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ABSTRACT

ZnInyS4 has emerged as a material of interest for semiconductor-based chalcogenide photocatalysts due to its visible light absorption, chemical and thermal stability,
and low cost. However, the photocatalytic activity of ZnIn,S4 is affected by the limited range of visible light absorption and ultrafast recombination of solar light-
induced holes and electrons. While previous studies have considered the consequences of metal doping, metal deposition, and vacancy engineering on the photo-
catalytic activity of ZnIn,S4, a comprehensive understanding of native point defects and how they affect electronic and photocatalytic properties remains elusive.
Here, we present a density functional theory (DFT) investigation of defect energetics in ZnInyX4 (X=S, Se, Te) compounds in both bulk and ultrathin phases. Using
both semi-local and hybrid DFT functionals, properties of interest such as the electronic band gap and band edges, optical absorption spectra, and carrier mobilities
are first computed for defect-free structures. Although ultrathin ZnIn,S4 shows lower absorption compared to other chalcogenides, it exhibits sufficient overpotential
for oxidation and reduction reactions for photocatalytic water splitting. Formation energies of all possible vacancies, self-interstitials, and anti-site substitutional
defects are then computed for all structures, as a function of chemical growth conditions, charge state, and Fermi level (Eg), which leads to the identification of the
lowest energy acceptor and donor type defects and their corresponding shallow or deep level nature. DFT results show that these metal sulfide photocatalysts are
prone to Zny, and Ingz, anti-site substitutions, which pin the equilibrium Ef close to the conduction band edge, indicative of n-type conductivity. While Zny, does not
create deep defect levels in ZnIn,X4, most of the stable native defects do create deep levels, which could adversely affect solar absorption. Finally, we report the
influence of defects on the photocatalytic hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) on ultrathin ZnIn,X4. Our results suggest that a
metal interstitial defect could substantially boost HER and OER on the surface of ultrathin ZnIn,X4. Overall, this systematic first principles investigation can help

drive the experimental design and defect engineering of ZnIn,X4 compounds for a variety of photocatalytic applications.

1. Introduction

With the rapid expansion of population and industrialization in the
modern world, global energy supplies are being depleted, and a vast
number of dangerous and poisonous chemicals are being emitted into
the environment which has become a critical concern for human soci-
ety’s long-term survival [1-6]. There is an increasing focus on sustain-
able and eco-friendly solutions for dealing with global environmental
pollution and energy shortages [1,6,7]. In this context, heterogeneous
photocatalytic systems including semiconducting materials have
emerged as a potential technology that can be used to not only smartly
utilize solar irradiation to produce a variety of useful chemical fuels,
such as hydrocarbons from CO; conversion and Hy and O» from pho-
tocatalytic HpO splitting, but also to clean up the environment by
degrading various harmful and toxic contaminants [1,8-13]. Due to
their high photosensitivity, striking exciton binding energy,
non-toxicity, low cost, and incredible photocatalytic activity, TiO9 and
ZnO metal oxide semiconductors have received substantial

* Corresponding author.
E-mail address: amannodi@purdue.edu (A. Mannodi-Kanakkithodi).

https://doi.org/10.1016/j.surfin.2023.102960

consideration in the field of green energy and environmental remedia-
tion [14-17]. However, certain constraints restrict their photocatalytic
application, such as a wide bandgap (TiO3 ~ 3.2 eV and ZnO ~ 3.37 eV),
fast recombination of photoinduced electron-hole pairs, and the fact that
they only respond to ultraviolet (UV) light, meaning both TiO3 and ZnO
can only use 3-5% of the total solar spectrum, severely limiting photo-
catalytic activity [1,3,6,7,17,18]. As a result, one of the key goals of
current research has been to discover novel visible light-responsive
photocatalysts to maximize the effective utilization of solar irradiation
[19-21]. Metal sulfide compounds, as is well documented, are
commonly employed as photocatalytic materials with a visible-light
response, thanks to their narrow bandgap, and distinctive electronic
and optical features [6,7,22-24]. ZnInyS4, which belongs to the ternary
series ABoX4, has recently emerged as a promising semiconductor pho-
tocatalyst for solar energy conversion and environmental purification
[6,7,24,25].

There are two main crystalline phases reported for ZnInyS4 in the
literature, namely the hexagonal phase and the cubic phase. Hexagonal
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ZnIn,S4 has received greater attention in the domain of photocatalysis
than the cubic ZnInyS4 phase [6,7,25]. In 2003, Li and co-workers re-
ported for the first time the hydrothermal fabrication of a novel ZnIn,S4
catalyst for photocatalytic H,O splitting, which piqued the interest of
other photocatalysis experts [6,26]. Following that, there have been
many studies on ZnInyS4 from the perspective of photocatalytic H,O
splitting, hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), Ny fixation, reduction of COy to hydrocarbons, and pollutant
removal [27-29]. Likewise, the efficient production of deuterated al-
cohols from carbonyls under the influence of visible light using ultrathin
ZnInyS4 as a photocatalyst has also been demonstrated [30]. Not only
does ZnInyS4 exhibit good light absorption characteristics and produce a
large number of charge carriers when exposed to visible light, it also has
optimal valence band (VB) and conduction band (CB) locations, as well
as excellent reduction and oxidation capabilities, making it suitable for a
variety of photocatalytic electrochemical reactions [7,31-34]. Addi-
tionally, for pollutant degradation and photocatalytic H,O splitting, a
range of ZnInyS4 nanomaterials with specific morphologies such as
nanosheets, nanoribbons, nanowires (NW), and nanotubes (NT) have
been reported [6,7,25]. Noticeably, the number of articles focusing on
photocatalytic research on ZnIn,S4 and ZnInyS4-based nanomaterials is
steadily increasing every year, indicating that ZnIn,S4-based photo-
catalysts could be potential substitutes for ZnO and TiOy [6,7]. How-
ever, the photocatalytic activity of ZnIn,S, is still constrained owing to
the limited range of visible light absorption and comparatively high
recombination rate of solar light-induced holes and electrons [6,35-38].
Consequently, several modifications have been proposed, such as metal
deposition, van der Waals (vdW) heterostructure configuration, metal
doping, and vacancy engineering [6,30].

Defect engineering is a prominent way of altering the electronic and
optical properties of semiconductors [39-45]. Defects are inevitable
during the manufacturing process, especially when it comes to the
synthesis of semiconductors. It is well understood that defects such as
interstitials, substitutions, anti-sites, vacancies, grain boundaries, and
surface states, may affect optoelectronic signatures and the performance
of a photocatalyst [39,41,42,44,46-49]. It has been shown that intro-
ducing vacancies is an effective technique to enhance visible light ab-
sorption due to defect states forming near the Fermi level (Eg), which
facilitates a more effective transfer of electrons from VB to CB [7,19,44].
However, vacancies also create more electron traps, reducing the
transmission and longevity of photogenic carriers, and limiting the
photocatalytic efficiency [6,7,22]. One of the most well-studied defects
in metal oxide photocatalysts is the anion vacancy [6,7]. The potential of
Vg (sulfur vacancy) to control the electronic structure and initiate uni-
directional carrier flow has been extensively explored [7]. For example,
Du et al. synthesized an ultrathin ZnIn;S, and claimed that photo-
generated electrons will be captured by the inserted Vg, thus weakening
the overall electron-hole pair recombination [7,20]. Further, the overall
oxidizing ability of holes is enhanced by the positive shift of the VB edge,
facilitating more reducing electrons to engage in photocatalytic water
splitting [7,20]. Vg can assist in creating an adaptive photocatalytic
reaction system by not only efficiently separating photogenerated
charge in space but also aiding in the preferred development of another
functionalized group on the surface of ZnInyS4 [6,7,20]. Cation va-
cancies can play a similar role in altering the electronic framework of the
ZnIn,S4 photocatalyst. It was shown that increased Vg, defects in ul-
trathin ZnIn,S4 resulted in enhanced charge density and efficient carrier
transport [46]. Additionally, the photocatalytic CO; to CO reduction
rate was recorded as ~33.2 molg *h™!, which was ~3.6 times that of
ZnlIn,S4 with a lower concentration of Vz, [7,46]. Besides, Vz, enhances
the visible light response range of ZnIn,S4, speeds up carrier transport
and separation, offers additional surface-active sites, and overall, boosts
the photocatalytic performance of ZnInyS4 [6,46].

Although there have been efforts to connect defects with the pho-
tocatalytic activity of ZnInySs, their ability to form and the effect of
defect levels remain largely unexplained. Intrinsic point defects pin the
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equilibrium Ef of a semiconductor in the absence of external impurities
and thus determine the type of conductivity (n-type, p-type, or intrinsic)
and charge carriers [50-52]. Predicting the electronic levels created by
defects in photocatalysts is crucial for ensuring optimum optoelectronic
performance. While shallow acceptor or donor levels near the band
edges may not have any consequence on charge carrier recombination,
deep defect levels can either be harmful or beneficial [53-62]. For
example, deep defects can operate as non-radiative recombination
centers for minority charge carriers, reducing their lifetime, obstructing
carrier collection, and lowering optoelectronic efficiency [50-52]. In
addition, defects can make the adsorption of species more or less
feasible, and directly affect the catalytic performance [63]. Chalco-
genide semiconductors exhibit a narrow band gap allowing them to
absorb over 40% of the solar spectrum in the visible light range, and
therefore, have been extensively employed as photocatalysts [63]. Since
the discovery of graphene, research on two-dimensional (2D) ultrathin
nanomaterials has grown exponentially as they offer unprecedented
tunability of electronic, optical, and chemical properties compared to
their bulk counterparts due to their ultrahigh surface-to-volume ratio
[64]. Therefore, a comprehensive investigation of the stability of
intrinsic point defects and their associated electronic levels in both bulk
and ultrathin phases is quite important. The presence, types, and origin
of defects in semiconductors can be determined experimentally using
deep-level transient spectroscopy (DLTS), photoluminescence (PL), and
cathodoluminescence (CL) spectroscopy [50-52]. However, due to dif-
ficulties in incorporating impurities or dopants in a given compound and
assigning measured levels to specific defects, experimental methodolo-
gies are incomplete for a thorough characterization of defects and im-
purities in semiconductors [50-52]. On the other hand, density
functional theory (DFT) computations are a valuable tool for simulating
defects and have been widely used to estimate defect formation energies
and corresponding charge transition levels in a variety of crystalline
materials [50-52,65-67]. Also, we note that only ZnInyS4 has been
experimentally synthesized to date, while the other systems have not yet
been fabricated yet. However, through our computational investigation,
we aim to provide a deeper understanding of the properties of these
promising metal chalcogenide photocatalysts and guide future experi-
mental work on their synthesis and characterization.

In this work, we present a systematic first-principles investigation of
the electronic, defect, and photocatalytic properties of bulk and ultra-
thin ZnInyX4 (X=S, Se, Te) compounds. We begin with a discussion of
the structure and optoelectronic properties of bulk ZnInyX4 (bZnInyX4)
and ultrathin ZnInyX4 (uZnInyX4), following which we simulate all
possible intrinsic point defects, i.e., vacancies, anti-sites, and interstitials
(11 total defects) in supercells of bZnIn;X4 and uZnInyX4. DFT computed
total energies and reference energies yield all charge- and chemical
potential-dependent defect formation energies, revealing deep/shallow
defect levels and acceptor/donor type conductivity. Finally, we
considered a stable donor-type defect in the ultrathin compounds and
studied photocatalytic HER and OER by calculating the Gibbs free en-
ergy for each case and found that defective compounds yield lower en-
ergy barriers. Our computational framework and insights can serve as a
guide for screening defects in any complex metal chalcogenide photo-
catalysts, such as CdInyX4 and ZnGajX4, to engineer photocatalytic
properties.

2. Theoretical Methodology

All DFT computations were performed using the Vienna ab initio
simulation package (VASP) [68]. The projector-augmented wave (PAW)
pseudopotentials are employed to account for electron core interactions
and exchange-correlation potential [69]. The exchange-correlation en-
ergy is approximated using the Perdew-Burke-Ernzerhof (PBE) func-
tional within the Generalized Gradient Approximation (GGA) [70]. To
account for the impact of on-site Coulomb interactions from Zn and In
atoms, the Hubbard +U correction is implemented on top of GGA [21,
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30]. Following prior work, U values of 4.5 eV and 5 eV are used for Zn
and In, respectively [30]. All atomic configurations are completely
relaxed until forces on all atoms were less than 0.05 eV/A while the
plane wave energy cutoff is set at 500 eV [50-52,66]. Further, while
modeling the uZnInyX, surface, to avoid interactions of uZnIn,X4 and its
periodic image across the periodic boundary, we utilized a vacuum
space of 2 nm perpendicular to the ultrathin compounds based on pre-
vious literature [5,71,72]. While modeling defects in the ultrathin
sample, we considered only the (001) surface based on previous studies
[73]. We acknowledge that unraveling the effect of surface termination
on point defects requires a separate comprehensive study, and in this
work, we focus only on how the native point defects energetics would
vary from bulk to ultrathin state. To account for long-range van der
Waals (vdW) interaction in the ultrathin compounds, the Grimme
DFT-D3 method with zero damping function is employed [71,72,74].
Absorption spectra of bZnInyX4 and uZnInyX4 compounds are computed
from the following equation [75]

a(w) = \/§<\/e%(a)) +&(w) — el(a))>% (@]

where a(o) is the absorption coefficient as a function of incident photon
frequency o, and £1(®) and ex(w)is the real, and imaginary part of the
dielectric function, respectively.

In the case of the bZnInyX4, phase, a gamma-centered 3 x 3 x 3 k-
point mesh is used to perform geometry optimization, followed by the
electronic density of states (DOS), point defect, and dielectric function
calculations on a 56+1 (i.e., 56 for pure cell and anti-sites, 55 for va-
cancy, and 57 for interstitial) atom-based 2 x 2 x 1 supercell [5]. The
k-point convergence test is carried out to ensure the number of k-points
is sufficient (Table S1). For modeling the uZnInyXy4, phase, all of the
necessary calculations are carried out on a 56+1 atom-based 2 x 2 x 1
unit cell with a gamma-centered 3 x 3 x 1 k point mesh. The following
equations are used to compute the formation of enthalpy Ef of a defect as
a function of the Fermi level (Ep), and any defect transition level [52,76],
e(q1/q2).

E/(Dl], E[:) = E(DZnIanf{) — E(Zn]n2X4) +u + q(EF +EVBM) + Em,,.(Z)
2

E(ql /qz) _ E[(qlvEF = O) — E[(qZ:EF = 0) (3)
92 — G

In Eq. (2), E(ZnInyX4) is the total DFT energy of either bZnInyX4 or
uZnlnyXs, and E(DZnIn,X}) refers to the total DFT energy of supercells
containing defect D (i.e., vacancy, interstitial, or anti-site) in a charge
state g, Eypy corresponds to the valance band maximum (VBM) calcu-
lated from electronic DOS (before shifting the E to zero) of the defect-
free sample, and E,,, refers to the charge correction energy calculated
by implementing the scheme of Freysoldt et al. [76] in order to account
for the periodic interplay between the defect and its image. Eisa
function of Er and g, such that the slope of the Ef'vs Ep plot is equal to q
[51,76]. We note that due to the confinement to a smaller volume, thin
films can extend the effects of finite size. The existence of surfaces or
interfaces in thin films could potentially alter the defect characteristics
and have an impact on the electrostatic interactions between the defect
and its image in the periodic supercell. To effectively account for
finite-size effects, using a very large supercell is highly recommended.
By simulating the defect at several potential sites throughout the thin
film, it is possible to account for the effect of surfaces or interfaces on
charged defects. However, in this study, we only focus on identifying
low-energy stable defects qualitatively, although we acknowledge that
results may vary quantitively in different modeling approaches, for
example, using even larger supercells, or considering other potential
defect sites.

For any DZnInyX4 cell, all chemical potentials are defined in terms of
the elemental standard states of Zn, In, and X, as well as the formation
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energy of their binary or ternary compounds. All chemical potentials are
constrained to maintain thermodynamic equilibrium for ZnIny,X4 and
prevent decomposition to ZnX, InX, and InyX3 binary compounds [30].
These requirements can be written as: Apz, +2Apn + 4Aux = AH
(ZnInyXy), Auzy + Apx < AH(ZnX), App, + Apx < AH(InX), and 2Ap,+
3Aux < AH(InyX3). Here, AH(ZnInyX4) = E(ZnIngX4) — E(Zn) — 2E(In) —
4E(X), AH(ZnX)=E(ZnX) - E(Zn) - E(X), AH(InX)=E(InX) - E(In) - E(X),
and AH(InyX3) = E(InpX3) — 2E(In) — 3E(X). Note that E(system) in-
dicates the total energy per formula unit (p.f.u.) of the associated system
after DFT optimization. The chemical potentials of Zn, In and X are
referenced to their respective elemental standard states such that pz,=
Apzn+ E(Zn), upy =App + E(In), and px — Aux+ E(X). We considered 3
chemical potential conditions, namely, In-rich, X-rich, and moderate, i.
e., somewhere in the middle of the cation and anion-rich growth con-
ditions, and reported defect formation energies for each based on the
given restrictions. In the neutral and charged states (q = +3, +2, +1, 0,
-1, -2, -3), the supercell shape and size are kept fixed (viz., the lattice
parameters are not allowed to change considering the point defect is
dilute enough to not alter the X-ray diffraction pattern) while DFT
optimization is performed [66]. Generally, multiple states of charge can
exist while defects emerge spontaneously in semiconductors, which
means electrons from the charged defects could occupy the energy levels
within the bandgap [77]. Consequently, thermodynamic transition
levels (TTL) occur at the value of Er where the Elof two different charge
states for the same defect coincide, relating to transitions from one
charge state to another, and corresponding transition levels are deter-
mined using [77] e(q1/q2)-

To simulate the photocatalytic HER/OER reaction on the surface of
uZnlnyXy, Gibbs free energy is calculated using Eq. 4 [72], AG = AEyg4s +
AZPE — TAS + AGy (4), where AEq4 =E(product) - E(reactant), AZPE
and TAS refer to change in zero point energy and entropy energy,
respectively, between the product and reactant while the temperature is
set as 298.15 K[72]. ZPE is calculated using ZPE:% > hv;, where v; refers
to the vibrational frequency of either free Hy/O5/H>0 placed in a large
simulation box, or H/O/OH/OOH species adsorbed on the catalyst. Note
that while computing the vibrational frequency of the adsorbed
H/O/OH/OOH species, the whole catalyst is kept fixed, and the
H/0O/OH/OOH atoms are free to vibrate along all directions [72]. En-

tropy S is calculated from the following equation [72]: S(T) = f‘ﬁ’l -

1-e KT

Rln(l — ef‘%'> + N"Th"‘j‘i}, and U is the external electrode
potential.

3. Results and Discussion

3.1. Characterization of optoelectronic properties

We first performed ab-initio molecular dynamics (AIMD) simulations
at 300 K to confirm the stability of all compounds at room temperature
[78]. During AIMD simulations, the NVT (constant atom, volume, and
temperature) ensemble is employed with a Nose-Hoover thermostat to
maintain the temperature of the system [78]. For all the atoms, quantum
mechanics-driven equations of motions are integrated with a 1 fs time
step up to 5 ps [78]. The crystal structures of bZnIn,S4 and uZnInySy
after 5 ps of AIMD simulations are shown in Fig. 1(a-b), indicating that
both compounds are stable at 300 K. The total energy evolution during
the AIMD simulation has also been displayed in Fig. 1(c), which con-
firms the energetic stability of both bulk and ultrathin phases.

Table 1 provides the DFT-optimized lattice parameters of all the
structures including the thickness of uZnInpX4, showing that lattice
constants and thickness increase as the atomic weight of X increases.
Accurately estimating the electronic bandgap, the bandgap type (direct
or indirect), and the contribution of various species to the electronic
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Fig. 1. (a) Optimized atomistic structures of of (a) bZnIn,Sy4, and (b) uZnIn,S4 (001) from AIMD simulation at 300 K after 5 ps, and (c) energy spectrum during AIMD
simulation at 300 K. Dark brown, navy blue and yellow colors depict the Zn, In and S atoms respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 1

The optimized lattice parameters, slab thickness, bandgap, band edges, and electron effective mass m; /my of all bulk and ultrathin compounds. Labels D and I refer to

direct and indirect bandgaps, respectively.

Compounds ap A bo &) co A) thickness (A) Bandgap, GGA+U (eV) Bandgap, HSE06 (eV) m; /mg VBE, HSE06 (eV) CBE, HSE06 (eV)
bZnIn,S, 6.70 3.87 13.00 - 1.84 (D 0.22 - -

bZnIn,Se, 7.09 4.06 13.80 - 1.12(D 0.15 - -

bZnIn,Tey 7.57 4.37 14.65 - 0.68 () 0.34 - -

uZnIn,Sy 6.68 3.87 - 9.48 2.16 (D) 3.0 (D) 0.23 -5.94 -2.94

uZnlnySey 7.01 4.06 - 10.12 1.45 (D) 2.20 (D) 0.18 -7.97 -5.81

uZnln,Tey 7.56 4.37 - 10.98 0.81 (D 1.42(D 0.75 -6.86 -5.45

density of states (DOS) is crucial to evaluating a material’s suitability for
optoelectronic and photocatalytic applications [78-80]. It is well known
that the semi-local GGA-PBE functional will underestimate the bandgap
of solids, and the non-local Heyd-Scuseria-Ernzerhof-06 (HSE06)
functional could provide a more accurate estimate. However, HSE06
calculations are significantly more expensive than GGA. On the other
hand, the GGA+U approach, typically used to correct for self-interaction
energy in elements with d and f orbitals by adding an additional
Coulomb interaction term, could be used to align the theoretical and
experimental bandgaps of the Zn-based chalcogenides being studied
here [79]. The electronic band structure of all the compounds from
GGA+U calculations is presented in Fig. 2, and the corresponding
bandgap and type of bandgap have been summarized in Table 1 for all
the crystals. Additionally, for benchmarking, GGA+U relaxed structure
is fed into the HSEO6 functional to only simulate the electronic bandgap
of the ultrathin compounds to accurately report the band edge position
with respect to the vacuum (HSE06 band structures are added to Fig.S7).

GGA+U band structures show that all the compounds are semi-
conductors, with the bandgap reducing as X goes from S to Se to Te. It is
noteworthy that uZnIn,X,4 compounds have a higher bandgap than their
bulk counterparts, similar to hexagonal TMDC materials, e.g., MoS,,
MoSe;, WS,, and WSe; (the GVJ-2e bandgap of bulk hexagonal MoS,
MoSey, WS, and WSe, are ~1.23 eV, ~1.09 eV, ~1.32 eV, and ~1.21
eV, while the corresponding bandgap for ultrathin phases are ~1.88 eV,
~1.57 eV, ~2.03 eV, ~1.67 eV, respectively [80]), meaning that they
could be used in a range of photocatalytic applications [81-83]. Except
for uZnIn,S4, we observe indirect band gaps for all bulk and ultrathin
systems [82]. In bZnIn,X4 systems, the conduction band edge (CBE) and
valence band edge (VBE) is found to be parabolic and flat respectively,
which suggests free electrons, and strongly localized holes in the con-
ductions bands (above the Ep) and valence bands (below the Eg),[84].

a1 —1
Further, using the expression m}/m, = K2 [%@] , the effective masses

of electrons, m}/m, have been determined from the curvature of the
CBM at the I' — Z and " — X directions of the bZnInyX4 and uZnInyXy
compounds [85], respectively, and corresponding data are summarized
in Table 1. Low mj}/m, of bZnIn,S4 bZnInySes, uZnIn,S4, and uZnInySey
suggest high carrier mobility in these semiconductors indicating suit-
ability for optoelectronic applications[86,87]. It is worth noting that X
states dominate the VBM region, where the DOS is generally larger than
the CBM region which contains both In and X states, as shown in the
projected density of states (PDOS) in Fig. 3.

In the context of photocatalytic reactions, an electron (e-) in the VB is
excited to the CB by a photon while a hole (h+) is left in the VB. This
eventually leads to formation of a photo-excitation state and the creation
of electron-hole pairs [75,88,89]. Subsequently, this excited electron
may be utilized not only to reduce an acceptor like H* but also to oxidize
donor molecules such as HoO with a hole [75,89-91]. Generally, several
requirements must be met for photocatalytic Hy generation on the sur-
face of a semiconductor via the HyO-splitting process [86,87,92]: (1) the
energy of the CBE must be equal to or greater than -4.44 eV from the
vacuum (reducing potential) for generation of Hy by a reduction process
(H"/Hy), (2) the energy of VBE must be lower than or equal to -5.67 eV
from the vacuum (oxidizing potential) for producing Oz by an oxidation
reaction of HoO (03/Hy), (3) semiconductor must have a bandgap of
1.23 eV or higher, (4) semiconductor must have notable absorption
peaks in the near UV and visible regions to utilize much of the solar
energy spectrum, and (5) it should have a large surface to volume ratio
to accommodate the photocatalytic reaction process. In that context, the
relative band edge position of uZnIny,X4 with respect to vacuum has been
evaluated using HSE06 computations, and corresponding data are pro-
vided in Table 1. The band edge position was computed using the work
function ®, which is the difference between the Er and the vacuum level,
based on the equations [93], CBE= —® + }E, and VBE=— ® — 1E,,
where Ej is the electronic bandgap of the respective sample. It is clear
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Fig. 2. Electronic band structures of (a) bZnIn,S,4, (b) bZnIn,Sey, (c) bZnIn,Te,, (d) uZnin,Sy, (e) uZninySey, and (f) uZnin,Tey from GGA+U.

that uZnInyS4 holds great promise for photocatalytic H,O splitting as
this ultrathin sample exhibits sufficient overpotential for oxidation and
reduction reactions for photocatalytic HyO splitting. Furthermore, the
computed optical absorption coefficients as a function of incident
photon energy are plotted for all compounds in Fig. 4(a). It is evident
that although all the compounds demonstrate an absorption peak in the
UV range (> 2.75 eV), they also exhibit good absorption in the visible
region (380 nm-700 nm). To gain further insight into absorption in the
visible range, the absorption coefficient as a function of wavelength is
presented in Fig. 4(b). It is clear that bZnInyX4 shows higher absorption
compared to the uZnInyX4 counterparts, in good agreement with prior
studies of ultrathin MoS; where absorption increases as the thickness of
the compounds increases [94]. It should be noted that all the compounds
show good absorption in the low-energy region as X changes from S to Se
to Te.

3.2. Characterization of native point defects

It has been reported that point defects could boost the conductivity in
metal sulfide photocatalysts [44]. E.g., cation defects may offer an
enhanced p-type conductivity due to the movement of holes through a
mutual shifting of VBE and CBE, as well as trap states which could
potentially increase the carrier lifetime [44]. However, cation defects
may occasionally result in the formation of new intermediate bands
within the bandgap. Overall, incorporating cation defects in a photo-
catalyst could be beneficial [44], such as by (1) improving the overall
electronic conductivity, (2) increasing electron mobility and interfacial
charge transfer, leading to low recombination rates and high photo-
catalytic activity, and (3) forming a large number of active sites on the
photocatalyst surface. At the same time, it is widely known that va-
cancies are the most common defects in a variety of photocatalytic

materials. These defects may have a major impact on the material’s
electronic properties as well as surface adsorption/desorption charac-
teristics, improving or hindering its photocatalytic performance.

We rigorously simulated all possible native point defects, namely
vacancy (Vzn, Vin, Vx), self-interstitials (Zn;, In;, and X;), and anti-site
substitution (Znp, Znx, Inz, Inx Xp) in both the bulk and ultrathin
ZnInyX4 phases. The DFT-computed Ef as a function of the Eg is pre-
sented in Fig. S2-S7 in 3 different growth conditions as mentioned in the
methodology section. Note that Eg varies from VBM to GGA+U projected
CBM. For easier visualization, and acknowledging the fact that higher
energy defects are less likely to form, we present energetics for the
lowest energy acceptor and donor type defects in Fig 5. Before going
further, we acknowledge that standard semi-local functions like GGA or
GGA+U, may not yield accurate band gaps [67]. For example, previous
reports show that the bandgap of AIN and GaN is underestimated by
34%, and 55%, and InN is predicted to be metallic instead of a semi-
conductor [67]. Defect formation energies and transition levels may also
be impacted by band-gap errors of this scale [67]. However, it has been
reported that defect charge transition levels from semi-local functionals
often compare favorably with experiments for a variety of semi-
conductor classes, including hybrid perovskites and even group IV, III-V,
and II-VI semiconductors [66]. This distinction can be explained by the
fact that total energy differences in DFT are more precise than
Kohn-Sham energy levels used for estimating band edges or band gaps
[66]. Alternatively, in the case of hybrid perovskites, an unexpected
canceling of errors results in GGA being as precise as HSE06+SOC
(spin-orbit coupling). Previous research has shown that defect levels
computed from semi-local GGA for well-known ZB semiconductors like
Si and GaAs can span the material’s physical band gap; in other words,
the defect transition levels calculated from GGA correlate well with
experimental data up to the experimental band gap [95,96]. For
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example, the experimentally measured defect levels of V¢q (-1/-2), Cy
(+1/0), and Tecq (+2/+1) in zincblende CdTe are ~0.43 eV, ~1.08 eV,
~0.35 eV, respectively, whereas the computed defect level from GGA
are ~0.35 eV, ~1.06 eV, ~0.38 eV, providing some confidence in the
GGA predictions [52]. Going forward, any transition level that occurs at
an Er > 0.2 eV away from the band edges is referred to as "deep,"
whereas transition levels close to the band edges (either VBM or CBM)
have been denoted as "shallow." It should be noted that "deep" electronic
levels caused by energetically favorable defects within the bandgap of a
semiconductor may have a negative impact on photovoltaic (PV) effi-
ciency by causing non-radiative charge carrier recombination and
lowering overall efficiencies [50]. Shockley-Read-Hall theory predicts
that defect trap states in the center of the band gap have a far higher
charge carrier trapping rate than shallow defect states [50]. However,
earlier studies have indicated that energy levels in the band gap can be
employed as intermediate bands to aid the absorption of sub-gap pho-
tons, which could theoretically increase the absorption efficiency [52].

From Fig. 5(a), it can be seen that Vyz;, might act as both a deep donor
and acceptor in bZnInyS4, exhibiting two transition levels within the
bandgap, € (+2/0) = 0.71 eV and & (0/-2) = 1.41 eV. Vg, acts as an
amphoteric defect, which can be credited to the multiple oxidation
states of Zn as well as neighboring X and In atoms. Under both n-type (Ep
close to CBM) and p-type (Er close to VBM) conditions, Vz, is quite
stable, while under intrinsic (Ef close to the middle in the bandgap)
conditions, the formation of Vz, is unlikely because of its higher for-
mation energy. Similarly, owing to various possible oxidation states of In
(e.g., +3 and +1), we found that Vi, might also act as an amphoteric
defect in bZnIn,S4 with various charge transition levels such as e(+3/
+1) =0.16 eV, e(+1/-1) = 0.31 eV, and € (-1/-3) = 1.15 eV. Although
the formation energy of Vp, is relatively high under p-type conditions,

the existence of Vi, is more likely under n-type conditions due to its low
formation energy near the CBM. These results are in agreement with
previous point defect studies in GaN [67], where metal vacancy also acts
as an amphoteric defect similar to Vz, and Vi, in bZnInySs4. Interestingly,
from our DFT calculations, Vs has not been identified as a stable defect in
bZnInyS4 under any conditions (readers are directed to the SI), and
therefore, the formation of Vg in bZnInyS, is either unlikely or it would
exist in a very low concentration unless we intentionally increase the
4(¢w)

concentration (C(D?) = e \ "7/, the Boltzmann distribution law im-
plies that higher the formation energy, lower the concentration of the
defect [40]). This shows good agreement with recent experimental re-
ports indicating that the ESR (electron spin resonance) signal associated
with the intrinsic Vg in bZnIn,S4 could not be detected [28]. Vz, is more
likely to form in bZnInyS4 under p-type or n-type conditions and would
act as an electron acceptor which is also in agreement with prior
experimental studies indicating that Vz, could respond as an electron
acceptor, and eventually enhance the separation of electrons from holes
[46]. Our DFT data also suggest that Zn; could act as a shallow donor
with a transition level € (+2/41) =1.78 eV. Likewise, In; is a deep
donor-type defect exhibiting two thermodynamic transition levels, €
(+3/+42) =1.0 eV and € (+2/+1) =1.37 eV. As shown in Fig. 5, both In;
and Zn; are donor-type defects and demonstrate considerably low for-
mation energy under p-type conditions. In terms of anti-site defects, we
found high formation energies for Ing, Sp, and Zng, which can be
attributed to the significant differences in electronegativity and ionic
radii between the S and Zn/In atoms. Consequently, we inferred that
anion substitution for cation and vice versa is unlikely to take place in
bZnInyS4 and the rest of the compounds. For vacancy and interstitial
defects, very similar qualitative trends are found in bZnIn,Ses and
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bZnIn,Tey: Vz, and Vi, are amphoteric defects with deep levels, Vse and
Ve have higher energies and do not form spontaneously, and Zn; and In;
are dono-type defects with deep levels in both compounds.

The potential of an anti-site between the Zn and In atoms will be the
subject of our next analysis. Although Zny, may act as a shallow acceptor
in bZnInyS4 with one shallow defect level at € (0/-1) =0.023 eV, Ingz,
defect is a donor and does not create any transition levels in the
bandgap. It is noteworthy that the formation energy of the Ingz, defect is
significantly lower than that of the Zny, defect across the Eg, whereas
Znyy, is unstable under p-type conditions and becomes more stable under
n-type conditions. This suggests that the Inz, defect could act as a source
of n-type conductivity in bZnInyS4. In bZnlnyS4, bZnIn,Ses, and
bZnIn,Te4, Zny, and Iny, are the dominant acceptor and donor type
defects, respectively, and pin the equilibrium E (evaluated using charge
neutrality conditions [66]) closer to the CBE (denoted by the dotted
vertical line), indicative of n-type conductivity. Zny, and Inz, will leave a
net negative and positive charge in the system, respectively, which ex-
plains their respective acceptor and donor-type behavior. Accordingly,
the synthesis of bZnIn,S4 under n-type growth conditions ought to result
in strong electrical conductivity, and the photogenerated electrons
should be able to get to the surface and engage in redox reaction without
any difficulty, which might enhance the photocatalytic activity.

Turning to uZnln,Sy, it is observed that Vyz, could act as a donor
(unlike bZnIn,S4 where it acts as an amphoteric defect) leaving only one
deep transition level at € (+2/0) = 0.29 eV; Vy, creates a neutral defect
in uZnInySe4 and an acceptor-type defect in uZnInsTey. In contrast to
bZnlIn,S4, Vs is stable only under p-type conditions, forming a deep level
ate (+2/0) =1.50 eV, and is unstable under n-type conditions. This is in

great agreement with our recent work showing experimental and
computational proof of enhanced photoreductive deuteration of car-
bonyls using uZnln,S,4 containing S vacancies [30]. The enhanced sta-
bility of Vg in ultrathin compounds can be credited to the larger
surface-to-volume ratio of two-dimensional (2D) materials compared to
their bulk state, which means that going from bulk to ultrathin state
could drastically alter their electronic and defect properties [42]. While
In; creates two deep transition levels, € (+3/42) = 1.10 eV and ¢
(+2/+1)= 1.44 eV, Zn; creates only one deep level, ¢ (+2/+1) = 1.86
eV. Although Zny, exhibits high formation energy under p-type condi-
tions creating a shallow level ¢ (-1/0) = 0.08 eV and a deep level ¢
(+0/-1) = 0.80 eV, Ingj is highly stable under n-type conditions and does
not create any transition levels within the bandgap. Cation anti-site
defects pin the equilibrium Er closer to the CBE, indicative of n-type
conductivity in uZnInySs, similar to the bulk. It should be noted that Inz,
and Zny, are the lowest acceptors- and donor-type defects in all 6 sys-
tems, pinning the equilibrium Egp close to the CBE, leading to n-type
behavior in all compounds.

It can be concluded that these metal chalcogenide photocatalysts are
prone to Zny, and Ingz, anti-site defects, and most of them could form
spontaneously under certain conditions. Zn and In interstitials form
slightly higher energy donor type defects with generally shallow levels.
Additionally, defect energetics can vary a lot from bulk to ultrathin: e.g.,
in uZnInyS4, Vs is stable, whereas anion vacancies are less feasible in
bulk. In Fig 6, we plotted charge transition levels for some stable defects,
and there are instances where certain defects become deeper as the
anion changes; e.g., Zn; € (+2/+1) in bZnInyS4 has been identified as
shallow while it gets deeper when we move from S (~ 0.04 eV from
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CBM) to Se (~ 0.26 eV from CBM) to Te (~ 0.31 eV from CBM). With the
exception of Inzy, all defects create multiple energy states in the bandgap
that are often deep and could alter the conductivity rendering the
adsorption of species more or less favorable. We also note here that
defect levels are of extreme importance while synthesizing any semi-
conductor, and our results can aid experiments on ZnInyX4-based
photocatalysts.

3.3. Photocatalytic hydrogen evolution reaction (HER)

In this section, we present an investigation of the photocatalytic HER
on uZnlnyX4 surfaces with and without donor-type defects present
(chosen to be Zn; here as an example). For HER, there are typically three
major steps in an acidic medium: H" is first attracted to the active sites,
H' is then reduced by e~ and an adsorbed intermediate H* is created,
and finally, molecular H; is released [97]. One of the most effective
indicators of successful HER is the free energy difference |AG| for H
adsorption. Here, |AG| was estimated using the equation [72]: AGygr=
E(uZnIn2X4+H)-% E(H»)-E(ZnInyX4)+(AZPE — TAS), where ZPE and AS
were computed by considering the change in zero-point energy and
entropy energy between product and reactant, respectively. The optimal
value of |AG]| for a good HER catalyst is zero. The HER suffers from a AG
that is either excessively positive or too negative because H* cannot
effectively adsorb nor desorb from the catalyst surface, respectively. We
first calculated the surface energy of ultrathin compounds for varying
numbers of layers or slab thickness; as seen in Table S2, we noticed a
negligible effect of the surface energy on the slab thickness. Next, we

considered different surface orientations (Table. S3) such as <001>,
<110>, <111> and found that <001> has the lowest surface energy
(which is in good agreement with other studies for surfaces in hcp
crystals [73]). Following this, we considered different adsorption sites
(Table. S4) such as Zn, In, S atom next to Zn or next to In, etc., and
calculated |AG| for each, which showed that the S site next to Zn is the
most favorable for H adsorption. We acknowledge that there might be
other potential adsorption sites being missed here due to computational
limitations.

We calculated the |AG]| at electrode potential U=0, for defect-free
uZnlnyX4 and found that Te-based chalcogenide exhibits the lowest
free energy, followed by Se and S. The reason for this can be traced back
to the lower bandgap of Te-based compounds, and higher electrical
conductivity (higher Ep), compared to other compounds. Next, we
introduced Zn; defects in uZnlIn,S4, uZnlnySes, and uZnlnyTey, and
studied how these defects may alter the photocatalytic HER. From Fig. 7
(a) it is quite evident that photocatalytic activity is boosted in all com-
pounds in the presence of the cation interstitial defect. More specifically,
the calculated |AG| for uZnInySs, uZnlnySey, and uZnlnyTey are 1.75 eV,
1.11 eV, and 0.89 eV, whereas the computed |AG| for Zn; in uZnIn,Sy,
uZnInySey, and uZnIn,Tey are 0.5 eV, 0.65 eV, and 0.60 eV, respectively.
To ascertain the reason behind this, we calculated the ® of each defect-
containing and defect-free uZnIny,X4 and found that uZnIny,X4 with a
defect always exhibits lower ® compared to pristine compounds. The
higher Er and lower @ of defected uZnInyX4 indicate higher electronic
energy levels and an improved ability to provide electrons compared to
that of defect-free uZnIny,X4 [97]. Additionally, we plotted the PDOS for
Zn; + uZnlnyS4, displayed in Fig 7(c), and it can be seen that some defect
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states have appeared near the Ep, which eventually provides higher
electronic conductivity, therefore boosting the photocatalytic HER. For
more insight into the charge transfer mechanism between the catalyst
and H atom, we examined the charge density difference (CDD) between
uZnInyS4 and H, and uZnInyS4 + Zn; and H, as shown in Fig 7(e-f). Zn;
creates a more electron-rich environment surrounding the adsorption
site, which alters the electronic structure and bolsters conductivity.
Consequently, there is more charge transfer between the catalyst and H,
which results in strong adsorption. Finally, Fig 7(d) shows the computed
absorption spectra of the defected uZnInyX4, revealing a shift to a
low-energy region compared to that of the defect-free structure. We
conclude that the presence of the Zn; defect could potentially enhance
the range of visible light absorption which might promote photo-
catalytic reactions. We note that point defect formation energies pri-
marily depend on the electronic structure and chemical bonding, which
are relatively insensitive to temperature unless we go to very high
temperatures. Therefore, the relative stability and trends of defect
behavior in bZnInyX4 and uZnInyX4 from OK DFT are likely to be similar
at room temperature as well, although results may vary quantitatively.
While the relative stability of defects is expected to hold at finite tem-
peratures, it is important to consider the potential impact of temperature
and other external factors on photocatalytic performance with defects.
Additionally, the photocatalytic performance of ZnInyX4 with defects
may also depend on factors such as the concentration and distribution of
defects, as well as other specific reaction conditions, which is beyond the
scope of the current study. Consequently, further investigations of the
point defects in ZnInpX4 under laboratory conditions, including at

elevated temperatures and under various reaction conditions, may be
necessary to completely comprehend the impact of defects on photo-
catalytic performance. We plan to perform more AIMD simulations in
the future on defect-containing ZnInyX,4 supercells to study how defect
configurations change with temperature and how adsorption energies
and photocatalytic performance is subsequently influenced.

3.4. Photocatalytic oxygen evolution reaction (OER)

In this section, we evaluated the impact of Zn; in uZnInyX4 on the
photocatalytic OER, which is significantly more sophisticated than HER
over the photocatalytic HoO splitting process since it includes four-
electron transfer steps [72]. The Hy0 molecule is first adsorbed on the
surface-active sites, accompanied by the formation of 3 different
oxygenated reaction intermediates, i.e., HO*, O*, and HOO*. Overall,
OER reactions could be expressed as (1) Hy,O + * - OH* + H" + e7, (2)
OH* —» O* + H' + e, (3) Ho0 + O* — OOH* + H"+ e and (4) OOH*
— * 4+ 0y 4+ H'4e". Here, * represents an active site on the bare catalyst
surface, OH*, O*, and OOH* represent three different oxygenated cat-
alytic intermediates and AG; has been calculated for each intermediate
stage using the following equations [72].

+ (AZPE — TAS), — eU
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1
AG, = E(uZnIn2X4 + 0) + EE(H2) — E(uZnIn2X4 + OH)
+ (AZPE — TAS)2 —eU
1
AG; = E(uZnIn2X4 + OOH) + —E(Hz) — E(H20) — E(uZnIn2X4 + 0)

2
+ (AZPE — TAS), — eU

AG, = 4.92 + 2E(H,0) — 1.5E(H,) + E(uZnIn)X,)
+ (AZPE — TAS), — eU

— E(uZnIn, X4 + OOH)

Further, the thermodynamic overpotential can be calculated using

= max{aG1.0G2. 865, 4G4} ] 23 V. The OER activities of
uZnlnyX4 are systemically analyzed using the free energy profiles of each
intermediate step as depicted in Fig. 8. In general, under U=1.23 V

external electrode potential, it was found that adsorption of OOH* is

the equation 7R

relatively weak, making the third step (uphill) O* — OOH* the potential
determining step. We next introduced Zn; defects in uZnlInySy,
uZnInySey, and uZnlnyTey. Zn; reduces the peak in the free energy bar-
rier pathway O* — OOH* during the overall conversion of O from H50.
In particular, the thermodynamic overpotential for uZnInySy4, uZnInsSes,
and uZnln,Tey is recorded as 3.41 eV, 4.84 eV, and 3.23 eV, respec-
tively, whereas the computed thermodynamic overpotential values for
Zn; in uZnlnyS4, uZnlnySey, and uZnln,Tey are 3.27 eV, 3.31 eV, and
2.91 eV, respectively. The improved OER activity in defective structures
could be credited to higher Er and lower ®, and defect energy states
within the bandgap, which eventually increase the adsorption as dis-
cussed in the previous section. We note the impact of surface coverage
on HER/OER reactions has not been explicitly accounted for in this
work. However, it is an important factor to consider in realistic appli-
cation scenarios, as it is unlikely that the adsorbates would exist in a
dilute limit. In practice, the surface coverage of the adsorbates could
potentially affect the free energies and reaction barriers, which can, in
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turn, affect the catalytic activity. Therefore, to fully understand the
impact of surface coverage on HER/OER reactions, it would be neces-
sary to perform a series of simulations with varying concentrations of
adsorbates on the surface. Eventually, this would allow us to determine
the coverage-dependent changes in the electronic level and thermody-
namic properties of the material, as well as the resulting changes in the
catalytic activity. Although this level of detail is beyond the scope of our
current work, undoubtedly it might be an important consideration for
future computational studies of uZnInyX4 and related materials.

Conclusions

In this work, first principles computations were used to study point
defects in bulk and ultrathin ZnInyX4 compounds, where X =S, Se, or Te.
We first studied the structural stability and optoelectronic properties of
bZnIn,X4 and uZnInyX4. GGA+U calculations showed that from S to Se
to Te, lattice constants and absorption coefficients increase, while the
electronic bandgap reduces. From bulk to ultrathin compounds, the
electronic bandgap increases while the absorption coefficients go down.
Importantly, uZnInyS4 holds great promise for photocatalytic water
splitting as it exhibits sufficient overpotential for oxidation and reduc-
tion reactions based on HSE06 calculations. We simulated all possible
native defects and identified the lowest energy acceptor/donor as well as
shallow/deep level defects considering different growth conditions,
namely In-rich, X-rich, and moderate conditions. DFT data suggest that
in moderate chemical potential growth conditions, the Zny, and Inz, are
the dominant acceptors and donor defects, respectively, and they could
be the source of n-type conductivity in these metal chalcogenide pho-
tocatalysts as they pin the equilibrium Ep closer to the electron-rich
edge. Additionally, it has been realized that defect energetics in the
bulk state and ultrathin state are quite different, such as in uZnIn,S4,
where Vg turns out to be a stable defect, unlike the bulk. Furthermore,
most of these native defects yield multiple energy states in the bandgap
that are often deep, which could potentially affect the adsorption of
molecules. The photocatalytic HER on the surface of uZnIny,X4 was
studied, showing that uZnInyTe4 holds great promise for efficient HER,
followed by uZnlInySe4 and uZnIn,S4. Additionally, our computations
suggest that metal interstitial defects could make the adsorption and
desorption of H more energetically favorable which in turn promotes the
HER. The impact of metal interstitials on the photocatalytic OER process
was also studied, revealing that they could potentially reduce the free
energy barrier of OER pathways as endorsed by reduced thermodynamic
overpotential.
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