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Two-dimensional (2D) materials, due to its excellent mechanical, unique electrical and optical prop-
erties, have become hot materials in the field of photocatalysis. Especially, 2D heterostructures can
well inhibit the recombination of photogenerated electrons and holes in photocatalysis because of its
special energy band structures and carrier transport characteristics, which are conducive to enhanc-
ing photoenergy conversion capacity and improving oxidation and reduction ability, so as to purify

pollutants and store energy. In this minireview, we summarize recent theoretical progress in direct
Z-scheme photocatalysis of 2D heterostructures, focusing on physical mechanism and improving cat-
alytic efficiency. Current challenges and prospects for 2D direct Z-scheme photocatalysts are discussed

as well.
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1 Introduction

The use of energy transmitted by photons to initiate
and/or drive chemical reactions is called photocataly-
sis [1, 2]. The most common in nature is photosynthe-
sis, which is driven by visible light. Solar-driven pho-
tocatalysis is considered to be an effective way to solve
the problem of energy shortage and environmental pollu-
tion [3, 4]. In view of this, various trial-and-error experi-
mental attempts have been carried out in preparation of
high-efficiency photocatalysts, but the narrow visible light
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response range and low quantum efficiency of photocata-
lysts still restrict their development and practical applica-
tion [5—10]. During the past decades, various theoretical
studies have been focused on artificial design of high ef-
ficiency photocatalysts, which accelerate the development
of this field [11-22]. Generally, a valuable photocatalyst
should meet at least three fundamental requirements at
the same time, that is, high light absorption efficiency
in the visible range, strong photocatalytic activity, and
robust photoresist stability [23]. However, all of them
are often in conflict with each other and hard to be rec-
onciled. For example, in order to improve the catalytic
performance, the catalytic sites should be active enough,
which often makes the active sites unable to withstand
the structural deformation caused by light corrosion or
thermal disturbance. Moreover, some nanoparticle cata-
lysts expose very high initial catalytic performance, while
the catalytic activity attenuates rapidly due to their poor
stability [24]. To overcome this problem, two-dimensional
(2D) semiconductor materials have been widely utilized
in the field of photocatalysis due to their inherent advan-
tages such as their ultra-thin layered structure, large spe-
cific surface area, high density of surface active sites, and
excellent mechanical properties [25-27]. Moreover, unlike
bulk materials, photogenerated carriers in 2D semicon-
ductor materials can be directly generated on the surface,
leading to faster interfacial transmission and shorter dif-
fusion path. Therefore, 2D semiconductor nanomaterials
have broad application prospects as photocatalysts.
Beyond single 2D semiconductors, heterogeneous junc-
tions formed by stacking various 2D materials not only
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allow a broader range of solar light absorption but also
promote the special separation of photogenerated carri-
ers, thus attracting tremendous interest for photocatalytic
applications. Two main ways including horizontal or ver-
tical stacking have been exploited to construct 2D het-
erojunctions, which can be classified as in-plane hetero-
junctions and out-of-plane heterojunctions. In particu-
lar, the vertical out-of-plane stacked heterojunctions are
like LEGO bricks, which can be assembled into various
structures with different functionalities. Note that verti-
cal heterojunctions can not only retain the outstanding
properties of single components due to the weak van der
Waals (vdW) interlayer coupling, but also bring about
some novel physics characteristics that do not exist in a
single 2D material. For instance, the h-BN acting as a sub-
strate can improve the mobility and carrier inhomogenety
of graphene by more than ten times in h-BN/graphene
heterostructures [28]. MoSy/WSes and MoS; /WS het-
erojunctions can produce exciting interlayer excitons [29].
To date, thousands of 2D materials have been predicted
through computational screening, which provides a wealth
of choices for the rational design of 2D heterojunctions
[30].

Currently, engineering 2D heterojunctions to design ar-
tificial photocatalysts has become a new research field. By
stacking different types of 2D materials, they can be classi-
fied as semiconductor-metal (S—M) heterostructure pho-
tocatalysts and semiconductor-semiconductor (S-S) het-
erostructure photocatalysts. For 2D S—M heterostructure
photocatalysts, the photogenerated electrons can trans-
fer rapidly from semiconductor to metal due to the metal
conductivity [31, 32], avoiding the recombination of photo-
generated electrons and holes in semiconductor materials.
For 2D S-S heterostructure photocatalysts, besides the ef-
ficient separation of photoexcited electrons and holes, pho-
toccarriers can be generated in both two semiconductors
to participate in catalytic reaction, thus improving the
quantum yield of photocatalyst. According to the charge
carrier transfer modes, 2D S-S heterostructure photocat-
alysts can be divided as type-II and Z-scheme [23]. In
particular, effective charge separation and redox ability
can be realized simultaneously in Z-scheme system. As a
valid strategy to improve photocatalysis, Z-scheme pho-
tocatalysts can be further divided into three types de-
pending on whether the carrier transfer mediator is in-
troduced or not: traditional Z-scheme photocatalysts, all-
solid-state Zscheme photocatalysts and direct Z-scheme
photocatalysts. Among them, direct Z-scheme photocata-
lysts can effectively avoid the backward reactions and the
light-shielding effect caused by the carrier transfer medi-
ators [33, 34|, thus becoming the hotspot of current pho-
tocatalytic application. In this minireview, we focus on
theoretical design of 2D direct Z-scheme photocatalysts,
believing that it can stimulate more in-depth theoretical
research and provide possible opportunities for experimen-
tal work on photocatalysis.
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2 Heterojunction structural models and
computational methods

From a calculation viewpoint, a reliable structure model
of vertical heterojunctions needs to be constructed before
performing calculations. This is usually a challenge be-
cause 2D materials normally have different lattice con-
stants. To achieve a low lattice mismatch, one approach
is to rotate one layer and make the lattice constants close
as much as possible [35]. However, this approach requires
constructing a supercell and the size of supercell may be
very large for a reasonable lattice match. Fortunately,
with the development of computer performance, the com-
putational cost of electronic structure calculations for a
supercell containing 100 atoms or more is now afford-
able. Another approach is to apply a small amount of
in-plane strain on the 2D material, as implemented in
SnSs/g-C3Ny heterojunctions [36]. The in-plane strain of
1% was applied to keep SnS, monolayer matching well
with g-C3N, monolayer. In general, these two methods
are usually adopted together in constructing model of 2D
heterojunctions, which favors to keep the lattice mismatch
in a reasonable range (<3%) without a large supercell. As
a consequence, we can obtain accurate theoretical results
with an acceptable computational cost..

Band structures and work function of materials are the
most important properties for designing 2D heterojunc-
tions photocatalysts. First-principles calculation based
on density functional theory (DFT) is a powerful theo-
retical tool for predicting the structural, electronic and
optical properties of 2D semiconductor materials. In par-
ticular, DFT calculations with the HSE06 hybrid func-
tional [37, 38] have been demonstrated to reproduce accu-
rate band structures and lattice parameter correction of
2D vdW heterojunctions.

Therefore, by means of DFT method, we can theoreti-
cally design 2D direct Z-scheme photocatalysts by calcu-
lating work function and charge density difference. The
work function W is defined as the energy barrier that the
electron at the Fermi level escapes from the solid to the
surface. It can be expressed as follows [39]:

W = Eyac — Er. (1)
Here Ey,. and Er represent the vacuum level and Fermi
level respectively. The F.,. can be acquired by calculating
the electrostatic potential. The charge density difference
can be calculated as follows:

Ap=pa/B — pa — pB- (2)

Here p4,p, pa and pp represent the charge density of A/B
vdW heterostructure, A monolayer and B monolayer, re-
spectively. The calculated work function and charge den-
sity difference determine the internal electric field direc-
tion at the surface of heterostructure, which is essential
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for judging whether the photogenerated charge transfer
along Z-scheme mode.

In 2D heterojunctions, an accurate description of the
distance between the two layers is also important. This in-
volves not only whether photogenerated electrons or holes
can transition between layers, but also slightly affects the
electron states of the 2D heterojunctions near the Fermi
level. Although the exchange-correlation functional of
generalized gradient approximation [40] has been widely
used in the prediction of solid lattice constants, its de-
scription of long-range weak interaction is deficient. For-
tunately, there are many ways to solve this problem, such
as the semi-empirical PBE4+D (D stands for dispersion)
correction proposed by Grimme [41] and the non-empirical
van der Waals density functional (vdW-DF) scheme pro-
posed by Dion et al. [42]. The development of these the-
oretical tools provides powerful technical support for the
exploration of the photocatalytic properties of 2D hetero-
junction materials.

3 Rational design of 2D direct Z-scheme
photocatalysts

In general, the direct Z-scheme photocatalyst is composed
by stacking one oxidation reaction semiconductor photo-
catalyst (ORP) with one reduction reaction semiconduc-
tor photocatalyst (RRP), both of them can induce photo-
generated electron—hole (e-h) pairs under sunlight. The
excited electrons in the conduction band (CB) of RRP and
the holes in the valence band (VB) of ORP are preserved,
while the excited electrons in the CB of ORP will recom-
bine with the holes in the VB of RRP, forming a series of
electron transfer chains that make a “Z” [43]. Hence, the
photogenerated electrons and holes with the strongest re-
duction and oxidation abilities can be created and partic-
ipated in specific reactions such as pollutant degradation,
water splitting, and CO4 reduction [44, 45]. From this per-
spective, in terms of the rational design of high-efficiency
2D direct Z-scheme photocatalysts in theory, two critical
issues need to be taken into consideration: efficient sepa-

ration of photoexcited e-h pairs and strong redox ability,
which are strongly decided by band alignment, internal
electric field, band position as well as charge transfer dy-
namics.

3.1 Band alignment

The constructed semiconductor heterostructures should
exhibit staggered band alignment to meet the requirement
that induces the spatial separation of photoexcited e-h
pairs. As shown in Fig. 1, there are three types of typ-
ical band alignment named type-I, type-II and type-III.
For the type-I band alignment, the CB and VB levels of
semiconductor A are higher and lower than corresponding
bands of semiconductor B, respectively. As a result, the
photogenerated electrons will accumulate at the CB levels
and the photogenerated holes will accumulate at VB lev-
els of semiconductor B, and the redox reaction will occur
at semiconductor B. For the type-II band alignment, the
CB and VB levels are all higher than corresponding levels
of semiconductor B. Thus, an efficient photogenerated e-h
separation is achieved and the redox reaction would take
place on the corresponding semiconductors [46]. The type-
III band alignment is different from the type-I and type-11
ones owing to no bandgap overlap. Therefore, the e-h sep-
aration between the two semiconductors cannot occur for
the type-1II band alignment [47]. Among aforementioned
analysis, it is clear that only type-II band alignment is
suitable for designing 2D direct Z-scheme photocatalysts
because of its efficient separation of photogenerated e-h
pairs. Note that type-II band alignment is suitable not
only for direct Z-scheme photocatalysts, but also for tra-
ditional heterojunction photocatalysts [48, 49]. As shown
in Fig. 1(b), the photogenerated electrons in CB of semi-
conductor A will transfer to the corresponding level of
semiconductor B and the photogenerated holes follow a
reverse migration, resulting in a traditional type-II charge
transfer path instead of Z-scheme. This means band align-
ment is only the prerequisite for the Z-scheme system, and
other factors must be considered to evaluate the charge
transfer mode.
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Fig. 1 Schematic illustration of three different band alignment of e~h pairs in the case of conventional light-responsive
heterojunction photocatalysts: (a) type-I, (b) type-1I, and (c) type-III. Reproduced with permission from Ref. [18].
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3.2 Internal electric field

Internal electric field provides the driving force that af-
fects the photogenerated carriers transfer path between
two semiconductors, which plays an important role in the
design of 2D direct Z-scheme photocatalyst. Two different
processes can be expressed as follows: after two semicon-
ductors are put into contact, the free electrons of photo-
catalyst (PC) I with a smaller work function (Wy) will
transfer to PC II with a larger work function (Ws) until
the Fermi level is equilibrated [Fig. 2(a)]. As a result, neg-
ative charges accumulate in PC II while positive charges
accumulate in PC I at the interface, and an internal elec-
tric field is formed pointing from PC I to PC II [Fig. 2(b)].
Under the light irradiation, the photogenerated electrons
in CB of PC II will recombine with holes in VB of PC
I by means of the driving force of internal electric field
[Fig. 2(c)]. Moreover, the photogenerated electrons trans-
fer from CB of PC I to CB of PC II and photogenerated
holes transfer from VB of PC II to VB of PC I, as well
as photogenerated e-h recombination between the CB of
PC I and VB of PC II, will be impeded [Figs. 2(d) and
(e)]. In this case, the Z-scheme charge transfer path is
preferred, and the reduction and oxidation reactions will
occur at CB of PC I and VB of PC II with stronger cat-
alytic ability, respectively. Different from the first case, if
a 2D n-type semiconductor with a smaller work function
(W3) is in contact with a 2D p-type semiconductor with
a larger work function (Wy), constructing p—n junction
[Fig. 3(a)], the free electrons will flow from Fermi level
of n-type semiconductor to Fermi level of p-type semi-
conductor. Under this circumstance, positive and nega-
tive charge will accumulate at the n-type side and p-type
side respectively, forming an internal electric field point-
ing from n-type semiconductor to p-type semiconductor
[Fig. 3(b)]. When exposing to the light irradiation, the
photogenerated electrons will spontaneously transfer from
higher CB to lower CB, and holes transfer from lower VB

to higher VB in the p—n junction [Fig. 3(c)]. Meanwhile,
the photogenerated e—h recombination between CB of n-
type semiconductor and VB of p-type semiconductor will
be inhibited due to the repulsive effect of the internal elec-
tric field [Fig. 3(d)]. Such an unfavorable charge transfer
mode indicates that traditional p—n junction is not suit-
able for the design of 2D direct Z-scheme photocatalyst.

3.3 Band position

Generally, direct Z-scheme photocatalysts exhibit stronger
redox ability than that of traditional heterojunction pho-
tocatalysts. This can be attributed to that the photogen-
erated electrons and holes will reside in the higher CB and
the lower VB respectively to participate in the subsequent
reduction and oxidation reaction. However, from thermo-
dynamic viewpoint, an appropriate band position is the
prerequisite for the catalytic reaction to take place. For
example, to achieve overall water splitting on a 2D semi-
conductor, its CB potential must be more negative than
that of Hy generation (—0.42 V vs. NHE at pH 7) and its
VB potential must be more positive than that required
for Oy generation (0.81 V vs. NHE at pH 7) [51-53], as
shown in Fig. 4(a). Otherwise, the corresponding cat-
alytic reaction will not occur. For overall water splitting
on direct Z-scheme heterostructure, however, it is not nec-
essary to meet the above requirements. In Fig. 4(b), Ren
et al. reported PtSy/arsenene vdW heterostructure as an
efficient direct Z-scheme photocatalyst for overall water
splitting [54]. The CB potential of PtSs locates below the
H, generation potential and the VB potential of arsenene
locates above the O9 generation potential, revealing that
only Hs evolution and O, evolution half-reaction instead
of overall water splitting occurs on two semiconductor lay-
ers respectively. Thus, a reasonable direct Z-scheme pho-
tocatalyst must ensure that the lower VB locates below
the oxidation potential and the higher CB locates above
the reduction potential. Furthermore, the energy differ-
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Fig. 2 Schematic illustration of semiconductor-semiconductor junction with staggered band configurations: (a) before con-
tact, (b) in contact, (c) photogenerated carrier transfer process in direct Z-scheme mode, (d) photogenerated carrier transfer
process in type-II mode, and (e) photogenerated carrier recombination. W; and W3 denote the work function of PC I and
PC 11, respectively. Vic, Ec, Ey, and Er stand for the vacuum level, conduction band minimum, valence band maximum, and
Fermi level, respectively. Reproduced with permission from Ref. [50].
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Fig. 3 Schematic illustration of p—n junction: (a) before contact, (b) in contact, (c) transfer of photogenerated carriers
in p—n junction mode, and (d) not allowed transfer of photogenerated carriers in direct Z-scheme mode. Reproduced with

permission from Ref. [50].

ence between CB (VB) potential and reduction (oxida-
tion) potential, AFEqy.r, is also a key factor limiting the
photocatalytic efficiency of the redox reaction. Compa-
rable to activation barriers that need to be overcomed in
classical (thermal) heterogeneous catalysis by providing
thermal energy, a sufficient AFEqye, needs to be provided
in photocatalytic reactions to achieve high reaction rates.
For example, for Oy evolution reaction, the overpotential
7 should meet the following formula [55]:

N =AGpax — 1.23 eV, (3)
here the AGp.x represents the Gibbs free energy differ-
ence of rate-limiting step, and 1.23 eV is the equilibrium
potential. Only when the AF,., is above the 7, the pho-
tocatalyst can facilitate the water oxidation. Thus, a good
2D direct Z-scheme photocatalyst not only requires the
more negative CB potential (positive VB potential) of 2D
semiconductor as compared with reduction (oxidation) re-
action potential, but a considerable A F., is also needed
to overcome the energy barrier derived from Gibbs free
energy difference of rate-limiting step.

3.4 Charge transfer dynamics

When electron is excited under sunlight, the photogen-
erated e-h recombination and charge transfer also oc-
cur during the catalytic reactions. Therefore, more at-
tention should be paid to the dynamic process of photo-
generated electrons or holes. Recently, some groups have
utilized nonadiabatic molecular dynamics simulations to
explore the photogenerated charge transfer dynamics pro-
cesses of 2D heterostructures for the design of 2D direct Z-
scheme photocatalysts [33, 56, 57]. The strategy is as fol-
lows: the photogenerated charge transfer in heterostruc-
ture with type-II band alignment involves three significant
processes: @ photogenerated carriers separation between
heterostructure, @ interlayer e-h recombination and ® in-
tralayer e-h recombination, as shown in Fig. 5(a). Note
that the effect of band bending on photogenerated elec-
tron and hole is not taken into consideration because the
concept of band bending near an interface does not apply
for atomically thin layers [58]. These processes occur in
parallel and compete with each other. Thus, the competi-
tive relationship between these dynamics processes signifi-
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Fig. 4 (a) Band positions and potential applications of some common 2D materials versus NHE at pH 7. Reproduced with
permission from Ref. [53]. (b) Band position of PtS;/arsenene vdW heterostructure and the potentials of oxidation (Oz/H20)
and reduction (H*/Hs) at pH=0. Reproduced with permission from Ref. [54].
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Fig. 5 (a) Schematic diagram of photoexcitation and charge transfer dynamics at MoSez/MoS; interface: @ electron and
hole transfer between heterostructure, @ interlayer e-h recombination and @ intralayer e-h recombination. Reproduced with
permission from Ref. [59]. (b, d) Electron transfer, hole transfer and e-h recombination dynamics of MoSSe/WSeTe het-
erostructures with Te-Se and Te—S stacking. The time data are fitted by f(¢) = exp((—t)/7) (c) and (e) averaged values of
NAC between different states for Te-Se and Te—S stacking. The color bar suggests the coupling strength: the deeper the color
is, the stronger the coupling is. Reproduced with permission from Ref. [33].

cantly affects the photogenerated charge transfer path via
traditional type-II mode or Z-scheme mode. In particular,
Zhao et al. reported 2D BCN/C;3N heterostructure as a
direct Z-scheme photocatalyst for water splitting due to its
ultrafast interlayer e-h recombination (process @) as com-
pared with intralayer e-h recombination (process ®) [56].
Our group demonstrated that 2D MoSSe/WSeTe vdW
heterostructures is a promising direct Z-scheme photocat-
alyst for hydrogen evolution by comparing the relationship
between charge transfer rate and interlayer e~h recombi-
nation lifetime [Figs. 5(b)—(e)] [33]. It can be seen that
the electron transfer (332 fs) and hole transfer (108 fs) are
much faster than that of e-h recombination (1203 fs) for
Te—Se stacking [Fig. 5(b)], revealing its type-II mode. In
contrast, for Te—S stacking, the e-h recombination (738 fs)
exhibits a faster time scale as compared with the electron
transfer (3333 fs) and hole transfer (2269 fs), which makes
charge transfer facilitate the Z-scheme mode [Fig. 5(d)].
These results are also demonstrated by the averaged nona-
diabatic coupling (NAC). The larger the NAC is, the faster
the charge transfer or e-h recombination is. These studies
revealed that if the lifetime of process @ is much shorter
than that of processes @ and @, the photogenerated elec-
trons and holes would flow along Z-scheme charge transfer
path. Otherwise, it behaves as traditional type-II path.
Such charge transfer dynamics processes, however, can-
not be described well by regular DFT methods yet. This
implies that to provide a more reliable criterion for the de-
sign of 2D direct Z-scheme photocatalysts, excited state
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methods such as nonadiabatic molecular dynamics should
be further considered.

4 Summary and outlook

In summary, this review presents the strategies of im-
proving heterostructure models and optimizing traditional
computational methods, as well as crucial design criteria
involving both ground state and excite state properties
for theoretical exploration of 2D direct Z-scheme photo-
catalysis. The influence factors including band alignment,
internal electric field, band position, and charge transfer
dynamics are the key features for the design of potential
2D direct Z-scheme photocatalysts. First, the constructed
semiconductor heterostructures need to exhibit type-II
band alignment. Second, the direction of internal elec-
tric field should be consistent with photogenerated e—h re-
combination from lower CB to higher VB at the interface.
Third, the interlayer e-h recombination should be much
faster than intralayer e-h recombination and photogener-
ated carriers separation. Only when the heterostructure
system meets above requirements, the Z-scheme charge
transfer mode can be established. Otherwise, it tends to
be traditional type-II charge transfer mode. Also, to en-
sure that the strong redox reaction can occur, the CB
potential of the reduction layer and the VB potential of
the oxidation layer in 2D direct Z-scheme photocatalyst
should be more negative and positive than the reduction

Zhaobo Zhou, Shijun Yuan, and Jinlan Wang, Front. Phys. 16(4), 43203 (2021)
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and oxidation reaction potential respectively. Meanwhile,
the considerable energy difference between CB (VB) po-
tential and reduction (oxidation) potential is needed to
overcome the Gibbs free energy difference of the rate-
limiting step. Based on the aforementioned conditions,
the 2D direct Z-scheme photocatalyst can be effectively
and reliably designed.

Besides the above discussions in this review, some chal-
lenges exist in the theoretical exploration of 2D direct Z-
scheme photocatalyst. First, most theoretical studies of
2D direct Z-scheme photocatalysts are still focused on the
calculations of band position, internal electric field and
band alignment. But a good photocatalyst should own
not only the physical criteria but also chemical proper-
ties (such as low overpotential) for it to be realized in
experiments. Thus, the systematic calculations for cat-
alytic activity of selected oxidation and reduction layers
in 2D direct Z-scheme photocatalyst should be carried out
to provide a comprehensive and reliable conclusion for the
experiment.

Second, the surface of oxidation and reduction layers
in 2D direct Z-scheme photocatalyst must be rationally
controlled. In general, surface defects (e.g., vacancy,
doping and atom reconfiguration) can serve as the cat-
alytic active sites of 2D photocatalyst, thus improving the
photocatalytic performance. However, they also signif-
icantly affect the photogenerated charge dynamics pro-
cesses of the interface due to their atomic-level thickness,
and the induced trap states in the bandgap would be-
come as recombination-active center and speed up the e—
h recombination. Therefore, the synergistic relationship
between positive and negative factors of the surface prop-
erties seems to determine the practical application of 2D
direct Z-scheme photocatalysis and tremendous research
activities are still desired.

Third, the mechanisms of 2D direct Z-scheme photo-
catalysts remain largely unclear based on DFT and some
novel theoretical simulation methods should be further de-
veloped. Recently, the nonadiabatic molecular dynamics
simulation based on time-domain density functional the-
ory has been exploited in design of 2D direct Z-scheme
photocatalysts. By means of this method, we can explore
the photoexcited carriers dynamics processes, which can-
not be achieved by the traditional DFT method. Never-
theless, this method still shows some shortages including
the lack of exciton effect and spin—orbit coupling, as well
as the nuclear quantum effects, which may affect the cal-
culated dynamics results. Therefore, extensive efforts are
still needed on the further development of method to de-
sign 2D direct Z-scheme photocatalysts more accurately.
We believe that the exploration of these problems can shed
light on the effective and accurate design of novel 2D di-
rect Z-scheme photocatalysts.
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