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a b s t r a c t

CsTaWO6 is a typical AMWO6-type compound and the photocatalysis of the pure and doped phases has
been extensively studied experimentally. In this work, the electronic structures of sulphur (S) and ni-
trogen (N) co-doped CsTaWO6 have been studied in the framework of density functional theory, in
particular the S/N co-doping effect has been investigated. It is found that, (i) S/N co-dopants prefer to be
separated; (ii) middle-gap states are introduced by Ne and S-dopant at the edges of valence band and
conduction band; and (iii) Co-doping not only narrows the band gap, but also promotes the separation of
photo-excited electrons and holes. Feature (iii) has been identified as a key reason why S/N co-doped
CsTaWO6 is more efficient in photocatalytic water-splitting. A general doping strategy has been
further suggested: co-dopants which can dominate the frontier states and favour to be separated can
offer excellent photocatalysis performance.
© 2017 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, transition metal tungsten oxides with a general
formula AMWO6 (A ¼ Rb, Cs, H; M ¼ Nb, Ta) have been studied as
active photocatalysts for water-splitting [1e8]. Generally, AMWO6

compounds are wide-bandgap semiconductors and thus it is
essential to tune their band structures to suit the need of sunlight
absorption. Among various tuning approaches, doping has proved
to be an effective method to improve the response to visible light,
particularly nitrogen (N) doping as vividly illustrated by the success
achieved in TiO2-based photocatalysts [9e11]. In the case of
CsTaWO6, a typical AMWO6 compounds, its native bandgap is up to
3.8 eV and thus it has no activity under visible light irradiation;
with N-doping, however, the bandgap can be narrowed to 2.3 eV
because nitrogen can generate new states on the top of valence
bands (VB) [6]. As a result, solar-hydrogen production over N-
doped CsTaWO6 can be improved almost twice as that of its
undoped counterpart [6e8].

For N-doped CsTaWO6, the major issue is the distortion of Ta(W)
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eO octahedrons. Experimentally, CsTaWO6 with more than 0.60 wt
% N-dopants may become black and lattice distortion can be
resulted [6], which can be a detriment to the photocatalytic per-
formance [12]. Theoretical calculations indicated that N-dopants
can promote the formation of defects, such as oxygen vacancies
[13], which can introduce localized states around the Fermi level
and may serve as the recombination center of photo-induced
charge carriers. Therefore, it is essential to keep the concentration
of N-dopants within a proper range (e.g., less than 0.35 wt% as
indicated in Ref. [6]). To further improve the performance but
without heavy N-doping, sulphur (S)/N co-doping has been
employed and proved to an effective option [7,8]. For instance,
Roland et al. recently found that the rate of hydrogen production
can be improved by 30% via S/N co-doping on the basis of N-doped
CsTaWO6 [7,8]. From calculated electronic structures, it is found
that S-dopants get rise to additional states at the bottom of con-
duction bands (CB), which can serve as electron acceptor [7]; as a
result, the bandgap becomes smaller (2.03 eV), but the synergetic
effect of co-dopants is not clear yet. Given CsTaWO6 is a typical
AMWO6-based photocatalyst, an in-depth understanding of the
observed improvement by S/N co-doping may offer a guideline for
the modification of other complex compounds.

In a primary computational work [8], we studied the S/N co-
doping with a focus on the narrowing of the bandgaps, while
several critical questions need further clarification: (i) how Se and
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N-dopants distribute in the CsTaWO6 lattice, which is important for
the design of doping experiments; (ii) whether there is a direct
interaction between Se and N-dopants, like SeN bonding similar
with the NeCeN trimer structure predicted in N/C co-doped ZnS
[14], or BeN unit in B/N-coped TiO2 [15,16]; and (iii) what the co-
doping mechanism is. Generally, co-dopants are selected based
on the rule of charge compensation: net charges brought by one
dopant can be balanced by another co-dopant, which is beneficial
to eliminate interband local states [17e19]. For instance, hydrogen
can be employed to donate electrons and balance the positive
charge leaded by N-dopants in CsTaWO6 [14]. As a guideline, for
nitrogen (valence electron, VE: 2s22p3), which is an electron
acceptor when it replaces lattice oxygen (VE: 2s22p4), co-dopants
should be electron donor. While sulphur (VE: 3s23p4) is an
isoelectronic dopant, which does not bring net contribution of
valence electrons when it substitutes oxygen. Therefore, it is
desirable to clarify why the S/N co-doping can effectively improve
the catalysis performance, except the narrowed band gap.

In this work, the electronic structures of S/N co-doped CsTaWO6
have been studied within the density functional theory (DFT) and
compared with those of CsTaWO6 modified by single dopants,
sulphur or nitrogen. As illustrated below, sulphur not only affects
the distribution of N-dopant, but also changes the frontier states
and thus the distribution of photo-excited hot carriers, which is
believed to account for the observed excellent performance of S/N
co-doped CsTaWO6 in water-splitting.

2. Computational methods

Spin-polarized DFT calculations have been carried out under the
generalized gradient approximation (GGA) [20], together with the
functional by Perdew, Burke, and Ernzerhof [21], as embedded in
the DMol3 package [22,23]. A double numerical quality basis set
with polarization function (DNP) [24] were utilized for all
Fig. 1. Computational model including the supercell for the b

Fig. 2. Calculated DOS profiles. (a) Total DOS; (b) Local DOS for O an
geometric optimization and total energy calculations. The above
setting has been tested and employed in our early studies of
AMWO6 photocatalysts [6e8]. Although standard DFT un-
derestimates the bandgap as well illustrated in the literature
[25,26], it offers reasonable description of the relative changes of
VB and CB associated with the introduction of dopants. Bandgaps of
Ne, Se and S/N-codoped CsTaWO6 have already been measured
experimentally and the examination of the bandgap narrowing is
not the purpose of this work. Advanced corrections, like DFT þ U
[27] and hybrid DFT, can improve the calculations of band gap
[28e30], and thus tests are performed to check the electronics,
indicating that the states associated with dopants can be described
well using standard DFT, being consistent with early publications
[6e8,13]. For the van der Waals interaction, corrections with DFT-
D3 [31] have been employed and the conclusion regarding the
distribution of dopants has no change.

CsTaWO6 is modeled by a supercell with the periodic boundary
condition, as shown in Fig. 1, in which Ta and W share the metal
center in the MO6 unit, and Cs fills the interval space between MO6
unit, with dopants being introduced to replace oxygen. Theoreti-
cally, Ta and W are homogenously distributed in the lattice, with
the same opportunity to occupy the metal center. To establish an
affordable supercell, the metal is defined as Ta0.5W0.5 to reflect this
feature. In the case of doping, both single and multiple dopants are
considered, leading to a doping concentration from 1/48 to 1/6, and
the discussion of co-doping effect is based on a pair of B/N dopants.

3. Results and discussion

3.1. Electronic structures of un-doped CsTaWO6

To understand the doping effect, un-doped CsTaWO6 has been
employed as a reference and the calculated profiles for density of
states (DOS) are shown in Fig. 2, with the Fermi energy (EF) as the
ulk CsTaWO6 (left) and the highlighted MO6 unit (right).

d TaW; and (c) Local DOS for Cs, projected as s, p and d states.
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reference. VB and CB are indicated in the total DOS as shown in
Fig. 2(a), fromwhich a band gap of 2.4 eV is derived, being close to
early calculations [6,7]. To further understand the contributions
from each component, the local DOS for TaW, O and Cs has been
calculated. From Fig. 2(b), it is clear that the top of VB and the
bottom of CB are dominated by oxygen and TaW, respectively. As a
typical metal oxide, VB has been split as bonding and nonbonding
regions, and TaWalso has the contribution to VB, but it is located at
the bonding region. It is valuable to point out that oxygen has
relatively small contribution at the bottom of CB, which is impor-
tant because dopants may shift those states towards lower energy
to dominate the edge of CB, as discussed below in the case of S-
doping. Cs is an active electron donor, whose DOS is highly local-
ized, as shown in Fig. 2(c). All three peaks (s, p, and d) are far away
from the edges of CB and VB, indicating that it does not provide
important effect on the photocatalytic reactivity of CsTaWO6. Based
on the DOS profiles, the charge balance can be proposed: oxygen
accepts electrons from TaW to form the MO6 unit, which is nega-
tively charged and further accepts electrons from Cs. Such balance
will be slightly changed due to the doping, as discussed below.
3.2. Electronic structures of Ne and S-doped CsTaWO6

Before discussing the co-doping, the electronics of CsTaWO6
tuned by single dopant are studied. For N-doping, two doping
concentrations, c ¼ 1/48 and c ¼ 1/6, have been studied, as shown
in Fig. 3(a) and (b), respectively. A major difference is the VB edge,
which almost has no change with c ¼ 1/48, but a lot of new states
show up with c¼ 1/6, indicating that N2p can mix well with O2p in
the case of light doping, as indicated by the overlap of the profiles
for undoped and N-doped CsTaWO6; however, heavy doping will
result in distortion and generate active states. To further examine
Fig. 3. Calculated DOS profiles. (a) Total DOS for N-doped CsTaWO6 with a doping concentra
(c) Local DOS for TaW (c ¼ 1/48). In all cases, undoped CsTaWO6 has been employed as a r

Fig. 4. Calculated DOS profiles for S-doped CsTaW
the doping effect, the local DOS for TaW is calculated with c ¼ 1/48
and plotted in Fig. 3(c), from which new states at the VB top are
found, as highlighted by the dotted circle, indicating that, with N-
doping, TaW can also make small contribution to the frontier states
and may be involved in the photoexcitation. In addition, the in-
tensity of TaW DOS in the CB region has been slightly reduced,
indicating that the oxidation of TaW by N is not as strong as that by
Owhen the newly introduced states at the VB edge is taken into the
analysis.

Compared with VB change resulted by N-doping, S-doping
mainly change the CB, as shown in Fig. 4(a), fromwhich new states
at the bottom of CB are observed. Another slight change is the
overall shift of VB to lower energy side, as shown in the inset. To
clarify nature of S-doping, the local DOS profiles for S and O are
further plotted in Fig. 4(b), based on which two features are sum-
marized: (i) the new states at the CB bottom is amix of S3p and S3d,
being located below the original O2p by 0.8 eV, which is good
enough to separate from each other; and (ii) at the VB top, S3p is
slightly higher than O2p, indicating that S-dopants may become
the provider of photo-excited electrons, but the O2p and S3p dif-
ference is too small in this case. Overall, themajor contribution of S-
doping is to lower the CB edge. Combining with N-doping, S/N co-
doping can effectively narrow the band gap.
3.3. Electronic structures of S/N co-doped CsTaWO6

In terms of the co-doping effect, it is necessary to answer how
the co-dopants distribution and interact with each other. For a pair
of S/N co-dopants, three geometries are considered, as shown in
Fig. 5(a)-(c), respectively, representing the separated distribution
and S/N in the same MO6 unit at the neighbouring and opposite
sites. Based on the total energy, the separated configuration is more
tion c ¼ 1/48; (b) Total DOS for N-doped CsTaWO6 with a doping concentration c ¼ 1/6;
eference.

O6. (a) Total DOS; (b) Local DOS for O and S.



Fig. 5. Three co-doped geometries with (a) S/N separated in two MO6 units and sharing the same MO6 unit in the (b) neighboring sites and (c) opposite sites. Sr, TaW, O, S and N are
shown as yellow, blue, red, black and green spheres.
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stable than the other two by 0.2e0.3 eV, indicating that the co-
dopants cannot directly interact to form SeN bonds. It seems that
S/N co-dopants prefer to be away from each other, which can be
understood from the electronegativity c. Based on the Pauling
scale, c ¼ 3.44, 3.04 and 2.58 for O, N and S; as a result, the S/N
dopant is more positive compared with the original oxygen and
thus prefers to be separated from each other, which is also bene-
ficial to disperse the distortion associated with the doping. Ac-
cording to the above analysis, the synergetic effect should origin
from the effect on the electron distribution.

To understand the co-doping effect, total DOS has been calcu-
lated based on doping geometry shown in Fig. 5(a), as plotted in
Fig. 6(a) with the undoped case as a reference. The profile is very
similar with that of S-doped CsTaWO6, but the overall profile has
been shifted towards lower energy, which is due to S-doping as
mentioned above. Fig. 6(b) further shows the local DOS for O, S and
Fig. 6. Calculated DOS profiles for S/N co-doped CsTaW

Fig. 7. Calculated local DOS profiles for N and S. (a) Local DOS for N in N-doped and
N, using the LDOS of oxygen in the undoped CsTaWO6 as a refer-
ence. At the VB top (see green circle), the energy order is NSN, SSN,
Oundoped, and OSN, with the subscript ‘undoped’ and ‘SN’ indicating
pure and S/N co-doped CsTaWO6, respectively. For CB, states
associated with S is at the bottom, but it is very interesting to see
that new states associated with NSN andNSN have been found be-
tween SSN and Oundoped, as highlighted in the red circle, which has
not been found in Se and N-doped case. Therefore, additional
comparison between S/N co-doped and S or N-coped CsTaWO6 is
presented below.

Fig. 7(a) shows the local DOS of N in N-doped and S/N co-doped
CsTaWO6, and two features are found: (i) the states associated with
N-dopants are less localized in the case of S/N co-doping compared
with pure N-doped structure, which is helpful to improve the
charge mobility; and (ii) co-doping can slightly shift the N2p (non-
bonding part) toward the Fermi energy, indicating that the lone
O6. (a) Total DOS; (b) Local DOS for O, S and N.

S/N-coped CsTaWO6; (b) Local DOS for S in S-doped and S/N-coped CsTaWO6.
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pair of electrons in N-dopants becomes more reactive. Compared
with the changes of N-states, co-doping does not bring remarkable
changes on the S-states, as shown in Fig. 7(b). The major effect is
that additional states associated with S3p show up at the top of VB,
indicating that co-doping can promote the activity of S-dopants
given reactions are mainly determined by those frontier states.
Based on the above analysis, it is clear that co-doping can improve
the activity of the catalysts in terms of mobility and reactivity.

In the above, the major effect associated with the S/N co-doping
has been listed, based on which the synergetic effect of co-dopants
can be further summarized. The first is the incomplete oxidation of
metal center. As determined by the electronegativity, both S and N
cannot fully oxidize the metal center TaW, in other words, the
oxidation degree of metals connected to O, S and N is different.
Particularly, S and N co-dopants prefer to distribute in different
MO6 units, which results in the diversification of surface chemistry.
Except that, the components of the frontier states, including the VB
maximum (VBM) and CB minimum (CBM), have been changed by
co-doping. Se or N-doping alone results in the change of VBM and
CBM, respectively. With co-doping, VBM and CBM are changed to
Ne and S-dopants; consequently, the photoexcitation becomes
fromN to S, rather than fromO toTaW. Asmentioned above, S/N co-
dopants are separated from each other; as a result, photo-excited
electrons and holes are separated as well, which is helpful to ach-
ieve higher working efficiency in water-splitting, as observed by
experimental studies. Therefore, the understanding for this specific
system may help us to formulate a guideline of co-doping, that is,
separated co-dopants can improve the performance of photo-
catalysts when they dominate VBM and CBM.

4. Conclusions

The S/N co-doping has been investigated for CsTaWO6 under the
DFT scheme. Through comparing the DOS profiles for undoped, Se,
N-doped and S/N co-doped CsTaWO6, it is found that: (i) co-
dopants prefer to be separated from each other; and (ii) due to
the lower electronegativity, S/N dopants cannot fully oxidize TaW
as the original oxygen does, and thus lower oxidation states for
TaW are generated; and (iii) the VBM and CBM of co-doped
CsTaWO6 are dominated by N and S, which not only narrows the
band gap, but also changes the distribution of photo-excited hot
carriers. Except narrowed band gap, photo-excited electrons and
holes are separated due to (i) and (iii), which is another reasonwhy
S/N co-doped CsTaWO6 shows higher photocatalysis performance.
Following the above knowledge, a strategy can be proposed for
doping: co-dopants that can dominate band edges and also favor to
be separated can offer excellent charge separation and thus higher
photocatalysis efficiency. Given N and S are abundant nonmetal
dopants, they are highly recommended for the tuning of electronics
of metal oxides.
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