#7® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

Unraveling the photocatalytic potential of

- transition metal sulfide and selenide monolayers
Cite this: J. Mater. Chem. A, 2024, 12, e . .

6693 for overall water splitting and photo-corrosion
inhibition¥
Shafig Ur Rehman,®® Junwei Wang,®® Guixuan Wu, Sajjad Ali, ©9 Jian Xian ® *2°
and Nasir Mahmood ® *¢

’ '.) Check for updates }

Photocatalytic water splitting is a promising route to alleviate energy crises and provide clean renewable
energy. However, finding the right materials for photocatalytic water splitting is challenging owing to its
multilevel complexity. Herein, transition metal sulfide and selenide (TMSS) monolayers were screened to
find the best possible monolayers for overall water splitting. Properties such as suitable band edges,
oxidation and reduction potential, catalytic activities and solar to hydrogen (STH) efficiency were
considered. Among various TMSS monolayers, MoS,, WS,, PtSe,, PdSe,, and NiSe, have suitable
conduction and valence band edges to trigger the oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) simultaneously in acidic media. Moreover, the MoS,, PtSe,, PdSe, and NiSe,
monolayers can effectively resist oxidative and reductive photo-corrosion in acidic and WS, monolayers
in neutral environments during water splitting. All monolayers have robust catalytic activities in the
predicted electrolytes with HER overpotential near zero, and OERs are 0.53, 1.01 and 0.99 V for PtSe,,
PdSe, and NiSe, monolayers, respectively. The STH efficiencies were also found to be high for MoS,
(10.4%), PtSe, (22.2%), PdSe, (19.6%), NiSe, (20.1%) in acidic medium and WS, (11.1%) in neutral medium.
The predicted monolayers show promise for practical application as bifunctional photocatalysts in acidic
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1. Introduction

The utilization of photocatalytic water splitting is a promising
approach for generating sustainable and clean hydrogen fuels." It
has the potential to revolutionize energy consumption patterns and
reduce the environmental impacts of fossil fuel usage. Since the
discovery of TiO, photocatalyst, various oxide-based photocatalysts
have been developed for water splitting, CO, reduction, organic
pollutant degradation and sustainable energy production.”® Owing
to their inherent stability in water and other electrolyte solutions,
oxide materials are still under research and are garnering global
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interest among researchers.'*"'> However, oxide photocatalysts have
large energy gaps (4-5) eV, low hydrogen conversion efficiency
(<1%), and a high recombination rate of photoexcited electrons and
holes, further reducing the catalytic activity and output products.
Compared with traditional oxide materials, two-dimensional (2D)
transition metal sulfide and selenide (TMSS) monolayers have
several advantages for photocatalytic applications. They have a large
surface area, tuneable energy gaps, visible light absorption, high
stability and low exciton binding energies.”*™ Their layer-
dependent electronic properties and optical absorption make
TMSS monolayers more attractive to solar water splitting and
a suitable alternative to oxide-based photocatalysis.

Several studies have reported TMSS monolayer photo-
catalysts for HER and CO, reduction, which is a new green route
to solving energy crises.'****” Among them, the 2H-MoS, and
1T-MoS, monolayers with Pt as co-catalysts have been studied
for HER in acidic media.>® The HER performance of 2H-MoS,
and 2H-MoTe, monolayers has been upgraded by tunning the
phase boundaries and basal plane.?””® The atomistic insights
into the 2H phase WSe, monolayer photocatalyst have uncov-
ered its potential for HER and CO, reduction.”® 1T-MoS,
monolayer has shown a comparatively high hydrogen produc-
tion rate (600 umol h™') compared to precious noble metals
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such as Pt (450 pmol h™"), Pd (230 pmol h™') and Au (70 pmol
h™").** TMSS monolayers in different phases have shown
stability for HER against photo-corrosion in aqueous
solution.”**** To date, TMSS monolayer catalysts have
predominantly shown their potential for HER cathodic reac-
tions either in acidic or alkaline media. However, these catalysts
may suffer from photo-degradation and photo-corrosion when
HER and OER electrodes are paired in the same electrolyte
towards overall water splitting (OWS). The photo-degradation is
caused by the unsuitable band edges of the materials for OWS
and photo-corrosion owing to the unfavourable pH environ-
ment for both HER and OER simultaneously. This may cause
poor catalytic activities and reduce the efficiency of the photo-
catalyst. The formation of a bi-functional photocatalyst, which
can trigger both HER and OER simultaneously in a single
electrolyte, has great potential in the application of OWS.
Therefore, it is necessary to study the thermodynamic suit-
ability of conduction and valence band edges of TMSS mono-
layers towards OWS. Second, the calculation of oxidation and
reduction potentials with respect to (w.r.t.) the normal
hydrogen electrode (NHE) of the monolayers is crucial owing to
their aqueous stability. When both conditions are satisfied, the
photocatalyst resists photo-decomposition and photo-
corrosion. For practical applications, it is also important to
address the pH effect of electrolytes on the band edges and
thermodynamic potentials of monolayers and to study catalytic
activities and STH efficiency.

As there are many TMSS monolayers, it is difficult for
experimentalists to pick up the right candidate with suitable
band edges for OWS as well as show resistance against photo-
corrosion in aqueous media. Density functional theory (DFT)
is a powerful quantum mechanical tool that can quickly identify
materials with suitable band edges and a favourable pH envi-
ronment for photocatalytic OWS. In the present work, we per-
formed DFT calculations and screened 500 TMSS monolayers
with suitable conduction and valence band edges for water
reduction and oxidation, respectively. Among them, only seven
(7) TMSS monolayers are identified with thermodynamically
stable band edges towards OWS. The G,W, calculated band
edges show that only CrS,, MoS,, MoSe,, WS, and PtSe,
monolayers can trigger HER and OER simultaneously in acidic
media. The conduction and valence band edges of these
monolayers are favourable for water reduction and oxidation in
an acidic environment, respectively. These materials have high
exciton potentials that can split H,O molecules into H, and O,
and can show resistance to photo-decomposition caused by
them. Furthermore, the thermodynamic oxidation and reduc-
tion potentials show that MoS,, WS,, PtSe,, PdSe, and NiSe,
monolayers are strongly resistant to oxidative and reductive
photo-corrosion at pH 4.6-8, 6.1-6.7, 0-5.9, 0-3.8 and 3-5.2,
respectively. We predict that these monolayers can be effectively
utilized in OWS in their respective pH environments. The band
edges and thermodynamic potentials of the monolayers can be
adjusted by tunning the pH level of the electrolyte. The mono-
layers exhibit high STH efficiencies and excellent HER and OER
activities with low overpotentials in the predicted favourable pH
environment.
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2. Computational details

Initial computations were conducted by employing the Vienna
Ab initio Simulation Package (VASP), with the generalized
gradient approximation (GGA-PBE) to account for electron
exchange correlation effects.**** A plane wave cut-off energy of
450 eV was selected for the energy calculations and 400 eV for
GoW, calculations. The relaxation of a 3 x 3 x 1 supercell for
the specified TMSS monolayers was carried out using a force
criterion of 0.01 eV A~ In this study, the (s;, do) states were
designated as valence states for transition metals, whereas the
valence states for both sulphur (S) and selenium (Se) atoms were
considered as (s,, ps). A 15 A vacuum was implemented along
the c-direction within the unit cell of each monolayer to mitigate
self-interactions. The G,W, method was employed to accurately
determine the band edges of the identified materials. For both
PBE and G,W, calculations, a k-mesh of 13 x 13 x 1 was utilized
during the structural relaxation.* The refinement of geometries
in TMSS monolayers considered the van der Waals (vdW) energy
correction term, employing the DFT-D3 approach (Grimme's
semi-empirical corrections).*®

Notably, the heavy transition elements exhibit pronounced
relativistic effects, particularly due to spin-orbit coupling.
Consequently, specialized spin-orbit and relativistic pseudo-
potentials were incorporated into the calculations to account
for these effects. Additionally, the calculations considered the
solvation effect for a comprehensive assessment.>” The correc-
tion for gas phase molecules was calculated with the accurate
molecular thermodynamic model for entropy and free energy (G
= H — TS) as implemented in quantum espresso code,*® where G
is the free energy, H is enthalpy, T is temperature and S is the
entropy in gas phases. The contribution of solids was calculated
according to (F = U — TS), with phonon calculation in phonopy
code,* where F is the free energy contributed by vibration for
solids, U is the internal energy and S is entropy contributed by
vibrations.

3. Results and discussion
3.1 Thermodynamic stability and pH effects

First, a rigorous screening process was performed on five
hundred (500) TMSS monolayers in two well-known phases, i.e.,
octahedral (1T) and tetragonal prismatic (2H). This compre-
hensive search was conducted across the C2DB database with
the data meticulously validated against existing literature.****
For a photocatalyst to split the water molecule into O, and H,, it
is necessary that the conduction band edge (Ecgy) and valence
band edge (Eypp) W.I.t. vacuum levels are higher and lower than
the standard potentials of hydrogen reduction E(H'/H,) =
—4.44 eV and oxygen reduction E(O,/H,0) = —5.67 eV, respec-
tively. These are the conditions for thermodynamic favour-
ability of the reduction, and oxidation half reactions are
presented in eqn (1) and (2):

Ecpm > E(H'/H>), (1)

Evpm < E(0,/H,0). (2)

This journal is © The Royal Society of Chemistry 2024
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By employing the two conditions, seven (7) TMSS monolayers
are identified with suitable band edge positions w.r.t. water
redox potentials. The band alignment diagram of seven
monolayers with suitable band edges for water splitting is
illustrated in Fig. S1 of the ESIL.t The top and side views of the
optimized structures of the seven TMSS monolayers with suit-
able band edges for OWS are shown in Fig. S2.1 To enable the
process of OWS, the chosen photocatalyst must feature a precise
band alignment that aligns with the redox potentials of water.
Simultaneously, the photoexcited electrons and holes should
offer ample driving force to effectively initiate HER and OER,
respectively. Therefore, we calculated the accurate CBM and
VBM of the promising TMSS monolayers using G,W, method, as
shown in Fig. 1(a). GoW, method is a highly reliable method for
the calculation of band edges of the materials, and the energy
gaps based on this method can be directly compared with the
experimental energy gaps.*** The alignment of the conduction
band and valence band edges w.r.t. vacuum level is achieved
through a meticulous matching of planar-averaged electrostatic
potential in the layer with the corresponding potential in the
vacuum region. The planar-averaged electrostatic potential is
calculated with G,W,, as shown in Fig. S3 in the ESL{

Fig. 1(a) shows that the CBM (black bars) of selected TMSS
monolayers (CrS,, MoS,, MoSe,, WS,, NiSe, PdSe,, PtSe,) is
higher than the standard potential of hydrogen (—4.44 eV) at pH
= 0. The first condition of thermodynamic stability is satisfied
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by these monolayers, and the electrons in their CBM have
enough potential to split the water molecules and trigger the
HER process. For the OER process, the monolayers CrS,, MoS,,
MoSe,, WS, and PtSe, exhibit suitable VBM at pH = 0, while
NiSe, and PdSe, do not have suitable VBM to trigger the
process. The CrS,, MoS,, MoSe,, WS, and PtSe, monolayers can
trigger HER and OER simultaneously, and these could be
promising materials for OWS. The electron potential (U.) con-
cerning hydrogen reduction and the hole potential (U;,) gov-
erning water oxidation exemplify the redox capabilities of
photogenerated carriers. Consequently, U. and Uy, served as
pivotal criteria for assessing photocatalyst performance in the
water splitting process. U, for the HER is defined as the differ-
ence between the CBM and the redox potential of hydrogen,
while Uy represents the difference between the VBM and the
redox potential of oxygen. The calculated values of U, for MoS,,
WS,, MoSe,, CrS,, PtSe,, PdSe, and NiSe, are 1.34, 1.18, 1.7, 1.0,
0.79, 0.60 and 0.3 (unit, V), respectively. The calculated photo-
generated hole potentials (Uy,) are 1.31, 1.32, 0.64, 1.36, 1.4,
0.76 and 0.48 (unit, V) for MoS,, WS,, MoSe,, CrS,, PtSe,, PdSe,
and NiSe, monolayers, respectively. The exciton potentials of
selected TMSS monolayers are much higher than the reported
work,**® indicating high redox abilities for HER and OER. The
CBM and VBM edges of the selected TMSS monolayers exhibit
a pH-dependent shift. Specifically, for HER, the CBM edge var-
ies with pH based on the formula —4.44 + pH x 0.059 eV,

%‘ i
= -4f — CrS, NiSe,
8 — MoS; PdSe; |
_s MoSe; PtSe,
[ $(HH) — WS,
P
0 2 4 6 8 10 12 14
pH
()]
photocathode photoanode
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= —CBM S stable
8 stable § VBM
g
reduced

Fig. 1 (a) GoW,y calculated CBM (black bars) and VBM (red bars) w.r.t. vacuum level for TMSS monolayers at pH = 0. (b) pH dependency of CBM,
and (c) pH dependency of VBM, where the horizontal straight lines represent the standard redox potentials of HER (—4.44 eV) and OER (-5.67
eV). (d) Stability changes in the photocathode as CBM moves down of ¢(H"/H,) and for photoanode as VBM shifts up of ¢(O,/H,0).
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emphasizing a dynamic response to the pH of the environment.
Conversely, for OER, the VBM edge shifts with pH according to
the formula —5.66 + pH x 0.059 eV.*

Fig. 1(b) shows a linear increase in the CBM with an increase
in the pH value for monolayers, and CBM modulation is above
the reduction potential (—4.44 eV) of hydrogen. This suggests
that the selected monolayers are suitable for HER in acidic,
neutral and alkaline environments, and TMSS monolayers are
well known for their stability and working for hydrogen evolu-
tion in acidic and alkaline solutions.****=** As shown in Fig. 1(c),
the VBM of the monolayers CrS,, MoS,, MoSe,, WS, and PtSe, is
suitable for OER in different pH ranges, such as (0-2), (0-2.2),
(0-2.5), (0-1.6) and (0-3), respectively. The VBM of NiSe, and
PdSe, monolayers is not straddled with the oxidation potential
for OER throughout the pH range, as shown in Fig. 1(c). When
the pH value increases, the VBM of monolayers CrS,, MoS,,
MoSe,, WS, and PtSe, becomes unstable towards water oxida-
tion. This is because the VBM of the monolayers shifts above the
oxidation potential (—5.67 eV) of water. However, CrS,, MoS,,
MoSe,, WS, and PtSe, monolayers are thermodynamically
stable band edges in acidic environment, and their thermody-
namics can be controlled by tuning the pH of electrolytes. The
selected monolayers can be practically applied as anodic (OER)
and cathodic (HER) simultaneously in an acidic environment.
The monolayers resist photo-decomposition as long as their
CBM and VBM edges satisfy conditions (1) and (2), respectively.
Fig. 1(d) shows a general illustration of the thermodynamic
stability change in the photocathode as CBM moves down of
standard reduction potential (¢(H/H,)) and for photoanode as
VBM shifts up of oxidation potential (¢(O,/H,0)) of water.

3.2 Aqueous stability and photo-corrosion inhibition

In addition to the suitable band edges of TMSS monolayers for
OWS, the important and necessary conditions are their stability
in an aqueous environment and photo-corrosion inhibition.
The assessment of aqueous stability and photo-corrosion inhi-
bition followed a model designed for oxide semiconductors in
aqueous solutions.” The model facilitates the calculation of
thermodynamic oxidation and reduction potentials for the
materials through eqn (3) and (4), providing crucial insights
into their overall performance under the following relevant
conditions:

o = ~52| + ota i), ®)
0 = ||+ otrr ), @

where ¢ and ¢ represent the thermodynamic oxidation and
reduction potentials, respectively; n is the number of electrons;
F is the Faraday constant (96.5 k] mol ); AG is the Gibbs free
energy change; and ¢(H'/H,) is the normal hydrogen electrode
(NHE) potential at pH = 0. The stability conditions for photo-
anode is ¢ > ¢(0,/H,0 = 1.23 V) and for the photocathode is
¢ < ¢(H'/H, = 0 V). The calculated ¢™¢ and ¢ for the
selected TMSS monolayers are presented in Table S2.7 The first
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column represents the monolayers, and the second column
represents the oxidation and reduction reactions. In the
oxidation and reduction reactions, the Gibbs free energy change
(AZPE — TAS), and total electronic energy change (AE) is given
in the third and fourth columns of Table S2.7 The calculated
oxidation and reduction potentials of numerical values are
given in the second to last column. The three values of oxidation
and reduction potentials are taken at different pressure ranges
(1072-10"*) atm for the gas species involved in the reactions.
We notice that the pressure has an insignificant effect on the
oxidation and reduction potentials of the materials during the
water splitting process.

The calculated reduction potential (red bars) and oxidation
potential (blue bars) for MoS,, WS,, MoSe,, CrS,, PtSe,, PdSe,
and NiSe, monolayers are shown in Fig. 2(a), where the solid
black lines are the standard water redox potentials for OER (1.23
V) and HER (0 V) at pH = 0. As shown in Fig. 2(a), the reduction
potential of the promising TMSS monolayers is negative w.r.t.
standard potential of HER at pH = 0. The TMSS monolayers
satisfy the stability condition of a photocathode for water
splitting, i.e., "¢ < (H'/H, = 0 V) and are thermodynamically
stable for HER anodic reaction at pH = 0. This also indicates
that TMSS monolayers possess a robust capability to withstand
reductive photo-corrosion under extremely acidic conditions at
pH = 0. For the oxidation case, only PdSe, and PtSe, monolayers
have oxidation potential that straddled the standard potential
of OER and satisfied the requirement of photoanode materials
in half cell reaction at pH = 0, as shown in Fig. 2(a). Moreover,
PdSe, and PtSe, monolayers can resist oxidative photo-
corrosion at pH = 0. The monolayers MoS,, WS,, MoSe,, CrS,
and NiSe, oxidize and decompose in the electrolyte before
triggering the OER reaction at pH = 0. This is because the
oxidation potential of these monolayers is not straddled with
the standard potential of OER (1.23 V) at pH = 0. However, the
oxidation and reduction potentials can also be adjusted and
controlled by the pH level of the electrolyte, as shown in Fig. 2(b
and c). The reduction potentials of the TMSS monolayers line-
arly increase with an increase in the pH level of the electrolyte.
TMSS monolayers become less stable as their reduction
potential approaches the HER standard potential at pH = 0, as
shown in Fig. 2(b). The oxidation potentials also increase with
an increase in the pH level, and the TMSS monolayers become
more stable towards the OER, as shown in Fig. 2(c). Monolayers
PdSe, and PtSe, exhibit oxidation potential above the oxidation
potential of water (1.23 V) throughout the pH range (0-14),
which indicate that both monolayers are quite stable in acidic
and alkaline environments and can strongly resist oxidative
photo-corrosion. The stable pH range in which the reduction
and oxidation potentials for MoS,, WS,, MoSe,, CrS,, PtSe,,
PdSe, and NiSe, monolayers can resist the reductive and
oxidative photo-corrosion are shown in Table 1.

For OWS, the monolayers must have suitable reduction and
oxidation potentials at a common pH that can straddle the
redox potentials of HER and OER respectively. Therefore, we
evaluated a common pH range and found that MoS,, WS,,
PtSe,, PdSe, and NiSe, monolayers are suitable for OWS in
a common pH range, as shown in Table 1. The common pH

This journal is © The Royal Society of Chemistry 2024
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(a) Reduction (red bars) and oxidation (blue bars) potentials relative to NHE of TMSS monolayers at pH = 0, (b) pH dependence of

reduction potential, (c) pH dependence of oxidation potential and (d) stability changes in the photocathode as the reduction potential (¢ shifts
above ¢(H*/H,) and for photoanode as oxidation potential (¢°*) shifts below ¢(O,/H,0).

range for MoS,, PtSe,, PdSe, and NiSe, monolayers shows that
they are stable in acidic media and WS, monolayer in neutral
medium. Moreover, these chosen monolayers effectively with-
stand both reductive and oxidative photo-corrosion within their
typical pH ranges. Monolayers CrS, and MoSe, lack a shared pH
range for reduction and oxidation potentials, making them
unsuitable for OWS and susceptible to photo-corrosion. As
shown in Table 1, the selected TMSS monolayers are stable and
resistant to photo-corrosion in acidic media in a specific shared
pH range for OWS, and the stability of these monolayers in
different phases and nanostructure formations has been
confirmed in several experimental reports in acidic and alkaline
solutions.'>**%-°¥ The MoS,, PtSe,, PdSe, and NiSe, monolayers
hold promise as a bi-functional photocatalyst towards OWS in
acidic media and WS, monolayer in neutral medium. A general

illustration of the stability changes in the photocathode and
photoanode with the change in the reduction and oxidation
potentials is shown in Fig. 2(d). For a stable photocathode, the
reduction potential must be lower than zero, and for a photo-
anode, the oxidation potential is above 1.23 V.

4. Photocatalytic activities

In the process of OWS, incident photons are absorbed by the
photocatalyst, leading to the generation of electron-hole pairs.
Electrons acted as reducing agents for H, production through
a two-step process called HER half-cell reaction (2H' +2e~ — Hy),
and holes acted as oxidizing agents responsible for the production
of O, through the OER half-cell reaction (2H,O + 4h™ — 4H" +
0,).*° The OER anodic reaction is a challenging four-step process,

Table 1 Selected TMSS monolayers and their stable pH range for HER and OER, common pH for OWS, monolayers stable for OWS (v),
monolayers not stable for OWS (X), STH efficiency (%) and OER overpotentials (V)

System pH for HER pH for OER Common pH pH for OWS STH efficiency OER overpotential
CrS, 0-5.38 5.25-14 X — —

MoS, 0-8.0 4.6-14 4.6-8 v 10.4 1.46

MoSe, 0-8.0 11.8-14 X — —

WS, 0-7.1 6.1-14 6.1-7.1 v 11.1 1.43

NiSe, 0-5.2 3-14 3-5.2 v 20.1 0.91

PdSe, 0-3.8 0-14 0-3.8 v 19.6 1.01

PtSe, 0-5.9 0-14 0-5.9 v 22.2 0.53

This journal is © The Royal Society of Chemistry 2024
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which requires four photo-holes to generate one oxygen molecule
from two water molecules, as shown in the reactions below (5)-(9).
In the first step of the OER process, a water molecule reacted with
the photocatalyst in the presence of a hole and produced one
hydrogen ion and an OH* intermediate. In the second step, the
OH* intermediate reacted with a hole and transformed to the O*
intermediate with the release of one hydrogen ion. In the third
step, the O* intermediate reacted with a hole in the presence of
a water molecule to generate an O-H-O* intermediate and release
one hydrogen ion. In the last step, the O-H-O* intermediate
reacted with the hole and give O, and another hydrogen ion, but
0, is unstable and can immediately be desorbed from the pho-
tocatalyst surface as an O, molecule. The four-step process is
presented in the following equations:

H,Oq) + *+h" — OH* + H" (5)
OH* + h" - O*+ H" (6)

O* + H,Oqy + h* —» O-H-O* + H" (7)
O-H-0*+h"-0; +H" (8)

O, +h™—*+Oy). (9)

Meanwhile, the HER cathodic reaction is a two-step process
given below in eqn (10) and (11).

*+ H" +e — H* (10)
*+H" +e — Hygy, (11)

where * represents the monolayers, such as MoS,, WS,, PtSe,,
PdSe,, and NiSe,, while OH*, O*, O-H-O*, O, and H* are the
intermediates, which are chemically very reactive with the
surrounding environment. The Gibbs free energy differences, AG
(eV) in eqn (12)-(18) of water redox reactions, are calculated
according to the approach proposed by Nerskov.® The formula at
pH = 0 is defined as AG = AE + AE,,. — TAS, where AE is the
adsorption energy difference, and AE,,. and AS are the difference
in zero-point energy and entropy difference between the adsorbed
state and the gas phases, respectively. For each reaction of OER
and HER, the free energy differences under the effect of an
external potential bias are presented in the following equations:

AG, = Gop+ + Gy — GH:O - (*) - Uy (12)
AG, = Go» + Gur — Gonr — Un (13)

AG3 = GO*H—O* + GH* - GO* - GHZO - Uh (14)
AG4 = GO: + GHI - GO*H*O* — Uh (15)

AGs = (*) + Go, — Gy — Uy (16)

AGs = GH* - (*) - GH* - Ue (17)

AG7 = GH2 - (H*) - GH* - UC' (18)

6698 | J Mater. Chem. A, 2024, 12, 6693-6702
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1
The free energy (Gy) is replaced by EGH2 under standard

conditions of pressure and temperature. Moreover, the catalytic
performance is determined by the overpotential (n) for the reaction,
which is defined by the maximum potential needed to downhill all
the intermediate reaction steps. The theoretical overpotential (7) for
OER in the four-step process can be calculated as 7ogr = max[AG;,
AG,, AG;, AG,, AGs)/e — 1.23, where 1.23 V is the oxidation potential
required for the oxidation of H,O molecule into H, and O, under
standard conditions of pressure and temperature; AG;, AG,, AG;,
AG, and AGs are the maximum change in free energy during the
reactions and e is the electron charge. First, we studied the
complicated water oxidation half reaction on the surfaces of
promising monolayers following the four-hole reaction pathway,
which is accompanied by the formation of adsorbed OH*, O*, O-
H-O* and O;‘ intermediates. During the adsorption of OH*, O*, O-
H-O* and O, intermediates on the monolayers, we notice that the
active species moved to the site of the chalcogen (S, Se) atoms
because of their high electronegativity and then to the transition
metals. The optimized intermediate-adsorbed structures of 3 x 3 x
1 supercell for 2H-MoS, and 1T-PtSe, monolayers are shown in
Fig. S4 of ESLt Similarly, the energy calculations of five interme-
diates were performed using the 3 x 3 x 1 supercell of 2H-WS,, 1T-
PdSe,, 1T-PtSe, and 1T-NiSe, monolayers.

The calculated AG (eV) for MoS,, WS,, PtSe,, PdSe, and NiSe,
monolayers are shown in Fig. 3(a—e) with their corresponding pH
values. We initially considered a situation without any external
potential, ie., to simulate the condition in the absence of any light
irradiation (U, = 0). In this case, the energy landscape is non-
spontaneous for all the monolayers. The AG value is very high at
OH* and O-H-O* steps for MoS, and WS, monolayers, as shown in
Fig. 3(a and b). The reason for the high energy barrier of these two
steps is the low binding strength of OH* and O-H-O* species on
the surface of monolayers. At hole potential zero, the calculated
OER overpotentials for MoS, and WS, monolayers are 2.77 and 2.27
(unit, V), respectively. The overpotentials for OER in the presence of
light are 1.46 and 1.34 (unit, V) for MoS, and WS, monolayers,
respectively. The high overpotentials for OER on MoS, and WS,
monolayers can be reduced when light is turned on. For 1T phase
monolayers, such as PdSe,, NiSe, and PtSe,, the energy barrier at
OH* and O-H-O* is comparatively low, as shown in Fig. 3(c-e). The
calculated overpotentials for the OER at hole potential zero are 1.87,
1.7 and 0.53 (unit, V) for NiSe,, PdSe, and PtSe, monolayers,
respectively. When the hole potential was applied, then the OER
reactions at the monolayer surfaces required relatively low energy at
each intermediate step, as shown in the red energy landscape in
Fig. 3(c-e). The overpotentials for OER in the absence of light are
0.91, 1.01 and 0.53 (unit, V) for NiSe,, PdSe, and PtSe, monolayers,
respectively. The low value of overpotentials for NiSe,, PdSe, and
PtSe, monolayers means that they could be the best candidates for
OER. It is noteworthy that the AG (eV) for OER is pH dependent
according to the Nernstian equation, so the overpotentials can be
adjusted by tuning the pH value.*

The AG (eV) of HER for the 2H phase MoS, and WS,
monolayers at pH = 4 and 6, respectively, are shown in Fig. 4(a).
AG (eV) of HER for 1T phase NiSe,, PdSe, and PtSe, monolayers
at pH = 3 is shown in Fig. 4(b). MoS,, WS,, PtSe,, PdSe, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a—e) Gibbs free energy diagram for OER on MoS,, WS,, PtSe,, PdSe, and NiSe, monolayers with energetically favourable absorbed

intermediates (OH*, O*, O-H-0O%*, OZ and H*). (f) Schematic representation of the four-step OER process on the surface of MoS, monolayer.

NiSe, monolayers have AG (eV) values of HER near to zero. The
more the AG (eV) value is near zero, the best is the photocatalyst
for HER.>>#"%%%%6 The overpotentials for HER on MoS,, WS,,
PtSe,, PdSe, and NiSe, monolayers are 0.43, 0.49, 0.19, 0.31 and
0.25 (unit, V), respectively. This observation underscores their
potential as highly efficient catalysts for HER. A schematic
representation of the two-step process of HER on the surface of
the 2H-MoS, monolayer is shown in Fig. 4(c). The catalytic
activity analysis shows that the predicted TMSS monolayers can
function as a bi-functional photocatalyst towards OWS.

4.1 Solar to hydrogen (STH) conversion efficiency

We calculated the solar to hydrogen conversion efficiency
(STH)* of the selected TMSS monolayers. According to the
reaction process, STH efficiency (nsry) is defined as the product
of the efficiency of light absorption (n,ps) and carrier utilization

(ncu):

NSTH = Nabs X Mcu- (19)
The efficiency of light absorption is defined as follows:
J p(ho)d(he)
= (20)

Mabs = T
|, oot

0

where p(hw) represents the solar energy flux at photon energy /w for
the AM1.5G spectrum and E, represents the band gap of the pho-
tocatalyst. The denominator signifies the overall power density of

This journal is © The Royal Society of Chemistry 2024

the reference sunlight spectrum (AM1.5G), while the numerator
quantifies the power density of the light absorbed by the photo-
catalyst. The efficiency of carrier utilization (7.,) is defined as
follows:

AG [ %d(hw)
T T T pho)d (o)

(21)

In this context, AG denotes the free energy associated with
water splitting (1.23 eV), while the remaining terms in the
numerator collectively quantify the effective photocurrent
density. Additionally, E represents the photon energy utilized
during the water splitting process, defined as follows:

The total energy conversion efficiency (nsr), hamely STH
conversion efficiency, using the full solar spectrum is calculated
as follows:

AGr P 4

g hw

NstH = (22)

|| pthoratio
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HER on the surface of 2H-MoS, monolayer.

For the pH effect, the calculated STH efficiencies are 10.4%,
11.1%, 22.2%, 19.6% and 20.9% for MoS,, WS,, PtSe,, PdSe,
and NiSe, monolayers, respectively. The predicted STH effi-
ciencies exceed the required efficiency criterion (10%) of
hydrogen conversion for commercial applications.® This is
because the high STH efficiencies make the predicated TMSS
monolayers outstanding candidates for hydrogen production.
The calculated STH efficiencies for MoSe, and SnSe, mono-
layers in MoSe,/SnSe, heterostructures are 10.5% and 9.3%,
respectively, and for the pentagonal monolayer, PdSe, is
12.5%.°*% Similarly, the predicted STH efficiency for MoSe,
monolayer in its heterojunction with Ti,CO, is 12%.° The re-
ported STH efficiencies for other TMSS monolayers align with
our findings, confirming the promise of the selected materials.
Remarkably, the predicted STH efficiencies for the monolayers
surpass those reported in previous studies.

5. Conclusion

Transition metal sulfide and selenide (TMSS) monolayers were
screened to find the best possible monolayers for overall water
splitting. Properties such as suitable band edges, oxidation and
reduction potentials, catalytic activities and solar to hydrogen
(STH) efficiency were studied. Among various TMSS mono-
layers, MoS,, WS,, PtSe,, PdSe,, and NiSe, have suitable
conduction and valence band edges to trigger the oxygen

6700 | J. Mater. Chem. A, 2024, 12, 6693-6702

evolution reaction (OER) and hydrogen evolution reaction
(HER) simultaneously in acidic media. Moreover, the MoS,,
PtSe,, PdSe,, and NiSe, monolayers can effectively resist
oxidative and reductive photo-corrosion in acidic and WS,
monolayer in neutral environments during water splitting. All
monolayers have robust catalytic activities in the predicted
electrolytes with HER overpotential near zero, and OERs are
0.53, 1.01 and 0.99 V for PtSe,, PdSe, and NiSe, monolayers,
respectively. The STH efficiencies were also found to be high for
MoS, (10.4%), PtSe, (22.2%), PdSe, (19.6%), and NiSe, (20.1%)
in acidic medium and WS, (11.1%) in neutral medium. The
predicted monolayers show promise for practical applications
as bifunctional photocatalysts in acidic and neutral
environments.
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