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splitting performance: A first-principles insight
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Ta3N5 is a promising photoanode for solar water splitting. However, it often suffers from high onset potential
for water oxidation, which may be partially ascribed to the oxygen impurities in Ta3N5. Oxygen impurities,
which are always introduced into Ta3N5 during the preparation process, are difficult to remove due to the low
formation energy of O-doped Ta3N5. The valence- and conduction-band-edge positions shift almost in parallel
towards more positive potentials with addition of oxygen impurities, which may increase the onset potential for
water oxidation. In this study, the hybrid-DFT (density functional theory) calculations of Ti-doped Ta3N5 show
that as Ti doping concentration increases, both the valence- and conduction-band-edge positions of Ta3N5 move
towards more negative potentials, which is opposite to the role of oxygen impurties. In the case of Ti-O codoped
Ta3N5, Ti doping can compensate the effect of oxygen impurities and may reduce the onset potential for water
oxidation. Defect formation energies reveal that Ti-O codoped Ta3N5 is thermodynamically stable. Therefore we
propose that by controlling the amount of O and Ti, the band-edge positions can be modified to a proper level so
that better photoelectrochemical performances for solar water splitting can be achieved.
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I. INTRODUCTION

The aggravated global energy crisis and environmental
pollution lead to an urgent and high demand of renew-
able nonpolluting energy. Photoelectrochemical (PEC) water
splitting is a promising candidate to solve such problems.
For commercial application, a solar-to-hydrogen efficiency
(STH) of at least 10% appears to be necessary for PEC cells
[1]. However, many factors, for example, the poor transport
property, may limit the energy conversion efficiency and
the commercial application of semiconductor photocatalysis
[2].

Early studies have been focused on TiO2 since the Honda-
Fujishima effect was discovered [3,4]. Because of the large
band gap (about 3.2 eV), TiO2 can only absorb ultraviolet
light while visible light constitutes 43% solar energy, which
limits the STH efficiency of TiO2 even with dopant elements
[5–7]. Recently, many efforts have been made to develop
(oxy)nitrides, such as Ta3N5 [8–10], BaTaO2N [11], and
SrTaO2N [12], on accounts of their proper band-edge positions
and comparative narrow band gaps. Incorporation of nitrogen
will greatly modify their electronic structure. On the one hand,
the N-2p orbital potentials referenced to a normal hydrogen
electrode (NHE) are more negative than those of O-2p orbitals,
resulting in the negative shifts of the valence-band maximum
(VBM) of (oxy)nitrides. On the other hand, the orbitals of
metals consist of the conduction-band minimum (CBM) of
metal oxides and (oxy)nitrides. Hence (oxy)nitrides have
similar potential levels of CBM with metal oxides. Therefore
the band gaps of (oxy)nitrides are much narrower than the
corresponding oxides [13,14].

Due to the proper band structure, the Ta3N5 semiconductor
is visible light responsive and has a high theoretical STH
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efficiency [15]. The flat potential of Ta3N5 is more negative
than the water reduction potential [16], suggesting its low onset
potential for water oxidation. However, the actual photocurrent
onset potential of Ta3N5, where the photocurrent can be
observed, is often about 0.9 V more positive than the flat
potential [8–10], which will limit the STH efficiency and the
photocatalytic properties. Considerable efforts have been made
to reduce the onset potential of Ta3N5 photoanodes [16–19].
Wang et al. have reported that the band-edge positions
of Ta3N5 will move towards more positive positions when
exposed to liquid water [16], indicating that the so-called
self-limiting surface oxidation suppresses the photoelectro-
chemical activities and increases the onset potential of Ta3N5.
Zhang et al. have shown that the TiO2 overlayers fabricated
by ALD method can passivate the surface states of Ta3N5,
resulting in a lower overpotential for the water oxidation
reaction and a negative shift of the onset potential [17].
Mg-Zr cosubstituted Ta3N5 photoelectrode provides negative
changes in the band-edge positions and a negative shift of
the onset potential towards 0.55 V versus RHE under AM
1.5G-simulated sunlight [9,18].

Previous experiments and DFT calculations demonstrate
that defects like oxygen impurities are abundant in bulk Ta3N5

[19,20]. The oxygen impurities will shift the CBM positively,
which may increase the onset potential for water oxidation.
We propose that doping Ti into Ta3N5 can compensate the
effect of oxygen impurities and reduce the onset potential for
water oxidation. In addition, ionic radii and valence state of
Ti4+ (60.5 pm) are comparable with those of Ta5+ (64 pm),
indicating that Ti4+ is suitable for dopant elements. Therefore
we have calculated Ti-doped Ta3N5 and combined a series
of possible defects, including nitrogen vacancies and oxygen
impurities. Various properties of Ti-doped Ta3N5, including
defect formation energies, electronic structure, and band-edge
positions have been theoretically studied by hybrid-DFT
calculations.
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II. COMPUTATIONAL DETAILS

A. Computational methods

The DFT calculations are performed by using the Vienna
ab initio simulation package (VASP) code [21]. The ex-
change correlation potential is calculated with the projected-
augmented-wave (PAW) method [22]. For the computational
screening of the possible defects, the exchange correlation
potential is calculated with the generalized gradient approxi-
mation (GGA) [23] in the form of Perdew-Bueke-Ernzerhof
(PBE) functional [24]. For further precise and fine calculations,
hybrid-DFT calculations are used [25–28] in the scheme of
Heyd-Scuseria-Ernzerhof (HSE) functional [28]. The HSE06
functional is adopted, demonstrating that the two critical
parameters of hybrid-DFT calculations, mixing parameter α

and screening parameter ω, are 25% and 0.2 Å−1, respectively
[28]. The cutoff energies for all calculations are 500 eV and
have been tested enough for the computational accuracy. In
general, GGA-DFT plus Hubbard-U framework (GGA+U )
[29] are often applied on the models containing Ti. In this
work, we ignored this effect because the energy differences of
band gap and band edges between GGA and GGA+U methods
are less than 0.03 eV. The relaxed lattice constant parameters
of Ta3N5 (a = 3.91 Å, b = 10.32 Å, and c = 10.35 Å) are
in a good agreement with experimental values [30] (a =
3.88 Å, b = 10.21 Å, and c = 10.26 Å), suggesting that the
calculations are reliable. For the calculations of the defect
formation energies, density of states (DOS), and band-edge
positions, the 3 × 1 × 1 conventional bulk Ta3N5 supercells
are chosen (space group: Cmcm) to use 2 × 2 × 2 K meshes.

B. Defect formation energies

We have calculated the thermodynamic properties,
including defect formation energies, in the neutral states and
charge states q. The defect formation energies in the neutral
states are defined as

E
f

defect = Et
defect − Et

bulk +
∑

ni�μi, (1)

where E
f

defect are the defect formation energies. Et
defect and

Et
bulk are the total energies of Ta3N5 supercell with defects and

for the pure bulk Ta3N5 supercell, respectively. ni represents
the number of constitute i (i = Ta, N, O and Ti), while �μi

is the chemical potential of different constitutes i. �μN and
�μTa should obey the following equation:

5�μN + 3�μTa = E
f

Ta3N5
. (2)

The formation energy of Ta3N5 is the sum of the chemical
potentials of N and Ta. In the N-rich region, �μN is zero.
Similarly, �μTa = 0 for the Ta-rich region. By introducing
external elements, various secondary phases should be
avoided. The secondary phases include Ta2TiO6, TaON,
Ti2O3, Ti2O, TiO2, TiO, Ti3O2, Ti3O4, TiN, Ta2O5, and TaO2.
To avoid the secondary phases, taking TaON as an example,
the following equation should be satisfied:

�μTa + �μO + �μN < E
f

TaON, (3)

where E
f

TaON is the formation energy of TaON. The chemical
potentials of Ta, N, O, and Ti are calculated based on their

most stable solids. The detailed calculation procedure can be
found in our group’s previous work [31]. It is worthwhile to
note that all chemical potentials �μi should be less than or
equal to zero. Because defects can be presented in different
valence states, it is necessary to consider the formation
energies of intrinsic defects or impurities in charge state q,
the formation energies are defined as [32,33]

E
f

defect[Xq] = Et
defect[Xq] − Et

bulk +
∑

ni�μi

+ q[EF + Ev + �V ]. (4)

Et
defect[Xq] is the total energy derived from a calculation of a

Ta3N5 supercell with defect X, and Et
bulk is the total energy for

a pure bulk Ta3N5 supercell in neutral state. EF is the Fermi
level, which is referenced to the VBM (Ev) in the pure model.
However, the defects may strongly affect the band structure. To
align the reference potential in a Ta3N5 supercell with a defect
X in charge state q with that of pure Ta3N5 [33], a correction
term �V derived from the electrostatic potentials between the
pure model and the model with defects should be added.

C. Band-edge positions

The band-edge positions have been calculated by using the
following equation [34]:

�Ev[A/B] = �Ev,C
′ [B] − �Ev,C[A] + �EC,C

′ [A/B].

(5)

Here, �Ev,C
′ [B] is the energy difference between the valence-

band maximum and core level (�Ev,C
′ [B] = �Ev[B] −

�EC
′ [B]) and the same is for �Ev,C[A]. �EC,C

′ [A/B] is
the core level difference between A and B heterostructure. In
this paper, A is the pure Ta3N5 supercell, while B is the Ta3N5

supercell with defects.

III. RESULTS AND DISCUSSION

A. Thermodynamic properties of Ti-doped Ta3N5

Oxygen impurities and nitrogen vacancies are the most
common defects in Ta3N5 and are difficult to eliminate,
therefore it is necessary to take these defects into account
when calculating Ti-doped Ta3N5. Here, we have calculated
the formation energies of the following defects: ON impurities
(one O atom replaces one N atom), Ti and O codoped
Ta3N5 (denoted as TiTa+nON, n is number of ON impurities),
Ti-doped Ta3N5 (denoted as TiTa), the interstitial Ti atom
(denoted as Tiint), N atom vacancy (VN), Ta atom vacancy
(VTa), and TiTa+VN. Figure 1 shows the pure bulk Ta3N5

supercell and Ta3N5 supercells with defects. These four
Ta3N5 supercells with defects are the most thermodynamically
stable. For each defect, different configurations have been
taken into account. For instance, N atoms may coordinate
with three Ta atoms (three-coordinated N) or four Ta atoms
(four-coordinated N). In this case, O impurities will replace
either three-coordinated N atoms or four-coordinated N atoms.
The defect formation energies reveal that O impurities prefer
replacing three-coordinated N atoms. Therefore further studies
of ON impurities sites will focus on three-coordinated N
sites. Analogously, the most stable configurations of Ta3N5

supercells with defects are chosen and displayed in Fig. 1.
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FIG. 1. Atomic structure of the 3 × 1 × 1 (a) pure bulk Ta3N5

supercell, (b) Ta3N5 supercell with ON impurity, (c) Ta3N5 supercell
with TiTa impurity, (d) Ta3N5 supercell with TiTa+ON impurity, and
(e) Ta3N5 supercell with TiTa + 2ON impurity. The clay brown, light
grey, blue, and red balls represent Ta, N, Ti, and O atoms, respectively.

As mentioned above, all bulk calculations are performed us-
ing 3 × 1 × 1 conventional bulk Ta3N5 supercells. Figure 2(a)
shows different defect formation energies calculated using the
GGA (PBE) functional. The formation energies of TiTa + ON,
ON, TiTa + 2ON, and TiTa in N-rich region are much lower
than other defect formation energies (VTa, VN, TiTa+VN, Tiint

and TiTa + 3ON). The formation energy of an ON impurity is
comparatively low, demonstrating that doping with oxygen
impurities is easy, which agrees with the previous results
[19,31]. The lowest formation energy of TiTa+ON in the N-rich

FIG. 2. (a) Calculations of defect formation energies of Ta3N5

supercells using DFT-GGA in the PBE scheme. (b) Four defects
with the lowest formation energies have been further calculated using
hybrid-DFT (HSE06) methods.

FIG. 3. Defect formation energy calculations of Ta3N5 supercells
with various defects in different charge states using the hybrid-DFT
(HSE06) method as a function of the Fermi level in the N-rich region.
The horizontal line shows the formation energy in the neutral charge
state.

region indicates that the charge balanced TiTa+ON impurity is
easy to generate and thermodynamically stable. The formation
energies of TiTa+ON, TiTa + 2ON, and TiTa + 3ON increase
with the addition of oxygen concentrations, which is contrary
to Ba-doped Ta3N5 [31]. In Ba-doped Ta3N5 system, the
addition of ON impurities help to dope BaTa into Ta3N5,
which is attributed to the charge compensation between one
Ba atom and three O atoms. However, TiTa+ON is charge
balanced, suggesting that TiTa+ON is thermodynamically
stable. Thereby as the oxygen concentrations further increase,
the formation energies increase. VN and VTa are intrinsic
defects in bulk Ta3N5. The defect formation energies of VN

and VTa are comparatively high. Ti doping has a limited effect
on the formation energy of VN.

To verify the accuracy of the formation energies, hybrid-
DFT (HSE06) calculations are performed in the following
sections. Comparing Figs. 2(a) and 2(b), the agreement of
the defect formation energies among different calculations
shows the reliability of DFT calculations. Both Figs. 2(a)
and 2(b) illustrate that charge-balanced Ti-O codoped Ta3N5

is thermodynamically stable in the N-rich region, suggesting
Ti atoms can trap oxygen impurities. Defects with positive
or negative charge states influence the electronic structure
and may introduce levels in or near the band gaps of
semiconductors. For instance, TiTa acts as an electron acceptor
while ON is an electron donor. Herein, it is essential to
calculate the defect formation energies of Ta3N5 supercells
as a function of the Fermi energy level to analyze the defect
characterization. Figure 3 shows the defect formation energies
of Ta3N5 supercells as a function of the Fermi level in the
N-rich region, which are calculated according to Eq. (4). At the
same time, Fig. 3 shows the thermodynamic transition level
εα(q/q ′) of different defects. The thermodynamic transition
level εα(q/q ′) defines the Fermi energy level where the defect
formation energies in the charge state q and q ′ share the
same value. εON (+1/0), εTiTa+ON (0/−1), and εTiTa+2ON (+1/0)
are 2.17, 2.20, and 2.15 eV above the VBM, respectively.
Figure 3 proves that TiTa behaves as an electron acceptor, while
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FIG. 4. Calculated DOS or PDOS of (a) pure Ta3N5, (b) Ta3N5 + ON, (c) Ta3N5 + TiTa, (d) Ta3N5 + TiTa + ON, and (e) Ta3N5 + TiTa + 2ON.
(f) The total DOS of pure Ta3N5 and Ta3N5 with various defects. The hybrid-DFT (HSE06) method has been adopted for all calculations. The
vertical grey dashed line is the Fermi level. (a) The DOS of pure Ta3N5. (b)–(e) show the PDOS of doping Ti, O and neighboring N, Ta atoms
(the cutoff distance is 3 Å).

ON prefers acting as an electron donor when the Fermi level
is lower than 2.17 eV above VBM. The neutral TiTa+ON is
thermodynamically stable and is in agreement with the defect
formation energies illustrated in Fig. 2. When O impurities
further increase, the property of TiTa + 2ON is similar to ON.

The formation energies reveal that Ti-O codoped Ta3N5 is
thermodynamically stable, suggesting that in Ti-doped Ta3N5,
O impurities play an indispensable role. Ti as well as O should
be considered when calculating the properties of Ta3N5.

B. Electronic structure of Ti-doped Ta3N5

The density of states (DOS) and partial density of states
(PDOS) describe the occupied number of states per energy
levels, revealing the details of the electronic structure of
the pure bulk Ta3N5 and Ta3N5 with impurities. Figure 4
shows the DOS and PDOS of the pure Ta3N5 and Ta3N5

with various defects. For bulk Ta3N5, N-2p orbitals mainly
contribute to the valence band and Ta-5d orbitals contribute to
the conduction band, which consists with the previous report
on metal oxides [35,36]. O-2p orbitals behave similarly as
N-2p orbitals, mainly contributing to the valence band. In the
meantime, Ti-3d orbitals mainly contribute to the conduction
band, analogous to Ta-5d orbitals. The PDOS of foreign Ti
and O atoms with adjacent N and Ta atoms are illustrated in
Figs. 4(b)–4(e). From Figs. 4(b)–4(e), it is notable that the
3d orbitals of the Ti atoms show strong hybridization with
the adjacent N-2p and Ta-5d orbitals in the CBM. O-2p

orbitals mainly hybridize with orbitals of adjacent atoms in
VBM. However, the PDOS of O-2p orbitals in VBM is
negligible, compared with adjacent N-2p orbitals, implying
that the O impurity has limited effects on the DOS in the
VBM. Figure 4(f) reveals the total DOS of pure Ta3N5 and
Ta3N5 with defects. Except Ta3N5+TiTa, all the other VBM
and CBM of Ta3N5 with defects shift left, indicating that the
CBM is closer to the H+/H2 potential, which is harmful to the
H+ reduction reaction and beneficial to the oxygen evolution
reaction. Simultaneously, the addition of Ti will enhance the

H+ reduction reaction and reduce the onset potential. To
confirm the shifts of the VBM and the CBM, the band-edge
positions have been calculated by taking the deformation
potential of the core states into consideration in the following
section [31].

The vertical grey dashed line in Fig. 4 is the Fermi
level. As is shown in Figs. 4(a) and 4(b), the Fermi level
moves from VBM to CBM by introducing O impurities.
On the contrary, Fig. 4(c) indicates that the Fermi level of
Ti-doped Ta3N5 moves to the left, showing that Ti-doped
Ta3N5 is p-type doped. The Fermi level of the charge balanced
Ta3N5+TiTa+ON is similar to pure Ta3N5 while with further
increase of O impurities, as shown in Fig. 4(e), the Fermi level
moves to CBM. Combing the shifts of band-edge positions
and the Fermi level, the introduction of foreign element Ti
can counteract the effects of O impurities on the band-edge
positions, enhance the H+ reduction reaction, and reduce the
onset potential.

C. Band-edge position modifications with
various O and Ti concentrations

The band-edge positions of a photoelectrode material play
a key role in water splitting reaction, therefore it is meaningful
to calculate the band-edge positions with various O and Ti
concentrations. All calculations have been performed using
3 × 1 × 1 conventional bulk Ta3N5 supercells. Various Ti
and O configurations at different concentrations have been
considered. TiTa and ON are the most stable configurations and
have been applied in the following calculations. To drive water
splitting reaction, the valence-band-edge position must be
more positive than the O2/H2O potential (1.23 V versus NHE)
and the conduction-band-edge position must be more negative
than the H+/H2 potential. The band-edge positions of Ta3N5

satisfy the above conditions, indicating that Ta3N5 alone may
drive water splitting reaction without any bias theoretically.
Here, we use precious hybrid-DFT (HSE06) calculations to
study the effect of O and Ti concentrations on the band-edge
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FIG. 5. Calculated valence and conduction-band-edge positions of Ta3N5 with (a) various Ti/Ta ratios, (b) various O/N ratios, (c) various
Ti/Ta ratios and a constant O/N ratio, and (d) various O/N ratios and a constant Ti/Ta ratio using the hybrid-DFT (HSE06) method and
3 × 1 × 1 supercells. The grey dashed lines represent O2/H2O (1.23 V vs NHE) and H+/H2 (0 vs NHE) potentials, respectively.

positions. The calculated VBM are obtained from Eq. (5). The
shifts of either VBM or CBM will greatly influence the kinetic
overpotentials for HER and OER. For Ta3N5, previous work
[36] has focused on the effects of O/N ratios on the band-edge
positions. In this study, we have explained the synergistic
effects of doping metal element Ti and oxygen impurities
on the band-edge positions of Ta3N5. Figures 5(a) and 5(b)
display the variation trends of valence- and conduction-band-
edge positions with different Ti/Ta ratios and O/N ratios.
Figure 5(a) reveals both valence- and conduction-band-edge
positions increasing towards more negative potentials with
the increase of Ti/Ta ratios. The negative shift of CBM is
beneficial for water reduction reaction because of the better
kinetic condition. Meanwhile, the negative shift of VBM will
restrain water oxidation reaction. Contrary to Ti doping, with
the increase of O/N ratios, both valence and conduction-band-
edge positions shift towards more positive potentials. This
suggests that O impurities are harmful to water reduction
reaction and enhance oxygen evolution reaction. For a very
low O/N ratio (O/N=1/30, Ta3N4.83O0.17), the valence-band
edge moves towards a more positive potential by 0.22 eV
compared with the pure Ta3N5. This indicates that partially
oxidized Ta3N5 can greatly affect the band-edge positions and
photocatalytic properties of Ta3N5.

The charge balanced Ta3N5 + TiTa + ON is thermodynam-
ically stable, demonstrating that O impurity can stabilize the
Ti-doped Ta3N5. At the same time, O and Ti have a contrary
influence on the band-edge positions of Ta3N5. Hence the
cooperative effect of O and Ti on Ta3N5 should be emphasized.
The O and Ti codoped Ta3N5 supercells with different O/N
and Ti/Ta ratios are calculated and illustrated in Figs. 5(c) and
5(d). Figure 5(c) reveals that with the addition of Ti atoms and
a constant concentration of O impurities, both the valence- and
conduction-band-edge positions move towards more negative
potentials, showing the same tendency with Ti-doped Ta3N5.
On the contrary, Fig. 5(d) reveals that with the addition of
O impurities and a constant concentration of Ti, both the
valence and conduction-band-edge positions move towards
more positive potentials. To conclude, both the valence- and
conduction-band-edge positions move towards more positive
potentials with addition of O impurities, while with increasing
Ti concentration, both the valence- and conduction-band-edge
positions move towards more negative potentials. O impurities
in Ta3N5 are difficult to remove because of their low formation

energy. Meanwhile O impurities may greatly influence the
band-edge positions. As mentioned above, the positive shift
of the conduction-band edge ascribed to O impurities is
harmful to water reduction reaction. At the same time, the shift
of the conduction-band edge will affect the onset potential of
the photoanode [37,38]. The onset potential is an important
parameter of the photoanode and the cathodic shift of the
onset potential will enhance the STH efficiency. Previous
analysis indicates that oxygen impurities are detrimental to the
performance of the onset potential. By introducing a foreign
metal element Ti, the conduction-band-edge position moves
towards a more negative potential, which can compensate
the effect of oxygen impurities and may improve the onset
potential performance.

Here, we suggest that by controlling the amount of Ti and
O concentrations, the band-edge positions can be adjusted to a
proper potential level. Introducing Ti atoms can eliminate the
effect of O impurities on the band-edge positions and may shift
the onset potential of Ta3N5 negatively, thereby improving the
photoelectrochemical property of photoanode Ta3N5.

IV. CONCLUSIONS

In summary, we have calculated Ti-doped Ta3N5 based on
the hybrid-DFT method. First, we calculate the thermody-
namic properties and the results demonstrate that Ti and O
codoped Ta3N5 is thermodynamically stable. Then according
to the DOS and PDOS calculations, O-2p orbitals and N-2p

orbitals mainly contribute to the valence band while Ti-3d

orbitals and Ta-5d orbitals mainly contribute to the conduction
band. The 3d orbitals of the Ti atoms show strong hybridization
with the adjacent N-2p and Ta-5d orbitals in the CBM. O-2p

orbitals mainly hybridize with orbitals of adjacent atoms in
VBM. Finally, the band-edge positions with various O and
Ti concentrations have been investigated. The addition of O
impurities shifts both the valence- and conduction-band-edge
positions in parallel towards more positive potentials, while
with increasing Ti concentration, band-edge positions show the
opposite tendency. This reveals that controlling the amount of
O impurities and foreign Ti atoms can modify the band-edge
position to a proper level for photocatalysis. Ti doping can
compensate the positive shifts of band-edge positions arising
from O impurities and enhance the onset potential performance
of Ta3N5 for water oxidation.

035403-5



FAN, WANG, FU, FENG, LI, AND ZOU PHYSICAL REVIEW MATERIALS 1, 035403 (2017)

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 21473090 and
No. U1663228), the National Basic Research Program of
China (973 Program, 2013CB632404) and a project funded

by the Priority Academic Program Development of Jiangsu
Higher Education Institutions and. The authors are also
grateful to the High Performance Computing Center (HPCC)
of Nanjing University for allowing use of its IBM Blade cluster
system for the numerical calculations discussed in this paper.

[1] A. J. Bard and M. A. Fox, Acc. Chem. Res. 28, 141 (1995).
[2] X. Meng, L. Liu, S. Ouyang, H. Xu, D. Wang, N. Zhao, and

J. Ye, Adv. Mater. 28, 6781 (2016).
[3] A. Fujishima and K. Honda, Nature (London) 238, 37 (1972).
[4] Z. Li, W. Luo, M. Zhang, J. Feng, and Z. Zou, Energy Environ.

Sci. 6, 347 (2013).
[5] J. C. Yu, J. Yu, W. Ho, Z. Jiang, and L. Zhang, Chem. Mater. 14,

3808 (2002).
[6] J. H. Park, S. Kim, and A. J. Bard, Nano Lett. 6, 24 (2006).
[7] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga, Science

293, 269 (2001).
[8] Z. Wang, Y. Qi, C. Ding, D. Fan, G. Liu, Y. Zhao, and C. Li,

Chem. Sci. 7, 4391 (2016).
[9] J. Seo, T. Takata, M. Nakabayashi, T. Hisatomi, N. Shibata,

T. Minegishi, and K. Domen, J. Am. Chem. Soc. 137, 12780
(2015).

[10] J. Feng, D. Cao, Z. Wang, W. Luo, J. Wang, Z. Li, and Z. Zou,
Chem. Eur. J. 20, 16384 (2014).

[11] K. Ueda, T. Minegishi, J. Clune, M. Nakabayashi, T. Hisatomi,
H. Nishiyama, M. Katayama, N. Shibata, J. Kubota, T. Yamada,
and K. Domen, J. Am. Chem. Soc. 137, 2227 (2015).

[12] Y. Zhong, Z. Li, X. Zhao, T. Fang, H. Huang, Q. Qian, X. Chang,
P. Wang, S. Yan, Z. Yu, and Z. Zou, Adv. Funct. Mater. 26, 7156
(2016).

[13] W.-J. Chun, A. Ishikawa, H. Fujisawa, T. Takata, J. N. Kondo,
M. Hara, M. Kawai, Y. Matsumoto, and K. Domen, J. Phys.
Chem. B 107, 1798 (2003).

[14] M. Higashi, K. Domen, and R. Abe, Energy Environ. Sci. 4,
4138 (2011).

[15] J. Wang, T. Fang, L. Zhang, J. Feng, Z. Li, and Z. Zou, J. Catal
309, 291 (2014).

[16] Y. He, J. E. Thorne, C. H. Wu, P. Ma, C. Du, Q. Dong, J. Guo,
and D. Wang, Chem. 1, 640 (2016).

[17] P. Zhang, T. Wang, and J. Gong, Chem. Commun. 52, 8806
(2016).

[18] J. Wang, A. Ma, Z. Li, J. Jiang, J. Chen, and Z. Zou, J. Mater.
Chem. A 5, 6966 (2017).

[19] J. Wang, A. Ma, Z. Li, J. Jiang, J. Feng, and Z. Zou, Phys. Chem.
Chem. Phys. 17, 23265 (2015).

[20] M. Ritala, P. Kalsi, D. Riihelä, K. Kukli, M. Leskelä, and
J. Jokinen, Chem. Mater. 11, 1712 (1999).

[21] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[22] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[23] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R.

Pederson, D. J. Singh, and C. Fiolhais, Phys. Rev. B 46, 6671
(1992).

[24] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[25] M. Harb, P. Sautet, and P. Raybaud, J. Phys. Chem. C 115, 19394
(2011).

[26] M. Harb, J. Phys. Chem. C 117, 12942 (2013).
[27] J. Heyd, G. E. Scuseria, and M. Ernzerhof, J. Che. Phys. 118,

8207 (2003).
[28] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria,

J. Chem. Phys. 125, 224106 (2006).
[29] F. Aryasetiawan, K. Karlsson, O. Jepsen, and U. Schönberger,

Phys. Rev. B 74, 125106 (2006).
[30] N. E. Brese, M. O’Keeffe, P. Rauch, and F. J. DiSalvo, Acta.

Cryst. C47, 2291 (1991).
[31] J. Wang, A. Ma, Z. Li, J. Jiang, J. Feng, and Z. Zou, RSC Adv.

4, 55615 (2014).
[32] C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer, G. Kresse,

A. Janotti, and C. G. Van de Walle, Rev. Mod. Phys. 86, 253
(2014).

[33] C. G. Van de Walle and J. Neugebauer, J. Appl. Phys. 95, 3851
(2004).

[34] Y.-H. Li, A. Walsh, S. Chen, W.-J. Yin, J.-H. Yang, J. Li, J. L.
Da Silva, X. Gong, and S.-H. Wei, Appl. Phys. Lett. 94, 212109
(2009).

[35] J. K. Nørskov, T. Bligaard, J. Rossmeisl, and C. H. Christensen,
Nat. Chem. 1, 37 (2009).

[36] M. Harb, P. Sautet, E. Nurlaela, P. Raybaud, L. Cavallo, K.
Domen, J.-M. Basset, and K. Takanabe, Phys. Chem. Chem.
Phys. 16, 20548 (2014).

[37] R. Van de Krol and M. Grätzel, Photoelectrochemical Hydrogen
Production Vol. 90 (Springer, New York, 2012).

[38] Y.-S. Hu, A. Kleiman-Shwarsctein, G. D. Stucky, and E. W.
McFarland, Chem. Commun. 19, 2652 (2009).

035403-6

https://doi.org/10.1021/ar00051a007
https://doi.org/10.1021/ar00051a007
https://doi.org/10.1021/ar00051a007
https://doi.org/10.1021/ar00051a007
https://doi.org/10.1002/adma.201600305
https://doi.org/10.1002/adma.201600305
https://doi.org/10.1002/adma.201600305
https://doi.org/10.1002/adma.201600305
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1039/C2EE22618A
https://doi.org/10.1039/C2EE22618A
https://doi.org/10.1039/C2EE22618A
https://doi.org/10.1039/C2EE22618A
https://doi.org/10.1021/cm020027c
https://doi.org/10.1021/cm020027c
https://doi.org/10.1021/cm020027c
https://doi.org/10.1021/cm020027c
https://doi.org/10.1021/nl051807y
https://doi.org/10.1021/nl051807y
https://doi.org/10.1021/nl051807y
https://doi.org/10.1021/nl051807y
https://doi.org/10.1126/science.1061051
https://doi.org/10.1126/science.1061051
https://doi.org/10.1126/science.1061051
https://doi.org/10.1126/science.1061051
https://doi.org/10.1039/C6SC00245E
https://doi.org/10.1039/C6SC00245E
https://doi.org/10.1039/C6SC00245E
https://doi.org/10.1039/C6SC00245E
https://doi.org/10.1021/jacs.5b08329
https://doi.org/10.1021/jacs.5b08329
https://doi.org/10.1021/jacs.5b08329
https://doi.org/10.1021/jacs.5b08329
https://doi.org/10.1002/chem.201402760
https://doi.org/10.1002/chem.201402760
https://doi.org/10.1002/chem.201402760
https://doi.org/10.1002/chem.201402760
https://doi.org/10.1021/ja5131879
https://doi.org/10.1021/ja5131879
https://doi.org/10.1021/ja5131879
https://doi.org/10.1021/ja5131879
https://doi.org/10.1002/adfm.201603021
https://doi.org/10.1002/adfm.201603021
https://doi.org/10.1002/adfm.201603021
https://doi.org/10.1002/adfm.201603021
https://doi.org/10.1021/jp027593f
https://doi.org/10.1021/jp027593f
https://doi.org/10.1021/jp027593f
https://doi.org/10.1021/jp027593f
https://doi.org/10.1039/c1ee01878g
https://doi.org/10.1039/c1ee01878g
https://doi.org/10.1039/c1ee01878g
https://doi.org/10.1039/c1ee01878g
https://doi.org/10.1016/j.jcat.2013.10.014
https://doi.org/10.1016/j.jcat.2013.10.014
https://doi.org/10.1016/j.jcat.2013.10.014
https://doi.org/10.1016/j.jcat.2013.10.014
https://doi.org/10.1016/j.chempr.2016.09.006
https://doi.org/10.1016/j.chempr.2016.09.006
https://doi.org/10.1016/j.chempr.2016.09.006
https://doi.org/10.1016/j.chempr.2016.09.006
https://doi.org/10.1039/C6CC03411J
https://doi.org/10.1039/C6CC03411J
https://doi.org/10.1039/C6CC03411J
https://doi.org/10.1039/C6CC03411J
https://doi.org/10.1039/C6TA10294H
https://doi.org/10.1039/C6TA10294H
https://doi.org/10.1039/C6TA10294H
https://doi.org/10.1039/C6TA10294H
https://doi.org/10.1039/C5CP03290C
https://doi.org/10.1039/C5CP03290C
https://doi.org/10.1039/C5CP03290C
https://doi.org/10.1039/C5CP03290C
https://doi.org/10.1021/cm980760x
https://doi.org/10.1021/cm980760x
https://doi.org/10.1021/cm980760x
https://doi.org/10.1021/cm980760x
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/jp204059q
https://doi.org/10.1021/jp204059q
https://doi.org/10.1021/jp204059q
https://doi.org/10.1021/jp204059q
https://doi.org/10.1021/jp400880b
https://doi.org/10.1021/jp400880b
https://doi.org/10.1021/jp400880b
https://doi.org/10.1021/jp400880b
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1103/PhysRevB.74.125106
https://doi.org/10.1103/PhysRevB.74.125106
https://doi.org/10.1103/PhysRevB.74.125106
https://doi.org/10.1103/PhysRevB.74.125106
https://doi.org/10.1107/S0108270191005231
https://doi.org/10.1107/S0108270191005231
https://doi.org/10.1107/S0108270191005231
https://doi.org/10.1107/S0108270191005231
https://doi.org/10.1039/C4RA11053F
https://doi.org/10.1039/C4RA11053F
https://doi.org/10.1039/C4RA11053F
https://doi.org/10.1039/C4RA11053F
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.3143626
https://doi.org/10.1063/1.3143626
https://doi.org/10.1063/1.3143626
https://doi.org/10.1063/1.3143626
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.121
https://doi.org/10.1039/C4CP03594A
https://doi.org/10.1039/C4CP03594A
https://doi.org/10.1039/C4CP03594A
https://doi.org/10.1039/C4CP03594A
https://doi.org/10.1039/b901135h
https://doi.org/10.1039/b901135h
https://doi.org/10.1039/b901135h
https://doi.org/10.1039/b901135h



