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ABSTRACT: Direct production of H, from photocatalytic water splitting
is a potential solution to environmental pollution and energy crisis, and
tremendous efforts have been made to seek efficient photocatalysts that can
split pure water (pH = 7) under visible light irradiation. Herein, by means
of systematic density functional theory (DFT) computations, we
demonstrated that the two-dimensional (2D) PdSeO; monolayer is
promising candidate. The mechanical exfoliation of PdSeO; monoluye-
from its bulk phase is experimentally feasible due to the rat'ic~ sroii
cleavage energy of ~0.42 J/m® Remarkably, PdSeO; monolay r is
semiconducting with a moderate indirect band gap of 2.4 .V, and its
valence and conduction bands perfectly engulf the reic: | otentials of
water. In particular, water oxidation and hydrogen reduction half reactions
can both occur readily on the different active site: of Pd_eO; monolayer
under the potentials solely provided by photogen.rated electrons and
holes. As PdSeO; monolayer also has rather proi.ounced optical absorption in ti.> viiible and ultraviolet regions of the solar
spectrum, it could be utilized as a highly “ fiztic=% photocatalyst for splitting' >ur» water into H, and O, in a stoichiometric
amount of 2:1 without using sacrificial resgeits or cocatalysts.

B INTRODUCTION

Since the pioneering work by Fujishima and Honda et al.,
utilizing sunlight irradiation to split water into hydrogen (H.)
and oxygen (O,) with the help of photocatalysts has be¢ xme .
promising way to convert solar energy into chemical en=.zy.*
In principle, an efficient photocatalyst for water splicti. 2 nust
satisfy several criteria. First, the bandgap of photseawilyst must
exceed the free energy (AG) of water splitiiig (1.3 eV) but

eactions by providing the active sites and suppressing the
charge recombination.'®

Since the experimental realization of graphene by Geim et al.
in 2004,"” two-dimensional (2D) materials have been a subject
4 of extensive experimental and theoretical studies due to its
many excellent electronic, optical, and mechanical proper-
ties.”"~> Compared to their 3D bulk counterparts, 2D
structures can provide ultrahigh surface area for photochemical

be lower than 3.0 €V in order to efficien.l; uilize the solar
energy.”® Second, the photogenerated. carriers should be
transferred rapidly and separated efficie i, to avoid the surface
charge recombination. More impoi‘andy, the photocatalyst
should have a suitable band (<> alignment, namely, the
conduction band minimum. (\.I'M) must be higher than the
reduction potential of Ht/.1, \—4.44 €V at pH = 0) and the
valence band maximuin (VBM) must be lower than the
oxidation potential \'f ©,; H,0 (—5.67 eV at pH = 0).”'° In
the past decade, “nian, three-dimensional (3D) bulk materials,
including koo limited to transition metal oxides,"' ™"
oxysulfides,'” and oxynitrides'®'” have been identified as
promising photocatalysts for water splitting. However, most
3D photocatalysts cannot trigger water redox reactions on the
surfaces due to the absence of active sites; consequently, the
cocatalysts (e.g., Pt, Ni, IrO,) should be loaded to facilitate
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reactions and minimum migration distance for carriers, which
are desirable for achieving highly efficient photocatalysis.
Therefore, 2D semiconducting materials with a band gap in the
range of 1.5—-3.0 eV have been intensively investigated in
recent years as they are ideal candidates for fabricating water
splitting photocatalysts.”*™>* Unfortunately, though some 2D
structures have suitable band edges that absolutely straddle the
redox potentials of water, the photogenerated electrons and
holes may not process sufficient driving force for overall water
splitting. Note that the hydrogen reduction half reaction
involves a two-electron transfer process, whereas water
oxidation half reaction involves a more complicated four-
electron transfer process, thus a considerable overpoential is
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usually required to ensure that the two reactions can
spontaneously proceed. For example, the most investigated
2D water-splitting photocatalyst g-C;N,***° and the recently
unveiled 2D MPS; (M = Ni, Mn, and Fe)***® can show rather
good photocatalytic activity for H, evolution, but they all suffer
from the large overpotential of water oxidation half reaction.
Generally, the water oxidation half reaction can be suppressed
by adding sacrificial rea§ents, but it is rather undesirable for
practical applications.”” At present, most experimentally
investigated 2D photocatalysts require the loading of catalysts
(e.g, CoOx)* to realize overall water-splitting. Therefore,
seeking efficient 2D photocatalysts that can directly split pure
water without using sacrificial reagents and cocatalysts is of
great importance and remains a big challenge.

Experimentally, many 2D structures (e.g., MoSZ,41 h-BN,*
and black phosphorene™’) have been realized via mechanical or
liquid exfoliation from their bulk counterparts, which provides
us a feasible way to explore more 2D photocatalyst for water
splitting. For example, Jing et al. recently proposed that
palladium phosphide sulfide (PdPS) monolayer,** which can
be easily exfoliated from the PdPS bulk, is a stable 2D structure
with suitable electronic and optical properties for photo-
catalytic water splitting. In 2007, Ling et al. synthesized a novel
Pd compound, namely PdSeO;,* in which all the Pd atoms
have a square-planar coordination. Similar to PdPS, PdSeOj is
also a layered material with interlayer van der Waals (vdW)
bonding. Thus, it is highly possible to achieve single-layered
PdSeO; by exfoliating the corresponding bulk. However, to
date PdSeO; monolayer has not been synthesized, and the
electronic and optical properties of PdSeO; monolayer a: - yet
to be explored.

In this work, we systematically investigated the st tural,
electronic, and optical properties of PdSeO; m«nolayer by
means of comprehensive density functional®th:or » (DFT)
computations. It is found that PdSeO, ‘manolayer is
thermodynamically and kinetically stable ai d ¢in be obtained
via exfoliation strategies. Remarkably, :’d©C0; monolayer has a
moderate band gap (2.84 eV), present=<suitable band edge
alignments, and can provide adequate driving force for water
splitting. As PdSeO; monolayer also has pronounced
absorption in the visible region of the solar spectrum i
could be a highly promising photocatalyst for direct < vera:
water splitting.

B COMPUTATIONAL METHODS

All the DFT calculations were performed using-<z2 ieraa ab initio
simulation package (VASP).** The electron- i-ii  nteraction was
described using the projector augmented wave (P2%v) approach.*”**
The exchange-correlation term was describ¢d .y t.ie Perdew—Burke—
Ernzerhof (PBE) functional®” withiz st~ generalized gradient
approximation (GGA) except that tiv. 4SE06 hybrid functional®®
with a mixing parameter alpha valt> ¢ 0.25 was utilized to evaluate
the electronic properties. Th¢ snir. -+ ‘bital coupling (SOC) effect was
also taken into account in Land st ucture computations. We used the
DFT-D3 (D stands for ditpe sivn) procedure to account for van der
Waals (vdW) interact’oin.’ A 550 eV cutoff for the plane wave
expansion was adoy ‘ea in all the computations.

Geometries we.. op im.zed until the convergence criteria of energy
and force we les than 107 eV and 0.02 eV/A, respectively. A
Monkhorst—Pac.: k-point mesh of 15 X 9 X 1 and 19 X 11 X 1 was
used to sample the 2D Brillouin zone for geometry optimizations and
electronic structure computations, respectively. We set the x and y
directions parallel and the z direction perpendicular to the layer plane
and adopted a supercell length of 40 A in the z direction. The phonon
band structure of PdSeO; monolayer was computed using the density

functional perturbation theory (DFPT)** as implemented in the
PHONOPY package.’® We used a large 3 X 7 X 1 supercell with a k-
mesh of 5§ X § X 1 for Brillouin zone integrations and a cutoff energy
of 550 eV for the plane-wave basis set. The first-principles molecular
dynamics (FPMD) simulations were carried out to assess the thermal
stability of the PdSeO; monolayer. At each temperature, the FPMD
simulation in NVT ensemble last for 10 ps with a time step of 1.0 fs.
The temperature was controlled by using the Nosé—Hoover
method.>* The solvation effects in aqueous solution were considered
with the Poisson—Boltzmann implicit solvation model, where the
dielectric constant of water was taken as 80.%

To compute the free energy change (AG) in the hydrogen
reduction and water oxidation reactions, we adopted the method
developed by Norskov et al,”**” according to which the AG of an
electrochemical reaction is computed as

AG = AE + AE,,, — TAS + AG,y + AGy

where AE is the DFT computed reaction (electronic) energy, AE,pg
and AS are the zero-point energy difference and the entropy
difference between the adsorbed state and the gas phase, respectively,
and T is the system temperature (298.15 K, in our work). For each
system, its E,,. can be calculated by summing vibrational frequencies
over all normal modes v (E,,, = 1/2Zhv). The entropies of the free
molecules (O, H,, and H,0) were taken from the NIST database.*®
AG,y = 6952« pH represents the free-energy contribution due to
the varie*>an..1n H concentration. We considered the effect of a
potentia. bi's on all states involving one electron or hole in the
elect-ody by shifting the energy of this energy by AGy = —eU, where
U is Gie electrode potential relatie to the standhard hydrogen
elec:rode (SHE). For those reacticii: i.:volving the release of protons
and electrons, the free energy o o..e pair of proton and electron (H*
+ e7) at standard conditions=*{n17.= 0, U = 0) was taken as 1/2Gy,
The free energy of O,(g). v« desived as Go, = 2Gyypo — 2Gyyy — 492
eV since O, in triplet gri un¢ state is notoriously poorly described by
DFT calculations.

B RESULTZ,AD DISCUSSION

Geonre: :iu Structure and Stability of PdSeO; Mono-
layer 5.1 PdSeO; is a natural layered material which
cry<ta.lizes in a monoclinic structure with the space group P2,/
m ‘ne. 11). As shown in Figure la, PdSeOj layers are stacked
tugether with interlayer vdW bonding along the z axis. The
_quilibrium lattice parameters of PdSeO; bulk were optimized
tobea=394Ab=649A,c=6.10A, and = 96.20° at the
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Figure 1. (a) Crystal structure of PdSeO; bulk. (b) Top and side
views of the optimized structure of PdSeO; monolayer with two basic
vectors a and b. The blue, brown, and red balls represent Pd, Se, and
O atoms, respectively. The dashed rectangle marks the primitive cell
of the monolayer. The 2-coordinate and 3-coordinate O atoms are
denoted by I and II labels, respectively.
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Figure 2. (a) Cleavage energy as a function of the separation distance for a fracture in bulk PdSeO;. The inset is the schematic of separating a
monolayer from its neighboring four-layer. The distance of zero refers to the equilibrium geometry. (b) Phonon dispersion curves of the PdSeO,

monolayer.

PBE-D3 level of theory, which are in good agreement with the
experimentally measured values (a = 3.89 A, b = 642 A, ¢ =
6.11 A, and f§ = 96.21°).%

In one individual PdSeO; layer, each Pd atom is uniformly
bound to four O atoms in the same plan to form a square
planar geometry (PdO,). Actually, the square planar
coordination is quite common for Pd** and has been observed
in many Pd-containing layered compounds (e.g, PdSe,’
PdPS,** and Pd25e360). Each Se atom also uniformly bind¢
with three O atoms to form a trigonal pyramidal selenite arZi0x:
(Se0;>7). In contrast to Pd and Se, O atoms of PdSeO--<a.:be
divided into Oj and Oy subgroups according to the' dif erent
bonding patterns, which are two-coordinate <and ‘hree-
coordinate, respectively. Generally, in the . P(5e?D; layer,
PdO, units are connected together through Cariei=sharing to
form zigzag chains along the y axis, which 7re u.ther lined by
SeO;>” anions along the x axis to form'a Jayerad structure. The
structure of PdSeO; monolayer can be asily obtained by
isolating an individual layer from the PdSeO; bulk. The
optimized lattice parameters of PdSeO; monolayer (a = 3.99 A
and b = 6.49 A) are slightly larger than those of the bulk phase
Detailed structural properties of bulk and monolayer PiseC
are summarized in Table SI.

Experimentally, many 2D structures can be prodnc>d om
their layered bulk materials via mechanical ‘o liquid
exfoliation,” ™" while the latter is more snit ble tor those
with relatively strong interlayer interactiol:s<ii'ter examining
the structural properties of PdSeO; monolaj=, we evaluated
the feasibility to obtain this 2D struc > via the exfoliation
techniques by computing the cleava,e < ergy (Eq) of PdSeO,
monolayer. In this work, the cleav s  energy was determined
by imposing a fracture in a fiva-loyer slab model of PdSeO;, in
which the top layer is remcvat: > while the rest, the four layers,
are fixed. The total eneryv nder variation of the separation
distance (d) betweer-tvo:components was then computed to
simulate the exfo) ‘tiun/process. As shown in Figure 2a, the Ey
of PdSeO; maudlayer first increases rapidly with increasing
separation di tance and then gradually converges to a constant
value of ~0.42 j/m* when the separation distance is larger than
4 A. Remarkably, the E of PdSeO; monolayer is quite close to
that of graphene (0.37 J/m?),°" indicative of a weak interlayer
interaction in PdSeO; and a high feasibility of obtaining
PdSeO; monolayer via mechanical exfoliation.

The kinetic stability of the PdSeO; monolayer was
confirmed by the phonon curves shown in Figure 2b, where
no apprecia’ie imaginary phonon mode can be observed.
Especially, the Fighest frequency of PdSeO; monolayer reaches
up to 700 ¢!, which is higher than those of MoS, monolayer
(4777°¢ ") and silicene (550 ecm™!),%® indicative of the
iabusechemical bonds in PdSeC,. monolayer.

Lioreover, we also performed FPMD simulations to assess
the thermal stability of Pd€=C, monolayer. Considering the
confinement of periodic Foucary conditions, a relatively large
4 X 3 supercell consicuny=0f 120 atoms was adopted in the
simulations. The FPMDsimulations at temperatures of 500,
1000, and 1500 (<-=1nonstrate that the structure of PdSeO,
monolayer c2n L2 ‘well kept throughout a 10 ps simulation up
to 1000 K \Figure S1). In addition, we carried out geometry
optimiza isn staring from the distorted structure by FPMD at
1000 K »nd found that it can be easily relaxed to the initial
conguiation. The simulations manifest that PdSeO; mono-
‘aye - has rather good thermal stability as it can be separated by
¢n adequate barrier from other minimum structures on the
potential energy surface.

Electronic Properties of PdSeO; Monolayer. Having
identified the experimental feasibility and intrinsic stability of
the PdSeO; monolayer, we then investigated its electronic
properties by computing the band structure and density of
states (DOS). PdSeO; monolayer is semiconducting with an
indirect band gap of 2.84 eV computed at the HSE06+SOC
level of theory (Figure 3). The valence band maximum (VBM)
is located at the X (0.5, 0, 0) point, whereas the conduction
band minimum (CBM) lies at the I" (0, 0, 0) point. The direct
band gap at the I" point (3.07 eV) is quite close to the indirect
band gap. According to the analysis of partial DOS, both VBM
and CBM of PdSeO; monolayer are contributed mainly by Pd
4d states and partially by O 2p states, whereas the contribution
of Se 4p states to both VBM and CBM is insignificant.

As stated before, semiconducting materials with a band gap
in the range of 1.23-3.00 eV may have applications in
photocatalytic water splitting. To assess the possibility of using
PdSeO; monolayer as a photocatalyst for water splitting, we
further aligned its band edge positions with vacuum level
corrections and compared with the potentials of hydrogen
reduction (—4.44 eV) and water oxidation (—5.67 eV)
reactions. As shown in Figure 3, at pH = 0 the CBM position
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Figure 3. Band structure (left) and density of states (DOS) (right) of
PdSeO; monolayer. The energy level positions have been corrected
by vacuum level. The water redox potentials at pH = 0 are marked by
the blue dotted lines.

of PdSeO; monolayer (—3.70 V) is higher than the hydrogen
reduction potential while the VBM position of (—6.54 eV) is
lower than the water oxidation potential, fulfilling the
thermodynamic requirements for overall water splitting.
Encouragingly, the electronic properties of PdSeOj; are less
dependent on the thickness due to the rather weak interlayer
interaction, and the band edge positions of PdSeOj; bilayer and
trilayer are also suitable for photocatalytic water splitting at pH

= 0 (Figure S2). As the pH dependence of band positions
relative to the SHE is on the exactly same order as the pH
dependence of water redox potentials (0.059 X pH),** PdSeO,
nanosheet in principle is capable of catalyzing water splitting at
all pH values (Figure S3). In what follows we mainly focused
on PdSeO; monolayer as it has the highest ratio of surface
atoms.

For photocatalytic water splitting, the magnitude of external
potentials provided by photogenerated carriers directly
determines whether the water splitting half reactions can
proceed spontaneously. The potential of photogenerated
electrons for hydrogen reduction reaction (U,), which is
defined as the energy difference between the hydrogen
reduction potential and the CBM, was found to be 0.74 V
for PdSeO; monolayer at pH 0. The potential of
photogenerated holes for water oxidation (Uy), which is
defined as the energy difference between the VBM and the
hydrogen reduction potential, was determined to be 2.10 V at
pH = 0. As U, and Uj, are treated as the electrode potential
relative to the SHE, they change with the pH according to U, =
0.74 + 0.059 X pH and Uy, = 2.10—0.059 X pH, respectively.
Therefore, 20 PH = 7 the U, and Uy, should be 1.15 and 1.69 V,
respectively, viliich indicates the good photocatalytic activity of
PdSeO. m¢nolayer in the neutral environment. Moreover, the
Figl U, and Uy, also manifest that the photogenerated electrons
and holes of PdSeO; monolayer would prefer to be transferred
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Figure 4. Proposed photocatalytic pathways of (a) water oxidation and (b) hydrogen reduction half reactions with the most energetically favorable
absorbed intermediates (OH*, O*, OOH*, and H*) in PdSeO; monolayer. The red and green balls represent O and H atoms, respectively. Free-
energy diagrams for the 4e pathways of water oxidation and 2e pathways of hydrogen reduction reactions in PdSeO; monolayer. U = 1.69 V and U
= 1.15 V are potentials provided by photogenerated holes and electrons for water oxidation and hydrogen reduction reactions at pH = 7,

respectively.
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to react with water rather than with itself, resulting in a good
resistance to the photoinduced corrosion.*®

Overall Water Splitting on PdSeO; Monolayer. The
availability of suitable band edge positions does not guarantee
that the PdSeO; monolayer will be an efficient photocatalyst
for overall water splitting, since we are not sure whether the
photogenerated electrons and holes of PdSeO; monolayer can
provide an adequate driving force to trigger the overall water
splitting. To this end, we systematically investigated mecha-
nisms of both water oxidation and hydrogen reduction half
reactions to gain deeper insights into the photocatalytic activity
of PdSeO; monolayer. As it is preferable that the water
splitting can occur in the neutral environment, the pH value
was set to be 7 in the following studies.

We first studied the more complicated water oxidation half
reaction on the surface of PdSeO; monolayer following the
four-electron (4e) reaction pathway, which is accompanied by
the formation of adsorbed OH*, O* and OOH?* inter-
mediates. The free energies of water oxidation intermediates
(Table S2) and the reaction free energies (AG) of elementary
steps at pH = 7 were then computed. Figure 4a presents the
atomic configurations of intermediates along the reaction
pathway of water oxidation on the PdSeO; monolayer, and the
corresponding free-energy profiles are summarized in Figure
4c. We initially considered the situation without any external
potential to simulate the condition in the absence of any light
irradiation (Uy, = 0). For the first step of water oxidation, the
water molecule is transferred to a *OH species, which favors te
be adsorbed on the top of Se site with a AG of 1.39 eV. Next,
the *OH species can be oxidized to be the O* speciz by
releasing an electron and a proton. This stepis aiis
endothermic by 0.53 eV in the free-energy profile.".n the
third step, the O* species reacts with another wat = moiecule
to form an OOH* species with a AG of 1.62 "V, which is
higher than those of the first two steps. Final'v,:the *OOH
species can release one electron—prator. pir to form a
spontaneously released O, molecule. .»*Crestingly, this step is
exothermic by 0.29 eV at pH = 7. Note ti.c¢ it is very important
to include solvation effect as performed above to well describe
the thermodynamics of chemical reactions that occur at the
solid/liquid interfaces; for example, as compared with the.zas
phase data, the adsorption energies of OH* and COH:
species are ~0.15 eV stronger when taking accor.t lie
solvation effect. The above results indicate thet <h. ssater
oxidation half reaction is energetically rather u=fvaruble on
the surface of PdSeO; monolayer in the“ub.2nce of light
irradiation, and the rate-limiting step is tho<Con rersion of O*
to OOH* with a limiting potential (U, of —1.63 V.
Therefore, PdSeO; monolayer reaui ¢« a relatively small
external potential of 1.63 V to due .ne whole reaction at
pH = 7, which is much lower then tuat of g-C3N, (2.28 V).%
On the basis of the simpl¢ v lationship between limiting
potential (Uy,) and ovirpotecsal (), n = —0.82 V — Uy,
where —0.82 V (=123 '+ 0.059 X 7 = —0.82 V) is the
equilibrium potentizi f wsater oxidation at pH = 7; we can
evaluate that the wotcr oxidation overpotential of PdSeO;
monolayer is A3V,

Encouragiu.fly, “after shifting the energy of these charge-
involved steps by —eU (U, = 1.69 V) to take account of the
external potential provided by photogenerated holes, all the
four elementary steps become downhill in the free-energy
profile (Figure 4c), indicating that PeSeO; monolayer is
capable of catalyzing water oxidation in the neutral environ-

ment under light irradiation. In sharp contrast, though the
photogenerated holes of g-C;N, can provide a larger external
potential (U, = 1.85 V) than that of PdSeO; monolayer at pH
= 7, the water oxidation half reaction is essentially prevented to
proceed spontaneously on g-C;N, due to the large over-
potential (1.56 V).”” Therefore, PeSeO; monolayer should
have a higher activity than g-C;N, toward water oxidation.
Moreover, beside Se sites, we also considered other sites of
PeSeO, monolayer (Table S3) but found that they are actually
inert for water oxidation.

In contrast to water oxidation, the active sites for hydrogen
reduction half reaction are the O; sites rather than the Se sites
(Table S3). The different active sites for two half reactions
would significantly facilitate the high efficient photocatalysis. In
the absence of light irradiation (U = 0), PdSeO; monolayer
exhibits an energetically unfavorable AG of 0.98 eV for the
formation of H* species, while the formation of H, molecule
from H* species is exothermic by 0.15 eV at pH = 7 (Figure
4d). Remarkably, under the external potential provided by
photogenerated electrons (U, = 1.15 V), the two elementary
steps of hydrogen reduction reaction are both downhill in the
free-energy profile. Therefore, our results vividly show that
PdSeO; inoxwicyer is able to efliciently split pure water under
light irradiction as both water oxidation and hydrogen
redustica lialf reactions can proceed spontaneously. To the
Vest of our knowledge, PdSeO; monolayer is the first ever
reported inorganic 2D material \than can act as a highly
efficient photocatalyst for dire<t ¢crall water splitting without
using any cocatalysts.

Optical Properties ¢ f F 15e0; Monolayer. An efficient
photocatalyst should Iave a strong power to harvest solar light,
especially the ultraviolet and visible light. To give an intuitive
demonstratio, * C1 'its light-harvesting performance, we
computed thic. cptical absorbance of PdSeO; monolayer.
Note thet tie electron—hole interactions play a dominant
role ip. i e ptical properties of 2D materials; however, the
ordii. vy DFT method cannot well treat such exciton effects.
Thus we computed the optical absorbance of PdSeO;
w0 olayer employing the state-of-the-art GW+BSE (Bethe—
{alpeter equation) method,”®” which considers the electron—
electron correlation and electron—hole interactions and thus
could well reproduce experimental results. In accordance with
our GW computations, the exciton binding energy of PdSeO,
monolayer is 0.6 eV.

As shown in Figure S, the optical absorbance of PdSeO,
monolayer is anisotropic due to the structure anisotropy.
Specifically, in the x direction PdSeO; has stronger optical
absorption in the ultraviolet region than the visible region,
while in the y direction the optical absorption in the ultraviolet
and visible regions are both very pronounced. Therefore,
PdSeO; monolayer can efficiently harvest sunlight, which
would facilitate its utilization as water splitting photocatalyst.

Bl CONCLUSIONS

To summarize, by means of comprehensive DFT computa-
tions, we systematically studied the structural, electronic, and
optical properties of a novel 2D material, namely PdSeO,
monolayer. In accordance with our computational results,
PdSeO; monolayer has a considerable band gap of 2.84 €V, its
VBM and CBM absolutely straddle the redox potentials of
water, and the monolayer has strong optical absorbance in
both ultraviolet and visible light region. Especially, the
photogenerated electrons and holes have adequate driving
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Figure S. Optical absorbance of PdSeO; monolayer computed using
the GW+BSE method.

forces to render that both water oxidation and hydrogen
reduction half reactions proceed spontaneously on the different
active sites of the PdSeO; monolayer. Our results vividly
revealed that PdSeO; monolayer can act as a highly efficient
photocatalyst for direct overall water splitting into H, and O,
in a stoichiometric amount of 2:1 without using any sacrificial
reagents or cocatalysts. Our findings will help facilitate the
exploration and applications of PdSeO; monolayer and related
2D materials for photocatalysis. Due to the high experimental
teasibility, we are rather optimistic that PdSeO; monolayer
could be produced and utilized for photocatalytic i ater
splitting in the very near future.
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