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A rationally designed two-dimensional MoSe,/
Ti,CO, heterojunction for photocatalytic overall
water splitting: simultaneously suppressing
electron—hole recombination and photocorrosiont

*

Cen-Feng Fu, Xingxing Li“® and Jinlong Yang

Electron—hole recombination and photocorrosion are two challenges that seriously limit the application of
two-dimensional (2D) transition metal dichalcogenides (TMDs) for photocatalytic water splitting. In this
work, we propose a 2D van der Waals MoSe,/Ti,CO, heterojunction that features promising resistance
to both electron—-hole recombination and photocorrosion existing in TMDs. By means of first-principles
calculations, the MoSe,/Ti>,CO, heterojunction is demonstrated to be a direct Z-scheme photocatalyst
for overall water splitting with MoSe, and Ti,CO, serving as photocatalysts for hydrogen and oxygen
evolution reactions, respectively, which is beneficial to electron—hole separation. The ultrafast migration
of photo-generated holes from MoSe; to Ti,CO, as well as the anti-photocorrosion ability of Ti,CO, are
responsible for photocatalytic stability. This heterojunction is experimentally reachable and exhibits
a high solar-to-hydrogen efficiency of 12%. The strategy proposed here paves the way for developing 2D
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Introduction

Two-dimensional (2D) photocatalysts for water splitting have
attracted significant attention due to their unique electronic
and optical properties compared to traditional bulk mate-
rials.’® The representative 2D MoS, nanosheets of transition
metal dichalcogenides (TMDs) have been demonstrated to be
potential photocatalysts for overall water splitting.”*® The
homogeneous distributions of photo-generated electrons and
holes on the layers of 2D TMDs make both the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
proceed on the same surface. This results in electron-hole
recombination, which reduces the energy conversion effi-
ciency.’ On the other hand, chalcogenide-based photocatalysts
for water splitting suffer from the photocorrosion problem,****
thus seriously restricting their practical usage. When photo-
corrosion occurs, the photo-generated electrons or holes will
not participate in water decomposition, while resulting in the
semiconductors themselves being reduced or oxidized, and
leading to material disintegration.”>** For chalcogenide-based
photocatalysts, photocorrosion results from the oxidation of
the chalcogen components by the photo-generated holes.'***
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photocatalysts for water splitting with high performance and stability in experiments.

For instance, the previous reports suggested that the severe
photocorrosion issue occurs in the edges as well as defect
positions of MoS, nanosheets.** Consequently, the electron-
hole recombination and photocorrosion issues seriously limit
the application of TMDs for photocatalytic water splitting.

For bulk photocatalysts, some rationally designed hetero-
junctions show effective inhibition of both electron-hole
recombination®"” and photocorrosion in experiments. As
regards 2D TMDs for photocatalytic water splitting, construct-
ing 2D type-II**** and Z-scheme®™* heterojunctions has been
reported to be effective in enhancing electron-hole separation.
For these 2D heterojunctions, the OER proceeds relying on the
chalcogen-containing materials and thus the photocorrosion
situation is inevitable. To date, the challenge of addressing the
photocorrosion problem in 2D chalcogenide-based photo-
catalysts has remained unsolved. It is urgent to find an avenue
to simultaneously resist electron-hole recombination as well as
photocorrosion issues for TMDs.

In this work, we propose that both the electron-hole recombi-
nation and photocorrosion phenomena in 2D TMDs are success-
fully suppressed via the rational design of 2D heterojunctions
using a specific kind of semiconductor. This kind of semi-
conductor should hold these features: (1) the conduction band
(CB) being slightly higher than the valence band (VB) of TMDs to
achieve the ultrafast collection of the photo-generated holes from
TMDs; (2) the band alignment being suitable for the OER, while
TMDs serving as photocatalysts for the HER; (3) featuring the anti-
photocorrosion ability to the photo-generated holes. Here, the
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direct Z-scheme heterojunction is chosen due to its significant
advantages compared to type-II and traditional Z-scheme hetero-
junctions with mediators.” By means of first-principles calcula-
tions, the 2D vdW heterojunction of MoSe,/Ti,CO, is
demonstrated to be a good candidate. Ti,CO, belongs to 2D
materials of transition metal carbides (MXenes), which have been
widely explored for energy storage and photoelectrocatalysis in
experiments.*** The 2D vdW heterojunctions can be easily
prepared through mixing the dispersions of the two components
according to the experimental reports.***® The band structures
reveal that this heterojunction is a direct Z-scheme photocatalyst
for overall water splitting with MoSe, and Ti,CO, acting as the HER
and OER photocatalysts, respectively, which is beneficial for elec-
tron-hole separation. Non-adiabatic molecular dynamics (NAMD)
simulations indicate that more than 65% of the photo-generated
holes migrate from MoSe, to Ti,CO, within 0.5 ps, which signifi-
cantly reduces the probability of photocorrosion occurring in
MoSe,. Further studies on the free energy along the catalytic
reaction routes show that the OER can occur spontaneously on the
surface of Ti,CO,. Meanwhile, the Ti,CO, material itself can
suppress photocorrosion and its surface oxygen will not be
oxidized by photo-generated holes. Moreover, it is worth
mentioning that the theoretically predicted solar-to-hydrogen
(STH) efficiency of this heterojunction is up to 12%, exceeding
the requirement for 10% STH efficiency for practical applications.*”

Results and discussion

The calculated lattice parameters of the MoSe, and Ti,CO,
monolayers are 3.32 and 3.03 A, respectively, which are in
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agreement with the previously reported results.”*?72%%3 A
V13 x /13 super cell for MoSe, and a 4 x 4 super cell for
Ti,CO, are employed to construct the 2D vdW heterojunction
with a lattice constant of 12.04 A, which ensures that the lattice
mismatches for both MoSe, and Ti,CO, are within 1%. The
configurations of the MoSe,/Ti,CO, heterojunction with
different stacking patterns are examined (Fig. S17). It is found
that the effect of different stacking patterns on the binding
energy and vertical distance between the two components of the
heterojunction is negligible (Table S1t). The configuration
(shown in Fig. 1(a)) with the largest binding energy is used for
the following calculations. For this configuration, the vertical
distance between MoSe, and Ti,CO, is 3.07 A and their binding
energy is confirmed to be —16.8 meV per atom (—15.9 meV A~2),
suggesting the presence of weak vdW interactions in the MoSe,/
Ti,CO, heterojunction. This binding energy is comparable to
that (—30 meV A™?) of a 2D black phosphorus/BiVO, hetero-
junction,* which has been fabricated as a direct Z-scheme
photocatalyst for water splitting in the experiment through
a solution mixing method.** Solution mixing is simple and low-
cost to experimentally fabricate 2D vdW heterojunctions,
including 2D direct Z-scheme photocatalysts of aza-CMP/C,N*
and a-Fe,05/g-C3N,.*¢ Except for the solution mixing method,
there are other protocols for fabricating 2D vdW hetero-
junctions in experiments, including mechanical transfer and
direct growth.*>** The stability of this heterojunction in water
environments is examined by ab initio molecular dynamics
(AIMD) simulations. The results reveal that the whole system
reaches equilibrium after 4 ps and there is no structural

Energy (eV)

(a) Side and top views of the MoSe,/Ti,CO, heterojunction with Mo, Se, Ti, C and O atoms represented as purple, green, cyan, brown and

red balls, respectively. (b) Band structure of the MoSe,/Ti,CO, heterojunction. The Fermi level is set to zero. The circles with colors from red to
blue represent the dominant contributions varying from MoSe; to Ti,CO,. (c) Band edge alignments of the free-standing MoSe, and Ti,CO,
monolayers as well as the MoSe,/Ti,CO, heterojunction. The values are all in eV.
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disorder for the heterojunction nor reactions of the surface H,O
molecules on the heterojunction during the whole 10 ps simu-
lation (Fig. S2t). Thus, it is confirmed that the MoSe,/Ti,CO,
heterojunction is sufficiently stable in water.

The band structure of the MoSe,/Ti,CO, heterojunction
calculated by the HSE06 hybrid functional is presented in
Fig. 1(b). The band gap is 0.17 eV. The valence band maximum
(VBM) appears at the K position mainly contributed by MoSe,
and the conduction band minimum (CBM) arises at the I’
position mainly contributed by Ti,CO,. More detailed density of
states (DOS) information can be seen in Fig. S4t and the spatial
distribution of the VB and CB for the heterojunction is shown in
Fig. S5.1

Fig. 1(c) illustrates the band edge alignments of the MoSe,
and Ti,CO, monolayers as well as their complex. The MoSe,
monolayer features the CBM above the H,/H,O potential while
the Ti,CO, monolayer shows the VBM below the H,0/O,
potential. This indicates that the MoSe, and Ti,CO, monolayers
can serve as the HER and OER photocatalysts, respectively. The
MoSe,/Ti,CO, heterojunction holds the same band edge align-
ment. Moreover, the CBM of Ti,CO, is slightly higher than the
VBM of MoSe, with an offset (E,y.) of 0.17 eV, which benefits the
photo-generated carriers rapidly migrating between the VB of
MoSe, and the CB of Ti,CO,. Such a band edge alignment
means that the MoSe,/Ti,CO, heterojunction is a direct Z-
scheme photocatalyst for overall water splitting, which is
favorable for electron-hole separation. The comparisons
regarding the band edge alignments of the free-standing
monolayers and the heterojunction in Fig. 1(c) reveal the vari-
ations for the band gaps of MoSe, and Ti,CO, as well as U, and
Uy, which is ascribed to the interactions between the MoSe, and
Ti,CO, monolayers. Attributed to the larger work function of
Ti,CO, (5.66 eV) compared with MoSe, (4.48 eV), the charge
redistribution phenomenon occurs (Fig. S61) when these two
kinds of monolayers contact each other. Bader charge analysis
reveals that about 0.40 electron transfer from MoSe, to Ti,CO,
for the whole system. The corresponding electron transfer for
MoSe, is only 0.03 per formula, indicating that the charge
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transfer is weak. Therefore, the effect of charge transfer on the
band structure is small and the dominant interaction between
MoSe, and Ti,CO, derives from the van der Waals interaction.
Additionally, the charge redistribution brings about an electric
field along the perpendicular direction pointing from MoSe, to
Ti,CO,, thus leading to these two materials exhibiting different
vacuum levels (representing by the AE,,. in Fig. 1(c)). The
appearance of the vertical electric field is helpful with facili-
tating the recombination of the photo-generated holes in the
MoSe, VB and the photo-generated electrons in the Ti,CO, CB.
Simultaneously, both the undesired migrations of the photo-
generated electrons from the MoSe, CB to the Ti,CO, CB and
the photo-generated holes from the Ti,CO, VB to the MoSe, VB
are well hindered. These are beneficial for the MoSe,/Ti,CO,
heterojunction to facilitate photocatalytic water splitting by the
Z-scheme mechanism.

The strain effects on the electronic structures of the MoSe,/
Ti,CO, heterojunction have also been investigated (Fig. S71). As
strain varies from —2% to 2%, the band gap of MoSe, gradually
decreases, while that of Ti,CO, gradually increases. Within the
whole strain change range, the MoSe,/Ti,CO, heterojunction
keeps the suitable band edge alignment for Z-scheme photo-
catalytic water splitting. Additionally, the U, and Uy, values show
an increasing trend with increasing strain, hinting that the
compression strain is much more preferred for the MoSe,/
Ti,CO, system to catalyze water decomposition.

The ultrafast migrations of the photo-generated carriers
between the MoSe, VB and the Ti,CO, CB are further demon-
strated by NAMD simulations.**** According to the above
discussion, the MoSe,, VB and the Ti,CO, CB are chosen as the
initial states for photo-generated holes and electrons, respec-
tively, to explore interlayer and intralayer electron-hole
recombination. As shown in Fig. 2(b), within 0.5 ps, more than
85% of the photo-generated holes recombine with electrons.
Among them over 65% recombine with electrons in Ti,CO, and
only 20% belong to intralayer electron-hole recombination.
Around 95% of the photo-generated electrons recombine with
holes within 0.5 ps (Fig. 2(c)). The population for the interlayer
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Fig. 2
dependent hole and electron population.
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(@) Schematic diagram of the photogenerated carrier transfer pathway for the MoSe,/Ti,CO, heterojunction. (b and c¢) The time
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and intralayer electron-hole recombination is 60% and 35%,
respectively. The NAMD simulations reveal that more than 65%
of photo-generated holes transfer from MoSe, to Ti,CO, within
0.5 ps, which greatly reduces the possibility of the Se compo-
nents being oxidized by the photo-generated holes in MoSe,,
thereby being favorable of the elimination of photocorrosion.
The above studies have clearly implied that the MoSe,/
Ti,CO, heterojunction has Z-scheme band edge alignment with
ultrafast interlayer electron-hole recombination, which
restricts photocorrosion arising in the MoSe, monolayer. The
further examination of the photocatalytic activity and stability
of Ti,CO, is performed by investigating the free energy varia-
tions during the OER process. The OER is considered as a four-
electron reaction process, where there are several intermediate
states of *OH, *O, and *OOH absorbed on the material surface.
In the first step, the H,O molecule loses an electron-proton pair
to form *OH. In the second step, *OH is oxidized to *O. In the
third step, *O reacts with another H,O molecule to yield *OOH.
In the last step, *OOH releases an electron-proton pair and
then desorbs from the material surface to achieve the produc-
tion of the O, molecule. The various intermediate state config-
urations involved in the OER are presented in Fig. 3(a). The
most stable absorbed H,O molecule locates at the top of the Ti
atom (Fig. S107). For the structure of the absorbed *OH, the Ti
atom moves up from the subsurface and bonds to the O atom of
*OH after structural optimization. This Ti atom is the active site
during the OER process. It stays on the surface and bonds to the
adsorbed *O and *OOH. After the formation of the O, molecule
(Fig. S117), this Ti atom goes back to the subsurface and the
surface of Ti,CO, recovers. Fig. 3(b and c) reveal the free energy
curves of the OER happening on the TiZCO'2 surface. It is found
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that among the four procedures, the reaction for *O trans-
forming into *OOH is the rate-determining step with free energy
variation (AG) equal to 1.39 eV at pH = 7. By taking the extra
potential provided by photo-generated holes into account, the
AG of all four element reactions decrease (Fig. 3(b)), meaning
that the whole OER can occur spontaneously from the viewpoint
of energy. Albeit the pH value descends to 0 corresponding to
strongly acid environments, the spontaneous OER process is
still realized under light irradiation conditions (Fig. 3(c)).
Additionally, we inspected the strain effects on AG during the
OER process (Fig. S121). The results reveal that the OER can
proceed spontaneously via light illumination within a strain
range of —2% to 2%.

To clarify the photocatalytic stability of Ti,CO,, we explore
the reaction mechanism for Ti,CO, oxidized by the photo-
generated holes. For the Ti,CO, monolayer, the Ti and C
atoms are protected by the surface lattice O (Oy), so O, will be
oxidized by the photo-generated holes firstly. In the following
content, AG for the OER process involving Oy of Ti,CO, is
investigated. Firstly, the reaction happens between Oy, and the
H,0 molecule to generate *OOH; Secondly, *OOH loses an
electron-proton pair to form O,, simultaneously leaving an O
vacancy (Vo) on the material surface; Thirdly, the H,O molecule
releases an electron-proton pair at the Vg site to yield *OH;
Finally, *OH releases an electron-proton pair to produce Oy, (the
intermediate state configurations corresponding to the reaction
steps can be seen in Fig. 4(a)). As presented in Fig. 4(b), at pH =
0, both the first and second steps exhibit rather large AG,
attaining 3.45 and 3.21 eV, respectively, while the AG of the last
two steps are comparatively small, being —1.77 and 0.03 eV,
respectively. Although the additional energy provided by photo-

(b) ¢

I U=0.00 —— ]
U=2.10 ——

Fig. 3
Ti,CO, at pH = 7 and pH = 0, respectively.
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(a) Proposed reaction pathways for the surface lattice O of Ti,CO, oxidized by photo-generated holes. (b and c) Free energy diagrams for

the oxidation of the surface lattice O for Ti,CO, at pH = 0 and pH = 7, respectively.

generated holes is considered, AG of the first two steps is still
higher than 1.10 eV, uncovering the fact that it is difficult for Oy,
joining in the OER to generate O,. However, the AG of the last
two steps tend to be negative, indicating that the surface Vg of
Ti,CO, easily reacts with H,O molecules to recover the perfect
surface morphology. According to the OER free energy changes,
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Fig. 5 (a) Calculated optical absorption spectra of the free-standing
MoSe, and Ti,CO, monolayers as well as the MoSe,/Ti,CO, hetero-
junction. (b) AM1.5G solar energy power density and theoretically
predicted solar-to-hydrogen efficiency at 100% quantum efficiency.
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it can be reasonably concluded that Ti,CO, features promising
corrosion resistance to the photo-generated holes. When the pH
value increases to 7, Ti,CO, still shows good anti-
photocorrosion (Fig. 4(c)).

Light absorption is a crucial indicator to assess photo-
catalysts. The light absorption spectra of the MoSe, and Ti,CO,
monolayers as well as the MoSe,/Ti,CO, heterojunction are
presented in Fig. 5(a). The preferable light absorption region for
the MoSe, monolayer locates in the scope of visible and ultra-
violet light. Benefiting from the smaller band gap of the Ti,CO,
monolayer, its light absorption can extend into the near-
infrared light region. Accordingly, the MoSe,/Ti,CO, hetero-
junction demonstrates promising light absorption in the near-
infrared, visible and ultraviolet light areas, indicative of the
high STH efficiency. Referring to the previous work,””** we
calculated the STH efficiency of the MoSe,/Ti,CO, complex. The
up limit of the theoretically predicted STH efficiency is as high
as 12% (Fig. 5(b)), which is higher than the theoretical predic-
tions of 10.5% and 9.3% for the Z-scheme photocatalysts of
MoSe,/SnSe, and WSe,/SnSe,,*” respectively, and comparable to
the experimentally reported efficiency of 13% gained in dye-
sensitized solar cells.*” Moreover, the predicted STH efficiency
exceeds the required criterion of 10% for commercial applica-
tions,*” which makes it a promising photocatalyst candidate for
hydrogen production.

Conclusions

In summary, by employing first-principles calculations, we
firstly construct a 2D vdW MoSe,/Ti,CO, heterojunction that
has resistance to both electron-hole recombination and pho-
tocorrosion existing in the 2D TMD family for photocatalytic
water splitting. The 2D MoSe,/Ti,CO, heterojunction is
demonstrated to be a direct Z-scheme photocatalyst for overall

Chem. Sci., 2021, 12, 2863-2869 | 2867
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water splitting. The HER and OER proceed on the surfaces of
MoSe, and Ti,CO,, respectively, which is favourable for elec-
tron-hole separation. NAMD simulations reveal that over 65%
of the photo-generated holes migrate from MoSe, to Ti,CO,
within 0.5 ps, which effectively brings down the possibility of
photocorrosion in MoSe, caused by the photo-generated holes.
The free energy variations along the OER pathway confirm that
the OER occurs spontaneously on the Ti,CO, surface under
light irradiation. Meanwhile, the exorbitant free energy rises
suppress the TiZCO'2 surface lattice O oxidized by the photo-
generated holes, bringing about promising anti-
photocorrosion. The MoSe,/Ti,CO, heterojunction shows
good light absorption in the regions of the near-infrared, visible
and ultraviolet light, thus resulting in a high STH efficiency of
12%. Such efficiency outperforms the 10% critical value, indi-
cating the substantial potential of the MoSe,/Ti,CO, hetero-
junction for commercial applications. The concept proposed in
this work can be further extended to other 2D laminates, to
further alleviate the occurrence of photocorrosion for sulfide-,
nitride-, and phosphide-based photocatalysts.
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