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We have investigated the influence of the crystal structure on the chemical bonding nature and photocatalytic 
activity of cubic and hexagonal perovskite A[Cr1/2Ta1/2]O3 (A = Sr, Ba) compounds. According to neutron 
diffraction and field emission-scanning electron microscopy, the crystal structure and particle size of these 
compounds are strongly dependent on the nature of A-site cations. Also, it was found that the face-shared 
octahedra in the hexagonal phase are exclusively occupied by chromium ions, suggesting the presence of 
metallic (Cr-Cr) bonds. X-ray absorption and diffuse UV-vis spectroscopic analyses clearly demonstrated that, 
in comparison with cubic Sr[Cr1/2Ta1/2]O3 phase, hexagonal Ba[Cr1/2Ta1/2]O3 phase shows a decrease of Cr 
oxidation state as well as remarkable changes in interband Cr d-d transitions, which can be interpreted as a 
result of metallic (Cr-Cr) interactions. According to the test of photocatalytic activity, the present 
semiconducting materials have a distinct activity against the photodegradation of 4-chlorophenol. Also the Sr- 
based compound was found to show a higher photocatalytic activity than the Ba-based one, which is 
attributable to its smaller particle size and its stronger absorption in visible light region.
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Introduction

Recently photocatalyst materials have attracted intense 
research activities since they can provide an economic and 
less-energy consuming option for purifying environment 
pollutions.1,2 Among various semiconducting compounds, 
titanium oxide is of special importance as photocatalyst 
because of its many advantages such as low price, high 
stability, and non-toxicity.2,3 However, its photocatalytic 
activity is severely limited by its large bandgap energy (Eg) 
of > 3.2 eV, which prevents it from harvesting photonic 
energy in visible and infrared region. In this regard, many 
attempts have been made to improve the photocatalytic 
activity of wide bandgap semiconductors through the control 
of band structure.3-8 One of the most popular methods for the 
enhancement of photocatalytic activity is the chemical 
substitution of wide bandgap metal oxides like TiO2. In 
particular, perovskite-structured ABO3 metal oxides have 
been used as useful matrix for the chemical substitution, 
since they are very stable enough to form a solid solution 
with diverse metal ions. In this regard, there have been a 
great deal of studies on the cationic and anionic substitutions 
of perovskite-type metal oxides.9-13 To dates, most of these 
researches have dealt with simple perovskite structure with 
cubic symmetry, in which BO6 octahedra are linked by 
corner-sharing while larger A cations exist in dodecahedral 
sites. It has been well-known that the linkage patterns of 
BO6 octahedra in the perovskite structure are strongly 
dependent on the nature of A-site cations.14,15 In one 
instance, an increase of A-site cation radius gives rise to a 
structural modification into hexagonal perovskite structure 
having the face-sharing of BO6 octahedra. In this hexagonal 

structure, the presence of significant metal-metal interactions 
between adjacent face-shared octahedra is expected to 
induce remarkable modifications in the band structure and 
physicochemical properties of the metal oxides. However, at 
the time of the present publication, we are aware of no 
systematic investigation on the effect of metal-metal inter
action on the electronic structure and physicochemical 
property of perovskite-structured metal oxides.

In the present study, we have studied the influence of 
crystal structure on the band structure and chemical bonding 
nature of cubic and hexagonal structured A[Cr1/2Ta1/2]O3 (A 
= Sr, Ba) compounds with various characterization tools 
including neutron diffraction (ND) and X-ray absorption 
spectroscopy (XAS). Also, their photocatalytic activity was 
systematically examined by monitoring the photodegrada
tion of organic pollutants in the illuminated suspension of 
photocatalyst.

Experiment지

According to the previous reports,14,15 polycrystalline 
A[Cr1/2Ta1/2]O3 (A = Sr, Ba) samples were prepared by 
conventional solid-state reaction with the stoichiometric 
mixture of SrCO3, BaCO3, Cr2O3, and TazOs at 1350 oC 
under nitrogen flow. The crystal structures of the resulting 
compounds were studied by ND and powder X-ray 
diffraction (XRD, Cu Ka radiation) analyses. ND data of the 
two perovskite compounds were collected at room temper
ature over a 20 range of 5o-160o using a step width of 0.05 
using the high resolution powder diffractometer (HRPD,人= 
0.18352 nm) at the HANARO high-flux neutron reactor, 
beam port ST-2, in Korea Atomic Energy Research Institute 
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(KAERI). A thin-walled can of vanadium (height: 5 cm, 
diameter: 12 mm) was used to hold 8.5 g of the sample. The 
Rietveld refinement was carried out for the collected powder 
ND patterns using the FullProf program.16 The morpho
logies of the A[Cr1/2Ta1/2]O3 compounds were examined 
with field emission-scanning electron microscopy (FE-SEM, 
JEOL JSM-6700F). Diffuse reflectance UV-vis spectra were 
obtained on a Perkin-Elmer Lambda 35 spectrometer using 
BaSO4 as a reference. The recorded reflectance data were 
converted to absorption data through the Kubelka-Munk 
function. XAS measurements were carried out at Cr K- and 
Ta Lm-edges with the extended X-ray absorption fine 
structure facility installed at the beam line 7C at the Pohang 
Light Source (PLS) in Korea. XAS data were collected at 
room temperature in a transmission mode using gas
ionization detectors. All the present spectra were calibrated 
carefully by measuring the spectrum of Cr or Ta metal. The 
photocatalytic degradation of 4-chlorophenol (4-CP) was 
tested in a Pyrex reactor (30 mL) with quartz window, which 
was subjected to radiation. Light from a 300-W Xe arc lamp 
(Oriel) passed through a 10-cm IR water filter and/or a UV 
cutoff filter (A > 300 nm), then the filtered light was focused 
onto the reactor. The time-dependent changes of 4-CP 
concentration were spectrophotometrically monitored by 
measuring the absorbance at A = 225 nm.

Results and Discussion

As presented in Figure 1, there are strong dependencies 
of the ND patterns of the A[Cr1/2Ta1/2]O3 compounds on 
the type of A-site cations. The present ND pattern of the 
Sr[Cr1/2Ta1/2]O3 phase could be well-reproduced with cubic 
perovskite structure (space group: Fm-3m), whereas that of 
the Ba[Cr1/2Ta1/2]O3 phase could be well-fitted on the basis 
of six-layered perovskite-structure with hexagonal sym
metry (space group: P63/mmc). This result is in good agree
ment with the previously reported powder XRD results.14,15 
The structural parameters of these phases obtained from 
Rietveld refinements are summarized in Table 1. As pre-
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sented in Figure 2 and Table 1, there is a partial ordering of 
Cr and Ta ions in the octahedral sites of the cubic Sr-based 
compound. In the case of the hexagonal Ba-based phase, the 
octahedral sites of face-centered BO6 octahedra are exclu
sively occupied by chromium ions whereas TaO6 octahedra 
are linked by corner-sharing. According to the Rietveld 
refinements, the (Cr-Cr) bond in the hexagonal phase has a 
very short distance of 2.497 A, strongly suggesting the 
presence of metallic (Cr-Cr) interactions. Such a presence of 
metallic bonds is expected to induce the shielding of Cr 
nuclear charge by delocalized electrons in (Cr-Cr) bonds. 
This expectation is supported by the longer distances of (Cr-

Crystallographic parameters of Sr[Cro.5Tao.5]O3 a

Table 1. Structural Parameters and Refinement Parameters Obtain
ed from Rietveld Analysis for A[Cri/2Tai/2]O3 (A = Sr, Ba)

atom site x y z occupancy B(A2)
Sr 8c 1/4 1/4 1/4 0.99(3) 1.04(2)

Cr(1) 4a 0 0 0 0.840(3) 0.39(3)
Cr(2) 4b 1/2 1/2 1/2 0.124(3) 0.39(3)
Ta(1) 4a 0 0 0 0.124(3) 0.39(3)
Ta(2) 4b 1/2 1/2 1/2 0.840(3) 0.39(3)

O 24e 0.2570(2) 0 0 0.99(3) 0.86(3)
Crystallographic parameters of Ba[Cr0.5Ta0.5]O3 b
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6h 0.148(8) 0.304(1) 1/4 1.0
12k 0.163(19) 0.340(0) 0.621(0) 1.0

0.9(1) 
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0.62(6) 
0.3(1) 
0.64(6) 
0.66(5) 
1.01(9) 
0.77(6)

aCubic, space group Fm-3m (no. 225), cell parameters: a = b = c = 
7.8832(2) A, “ = B = y = 90o, /: 9.18, Rexp： 3.85%, Rp： 9.35%, Rwp： 
11.7%.; bHexagonal, space group P6/mmc (no. 194), cell parameters: a 
=b = 5.7429(2) A, c = 18.7926(7) A, “ = B = 90o, y = 120o, x2: 11.4, 
Rexp： 3.01%, Rp: 9.25%, Rwp: 10.1%.
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Figure 1. Experimental (circles) and fitted (solid lines) ND patterns of (a) Sr[Cr1/2Ta1/2]O3 and (b) BalCrwTaudQ.
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Figure 2. Schematic models for the crystal (left) and band (right) 
structures of (a) Sr[Cr1/2Ta1/2]O3 and (b) Ba[Cr1/2Ta1/2]O3.

Figure 3. FE-SEM images of (a) Sr(Cr1/2Ta1/2)O3 and (b) Ba- 
(Cr1/2Ta1/2)O3.

O) bonds in the hexagonal phase (1.960, 2.057, and 2.497 A) 
than in the cubic one (1.9158 and 2.0276 A).

We have examined the morphology of the A[Cr1/2Ta1/2]O3 

compounds using FE-SEM technique. As shown in Figure 3, 
both materials exhibit irregular polyhedral morphology with 
the particle size of ~100-300 nm for Sr[Cr1/2Ta1/2]O3 and 〜1- 
2 /zm for Ba[Cr1/2Ta1/2]O3. This observed smaller particles 
size of the Sr-based compound reflects its less efficient 
crystal growth.

The chemical bonding natures of the Cr and Ta ions have
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Figure 4. Cr K-edge XANES spectra for (a) Sr[Cri/2Tai/2]O3, (b) 
Ba[Cri/2Tai/2]O3, (c) CEO3, and (d) Cr metal.

been examined with X-ray absorption near-edge structure 
(XANES) spectroscopy at Cr K- and Ta Lm-edges. The Cr 
K-edge XANES spectra of A[Cr1/2Ta1/2]O3 (A = Sr, Ba) are 
presented in Figure 4, together with those of Cr metal and 
Cr2O3. The Sr[Cr1/2Ta1/2]O3 compound shows nearly identi
cal edge energy to the reference Cr2IIIO3, indicative of the 
trivalent oxidation state of chromium ions. On the contrary, 
the edge energy of the Ba[Cr1/2Ta1/2]O3 is much lower than 
those of CnO3 and the Sr-based homologue, but closer to 
that of Cr metal, suggestive of lower Cr oxidation state than 
+3. This finding could be interpreted as strong evidence on 
the presence of metallic (Cr-Cr) bonds, leading to a partial 
shielding of the nuclear charge of Cr ions. This interpretation 
is in good agreement with the ND results showing longer 
(Cr-O) bond distances in the Ba-phase than in the Sr-phase. 
As plotted in Figure 4, all the present compounds exhibit 
pre-edge peaks P and P’，and main-edge peaks A, B, and C, 
which correspond to the transitions from core 1s to 
unoccupied 3d or 4p levels, respectively.6 In comparison 
with the cubic Sr-based compound, the hexagonal Ba-based 
homologue demonstrates low energy shifts of these features, 
confirming the presence of metallic (Cr-Cr) bonds.

The Ta LIII-edge XANES spectra of A[Cr1/2Ta1/2]O3 (A = 
Sr, Ba) are plotted in Figure 5, together with those of Ta 
metal and TazO, Regardless of the nature of A-site cation, 
the A[Cr1/2Ta1/2]O3 compounds commonly exhibit nearly the 
same edge position as that of the Ta2VO5, revealing the 
negligible dependence of Ta oxidation state on the crystal 
structure. This result coincides well with the present ND 
results showing the Ta ions are exclusively located in the 
octahedral sites of the corner-shared BO6 octahedra, not in 
those of the face-shared octahedra. Hence, the electronic 
configuration of Ta ions is not modified by the metal-metal 
interaction occurring between face-centered octahedra. This 
conclusion is further supported by remarkable differences in 
edge energy between the spectra of A[Cr1/2Ta1/2]O3 and Ta
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Figure 5. Ta Lm-edge XANES spectra for (a) Sr[Cr1/2Ta1/2]O3, (b) 
Ba[Cr1/2Ta1/2]O3, (c) Ta2O5, and (d) Ta metal.

metal. In Figure 5, all the present compounds show intense 
peaks A and B corresponding to 2s — 5dt2g and 2s — 5deg 

transitions.17 Since energy difference of these two peaks is 
proportional to the strength of crystal field around tantalum 
ions, a larger peak splitting in the Sr-based compound than 
in the Ba-based one highlights the greater crystal field 
strength in the former. This is in good agreement with the 
ND results revealing shorter (Ta-O) bond distances in the 
former (1.9158 and 2.0276 A) than in the latter (1.951 and 
2.0485 A). The observed variation of crystal field strength 
could be understood as a result of unit cell contraction due to 
the smaller size of Sr2+ ion than Ba2+ ion.18

The diffuse reflectance UV-vis spectra of the A[Cr1/2- 
Ta1/2]O3 (A = Sr, Ba) compounds are plotted in Figure 6, 
together with those of Cr2O3 and Ta2O5. The Sr[Cr1/2Ta1/2]O3 

compound displays three characteristic absorption peaks A, 
B, C corresponding to Cr d-d interband transitions; 4A2g — 
4T2g, 4T1g, and 4T1g.19 These features possess relatively 
similar energy and relative intensity for both Sr[Cr1/2Ta1/2]O3 

and Cr2O3, confirming the presence of CrIII ions in the 
octahedral sites of the cubic perovskite structure. On the 
contrary, only one peak A is discernible for Ba[Cr1/2Ta1/2]O3 

in lower energy region of absorption edge, underscoring that 
the Cr 3d orbitals in this compound have quite different 
electronic configuration from that in the reference Cr2O3. 
This finding could be regarded as another support for the 
presence of metallic (Cr-Cr) interactions. Of noteworthy is 
that, in contrast to wide bandgap semiconductor Ta2O5, 
distinct absorptions in visible light region appear for both 
A[Cr1/2Ta1/2]O3 materials, a result of band structure modi
fication upon Cr incorporation. In comparison with the Ba
based compound, the Sr-based compound exhibits stronger 
absorptions in the visible light region, which is ascribable to 
the higher intensities of the interband peaks B and C. On the 
other hand, a closer inspection on the position of the peak D 
related to transition from valence band (VB) to conduction
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Figure 6. DiffUse reflectance UV-vis spectra for Sr[Cr1/2Tau2]O3 

(solid lines), Ba[Cr1/2Ta1/2]O3 (dashed lines), Cr2O3 (dot-dashed 
lines), and Ta?O5 (circles).

band (CB) reveals that the Ba-based phase possesses a 
slightly smaller Eg value than the Sr-based one, indicating 
the further decrease of Eg via the introduction of metallic 
(Cr-Cr) bonds. As plotted in the right panel of Figure 2, the 
formation of metallic (Cr-Cr) bonds in the hexagonal 
Ba[Cr1/2Ta1/2]O3 phase increases the width of Cr 3d bands, 
leading to the effective overlap between Ta 5d and Cr 3d 
bands. Hence it gives rise to the disappearance of interband 
3d states, which is in good agreement with the present UV- 
vis results revealing that the hexagonal Ba-based phase 
exhibits only one interband Cr 3d-related transition, in 
contrast to the reference Cr2O3 and the Sr-based phase.

We have investigated the photodegradation of 4-CP by the 
A[Cr1/2Ta1/2]O3 (A = Sr, Ba) compounds to examine their 
photocatalytic activity. As plotted in Figure 7, the rate of 4
CP degradation under UV-vis irradiation (2 > 300 nm) is 
faster for the cubic Sr-based phase than for the hexagonal

40 " I I I ‘ ’ I I I I................................... I I ： I
0 1 2 3 4 5

Irradiation time (h)

Figure 7. Variation of 4-CP concentration upon photoreaction (2 > 
300 nm) for Sr[Cr1/2Ta1/2]O3 (circles) and Ba[Cr1/2Ta1/2]O3 (squares). 
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Ba-based one, indicating the higher activity of the former. 
This would be attributed to the smaller particle size of 
the cubic Sr[Cr1/2Ta1/2]O3 compound than the hexagonal 
Ba[Cr1/2Ta1/2]O3 compound, since a smaller particle size of 
the former implies its larger surface area, and such an 
increase of surface area provides this material with more 
reaction sites for photodegradation of organic molecules. As 
shown in Figure 6, the Sr[Cr1/2Ta1/2]O3 compound displays 
more intense absorptions in the visible light region of ~2-3 
eV, compared to the hexagonal Ba[Cr1/2Ta1/2]O3 compound. 
Such variations of optical property also make a partial 
contribution to an enhancement of the photocatalytic activity 
of the Sr-based phase under UV-vis irradiation. On the other 
hand, we have also tested the photocatalytic activity of the 
A[Cr1/2Ta1/2]O3 materials under visible light illumination (A 
> 420 nm). But we only found the negligible visible light 
driven activity of the present materials, reflecting the fact 
that a decrease of Eg value upon Cr incorporation (i.e. the 
position of the peak D in Figure 6) is not large enough to 
create visible light harvesting ability.

Conclusion

The crystal structures, chemical bonding natures, and 
photocatalytic activities of cubic and hexagonal perovskite 
A[Cr1/2Ta1/2]O3 (A = Sr, Ba) compounds have been sys
tematically investigated. In comparison with cubic Sr- 
[Cr1/2Ta1/2]O3, hexagonal Ba[Cr1/2Ta1/2]O3 phase with face- 
shared CrO6 octahedra displays a lower Cr oxidation state 
and significant modifications in the number and energy of d- 
d transitions. This observation could be interpreted as a 
result of the metallic (Cr-Cr) interactions, which is further 
supported by the structural refinements based on the ND 
results. Also, it becomes certain that the present A[Cr1/2- 
Ta1/2]O3 semiconductors possess distinct photocatalytic 
activity against the photodegradation of 4-CP. Between these 
compounds, the Sr-based phase was found to show higher 
photocatalytic activity than the Ba-based one, which could 
be understood in terms of differences in their particle sizes 
and optical properties. Our current project is the incorpo
ration of highly electronegative p-block elements into 

hexagonal perovskite structure, since this type of cation 
substitution has been known to be very effective in creating 
the visible light driven photocatalytic activity.9-11
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