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Abstract

Single-phase $Bi,Os was obtained by calcination of the heterobimetalbmplex
precursor Sr[Bi(DTPA)]*9KO (DTPA is diethylenetriaminepentaacetic acid) @® 7C
for 6 h. The effect of La doping on the crystalusture, surface area, morphology,
surface chemical state, and absorption propertieSr8i,0s samples prepared from
Sr[Bi(DTPA)]*9H,0 were investigated. No traces of an impurity phasee detected in
samples with a lower La content (3 and 5 mol%), leviimpurity phases such as
SBi,0Og and SrCQ were observed in @8i,0s samples with larger La contents of 8
and 10 mol%. The Brunauer—-Emmett-Teller surfaca afeSgBi,Os increased slightly
with the content of La. High-resolution transmissa&lectron microscopy revealed clear
crystalline planes for both undoped and La-dopeBi8Ds samples without amorphous
phases. Meanwhile, X-ray photoelectron spectrostogigated that the valence states
of constituent metals were$rBi**, and L&". The solubility limit of La in the $Bi,Os
crystal phase was determined from Raman scattemsg@surements. La atoms
substituted Bi sites when the doping content was ehile both Bi and Sr sites were
substituted with La when the content of La was highe electronic structure of
SrBI,Os could be modified by La doping, resulting in a st of the absorption edge
with increasing La content. The band-gap narronoh&rBi,Os with La-doping was
reproduced in energy-band calculations. The phtdbgac activity of SpBi,Os under
visible-light irradiation for the oxidation of isogpanol was enhanced by doping with
La.

Keyword: Heterobimetallic complex, La-doped,Br.Os, Raman spectroscopy, Optical

spectroscopy, Photocatalysis, Electronic band ttrec



1. Introduction

Since the discovery that Bi-Sr(-Ca)-Cu-O is a sopeductor with high Curie
temperature, the unique characteristics of SrédBicomplex oxides have attracted
considerable attention [1]. In the SrO,B4 system, stoichiometric complex oxides
including SrByO,4, SKEBI»0s, SBBI2Og, SkEBI4O15, SKBIi»011, and SgBi140s, have been
reported and the properties of these oxides depanttheir chemical composition [2].
Among these SrO-BD; complex oxides, $Bi»Os has recently received much interest
as a photocatalyst material because of its faidi photocatalytic activity [3,4].

The extensive hydrolysis of Bi(lll) species in waleads to deviation of the
chemical formula of the final product from the &tay molar ratio when SrO-BD3;
complex oxides are synthesized by wet processeq fkis, SrO-BiO; complex oxides
are typically prepared by solid-state reaction. ldegr, solid-state reactions still face
some problems, such as difficulty controlling caygirowth, the formation of impurity
phases, and harsh calcination conditions [Bfrom the viewpoint of practical
application as a photocatalyst, the low surface afethe final products obtained by
conventional solid-state reaction is one of its hsevere disadvantages. This is because
the photocatalytic activity of a material stronglgpends on its surface area. In the
SrO-BpO3; system, calcination at a high temperature forraylperiod is needed for
grain growth, resulting in a low surface area. dmtcast, when the molar ratio of Sr to
Bi can be maintained during hydrolysis in wet pssas, the grain size of the resulting
SrO-BLO3 complex oxides can be easily controlled. It iswndhat several polydentate
chelators classified as  polyamino-polycarboxylate ystems, such  as
ethylenediaminetetraacetic acid, diethylenetriap@meaacetic acid @EDTPA),
nitrilotriacetic acid, andN-(2-hydroxyethyl)iminodiacetic acid, are capablefafming
stable 1:1 Bi:ligand complexes even in water. Thesenplexes are suitable for
producing precursors to obtain the objective phatflgst materials following
calcination.

Recently, our group reported that single-phas8igDds was formed by calcination
of the heterobimetallic complex Sr[Bi(DTPA)]*98 [7]. Furthermore, a preliminary
test revealed that La-doping is effective to imgrdfie photocatalytic activity of the
single-phase 9Bi,Os for oxidation of isopropanol under visible-lightadiation. It has

been reported that the high photocatalytic actieitySpBi.Os can be attributed to the



effective separation of photogenerated electrore-palrs originating from the distorted
local structure of [Bi@] polyhedra and their consequent dipole moment,$3,4
Additionally, a first-principles energy band calatibn indicated that $Bi,Os has light
effective masses of photogenerated carriers beadutsewide band dispersion near the
valence-band (VB) maximum and conduction-band (GBhnimum [9,10]. This
calculation also suggests that the photoactivitySeBi,Os could be enhanced by
controlling its energy band structure and band dapour previous report, La was
selected as a trivalent lanthanoid to maintain distorted local structure of [B¥P
polyhedra, and we found that doping with La led 36Bi,Os with the band-gap
narrowing [7]

In the present study, we thoroughly investigate fweparation conditions of
La-doped and undoped ;8Bi,Os powders, and the physicochemical properties of the
products by analytical measurements such as X-rdfyaction (XRD), X-ray
fluorescence analysis (XRF), X-ray photoelectronecgmscopy (XPS), Raman
scattering spectroscopy, scanning electron micps{®EM), transmission electron
microscopy (TEM), ultraviolet-visible  (UV-vis) speoscopy, and M
adsorption/desorption measurements, as well asiaxagthe effect of La doping on
the photocatalytic activity of the material. In &duh, theoretical calculations of
undoped and La-doped Br,Os are conducted to elucidate the photoabsorption
properties of the final products as well as thatrehships between their electronic

structure and photocatalytic activity.

2. Experimental and calculation procedures
2.1. Synthesis of undoped and L a-doped Sr,Bi,Os
Bismuth subcarbonate ((Big)Os; 97.0%) was added to an aqueous solution of

HsDTPA (98.0%) (reaction 1). The resulting solutidriiBi(H .DTPA)] was then reacted
with an equivalent amount of Sr(OFBH.O (95.0%) to obtain a solution of
Sr[Bi(DTPA)] (reaction 2).

(BiO),CO; + 2HDTPA — 2[Bi(H,DTPA)] + 3H,O + CQ (reaction 1)

[Bi(H.DTPA)] + Sr(OH) — Sr[Bi(DTPA)] + 2H,0O (reaction 2)
After the removal of a trace amount of insolubletenal by filtration, the filtrate was

concentrated to dryness using a rotary evapordto. obtained amorphous solid was



identified as Sr[Bi(DTPA)]*9HO based on elemental analysis of C, H, and N atoms
(Microcorder JM10, J-Science), thermogravimetriG}Tanalysis (Thermo plus EVOII
TG8120, Rigaku), and infrared (IR) spectroscopy B000, Excalibur). The
amorphous solid was heated at 500 to 700 °C fori6 &ir. The heating rate was
10 °C/min in all cases. La was doped into Sr[Bi(B)]P®H,0O using La(COs)znH,O
(99.5%), which was dissolved in the [BHBITPA)] solution before Sr(OH)addition.
La-doped SiBi,Os (SkBiy«LaxOs) samples with La doping contents of 3, 5, 8 and 10
mol% on the basis of Bi atoms (x = 0.06, 0.10, @ad 0.20) were prepared.

2.2. Characterization of the precursor and final products

The thermal decomposition of DTPA complexes was lyaed by
thermogravimetric-differential thermal analysis (D3 A; TG8120, Rigaku) under
static atmosphere. XRD measurements were condttadalyze the crystal structure
of the calcined powders (Ultima IV, Rigaku). XRDtfeans were recorded with CueK
radiation at a sweep rate of 2 °/min, voltage of K80 and current of 20 mA. The
specific surface areas of powders were evaluatedh fi\, adsorption isotherms
measured at —196 °C using the Brunauer—Emmett+T&ET) method in the relative
pressure range of 0.1pfpo < 0.3 by a surface area analyzer (BELSORP-mirBHL
Japan, Inc.) [11,12]. The chemical composition gal@nce state of the precursors and
final products were verified using XRF (EDXL 300igku) and XPS (JPS-9010MX,
JEOL) measurements, respectively. The microstraatfithe products was observed by
SEM (S-5200, Hitachi, Ltd.) and TEM/HRTEM (JEM-3QL0EOL). Raman spectra
were recorded on a Raman spectrometer (inVia Ramaroscope, Renishaw)
equipped with a CCD detector at room temperatuirggus 532-nm semiconductor laser
and laser power <1.5 mW. Diffuse reflectance spe@@RS) were collected using a
UV-vis spectrometer (V-550, JASCO) over the wavgthrrange of 300 to 800 nm at

room temperature.

2.3. Photocatalytic activity
The photocatalytic properties of undoped and LaeddpsBiOs were evaluated by
their ability to completely oxidize isopropanol wmdvisible-light irradiation. Each

powder (50 mg) was uniformly dispersed on a gladstsate that was mounted in a



1.0-L cylindrical glass reactor equipped with amavindow. After filling the reaction
vessel with dry air (80% N 20% Q), isopropanol (10QL) was introduced into the
reactor using a syringe and then vaporized by kegettie vessel at 50 °C for 8 h. The
optical system consisted of a 500-W Xe arc lamp eunteoff filter (1 >420 nm). The
irradiation power density was kept at 100 mWcrRhotocatalytic activities were
evaluated by the amount of G@roduced from the oxidation of isopropanol after
visible-light irradiation for 4 h using a gas chratograph equipped with a thermal

conductivity detector.

2.4. Theoretical calculation
SrBIi,0s crystallizes as an orthorhombic structure in spgoeup Pnma and

contains four formula units in its unit cell to gia total of 36 atoms [13]. Bi and Sr
atoms occupy the Wyckoff 4c position, while O atootsupy the Wyckoff 4c and 8d
positions. In this structure, there are two indejgert Sr atoms (Srl and Sr2), two
independent Bi atoms (Bil and Bi2), and three iredejent O atoms (01, O2 and O3).
In the present calculation, two La-doped supercglfse 1 and type 2, were constructed
in which a Bil or Bi2 atom, respectively, was sitbhgtd by a La atom in the expanded
SKBiy0s 2 x 2 x 1 cell (Fig. 1). The expandedEOs 2 x 2 x 1 cell was in space
group Pm and contained 144 atoms. In the supercell, thezee V24 independent Sr
atoms (Srl to Sr24), 23 independent Bi atoms (BiBi23), and 44 independent O
atoms (O1 to O44) in addition to one La atom. Typetl and type 2 supercells were
optimized by relaxing all of the atomic positiorsing the CASTEP code [14]. Lattice
constantsa, b, andc were assumed to have the same values as thoke gxpanded
SrBi,0Os cell. The exchange and correlation interactiongewgeated within the
framework of the generalized gradient approximat{@GA) proposed by Perdew,
Burke, and Ernzerhof (PBE) [15]. The cutoff eneadythe plane-wave expansions was
set at 610 eV. Valence electrons were treated Waihderbilt-type nonlocal ultrasoft
pseudopotentials, which describe the effective i@tks of ions and tightly bound core
electrons [16]. The reciprocal-space integratiors warformed with two irreducible k
points, which corresponded to a 1 x 2 x 3 k-pomd §17]. The electronic structure
calculations for the type 1 and type 2 supercellsrewperformed using the
scalar-relativistic full potential linearized augnted plane wave (FLAPW) method [18].



The wave functions were expanded by APW basis iometcomposed of plane waves
in the interstitial region and linear combinatiook radial functions multiplied by
spherical harmonics inside the muffin-tin (MT) regi The MT sphere radiR{t) of the
La, Sr, Bi, and O atoms were 1.97, 1.83, 2.06, ant# a.u., respectively. The
plane-wave cutoff wagkvt x Kmax= 6.0, which produced 12,355 plane waves for the
La-doped SBi,Os supercell. Each self-consistency was judged frbendonvergence
criteria of charge, total energy, and force. We alerified the sensitivity of the total
energy to the number of k points in each self-cgiest calculation and observed a total
energy decrease of only 0.26 mRy/atom Rerr X Kmax = 6.0 when the number of k
points increased from 27 to 68. Therefore, we aated that the total energy was
convergent for k points and used 27 k points ferBhillouin-zone (BZ) integration. In
density of states (DOS) calculations, BZ integrateas performed using the modified

tetrahedron method on a special mesh of 27 k points

3. Resultsand discussion
3.1. IR and TG-DTA analysis of the precur sor

It is well known that HDTPA forms a heterobimetallic complex of Sr[Bi(DTRA
upon mixing with Bi and Sr ions, as shown inreacttioand 2 above. The hydration of
the heterobimetallic complex precursor determingctllemental and TG analyses was
Sr[Bi(DTPA)]*9H,0. IR spectra of EDTPA and Sr[Bi(DTPA)]*9HO are depicted in
Fig. 2. For HDTPA, the v(C=0) stretches of -COOH groups were observed at
approximately 1690 cth These stretching bands shifted to a doublet ptoxpmately
1380 and 1600 cthfor Sr[Bi(DTPA)]-9H0, indicating the -COOH groups of DTPA
were deprotonated by metal coordination to formlatkes [19]. There were also large
differences in peaks from -OH groups around 3,6003{000 cri between the
anhydrous EDTPA and hydrated heterobimetallic complex Sr[Bi@\)]*9H.O. These
differences were simply caused by the presencbsemee of water molecules. No other
notable differences were observed, so the obtapredursor was judged to be the
objective heterobimetallic complex.

Figure 3 depicts the TG-DTA results for Sr[Bi(DTP®H.O measured at a heating
rate of 10 °C/min. Dehydration started at approxelya50 °C and a plateau was
observed over the temperature range of 185 to B800/Re weight decrease at 185 °C



was approximately 16.5 wt%, and was attributed ite tlesorption of water from
Sr[Bi(DTPA)]*9H,0O. Further heating caused a weight loss originatirgm the
exothermal decomposition of a ligand, as confirniydDTA measurements. When
Sr[Bi(DTPA)]*9H,0O was heated to 750 °C, a long plateau appeared4&9 to 575 °C,
followed by a slight decrease in weight. The weilgiss at 700 °C was approximately
56.0 wt%. Based on these assignments, the followtwg-step decomposition
mechanism can be proposed:
Sr[Bi(DTPA)]*9H,O — Sr[Bi(DTPA)] + 9H,O (reaction 3)
4Sr[Bi(DTPA)] + 81Q — 2SKBi,0s +28CQ + 6N, + 18H0O  (reaction 4)
The theoretical weight losses for reaction 3 amagedcalculated to be 18.9% and 58.9%,

respectively, which agree well with the experimémtdues obtained from TG-DTA.

3.2. XRD and BET analyses of the calcined powders

Figure 4(a) presents the XRD patterns of the fipaducts obtained following
calcination of Sr[Bi(DTPA)]*9HO at 500, 600, 650 and 700 °C for 6 h in air. The
diffraction peaks of the samples calcined at 5@ é&nd 650 °C can be ascribed to
SrBi,O; (PDF 00-046-0752), &BicO;1 (PDF 00-049-1593), SrBbs (PDF
00-039-1424), and SrGO(PDF 01-071-2393) indicating that these calcimatio
temperatures were too low to form objective matehmmcontrast, these impurity peaks
completely vanished and a single phase gBi%Ds (PDF 01-081-0516) appeared
following calcination of Sr[Bi(DTPA)]*9HO at 700 °C. The calculated lattice constants
of SkBI,Os calcined at 700 °C weie= 0.3825(3)b = 1.4282(9), and = 0.6175(3) nm,
which agree well with reference values [20]. Theage been many reports on synthesis
of SkBIi,Os by various methods. The formation temperaturergBigOs phase depends
on the preparation method; however, above 780 “@¢essary to form the Bi,Os
phase in solid-state reactions. Additionally, aation is usually repeated at higher
temperature to obtain single-phasgBsiOs using conventional methods. Compared to
the solid-state reaction, the present method ctover the formation temperature of
SrBIi,0s5 by using a bimetallic complex precursor. The lowalcination temperature
required to form SBi,Os from the bimetallic complex precursor relativethat needed
in solid-state reaction is an advantage for pratapplications.

The La-substituted DTPA complexes were calcinedft °C for 6 h in air and



compared with the obtained single phase eBi5Os (Fig. 4(b)). No traces of impurity
phases were detected in the 3 and 5 mol% La-dop8ihSs powders. Meanwhile, the
powders containing 8 and 10 mol% La contained aturéx of phases including
SiBig014, SICQ, and SsBi,Os. These results suggest that the solubility linfitLa
atoms in SBi,Os is less than 8 mol%. The diffraction peaks for r&l & mol%
La-doped SBi,Os were not shifted from those of the undopegBEOs phase, mainly
because of the similar ionic radii of 'aand BF*. However, there is an apparent doping
limitation of La. This might be a lower toleranceystal structure originated from the
distorted local structure of [BéPpolyhedra.

The mean crystallite size and BET specific surfacea for the La-doped and
undoped SBi,Os powders were evaluated. The mean crystallite sifdhe samples
were calculated from the full width at half-maximyfWHM) of the (111) diffraction
peak at 2 = 28.11° using the Scherrer equation:

d = 0.9/Bco9), (equation 1)
where/ is the wavelength of Culg radiation,B is the FWHM of the (111) diffraction
peak,d is the Bragg angle, artdis the crystallite size. After calcination at 70D in air,
the crystallite sizes of the undoped, and 5 andmtd% La-doped $Bi,Os were
estimated to be 47.2, 49.1, and 49.1 nm, respégtiVee BET specific surface area of
the undoped SBi.Os powder was calculated to be 3.9%gn by applying the
least-squares method to the BET plot. Dopind3is0s with La caused the BET surface
area to gradually increase with the amount of Lith BET specific surface areas of 4.4
m?/g and 4.7 rfig for 5 and 10 mol% La-doped -Bi,Os, respectively. However, there
were no notable changes in surface areas upon puaglorhis suggests that La doping
hardly affected the grain growth behavior ofE85Os at 700 °C.

3.3. SEM and TEM observation

Figure 5 presents SEM images of the La-doped addped powders calcined at
700 °C. The undoped fi,0s powder consists of tightly interconnected irregula
grains. When 5 mol% La was added teBsiOs, gaps between the primary particles
could be observed. Meanwhile, 10 mol% La-dopegBiSDs consisted of individual
fine particles with diameters of 0.2-0in. These changes in microstructure are

consistent with the slight increase in BET spediicface area induced by doping with



La. A typical HRTEM image of undoped8i,0s (Fig. 5(d)) revealed well-crystallized
particles with clear crystal lattices. No amorphtger was observed along the surface
or grain boundary of the crystallites. The cryatallplanes were ascribed to the (002)
and (131) planes of @i,Os by considering the bond distances and arrangewfent
atoms in this image. HRTEM images of 5 and 10 mb&4aoped SiBi,Os are depicted

in Fig. 5(e) and (f), respectively. The contourstteé observed crystalline planes were
fairly clear and they were not covered by amorphghusses. These images suggest that

SrBi,05 could be doped with La without inducing formatwiramorphous phases.

3.4. XRF, XPS and Raman spectroscopy

XRF analysis indicated that the content of La i&n8l 10 mol% La-doped $i,0s
were 4.9 and 12.2 mol%, respectively. The spedt@ s, Sr 3d, Bi 4f, and La 3d for
10 mol% La-doped 9Bi,Os obtained by XPS measurements are compared witte tho
for undoped SBi,Os in Fig. 6. Peaks were corrected related to the €ignal centered
at 285.0 eV. The O 1s spectrum of undopegBioDs contained two components at
529.0 and 530.8 eV. The former corresponds takatikygen, while the latter originates
from carbonate formed at the surface ofB5Os [21]. The binding energies of the Sr
3d, Bi 4f and La 3d signals are in good agreemetft those of the 3f, Bi**, and L&"
valence states [22—24]. Although a La 3d signal detected for 10 mol% La-doped
SrBI,0s, it was difficult to clearly distinguish the La 3tgnal from the background for
5 mol% La-doped $Bi»Os, which may be because the overall atomic conciemtraf
La in this sample was relatively low.

Figure 7 depicts Raman spectra of the undoped ardbped SBi,Os samples. The
spectrum of the undoped powder contained sharpspaiaipproximately 129 and 141
cm?, which were ascribed to $i,0s according to Zhanegt al [25]. The spectrum of
undoped SBIi,0Os also contained broad peaks at 277, 320, 382,489,549, and 647
cm’. According to the literature [25], the shift bel@®0 cni is related to Bi-O bonds,
and the two peaks centered at 549 and 647 eme related to Sr-O bonds. It is

conceivable that other two peaks between 400 afdcht} are originated from Bi-O

bonds because-Bi,O; has also the Raman peaks in same range [26]. Howentil

recently the Raman study on,BibOs has been the subject of only a limited number of

reports. Thus, further detailed investigations afrfan spectra are required to confirm




the present presumption. The mode centered at &®70s attributed to the 4 mode
of SrCQ; [27]. When 5 mol% La atoms were doped intgB&iOs, the intensity of the

broad modes in the range of 277 to 465dncreased. Raman spectra become broad
when lattice defects are introduced into a cryséalause of the breaking of the selection
rule for the wave vector. As expected, the stereoutally active lone pair (Bi 6s
electrons) is strongly associated with electronshef oxygen atoms surrounding®Bi
Thus, BF* tends to shift from a centrosymmetric site to awith lower symmetry,
thereby lowering its symmetry and coordination nemf28]. Therefore, the local

coordination environment of &iis highly asymmetric. Table 1 shows bond length

obtained from the structure-optimized calculatidies La-doped supercells using

CASTEP code. LY has a similar ionic radius to Bibut has no lone pair electrons.

Thus, the Bi (or La) centered coordination polyleedbecomes more symmetrical

structure by La doping judging from the bondingtali€es listed in Tablel. Thus, the

increase in the intensity of Raman peaks in thgeaf 277 to 465 cthoriginates from
Bi atoms being substituted with La atoms. For tlanBn peaks below 446 &mthere

is no distinct difference between the samples doimiga 5 and 10 mol% La, as
illustrated in Fig. 7. However, the intensity ofetfRaman peak centered at 614'cm
increased with the content of La, suggesting tlaaatoms substitute not only Bi atoms
but also Sr atoms in 10 mol% La-dopedBs4Os.

3.5. Diffused reflectance UV-vis spectra

UV-vis DRS for the samples calcined at 700 °C waskected in the wavelength
range of 300 to 800 nm at room temperature. FigBireompares the spectral
dependence of the Kubelka-Munk (KM) function defir®y/ f(R,) = (1-R.)%2R., where
R. is the diffuse reflectance of the undopegB&Os prepared from the DTPA complex.
The KM functionf(R,) for the semi-infinite case is given B{R,) = /S [29], wherea
andS are the absorption coefficient and scatteringfaoeht of the sample, respectively.
Here,a was determined by [30]:

a = A(hv-Eg)"/hv, (equation 2)

whereA, hy andEy are a constant, the photon energy and optical gapdf the sample,
respectively. In equation 2, depends on the nature of the band transition;1/2 for

direct andn = 2 for indirect allowed transitions. For the;BpOs powder calcined at



700 °C,n was estimated to be 1/2 from the slope of a plondi{R,)hv againstin
(hv-Eg)" plot, suggesting that 88i,Os has a direct band gap. This result is consistent
with a first-principles energy-band calculation f&nBi,Os based on GGA and
MBJ-LDA approaches [9,10]. Notably, as the conieita® increases, the absorption
edge exhibits a red shift from that of undopeeB&0s. The magnitude of this shift
increased with LY content;i.e., the band gap of the samples decreases withaisiog
La®* content. The band gaps of undoped, and 5 and 10 ma-doped SiBi,Os
samples were 3.2, 2.7, and 2.5 eV, respectivelgprding to respective plots of
{f(R.)hv}? vs. hv.

3.6. First-principles band calculation

To investigate the band structure, we carried logffirst-principle band calculation

using La-doped $Bi»Os supercells (type 1 and 2). Figure 9 shows thd t#asity of
states and La-related DOS for La-doped and und&p#i,0s obtained from the GGA

calculation. The energy was measured in electrdts {@V) and the origin of energy

was arbitrarily set as the VB maximum. It is weliokvn that the GGA calculation

underestimates the energy gaps of semiconductods iasulators, because the

self-interaction correction and discontinuity inetkexchange-correlation enerqy and

potential upon changing the number of electronsnatetaken into account [31, 32].

Although the underestimation of band gap energyhimioe included, the order of

calculated band-gaps for three crystal phase of, TiGtile, anatase, and brookite,

conforms well to the order of optical band gaps].|3Bherefore, it is possible to

compare the difference of band-gap difference betmier-doped and undopedBiLOs

gualitatively in the framework of the GGA.

For undoped $Bi,0s, the VB is constructed from O 2p, Bi 6s, Bi 6p 49t and Sr
4d states; however, the character of O 2p statpsedominant [9]. In addition, the CB
below 4.3 eV mainly consists of Bi 6p and O 2p esatAlthough the VB and CB

structures of $Bi,Os are slightly altered by replacing one Bi atom wotihe La atom,

of particular interest is that the band gap eB&Os decreases by approximately 0.1 eV
upon La addition compared with that of undopesB&E0s. Such change of band gap
with the addition of a rare-earth dopant is strabhgeause the band gap is an intrinsic

feature of the host material, and the concentratiodoped La is very low. However,



this decrease of band gap was also observed itUYheis spectra of the La-doped
SrBIi,Os samples, as mentioned above. One plausible exjgantor this may be
derived from the difference in the number of oxygeoms that coordinate with Bi or
La atoms. As stated above,’Bpossesses a stereochemically active lone paifgBi
electrons), and this electron pair is strongly esged with the electrons of oxygen
atoms surrounding Bi. The ionic radius of LY is similar to that of Bi' but it has no
lone pair electrons. The introduction of°fdnto the lattice makes the coordination
polyhedron more symmetric as observed in TableHhls Thange in the coordination
environment of L& is expected to weaken the repulsive interacticmwéen the lone
pair electron and oxygen compared with the caserbesubstitution with L.
Therefore, it is conceivable that the band gapreBigOs is lowered by substituting Bi

with La>".

3.7. Photocatalytic properties

Figure 10 shows CfOconcentration as a function of irradiation time fie
oxidation of isopropanol by the undoped and La-do@%Bi,Os samples. As a
comparison, isopropanol oxidation over commerciaiailable TiQ (Degussa P-25,
48.0 nf/g) was also carried out under the same conditi®ngy a small amount of GO
was generated following visible-light irradiatiof %O, and undoped &Bi,Os. In
contrast, La-doped #Bi,Os samples caused a considerable increase i, CO
concentration. The oxidation of isopropanol is appty accelerated by La-doped
samples, suggesting they possess higher photatattyivities than those of TiCand
undoped SBi»Os. The results also revealed that an increased mbotd.a in SgBi,Os
caused the amount of generated,@®@increase. This is mainly related to the redt shi
of the photoabsorption of the La-doped samplesaasdntent increases; however, the
guantum efficiency of the samples remains to bestigated. The chemical stability of
the La-doped and undoped;BirOs samples was investigated by XPS, UV-vis
spectroscopy and XRD after the photocatalytic @gtimeasurements. We concluded
that the La-doped and undopedBBsOs samples possessed sufficient stability judging
from their unchanged XRD profiles. However, thenfation of SrCQ@ and La(COs);3
on the surface of the samples was detected, slortiigeterm stability and sustainability

of the photocatalytic activity of the samples regsifurther study. Although 10 mol%



La-doped SiBi,Os showed the highest photocatalytic activity amdmgtamples tested
here.

4. Conclusion

Undoped and La-doped Bi,Os samples were fabricated by calcination of
heterobimetallic complex Sr[Bi(DTPA)]*94® at 700 °C, and the precursor complex
and calcined samples were characterized by vatexiiques. Single-phase;BibOs
was formed after calcination of Sr[Bi(DTPA)]*98 at a rather lower temperature of
700 °C for 6 h in air. For the La-doped samplesjmpurity phases were observed in
the samples with 3 and 5 mol% La, whereas impuyligses such as 38Br,Og and
SrCQ; were detected in the samples containing 8 and dl@onha. The BET surface
area of the $Bi,Os samples increased slightly with La content. SEMewbation
revealed that the @i,0Os samples consisted of tightly interconnected graind that
the open pores between particles tended to increade La content. HRTEM
observation showed clear crystalline planes fohhotdoped and La-doped,Br,Os
without amorphous phases. In XPS measurements eofL#idoped and undoped
SrBI,Os, the binding energies of the Sr 3d, Bi 4f, and3dasignals were consistent
with the Sf', Bi**, and L&" valence states, respectively. The Raman scattering
measurements suggested that La atoms were lodaBecsites with the doping amount
of La was low (3 and 5 mol%), whereas La atomseadnt substitute both Bi and Sr
sites with the content of La was higher (8 and Xd%f). XRD and Raman scattering
results strongly indicated that the solubility linaif La in SgBi»Os is below 8 mol%.
La-doped SiBi,Os exhibited a red shift of its absorption edge as tbntent of La
increased, reaching the visible region. Optimizedcsure calculations based on the
DFT method revealed that the coordination numbeoxyigen atoms surrounding the
Bi®*-site increases upon substituting with*LaFurthermore, the DOS calculation
reproduced the band-gap narrowing ofBs1Os upon La addition observed in UV-vis
spectra. Preliminary catalytic experiments indidatieat the photocatalytic activity of

SrBIi,0s under visible-light irradiation can be enhancedibging with La.
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Figure caption

Fig. 1. (color online) Unit cell and La-doped. 8,05 supercells used in the theoretical
calculation. La (sky blue), Bi (purple), Sr (gree®)(red).

Fig. 2. IR spectra of metal-freesBTPA and Sr[Bi(DTPA)]*9HO.

Fig. 3. TG and DTA curves for Sr[Bi(DTPA)PH,O.

Fig. 4. (color online) XRD patterns of the calcined samplewders by (a)
Sr[Bi(DTPA)]*9H,0O at 500 to 700 °C for 6 h and (b) La-doped DTPMptexes at
700 °C.

Fig. 5. SEM images of (a) Undoped, (b) 5 mol%, and (cyjii% La-doped powders
andTEM photographs of (d) Undoped, (e) 5 mol%, and.(fmol% La-doped powders

calcined at 700 °C.

Fig. 6. (color online) XPS spectra of O 1s, Sr 3d, Bi d@hd La 3d for 10 mol%
La-doped (solid line) and undoped:BirOs (dotted line).

Fig. 7. (color online) Raman spectra obtained for La-dogred pure $SBi,Os powders.

Fig. 8. (color online) UV-vis DRS for La-doped and pureBssOs powders obtained by
the calcination at 70%C in air for 6 h.

Fig. 9. (color online) Total and partial DOS for (a) unddp@nit cell) and La-doped
SBIi,05 supercell, (b) type 1 and (c) type 2, obtainediftbe GGA calculation.

Fig. 10. (color online) Time-dependent profiles of isopropladecomposition and GO
generation over photocatalysts under visible-ligiaidiation.



Table 1 Calculated bond distances gB%Os and La-doped $Bi,Os by CASTEP.

Unit cell Distance / nm Type 1 Distance / nm
Bi1-O2 (x2) 0.2119 Lal-O17 (x2) 0.2141
Bi1-O1 0.2197 Lal-O39 0.2299
Bil-Sr1 0.3654 Lal-026 (x2) 0.3514
Bil-Bi2 (x2)  0.3657 Lal-Bi6 (x2)  0.3647
Bi1-O3 (x2) 0.3691 Lal-Sr15 0.3689
Unit cell Distance / nm Type 2 Distance / nm
Bi2-03 (x2) 0.2123 La2-026 (x2) 0.2147
Bi2-O1 0.2186 La2-O39 0.2276
Bi2-Sr2 0.3543 La2-09 (x2) 0.3494
Bil-Bi2 (x2)  0.3657 La2-Sr12 0.3585
Bi2-02 (x2) 0.3672 La2-Bi3 (x2)  0.3653
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Fig. 9
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» La-doping showed ared shift of absorption, reaching the visible region.

» La-doping increased the coordination number of oxygen surrounding the Bi**-site.
» The energy band cal culations showed the band gap narrowing by La-doping.

> A superior photocatal ytic performance was observed under visible-light.



