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Based on first principles calculations, we predict semihydrogenated graphitic BN (sh-BN) sheet is a potential
metal-free visible-light driven photocatalyst for water splitting. The ground state of sh-BN is a strip-like
antiferromagnetic semiconductor with a band gap suitable for visible-light absorption. The redox potentials
of water splitting are all located inside the band gap and the probability densities of valence and conduction
bands are distributed apart spatially leading to a well-separation of photogenerated electrons and holes.

s an ultimate clean energy, hydrogen produced through photocatalytic water decomposition using solar

energy plays an important role in solving energy and environmental problems. The key of solar hydrogen

production is to develop photocatalysts active under visible light. Up to now, most of photocatalysts are
discovered in metal oxides, sulfides and nitrides with d° or d'° transition metal cations'"®, for example, TiO,, is
among the most promising ones. Unfortunately, most of these catalysts are active only under UV irradiation,
while others absorbing visible light are not stable during the reaction process, such as photocorrosion in CdS’.
Photocatalysts for practical use with relatively high productivity are not found yet. Searching for new efficient
photocatalysts both from theoretical and experimental aspects is urgently needed.

Metal-free photocatalysts may have the advantage of non-toxicity and good processability, and are gradually
becoming an important catalyst developing. The first organic semiconductor used for photoreduction of water to
hydrogen is poly(p-phenylene) though it is only active under ultraviolet light'’. Recent discovered graphitic
carbon nitride, with a band gap of 2.7 eV to absorb blue light, is a good candidate photocatalyst for water
splitting'"'%. This is the first report on generating hydrogen from water under visible light in the absence of
transition metals. It opens up a new way to searching for more metal-free photocatalysts. Based on first principles
calculations, we here report semihydrogenated BN sheet (sh-BN) as another candidate of visible-light driven
photocatalysts that is simple and reachable, containing no transition metals. After carefully examining the
magnetic coupling induced in the structure, we find a strip-like antiferromagnetic ground state. The semicon-
ducting sh-BN sheet has a band gap around 2.24 eV, which is suitable for visible-light adsorption. The redox
potentials of H,O are both located in between the band gap which indicates that it is a good candidate for water
splitting.

Results

Firstly we have investigated the ground state of the sh-BN sheet. For graphitic BN sheet, two ways of semihy-
drogenation are considered: on boron sublattice and on nitrogen sublattice. Our results show that semihydro-
genation on boron sublattice is energetically preferred than on nitrogen sublattice by 0.35 eV per primitive cell.
Therefore we mainly focus on the first configuration. From the optimized structure in Figure 1, one can see that
hydrogenation on boron sublattice changes the graphitic BN sheet from a planar structure to a buckled one with
the distance of 0.27A between the boron plane and nitrogen plane. We then examine the thermodynamic stability
of sh-BN, and calculate the desorption energy of hydrogen to be 0.31 eV per H atom, indicating the desorbing is
endothermic and unlikely. Moreover, as the sh-BN with hydrogenation on B sublattice is 0.35 eV per H atom
lower in energy than that on N sublattice, the diffusion barrier of H atom from B atom to neighboring N atom
would be atleast 0.35 eV. So it is not easy for the H atoms to diffuse together and couple each other. This ensures
the good stability of sh-BN. Due to the spin polarization of the unpaired p, electrons on unhydrogenated nitrogen
atoms, each primitive cell carries a magnetic moment of 1 ug among which nitrogen atom carries the most part
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Figure 1 \ The optimized structure of sh-BN under (a) top view and (b)
side view.

and hydrogen atom possesses the small part. In order to find the
magnetic ground state, three magnetic configurations in Figure 2 are
considered. The first two configurations are what we usually referred
to as ferromagnetic (FM) and antiferromagnetic (AFM) coupling in
analogous systems. The FM state is more stable than AFM state as
also shown by previous work". However, the FM state is not the
ground state, and it is 0.32 eV higher in energy than the strip-like
AFM state in Figure 2c where the spin density in the same direction
forms strips arranged alternately. The nonmagnetic (NM) state is
also calculated, which is much less stable than strip-like AFM state
with an energy difference of about 0.97 eV per supercell.

Due to the size of supercell, each strip formed in the strip-like
AFM state in Figure 2c contains only two lines of nitrogen (boron,
hydrogen) atoms so that we can refer to the magnetic coupling as
‘two lines spin up, two lines spin down’ represented by 272 |. We then
systematically studied the relative stability of strip-like AFM state
NTN| with N = 1, 2, ..., 8 using a rectangular supercell illustrated in
Figure 3a. Actually, N = 1 corresponds to the AFM state in Figure 2b.
The results in Figure 3b show that when N = 1, E(171]) > E(EM);
whileN > 1, E(NTN|) < E(FM). The minimum point occurs at N =
2 which indicates the 212 state is the most stable, i.e. ground state of
sh-BN.

The activity of photocatalysts is related significantly to the band
gap and the position of conduction band (CB) and valance band (VB)
of the material. Bare graphitic BN sheet is known to be an insulator
with a band gap of 4.64 eV'* which is largely reduced after semihy-
drogenation as shown in Figure 4a. However, it is known that PBE
functional usually underestimates the band gap. In order to get
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Figure 2 | The spin density of sh-BN under three different magnetic

coupling with an isovalue of 0.22 ¢/A% Red and blue indicate the positive
(spin up) and negative (spin down) values, respectively. Green, yellow and
purple balls represent boron, nitrogen and hydrogen atoms, respectively.
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Figure 3 | (a) lllustration of strip-like AFM state: 313]. (b) The relative
stability of NTN| state where AE(meV)= [E(NTN|)—E(FM)]/N.

accurate electronic structure, we then employ the screened hybrid
functional HSE06'>'%, which can provide band gaps in good agree-
ment with experiment for small- to medium-gap systems'”'*. To
evaluate the accuracy of our HSE06 procedure, the band gap of pure
BN sheet is computed to be 5.69 eV, very close to the experiment
value of 5.56 eV". As with the sh-BN, the band gap got by HSE06 is
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Figure 4| The band structure of sh-BN with (a) PBE functional and (b) HSE06 functional. The position of the reduction level for H* to H, and the
oxidation potential of H,O to O, is indicated by the blue dashed line. The Fermi Level is set to zero. (c) The charge distribution of VB (the lower part) and

CB (the upper part) with isovalue 0.03 e/A>,
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Figure 5 | The calculated optical absorption for sh-BN with the
polarization vector parallel (a,,)and perpendicular (&) to z-axis.

2.24 eV corresponding to an absorption in the yellow-green region
of the visible spectrum. For use in photocatalytic water splitting, the
band gap of the photocatalyst must be sufficiently large to overcome
the endothermic character of the water-splitting reaction, i.e. larger
than 1.23 eV''; moreover, to be visible-light active, it should be nar-
rower than 3.0 eV. These two conditions are obviously satisfied for
the sh-BN sheet. Nevertheless, for higher sufficiency: both the reduc-
tion potential (VH+ JH, =4.44 eV) for H" to H, and the oxidation
potential (VQ2 /H,0="5.67 eV) of H,O to O, should be located inside
the band gap®. From Figure 4b, for the sh-BN sheet, it is clear that the
reduction level is slightly below the CB, while the oxidation level is in
between the gap. This reveals the oxidation process is energetically
favored and the reduction is permitted presumably with a relatively
low driving force. Briefly, from thermodynamic aspect, the sh-BN isa
good candidate as photocatalyst for water splitting.

Another important point for photocatalysis is the good separation
of photogenerated electron-hole pairs. Recombination of photogen-
erated electrons and holes can cause a big decrease in the photoca-
talytic activity. In Figures 4c, one can see that the probability
distribution of VB and CB is well separated spatially: the former
is localized in the left part of the supercell whereas the latter is
mainly in the right part, leading to a low probability of recombina-
tion. This ascertains the sh-BN as a potential photocatalyst for water
splitting. Moreover, in order to see whether the charge separation can
influence the absorption of light, we have calculated the optical
absorption spectrum of sh-BN with HSE06 functional. Firstly, the
frequency-dependent dielectric function &(w) =& (w) + ie,(w) is cal-
culated, and then the absorption coefficient as a function of photon
energy is evaluated according to the following expression:
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Figure 6 | The optimized structure of semihydrogenation on nitrogen
sublattice of graphitic BN sheet under (a) top view and (b) side view.
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The results are shown in Figure 5. We can see that as a result of
structural anisotropy, different absorption behaviors occur in the
transversal and longitudinal direction: the absorption coefficient in
the former direction is much larger than in the latter one. And the sh-
BN shows a strong absorption in the visible-light region, with the
intensity up to 10° cm™', which dispels our worry about notable
decrease in the absorption intensity due to the charge separation
and ensures the sh-BN is visible-light active.

The sh-BN with hydrogenation on nitrogen sublattice is also
investigated. Figure 6 gives a buckle height of 0.45A. The produced
structure also prefers a strip-like AFM state, which is nearly degen-
erate with the usually said AFM state (Figure 7). And the electronic
band structure under HSE06 functional indicates a semiconductor
with a band gap of 1.50 eV (Figure 8). Though the oxidation level of
H,O0 to O, is outside the band gap, the reduction level for H* to H, is
still located in the gap which indicates the material may be a good
photocatalyst for H, evolution under visible light if a hole scavenger
exists’.

Discussion

Our findings have broad implications for designing new metal-free
photocatalysts. Atomic thick two dimensional nanosheets, for exam-
ple, honeycomb monolayer of group-IV elements and III-V binary
compounds such as graphene®, hexagonal SiC and BN sheet™?,
and recently synthesized silicene®, are all possible candidate precur-
sors. The means of chemical functionalization here is not limited to
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Figure 7 | The relative stability of three different magnetic coupling in the case of semihydrogenation on nitrogen sublattice. Spin densities are plotted
with an isovalue of 0.12 e/A’. Red and blue indicate spin up and spin down, respectively.
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Figure 8| The electronic band structure for graphitic BN sheet semihydrogenated on nitrogen sublattice under (a) AFM state and (b) strip-like AFM
state with HSE06 functional. The Fermi Level is set to zero. The redox potentials of water splitting are shown by blue dashed lines. (c) The charge density
of valence band (the lower part) and conduction band (the upper part) under strip-like AFM state with isovalue 0.01 e/A’.

hydrogenation; many other methods like fluorination, hydroxylation
and amination can also be feasible to reach our goals®™.

In conclusion, we have discovered the sh-BN to be a new potential
two-dimensional metal-free photocatalyst for water splitting under
visible light. After semihydrogenation, the magnetic and electronic
properties of graphitic BN sheet are largely changed. It prefers a strip-
like antiferromagnetic coupling with no net magnetization. Then
from our analysis of electronic structure using screened hybrid func-
tional, the idea of using the sh-BN sheet as a photocatalyst for water
splitting is verified. We expect that the facility of chemical functio-
nalizing analogous two dimensional materials will lead to the dis-
covery of new promising metal-free photocatalysts.

Methods

All our calculations are carried out within the Perdew-Burke-Ernzerholf generalized
gradient approximation® implemented in the Vienna ab Initio Simulation Package®.
Projector augmented wave (PAW) potentials and a plane-wave cut-off energy of
400 eV are used’'. The vacuum space is set to be 15A in order to avoid interactions
between two nearest-neighbor sheets. Due to the long-range magnetic interaction
exist in analogous metal-free magnetic systems™, the 2 X 2 supercell one usually uses
may not be sufficient in finding ground magnetic state. So we employ a supercell
consisting of four primitive cells in each lattice direction to study the electronic
structure. The first Brillouin zone is sampled with Monkhorst-Pack grid of 5 X 5 X 1
for structure optimization and 9 X 9 X 1 for static calculation. The criterion of
convergence for energy and force are set to be 10~ eV and 0.01 eV/A, respectively.

As for the calculation of frequency-dependent dielectric function, we first calculate
its imaginary part by a summation over empty states using the equation®:
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where the indices c and v refer to conduction and valence band states respectively, and
e is the cell periodic part of the wavefunctions at the k-point k. Then the real part of

the dielectric tensor siz/,) () is derived from eizﬁ) () by the usual Kramers—Kronig

relationship.
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