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ties under A >300 nm irradiation with Na;SO3; and AgNOs3 solution acting as hole and electron scavenges
respectively. Among them, R=Ce demonstrated water decomposition activities under visible light irra-
diation (A >420 nm) and R = La showed overall water splitting activities under A > 300 nm irradiation. The
first principle calculation based on density functional theory with Plane-wave pseudo potential method

{fﬁ{) ‘;‘;ocradtsa:lys . and Generalized Gradient Approximation was conducted on M = Nb as representatives to investigate their
KaRyMi6030 (R=Y electronic structure closely, so did on their precursor oxides. Combined with the electronic structures
La and absorption properties, the band structures of K4RyM10030 (R=Y, La, Ce, Nd, Sm; M=Ta, Nb) were
Ce proposed and this model of band structure is in good agreement with their photocatalytical activities.
Nd Furthermore, the visible light responsive ability of R=Ce, as the only one among them, is regarded as the
Sm hybridization and overlap of partial occupied and unoccupied Ce 4f with O 2p and Nb 4d (Ta 5d), while
’I:I/l;)Ta in other cases, the band gap transition from O 2p to Nb 4d Ta (5d), which mainly consist their valence

band and conduction band respectively, is dominant. Furthermore, there showed obvious inherent rela-
tionship between K4R;M10030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb) and their precursor rare earth oxides in
terms of electronic structure and photophysical properties.

Water decomposition
Electronic structure

© 2011 Elsevier B.V. All rights reserved.

1. Introduction dO electronic configuration such as TiO,, ZrO,, ZnO, W03, a-Fe, 03,
SrTiO3, K4NbgO17, NaTaOs3, as well as oxides possessing d'0 elec-
tronic configuration such as Zn,GeQy, Srin, 04, NaSbOs, etc., have
been investigated [9-13]. Unfortunately, most of them failed to
satisfy the above-mentioned requirements simultaneously. Band
engineering methods such as doping with metal cations (Fe3*, Cr3*,
Ni*) and anions (N, C, S, P, B and halogen family) were extensively
studied to extend their absorption edges. However, these doping
levels formed in forbidden band are generally discrete and the
mobility of electrons and holes in the doping levels is poor, conse-
quently, resulting in low quantum efficiency, instability and limited
visible light responsive defects [14-16].

Moreover, theoretical analysis for electronic structure based on
the first principle calculation is recognized as an efficient way to
bridge the relationship between inherent electronic structures and
the apparent photo-physical and photocatalytical properties of a
photocatalyst, in turn, providing theoretical basis to develop new
visible light driven photocatalysts, for example, these oxy(nitrides)
" % Corresponding author. Tel.: +86 21 34206020; fax: +86 21 34206020. TasNs, TaON, LaTiO,N, and oxy(sulfides) LnTi;S;0s, SmyTiz 5,05 as

E-mail addresses: tianmk@hotmail.com (M. Tian), shangguan@sjtu.edu.cn well as these solid solution compounds, such as (AgIn)xZny(1_x)Sa,
(W. Shangguan). Gaj_xN1_xZnyOyx [17-21].

The development of hydrogen energy attracts more and more
attention for it is a promise way to settle current confronted energy
depletion and environmental problems [1-3]. Among these meth-
ods or reactions employed to develop hydrogen, this decomposing
water into H, and O, photocatalytically under solar energy irradi-
ation to transfer solar energy into H, as chemical energy carrier,
called solar-hydrogen, is one of the most ideal ways considering
resource sustainability, environmental and cost issues [4,5]. The
urgent work for photocatalytical water decomposition is to design
and develop semiconductor photocatalysts with appropriate band
gap to make the best use of solar energy and band edges to meet oxi-
dization and reduction water requirement as well as high quantum
yield and high stability [6-8]. Up to now, many oxides possessing
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Furthermore, since the similar properties of rare earth elements,
in many cases, for a new rare earth photocatalyst, substituting the
rare earth element by other rare earth element to form series of
isostructural compounds and investigating their difference on pho-
tocatalytical and photophysical properties was conducted, such as
LnTaO4 (Ln=La,Ce, Pr,Nd,and Sm)[22],Bi;RNbO7 (R=Y, rare earth)
[23], etc. As for the Ln 4f' role and contribution to their band config-
uration, there were different conclusions for different compounds.
Although those conclusions were different and even contradictory
in some case, there was a common point that these proposes were
based on the distribution and position of the energy states of Ln 4f
relative to other energy level.

In our previous work [24], K4Ce;M19039 (M=Ta, Nb) were
presented as new photocatalysts for water decomposition under
visible light irradiation. In this paper, some rare earth elements sub-
stituting of Ce in photocatalysts K4Ce;M1¢03¢9 (M =Ta, Nb), denoted
as K4Ry;M19030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb), were presented
and their differences on photocatalytical and photophysical prop-
erties were analyzed based on the first principle calculation on their
electronic structures.

2. Experimental
2.1. Preparation

K4Ry;M19030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb) were synthesized
by conventional high temperature solid-state reaction method.
High purity of K,C03-3H,0, Y503, Lay0s3, Ce(N03)3-6H20(Ce02 ),
Nd,03, Sm,03, as well Ta,05 (Nb,Os5) with corresponding ratio
were mixed finely, firstly calcinated at 800°C for 5h then 1100°C
for 12 h, with a regrinding process in between. Excess K,C0O3-3H,0
(ca. 20%) was used to compensate for the loss caused by volatiliza-
tion during calcination. The synthesized samples were identified
by X-ray diffraction on Bruker-AXS D8 Advance with Cu Ka
radiation (A=1.540562A). UV-vis diffusion reflectance spectra
were recorded using TU-1901 spectrophotometer. The reflectiv-
ity spectrum was transformed to absorbance intensity through
Kubelka-Munk method. The BET surface areas were determined
from N, adsorption-desorption isotherm on Quantachrome NOVA
1000-TS. The SEM image was obtained on FEI SIRION 200.

2.2. Photocatalytical reaction

The photocatalytical reaction was carried out in a Pyrex reactor,
which allows the transmission of photon with wavelength more
than 300 nm, and visible light irradiation condition was controlled
by a cut-off (A >420 nm) filter to remove UV light. 0.2 g as prepared
photocatalyst in powder was dispersed into 100 ml aqueous solu-
tion of 0.2 M Na,SO3 or 0.1 M AgNOs in the reactor with stirring
under irradiating by 300 W Xe lamp. Evolved H, and O, were mea-
sured by gas chromatography (QC-9101) with thermal conductivity
detector (TCD) with high purity Ar as carrier gas.

2.3. The first principle calculation

The first principle calculation based on Density Functional
Theory was conducted by CASETP package with Plane-wave pesu-
dopotential method and Generalized Gradient Approximation [25].
The core orbitals were replaced by the ultrasoft core potentials,
and the K 3s23p64s1, 0 2s24p*, Nb 4524p64d*5s!, La 5525p®5d16s2,
Ce 4f15525p65d16s2, Sm 4f55525p%6s2, Nd 4f45s25p66s2 and Y
4524p54d15s2 electrons were treated explicitly. The kinetic energy
cutoff was set at 330eV.
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Fig. 1. The XRD patterns for K4R;M;9030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb).

3. Results and discussions
3.1. Characterizations

Usually, tantalates and niobates form iso-structural compounds
for the similar properties of atom Ta and Nb, especially the diam-
eter of their cations (0.68 A for Ta%* and 0.69A for Nb%*) [26].
There is no exception on K4Ce;M1¢039 (M =Ta, Nb), being with the
same tetragonal tungsten bronze structure [27], and these series
of K4R;M19030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb) also showed iso-
structural, as identified from XRD patterns in Fig. 1. The UV-vis
diffusion reflectance spectra of these iso-structural compounds
were shown in Fig. 2. It revealed that only these R=Ce showed
visible light responsive ability, for M=Ta and Nb, correspond-
ing to absorption edges of 540 nm and 710 nm respectively. More
interesting case is that the absorption edges for these M=Nb
showed obvious red-shift of about 70nm compared with those
for M=Ta, which can be regarded as the lower energy level of Nb
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Fig. 2. UV-vis diffusion reflectance spectra of K4R;M;0030 (R=Y, La, Ce, Nd, Sm;
M=Ta, Nb).
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4d than that of Ta 5d and consequently the narrower band gap
according to results from previous studies [24,26]. Furthermore,
for these samples of R=Sm, and Nd, besides the sharp absorp-
tion edges from their band gap transition, there also displayed
some absorption peaks in visible light region, which is due to
the internal energy gap transition and will be discussed in detail
based on the results from the theoretical calculation in later sec-
tion.

3.2. Photocatalytical activities

Their water decomposition activities under different conditions
were shown in Table 1. It can be seen that all of them showed pho-
tocatalytical water decomposition activities to evolve H, and O,
under A > 300 nm irradiation with Na,SO3 and AgNOs solution act-
ing as hole and electron scavenger respectively. Meanwhile, for a
given rare earth compounds, these M = Ta showed higher activities
for H, evolution than that of M = Nb. Since only R = Ce demonstrated
visible light responsive ability, so there carried out measurement
under A >420 nmirradiation for R = Ce. Actually they exhibited good
half reaction to evolve H, and O, as shown in Table 1 elsewhere.
When it comes to pure water without any sacrificial regent and
under A >300 nm irradiation, only this R=La showed overall water
splitting activities. And the less evolved O, compared with its theo-
retical value maybe ascribes to some degree of dissolution of O, in
water and physical or chemical absorption of O, on the surface of
photocatalyst. Additionally, O, is less sensitive to Ar carrier in TCD
detector than that of Hy, so it was difficult to detect small amount of
evolved O,. In general, the photocatalytical activity is proportional
to the surface area and efficient photons absorbed of a photocata-
lyst. The more surface area, the more active reaction sites involved
and the more efficient photons absorbed, the more electron-hole
pairs generated. In this paper, taking K4Ce,M1903¢ (M =Ta, Nb) as
an example, also as discussed in Ref. [24], although the surface area
for M=Nb is about 2.65m?/g and 1.67 m?/g for M=Ta, the activi-
ties for H, evolution for M =Ta s greater than that from M=Nb even
though the efficient incident photons absorbed by M =Nb is more
than that from M =Ta for their difference of absorption properties
(absorption edges for M=Ta is 540 nm, and 710 nm for M=Nb).
Similar phenomenon happened on other photocatalysts as shown
in Table 1. Since these iso-structure compounds were prepared by
the same method and condition, their differences in terms of crys-
tallite, morphology, and surface properties are not so significant, as
shown from their SEM images (take M =Nb as examples) in Fig. 3
and their BET surface area in Table 1. Consequently, it is proposed
that their differences in photocatalytical activities mainly result
from their inherent electronic structures, which will be discussed
closely in later section.

3.3. Electronic structures for K4R;M19039 (R=Y, La, Ce, Nd, Sm;
M=Ta, Nb)

Since the electronic structure of a photocatalyst is a dominate
factor affecting its photophysical and photochemical properties,
the study of it is well recognized as an efficient way to connect its
inherent structure and its apparent photophysical and photocat-
alytical properties [28,29]. As for the study of electronic structure
of a semiconductor photocatalyst, the first principle calculation
based on density functional theory is a powerful tool. The calculated
results include theoretical band gap (Total and Partial or Projected),
density of states, and energy contour for electron in certain region,
etc. Based on the calculated band structure, it can be proposed the
band configuration, especially the top of valence band and the bot-
tom of conduction band of a photocatalyst, which is important to
determine it’s potential ability to reduce and oxidize water or not,

and is also the basis for band engineering method to tailor and
develop new semiconductor materials.

Since the similar electronic structures and properties of these
iso-structural tantalates and niobates except for their conduction
band mainly result from Ta 5d and Nb 4d respectively in most
cases, so here make these M =Nb as examples to investigate their
band structures and absorption properties closely and assume that
analogous results apply on M =Ta correspondingly.

For these band structures of K4R,M19039 (R=Y, La, Ce, Nd, Sm;
M =Ta, Nb), they can be classfied into three types. One is these with-
out occupied R 4f, including R=La, and Y. In this type, take R=La
as an example and its density of states is shown in Fig. 4(a). The
theoritical band gap for Ln=La was about 2.1 eV, less than that of
3.18 eV from experimental data, which is frequently pointed out
as a common feature of DFT calculations for the discontinuity in
the exchange-correlation potential is not taken into account within
the framework of density functional theory. The configuration of its
band structures illustrated in Fig. 4(a) is as following: the top of the
valence band mainly consists of O 2p, while the bottom of conduc-
tion band is from Nb 4d. Since the empty of La 4f, it was not taken
into consideration as valence electron here. The absorption edge
at 390 nm for K4R;Nb1g03¢ (R=La) is mainly due to the band gap
transition from O 2p to Nb 4d, so do this for K4R,Ta;903¢ (R=La),
from O 2p to Ta 5d. The similar analysis is suitable for R=Y since it
is also empty of Y 4f.

The second type is these with partial occupied R 4f but demon-
strating no visible light responsive properties, including R=Nd and
Sm. Here take R=Sm shown in Fig. 4(b), as an example to inves-
tigate closely. The theoretical band gap for R=Sm in K4R;Nb1903q
is about 1.4eV, while its experimental band gap is about 3.3eV.
The configuration for the top of valence band is mainly due to O
2p, while the bottom of conduction band is attributed to Nb 4d. It is
worthy to noting that there is a high density states of Sm 4f between
the band gap, and it is high localized rather than hybridization or
overlap with other energy level. Here how to ascribe the role of
this high localized Sm 4f to the band structure and the effect on
the photophysical and photocatalytical properties is very impor-
tant and interesting. From the DRS of K4Sm;Nb;¢03¢ in Fig. 2, it
is obvious to show sharp band transition at 375 nm, and accompa-
nying with some discrete energy transition at visible light region,
such as at 430 nm, 520 nm, etc. For the sharp band gap transition
at 375 nm, it can be ascribed to the direct transition from O 2p to
Nb 4d, which mainly consist the valence band and conduction band
respectively, as mentioned previously. When it comes to the energy
gap transition properties, it is proposed as the transition among
these O 2p — Sm4f or Sm 4f — Nb 4d and these energy states among
splitted Sm 4f. Here also proposed that analogous case occurs on
the R=Nd for it shows similar electronic structure and absorption
properties as that of R=Sm.

The third and also the most interesting type is these R=_Ce,
for it is the only one showing visible light responsive ability
in these series compounds. From the electronic structure pre-
sented in Fig. 4(c), it can be proposed that the band structure for
K4Ce;Nb1(03 as following: the top of the valence band is consisted
of O 2p, Nb 4d and some part contribution from this occupied Ce
4f, while the bottom of the conduction band is mainly ascribed to
the unoccupied Ce 4f and Nb 4d. In this case, the Ce 4f is split-
ted into partial occupied Ce 4f and unoccupied Ce 4f, and it is the
hybridization among the occupied of Ce 4f with O 2p and unoc-
cupied Ce 4f with Nb 4d that increase the top of the valence band
and at the same time expand the width of conduction band [22].
As a consequence, these R=Ce show visible light driven proper-
ties. In addition, among all of them, the K 3s and 3p always display
high localized properties, which are regarded as little contribu-
tion to their band structure, while just contributing to their crystal
structure and valence balance [5].



98
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Photocatalytical water decomposition activities on K4R;M;0030 (R=Y, La, Ce, Nd, Sm; M =Ta, Nb).

R=Y,La,Ce,Nd,Sm; M =T&BBbsurface area (m?/g) Absorption edge (nm) Band gap (eV) Activitities?/umol  Activitities®/wmol Activitities¢/mol
Hz 02 Hz 02 HZ 02
R=Y M=Ta 2.05 350 3.54 3.5 6.2 - - 0.0 0.0
M=Nb 2.23 415 2.99 2.1 7.5 - - 0.0 0.0
R=La M=Ta 1.87 315 3.94 238 34.1 - - 18.2 7.3
M=Nb 1.71 390 3.18 143 304 - - 6.2 1.8
R=Ce M=Ta 1.67 540 2.29 28.6 22.7 145 9.8 3.1 0.0
M=Nb 2.65 710 1.75 184 21.8 5.6 8.6 0.7 0.0
R=Nd M=Ta 2.51 330 3.76 23 59 - - 0.0 0.0
M=Nb 237 405 3.06 1.8 4.0 - - 0.0. 0.0
R=Sm M=Ta 1.34 325 3.82 6.8 13.2 - - 0.0 0.0
M=Nb 1.58 375 3.31 33 7.2 - - 0.0 0.0

0.2 g photocatalyst in powder dispersing into 100 ml solution in Pyrex reactor, irradiating by 300 W Xe lamp for 4 h.
2 0.2 M Na,S0; and 0.1 M AgNOs solution acting as hole and electron scavenger respectively without filter.

b with A >420 nm filter (only carried out on R=Ce).
¢ In pure water without filter.

3.4. The electronic structures for precursor oxides

In order to investigate the electronic structure of K4R;Nb1903¢
closely, especially the difference among them, the electronic struc-
tures of precursor oxides La;03, Sm;03 and CeO,, corresponding
to the three types mentioned above, are shown in Fig. 5. For La; 03,
as shown in Fig. 5(a), it is obvious that the direct band excitation
from O 2p — La 5d is dominant and the band structure is resulting

from the covolent bonding properties of O 2p and La 5d, which is
consistant with K4La;Nb1g03¢. As for Sm,03, as shown in Fig. 5(b),
the most obvious character is the high localized density states of
Sm 4f and some splitted energy states near to it, among which is
ascribed to the energy gap transition in visible light region on DRS
spectrum. Although the band gap transition from O 2p to Sm 4f in
Sm; 03 is obvious, as for K4Sm;Nb¢03q, the band gap transition
from O 2p to Nb 4d is dominant for the high localized properties of

Net WD
gD 42

Fig. 3. SEM images for K4R;Nb1¢030, (a) for R=Y, (b) for R=La, (c) for R=Ce, (d) for R=Nd and (e) for R=Sm.
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R=La, Sm and Ce repectively.
Fig. 5. Partial density of states for (a) La;0s3, (b) Sm;05 and (c) CeO,.
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Fig. 6. UV-vis diffuse reflectance spectra for precursor rare earth oxides.

Sm 4f. When it comes to CeO,, it is worthy to noting that the Ce 4f
is splitted into partial occupied and unoccupied parts hybridizing
with O 2p, which is agree with that from K4Ce;Nb19030.

The UV-visible DRS spectra of these oxides precursors were
measured and illustrated in Fig. 6. It can be seen that the absorption
edge of Ce0, is red-shift obviously compared with other oxides,
which is consistent with its electronic structure. Although CeO,
shows some degree of visible light responsive properties (absorp-
tion edge is about 430 nm), the visible light driven properties of
K4Ce;M19030 (M =Ta, Nb) are not regarded as resulting from it for
there is no CeO, phase in as prepared K4Ce;M1¢0309 (M=Ta, Nb)
and their absorption edges are more red-shift than that of CeO,.
For La;05 and Y, 03, their sharp absorption edges are at 250 nm and
180 nm respectively, indicating the band gap transition properties
obviously. While for Sm, 03 and Nd; O3, there are many absorption
peaks in visible light region resulting from internal transition in
a partly filled 4f shell except for the sharp band gap transition in
270nm and 285 nm respectively. Not only the shape but also the
position of these peaks in simple sesquioxide (R,03) are consistent

with those in K4Ry;M1903¢ (R=Nd, Sm; M =Ta, Nb). Moreover, all of
these variation of band structure and absorption properties agreed
with that in simple sesquioxides of R closely associated with the
energy levels of R 4fin the electronic structure of these K4R,M1703¢
(R=Y, La, Ce, Nd, Sm; M =Ta, Nb).

3.5. Band structure model

Combined with their electronic structures and absorption prop-
erties, the band structure model for K4R;Nb1903¢ (R=Y, La, Ce, Nd,
Sm) can be proposed schematically as shown in Fig. 7. Since O 2p is
dominant for valence band in many cases, which is located at 3.0V
vs. NHE, and the Nb 4d is located at —0.7V vs. NHE in Sr,M;07
[26], so it is reasonable to determine the band edges positions of
K4R3Nb19030 (R=Y, La, Ce, Nd, Sm). As illustrated in Fig. 7, for these
without occupied R 4f, such as R=Y and La, their band gap transi-
tion is from O 2p to Nb 4d. For the visible light driven R=_Ce, it is
also suggested that unoccupied as well as occupied Ce 4f orbitals
are not completely localized but hybridized with O 2p and Nb 4d
orbital, which is contributing for the decrease of the band gap. As
for R=Nd and Sm, there show high localized properties of Nd 4f
and Sm 4f between band gap. These localized characters of R 4f are
consistent with that of RbLnTa,;07 (Ln=La, Pr, Nd, and Sm) [30] and
R3Nb(Ta)O7 (R=Y, Yb, Gd, La) [31]. Moreover, the suggested band
structure is in good agreement with their photocatalytical activ-
ities for water decomposition shown in Table 1 elsewhere. There
showed the highest and overall water splitting activities on R=La
for its pure and perfect band structure. Although R=Y is similar
with R=La in terms of band structure, it showed lower activities
for crystal distortion resulting from its smaller ion radius, which
is recognized as a negative factor affecting the transfer of photo-
generated charge carriers. As for these R=Nd and Sm, they showed
lower activities compared with that of R=La. The reason may be
due to the high localized properties of Sm 4f and Nd 4f between
band gaps, which act as recombination centers for charge carriers.
When it comes to R =Ce, it demonstrated activities between that of
R=Laand R=Sm or R=Nd. Since its absorption edge shifts to about
710 nm, it should show great promotion activities for it absorb more
efficient incident photons than that of R=La, but unfortunately, it
showed medium activities, which can be ascribed to the poor trans-
fer ability of photo-generated charges on the conduction band of
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Fig. 7. Proposed schematic band structure for K4R;Nb;1903 (R=Y, La, Ce, Nd, Sm).
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R=Ce. Although Ce 4f is not high localized between band gap, the
hybridization or overlap with Nb 4d and O2p in some degree is
also poor to facilitate the transfer of charge carriers. Therefore, the
photocatalytical activity seems to be closely related to the degree
of the R-O-Nb hybridization, which affects not only the edges of
conduction band and valence band but also the transfer ability
of photo-generated charges. In addition, the higher activities for
hydrogen evolution on these M =Ta in any case is regarded as the
result of higher energy of Ta 5d than that of Nb 4d, mainly contribut-
ing to their conduction band correspondingly. It is well known that
the higher the energy level of band edge, the higher driven force
to evolve hydrogen photocatalytically. As for O, evolution, they
showed little difference for the same R on M=Ta and Nb for their
valence band are mainly from O 2p, but for different R, the differ-
ence of O, evolution is obvious as a result of difference for their
electronic structure as analyzed previously.

4. Conclusions

In conclusions, series of rare earth compounds
K4Ry;M19030(R=Y, La, Ce, Nd, Sm; M=Ta, Nb) were presented
as iso-structural compounds and showed water decomposition
activities. Based on the results from the first principle calculation
and combined with their absorption properties, the band structure
of these series of K4R;M79039 (R=Y, La, Ce, Nd, Sm; M=Ta, Nb)
were proposed. Among them, only R=Ce demonstrated visible
light responsive properties as a result of the inter-hybridization
of Ce 4f, O 2p and Nb 4d (Ta 5d). For these without filled R 4f,
such as R=La and Y, the direct band gap transition from O 2p to
Nb 4d (Ta 5d) is dominant. And for these with partial filled Ln 4f,
such as R=Sm, Nd, besides the dominant band gap transition from
O 2p to Nb 4d (Ta 5d), there accompany with other energy gap
transition resulting from discrete energy states. Especially, the
electronic structure and absorption properties of these series of
photocatalysts have obvious inherent relationship with their pre-
cursor rare earth oxides, which were also investigated closely on
their electronic structure and UV-vis diffusion reflectance spectra.
Furthermore, their proposed band structure is in good agreement
with their photocatalytical activities for water decomposition.
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