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Visible light absorption of (Fe, C/N) co-doped NaTaO3: DFT+𝑈 ∗
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The effects of Fe–C/N co-doping on the electronic and optical properties of NaTaO3 are studied with density func-
tional theory. Our calculations indicate that mono-doped and co-doped sodium tantalate are both thermodynamically stable.
The co-doping sodium tantalate can reduce the energy band gap to a greater degree due to the synergistic effects of Fe and C
(N) atoms than mono-doping sodium tantalate, and has a larger optical absorption of the whole visible spectrum. The band
alignments for the doped NaTaO3 are well positioned for the feasibility of hydrogen production by water splitting. The
Fe–C co-doping can enhance the absorption of the visible light and its photocatalytic activity more than Fe–N co-doping
due to the different locations of impurity energy levels originating from their p–d hybridization effect.
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1. Introduction

Hydrogen, as a clean and renewable fuel, is one of
the candidates to replace the traditional fossil fuels. Pho-
tocatalytic water splitting for H2 has been considered as a
promising approach to the environmentally friendly produc-
tion of hydrogen; however, a suitable photocatalyst is essen-
tial. Among various photocatalysts, NaTaO3 (perovskite-type
alkali tantalate) has been extensively studied as a prospec-
tive photocatalyst for the water splitting reaction under UV
radiation[1–3] due to its excellent properties, such as control-
lable structure, prominent photocatalytic activity and fine ther-
mal stability.[4,5] The wide band edges of NaTaO3 straddle
the water redox potential levels, which is necessary for hy-
drogen production by photocatalytic water splitting. The de-
localized nature of photoexcited electrons can promote the hy-
drogen generation in NaTaO3.[6–8] However, the absorption
of NaTaO3 is limited in the UV range, which only accounts
for 5% of the solar spectrum,[9] due to its large band gap
(Eg = 4.1 eV[6]). In addition, the photoexcited electron-hole
pairs in NaTaO3 are relatively easy to recombine,[10–12] which
impedes the enhancement of hydrogen production. Therefore,
two critical factors for promoting the hydrogen generation are
how to narrow the energy band gap and how to reduce the re-
combination of electron-hole pairs.

Recently various attempts such as ion doping, semicon-
ductor coupling and dye sensitizing[13–16] have been devel-

oped to enhance the photocatalytic effect of semiconductor
photocatalysts. Among them, doping ions[17,18] is a promis-
ing approach to improving visible light absorption. For in-
stance, Liu et al.[19] proposed that N-doped NaTaO3 exhibits
higher photocatalytic activities than the pure NaTaO3. The
reason is that the newly formed intra-bandgap states are close
enough to the conductor band (CB) edge, which may prevent
charges from being recombined. Meanwhile, Wang et al.[20]

demonstrated that the C (N) p orbital mixing with O p orbital
increases the width of the valance band (VB), resulting in sig-
nificantly narrowing the band gap when doped with C (N).
In addition, Zhou et al.[21] reported that the band gap of Fe
doped NaTaO3 is narrowed to 2.03 eV indicated from the DFT
calculations and leads to an obvious red-shift of light absorp-
tion. However, the improvement of photocatalytic efficiency
by mono-doping is still limited. A natural ideal is to com-
bine the advantages of a metal ion and those of a nonmetal
ion to further improve its ability to produce hydrogen by the
co-doping method.

Although there are some intensive studies about the pho-
tocatalytic effect of doped NaTaO3, the electronic natures of
these doped systems are not well understood. Moreover, to the
best of our knowledge, there are few corresponding theoreti-
cal researches that uncover the mechanism of cation-anion co-
doping, which has been proved to be effective in other oxide
systems, such as TiO2.[22] Hence we use the density functional
theory (DFT) plus the U method to investigate the mono- and
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co-doping effects of C, N, and Fe in NaTaO3, which can im-
prove our understanding of the mechanism of cation-anion co-
doping.

2. Computational details
Our calculations were performed using the projector aug-

mented wave (PAW) pseudopotentials[23,24] with a plane-wave
basis set as implemented in the Vienna Ab initio Simulation
Package (VASP)[25] code. The exchange correlation potential
was treated by the generalized gradient approximation (GGA)
with the Perdew–Becke–Erenfest parameterization (known as
GGA-PBE).[26] The electron wave function was expanded in
plane waves up to a cutoff energy of 500 eV. The Brillouin
zone (BZ) integrations were carried out by using the special k-
point sampling of the Monkhorst–Pack[27] type. The dense k-
point grids 7×7×6 were used for NaTaO3. The chosen plane-
wave cutoff and the number of k points were carefully checked
to ensure the total energy converged to better than 1 meV per
formula unit (f.u.). Both the atomic positions and the cell pa-
rameters were optimized simultaneously until residual forces
were reduced to below 0.01 eV/Å. The supercell approach
has been employed to study the pure and doped systems on
the electronic structure of NaTaO3. A 2×2×2 supercell with
160 atoms has been constructed.

We used C (N) to replace O and substituted Fe for the Ta
site in the lattice. The ionic radius of Fe (0.72 Å) is close to
that of Ta5+ (0.64 Å) while it is largely different from that of
Na+ (1.39 Å), so we preferred to use Fe to replace the Ta5+

rather than Na+ in the present study.[21]

It is generally known that the standard DFT method usu-
ally underestimates the band gap for a semiconductor, while
the DFT+U approach can introduce an on-site correction to
describe the localized d electrons. Therefore, we adopted the
DFT+U method for Ta 5d electrons to calculate the electronic
and optical properties in order to obtain an accurate theoreti-
cal band gap. As is well known, the spherically average Hub-
bard parameter U describes the extra energy while the param-
eter J denotes the screened exchange energy. The effective
Hubbard parameter Ueff = U − J is required to include the
on-site Coulomb repulsion for each affected orbital.[28] The
U = 8.00 eV and J = 0.95 eV were found to well reproduce
the experimental band gap.

3. Results and discussion
3.1. Structural optimization and formation energy

NaTaO3 has an orthorhombic structure with space group
Pbnm. The structure of the pure NaTaO3 is optimized using
the experimental data as initial values. The calculated lattice
parameters are a = 5.50 Å, b = 5.57 Å, and c = 7.83 Å, which
are in good agreement with experimental values.[29] These re-
sults indicate that our calculation methods are reasonable. All

the doped systems are constructed from the relaxed (2×2×2)
160-atom orthorhombic NaTaO3 supercell as shown in Fig. 1.
The Ta cation is 6-fold coordinated with six O anions, form-
ing a tilted octahedron, with the Na cation located in the center
of it. The mono-doped systems are modeled by replacing one
of the O or Ta atoms by C/N or Fe atoms, respectively (see
Fig. 1). At the same time, one O atom and one Ta atom are
substituted by one C/N and one Fe atom for co-doping (see
Fig. 1). After optimization, the distance between Ta and O
atoms is 1.996 Å in pure NaTaO3. However, for Fe–C/N co-
doped NaTaO3, the calculated Fe–C and Fe–N bond lengths
are 1.595 Å and 1.566 Å, respectively, indicating a slight con-
traction in comparison with the Ta-O bond length. The dis-
tance between Fe and N atoms is unchanged before and af-
ter the optimization, however, the Fe–C bond decreases by
0.402 Å after optimization. This suggests that the Fe and C
atoms are easier to close each other than Fe and N atoms. So
many differences may result in a substantial difference in the
electronic properties. To investigate the relative stabilities of
the doped systems, the formation energies Ef are calculated by
the following equations:

Ef = Emonodoped −Epure −µX +µY , (1)

Ef = Ecodoped −Epure −µM +µO −µFe +µTa, (2)

µNa +µTa +3µO = µNaTaO3 , (3)

3µFe +4µO = µFe3O4 , (4)

µC +2µO = µCO2 , (5)

where X = C, N, Fe; Y = O, Ta; M = C, N; Emonodoped,
Ecodoped, and Epure are the total energies of the mono-doped,
co-doped, and pure NaTaO3, respectively; µX/Y/M/O/Fe/Ta rep-
resent the chemical potentials for C, N, Fe, O, and Ta atoms,
respectively. The chemical potential of the constituent ele-
ments must satisfy the relationship from Eq. (3) for NaTaO3.
It should be mentioned that the formation energy is not fixed
but dependent on the growth condition. The O-rich and the
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Fig. 1. (color online) Supercell structure for orthorhombic NaTaO3. The
blue, green, and yellow spheres represent Ta, O, and Na atoms, respectively.
The lattice sites of the dopant are marked by Ta and O.
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Ta-rich conditions are considered to be calculated. Under the
environment of an O-rich condition, µO is calculated from the
energy of an oxygen molecule (µO = 1

2 µO2) and µTa is ob-
tained from Eq. (3). At the same time, µTa is determined from
the energy of the Ta atom in the bulk crystal and µO is obtained
from Eq. (3) for the case of a Ta-rich condition. The µNa is de-
termined from the energy of the Na atom in the bulk crystal.
The µN has been calculated as the energy of the nitrogen atom
in the diatomic molecules in the gas phase and the chemical
potentials of other atoms are calculated from Eqs. (4) and (5).
The calculated defect formation energies for all mono-doped

and co-doped NaTaO3 under the O-rich and Ta-rich conditions

are listed in Table 1. The lower the formation energy, the more

stable the doping structure is. As shown in Table 1, the neg-

ative formation energy indicates that all these doped systems

are thermodynamically stable. For the Fe–C co-doped system,

the formation energy is −5.55 eV under the Ta-rich condition,

which is more suitable than the O-rich condition. However, for

the Fe–N co-doped system, the formation energy is −5.64 eV,

which is suitable under the O-rich condition. In a word, all of

the doped structures are reasonably stable and worth studying.

Table 1. Defect formation energies of different doping structures (in unit eV).

Pure NaTaO3 C@O N@O Fe@Ta C@O&Fe @Ta N@O&Fe@Ta

Ef (O-rich) – –6.71 -0.53 –9.05 –0.09 –5.64

Ef (Ta-rich) – –19.03 –4.63 –2.20 –5.55 –3.76

3.2. Electronic structures
3.2.1. Pure NaTaO3

The calculated energy band structures of pure NaTaO3 by
the DFT method and the DFT+U method are shown in Fig. 2,
respectively.
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Fig. 2. (color online) Band structures of pure NaTaO3 calculated by (a)
DFT method and (b) DFT+U method.

The calculated direct band gap (Γ –Γ ) is 2.7 eV (see
Fig. 2(a)), which is close to the value of 2.89 eV calculated
by Wang et al.,[30] but is much smaller than the experimen-
tal value (3.98 eV[19]) due to the well-known shortcoming of

the standard DFT approach. As mentioned, the DFT calcu-
lations cannot accurately describe the Ta-d electrons, so we
employ the DFT+U method to calculate the band structure
of NaTaO3. The DFT+U calculation gives the band gap of
3.92 eV (see Fig. 2(b)), which is in good agreement with the
experimental observation (3.98 eV[19]). It should be empha-
sized that the DFT+U approach results in the improvement
of the electronic structures compared with the traditional DFT
method. Therefore, the DFT+U method is employed for the
following calculations.

In order to clarify the orbital information of NaTaO3,
the total density of states (DOS) and partial density of states
(PDOS) of pure NaTaO3 are calculated and plotted in Fig. 3.
The PDOS shows that the valence band maximum (VBM) is
principally O 2p orbital in character and the conduction band
minimum (CBM) is mainly composed of Ta 5d orbital. It elu-
cidates that the electrons transferring from O 2p to Ta 5d states
is the main reason for optical absorption, which is consistent
with previous work.[20]
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Fig. 3. (color online) Total density of states (TDOS) and partial density
of states (PDOS) of pure NaTaO3 based on DFT+U calculations.

3.2.2. Mono-doping effects of C, N, and Fe on NaTaO3

Generally, in order to shift the conduction band down-
ward for narrowing the band gap, the metal dopant d orbital
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energy should be lower than that of the Ta 5d. On the other
hand, we need the non-metal dopants to have a higher 2p or-
bital energy than that of O 2p to shift the valence band upward.

We calculate a series of energy band structures of C-
doped (see Fig. 4(a)), N-doped (see Fig. 4(c)), and Fe-doped
(see Fig. 4(e)) NaTaO3 systems. For the C-doped model, we
find that the impurity energy states appear in the forbidden
gap. The same phenomenon is also observed in the N-doped
system. As a matter of fact, the introduction of the C or N
dopant due to their higher energy levels of p orbital than that
of O reduce the band gap by 0.66 eV or 1.14 eV, respectively,
compared with undoped NaTaO3. The N 2p states form the
VBM while C 2p states are just above the VBM to act as impu-
rity levels. Thus, the narrowing of the band gap is helpful for
allowing NaTaO3 to absorb near-visible-range light. For Fe-
doped NaTaO3 (see Fig. 4(e)), both shallow levels and deep
levels are present within the band gap, making the band gap
much smaller than that of the pure NaTaO3. The phenomenon
shows a similar trend to that indicated in the previous study of
Zhou et al.[21] The deep levels are disadvantageous factors for
the light absorption efficiency, so co-doping with anion should
be a choice for overcoming the negative factor of deep impu-
rity energy levels.

Besides, the total density of states (DOS) and projected
density of states (PDOS) of the doped systems are calculated
to elucidate the orbital information in detail. For the N-doped

model (see Fig. 4(d)), the N 2p orbitals are split into a higher
degenerated e orbital and a lower non-degenerated a orbital.
The e orbital is just above VBM of pure NaTaO3, nevertheless
the a orbital is located within the valence bands. In particular,
the N 2p orbitals can mix well with the O 2p orbitals at the
VBM for the reduction of the band gap while CBM is not af-
fected by this doping, which is similar to the other theoretical
results.[9,20] These impurity states make possible the electrons
transferring from VB to the CB even with light of lower energy
than in the case of pure NaTaO3, which extends the absorption
edge to the visible light range (see Fig. 6).

For the C-doped model (see Fig. 4(b)), the C 2p orbitals
are split into three states, which shows a similar trend to that
indicated by the previous study of Wang et al.[20] Its higher
state stays at about 0.14 eV above the Fermi level, while an-
other two states are located at about 0.08 eV and −1.29 eV
below the Fermi level, respectively. The C 2p states bestow
the VBM with a higher oxidation ability to reduce the band
gap and form a shallow acceptor level above the top of the VB
to help CB accept the photoexcited electrons from the VB with
lower energy, and then enhance the utilization of visible light
effectively. The narrower band gap would make the absorp-
tion edge of C-NaTaO3 move to the visible light range (see
Fig. 6) in comparison with that of pure NaTaO3, which is well
consistent with the experiment measurements.[31]
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Fig. 4. (color online) Band structures of (a) C-doped NaTaO3, (c) N-doped NaTaO3, and (e) Fe-doped NaTaO3; total densities of states (TDOSs) and partial
densities of states (PDOSs) of (b) C-doped NaTaO3, (d) N-doped NaTaO3, and (f) Fe-doped NaTaO3.

For Fe-doped NaTaO3 (see Fig. 4(f)), two nearly degen-

erated states (1.69 eV and 1.77 eV above the Fermi level), an-

other two nearly degenerated states (0.009 eV and 0.007 eV

below the Fermi level) and one state (0.090 eV below the

Fermi level) contribute to not only the VBM but also the CBM,

which are responsible for the gap narrowing and the enhanced

absorption of visible light (see Fig. 6). The unoccupied state

above the VB from hybridization of Fe 3d and O 2p states can

act as a middle springboard, which allows the electrons with

lower energy to transfer gradually from the valence band to

the conduction band. On the other hand, the impurity energy

levels can transfer its local electrons to the CBM energy levels

by absorbing the photo electrons, resulting in the absorption of

longer-wavelength (previous 650 nm[21]) visible-light. How-

ever, the deep energy levels in the middle of the band gap may

act as a recombination center on the basis of the report by Gai
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et al.,[22] which hinders the separation and migration of the
photoexcited electron-hole pairs, thus limiting the solar energy
conversion for the production of hydrogen to some extent. The
same phenomenon has also been observed in the other theoret-
ical results.[21,32] Our present calculations provide an accurate
trend for the following calculations. In a word, our theoretical
results indicate that mono-doped NaTaO3 is still an efficient
catalyst for splitting water under visible light to some extent.
However, the improvement of the photocatalytic efficiency for
the mono-doping NaTaO3 is quite limited, in spite of signifi-
cant enhancement of the visible light absorption (see Fig. 6).

3.2.3. Co-doping effects of Fe–C, Fe–N on NaTaO3

The co-doping technique has been proved to be efficient
in producing visible light photocatalyst and reducing its re-
combination rate.[33] Here, we mainly study the co-doping ef-
fects of Fe–C and Fe–N co-doped NaTaO3 to explain the above
theory. The calculated band energy structures for the Fe–C and
Fe–N co-doped NaTaO3 are shown in Figs. 5(a) and 5(c). It is
clearly observed that numerous hybrid impurity states emerge
in the forbidden gap compared with the mono-doped NaTaO3.
Their band gaps have been reduced obviously to 2.78 eV and
2.65 eV, respectively, which may lead to an obvious red-shift
of light absorption and then the influence of the impurity state
on the photocatalytic activity. Hence the Fe–C and Fe–N co-
doped NaTaO3 will be better photocatalysts for hydrogen pro-
duction than the mono-doped NaTaO3.

We also calculate the density of states (DOS) and pro-
jected DOS (PDOS) of the co-doped system to further illus-
trate our point of view. The calculated DOS and PDOS are
displayed in Figs. 5(b) and 5(d). For Fe–C co-doped NaTaO3,
the band gap is greatly reduced compared with pure NaTaO3.
The VBM has a small rise while the CBM has an obvious de-
crease of about 0.59 eV, which is mainly due to the hybridiza-
tion effects of Fe 3d and C 2p states in CBM. As expected,
the unoccupied impurity states above the VB, with the syner-
gistic effect of Fe 3d states and C 2p states, are related to the
enhancement of visible light absorption (see Fig. 6). On one
hand, part of the electrons in the VBM transfer to the CBM
through the impurity states step by step. They jump to the
conduction band with the narrowed band gap directly, result-
ing in a decrease of the photoexcited energy. Our calculated
results also indicate that Fe–C co-doping can red-shift the light
absorption edge into the visible light range (see Fig. 6) due to
the narrowed band gap. It is worth noting that the Fe 3d states
and C 2p states can hybridize easily to produce the hybrid or-
bitals, causing the deep energy levels to shift up to the CBM
and then form the shallow levels, which can suppress the re-
combination of the electron-hole pairs. However, some deep
levels still stay in the band gap, so the electron-hole recom-
bination is not totally suppressed although Fe–C co-doping is
better than Fe–N co-doping as shown in the following para-
graph.
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Fig. 5. (color online) Band structures of (a) Fe–C co-doped NaTaO3 and (c) Fe–N co-doped NaTaO3; total densities of states (TDOSs) and
partial densities of states (PDOSs) of (b) Fe–C co-doped NaTaO3 and (d) Fe–N co-doped NaTaO3.

For Fe–N co-doped NaTaO3, the PDOS plot indicates that

the hybrid N 2p, Fe 3d, and O 2p states, acting as impurity lev-

els, contribute to the top of the valence band and are respon-

sible for obvious gap narrowing, resulting in the improvement

of absorption in the whole visible light region (see Fig. 6).

One possible reason is that the Fe-3d orbital hybridizes with

the N-2p orbital, forming a shallow p–d hybridized orbital

and leading to the narrowed band gap and thus the improve-

ment of absorption of visible light. The calculated results

are consistent with the experimental measurements.[34] How-
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ever, the deep level formed by Fe-3d orbitals in the forbidden
gap is detrimental to the light absorption efficiency. Clearly,
the co-doped system holds higher photocatalytic activity than
the mono-doped system. Fe–C co-doping is better than Fe–N
co-doping due to different locations of impurity energy levels
originating from their p–d hybridization effect.

3.3. Optical properties

To investigate the influences of mono-doping and co-
doping on the optical property, we calculate the optical ab-
sorption spectra for C, N, Fe, and Fe–C, Fe–N-doped NaTaO3

and compare them with those for the pure NaTaO3 as plotted
in Fig. 6.
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Fig. 6. (color online) Optical absorption spectra of pure and doped NaTaO3.

It is clear that the pure NaTaO3 shows no response to the
visible light and only responds to UV light (λ < 390 nm) due
to its wide band gap. Compared with the pure system, the C
(Fe) doped system displays a good optical absorption, partic-
ularly in the visible light region due to the narrowing of the
band gap and the synergistic effect of impurity energy lev-
els, which is well consistent with the experimental optical ab-
sorption spectrum.[21,31] On the contrary, the N doping fails
to exhibit an excellent visible light absorption, however, the
absorption shift towards the visible region is quite significant,
and then the results are consistent with the results of a pre-
vious theoretical study of Modak et al.[9] With the help of the
Fe dopant, the light absorption activities of Fe–C, Fe–N-doped
NaTaO3 rise dramatically, which demonstrates that co-doping
is superior to mono-doping to some extent. It is shown that an
obvious red-shift appears in Fe–C-doped NaTaO3, which fa-
cilitates the utilization of sunlight in the whole visible light re-
gion compared with the case of pure (mono-doped) NaTaO3. It
is shown that the energy band structures of Fe–C, Fe–N-doped
NaTaO3 are of benefit to the improvement of optical absorp-
tion since they possess the minimum band gap compared with
others, which are shown in Figs. 5(a) and 5(c). Moreover, the
synergistic effects of the C (N) 2p, Fe 3d, O 2p, and Ta 5d lead
to a reduction of the photoexcited energy, which, in view of the

electronic structure, may be responsible for the red-shift phe-
nomenon of the optical absorption edge in co-doped NaTaO3.
Hence, the co-doping will work better in gap narrowing and
the absorption of longer-wavelength visible light. The calcu-
lated result of the Fe–N co-doped system is consistent with the
experimental result of Zhao et al.[34]

3.4. Photocatalytic activity

Water can be decomposed into H2 and O2 when both ox-
idation and reduction of energy levels of water are within the
band gap of pure NaTaO3. The locations of the band edges
should be appropriate for a spontaneous redox process while
modifying the band gap. The CBM position is 1.1 eV higher
than the hydrogen reduction level while the VBM is 1.77 eV
lower than the water oxidation level[6] for pure NaTaO3. The
CBM and VBM values for both the mono-doped and co-doped
systems are calculated by designating the core-level as a refer-
ence point, which is nearly fixed. Our calculations show that
the locations of the band edges are favorable for the water re-
duction and oxidation processes for doped systems in Fig. 7.
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mental values of undoped NaTaO3.

For the C-doped system, the VBM is 1.24 eV lower than
the O2/H2O level and the CBM is 1.13 eV higher than the
H+/H2 level. It is also possible for the N-doped NaTaO3 pho-
tocatalyst to produce H2 and O2 with its valence band edge
moved upward by 0.36 eV above that of the C-doped system.
However, for the Fe-doped system, there is a small downward
shift of the CBM while the VBM is moved upward by 0.68 eV
with respect to that of pure NaTaO3. The calculated poten-
tials of VBM and CBM of Fe–C co-doped NaTaO3 are more
positive and negative than the reduction level and oxidation
level of water by 1.15 eV and 0.57 eV, respectively. Thus, the
co-doping Fe and C into NaTaO3 is expected to be efficient
for photocatalytic splitting of water under visible light. Al-
though it is feasible for Fe–N-co-doped NaTaO3 to generate
H2 and O2, the localized states in the band gap may work as a
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recombination center, which is undesirable for photocatalytic
purposes.

4. Conclusions
Density functional theory is used to study the effects of

Fe–C co-doping and Fe–N co-doping on NaTaO3. Our results
show that all co-doped structures are quite stable due to their
negative formation energies that are calculated. The energy
band gaps of the co-doped systems are significantly reduced
since Fe 3d orbital energy can lower the CBM and at the same
time C 2p (N 2p) orbital energy can lift the VBM. The re-
duced band gap of co-doped NaTaO3 leads to the appearance
of an obvious red-shift, which enhances the utilization rate of
visible light for hydrogen production by water splitting. In ad-
dition, the C 2p orbitals interact with the Fe 3d orbitals, form-
ing the hybridized orbitals, which may depress the recombi-
nation of photoexcited electron-hole pairs. The positions of
the band edges of doped NaTaO3 are appropriate for overall
water splitting. Our calculated results also indicate that the
Fe–C co-doping is better than Fe–N co-doping for absorption
improvement of the visible light and enhances the photocat-
alytic activity. Therefore, the significant enhancement of the
visible light absorption and depression of the electron-hole re-
combination rate are two key factors for improving the photo-
catalytic activity of Fe–C co-doped NaTaO3.
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