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Abstract: The solar motivated photoelectrochemical (PEC), used in water splitting systems, shows
superior talent in converting solar energy in the form of cleaning and in sustaining a chemical energy
evolution. PEC systems present by integrating a photoelectrode, which involves light-harvesting
to absorb solar energy, thereby introducing an interlayer for the transformation of photogenerated
electrons and holes, along with a co-catalyst to trigger oxidation and reduce the chemical reactions. In
this review, we describe a variety of two-dimensional (2D) layered photoanodes and photocathodes,
such as graphitic carbon nitrides, transition metal dichalcogenides, layered double hydroxides, MX-
enes, and co-catalysts for the assembly of combined photoelectrodes belonging to oxygen evolution
and/or hydrogen evolution chemical reactions. The basic principles of PEC water splitting associ-
ated with physicochemical possessions relating to photoelectrodes unified with catalytic chemical
reactions have been investigated. Additionally, the mechanisms attributing to a relationship with 2D
photoelectrodes have been incorporated as a supplementary discussion. The improvement strategies,
which include the construction of heterostructures, surface functionalization, and formations of
heterojunctions, have also been discussed. The issues and challenges relevant to the field have been
acknowledged for facilitating future research, indicating optimized conversion activity corresponding
to PEC water splitting.

Keywords: photoelectrochemical; photoelectrodes; hydrogen evolution reaction; oxygen evolution
reaction; water splitting; heterostructures; surface functionalization

1. Introduction

Renovation for cleaning and renewing solar energy in the form of stored chemical
energy has been considered a practicable and viable approach in order to face the main
issues resulting from exhausting fossil fuels and using environmentally polluting materials.
In 1972, researchers presented cleaning H, energy, which might be generated through
water splitting by employing a photoelectrochemical (PEC) cell associated with TiO,
photoanode [1]. Heterogeneously joining photocatalysis and electrochemistry is considered
a synergistic strategy for efficiently achieving the conversion of solar energy [2,3]. In an
ideal PEC system, the semiconducting photoelectrode becomes a basic counterpart, thereby
capturing solar light as well as promoting oxidation and reduction reactions, such as water
splitting [4-6], efficient CO; reduction [7,8], and N, specification [9,10].

During light irradiation, a typical semiconducting photoelectrode may be activated
through photons possessing the equivalent or higher energy than the bandgap energy. As a
result, photogenerated holes reside in the valence band, whereas photogenerated electrons
are generated and isolated during picoseconds, afterward jumping toward the conduction
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band (CB). The photo-induced charge carriers are afterward speedily accelerated toward
the interfacial contact established between the photoelectrode and an electrolyte, supported
by an intrinsic energy band configuration associated with an external electric field [11].
The photogenerated negative charges are triggered with reduction reactions, such as that
of the hydrogen evolution reaction (HER), with a CO; reduction, as well as N, fixation.
The relevant positive charges alternatively contribute to oxidation reactions similar to that
of the oxygen evolution reaction (OER) and organic pollutants deprivation. Specifically,
in large-scale basis applications for solar-dependent water splitting, there may be a PEC
system required for possessing a higher energy conversion performance, greater HER and
OER reaction speeds, prolonged stability, operating safety, and lower cost. To date, despite
the great efforts that have been undertaken for approaching future targets, the achievements
in catalytic efficiency have been considered inadequate for practical applications [12-16].

Thus, developing optimum energy efficient materials, thereby achieving a deep un-
derstanding of the basic principles corresponding to photochemical conversion and elec-
trocatalytic mechanisms for a PEC system, has been suggested as being indispensable
for efficiently fabricating high photoelectrodes for a solar dependent water splitting sys-
tem [17]. Moreover, to increase the efficiency in relation to PEC water splitting, recent
advances into two dimensional (2D) energy candidates, such as graphitic carbon nitrides
(GCNs) [18], transition metal dichalcogenides (TMDCs) [19], layered double hydroxides
(LDHs) [20], layered bismuth oxyhalides [21], and MXenes [22], have progressed over the
recent years. When comparing conservative semiconducting photoelectrodes inherited
with the usual limitation, showing a lower availability relating to active sites, the 2D
layered-photoelectrode characteristic is actively explored for exposed edges associated
with atomic imperfections, thereby proving to be favorable for PEC water splitting. Experi-
mentally and theoretically, the outcomes have revealed that corresponding to an ultrathin
2D structure unified with a reduction in thickness could grant a higher exposing surface
area with abundantly active sites for atoms. Meanwhile, atoms inside the surface might
come closer toward the surface of ultrathin atomic layers, which facilitates the contacting
area that exists among the catalysts and reactants [23-27].

On the other hand, the other exposed active sites could be exploited toward surface-
functionalized catalytic responses. To add amusing surface faults, the unsaturated atoms
and vigorous edges could be generated to form an ultrathin layered geometry. Conse-
quently, to design a typical 2D layered photoelectrode by obtaining efficient light-capturing
and charge separation, along with quick reaction kinetics for increasing the PEC water
splitting efficiency, an agenda has been created for prominent research and developing
efforts. No doubt, it has become familiar for achieving superior graded photoelectrodes,
and the efficient electrocatalyst/co-catalyst has proven to be an indispensable counter-
part of a PEC system. Generally, a suitable electrocatalyst might be offered for a PEC
system in the form of a co-catalyst for accelerating photoelectrocatalytic reactions and
improving the photo-induced charge isolation and carriage performance carried out at
junctions/interfaces that exist among a co-catalyst with a light gathering semiconduc-
tor [28-30]. In previous periods, the proton reducing co-catalysts, such as noble metals [31],
metallic sulfides [32], metallic phosphides [33], and oxidizing co-catalysts, such as IrOx [34],
CoOx [35], Co3(POy); [36], CoCuOx [37], and WO3 [38], have been extensively established
to be water-reducing and water-oxidizing reactions. Furthermore, individual merits belong
to strengthening the interfacial contact among supportive 2D photoelectrodes and electro-
catalysts, involving integrating photoelectrode and electrocatalyst systems, which could be
introduced successfully [39].

In this mini-review, we aim to provide an overview of the PEC energy conversion
of 2D materials, such as GCNs, TMDCs, LDH, MXenes, as well as their co-catalysts,
etc. The PEC mechanisms have been discussed along with their catalytic performances.
Furthermore, the improvement strategies, including heterostructure construction, and
surface functionalization have also been included. Finally, the present issues and challenges
have been acknowledged for facilitating future research in PEC water splitting.
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2. 2D Materials for PEC

Because of its distinctive atom-thick 2D structures and unique physicochemical char-
acteristics, graphene has been applied in many fields, including science investigations and
technological applications after its discovery [40—42]. Encouraged by its excellent perfor-
mance, more and more attention has been paid to synthesizing various kinds of graphene
derivatives and corresponding inorganic analogs via various programs. Typically, a large
number of ultrathin nanosheets, such as graphene, g-C3Ny [43], black phosphorene [44],
TMDCs, oxides, etc., have been successfully synthesized by atomic layer deposition and
liquid exfoliation methods as described in Table 1. The atom-thick layered ultimate 2D
anisotropy structure composed of atomic layers is an ideal material for basic scientific re-
search and a basic building block for designed assembly into equipment. Especially because
of difficulty and limited adjustability in enlarging the bandgap of graphene used in semi-
conducting devices and applications, more and more studies have been focused on these
intrinsically semiconducting non-graphene 2D materials. For applications, several primary
factors are responsible for the intensified PEC performance of photoelectrodes-ultrathin 2D
layer materials compared to the corresponding bulk structures [45,46].

Table 1. Recent report on the 2D materials for PEC.

Sample Synthesis Method Achieved Product Performance Morphology Ref.
(111) Au
24nm
Li-exfoliation (for MoS, H, and O "
Au-MoS, nanosheets) cysteine-linking 2 asn littizn (v)va er N/A [47]
strategy (for Au-MoS;) P &
MoS, nanosheet/ZnO
S e N/A HER 27.69 pmol [48]
Dip-coating process (for 6.5 umol cm~2 of H» and
a-Fe,03/ a-Fey05/BiVOy), =) Hmotcm. 07tz &
BiVO4/MoS; liquid-phase exfoliation (for H; and O, 22.3 pmol em = of O, [49]
after 2 h.
MOSz)
Ag-decorated vertically
aligned 2D Mo$S; on MOCVD and Thermal Water splitting N/A [50]
evaporation
graphene
Chemical bath deposition (for Photocurrent density of
TiO, /CdS/MoS, TiO, /CdS), and chemical Water splitting 3.25mA/cmp at 0.9V vs. [51]

exfoliation (for MoS,) RHE (0V vs. Ag/AgCl)
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Table 1. Cont.

Sample Synthesis Method Achieved Product Performance Morphology Ref.
e &\
HF etching (for MXene) and ZnO/TizC; photocurrent
. etching (for MXene) an . 4
ZnO/TizC, and . e generation (2.0 x 10
TisCy/ZnO RF magnrreitsrgﬁ/sgsg)ermg (for Water splitting AJem?), TisCa/ZnO (175 [52]
x 107* A/cm?)
HF etching (for MXene),
o . hydrothermal (for Fe-TiO,), o 123mA cm2at1.23V
Fe-THO, /TisCo T and electrophoresis (for Water splitting vs. RHE 1531
Fe-TiO, /Ti3CyTx)
a-Fe,O3/MXene Hydrothermal and annealing Water splitting N/A [54]
g-C3N4/NaNbO3 Hydrogﬁgﬁ?ﬂﬂif?emlcal Photoanode Ph?;?;;l I;;iltcifis ity [55]
NaNbO,-NF
N-deficient porous : Phot t densit
C3Ny nanosheets and Hydroth:)l(‘;gﬁla?ir;i;hemlcal HER and OER cigzcgrrin e_r;31 y [56]
NiFe-LDH/NG -2 HA M
Hydrothermal and Degradation of RhB
8-CsNa/Au-Sn0O; calcination and water splitting N/A 1571
Photocurrent density of
CoMn-LDH@g-C3Ny Co-precipitation OER and HER 10 mAcm 2 at 1.56 V and [58]
100 mAcm 2 at1.82V
L Iid h Photocurrent density 20
g-C3N4@NiO in-situ solid-state heat OER and HER mAcm~2 (for OER) and [59]

treatment

10 mAcm~2 (for HER)
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Table 1. Cont.

Sample Synthesis Method Achieved Product Performance Morphology Ref.

Combustion technique (for Photocurrent density
C3N4—CoSe, C3Ny), hydrothermal (for H, —4.89 mAcm 2 at “0” V [60]
C3N4—C08e2) vs. RHE
Fe;03/ %%/134/ NiFe- Electrodeposition method Water splitting N/A [61]

2.1. PEC Features

(I)  Multiple scattering and reflection within the cavities between adjacent 2D nanomateri-
als can improve light absorption, which occurs at the interface of a solution/electrolyte
junction.

(I) The edges of a CB and valance band (VB) would transform into H, reduction and
O, oxidation electric potentials, respectively, with a decreasing nanosheet thickness,
resulting in boosted thermodynamic impetus and charge transfer at the interfacial
PEC water splitting.

(II) The charge transfers at the solution/electrolyte junction interface can be promoted by
the nearly all-surface-atom structure of 2D materials.

(IV) In 2D materials, the decoupling of light absorption and charge isolation could allow
the synchronous enhancement of charge transfers and adequate light absorption.
Simultaneously, the interior electric field produced across the nanosheets can improve
the charge isolation of the photogenerated electron-hole pairs.

2.2. MXenes

Familiar 2D materials also involve metal-free GCNs and TMDCs materials showing a
great potential to fabricate superior-quality photoelectrodes, whereas there has been keen
interest for the newly introduced layered MXene architectures to be strongly involved in
assembling PEC systems for water splitting. Specifically, MXenes are considered a new and
talented family member containing nearly 60 varieties of 2D metal carbides, nitrides, or
carbonitrides, which are exploited to construct a variety of electrodes for supercapacitors,
photoelectrocatalysis, and photovoltaics [62—-64].

To date, MXenes have been demonstrated to possess various exceptional compen-
sations for improving PEC efficiency. For example, various unsaturated metal locations
(e.g., Ti, V, or Nb) have been explored to form 2D layer architectures, thereby resulting in
higher redox reactivity than single-elemental carbon species. Additionally, hydrophilic
functional groups, such as -OH and -O, reside in the form of dangling bonds over the
MXene’s surface, becoming advantageous for bonding with the diverting semiconductors
and stabilizing 2D MXenes in an aqueous media for a prolonged term. In contrast, MXenes
exhibit outstanding metallic conductivity analogous to graphene, thereby facilitating the
confirmation toward efficient charge transfers. Occupying excellent properties, the 2D
MXenes present as a promising candidate for constructing photoelectrodes [12-16,65-67].
Similar to graphene, monolayer MXenes occupy a hexagonal lattice associated with the
rhombohedral unit cell. Whereas the side view depicts as tri-layer sheets unified with
monolayer MXenes, containing two TM layers sandwiched with one X layer, caused by the
function in the form of active catalytic sites toward the HER; however, MXenes resources
as HER electrodes need a greater overpotential water splitting [68]. Hence, incorporating
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Current density (mA cm=2)

Overpotential (V)

MXene's photoelectrodes as newly activated constituents have become a feasible strategy
to overcome the above shortcomings.

Currently, nanocarbons are encapsulated in MXenes-based systems, which can pro-
mote robust interfacial coupling with an improvement in separation and injection perfor-
mance in favor of photogenerated charge carriers [69-74]. For instance, Qiu et al. have
reported a carbon encapsulation approach for stabilizing 2D TizC,-MXenes and constructed
a ranked MoS; /TizC,-MXenes with the association of a C heterojunction, thereby exhibit-
ing exceptional HER efficiency with high structural stability [75]. MoS; /TizCo-MXene@C
showed a low overpotential of 135 mV with 10 mA cm 2 in a 0.5 M H,SOy solution,
Figure 1a,b. The onset potential at —20 mV toward the HER was close to commercial
Pt/C, and the Tafel slope was reduced to 45 mV dec?! compared with bare TizC;-MXene,
Figure 1c. Figure 1d shows the MoS, /TizC;-MXene@C exhibited a steady current density
associated with a constant potential (130 mV) during a prolonged time of 20 h [76].
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Figure 1. (a) Polarized profile. (b) Onset potential and overpotential. (c) Tafel graphs. (d) Time-
based current density graphs associated with overpotential as 130 mV of MoS; /TizCy-MXene@C.
Reproduced with permission from Ref. [76]. John Wiley & Sons, 2017.

Further, Zhang et al. have prepared cobalt-topped carbon nanotube (CNT)/TizC,
nanosheets using ZIF-67 as a precursor [77]. ZIF-67 was converted into Co-CNTs by a
pyrolysis procedure in the presence of layered TizC, conductive supports. Co-CNT/TizC,
nanosheets displayed an efficient electrocatalytic performance allied with enhancing sta-
bility related to commercial Pt/C in HER, which is attributed to the richer Co-N/C active
sites, graphitization, and high surface area. The observed results indicate that 2D MX-
ene/nanocarbons are undoubtedly considered as candidates for photocathodes in PEC
systems toward efficient renewable energy resources.

2.3. Transition Metal Dichalcogenides

Layered TMDCs offer much more active centers and thickness-relied electronic struc-
tures, which favors the conversion of solar energy to produce hydrogen energy. Normally,
TMDC structures, denoted as MX, (M: transition metals, X: S, Se, and Te), have more than
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40 varieties of stabilized 2D materials with similar structures [78], which are usually made
of X-M-X layers connected via van der Waals forces. Nevertheless, the atomic compositions
have a great influence on the electronic properties of TMDC materials. For example, MoS,
and MoSe, show semiconducting behaviors, WTe, and VS, belong to the semimetals, and
TaS; and NbS, are metals. Meanwhile, the optoelectronic properties of TMDCs materials
are also strongly affected by their atomic layer numbers. For example, the monolayer
MoS; has a direct bandgap of 1.9 eV, and the corresponding bulk structure has an indirect
bandgap of 1.3 eV [79]. Moreover, the semiconducting 2H-MoS; transforms to metallic
1T-MoS; with a decreasing atomic layer number that has been verified, which is availed
for accelerating the motivation of photogenerated charge carriers. Chen et al. reported
that nanostructured MoS, possessed a higher photocurrent density than bulk MoS, for
PEC-HER [80]. The surface defects of nanostructured MoS; also play an important role in
determining the whole activity of the water splitting reaction with photoelectrodes. By the
method of in situ corrosion with bulk MoS,, the formation of surface defects resulted in
decreasing photocatalytic activity, but these produced edge sites that could enhance the
performance of electrocatalytic HER. The coordination number of S atoms has an obvious
influence on catalytic activity; mono-coordinated S atoms exhibited higher activity than
double-coordinated S atoms. Note that three-coordinated S atom support showed no
photocatalytic activity. With the presence of photogenerated electrons, the H* species was
easily reduced to Hj over the active S atoms, which can vigorously bond to H* in a lactic
acid solution [81]. Nanosized MoS, with more exposed edges could provide excellent HER
activity in a photochemical /PEC reaction system. Therefore, 2D nanostructured TMDCs
catalysts have been generally used in recent decades as active components to assemble the
integrated photoelectrodes applied in PEC water splitting reactions [82-86].

However, the speed of photoproduced charge carrier transportation is very fast,
and the produced electrons and holes would be recombined in a very short time, thus
the PEC performance of 2D TMDCs photoelectrodes for water splitting would decrease
sharply [87,88]. To improve the PEC activity of 2D TMDC-based photoelectrodes, some
carbon nano-materials have been imported to enhance the isolation and transfer of pho-
toproduced charge carriers [89]. As shown in Figure 2a, p-n MoS, /N-doped cGO hetero-
junction has been fabricated through an aerosol process in a furnace with a temperature
of 900 °C [90]. The N-doped cGO/MoS, hybrid gave a lower overpotential of ~100 mV
vs. RHE, a higher photocurrent density, and a smaller Tafel slope than a commercial MoS,
(Figure 2b,c), which was mainly due to the generation of a localized p-n heterojunction in a
N-doped cGO/MoS, hybrid that could largely promote the separation of photoproduced
charge carriers. Then, a RGO/CdS/MoS; hybrid was synthesized to investigate the effects
of charge transfer behavior and the crystal structure of MoS; in a 2D photocathode on a
solar-driven HER [91]. Because of intimate contact between the S atoms in CdS/MoS,,
the intense electronic interaction between MoS, and RGO could be enabled, which is
available for the isolation of a photogenerated charge, transfer with a higher charge den-
sity, and a lower resistance in the location of a solid—solid interface, thus impelling the
PEC-HER activity.

Moreover, carbon dots (CDs) with a size less than 10 nm have been used in modi-
fying TMDC-catalyzed photoelectrodes due to their uniquely remarkable 7-conjugated
system, which can enhance the speed of electron transfer between TMDCs and CDs [91-93].
For instance, CDs modified MoS; nanosheets have been synthesized via a hydrothermal
method [94]. Under visible light irradiation, the CD-modified MoS; has an excellent perfor-
mance (Tafel slope of 45 mV dec ™! and an overpotential of ~125 mV at 10 mA cm™~2) with
an enhancing HER capacity, which was ascribed to the decreasing number of S** and an
increasing amount with S%f and S%~ sites that would accelerate the speed of charge carriers
shifting between the CDs and MoS,. Furthermore, the CDs/MoS; exhibited excellent
stability in a solution of 0.5 M HySO4. Simultaneously, the time of duration with irradiation
of visible light also affected the HER activity, which was ascribed to the expansion of
number reduction with MoS, edges and surface defects.
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Figure 2. (a) Fabricated scheme for N-cGO/MoS;. (b) Polarized images during dark and light
illumination. (c) Tafel curves. Reproduced with permission from Ref. [90]. American Chemical
Society, 2015.

2.4. Graphitic Carbon Nitride

The layered GCNs have received great attention, being 2D photocatalytic materials
because of possessing facile synthesis, a lower cost, and elongated stability. Specifically,
the remarkable bandgap of ~2.7 eV associated with suitable band locations favors GCNs
as an attractive candidate toward water splitting [95-97]. Moreover, sunlight aimed to-
ward energy transformation performance for graphitic carbon nitride photocatalysts has
been considered unsatisfactory because of a limiting light gain capability, an excessively
recombined photogenerated charge carrier, slow charge carrier transportation performance,
and slowly interfacial reaction dynamics toward PEC water splitting. To overcome the
aforementioned unsuitability, nanocarbons have been introduced in the form of co-catalysts
and have been greatly explored in the last era. Being zero-dimensional carbon, CDs were
decorated onto the surface of GCN by rendering m—m stacked interactions, thereby re-
sulting in a narrowing bandgap with the enhancement of a light response [98,99], and
the heterojunction of CDs/GCN by van der Waals exhibits a high conductivity, thus the
separating performance of photogenerated electron-hole pairs at the interfacial contact of
heterojunction is largely enhanced [100].

For example, Kang et al. have reported the coupling of CDs with porous GCN
collectively with negative surface charges to boost up quantum capabilities moving toward
an optimum efficiency of 16% as 420 nm, with the combination of a whole solar energy
changing ability of 2.0% with AM 1.5G illuminated solar conversion energy [101]. Next, Guo
et al. have prepared a protonated g-C3N4/CDs (p-CN/CDs) hybrid photoanode through
utilizing an electrostatic attraction route. The photoanode has exhibited an enhancing
anodic photocurrent density of 38 pA cm 2 with 1.0 V vs. an RHE with incident photon-to-
current efficiency (IPCE) of 7.0% with 420 nm illuminated with AM 1.5G, that is turned
into two and three times greater than that of pure p-CN [102]. The observed CB potential
showing a —0.59 eV value for p-CN/CDs demonstrates the remarkable thermodynamical
advantage of PEC-HER. On comparing with CDs that may supply merely point-to-point
interfacial contact into the heterojunction, the coupling of GCN nanosheets connecting
with alternative carbon materials (e.g., 2D graphene) may result in an increment in the
contacting area in favor of quick charge transfers and then an enhanced PEC performance.
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To date, a layered CN-RGO photoelectrode containing a large porous structure has
been prepared [103], which has supplied lengthy electron diffusion touching a 36 um,
greater surface area, and with a higher light-response limit. Due to the aforementioned
merits, IPCE for optimizing a CN-RGO photoanode has been impressively considered
at 5.3% with 400 nm and a redshift beginning wavelength at 510 nm. Moreover, the
photocurrent density belonging to the CN-RGO was valued at 75 A cm~2 with 1.23 V vs.
RHE in the absence of a hole-scavenging-layer, thereby being 20 times higher than that of
pristine CN. At the same time, the quantum efficiency externally approached as 5.5% with
400 nm. Being an efficient charge transfer bridge, an active role of the RGO inherited with
an outstanding conductivity may facilitate photo-induced electron transfers, extracted by
GCN toward the substrate, which enhances the PEC-HER performance.

Further, Leung et al. have presented a RGO-derived g-C3N4/Ni foamy nature pho-
toanode containing a heterostructure of g-C3N4 and RGO, which showed an improving
PEC-HER efficiency [103]. The optimizing photoanode as a g-C3N4/RGO-Ni with a foamy
nature has been explored with a constant transitory photocurrent density of 0.5 mA-cm 2
with 0.4 V vs. an SCE associated with a high Hj creation rate of 6.0 mmol h~! ecm~2, which
was 2.5 times greater than those of pure g-C3Ny, respectively. Illuminated with a visible
light, photo-induced electrons have been created over g-C3Ny, and therefore may migrate
quickly toward an RGO with Ni foamy nature toward H; evolution depending upon a
strong involvement with g-C3N,4 and RGO. Further, predictable GCN /RGO systems and a
GCN/RGO hybrid heterostructure have also been designed toward efficiently high PEC
water splitting. Currently, a g-C3Ny/N-doped graphene/2D MoS, (CNNS/NG/MoS;,)
photoanode has been prepared by employing a superficial sol-gel route [104]. Initially,
the CNNS/NG composite was fabricated following one step of urea pyrolysis with GO,
therefore, N-contained chemical substances have been unconfined through urea polycon-
densation, which in turn results from fractional reducing along with N-doped GO.

MoS; nanosheets have been offered in the form of a CNNS/NG hybrid through
employing a hydrothermal approach for the formation of a CNNS/NG/MoS, hybrid. The
ideal 2D /2D construction contains NG, which has been carried out in the form of a charge
transfer channel to accelerate electron transformation existing among g-C3N,; and MoS,,
whereas g-C3Ny has been utilized efficiently to harvest sunlight because of its belonging
to a reasonable bandgap. During the same period, the layered MoS; had an increased
light absorbance capability, thereby promoting electron-hole pair parting and transferring
corresponding with a NG/MoS, interfacial contact, and the provision of exposing active
locations owing to the PEC-HER. Hence, the aforementioned PEC system has been offered
with a wide harvesting range of light and a shortening charge diffusion length, along with
an enlarging affiliated area toward highly effective PEC water splitting.

A CNNS/NG/MoS; heterojunction has also presented a substantial improvement
in photocurrent density showing 37.6 A cm~2 with incorporating NG possessing 1.46-
and 3.43-times greater result as compared to CNNS/MoS, (25.7 nA cm~2) and CNNS
(11 pA cm~2) with 0.9 V, respectively. Moreover, an ideal 2D single atomically thick
carbon-allotrope as a graphdiyne (GDY) has been introduced as a promising candidate for
photo/electrocatalysis, for attractive solar cells with charming batteries, utilizing special
sp and sp? hybridized carbon atoms, and possessing moderate bandgaps 0f0.44-1.47 eV,
and highly charged carrier dynamics of 10*-10° cm? V—1 s~ 1 [105]. The GDY performed
efficiently as a modifier for enhancing the PEC water splitting efficiency that was already
offered in the system of GDY/BiVOy [106] and CdSe-quantum dots/GDY [107].

Luetal. [108] fabricated a g-C3N4/GDY heterojunction as an exceptional photocathode
for PEC-HER, Figure 3a. The stability of the g-C3N4/GDY heterojunction unified with an
ultrathin layered construction (Figure 3b), and a highly charged carrier movement with a
high surface has been suggested as being valuable for efficient transformation belonging
to photo-induced charge carriers, thereby suppressing the reformation of photogenerated
electrons and holes, and significantly revealing various active sites. This may present a
greater interfacial contact lying among g-C3Ny4 and GDY, thereby providing short length
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channels available for transfer of the photo-induced electron-hole pairs. The layered g-
C3Ny associated with the interfacial contact of GDY has been additionally proved through
following EDX elemental mapping, Figure 3d-g. Meanwhile, remarkable band alignments
owing to g-C3Ny4 and GDY (Figure 3h), show that photo-induced positive charges emerging
from the g-C3N4 may speedily move toward GDY. Consequently, photogenerated charge
carriers are effectively isolated caused by an externally applied electric field. In the same
dynamics, the g-C3N4/GDY hybrid was revealed in the form of a seven-graded increment
for electron tenure as 610 us, whereas a three-graded increment was revealed with a
photocurrent density of —98 pA cm~2 with 0 V vs. NHE, as compared to pure g-C3Ny of
88 us and —32 wA cm~2 into a 0.1 Molar Na,SOy solution, Figure 3i, that in turn revealed a
g-C3Ny/GDY photoanode displaying an attractive efficiency in favor of PEC-HER.
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Figure 3. (a) Synthesis for g-C3N4/GDY. (b) SEM images and (c) TEM with (d-g) elemental imaging.
(h) Band positions for g-CsNy and GDY. (i) Linearly sweeping voltammetry of g-C3N4/GDY irradiated
with a light on with off. Reproduced with permission from Ref. [108]. John Wiley & Sons, 2018.
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2.5. Layered Double Hydroxides

Further 2D LDHs [109-111] and metal oxides [112-114] are utilized for competent 2D
photoanodes for PEC-OER. Specifically, being unique 2D materials, the layered-stacked
structures of LDHs possess six oxygen sites existing at the corners, whereas one transition-
metal atom exists at the mid of an octahedron of MOy that additionally produces 2D layered
structures by involving edge atoms. Generally, LDH products are represented by the chem-
ical formula of M; _, "M, (OH), ., (A" "), /n-mH>O with brucite-nature M(OH), layers.
Note that M'! cations can be substituted by M cations, thereby forming positive-charge
layers. Thus, anions are subsequently needed to maintain charge balance. Monovalent
cations (Li*), divalent cations (such as Fe?* and Ni?*) [115-117], and trivalent cations, (e.g.,
Co®*, Ti**) [118-120] have been created by forming positive charge layers with a fractional
cation replacement. Accordingly, some other anions (NO3~, Br~ and SO,4?~) have often
been utilized for replacing the exact intercalation of a CO32~ anion. Further, tailored 2D
nanosheets could produce active sites with full exposure, thereby elevating catalytic activity
toward several reactions [121-123]. For example, LDHs have been strongly attracted in
OER irradiated by light [124-126].

LDHs materials possess frequent advantages, such as having a high surface area, plen-
tiful active sites, well-defined layered structures, flexible chemical composition through
a variation of the cations ratio, stability in structure, and hierarchy of porosity, proving
valuable during the water molecules diffusion process and product formation [127,128].
Furthermore, robust electrostatic exchanges between anion and cation layers offer LDHs
materials with an orderly organization for the interlayer classes and tailoring toward ori-
ented active sites, thereby accelerating the dynamics for photogenerated electrons and holes
and resulting in enhancement of the OER performance [129]. Further, some researchers
have noted that coupling belonging to the LDH nanosheets associated with nanocarbons
significantly reduced the commencement potential related to a commercial Ir/C catalyst,
which in turn increased catalytic activity through the provision of a powerful electrical
route with a higher surface area [130-132].

Hou et al. have progressed a N-deficient porous nature C3N, /N-doped graphene/NiFe-
LDHs (DPCN /NG /NiFe-LDHs) aerogel photoanode, employing a superficial hydrother-
mal approach toward highly efficient PEC-OER, Figure 4a—e [56]. In a hybrid system, 3D
NG has functioned in the form of an electron mediator toward shuttling photogenerated
electrons and holes lying among N-deficient C3N, and NiFe-LDHs, thereby leading toward
enhanced separation along with transferring effectiveness for photogenerated carriers.
Moreover, a DPCN/NG/NiFe-LDHs photoanode exhibited optimal configuration in fa-
vor of PEC-OER through having a uniting beneficial relevance with every component
inheriting the properties for 3D aerogels. Further, the photocurrent-density owing to
the DPCN /NG /NiFe-LDHs moved to 72.9 pA cm~2 with 1.22 V against a RHE of OER
irradiated with AM 1.5G, Figure 4f, and an IPCE of 2.5% at 350 nm.

On the other hand, to accelerate quickly for interfacial mass and electron transport
toward photoelectrodes while carrying out the PEC-OER process, it is considered necessary
that enormous carbon-based systems be developed. For example, Wu et al. fabricated a
2D GDY photoelectrode, with an active electron mediator via an air plasma strategy [133].
Afterward, the super hydrophilic GDY was electrostatically connected with CoAl-LDH
nanosheets. The CoAl-LDH/GDY photoelectrode showed an enhancement in PEC-OER
performance with an overpotential of 258 mV with 10 mA cm~2 and a TOF of 0.60 s~! with
300 mV. Meanwhile, the IPCE associated with a photocurrent density owing to a CoAl-
LDH/GDY/BiVO, hybrid exhibited an optimum value, which was ~50% with 420 nm
and ~3.15 mA cm 2 with 1.23 V against RHE, respectively. The half-cell photoconversion
performance of CoAl-LDH/GDY unified with BiVO, has been evaluated, significantly
exhibiting an increment of 0.63% compared with alternative GDY-free and LDH-derived
with BiVOy photoanodes, which was due to the drastic development of interfacial electron
and mass transportation arising from the utility of a super hydrophilic GDY. The strong
interaction between the GDY and CoAl-LDH resulted in an advantageous ability to absorb
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water molecules lying in a neighbor of catalysts, which in turn boosted up the PEC-OER
performance.
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Figure 4. (a) PEC on fabricated 2D photoanode. (b) Synthetic procedure of DPCN/NG/NiFe-LDH. (c)
Images for aerogel samples. (d) EDX spectra and (e) HRTEM photograph. (f) Prominent photocurrent
density against external potential in chopped irradiated with AM 1.5G. Reproduced with permission
from Ref. [56]. American Chemical Society, 2016.

Depending upon the optimal PEC configurations, efficient nanocarbons/LDHs sys-
tems also have displayed as energetic components that have been used supplementarily
for integrating with alternative semiconductors (TiO,, BiVOy4, and CuyO) to construct
high-performing three-component photoanodes [134-141]. For instance, Ning et al. pre-
sented a more suitable approach for constructing a hybridized PEC system to introduce
RGO and NiFe-LDHs over TiO, nanorod arrays (NAs). Moreover, this approach not only
developed a separation with the transportation belonging to photogenerated electrons and
holes but also enhanced the PEC-OER performance, Figure 5e,f [142]. Initially, TiO;-NAs
were steeply grown over a FTO substrate by employing a tailored hydrothermal strategy,
and layered RGO was deposited on TiO,-NAs. Further, layered NiFe-LDH is consistently
electrodeposited over TiO, /RGO NAs for fabricating TiO, /RGO/NiFe-LDH photoanodes.
Moreover, the collective experimental and computational studies have revealed that with
the addition of RGO, they become strongly capable of collecting the photogenerated elec-
trons extracted from TiO, because of a large work function associated with high electron
mobility, Figure 5d. This electron mobility is improved, and in turn ensures the NiFe-
LDH functions effectively for OER electrocatalysts. The hybrid photoanode has offered
a significant improvement in the photocurrent density of 1.74 mA cm~2 with 0.6 V and
photoconversion activity of 0.58% with 0.13 V, which is considered superior as compared
with TiO,-based photoanodes due to a synergistic effect Figure 5a. Further, it has been
evaluated in support of a charge carrier separation performance of 98% with 0.6 V over
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TiO, /RGO/NiFe-LDH NAs, which have been significantly improved at 66% with 0.6 V
over pure TiO, NAs. Meanwhile, the charge addition performance has been improved
in favor of TiO, /RGO/NiFe-LDH, obtaining 95% along with 76% for simple TiO,-NAs,
respectively, which infers a high efficiency toward PEC-OER activity. Additionally, a
ternary hybrid photoanode has been exploited on an average basis for O, evolution yield-
ing 15.5 mmol h~! cm~2 attached with a Faradaic capability of 97%, Figure 5¢, which has
been determined to be 1.88 times greater as compared with the TiO,-NAs. These results
have proved to introduce RGO and NiFe-LDH, revealing an apparent enhancement of
the PEC-OER efficiency with a remarkable stability when irradiated with sunlight. The
photo-induced electrons moved toward a RGO extraction of CB for TiO, with holes toward
the NiFe-LDH extraction of valence band owing to the TiO;.
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Depending upon a synergistic strategy, Xiang et al. integrated rGO-LDH-BiVO, from
assembling a 2D BiVO, photoanode with CoAl-LDHs and graphene [143]. A good en-
hancement of the PEC-OER efficiency was achieved by employing the hybrid photoanode.
The photocurrent density and IPCE of the rGO-LDH-BiVO, photoanode were evaluated
to be 2.13 mA cm 2 with 1.23 V vs. the RHE and 52% with 400 nm, which were 4.0 and
2.5 times greater than those of the BiVO, photoanode, respectively. Consequently, these
results revealed an enhancement related to the charging carrier separation performance,
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whereas water oxidation kinetics may have shown the main focus in favor of RGO with
CoAIl-LDH. Comparable to the above-mentioned TiO, /RGO/NiFe-LDH photoanode, the
resulting charge transfer channels expressively abridged the carrier dynamics length with
an effective suppression toward carrier recombination. The PEC-OER performance for
the photoanode could be significantly progressed through the architecture of a triadic
heterostructure. On the contrary, CDs have been utilized for substituting graphene in
construction with a carbon-derived NiFe-LDHs@BiVO, photoanode [144]. The CDs reduce
the charge transfer resistance and lower the overpotential in OER catalysis. To conclude,
a ternary hybrid 2D photoanode has been explored with a significant enhancement in
photocurrent associated with the IPCE value as that of NiFe-LDH/BiVOy. IPCE measure-
ments at 380 nm for BiVO,, NiFe-LDH/BiVO,, CDs/BiVO,, and CDs/NiFe-LDH/BiVO,
have been shown as being 19.17%, 22.97%, 24.59%, and 40.94%, respectively. During the
same tenure, the CDs/NiFe-LDH/BiVO, hybrid photoanode showed high transforma-
tion activity of 0.58% with 0.82 V, thereby offering an extraordinary performance of the
NiFe-LDH/BiVOjy catalyst of 0.34% with 0.91 V, the CDs/BiVO, of 0.17% with 0.99 V, and
the BiVOy of 0.09% with 0.96 V. Furthermore, despite a charge separation performance
of 66.7% with 1.23 V owing to the CDs/NiFe-LDH/BiVO, possessing unattractive up-
grading as compared with the alternative photoanodes, the charge injection performance
was remarkably developed, increasing from 69.2% to 92.8% with 1.23 V. The result has
significantly proposed that the reason for improvement in catalytic efficiency was because
of a reduction in the OER overpotential as well as enhancing charge transportation kinetics.
Meanwhile, the photo-induced holes may have gathered over the LDHs surface, and in
turn resulted in overpotential attributed to the OER over solid-liquid interfacial contact
that apparently rests on the energy barrier and reaction rate. Additionally, the decrement
in OER overpotential may have recovered the PEC-OER efficiency.

3. Strategies to Improve PEC
3.1. Construction of Multicomponent Heterojunctions

For the improvement regarding PEC efficiency for photoelectrodes and to construct a
multicomponent 2D-layered bulky heterojunction (BHJ) nature, photoelectrodes have also
been reasonably examined [145-147]. A hexanoic acid and functionalized perylene-diimide
(DHA-PDI) derived composite has been offered for the formation of a hybridized ultrathin-
film type photoelectrode associated with a MoS, atomically layered-nature, thereby leading
to the form of a valuable type-II band configuration [146]. A TEM indicated the MoS, /DHA-
PDI hybridized bilayer thin film, Figure 6a. The creation corresponding to an interfacial
dipole over a MoS,-organic interfacial contact has been significantly exhibited. It has also
been proposed that type-II band alignment existing among the MoS2 inorganic layered
nature and organic DHA-PDI led toward an efficient charge isolation and an improvement
in light absorption, Figure 6b.

The hybridized MoS, /DHA-PDI photoelectrode has introduced a six-fold formation
into the photocurrent. With the substitution of MoS, for the MoSe,, thereby introducing
a MoSe; /DHA-PDI photoelectrode, a slight increment in photocurrent was observed.
This may be attributed to a great existing VB corner of the MoSe;, thereby creating a
barrier to transfer holes toward the MoSe, / DHA-PDI interfacial contact (Figure 6b). These
observations revealed great performance owing to the band alignment for the efficiency
attributed to TMDC-derived heterojunctions, particularly for PEC applications. In the same
way, Mattevi et al. prepared TMDCs/TMDCs type-II BHJ transparent photoelectrodes
comprising of a WS; and MoS, atomically layered nature, Figure 6d,e, thereby achieving
a 10 times increment in IPCE as compared to that of the sole ingredients [147]. The
photocurrent produced through the WS, /MoS; BHJ has been revealed as being one order
of degree greater than of MoS, electrodes and two times greater than of WS, electrodes,
Figure 6f. The previous increment has been ascribed to the spatially charged isolation that
occurred at the moment of the WS, and MoS; layers’ interfacial contact to form a type-II
junction. Moreover, the exciton was dissociated, and therefore holes were migrated toward
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the VB owing to the WS, layers during the transformation of electrons toward the CB
belonging to the MoS; layers (Figure 6e). Owing to monolayer TMDCs, the significant
occurrence was revealed during a short interval of time as 30-50 fs, that is considered
as the shortest as compared to that of the intralayer reduction procedure as ca. 10 ps,
belonging to a possibly trapped process through intrinsic defects as 0.6-5 ps, thereby giving
a result in the form of an efficiently charged carrier isolation [148,149]. The current time for
the interlayer excitons residing in the MoS; /WS, and MoSe; /WSe; heterojunctions was
forecast along with observations taken to be in nanosecond scaling to confirm the exclusive
potential for the construction of TMDCs heterostructures for applications, particularly for
solar energy alteration [150].
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Figure 6. (a) Morphological showing of MoS, /DHA-PDI. (b) Band position of MoS, /DHA-PDI
and MoSe; /DHA-PDI BHJ schemes. (c) J-V graphs measuring by an I~ /I3~ redox coupling during
irregular (1 sun) illumination. Reproduced with permission from Ref. [146]. American Chemical
Society, 2017. (d) Illustrated for various PEC cell counterparts, and (e) band geometry alignment
for type-II contact associated with attributed carrier transformation. (f) PEC efficiency for BHJ
photoanodes showing J-V curves. Reproduced with permission from Ref. [147]. American Chemical
Society, 2017.

Ho et al. have reported an electrostatic and unified 2D hetero-layered-hybridized
composite containing an atomically layered nature of MoSe; and Znln,S4, which has been
observed for improving the visible range of light photoreactivity, and efficiently charged
transformation along with close interface connection to create stability in the cycling
process [151]. Concerning the band structures of ZnIn,S, and MoSe,, the photogeneration
of electrons originating from the exciton for the ZnIn,S; was thermodynamically excited
to transfer toward the MoSe;. This indicated that the ZnIn,S4;—MoSe; hetero and layered
form structure accelerated the charge carrier isolation at the interfacial contact associated
with the facilitation of proton drop over the surface of the MoSe,, caused by the regular
ability of TMDC layers containing visible edge locations toward an effective decrement
for activation energy revealing an overpotential concerning the redox reactions. Moreover,
time resolving and steady stating PL spectra associated with an electrochemical impedance
spectra (EIS), displayed spontaneous PL quenching, along with a lifetime reduction, and a
decrement for the charge transfer resistance of the Znln,S;—MoSe; layers extracted with
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a bulky ZnIn,S4 complement. This indicates the formation was relevant with electron
transferring channels originating from the ZnIn,S, toward the MoSe; along with a non-
radiative quenching channel, caused by the resultant efficiency due to an interface charge
transformation and destruction for the charge carrier recombination existing in the ZnIn,S,—
MoSe; hetero-layered form. Jointly, the ZnInyS;—MoSe; composite has revealed nearly a 22-
fold photocurrent improvement as compared to bulky ZnIn,S4 under a similar environment,
confirming the structure along with composition advantages of the ZnIn,S;—MoSe; hetero-
layers for promoting charge transportation as well as separation.

3.2. Surface Functionalization

Associated photosensitizer molecules have been comprehended by merely drop-
casting phthalocyanine /porphyrin mixers over TMDC films [152] or dipping TMDC films
into solution for 15 to 20 min [153,154]. Choi et al. presented a typically monolayered-
nature WSe,—NiPc (Ni-oriented phthalocyanine) mechanism [153]. PL signals of WSep
were steadily quenched onto successive stages for 10 mM NiPc activation. During the same
period, normalizing PL intensities were reduced associated with an increment in the partial
surface exposure unified with NiPc, by proposing a high surface exposure, thereby leading
to an increment in probability owing to the photo-induced charge carrier transport, which
in turn revealed PL quenching over the NiPc activation. Additionally, the quenching PL
production was totally improved at the time of removal of the NiPc molecules from the
WSe; surfaces, which could be reactivated in the recycling of repeated times. Addition-
ally, chemical-exfoliation with a large-area of MoS, ultrathin films interfaced with various
porphyrin types with PEC properties have been examined [154].

It has been evaluated that photocurrents are strictly attached with HOMO and with
LUMO altitudes owing to porphyrins. Through MoS; surface functionalization with zinc-
oriented protoporphyrin IX, a 10-fold photocurrent increment was achieved. With the
selection of phthalocyanine/porphyrin species with the proper band alignment relating to
TMDCs, effective isolation occurred for reactive holes toward the OER and electrons toward
the HER for SE] interfacial contact [152]. The achievements exhibited magnitudes and signs
owing to photocurrents that may have been anodic or cathodic, that have been explored
through the concerning band energies existing among TMDCs, and the HOMO/LUMO
stages of zinc protoporphyrin (ZnPP). As an example, the CB and VB edging positions for
ZnPP are greater than MoS, and WS;, generating holes originated by the excitation for
MoS,; and WS;. It is supposed to be thermal transportation toward ZnPP and from there
photoelectrons traveling from the hind contact toward a counter electrode, which in turn
lead prominently to improving the photoanodic effect. Moreover, the anodic photocurrent
related with the ZnPP-MoS, has been evaluated as being two times greater than the ZnPP-
WSy, thereby attributed to a greater accelerating force of extraction with a higher variance
with respect to the energy levels existing among MoS; and ZnPP. Similarly, concerning
ZnPP-MoSe; and ZnPP-WSe; architecture, there is an observed cathodic photocurrent
caused by the VBs of MoSe, and WSey, reflecting levels greater than that of the HOMO
energy levels of ZnPP [152]. This interfacial architecture strategy has offered novelty to
improve the PEC efficiency for TMDC-dependent photoelectrodes.

3.3. Formation of Heterostructures

The merging of TMDC layers for BHJ photoelectrodes containing graphene derivatives
(NG, RGO, and g-C3Ny) for PEC applications have prominently been described [90,155-157].
Narayanan et al. have displayed the molecular foundation owing to layered ranking/stacking
sequentially depending on the PEC activity rendering into a MoS, /graphene van der Waals
vertical architecture, Figure 7 [156]. Further, they have explored the existence of MoS, that
may influence p-type doping into graphene, thereby facilitating additional Hp absorbance
over the graphene location rather than that of the MoS, location, maximizing the efficiency
of the graphene associated with monolayer MoS, which is additionally reduced, attributed
to bilayers as well as multilayers owing to the MoS,. Further, the graphene existence
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over the monolayer MoS;, in the form of a stacking sequence, showing the optimum
photocurrent density along with beneath charge transferring resistance toward the HER,
has been observed. The observations mentioned above have produced an association for a
stacking sequence into PEC efficiency belonging to TMDC/graphene hybridized Van der
Waal layers.
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Figure 7. (a) Bi-layered heterostructure. (b) Relevant band structure and density of states. Hydrogen
(red sphere) adsorption toward (c) graphene orientation and (d) MoS,. (e) Curve for AGy denot-
ing hydrogen adsorption for both mentioned cases. Reproduced with permission from Ref. [156].
American Chemical Society, 2017.

Shin et al. [157] have examined an ideal hybrid system containing 1T-MoS, /2H-
MoS, /2H-WS, /RGO multi-layers. It was significantly detected for 1T-MoS, layers con-
tributing to the catalytic performance of HER. The hybrid nature owing to 2H-MoS; and
2H-WS; involving various band structures, facilitates effective charge carrier dynamics
facilitated with a promising band alignment. RGO nanosheets in the form of a conduc-
tively unified network to promote charge isolation have been offered. Consequently, the
relevant constituents have been occasioned efficiently toward PEC efficiency for optimum,
hybridized ultrathin film photocathodes. Additionally, for graphene derivatives, few-
layered black phosphorus (BP), being the subject of novel research attention toward the 2D
materials family, has also been associated with TMDCs such as WS, and has showed an
improvement in photocurrent retorts at 4780 nm irradiated with near-infrared [158].

For BP/WS; systems, Majima et al. have presented a CB and VB edge location for
BP that have been assessed as ca. ~0.18 and 0.52 eV vs. NHE, irradiated with near-
infrared range and excitation caused by a narrowed bandgap. The narrow bandgap may
essentially result in a fast charge recombination attributed to the BP. Nevertheless, due
to interaction with WS, the electrons in the CB for BP might be proficiently included in
the W5; layers, caused by a lower work function attributed to WS, indicating as 1.07 eV
vs. NHE. Adequate electrons are trapped toward the WS;, thereby reducing the protons
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(H") in water leading to HER. The charge isolation mechanism has been explored through
PEC measurements, with an electron reduced reaction investigation as well as transitory
fascination spectroscopy. Consequently, while involving ethylenediaminetetraacetic acid
in the form of an artificial mediator to trap holes, the BP/WS; hybrids obtained a 21-
and 50-times improvement in HER performance as compared to that of bare BP and WS,,
respectively. Therefore, there are benefits to consider owing to the BP/WS, hybridized
layers behaving like photoelectrodes that are noble metal-free and irradiated close to the
infrared region, along with photocatalytic materials offering novel chances while catching
a wide range solar spectrum-band toward energy renovation. Collectively, the reports
have identified novel routes to modulate PEC efficiency while offering novelty into TMDC
layered dependent photoelectrodes associated with suggested opportunities for effective
progress attributed to transparent, larger area and lower cost, solar-energy transformation
devices.

4. Theoretical Aspects

H, and O, generation by splitting water is considered a sustainable solution to solve
the energy crisis. The overall splitting of water includes two self-governed reactions: HER
and OER at the cathodic and anodic sides, respectively. HER is a two-electron transfer
process (2 H" + 2 e — Hj), and OER is a four-electron transfer process (acidic condition:
2 H,O + O, — 4 H* + 4 e or alkaline condition: 4 OH™ + O, — 2 H,O + 4 e). Thus, it
requires that electrocatalysts should have an efficient performance in both HER and OER,
being the different reaction kinetics between the two electrodes in overall water splitting.
To design these bifunctional catalysts, emerging composite heterostructures may show
great potential in combining the synergic effect of different components to boost catalytic
performances. Therefore, a variety of composite heterostructures of 0D-1D, 0D-2D, 1D-2D,
and 2D-2D have been developed in the water-splitting attributed to the electron transfer
and conductivity in heterostructures that can be improved by a suitable combination of two
constitutions. For example, the 0D-1D heterostructure of C¢y and SWCNTs can induce the
intermolecular charge-transfer, [159] which trigger the inert C material to become active.
Liu et al. reported the combination of a 1D-CNT with a thienothiophene-pyrene covalent
organic framework (COF) for OER. It found that the charge transfer barrier from the CNT to
COF at the heterointerface was tailored by the thickness of the 2D COF shell, [160] resulting
in an enhanced OER activity.

Although the HER process is simpler than OER, it still challenging in an alkaline
system. In an alkaline media, the HER activity is determined by the activation and dis-
sociation of HyO to form hydrogen intermediates (H,O + e + * = H* + OH™). Thus, the
catalysts for HER should not only show a near-zero Gibbs free energy of the adsorbed
hydrogen but also exhibit a good capacity to break the H-OH bonds effectively. Jiang
et al. prepared a 0D-2D heterostructure Ru,P/WO3;@NPC (NPC: N, P co-doped carbon),
showing a superior HER performance in an alkaline media [161]. The HO-H bonds can be
effectively cleaved by W atoms at the heterointerface, meanwhile the hydrogen adsorption
and desorption favor at Ru sites to form a Hy product. Further, dissimilar 2D nanosheets
were investigated as multifunctional electrocatalysts in the fast kinetics and durable water
splitting due to their large surface area and high redox capacity by high-speed charge
separation and transfer at vertical and lateral heterointerfaces. Of note, some 2D material
itself showed inferior catalytic activity or poor stability in the HER and OER due to its low
density of active sites, limited electrical conductivity, and instability. Dai et al. assembled a
2D-2D EBP/NG heterostructure as an electrolyte for the overall water splitting in alkaline
solutions [162]. The large work function of BP triggers the electron transfer from NG to
the BP active sites, resulting in the charge redistribution at the 2D-2D heterointerface. The
electron accumulated BP nanosheet not only efficiently reduced the hydrogen adsorption
energy to give Hy but also optimized the binding strength of OER intermediates to improve
the OER kinetics in the overall water splitting. Note that the stability of BP was largely
enhanced by an NG nanosheet in the hybrid heterostructure.
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On the other hand, covalently bonded heterointerfaces can solve the weak structural
stability of heterostructures through van der Waals and limited changing of the electronic
property. A covalent heterostructure of NiO and Ni nanosheets onto an Ag nanowire
network displayed high HER performance and catalytic stability in alkaline media [163].
The different materials were covalently bonded together to form a heterointerface, which
facilitated electron migration and the separation of charge carriers through covalent-bonds.
The modified electronic property of Ni and O sites near the heterointerface rendered a
high intermediate affinity to OH* and H* species and gave a nearly barrier-free water
dissociation. Furthermore, when a Pt single atom was doped at the heterointerface of the
Ni/NiO, a Pt site with a locally enhanced electric field induced a higher Pt 5d occupation
at the Fermi level that offered a favorable hydrogen adsorption energy. This concept of
anchoring heteroatoms on an appropriate substrate can be well expanded to design efficient
multi-functional catalysts.

Theoretical aspects have also provided some guidance to design bifunctional het-
erostructure electrocatalysts for overall water-splitting, such as (i) suitable integration of
two distinct materials to generate a heterostructure, taking advantage for HER on one com-
ponent and for OER on the other, and (ii) composition manipulation at the heterointerface
(including doping, adding linkers, vacancies, etc.) to modify the electronic property of
electrocatalysts. In one word, these aspects are aimed at turning the charge distribution at
the heterointerface which modulates the intermediate binding and then boosts the kinetics
of both HER/OER during overall water-splitting [164,165].

5. Conclusions, Challenges, and Future Perspective

The solar-oriented PEC significantly representing water splitting systems has been
denoted as a superior faculty for the conversion of solar energy in the shape of cleaning as
well as sustainable chemical energy generation. The PEC mechanisms mentioned above
denote an integrated photoelectrode, thereby incorporating light-harvesting for absorbing
solar energy sources while offering interlayered transformation belonging to photogen-
erated charge carriers associated with catalysts during the triggering of redox chemical
reactions. In detailed discussion, the novelty into 2D layered photoanodes and photocath-
odes, especially and prominently for GCNs, TMDC, LDH, MXenes, and co-catalysts, for
assembling in a collective form of photoelectrodes offering oxygen and hydrogen growth
chemical reactions was reported. In addition, very intrinsic principles attributed to PEC
owing to the water splitting mechanisms containing physicochemical properties for photo-
electrodes, therefore involving specific catalytic reactions, have also been analyzed. The
attributed interconnection among the 2D photoelectrodes is too detailed in supplementary
analysis. The improvement strategies include the construction of heterostructures, surface
functionalization, and formations of heterojunctions that have also been discussed.

The effective optimizing principles, such as metal-free nanocarbons as that of 0D CDs,
1D CNTs, 2D graphene as well as 2D GDYs, have been utilized in the form of electron
medjiators for improving the isolation and transportation proficiencies for photogenerated
electrons and holes owing to high performing PEC systems for water splitting. Meanwhile,
the authentic art of synthesis along with characterizations for 2D photoelectrodes hybrid-
nanocarbons for highly efficient PEC water splitting has been significantly studied. In
this regard, g-C3Ny4 material has been as extensively reviewed as that of photoelectrodes
because of possession of an exclusive layered structure, reasonable bandgap, whereas a
proper negative conduction band is attributed to HER. The g-C3Ny4 performs as a support-
ing material for harvesting solar energy as well as an effective electrocatalyst for driving
electrocatalytic HER. To develop PEC-HER efficiency, graphene associated with CDs has
been repeatedly involved in g-C3Ny for enhancing the isolation and transportation per-
formance owing to photogenerated charge carriers. Similarly, for g-C3Ny being utilized
alone, TMDC particularly of MoS,, and the HER catalysts too, meet a poor separation
as well as a severe recombination that belongs to the photogenerated charge carriers. To
avoid these difficulties, a chain of nanocarbons such as that of graphene or CNTs inherited
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with a higher charge mobility in the form of co-catalysts, have been offered as solutions
for assembling photocathodes, thereby exhibiting a significant progress toward PEC-HER
performance. Moreover, despite emerging MXenes along with metallic conductivities and
higher exposing metal sites, that exhibit strong redox activity toward HER and thereby
show isolation and transportation efficiency owing to photogenerated charge carriers,
there yet needs to be considerable improvement. Thus, nanocarbons such as CNTs, being
co-catalysts as well as electron mediators, have been involved in MXenes for promoting
the charge carrier isolation and transformation in photocathodes to enhance the PEC-HER
performance that is illuminated by light.

Apart from the aforementioned g-C3N4, TMDCs, along with the MXenes for a com-
petent HER, the LDHs are introduced as Ru or Ir-free photoelectrodes to achieve higher
PEC-OER activity, caused by the LDHs materials containing transition metals such as
Fe, Co, and Ni. Further, these metals enable the PEC-OER to be comparatively lower
overpotentials, which in turn accelerate the water splitting. More importantly, LDH materi-
als significantly retain a tunable chemical composition through changing ratios owing to
various cations, porous-like nanostructures associated with a specific surface area, with
high exposing active sites along with higher catalytic reaction rates, and a higher structural
stability. Due to these qualities, the varied LDHs-based photoanodes using nanocarbons
have been investigated. These aforesaid observations have explored significant perfor-
mances to improve PEC water splitting as compared with that of bare LDHs photoanodes.
Meanwhile, bismuth oxyhalide (BiOI) has been numerously utilized as a light absorber
toward PEC-OER and because of it possessing a semiconducting nature, it shows a suffi-
cient positive valence band, whereas photoinduced holes associated with a strong oxidative
ability may substantially oxidize water for producing O,. Hence, these bismuth oxyhalides
have been combined with layered nanocarbons, such as graphene and GDY (co-catalysts)
for forming hybridized photoanodes, which in turn may achieve the targeted goal toward
PEC-OER performance. Not only attractive achievements have been gained to increase the
PEC-HER as well as the PEC-OER performances through the coupling of photoelectrodes
along with nanocarbon co-catalysts, to date; however, the performance of supporting
materials with nanocarbons for heterostructured photoelectrodes are still not completely
implicit, caused by a lack of reasonable experimental suggestions along with adequate
theoretical understandings. Consequently, comprehensive knowledge toward reactive
mechanisms is considered as a feasible route while designing and fabricating a highly
efficient performance of integrated photoelectrodes toward water splitting.

Recently, direct comparative studies of PEC-HER/OER presentations among a variety
of nanocarbons-based photoelectrodes with metal clusters [166-169] have shown a fairly
challenging situation due to the compositions, quantities, and testing parameters, thereby
prominently affecting PEC outcomes. Therefore, there is an immense need for test principles
as well as particular conditions for PEC-HER/OER to be unified in the coming years.
Furthermore, the synthesis approaches owing to photoelectrodes and nanocarbons have
been considered as the basic determinants toward final water splitting performances.
Therefore, there should be an obligation for developing variously feasible and integrated
synthetic protocols, such as that of the electrochemical or hydrothermal routes to compare
and find an optimally desired material system. In all, it is a promising approach for
translating the laboratory-based research and the extensive marketable applications in
favor of PEC-HER/OER developments.
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