information) show other types of atomic

substitution systems in detail.

(b) CB/MOSe2
5

C240:37 ¢V

E=5S|a

=

CB/WSEQ

3 72

-3 £
G MK G MK G DOS (au) G MK

= =3 —lE 356 N A= =
G DOS(aw) G MK G MK G DOS(auw) G MK M K G DOS (au.)

Fig. 5. Calculated energy band structures and atomic PDOSs of heterostructures: (a) Cg/MoS,, (b) Cg/MoSe;, (c) Cg/WS;, (d) Cg/WSe;, (e) Cn/MoS,, (f)

CN/MOSez, (g) CN/WSZ, and (h) CN/WSez.

Figure 6(a) shows the variation of formation energy
(E¢) for vacancy Vp(VN)-hBN/MX>, and for doping Dg(Vn)-
hBN/MX, In the experimental synthesis process, a positive E¢
value means an endothermic reaction and a negative Er value
indicates an exothermic reaction. The lower the Ef value, the
more easily the reaction occurs. We find that among the four
heterostructures based on MoS,, MoSe;, WS, and WSe», the
hBN layer interface defect engineering is more likely to be re-
alized on MoS, and WS, substrates. In addition, we can see
that only On/MX,; reaction is exothermic, while other defect
types of reactions are endothermic. This can be related to the
differences in atomic radius and electronegativity between im-
purity atoms and B(N) atoms.

For different types of substituted atoms, electronic prop-
erties of the heterostructures will change differently. Simulta-
neously, the work function of the host material will be mod-
ified as impurity atoms are introduced, thereby affecting the
ability to bind electrons. The work function can be defined as
the difference between the vacuum and the Fermi level, and
calculated from3]

¢ = Eyy — EF, ®))

in which Ey,. and Ef are the vacuum level and Fermi level, re-
spectively. Electrons will flow from the material with the low
work function through the interface to the material with the
high work function, making the two different materials posi-
tively and negatively charged, respectively, resulting in an in-
ternal electric field created at the interface.

Figure 6(b) shows the work functions of D-hBN, with
light blue, light magenta and light yellow regions representing
the vacancy defects, n-type doping defects and p-type dop-
ing defects, respectively. Compared with intrinsic hBN, the
work functions of D-hBN (D = Vy, Cg, Sig, On, Sn, Sin,
Mgg, and Cy) are reduced while D-hBN (D = Vp and Bep)
become larger. Since the work functions of D-hBN (D = Vy,
Cg, Sig, On, Sn, and Siy) are lower than that of the ideal
MX>, the electrons will easily flow from the D-hBN to MX;
through the interface. This contributes to speeding up the sep-
aration of photo-generated electron—hole combination due to
a built-in field that points from D-hBN (D = Vy, Cg, Sip,
On, Sy, and Siy) to an MX,. Moreover, the direction of elec-
tric field points from D-hBN (D = Mgy or Cy) to MX5 in the
heterostructures of Mgg-hBN/MoS,, Cn-hBN/MoS,, and Cy-
hBN/WS, while the opposite orientation of electric field exists
in the heterostructures of Mgg-hBN/WS,, Mgg-hBN/MoSe;,
Mgg-hBN/WSe,, Cn-hBN/MoSe;, and Cny-hBN/WSe;. We
can preliminarily indicate that the MX, monolayer in the het-
erostructure D-hBN/MX, (D = Vy, Cg, Sig, On, Sy, and
Siy) are acceptors of electrons and the D-hBN (D = Vy,
Cg, Sig, On, Sy, and Siy) are donors of electrons. Con-
versely, the D-hBN (D = Vg or Beg) and MX, act as accep-
tor and donor of electrons in the heterostructures (Vg /MX;,
Bep/MX3), respectively. Figure 6(c) shows the work function
of D-hBN/MX,. With respect to the ideal hBN/MX>, the D-
hBN/MX, reduces the work function to some extent, which is
conducive to the electrons escaping from the hBN monolayer
through the interface.
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2.0
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Fig. 6. (a) Total formation energy versus different vacancies and substituted atoms, (b) variation of work function with vacancy and substituted atom for (b)
monolayers and (c) heterostructures, where work function of monolayers hBN, MoS,, MoSe,, WS,, and WSe; are denoted by dotted red, grey, orange, blue,
and olive lines, and work function of D-BN, D-hBN/MoS,, D-hBN/MoSe;, D-hBN/WS,, and D-hBN/WSe; are represented by solid purple, grey, orange,

blue, and olive curves, respectively.
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Fig. 7. Plots of plane-averaged electron density difference along the direction perpendicular to interface of (a) hBN/MoS,, (b) hBN/MoSe;, (¢) hBN/WS,,
and (d) hBN/WSe; heterostructures under different vacancies and substituted atoms, respectively.

In order to understand the variations of the interface
charge transfer and distribution with defect type and substrate
materials in heterostructures, we plot the plane-averaged elec-
tron density differences along the z direction of the hBN/MX;
heterostructures as shown in Fig. 7. Interestingly, we can find
that in comparision with the ideal hBN/MX>, the transferred
charge quantity of n-type doped D-hBN/MX, (D = Cg, On,
Sip, and Sy) are significantly increased by 4 to 12 times. Es-
pecially in On/MoSe,, the transfered charge quantity is the
highest (1.5 x 1072 e), which is much higher than intrinsic
hBN/MX; (1.4 x 1073 e), indicating that the interface interac-
tion in On/MoSe; is the strongest. In general, the larger the
transferred charge quantity, the more conducive to the sepa-
ration of photo-generated electron—hole pairs it is. It can be

seen from Figs. 7(c) and 7(d) that the interface electrons of

D-hBN/MSe; (D = Vg or Beg) are depleted on the upper of
MoSe, or WSe, layer, while accumulate in hBN at the lower
surface, thereby generating an electric field directing from the
D-hBN (D = Vg or Bep) to MSe,. Accordingly, the signifi-
cant interfacial interaction makes the defect degeneracy level
split in Vg/MSe, electronic band structure. Furthermore, the
induced shift in the electrostatic potential caused by the inter-
face creation is depicted in Fig. S4, convincingly demonstrat-
ing the charge transfer direction.

As is well known, in order to improve the photocatalytic
activity, not only photo-generated electron—hole pairs are re-
quired to efficiently be generated, separated and transmitted,
but also the occurrence of reverse reaction must be inhibited.
These are closely related to the band gap value and band ar-

rangement of heterogeneous composite photocatalysts. The
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band arrangement relative to the vacuum level can be achieved
by calculating the band edge potentials of conduction band
(CB) and valence band (VB) from the following formulae: [*®!

EY = —E.—EN® = 45— (1 — 4.5 0.5E,)

= —x+0.5E,, (6)
Evy = —E.—EJR® = —4.5— (EQR® +Ey)
= —x —0.5E,, (7)

where EX&, Evac, ESHE, and ENHE are the band edge positions
of CB and VB relative to the absolute vacuum level (Vac) and
the normal hydrogen electrode (NHE), respectively; E. repre-
sents the energy of free electron on an NHE scale (4.5 eV); x is
the absolute electronegativity and its value is 5.60 eV for hBN
nanosheet, 5.33 eV for MoS; nanosheet, 5.14 eV for MoS,
nanosheet, WS,: 5.54 eV for WS, nanosheet, and 5.34 eV
for WSe; nanosheet; E, is the band gap, which is 4.35 eV
for hBN nanosheet, 1.61 eV for MoS; nanosheet, 1.42 eV for
MoSe, nanosheet, 1.80 eV for WS, nanosheet, and 1.53 eV
for WSe; nanosheet. The calculated EYY and Eyi are, respec-
tively, —3.43 eV and —7.78 eV for hBN nanosheet, —4.53 eV
and —6.14 eV for MoS; nanosheet, —4.43 eV and —5.85 eV
for MoSe, nanosheet, —4.64 eV and —6.44 eV for WS,
nanosheet, and —4.58 eV and —6.11 eV for WSe, nanosheet.

The higher the CBM of photocatalyst (the more negative),
the stronger the photoreduction capability is, while the lower
the VBM (the more positive), the stronger the photooxidation
capability is. As shown in Fig. 8, the potential at the CB edge
position of D-hBN/MoS; (D = Cg, On, SN, and Beg) and D-
hBN/MoSe; (D = Vn, Cg, Sig, On, Sy, and Beg) are more

vs. Vacuum

(a) Or

vs. NHE

—2F+

Energy (eV)
|
~

|
=)
T

negative than ideal reduction potential (0 V), while the poten-
tial at the VB edge position is more positive than ideal ox-
idation potential (1.23 V). This indicates that D-hBN/MoS,
(D = Cg, On, Sy, and Beg) and D-hBN/MoSe, (D = Vn, Cg,
Sip, On, SN, and Bep) heterostructures can complete the redox
reactions due to their suitable band edge potential.

Optical absorptivity, redox capability related to the posi-
tion of conduction valence band, and effective separation of
photo-generated carriers are the main reasons for the restric-
tion on photocatalytic efficiency of traditional single semi-
conductor materials. But in the Z-type photocatalytic reac-
tion system a two-photon excitation process is used to com-
plete the oxidation reaction (2H,O + 4h™ — O,+ 4H™) and
the reduction reaction (2H"+ 2e~ — Hj) on different photo-
catalysts, respectively.[**!1 It can effectively inhibit the in-
verse reaction, showing significant advantages. We investi-
gate the electronic properties of the Beg/MoS,, Beg/MoSe,,
and Vn/MoSe,; vdW heterostructure, the results are shown in
Figs. 9(a)-9(c), respectively. Although the energy band of
defect-engineered hBN crosses the Fermi level, Beg/MoS,,
Beg/MoSe;, and Vn/MoSe; still maintain their semiconduc-
tor properties. Theoretically, there are three N atoms around
each B atom in the hBN monolayer. When a single B atom
is replaced by a Be atom, one N 2sp? and one N 2p, dangling
bond will be left, resulting in an additional hole and making it
a p-type semiconductor. In addition, removing one N atom to
form Vy will induce three-B 2sp? and three-B 2p, electronic
dangling bond in the plane and make it an n-type semiconduc-
tor.

vs. Vacuum

(b) 0

Fig. 8. Band structure diagrams of isolated hBN, MX, pure monolayers, and defective-engineered (a) hBN/MoS;, (b) hBN/WS,, (¢) hBN/MoSe,, and (d)
hBN/WSe, heterostructures, relative to the redox potential for producing Hp and O,.
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Fig. 9. Projected band structures, atomic projected PDOSs, side views of LUMO and HOMO for (a) Beg/MoS,, (b) Beg/MoSe,, and (c) VN/MoSe, with an
isovalue of 0.001 e/A3. (d) Calculated band edge potentials versus NHE for Beg/MoS,, Beg/MoSe,, and Vn/MoSe; at pH = 0. Their carrier transfer and
separation are displayed. (e) Calculated optical absorption coefficient of isolated monolayer, perfect and defective-engineered hBN/MX, bilayers.

The highest occupied molecular orbital (LUMO) and the
lowest unoccupied molecular orbital (HOMO) are marked
with red numbers 1 and 2 in band structures as shown in
Figs. 9(a)-9(c). In terms of real space, the HOMO of
Bep/MoX> (X =S or Se) primarily derives from the hBN layer,
with P, orbital of N atom forming 7 bond, while LUMO is
contributed by MoX, (X = S or Se) layer, forming a ¢ bond.
However, the situation of Vn/MoSe; is opposite. These can
be further demonstrated through the corresponding PDOS of
Beg/MoS,, Beg/MoSe,, and VN/MoSe;, respectively. On the
one hand, the appropriate band gap is 1.61 eV for Beg/MoS,,
1.35 eV for Beg/MoSe,, and 1.33 eV for Vn/MoSe;. On the
other hand, the separation between the reduction process and
oxidation process can effectively separate and transport photo-
generated electron—hole pairs. Therefore, we can confirm that
the Beg/MoS,, Beg/MoSe,, and Vn/MoSe, heterostructure

form a Z-type photocatalytic reaction system.

Figure 9(d) shows two Z-type photocatalytic reactions
processes with opposite photo-generated carriers transferring
directions. In Beg/MoS; or Beg/MoSe;, the photo-generated
electrons of CB in MoX; (X = S or Se) with reduction re-
action are prone to combining the photo-excited holes of VB
in hBN(Vy) with oxidation reaction. However, the direc-
tion of carriers transferring in Vn/MoSe; is opposite to that
in Beg/MoSe;.
erostructure, the Z-type photocatalyst only needs to meet the

Compared with the traditional type-II het-

requirement for its respective photoexcitation process and cor-
responding semi reactions, providing a tremendous space for
the selection and design of photocatalytic materials. Gener-
ally, the optical absorption properties of photocatalytic semi-
conductor material are the macroscopic representation of its
energy band structure. The calculated optical absorption coef-
ficient of isolated monolayer, intrinsic and defect-engineered
hBN/MX, bilayers are shown in Fig. 9(e). We can see that
the defect-engineered hBN/MX, bilayers will effectively im-
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prove the absorption coefficient of visible light and make the
red shift obviously appear at the absorption boundary. In short,
our results indicate that the defect-engineered interfacial het-
erostructures can remarkly improve the photocatalytic proper-
ties of hABN/MX, (M = Mo, W, and X = S, Se) by tuning band
arrangement, enhancing the interface charge transfer and light
response, specifically the creation of Z-type heterostructures
with high redox capability.

4. Conclusions

In this paper, the effects of interfacial defects on the elec-
tronic structure, charge transfer across the interface and pho-
tocatalytic properties of hBN/MX,; (M = Mo, W, and X = S,
Se) have been systematically investigated by the first princi-
ples calculation. After introducing vacancy and element dop-
ing, the n-type doped hBN/MX, (M = Mo, W, and X = S,
Se) heterostructures maintain the I-type band arrangement,
while the p-type doping changes the band arrangement from
I-type to II-type. Comparing with the ideal hBN/MX, (M =
Mo, W, and X = S, Se), the transferred charge quantity of
n-type doped D-hBN/MX, (D = Cg, On, Sig, and Sy) are
significantly increased by 4 to 12 times, in which the inter-
face interaction of Ox-hBN/MoSe; is the strongest. Two Z-
type photocatalytic reaction processes with opposite photo-
generated carriers transferring directions are achieved by de-
fect engineering. With the help of two-photon excitation pro-
cess, the reduction process and oxidation process are sepa-
rated from each other. It includes efficiently separating and
transmitting photo-generated electron—hole pairs, enhancing
interfacial charge transfer and light response, and improving
the stability of photocatalytic system. These theoretical re-
sults are expected to provide useful guidance for designing
the novel high-efficiency photocatalyst based on hBN/TMDCs
heterostructure.
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