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Effect of intrinsic point defects on the catalytic and electronic properties of Cu2WS4 single layer:
Ab initio calculations
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The challenges imposed by climate change require the continued improvement and identification of materials
for the development of green technologies. Point defect engineering is a promising technology for producing
green hydrogen by taking advantage of catalytic hydrogen evolution reactions. In this work, we investigate the
role of anionic and cationic vacancy point defects, as well as the nature of the active sites, in the catalytic
activation of Cu2WS4 single layers. The stability of the pristine and defective structures of Cu2WS4 has been
thoroughly investigated using density-functional theory calculations. A deep analysis of the formation enthalpy
indicates that the Cu vacancy is the chemically most favorable vacancy. However, the calculated adsorption
energy indicates that the presence of such vacancies slightly enhances the hydrogen evolution reaction. In
contrast, the formation of an S vacancy considerably magnifies the same reaction in Cu2WS4 single layers.
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I. INTRODUCTION

Today, the need to develop green sources of energy is
becoming urgent due to climate change and environmental
concerns. The core of clean-energy production is based on
the use of water to produce green hydrogen. The progress
on this technology requires the creation of catalytic materials
with high efficiency for the production of hydrogen through
the process of water electrolysis. The hydrogen evolution
reaction (HER) is one of the most promising mechanisms
[1,2]. Nowadays, HER-based technologies are dominated by
the use of platinum-based catalysts. However, the high cost,
low supply, and scarcity of this noble metal severely limit
its practical applications for large-scale hydrogen production
[3–5]. In addition, Pt is a heavy element, and thus, its use
in electrodes for electrocatalysis could have harmful effects
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on human health [6]. These facts make the search for cheap
and abundant alternatives to Pt-based materials extremely im-
portant. To be a good candidate for HER applications, the
material should be a good electrocatalyst to adsorb hydrogen.
Nowadays, the search for alternatives to Pt-based materials
is focused on the use of two-dimensional (2D) materials,
namely, 2D transition metal dichalcogenides (TMDs) [7–10].
However, the bare structure of most TMDs shows weakness in
binding H atoms at their surfaces, and defective sites are then
used to overcome this problem [11]. Recent studies showed
that the presence of defect sites on a structure locally alters
the electronic properties. Such a site on the surface of TMDs
can trap hydrogen atoms, forming new synergetic bonds with
them [12–14]. To enable progress in the use of TMDs in
HER-based technologies, a rigorous assessment of catalytic
and electronic properties is needed.

Defects influence the performance of most functional
materials and devices. They can strongly affect the elec-
trocatalytic properties. Defects can take many forms. They
can be vacancy defects, interstitial defects, nonmetallic atom
doping, and metal-defect coordination structures. Even a low
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concentration of defects, which is difficult to detect in ex-
periments, can affect the electronic properties of materials.
Recently, several methods were elaborated to manufacture
defect-based motifs in low-dimensional structures [15]. Po-
tentially, these methods can be employed to improve the
HER functionality of materials [16–20]. An open question
regarding the influence of defects on HER activity is how the
activation of catalytic sites is related to the nature of defects.
In an attempt to respond to this question, in this study we ana-
lyze the effect of the intrinsic defects on the Cu2WS4 layered
structure. Cu2WS4 can be easily and cheaply synthesized by
means of solvothermal methods [21]. It has also been built as
CuWO4/CuO heterojunctions using wet-based techniques or
as a combination of CuWO4/WO3−x layers prepared by reac-
tive sputtering for thin-film applications [22–24]. Experiments
showed that Se-doped Cu2WS4 has an interesting HER activ-
ity with a very low onset potential of −0.32 V at 10 mA/cm2

current density with a 46 mV/dec Tafel slope [25]. Tiwari
et al. [25] attributed the increased electrocatalytic activity in
doped Cu2WS4 to an abundance of active sites caused by the
substitution of S by Se atoms. For the same reason, a defective
structure should also be tested to analyze the HER reactivity.
Motivated by this challenge, we investigated by means of the
density-functional theory (DFT) method the effect of intrinsic
defects on electrocatalytic reactivity in Cu2WS4. In particular,
we focused on cation vacancy defects. To simulate such a sys-
tem, we employed the Freysoldt method. [26,27]. It allowed
us to unveil more favorable defect structures by identifying
the ground state and, at the same time, examining the impact
of each defect on the adsorption of H2 on 2D Cu2WS4 [28].
In particular, we will discuss how the HER activity is affected
by the nature of the defect and that of the adsorbed site.

II. COMPUTATIONAL DETAILS

DFT calculations were carried out with the Vienna Ab
initio Simulation Package (VASP) [29–31] using the projector
augmented wave method [32] and a plane-wave cutoff of
550 eV. Geometry optimizations were done using the Perdew-
Burke-Ernzerhof (PBE) exchange and correlation functionals
[33] within a spin-polarized framework. Total energies were
considered to have converged with an accuracy of 10−6 eV.
Gaussian smearing with a width of 0.05 eV was used for
the Brillouin zone integration using a k-point grid within
the Monkhorst-Pack scheme [34] with a 7 × 7 × 1 k mesh
(3 × 3 × 1 for supercell calculations). A Grimme with Becke-
Jonson damping [35,36] dispersion correction (DFT-D3/BJ)
was included to describe the contribution of London disper-
sion interactions. A vacuum of 20 Å was used along the
z axis to avoid interactions between the adjacent molecules
and slabs. Ab initio molecular-dynamics (AIMD) simulations
were performed using the Nosé-Hoover thermostat approach
[37–39] at a temperature of 300 K with a time step of 0.5
fs. Phonon dispersions were calculated using PHONOPY [40],
which was interfaced with the VASP code. We used the force
constant supercell method [41].

To analyze the electrocatalytic HER activity we used the
formalism developed by Nørskov et al. [42]. In this ap-
proach, the relative hydrogen adsorption free energies �GH

are calculated in the acid solution using the standard hydrogen

electrode model as follows [43]:

�GH = �E tot − T �S + �EZPE (1)

The terms �E tot, T �S, and �EZPE denote the differ-
ences in DFT total energies, entropic contributions, and
zero-point energies, respectively. They can be derived from
computations of the vibrational frequencies and standard
thermodynamic data. �E tot gives the adsorption energy for
adding one H atom to the studied structure. It can be
calculated as Eads = Edef-Cu2WS4+H − Edef-Cu2WS4 − 1/2E (H2).
Edef-Cu2WS4+H represents the total energy of the optimized H
adsorption configuration. Edef-Cu2WS4 and E (H2) stand for the
energies of the calculated defect structure and target hydrogen
molecule, respectively.

In addition, to reveal the energetically most preferable
defect structure, the formation energy of the defect Dq in
a charged state q(E f (Dq)) was obtained with the following
formula [26]:

E f (Dq) = Etot (C : Dq) − Etot (C)

−
∑

i

�niμi + q(εVBM + εF ) + Ecorr, (2)

where Etot (C : Dq) is the total energy of the supercell contain-
ing the defect and Etot (C) is the total energy of the perfect
crystal supercell. Ecorr corresponds to the correction energy
used to overcome the periodic interaction between charges
in doped systems. The charge state q was taken here to be
−2, −1, 0, +1, and +2. Finally, the term μi is the atomic
chemical potential of an atom reservoir of an element i; it
can be added (�ni = +1) or removed (�ni = −1) from
the supercell. Finally, εVBM and εF denote, respectively, the
eigenvalue of the valence-band maximum (VBM) state and
the Fermi level EF . For complementary information about this
scheme, readers are referred to Ref. [44]. In order to simulate
accurately the transition levels and the band gap, the Heyd-
Scuseria-Ernzerhof (HSE) hybrid density functional (HSE06)
[45] was used to relax the point defect structures.

III. RESULTS AND DISCUSSION

A. Stability of the pristine Cu2WS4 single layer

We will first evaluate the stability of the studied structures.
For this purpose, a full optimization was carried out on the
pristine structure. The calculated PBE + D3/BJ lattice pa-
rameter (5.43 Å) agrees with experiments [28] and previous
calculations [46]. The formation energy, phonon dispersion,
and elastic constants were also calculated for the optimized
Cu2WS4 single layer. In Fig. 1 we show the phonon disper-
sion. The absence of imaginary branches indicates that 2D
Cu2WS4 is dynamically stable. Our calculated phonon disper-
sion is similar to that previously reported for Cu2WS4 [13] and
Cu2MoS4 [47]. The phonon dispersion has 21 branches. Three
are acoustic, and the rest are optical modes. A point group
symmetry analysis of the modes at the center of the Bril-
louin zone gives � = 2A1 + 2A2 + B1 + 4B2 + 6E , where
�acoustic = B2 + E and �optic = 2A1 + 2A2 + B1 + 3B2 + 5E .
The 2A1 + B1 + 3B2 + 5E modes are Raman active. The
3B2 + 5E modes are also infrared active. The A2 modes
are silent. The calculated wave numbers are summarized in
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FIG. 1. (a) Phonon dispersion and (b) phonon density of states of
the Cu2WS4 single layer.

Table I. Unfortunately, no experimental data are available to
make a comparison, and previous calculations do not report
calculated wave numbers [13].

The mechanical properties of 2D Cu2WS4 were also cal-
culated through the elastic stiffness components using the
stress-strain relation implemented in VASPKIT [48]. The C11

and C12 components are given in Table S1 of the Supplemental
Material (SM) [49]. They fulfill the Born-Huang (C11 > 0
and C11 − C12 > 0) conditions [50,51], an indication of the
mechanical stability of the Cu2WS4 monolayer. Mechanical
properties were also analyzed through the Young’s modulus
E and shear modulus G, which are given in Table S1 of the
SM [49]. Based on the values of E and G, we can state that
2D Cu2WS4 is a ductile material. In particular, the application
of forces on the transverse section during uniaxial tension or
compression will weakly affect the structure.

B. Stability of native point defects in the Cu2WS4 monolayer

1. Chemical stability of point-defect-free Cu2WS4

In this work, we consider native defects, which are point
defects inherent in Cu2WS4. Three potential point defect

TABLE I. Calculated modes of 2D Cu2WS4. Raman (R), infrared
(IR), and silent (S) modes are indicated.

Symmetry ω (cm−1) Activity

A2 87.3 S
E 87.9 R-IR
B2 109.0 R-IR
E 177.6 R-IR
E 195.8 R-IR
B2 207.2 R-IR
A1 215.1 R
A2 237.8 S
E 259.6 R-IR
B1 280.8 R
E 428.4 R-IR
B2 436.3 R-IR
A1 441.4 R

structures are considered. To simulate the effect of missing
atoms, we built structures with sulfur [V(S)], copper [V(Cu)],
and tungsten [V(W)] vacancies [52] (see Fig. 2). To reduce
the artificial self-image interactions imposed by periodic-
boundary conditions [53], some convergence tests were done
on a number of enlarged supercells, namely, 2 × 2 × 1, 3 ×
2 × 1, 3 × 3 × 1, 4 × 4 × 1, 5 × 5 × 1, and 6 × 6 × 1. Here,
we compute the uniform supercell scaling behavior within
dielectric continuum theory using the SXDEFECTALIGN2D tool,
applying standard 2D charge corrections [54–56]. The energy
formation of these structures was calculated and is displayed
in Figs. S1(a) and S1(b) in the SM [49]. For example, the plots
related to the sulfur/copper defect point structure indicate that
the size of a 4 × 4 × 1 supercell of 112 atoms is enough to
prevent artificial self-interaction between the defect and its
image (see Table S2 in the SM [49]). Thus, the concentration
of the defect in this structure is able to simulate a realistic con-
centration of 0.893% of vacant atoms. The size of the studied
structures is a compromise between accuracy and computing
demands. To assess the energetic stability of the defective
structures, their formation energies were estimated using the
Freysoldt formulation [26]. The defect formation energy as
a function of chemical potential gives information about the
reliability of building the studied defective structures.

In order to investigate the effect of the intrinsic defects
on the HER reaction, we first estimate the thermodynamic
stability of the studied pristine structure. The chemical poten-
tials of the constituent atoms of the Cu2WS4 monolayer obey
a number of restrictions based on the energetic equilibrium.
Such conditions maintain a stable Cu2WS4 compound. They
include

2�μCu + �μW + 4�μS = �E (Cu2WS4), (3)

where μCu, μW, and μS are the chemical potentials of Cu, W,
and S. �E (Cu2WS4) is the corresponding formation enthalpy.
Because μi = 0 indicates the element i will be formed as a
pure element, μCu < 0, μW < 0, and μS < 0 should be satis-
fied to ensure that no elemental phases of Cu, W, or S coexist
with Cu2WS4. The conditions that must be met as constraints
to guarantee the formation of the compound, including all
relevant competing phases, are given in Table S2 in the SM
[49]. Based on them, we determined the chemical potential
region that stabilizes a pure Cu2WS4 monolayer. Results are
plotted in Figs. 3–5. The chemical potentials μCu, μW, and μS

were used as the dependent variables in three different cases.
The small stability area means that the growth of stoichiomet-
ric Cu2WS4 is not easy because many competitive secondary
phases could form. The resulting intersection points bounding
the stability regions show that when μCu and μS are depen-
dent variables, the growth promotes the appearance of a Cu
vacancy along points A (S rich, W poor, Cu rich) and E (S
poor, W rich, Cu rich). Cu2WS4 competes only with Cu2S2

at point A. There are more chances of having a Cu vacancy
in Cu2WS4 at point A (see Fig. 4). At the same time, this
condition promotes the appearance of a W vacancy along
points A (S rich, W rich, Cu rich) and B (S rich, W rich, Cu
rich; see Fig. 5). Cu2WS4 competes only with WS2 at point B.
We are more likely to have a W vacancy in Cu2WS4 at point
B. However, obviously, according to Fig. 3, the line of the
Cu2WS4 component is not the limit of the formation domain;
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FIG. 2. Optimized structures of point defects: (a) the pristine structure, (b) sulfur vacancy [V(S)], (c) copper vacancy [V(Cu)], (d) and
tungsten vacancy [V(W)] in a 4 × 4 × 1 cell.

FIG. 3. Chemical potential phase diagram showing the region of
stability of defective Cu2WS4. We show the variation in �μS as
a function of �μW and �μCu within the stability region. Colored
lines are the limits imposed by competing phases. A, B, C, D, and
E delimit the stability area and represent the intersections points of
conditions given in Table S3 in the SM [49].

FIG. 4. Chemical potential phase diagram showing the region of
stability of defective Cu2WS4. We show the variation in �μCu as
a function of �μS and �μW within the stability region. Colored
lines are the limits imposed by competing phases. A, B, C, D, and
E delimit the stability area and represent the intersections points of
conditions given in Table S3 in the SM [49].
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FIG. 5. Chemical potential phase diagram showing the region of
stability of defective Cu2WS4. We show the variation in �μW as
a function of �μS and �μCu within the stability region. Colored
lines are the limits imposed by competing phases. A, B, C, D, and
E delimit the stability area and represent the intersections points of
conditions given in Table S3 in the SM [49].

this implies that the Cu2WS4 structure is less advantageous
for growing a system with a S vacancy.

2. Chemical stability of Cu2WS4 with point defects

To calculate the formation energies of different point de-
fects as a function of chemical potential, we use Eq. (2),
but without incorporating the q(εVBM + εF ) + Ecorr term. We
can show that the formation energy corresponding to V(Cu)
gives a lower value, which reinforces the conclusion stated

before using Eq. (3). The results are displayed in Fig. S2 in
the SM [49]. This plot shows the variation of E f (D0) with
regard to the Cu rich/poor environments and W rich/poor
environments. We can observe that the defects of V(Cu) have
a lower defect formation energy under both poor Cu and W
growth conditions. The negative formation energy indicates
that the defective V(Cu) and V(W) structures are more stable
than the V(S) ones.

In contrast, due to their high formation energies, V(W)
and V(S) are thermodynamically less favorable. The transition
level was calculated at the HSE06 level, and it is displayed
in Fig. 6. The difference between VBM and conduction-band
minimum (CBM) levels agrees well with the band gap of pris-
tine Cu2WS4 calculated using the hybrid HSE06 functional
(∼2.5 eV). Lines with the most stable q are shown for each
chemical potential. Figure 6 depicts a charge value of q for
each line. It is shown that 2+, 2−, and 1+ charge states do not
belong to the transition levels. The formation energies of the
charged defects vary with the Fermi level, in which the slopes
correspond to their charge states as defined by Eq. (2). We can
see that V(W) and V(S) are relatively unstable compared to
V(Cu), which confirms that Cu point defects are more favor-
able in the Cu2WS4 monolayer. Furthermore, when we look at
the transitions near the CBM, we see that V(Cu) for q = 0 is in
the vicinity of the CBM, evidencing an electronically neutral
defect. According to the HSE06 calculated transitions states,
the Cu vacancy has a low formation energy defect with a deep
1−/0 acceptor level.

Further analyses were done to check the thermal stability
of defect vacancy structures. To this end, we used an AIMD
simulation within the NV T ensemble controlled by the Nose-
Hoover method [37–39]. In Fig. 7, we can see that both total
energy and temperature oscillations at ambient conditions

FIG. 6. Schematic illustration of formation energy Ef (Dq ) vs Fermi level EF in three charge states q: 0 and 1−. Solid lines correspond to the
formation energy as defined by Eq. (2). The transition levels correspond to the HSE06 calculations. CBM (VBM) denotes the conduction-band
minimum (valence-band maximum). The difference between CBM and VBM levels gives the band gap value.
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(a) (b)

FIG. 7. AIMD simulation of (a) temperature oscillations and (b) energy fluctuations as a function of time step at T = 300. Black, red, and
blue show V(Cu), V(S), and V(W) defect structures.

show a periodic oscillation. This behavior is proof there is
no bond-breaking or structural distortion in the AIMD sim-
ulation. In summary, the defect structures of V(Cu), V(S), and
V(W) retain their thermal stability under 300 K.

C. Hydrogen evolution reaction analysis

Next, we focus on the electrocatalytic performance of the
HER activity. We started analyzing the most stable adsorption
sites for atomic H species. Different active sites to anchor H
on the surface of three defect structures have been consid-
ered (see Fig. S3 in the SM [49]): (i) top sites over W, Cu,
and S atoms, (ii) bridge sites in the Cu-S and W-S bonding
directions, and (iii) top sites over the vacancy sites. In most
cases, the energy adsorption is systematically lower on the
top S sites and bridge S-W sites, showing Eads = −0.24 and
−0.21 eV, respectively. The same finding was reported in
Ref. [46] with regard to Hg atoms. Next, to characterize the
catalytic activity of the three structures, the Gibbs free energy
of hydrogen adsorption was calculated on the most active sites
and is depicted in Fig. 8. We note here that a small �GH

value induces strong interaction of adsorbed H, while a large
�GH is interpreted as a poor interaction of adsorbed H that
is negative for catalytic purposes because it slows down HER
kinetics. Among the active sites analyzed, the adsorption on
the top Cu and top S atoms in the V(W) defect structure
shows a negative Gibbs free energy. This suggests that the
interaction of these structures with H atoms is too strong to
release H2 from the catalytic sites. The adsorption of the H
nearest neighbor of top Cu sites in the V(Cu) structure exhibits
the same behavior. The adsorption on the bridge S-W site for
V(Cu) and V(S) structures and on the top S for V(S) and
V(W) defect structures provides four cases of interest for HER
reactions. The corresponding �GH values are −0.23, −0.17,

0.16, and −0.18 eV, respectively (see also Table S3 in the SM
[49]). They are relatively close to zero, indicating the high
HER activity in these cases. Furthermore, the calculated �GH

value for the V(S) structure agrees well with that investigated
using a different method in previous studies [14], which found
�GH equal to −0.14 eV. It is noted that a small difference in
the �GH value is probably due to the larger structure used in
this study, defined as 1/112 coverage.

As a complementary study, we investigated the electronic
properties. The defect-free structure’s band structure and par-
tial density of states (PDOS) were calculated (see Figs. S4 and

FIG. 8. Schematic Gibbs free energy diagram of HER processing
on defective V(S), V(Cu), and V(W) structures located at the top of
the Cu atom, on the bridge (S-W), and on the top of the S atom.
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(a)

(b)

(c)

FIG. 9. Partial densities of states of (a) V(Cu)@H+, (b) V(S)@H+, and (c) V(W)@H+ defective structures.

S5 in the SM [49]). The band gap has an indirect nature, and
its values within the HSE06 and PBE generalized gradient ap-
proximation approaches were found to be, respectively, 2.49
and 1.60 eV. The differences are related to the well-known
fact that PBE tends to underestimate band gap energy. [57]
The structure also has conductivity values of 5980 and 22 887
(� m)−1 in the xx and yy directions, respectively. The removal
of the S atom from the pristine structure does not close the
band gap energy (see the PDOS in Fig. S6 in the SM [49]).
We can see that the spin-down channel is weakly altered by
the removal of the sulfur atom. However, Figs. S7 and S8 in
the SM [49] show that the removal of Cu/W cations affects the
investigated structures. In the case of the copper defect point
structure, Cu d, Cu p, and S p acceptor levels are introduced
near the top of the valence band, occupying the Fermi level,
which obviously moves to the upper energy regions. We can
show the formation of acceptor levels of both Cu d and S p
near the Fermi level. In the case of the tungsten defect point
structure, the closing of the band gap is more pronounced,
with an occupation of both W d and W p orbitals of the Fermi
level (see Fig. S9 in the SM [49]). Both the Cu d and s and S
p orbitals have a significant impact on the spin-down channel.

Additional calculations were done for the adsorbed defec-
tive structures. Figure 9 shows the spin-polarized PDOS plots
of V(S), V(Cu), and V(W) structures with adsorbed H atoms.
While both V(Cu)@H+ and V(S)@H+ show a semiconduct-
ing nature, V(W)@H+ remains metallic. It is interesting to
note that the states of the H∗ adsorbed atom behave differently
in the three cases. In the case of V(S)@H+, the electron from
the H 1s orbital fills one spin-up channel of one defect band,
resulting in a strong hybridization with both W d and S p
states. We observe a weak magnetization occurring due to
electron transfer between both spin-up and spin-down chan-

nels. The hybridization state spin up shifts below the Fermi
level, and in the case of spin down, it lies above this level.
However, we do not see a change in V(Cu)@H+, but there is
a strong hybridization between S p/W d and H s states in both
spin-up and spin-down channels. We must highlight that the
same trend was observed in the work of Wu et al. [14]. Finally,
the emergence of partially filled S p states at the Fermi level
in the case of V(W)@H+ renders the adsorption site metallic
in nature.

A qualitative survey can be used in order to analyze the
correlation of the HER activity with the interaction strength
between the intermediate hydrogen atoms and the studied
surfaces. This can be achieved by plotting a volcanolike plot
of hydrogen binding energy (HBE; see Fig. 10 and Table
S3 in the SM [49]). Here, the exchange current density i0
reflects the intrinsic rate of proton transfer from the H atom
to the defect point structure of the Cu2WS4 monolayer. In
the volcano curve, i0 is calculated as a function of �GH of
hydrogen adsorption according to Nørskov’s assumption: If
�GH < 0, the proton transfer is exothermic and is calculated
at pH = 0 as

i0 = −ek0
1

1 + exp(−�GH/kBT )
. (4)

If �GH > 0, the proton transfer is endothermic, and it should
be

i0 = −ek0
1

1 + exp(−�GH/kBT )
exp(−�GH/kBT ), (5)

where k0 is the rate constant set to 1 [58], which includes all
effects related to the reorganization of the solvent during the
proton transfer to the catalytic surface, and kB is the Boltz-
mann constant.
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FIG. 10. Top: Volcano plot of exchange current density i0 as a function of �GH for the V(Cu)@H+, V(S)@H+, and V(W)@H+ defective
structures. Bottom: Close-up of the more favorable sites. The volcano curves of Pt(111) and V(s) from Ref. [14] are also shown.

The peak of the volcano should correspond to the maxi-
mum HER activity and then to the optimal HBE of an ideal
catalyst. Figure 10 gathers the case of Pt(111), the “gold
standard” HER catalyst (with �GH = −0.09 eV), together
with the results reported by Wu et al. [14]. The plot was
calculated for two scenarios: an exothermic proton transfer
(�GH < 0) and an endothermic proton transfer (�GH > 0).
We found that VS(S-W) and VCu(S-W) have �GH closer to

the top of the volcano, providing the more favorable exchange
current densities and lower overpotential [59] to be used for
electrocatalysts. The other sites are too weak to be active
in HER because they require high energy for desorption of
the adsorbed H∗. The catalytic activity of the VS(S) and
VCu(W-S) sites on the left side of the volcanos is limited by
the desorption of the products. In contrast to conventional
metallic catalysts where electrons or holes are delocalized
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on numerous atomic sites, the vacancy states in the sulfur
defect point structure are formed by weak hybridization of
d states (see Fig. 9); the active site of the V(S) introduced
is an atom-sized defect embedded in the basal surface with
the ability to trap charges. As a consequence, the binding of
protons and electron transfers can proceed independently at
the active site during HER, which in turn facilitates the capture
of electrons at the bridge of the W-S active site [60].

IV. CONCLUSIONS

We used first-principles quantum mechanics calculations
to study the structural stability and the role of native defects,
specifically vacancies, in the HER reactivity of a Cu2WS4

monolayer. The stability of the pristine structure was deter-
mined by means of phonon and elastic constant calculations.
We also found that 2D Cu2WS4 has a ductile behavior, which
makes it mechanically favorable for catalytic applications. In
addition, the most favored defect structure was found using
Freysoldt’s methodology. The calculation of both formation
energy and enthalpy indicates the feasibility of Cu defects,
which are more favorable than W and S defects. However,
the analysis of catalytic properties showed that the choice
of the nature of the defect does not make a big difference.
The use of anionic or cationic defects on the basal surface
of the Cu2WS4 monolayer gives a comparable HER power
factor. An analysis of the electronic patterns of different de-
tective structures showed that both V(S) and V(Cu) retained
their semiconducting nature, in contrast to V(W), which fa-

vors metallization. Among defective structures, V(S) gives the
largest HER activity because one electron from the adsorbed
hydrogen fills spin-up channels in the band structure, forming
a strong hybridization and then a strong bond. The adsorp-
tion on this structure modifies the energetic structure more
strongly than on the two other studied vacancies. This behav-
ior is correlated with conclusions drawn from the volcanolike
plot of the HER reaction. Note that the present investigation
focused on the analysis of the Cu2WS4 system. This analysis
is of fundamental interest, but additional analyses are required
to evaluate structural aspects such as the thickness of the
material and the substrate where it is grown, which could
affect the electrocatalytic properties.
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