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Interfacial Electronic Structure Modulation by Facet

Orientation

and Sulfur
Heterojunctions’

Vacancies iIn

CdS/MoS,

Beniam Kumela,? Roozbeh Anvari,%, and Wennie Wang af

We investigate how facet orientation and sulfur vacancies influence the interfacial charge trans-

fer properties of CdS/MoS, heterojunctions.

Using density functional theory, we find that the

(001)-CdS/MoS; interface exhibits a Type-lll band alignment, while the (100)-CdS/MoS, forms
a homojunction-like alignment that straddles the water redox potentials, making it more suitable for
overall water splitting. Furthermore, sulfur vacancies induce localized charge redistribution in the
(100)-CdS/MoS; interface, with select configurations introducing shallow defect states that may aid
in the charge transfer pathways of hydrogen evolution reactions through favorably aligned dipole

moments. In contrast, sulfur vacancy configurations in the (001)-CdS/MoS; interface produce a

more uniform charge redistribution and minimal changes to the electronic structure. The resulting

dipole moments in the (001)-CdS/MoS; may instead limit desired interfacial charge transfer. Finally,

we find that defect formation energy differences reveal a facet-dependent tendency to form sulfur

vacancies in CdS/MoS;.

1 Introduction

Continuously growing hydrogen demand has been predominantly
met through non-renewable sources, underscoring the urgent
need for sustainable production alternatives'"3. Photocatalytic
water splitting utilizes sunlight to drive hydrogen production, of-
fering a green alternative that may circumvent the high costs asso-
ciated with electrolysis systems, such as the reliance on rare earth
catalysts® and extensive electrical infrastructure requirements=-,

To improve the efficiency of photocatalysis, research is focused
on materials that minimize charge carrier recombination’Z and
utilize the high irradiance, visible range of light (1.63-3.26 eV)&.
Among several candidates, cadmium sulfide (CdS) shows great
promise as its bulk crystal has a band gap of 2.42 eV¥ and is
comprised of earth abundant constituents. However, CdS photo-
catalytic performance is known to suffer from significant photo-

1011 3nd recombination?,

corrosion

Several experiments have observed heterojunction photocata-
lysts as a path to resolve the shortcomings of CdS12. At a het-
erojunction interface, dissimilar energy alignment of the band
edges results in charge carrier transport across the two materi-
als. If the bands form a staggered (Type-II) alignment, this can
result in charge carrier separation which reduces recombination
and enhances photocatalytic efficiency. Zong et al. found that
loading MoS, onto CdS yields the highest photocatalytic activ-
ity compared to loading with noble metals#, This is particularly
interesting because platinum (Pt), one of the co-catalysts tested,
is well known to outperform MoS; as a promoter for H, evolu-
tion in electrochemical systems, a trend explained by its position
near the peak of the volcano plot relating exchange current den-
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sity to free energy of adsorption of hydrogenl®. Thus, the au-
thors suggest the heterojunction formed between MoS, and CdS
is important for enhancing the photocatalytic activity. Although
a performance increase has been observed with MoS,, the mech-
anism behind this enhancement remains unclear. Liu et al. re-
ported an increase in incident photon-to-current efficiency (IPCE)
and a reduction in photoluminescence (PL) for CdS loaded with
MoS,1°. Based on Mott-Schottky (M-S) analysis, they proposed
that the improved efficiency arises from reduced recombination,
which is attributed to charge separation resulting from the forma-
tion of p—n heterojunctions. Min et al. observed that the increase
CdS/MoS, photocatalytic activity is sustained after more than 4
hours of irradiation?. This led them to propose the formation
of a Type-I band alignment facilitating hole transfer from CdS
to MoS; and causing the MoS; to act as a sacrificial agent that
inhibits CdS corrosion. Conversely, Ma et al. observed CdS corro-
sion in CdS/MoS, during stable H, production!®. Using hetero-
geneous nucleation theory, they proposed that sulfur vacancies
on MoS, serve as recrystallization sites for degraded CdS ions,
corroborated by similar observations in CdS/WS,12.

In parallel to experiments, several first-principles studies at-
tempt to further elucidate the mechanisms behind the efficiency
of CdS/MoS,. Modeling the cubic-CdS/MoS; system using mono-
layers within the density functional theory (DFT) framework,
Lian et al. found that the interface resembles a p-n heterojunc-
tion with a built-in potential of 0.45 eV, which could be responsi-
ble for observed electron-hole separation??, Zhang et al. com-
pared the (001) and (100)-CdS/MoS, heterostructures with a
monolayer or bilayer of CdS to find that (100)-CdS/MoS, exhibits
more favorable properties for photocatalytic performance, such
as a stronger binding energy, expanded light absorption edge,
and faster hole migration speed4l. Using time-dependent den-
sity functional theory (TDDFT), Cheng et al. identified two se-
quential mechanisms—electron-phonon coupling and interfacial
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dipole-driven state alignment—that govern charge separation in
(001)-CdS/MoS,, leading to gradual then rapid electron transfer
across the interface’22,

Although previous studies have highlighted several impor-
tant mechanisms by which CdS/MoS, heterojunctions enhance
its photocatalytic efficiency, several critical effects remain un-
addressed or only partially considered. As previously noted,
the exact nature of the heterojunction observed in experiments
remains uncertain, with various studies reporting a homojunc-
tion®, Type-123-23 or Type-112927 band alignments. A possible
explanation for these discrepancies lies in the fact that several
studies have determined band alignment based on band edges of
isolated CdS and monolayer MoS,, prior to heterojunction forma-
tion. However, these band edges can shift upon heterojunction
formation due to interfacial dipole moments and strain-though
the direction and magnitude of this shift remain unexplored for
the CdS MoS, interface. To the best of our knowledge, no prior
computational studies have modeled full slab representations of
both experimentally relevant CdS facets—(001) and (100)25Lin
contact with MoS,.

The role of the interfacial defects in CdS/MoS, is also un-
der explored. Vacancies and other intrinsic defects can enhance
light absorption by introducing mid-gap states, which enable sub-
bandgap photon excitation and broaden the absorption spec-
trum??., These defect states have been proposed to improve
charge separation by acting as temporary trapping sites for photo-
generated carriers, thereby reducing the probability of direct elec-
tron-hole recombination®?. Sulfur vacancies in MoS, have been
shown to activate the otherwise inert basal plane for hydrogen
evolution reactions (HER) by tuning the free energy of adsorp-
tion of hydrogen closer to 0 at specific concentrations=32, This
not only enhances catalytic activity but also improves charge uti-
lization by facilitating electron transfer to adsorbed hydrogen in-
termediates. However, the role of defects at the interface has seen
limited study. To address these gaps, we systematically investigate
changes in band alignment at the CdS/MoS; heterojunction, the
effects of interfacial dipole formation, and the impact of point de-
fects on the electronic structure and charge redistribution. To do
this, we use full slab models of experimentally relevant CdS facets
interfaced with monolayer MoS, with and without sulfur vacan-
cies. This approach will lead to a deeper understanding of the
mechanisms that enhance photocatalytic efficiency in CdS/MoS,.

This paper is organized as follows. In Sec. |2} we detail our com-
putational methodology used to model CdS/MoS,. In Sec.
we discuss electronic properties of the individual CdS surfaces
and MoS, monolayer. In Sec. we examine the interfacial
charge transfer and band realignment that occurs in the hetero-
junction. In Sec.|3.3] we investigate the influence of sulfur vacan-
cies on the CdS/MoS; interface. Finally, Sec. 4| summarizes our
findings and discusses their implications for understanding the
mechanisms behind the enhanced photocatalytic performance of
CdS/MoS,.

2 Computational Methods

In this section, we highlight the computational methodology used
to model the CdS/MoS, heterojunction. Our structural model

2| 1-417]
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of the heterojunction is composed of the wurtzite phase of CdS
and monolayer 2H phase of MoS;. To construct the interface, we
first optimize the bulk lattice constants of both materials. The
resulting values are consistent with previous first-principles and
experimental studies as shown in Table [S1{33H3¢]

Using these optimized lattice constants, we cleave the (100)-
and (001)-CdS surfaces from the bulk crystal. Notably, the (001)-
CdS surface contains 0.5 e~ per unpassivated Cd bond, making
it unstable®”. To satisfy the electron counting model8, we in-
troduce one Cd vacancy per 2x2 unit cell [c(2x2) reconstruc-
tion]. This reconstruction is experimentally observed in similar
surfaces, such as (001)-ZnSe®2, First-principles studies further in-
dicate that this reconstruction induces planarization around the
surface Cd atoms, consistent with passivation through electron
transfer=Z. In contrast, the stoichiometric (100)-CdS surface is
nonpolar, requiring no such modification.

Extended surface slabs are essential for capturing bulk inter-
actions that are absent in monolayer models and are crucial for
accurately predicting the geometry, energetics, and electronic fea-
tures of the surface layer?. To construct an accurate yet com-
putationally efficient slab model, we vary the number of CdS
atomic layers and monitor the convergence of the work func-
tion and surface energy. We find that with three atomic layers,
the changes in work functions of the (100)- and (001)- CdS sur-
faces are below 10 meV and variations in the surface energies
are less than 1 meV/A2. These values are consistent with previ-
ous first-principles and experimental studies, as summarized in
Table [52/41H44,

After determining the slab model, we interface the two mate-
rials aiming to find a small lattice mismatch (A,,) while main-
taining a reasonably sized supercell. To achieve this, we system-
atically explored different integer multiples of the primitive sur-
face unit cells of each material to identify pairs of supercells that
closely match in-plane lattice vectors. In this study, we use a 3x3
(100)-CdS supercell with a 4x4 MoS, supercell resulting in A, =
2.03% and A, = 8.74%. For (001)-CdS, we use a 4x4 supercell
with a 5x5 MoS, supercell, which gives A,; = A, = 4.55%. We
note that CdS/MoS, heterostructures mainly grow in nanowire
and nanoparticle morphologies, which maintain coherent inter-
faces when lattice mismatch values are less than 10%, consistent
with the values in this study*®. Table |S5| summarizes the strain
experienced by MoS,; and the associated changes in its band gap.

Sulfur vacancies are among the most common native defects
in CdS/MoS, heterostructures, owing to their low formation en-
ergies and thermodynamic stability under typical experimental
growth conditions, as reported for bulk MoS,22. To investigate
their effects, we introduce sulfur vacancies on top of the MoS,
monolayer facing the vacuum positioned above a Cd atom, above
a S atom, and within a hollow site as highlighted in Fig. To ac-
commodate these distinct configurations in the (100)-CdS/MoS,
system, the surface was extended in the x-direction, resulting in
an 8x4 supercell for CdS and a 10x5 supercell for MoS,.

First-principles electronic structure calculations based on den-
sity functional theory (DFT) were conducted using the QUAN-
TUM ESPRESSO software package (version 7.3)49. Calcula-
tions were performed using optimized norm-conserving Van-
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derbilt pseudopotentialsZ, the generalized gradient approxima-
tion for exchange correlation interactions, and Perdew-Burke-
Ernzerhof (PBE) functional4®. The DFT-D3 method is used to
account for van der Waals dispersion interactions*?. The het-
erostructures were placed in a vacuum of 25 A along the z-axis
and the atomic coordinates were relaxed with an energy cutoff
of 70 Ry until the interatomic forces and energy were below 1072
eV/A and 10~* Hartree, respectively. The Brillouin zone was sam-
pled by 2x2x1 and 4x4x1 Monkhorst-Pack grids for geometry
optimization and density of states, respectively. The calculation
of formation energy of defects, heterostructure binding energy,
dipole moment, work function, surface energy, and charge den-
sity difference are detailed in Sec.|[SO.1

3 Results and Discussions

3.1 Isolated components of the CdS/MoS, heterostructure

In this section, we examine the electronic properties of the CdS
surfaces and MoS, monolayer in isolation. Upon relaxation, we
find that both the (100)- and (001)-CdS surfaces undergo ex-
tensive reconstruction as depicted in Fig. and quantified in
Tables and The initially planar (100)-CdS surface be-
comes corrugated due to the presence of dangling bonds in the
top layer. In contrast, the (001)-CdS surface exhibits planariza-
tion around the surface Cd atoms, in which the corrugated (001)-
CdS surface becomes flattened upon relaxation, consistent with
the previously noted effect of passivation via electron transfer.
Although not quantified, we observe that the pristine monolayer
MoS, remains largely unreconstructed after relaxation, in agree-
ment with prior first-principles calculations®”, As shown in Ta-
ble the (001)-CdS surface has a higher surface energy than
the (100)-CdS surface (0.90 J/m? vs. 0.28 J/m?), which is con-
sistent with previous first-principles studies on CdS surfaces42,
Experimental observations further corroborate this, showing that
CdS preferentially grows along the (001) direction—often form-
ing nanorod-like morphologies, particularly at elevated temper-
atures2Z2l, This anisotropic growth is attributed to the higher
reactivity of the (001) surface, which, due to its greater surface
energy and higher density of dangling bonds, promotes nucle-
ation and heteroepitaxial growth2,

Next, we examine band edges of both CdS surfaces and mono-
layer MoS,. According to the first three columns of the diagram in
Fig. we anticipate that both (001)- and (100)-CdS surfaces will
form a Type-II heterojunction with MoS,. The band alignment
indicates that electrons transfer from MoS, to CdS and holes mi-
grate from CdS to MoS,. This spatial separation of charge carri-
ers can suppress recombination and enhance photocatalytic effi-
ciency. However, contrary to this expected behavior, electron ac-
cumulation on MoS, is actually preferred for hydrogen evolution.
MoS; is known to be an excellent hydrogen evolution reaction
(HER) catalyst due to its near-zero free energy of adsorption of
hydrogen23-22|

Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/D5TC02423D

MoS,
MoS,

(001)-CdS
(100)-Cds

H,0/0;

Energy (eV)
g

=

0.40%

T
6 1131

(001)-Cds (100)-Cds MoS; (001)-CdS/MoS; (100)-CdS/MoS;

Fig. 1 Conduction (orange) and valence (blue) band edges for the (a)
isolated components and (b) heterostructures with component contribu-
tions from MoS; (left) and CdS surface (right) are plotted with respect
to vacuum. Corresponding band gap values (in V) are given between the
band edges. The redox potentials of water are indicated by the dotted
lines.

3.2 Interfacial dipole formation and band alignment renor-
malization

In this section, we examine the interfacial charge transfer and
band alignment renormalization that occur in the (001)- and
(100)- CdS/MoS; heterojunctions. Upon relaxation, we obtain
binding energies of —17.59 and —17.18 meV/A? for (001)- and
(100)-CdS/MoS,, respectively. The negative values indicate that
the formation of these heterostructures is both energetically fa-
vorable and spontaneous. Moreover, the magnitude of the bind-
ing energies fall within the typical range for van der Waals inter-
actions (13-21 meV/A2), suggesting that these forces dominate
the interfacial adhesion®®. This interpretation is further sup-
ported by the relatively large interlayer distances of 3.12 and
3.04 A for (001)- and (100)- CdS/MoS, (as shown in Fig. ,
which are significantly greater than the equilibrium Cd-S bond
length of 2.55 A, indicating the absence of covalent bonding
across the interface. We also observe that (001)-CdS/MoS, has
a more negative binding energy, which supports selective growth
behavior noted earlier™2.

Charge redistribution at the interface leads to the formation
of interfacial dipole moments, as illustrated in Fig. These
dipole moments induce electron accumulation on MoS, and CdS
for the (001)- and (100)-CdS/MoS, heterostructures, respec-
tively. Notably, the interfacial dipole moment in (001)-CdS/MoS,
(—2.51 x 107° Debye) is three orders of magnitude greater than
that of (100)-CdS/MoS; (1.15x10~° Debye). This difference may
be explained by the polar nature of the (001)-CdS surface termi-
nation, which facilitates the transfer of electrons from CdS to the
electron-deficient MoS, layer. This charge transfer arises from
an interfacial dipole that points in the opposite direction, from
MoS, toward CdS, compared to a nonpolar interface. In con-
trast, the (100)-CdS surface is nonpolar, which leads to a smaller
dipole moment and weaker driving force for charge transfer. This
can be further understood by comparing Figs. [1| and In the
(001)-CdS/MoS, case, the MoS, layer screens the large intrinsic
dipole of (001)-CdS, becoming electron depleted in the process
as highlighted in Fig. where the charge density difference in
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Fig. 2 (a) Charge density difference plot (Ap = pcds/mos, - Pcds - PMos,) and interlayer distances for the (001)-CdS/MoS; and (100)-CdS/MoS,
systems. Red and blue regions indicate electron gain and loss, respectively. The dotted lines mark the position of the heterojunction interface. The
arrows highlight the strength and direction of the interfacial dipole moment (p;). (b) Planar-averaged charge density difference profile averaged along

the z-axis.

MoS; is largely negative. As a result, its bands shift downward
to align more closely with those of (001)-CdS depicted clearly in
Fig. . Conversely, in the (100)-CdS/MoS, case, it is the CdS
layer that screens the dipole, leaving the band edges of MoS,
largely unchanged as shown by the relatively neutral charge den-
sity difference across the MoS; region in Fig. . This modulation
of band edges gives rise to a Type-III band alignment in (001)-
CdS/MoS, in which the bands of MoS, are below that of CdS,
and a homojunction-like alignment in (100)-CdS/MoS, in which
the bandgaps of MoS, and CdS are nearly identical with mini-
mal band offset as shown in Fig. These assignments are fur-
ther supported from density of states presented in Fig. In the
(001)-CdS/MoS, heterostructure, the band offset between the
conduction band minimum of MoS, and the valence band maxi-
mum of CdS is relatively small, at around 30 meV. We note that
this assignment is sensitive to variations in the strain of MoS,,
thermal fluctuations, and solvation effects, which are expected
to further re-normalize the band edges and remain active top-
ics of investigation. Nevertheless, these findings are in contrast
with the Type-II band alignments predicted for both heterostruc-
tures based on isolated components in Fig. [1} highlighting the
limitations of Anderson’s rule in predicting band alignment=Z. In
particular, the ultrathin nature of the MoS, monolayer limits its
ability to screen interfacial dipole moments, resulting in substan-
tial band edge renormalization. Similar observations have been
reported in other systems, such as BiFeO3/MoS, 8 and (0001)-

4| 117]

GaN/MoS,22 where interfacial dipole effects alter the expected
alignment. These observations underscore the necessity of explic-
itly modeling the interface to capture the electrostatic and elec-
tronic interactions that govern the actual band alignment in het-
erostructures.

The Type-IlI alignment observed in (001)-CdS/MoS, facili-
tates charge separation, enabling electron transfer and accumu-
lation on MoS,. This is consistent with the time-dependent DFT
(TDDFT) study by Cheng et al.22, who observed a two-stage in-
crease in transferred electron density on MoS,—an initial slow rise
attributed to electron-phonon coupling, followed by a rapid 10%
increase within 20 fs. They linked this acceleration to the for-
mation of an interfacial dipole that shifts MoS, states downward
relative to CdS, enabling direct electronic state intermixing. This
electron transfer pathway is further corroborated by transient
absorption (TA) spectroscopy measurements 60161l which observe
similar ultrafast carrier dynamics across the CdS/MoS, interface.
Taken together, these theoretical and experimental findings re-
inforce our conclusion that the pronounced interfacial dipole in
(001)-CdS/MoS, plays an important role in modulating band
alignment and driving rapid interfacial electron transfer. Addi-
tionally, as highlighted in Figure the band renormalization
in (001)-CdS/MoS, results in band gap narrowing in both MoS,
and CdS, which may enable the absorption of low-energy pho-
tons. However, the close proximity between the VBM of (001)-
CdS and CBM of MoS, enables band-to-band tunneling, which
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Fig. 3 Spatially resolved density of states (SRDOS) for the (a) (001)-
CdS/MoS; and (b) (100)-CdS/MoS; systems. DOS intensity is mapped
to a color for each energy level (with respect to Fermi level) and position
along the z-axis of the heterostructure. The interfacial region is marked
by the red lines. CdS and MoS, regions are marked accordingly along
with corresponding band gaps.

can increase the likelihood of interfacial recombination®2,

The homojunction-like band alignment, in the (100)-
CdS/MoS, heterojunction provides little driving force for charge
carrier separation. However, interfacing MoS, with the (100)-
CdS surface results in a band gap increase of approximately
0.01 eV compared to the isolated (100)-CdS surface. In this
configuration, the CBM is positioned above the H"/H, reduc-
tion potential and VBM below the H,O/0, oxidation potential,
as shown in Fig. While the difference lies within the es-
timated 10 meV convergence threshold of the calculated band
edges—determined from DOS sampling—the (100)-CdS/MoS,
interface exhibits more favorable band alignment with the wa-
ter redox potentials, suggesting enhanced suitability for photocat-
alytic hydrogen evolution®, This band gap widening leads to a
more favorable band edge alignment with the water redox poten-
tials, in support that (100)-CdS/MoS, is a promising candidate
for photocatalytic hydrogen evolution®?. These findings are fur-
ther supported by the DFT study of Zhang et al., which reported
that the (100)-CdS/MoS; heterojunction exhibits superior photo-
catalytic performance compared to (001)-CdS/MoS,, attributed
to its extended light absorption edge, faster charge carrier mobil-
ity, and enhanced visible light absorptionL.

Based on these findings, we propose that the two CdS facets
may act synergistically to enhance photocatalytic activity. The
(001)-CdS facet promotes spatial separation of photogenerated
charge carriers, while its band gap narrowing extends the light
abosrption range into the lower-energy region of the spectrum.
In contrast, the (100)-CdS facet retains a larger band gap, en-
abling absorption of higher-energy photons and providing band
edge positions well-aligned with the redox potentials required for
water splitting reactions.

3.3 Sulfur vacancies in the CdS/MoS, heterostructure

In this section, we investigate the influence of sulfur vacancies on
the CdS/MoS,; heterostructure. Specifically, sulfur vacancies on
top of the MoS, monolayer facing the vacuum positioned above
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a Cd atom, above a S atom, and within a hollow site as high-
lighted in Fig. For (001)-CdS/MoS,, although the introduc-
tion of sulfur vacancies leads to an overall charge redistribution at
the interface, the local charge environment around the vacancies
remains relatively consistent across different defect positions as
shown in Fig. [4p. This is reflected in the Bader charge difference
(AQ) between the sulfur atoms directly beneath the vacancies be-
fore and after geometry optimization, which varies by no more
than 0.006 e, indicating that the effect of the sulfur vacancy is
uniformly distributed in this facet. By contrast, sulfur vacancies
in (100)-CdS/MoS, produce qualitatively different charge den-
sity difference profiles, with the local AQ values varying by up to
0.055 e-nearly an order of magnitude greater than in the (001)-
facet. To further quantify these observations, we present the
planar-averaged charge density difference profiles in Fig. [4p. For
all sulfur vacancy configurations in (001)-CdS/MoS,, the interfa-
cial dipole moments consistently point in the same direction, aid-
ing in the electron accumulation on the CdS. Conversely, (100)-
CdS/MoS, exhibits a more diverse charge redistribution behavior
with respect to different locations of the sulfur vacancy, consistent
with the qualitatively different two-dimensional profiles among
the three sulfur vacancy locations. Specifically, only the sulfur
vacancy above the Cd atom leads to a dipole moment that favors
electron accumulation on CdS, while those on the S atom and hol-
low site promote electron accumulation on MoS,-the desired out-
come for facilitating charge separation. These findings highlight
that charge redistribution and the associated energetics induced
by sulfur vacancies are facet-dependent, with (100)-CdS/MoS,
showing more sensitive, localized responses when compared to
the (001) facet.

Next, we plot the band edges of the heterostructures contain-
ing sulfur vacancies to assess the impact of these defects on band
alignment. In the (001)-CdS/MoS, system shown in Fig. [S7h,
the introduction of sulfur vacancies does not induce significant
changes to the overall electronic structure. Notably, the Type-III
band alignment observed in the pristine interface is preserved,
with the CBM of MoS; remaining below the VBM of CdS. Sul-
fur vacancies cause a slight reduction in the band offset between
these states to approximately 10 meV-about 20 meV lower than
in the pristine system. This small change appears to be largely in-
dependent of the specific vacancy site, consistent with previously
observed uniform charge redistribution trends. Although the re-
duction in band offset is minimal and comparable to thermal en-
ergy at room temperature, it could potentially enhance electronic
coupling across the interface, which in turn may increase the like-
lihood of recombination. However, given the subtlety of this ef-
fect, detailed calculations of electronic coupling and recombina-
tion dynamics are necessary to fully assess its impact on photo-
catalytic performance. Similarly, sulfur vacancies in the (100)-
CdS/MoS, system do not alter the homojunction-like alignment
as shown in Fig. @]} However, we observe that these vacancies
introduce defects states 0.15 and 0.1 eV below the CBM for sulfur
vacancies located on top of the Cd atom and S atom, respectively
as highlighted in Fig. |5} The small energy separation between the
defect states and the CBM may suggest that these are shallow in
nature, with predominantly Mo d-orbital character as illustrated
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Fig. 4 (a) Local charge density difference (Ap = pcds/mos, - Pcds - PMos,) profiles viewed along the z-axis of sulfur atoms directly below various sulfur
vacancies for the (001)- and (100)-CdS/MoS; heterostructures. Bader charge difference of these sulfur atoms before and after geometry optimization
is given below the profiles in number of electrons. Red and blue regions indicate electron gain and loss, respectively. (b) Planar-averaged charge
density difference profiles averaged along the z-axis. The CdS side, MoS, side, and interface of the heterojunction are marked. The colored arrows
indicate the relative magnitudes and directions of interfacial dipole moments (p,) for the various defects. Sulfur vacancy position notation is given in

Fig. @

in Fig.[S7p.

These defects have several critical effects on photocatalytic
performance. Since the associated defect levels lie below the
CBM, they can extend the material’s photoresponse by enabling
sub-bandgap photon absorption, allowing the capture of longer-
wavelength light22. In addition, these shallow defect states can
act as electron traps®¥65 temporarily localizing charge carri-
ers and thereby suppressing rapid electron-hole recombination.
When the energy levels of these traps are favorably aligned near
the H*/H, reduction potential, they may also serve as active sites
for facilitating the hydrogen evolution reaction (HER), particu-
larly in systems like (100)-CdS/MoS,. For example, sulfur vacan-
cies in MoS, have been shown to activate its inert basal plane
by tuning the free energy of adsorption of hydrogen adsorption
free energy closer to null®X32, Shallow defects induced by anion
vacancies have been shown to enhance photocatalytic efficiency
in other systems, such as g-C3N4/MoSZ, where trap states fa-
cilitated interfacial electron transfer, and TiOz, where surface
defects suppress charge recombination and broaden the spectral
absorption range. We note, however, that a more conclusive iden-
tification of HER active sites would require a detailed analysis of
water adsorption geometries and reaction pathways, including as-
sociated energy barriers.

Given the role of defects in facilitating directional interfacial

6 | 117]

H*/H,

H20/0;

Energy (eV)
|

|
~

-8

Fig. 5 Conduction (orange) and valence (blue) band edges plotted with
respect to vacuum. Defect states are plotted in red. The second defect
configuration, corresponding to a sulfur vacancy above a Cd atom, is
most stable for (100)-CdS/MoS; (see Fig. [6). Notation used is (CdS
surface interfaced with MoS;)-defect number (see Fig. for structures
corresponding to defect numbering). Corresponding band gap values (in
eV) are given between the band edges. The redox potentials of water are
indicated by the dotted lines.
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charge transfer and enhancing the HER on (100)-CdS/MoS,, we
explore the potential of defect engineering as a viable strategy
to boost photocatalytic performance. To this end, we compute
and compare the formation energies of various intrinsic defects,
as shown in Fig. [] Our results reveal that the sulfur vacancy
above the Cd atom yields the most stable sulfur vacancy forma-
tion on both (100)- and (001)-CdS/MoS,, with the former be-
ing consistently more favorable by ~1.5 €V across all configura-
tions. This substantial energy difference suggests that sulfur va-
cancies are more likely to form at the MoS, layer when interfaced
with the (100) facet of CdS compared to the (001) facet. This
difference may be attributed to strain effects. As noted earlier,
the (100)-CdS/MoS, heterostructure induces compressive strain
in the MoS, monolayer, whereas (001)-CdS/MoS, induces ten-
sile strain. Previous studies have shown that compressive strain
lowers the sulfur vacancy formation energy in MoS,, while ten-
sile strain increases it®9 This trend is consistent with the
lower vacancy formation energy observed for (100)-CdS/MoS,.
The energy differences among individual defect configurations
for each of the two facets are relatively small (less than ~110
meV), making precise site-selective defect control difficult. Nev-
ertheless, the pronounced contrast in defect energetics between
the (100) and (001) facets has clear implications. In particu-
lar, higher concentrations of sulfur vacancies are expected on the
(100)-CdS/MoS,, which correspond to high concentrations of va-
cancies above S atoms and hollow sites that we find to promote
the favorable charge separation. By contrast, while sulfur vacan-
cies at the (001)-CdS/MoS, interface are expected to hinder the
desired charge separation, they also occur at lower concentra-
tions.

-1.0 -0.5
Hs (eV)

0.0

Fig. 6 Formation energies of sulfur vacancies on the CdS surface. The
sulfur vacancy above the Cd atom is the most stable for both the (100)-
and (001)-CdS/MoS, heterojunctions. Notation used is (CdS surface
interfaced with MoS;)-defect number. The formation energy of a sulfur
vacancy on monolayer MoS, is given by the black dotted line. Sulfur
vacancy position notation is given in Fig.
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4  Conclusion

In this study, we investigated the role of facet orientation and
interfacial point defects on the photocatalytic performance of
CdS/MoS, heterojunctions. First, we find that the van der
Waals heterojunction formation is energetically favorable, induc-
ing interfacial charge redistribution and dipole formation, with
a greater magnitude observed for (001)-CdS/MoS,. This leads
to a downwards shift of MoS, band edges relative to (001)-
CdS due to a combination of strain and screening interactions,
while (100)-CdS/MoS, exhibits minimal band renormalization.
The modulation of band edges results in a Type-III alignment
for (001)-CdS/MoS, and homojunction-like alignment for (100)-
CdS/MoS,. These findings highlight the importance of explicitly
modeling the interface to characterize band offsets. In particu-
lar, we find that the CBM of the (100)-CdS/MoS, heterostructure
lies above the H*/H, reduction potential and VBM lies below the
H,0/0, oxidation potential, which makes it an ideal photocata-
lyst system for water-splitting reactions.

Based on these findings, we propose that the enhanced photo-
catalytic activity observed in CdS/MoS, arises from a synergistic
effect between the two CdS facets. The (001)-CdS facet facilitates
spatial separation of photogenerated charge carriers, and its band
gap narrowing extends light absorption into lower-energy regions
of the spectrum. In contrast, the (100)-CdS facet maintains a
wider band gap, allowing absorption of higher-energy photons
and offering band edge positions that are well-aligned with the
redox potentials necessary for water splitting.

Next, we examined the effect of sulfur vacancies on photocat-
alytic activity. In (001)-CdS/MoS,, all vacancy sites exhibited
similar charge density difference profiles, characterized by in-
terfacial dipoles that promote electron accumulation on the CdS
side. Correspondingly, the introduction of sulfur vacancies does
not significantly alter the overall electronic structure, and the
system retains its Type-IIl band alignment. In contrast, (100)-
CdS/MoS, shows more varied responses to sulfur vacancies. Va-
cancies located above the S atom of MoS, and at hollow sites
lead to charge redistribution patterns that favor electron accu-
mulation on MoS;-an effect that may enhance interfacial charge
transfer toward active sites. Furthermore, sulfur vacancies po-
sitioned directly above Cd and S atoms introduce shallow de-
fects states approximately 0.1 and 0.15 eV below the CBM, re-
spectively. These defect levels are energetically aligned with the
HT/H, reduction potential, indicating their potential role in fa-
cilitating the hydrogen evolution reactions. Although the energy
differences between individual defect configurations within each
facet are relatively small, sulfur vacancies can enhance the inter-
facial dipole moment on (001) surfaces and active sites on (100)
surfaces. This presents a practical strategy for tuning photocat-
alytic activity in CdS/MoS, heterostructures through controlled
exposure and defect incorporation.

There are several future directions for elucidating ambiguities
observed in CdS/MoS, band alignment measurements. Exper-
imentally, Mott-Schottky analysis is commonly used to extract
the flat-band potentials of CdS and MoS; separately, then used
to infer band alignment in the heterostructure. However, this

17| |7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02423d

Open Access Article. Published on 22 September 2025. Downloaded on 9/23/2025 12:52:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

method is highly sensitive to measurement conditions such as
electrolyte pH”? and relies on assumptions like the depletion
approximationZt] which may not be valid for monolayer MoS,.
More critically, it neglects interfacial effects such as charge redis-
tribution, which we show play a significant role in re-normalizing
the band alignment. Additionally, most CdS/MoS, heterostruc-
tures reported in literature are synthesized as nanoparticles rather
than atomically precise interfaces, leading to disordered junctions
and considerable interfacial strain. This is particularly important
for monolayer MoS;, which exhibits a high deformation poten-
tial and is known to be highly sensitive to strain—strongly affect-
ing its band edge positions and, by extension, the overall band
alignmentZ2, From a theoretical standpoint, thermal effects such
as lattice expansion and phonon-induced atomic vibrations, and
solvent-induced polarization can shift semiconductor energy lev-
els from few meVZ3 to several hundred meVZ#, Accurate model-
ing of band offsets therefore requires accounting for both thermal
and solvation effects as demonstrated in other systems'Z2.

Overall, our findings offer a pathway for rational design of
facet- and defect-engineered CdS/MoS; heterostructures with en-
hanced photocatalytic performance. The identification of facet-
selective defect effects and formation energies provides a strategy
to selectively stabilize beneficial defects—such as shallow states
aligned with the HER potential-while minimizing recombination
pathways. More broadly, this work highlights the importance
of atomically resolved models in understanding and optimizing
complex semiconductor heterojunctions, and it lays the founda-
tion for future experimental and theoretical efforts to control in-
terfacial energetics in photocatalytic systems.
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