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Highly efficient solar energy utilization is very desirable in photocatalytic water splitting. However, until
now, the infrared part of the solar spectrum, which constitutes almost half of the solar energy, has not been
used, resulting in significant loss in the efficiency of solar energy utilization. Here, we propose a new
mechanism for water splitting in which near-infrared light can be used to produce hydrogen. This ability
is a result of the unique electronic structure of the photocatalyst, in which the valence band and conduction
band are distributed on two opposite surfaces with a large electrostatic potential difference produced by the
intrinsic dipole of the photocatalyst. This surface potential difference, acting as an auxiliary booster for
photoexcited electrons, can effectively reduce the photocatalyst’s band gap required for water splitting in the
infrared region. Our electronic structure and optical property calculations on a surface-functionalized hex-
agonal boron-nitride bilayer confirm the existence of such photocatalysts and verify the reaction mechanism.
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As an ultimate solution for today’s more and more seri-
ous energy and environmental problems, solar energy is
abundant and clean, and it can be converted into chemical
fuel, biomass, or electricity, or directly stored as thermal
energy. An important branch of solar-to-chemical energy
conversion, hydrogen production from photocatalytic water
splitting, viewed as an artificial photosynthesis, has been
eagerly pursued since its first proposal in 1972 [1].

The key issue in photocatalytic water splitting is to
develop photocatalysts with high solar energy conversion
efficiency. Solar energy is distributed in ultraviolet, visible,
and infrared light with a proportion of about 7%:50%:43%.
However, traditional photocatalysts based on metal oxides
[2-5], sulfides [6,7], nitrides [8,9], oxynitrides [10], oxy-
sulfides [11], etc., are mostly active only under ultraviolet
irradiation, while other photocatalysts which absorb visible
light are not stable during the reaction process, such as the
photocorrosion for metal sulfide photocatalysts, or the
quantum yield under visible light is relatively low (usually
under 10%), leading to a very inefficient usage of sunlight.
To solve these problems, many methods have been pur-
sued: first, reduce the band gap of photocatalyst into the
visible light region through band-gap engineering, for
example, by cation or anion (co-)doping [12,13]; second,
avoid photocorrosion by employing sacrificial reagents,
e.g., electron donors or hole scavengers; third, design a
new reaction mechanism, e.g., the Z-scheme systems
(two-photon process) [14,15]; last, explore novel kinds
of photocatalysts, e.g., metal-free photocatalysts [16—19].

Compared to the abundance of works done in the visible
light area, the infrared part of the solar spectrum has been
overlooked. Since infrared light encompasses almost half
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the solar energy, if using infrared light for hydrogen
production were realized, then the efficiency of solar
energy utilization would be largely improved. However,
further reducing the photocatalyst’s band gap from the
visible light region into the infrared region is impossible
with the standard reaction mechanism of water splitting:
the band gap of the photocatalyst must be larger than
1.23 eV as the difference of reduction and oxidation poten-
tials of water splitting [20]. To break through this restric-
tion, a new mechanism is needed.

With the design of a new photocatalyst, we propose in
this Letter a novel reaction mechanism for water splitting in
which utilizing infrared light for hydrogen production can
be readily achieved. Such infrared-light-driven water split-
ting opens a new future for solar energy conversion.

A schematic map of our new photocatalytic model is
shown in Fig. 1. We first consider a system composed
of two identical photocatalysts in nanoscale under the nor-
mal model in Fig. 1(a): The energy levels of both the reduc-
tion potential (Vyy+_yy, = 4.44 eV) [16] for H to H, and the
oxidation potential (Vq, y,0 = 5.67 €V) of H,O to O, are
located inside the band gap. When we apply an external
electric field in the space between the two photocatalysts
[Fig. 1(b)], all the energy levels bend along the direction
of the electric field. Interestingly, supposing the two photo-
catalysts are merged into one with a self-induced internal
electric field, the band bending leads to the formation of
nanoheterojunction with the charge distribution of the
whole system’s valence band (VB) on one surface and
its conduction band (CB) on the other. Without losing gen-
erality, we call these two surfaces the (001) and (001)
surfaces. In practice, this internal electric field can be
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FIG. 1 (color online). A schematic plot of energy levels for a
two-photocatalyst system: (a) undisturbed, and (b) when an
external electric field is applied between them; (c) a one-
photocatalyst system with an internal effective electric field
E, s produced by its intrinsic dipole P; (d) the reaction process
of photocatalytic water splitting in our new model. E,,. stands for
vacuum level, and CBM and VBM are the conduction-band mini-
mum and valence-band maximum, respectively.

self-introduced by the junction’s intrinsic dipole P accord-
ing to the following equation

P
eSd’

in which ¢ is the dielectric constant, S is the surface area,
and d is the thickness of the junction. Obviously, to produce
a notable effective electric field, d should be small enough,
e.g., a few nanometers. Because of the band bending
induced by the internal electric field, from Fig. 1(c), one
can see that the difference between the oxidation potential
on the (001) surface and the reduction potential on the
(001) surface is now reduced from 123 eV to
1.23 eV — A®, where A® is the electrostatic potential dif-
ference between two surfaces:

)]

Eys =

ep

AD = 5" )
The conditions of photocatalytic water splitting for this sys-
tem are as follows: on the (001) surface, the oxidation
potential should be located above the valence band maxi-
mum (VBM), while, on the (001) surface, the reduction
potential should be located below the conduction band min-
imum (CBM). Therefore, the restriction on the photocata-
lyst’s band gap is

Eg>123—A®,  E;>0. 3)

Increasing by tuning the intrinsic dipole, the band gap of
the photocatalyst can then be reduced to the infrared region.
For large values of A®, i.e., A® > 1.23 eV, there is no
restriction on the band gap.

Upon absorbing an infrared photon, an electron is
excited from VB to CB, producing a hole on (001) and
an electron on (001). This process is similar to the strong
charge-transfer transitions widely observed in donor-
accepter molecular systems [21,22]. In this process, the
internal electric field does positive work on the electron

W =eEd = AD, “)

since now the required photon energy is less than that
in systems without an intrinsic dipole (see Fig. S1 in
Supplemental Material [23]). After the electron is excited
to reside on the (001) surface, the internal electric field pre-
vents it from going back to the (001) surface, resulting in a
perfect spatial separation of the photogenerated electron-
hole pair. Then, on the (001) surface, the water molecule
or proton grasps the excited electron, being reduced to
H,, while on the (OOT) surface, the hole is transferred to
the water molecule, oxidizing it to O,. The overall photo-
catalytic reaction process is illustrated in Fig. 1(d).

Our proposed photocatalytic model possesses at least
two distinct advantages: one is to relieve the restriction
on the photocatalyst’s band gap; the other is the perfect
charge separation for photogenerated electron-hole pairs.
The next important step is to find a real material with such
properties. Based on first-principles density functional
theory calculations, we show that surface-functionalized
boron-nitride (BN) bilayer (F-BNBN-H) is a good candi-
date. All our calculations are carried out within the
Perdew-Burke-Ernzerhof generalized gradient approxima-
tion (GGA) [24] implemented in the Vienna ab initio sim-
ulation package (VAspP) [25]. The projector augmented
wave potential [26] and the plane-wave cutoff energy of
400 eV are used. The first Brillouin zone is sampled with
a Monkhorst-Pack grid of 15 x 15 x 1. Both the lattice con-
stant and the positions of all atoms are relaxed until the
force is less than 0.01 eV/A. The criterion for the total
energy is set as 1 x 107 eV. A vacuum space of 30 A
along the z direction is used to eliminate the interaction
of neighboring junctions. Since the GGA approach usually
underestimates the band gap of a semiconductor, the
screened hybrid Heyd-Scuseria-Ernzerhof 2006 (HSE06)
functional [27,28] is then adopted to get accurate electronic
structures and optical properties. For optical properties, we
first calculate the imaginary part of the frequency-depen-
dent dielectric function [29]; then the optical absorption
coefficients can be evaluated.

The optimized structure is shown in Fig. 2(a). In this
structure, the BN bilayer possesses a low-energy AB stack-
ing structure. H and F atoms sit on N and B atoms, respec-
tively, which generates a large intrinsic dipole (1.58 D per
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FIG. 2 (color online). (a) The optimized structure of F-BNBN-
H, top view (left) and side view (right). (b) The electronic band
structure of F-BNBN-H with HSEO06 functional. (c) The fre-
quency-dependent imaginary dielectric function &, (w)and optical
absorption coefficients a(w) with the polarization vector parallel
and perpendicular to the z axis.

unit cell). The next question is whether the structure is sta-
ble. We first calculate the formation energy with respect to
the hexagonal BN sheet, free H, and F, molecules, and find
it is —0.405 eV per atom. That value is negatively large,
implying that the formation of F-BNBN-H is exothermic
and thus energetically favored. The combination of two
functionalized single layers, F-BN and BN-H, turns out
to be barrierless. (See Fig. S2 in Supplemental Material
[23].) At the same time, first-principles MD simulations
of freestanding F-BNBN-H and its water solution lasting
for 2 ps do not show any significant structure distortion
(Fig. S3 in Supplemental Material [23]), which demon-
strates the good stability of F-BNBN-H.

The electronic band structure calculated with GGA has a
tiny gap (Fig. S4 in Supplemental Material [23]), and
a more accurate gap obtained by HSE06 is 0.85 eV
[Fig. 2(b)], corresponding to an absorption in the near-
infrared region of the solar spectrum. To see whether
IR absorption can take place in practice, the frequency-
dependent imaginary dielectric function and absorption
coefficients are computed [Fig. 2(c)]. There is a relatively
strong absorption near 1.25 eV with intensity up to
10* cm™!, mainly contributed from transitions of VB to
CB around the I' k& point. One can see that the optical
gap matches well with the electronic band gap.

We next examine the spatial distribution of VB and CB.
We find that the charge density of VB is mainly located

around F atoms and N atoms of the lower-lying BN layer,
while CB consists of nearly-free-electron (NFE) states
residing upside of the (001) surface and a minority density
at N atoms of the upper-lying BN layer [Figs. 3(a) and 3(b)].
In summary, VB is distributed on the (001) surface and CB
on the (001) surface, which is consistent with our photoca-
talytic model. The good charge separation of VB and CB can
effectively reduce the probability of recombination of photo-
generated electrons and holes and ensure the photocatalytic
activity. Another important integrant of our model is the
dipole-induced internal electric field or surface potential
difference. For F-BNBN-H, the potential difference for the
(001) and (001) surfaces is found to be 10.0 eV [Fig. 3(c)],
which is large enough to cause notable band bending across
the junction.

Next by employing the HSEO6 functional, accurate
energy locations of valence band maximum and conduction
band minimum with respect to the redox potentials of water
splitting are determined, as shown in Fig. 4 together with
the surface projected density of states. On the (001) surface,
the oxidation potential Vg 4,0 is higher than VBM by
about 5.76 eV, implying that photogenerated holes can
be readily transferred from valence band to H,O, oxidizing
it to O,:

2H,0 + 4h™ —» O, + 4H*. )

Meanwhile on the (001) surface, as the reduction potential
Vi, lies below CBM by about 3.86 eV, the photoexcited
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FIG. 3 (color online). The charge distribution of the (a) valence
band and (b) conduction band for F-BNBN-H with an isovalue of
0.09 e/ A3. (c) The calculated electrostatic potential difference of
the (001) and (001) surfaces.
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FIG. 4 (color online). Energy diagram for F-BNBN-H. The
surface-projected density of states is plotted with black lines.
The energy locations of vacuum level (E,,.), redox potentials
of water (Vo, 1,0, Vurn,). VBM, and CBM are denoted as
labeled straight lines.

electron in the conduction band promptly flows down to
H,0 or H*, producing H,:

4H,0 + 4¢~ — 2H, + 40H". (©6)

To finish the whole reaction, the protons H" produced on
the (001) surface must be transferred to the (001) surface. If
we are only interested in hydrogen generation, sacrificial
reagents reacting with hydroxyl ions OH™ can be used
to promote the production of hydrogen. Also notice that
the large potential energy differences between redox poten-
tials and VBM-CBM provide a large driving force for the
reaction, and overpotential caused by kinetic barriers is
expected to be easily overcome.

Therefore, F-BNBN-H acts as a promising near-infrared-
light-driven photocatalyst for water splitting. Furthermore,
from the surface-projected density of states, one can see
that the conduction band states up to 5.0 eV are all distrib-
uted mainly on the (001) surface, allowing a broad range of
optical absorption (from near-infrared to ultraviolet) while
maintaining a very good spatial separation for photogener-
ated electron-hole pairs.

In our model, the photocatalyst’s intrinsic dipole plays an
important role in determining the internal electric field and
thus the surface potential difference. In a real environment,
there are water molecules around. To check their effects on
the intrinsic dipole layer, we place H,O molecules on both
the (001) and (001) surfaces of F-BNBN-H with an adsorp-
tion concentration of 1/9 ML (Fig. S5 in Supplemental
Material [23]). The highest occupied molecular orbitals
of H,O molecules are shifted apart from each other
by a large energy distance of about 5.7 eV, with the one
on the (001) surface lower in energy (Fig. S6 in
Supplemental Material [23]), which directly demonstrates

the existence of a large potential difference between (001)
and (001) surfaces. A higher adsorption concentration
(1 ML H,O) is also tested, and the energy shift of highest
occupied molecular orbitals is almost the same (see
Figs. S7 and S8 in Supplemental Material [23]). This result
confirms the robustness of surface potential difference
when the photocatalyst is immersed in water.

Another important issue about our photocatalytic model
is the system’s sustainability. In the model, the absorbed
photon energy together with the positive work produced
by the internal effective electric field of the photocatalyst
is used to drive the endothermic water-splitting reaction,
and, in this way, the energy of the whole system is con-
served. However, the generated protons and hydroxyl ions
during the reaction process [Fig. 1(d)] will be bound on the
photocatalyst’s surfaces, causing a gradual decrease of
internal electric field, and finally the reactions stop. To
resume the reaction, the protons and hydroxyl ions should
be removed from the surfaces, which can be done by sev-
eral means. A natural choice can be pulsed electric field, or
a sacrificial reagent can be used. It is also possible to use
mechanical means such as supersonic processing to remove
surface blockers. Another solution is to make the photoca-
talyst porous [30,31]; the protons can easily go through the
pores to combine with the hydroxyl ions. It is also possible
to construct a hybrid photocatalyst with other materials
[32—-34]. For example, we can load TiO, and Pt nanopar-
ticles on (001) and (001) surfaces, respectively, to accept
the photogenerated holes and electrons, and then the water
splitting reaction will continue at the site of TiO, and Pt
nanoparticles, with produced protons and hydroxyl ions
far away from the surfaces.

In our model, the broad absorption from near-infrared
light to ultraviolet light along with the perfect spatial sep-
aration of photogenerated electron-hole pairs ensures a very
good conversion efficiency of sunlight, which is the main
merit of our proposal and it has not been realized before.
Then, the overall efficiency is determined as the ratio of
other energy required to regenerate the dipole in the whole
energy input. Since activity regeneration mainly involves
moving physically adsorbed ions, the additional energy
required is expected to be much smaller than the energy
required to break the chemical bonds in water. Therefore,
the overall efficiency should also be relatively high.

Based on the example of F-BNBN-H, we have a great
flexibility to design photocatalysts using hybrid BN-C
layers with various magnitudes of intrinsic dipole layer
and surface potential difference. We have tested three other
systems, and we find that they are all potential photocata-
lysts with their band gaps ranging from the visible light
region to the near-infrared light region. (For details, see
Figs. S9-S12 in Supplemental Material [23].)
Furthermore, due to the existence of the strong ionic bond,
the exposed surfaces of transition metal oxides, such as
7ZnO nanorods [35], are expected to also have large intrinsic
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dipoles. Guided by a careful design, these materials may
also be explored for near-infrared-driven photocatalysts.
At the same time, our photocatalytic model described here
is not restricted to water splitting; it can be extended to all
other photocatalytic systems, for example, the photodegra-
dation of contamination. Thus, by employing specifically
designed photocatalysts based on our model, large-scale
utilization of the infrared part of solar energy in photoca-
talysis can be realized.

In conclusion, we have proposed a new photocatalytic
model in which near-infrared light can be utilized for hydro-
gen production from photocatalytic water splitting. The new
model is then verified in surface-functionalized hexagonal
boron-nitride bilayers by first-principles electronic and
optical calculations. Application of our model to other pho-
tocatalytic processes is possible, presenting a promising
future for near-infrared-light-driven photocatalysis.
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