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A number of calcium bismuthates were synthesized (25 to 50 mol% in Ca) and
characterized by XRD, SEM, EDX, XPS and DRS techniques; the latter afforded an
estimate of the bandgap energies (Ebg = 2.41 to 3.29 eV) via Tauc plots for indirect
transitions, whereas XPS established the potentials (vs NHE) of their respective
valence bands (and thus the conduction bands). Linear correlations existed between
EVB/ECB and Ebg that when compared with those of strontium bismuthates (reported
earlier) showed that differences in potentials at Ebg = 0 eV are related to the difference
in the absolute electronegativities of Ca and Sr, from which the following empirical
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phenomenological rule is postulated: replacing one alkaline earth metal in bismuthates
by another causes the points of intersection of the linear correlations ECB(Ebg) and
EVB(Ebg) to be displaced by an amount equal to twice the difference in absolute
electronegativities of these metals.
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Abstract: A number of calcium bismuthates were synthesized (25 to
50 mol% in Ca) and characterized by XRD, SEM, EDX, XPS and
DRS techniques; the latter afforded an estimate of the bandgap
energies (Eng = 2.41 to 3.29 eV) via Tauc plots for indirect transitions,
whereas XPS established the potentials (vs NHE) of their respective
valence bands (and thus the conduction bands). Linear correlations
existed between Eyg/Ecs and Eygy that when compared with those of
strontium bismuthates (reported earlier) showed that differences in
potentials at E,y = 0 eV are related to the difference in the absolute
electronegativities of Ca and Sr, from which the following empirical
phenomenological rule is postulated: replacing one alkaline earth
metal in bismuthates by another causes the points of intersection of
the linear correlations Ecg(Eng) and Eve(Esg) to be displaced by an
amount equal to twice the difference in absolute electronegativities
of these metals.

In an earlier study, we demonstrated a novel trend in the
empirical dependence of the conduction and valence band
positions on the bandgap energy of semiconductors for alkali
earth metal bismuthate photocatalysts.”) The dependences Ecp
= f(Eng) and Eve = f(Eny) for the bismuthates could be

approximated by the linear functions Ecg = A + B Epg and Evg =
a + b Eyg, respectively, thereby illustrating that bismuthates of
alkaline earth metals formed a new trend in the field of semi-
conductor photocatalysts. The novel trend was characterized by
a distinct relationship between the energy position of the valence
band and the conduction band on the one hand, and the
bandgap energy on the other. In the aforementioned study,
conclusions were reached on the basis of an analysis of the
properties of three strontium bismuthates examined earlier in
some detail by Shtarev and coworkers,®l and one calcium
bismuthate investigated by Wang et al.ll It seemed of interest,
therefore, to discover whether different alkaline earth metals (Sr
versus Ca) in bismuthates might affect such observed linear
dependence, and if so how.

Accordingly, a number of calcium bismuthates were
synthesized (25 to 50 mol% in Ca) in this study and then
characterized by XRD, SEM, EDX, XPS and DRS techniques,
following which the linear correlations Ecg = A + B Epg and Evg =
a + b Eng were compared to the data on strontium bismuthates
reported previously.[!

The X-Ray diffraction patterns of all as-synthesized samples
of calcium bismuthates are displayed in Figure 1. All peaks were
indexed by the corresponding unit cells from known structures of
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CasBi14025,[5] CaBi204,[6] Ca48i6013,[7] and CazBizos.[B] Conse-
quently, these structures were taken as the starting model for
the Rietveld refinement, which was performed using TOPAS
4.2.° Refinements were stable and gave low R-factors (see
Table S1 in Supporting Information). All samples were therefore
proven to be rather pure.
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Figure 1. Difference Rietveld plots of the as-prepared calcium bismuthates:
(a) CasBi14026, (b) CaBi204, (€) CasBisO13, and (d) CazBi20s.

The morphologies of the particles of the as-synthesized
calcium bismuthates were examined by the SEM technique.
Figure S2 shows typical particles of various calcium bismuthates
obtained during the pyrolytic synthesis. All particles displayed a
sponge-like form with a developed surface and a large number
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of pores, a consequence of the synthesis technique used. It is
during the pyrolysis of the organic matrix that a large number of
pores were formed. The uniform distribution of the individual
elements over the particle volume was confirmed by the EDX
method (Figures S3-S6), which was also used to ascertain the
elemental composition. For this, the particles were deposited on
a microscope stage with a dense layer (see Figure S7), from
which the EDX spectrum was recorded. Results of the analysis
are presented in Table S2. Clearly, the chosen synthesis
method allowed for the calcium bismuthate samples to achieve a
stoichiometric ratio between elements in the cationic sub-lattice.

The bandgap energies of all the calcium bismuthates were
determined from DRS spectra given as absorbance versus
wavelength as illustrated in Figure S8. Both Ca;Bi,Os and
CasBi1sO26 exhibit significant absorption in unusual spectral
regions, while the calcium bismuthates CaBi,O, and CaBigO13
display no such features. The bandgap energies of the
respective calcium bismuthates were determined by Tauc plots
taking into account the Kubelka—Munk transformation for indirect
electronic transitions (Figure 2); relevant bandgaps are also
reported in the inset.

The oxidation states of the elements Ca, Bi, and O in the
bismuthates were ascertained from XPS spectra for Ca 2p, Bi 4f
and O 1s reported in Figures S9-S11. The spectral curves for
Ca 2p are rather complex and can be described by the sum of
two bands displaced from each other (Figure S9). The band
located in the region of lower binding energies exhibits a
maximum at 347 eV, which corresponds to calcium with an
oxidation state of +2 in the structure of a number of complex
oxides.*” The second band with maximum shifted to 350-351
eV also corresponds to calcium with an oxidation state of +2
albeit it is associated with a carbonate structure,l*”! as alkaline
earth metals tend to absorb carbon dioxide from the air. A
similar situation was observed on the surface of samples with
chemically sorbed carbon dioxide in a number of strontium
bismuthates.!
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Figure 2. Tauc plots for all the as-synthesized calcium bismuthate samples for
indirect transitions.

The Bi 4f XPS spectra of the calcium bismuthates consist of
two well resolved bands corresponding to Bi 4f7/2 and Bi 4f5/2
(Figure S10). In all calcium bismuthates, bismuth exhibits an
oxidation state of +3. The binding energies of the Bi 4f7/2 and Bi
4f5/2 band maxima are in good accord with published data.l*” In
addition, the bismuth bands can be described by a single
Gaussian, which infers that the adsorption of carbon dioxide on
the surface of the samples occurs precisely because of the
presence of calcium.

The O 1s spectra of the calcium bismuthates are rather
complex and is described by the sum of two bands. The lower
intensity band corresponds to the binding energy of 529.4-529.5
eV that is characteristic of oxygen with an oxidation state of —2
in complex oxides (e.g., in calcium chromate; see ref. [10]). The
second band, shifted toward higher energies to 531.9-532.1 eV,
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corresponds to oxygen with an oxidation state of —1. A large
number of oxygen in an oxidation state of —1 seems likely
characteristic of bismuthates of alkaline earth metals — similar
results were shown previously for a number of strontium
bismuthates,®! for which oxygen with an oxidation state of —1
was associated with the displacement of oxygen from normal
lattice sites to interstitial positions.

The potentials of the respective valence bands of the four
bismuthates were determined from the low-energy band edge of
the O 2p XPS spectra (Figure 3) in accordance with the method
proposed by Chambers and coworkers;*!! binding energies are
given versus the NHE scale as were those reported earlier for
the strontium bismuthates.™!
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Figure 3. XPS spectra of the O 2p bands for the calcium bismuthates: (a)
CasBi14026, (b) CaBi204, (c) CasBisO13, and (d) CazBi2Os.
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The bandgap energies Epg and the potentials of the valence
bands, Evg, measured for all the calcium bismuthates allow us to
calculate the values of the conduction band potentials Ecg
(Table 1). The data are also illustrated graphically in Figure 4.

Table 1. Bandgap energies and potentials of the valence and conduction
bands versus NHE for the as-synthesized calcium bismuthates.

Sample Ebg / eV Eve / eV Ecs/ eV
CasBi14026 241 2.24 -0.17
CaBi04 2.67 2.27 -0.40
CasBisO13 2.63 2.45 -0.18
CaBi-0s 3.29 2.42 -0.87
Clearly, the strontium bismuthates and the calcium

bismuthates appear to display their own characteristic trends in
the mutual arrangement in plots of Ecg and Evs versus Epyg,
which are well described by the linear relationships (eqns 1):
ECB = A + BEIJg (1a)
Eyg = a+ bE

VB bg (lb)
where A, B, a, and b are constants.

Potential relative to NHE, eV

0 1 2 3 4 5 6
Epg &V
Figure 4. Positions of the conduction band potentials (Ecs) and of the valence
band potentials (Evs) as a function of the bandgap energy (Eng) for the set of
calcium and strontium bismuthates (electrochemical potential scale, vs. NHE,
pH = 7). The data reported as filled red squares and circles correspond to the
calcium bismuthates, whereas the data illustrated as filled green squares and
circles correspond to the strontium bismuthates reported earlier by Shtarev et
alll The red and green solid lines correspond to the linear correlations
Ecs(Eng) and Eve(Eng) for calcium and strontium bismuthate, respectively. The
red and green dashed lines show the extrapolation of the resulting correlations
to the intersection points at Eng = 0 eV. The blue (3.3 eV) and red (1.63 eV)
dashed vertical lines denote the limits of visible light. The horizontal dashed
lines correspond to reduction (violet) and oxidation (yellow) half-reactions of

displayed substrates with their corresponding electrochemical redox
potentials.
The numeric values of the parameters of the linear

correlations presented in Figure 4 are listed in Table 2. Several
interesting and important features can be highlighted from an
analysis. First, both calcium and strontium bismuthates are
characterized by the observation that the difference between
slopes (B — b) equals 1. For instance, in the case of the
strontium bismuthates (B — b) = -1.73 — (-0.73) = -1.00, while for
calcium bismuthates (B — b) = -0.84 — (0.16) = -1.00.

Table 2. Approximation parameters (A, B, a, b) for the two sets of bismuthates.

A+ AA B + AB
Parameters 2 iAa b1 AD Data from
Strontium Bismuthates
Ecs / eV 4.07+1.06 -1.73+0.34 [
Eve/ eV 4.07+1.06 -0.73+0.34
Calcium Bismuthates
Ecs/ eV 1.90+0.44 -0.84 +0.16 Current study
Eve/ eV 1.90+0.44 0.16 £0.16

Also, for both identified trends, the intersection of the lines
Ecs(Eng) and Eve(Eng) at the point corresponding to Epg = 0 is
rather characteristic. Lines Ecg(Eng) and Evs(Eng) for the



©CO~NOOOTA~AWNPE

strontium bismuthates intersect at a potential of 4.07 eV,
whereas for the calcium bismuthates they intersect at a potential
of 1.90 eV (Figure 4). Such a decrease in potential of 2.17 eV is
no doubt related to replacement of strontium by calcium in the
elemental composition of the bismuthates.

According to the theory of Butler and Ginley,['? the semi-
conductor potentials Ecg and Eys depend on the absolute
electronegativity (in the Mulliken sense) of the elements, in the
present case Sr and Ca. Such absolute electronegativity is
defined by the arithmetic mean between the electron affinity Eea
of an element and its corresponding ionization energy Ei.:

_ |Er, +Eeq|
2 2

Thus, if we take the ionization energies of the elements
summarized by Kramida and coworkers,**! and the electron
affinities for Sr and Ca by Andersen et al.'l and Petrunin et
al.,'® respectively, then application of eqn 2 yields: xsr = 5.3565
eV and xca = 4.2400 eV . Consequently, calcium is 1.1165 eV
less electronegative than strontium.

It is clear from Figure 4 that replacing Sr by Ca in the
bismuthates shifted the point of intersection of the lines Ecg(Eng)
and Eve(Ebg) in the linear correlations that led to a decrease in
potential by 2.17 eV. Remarkably, half this decrease is 1.085 eV,
nearly identical to the calculated difference of 1.1165 eV from
the absolute electronegativities of calcium and strontium. It is
tempting, therefore, to propose the following empirical phenome-
nological rule: replacing one alkaline earth metal in bismuthates
by another causes the points of intersection of the linear
correlations Ecs(Eng) and Eve(Eng) to be displaced by an amount
equal to twice the difference in absolute electronegativities of
these metals. It would be of interest to examine additional
ternary oxides to establish whether this rule also applies to other
such systems.

Experimental Section

The calcium bismuthates were synthesized using chemically pure
bismuth(lll) nitrate pentahydrate, Bi(NO3)3*5H20, calcium nitrate
tetrahydrate, Ca(NO3)2¢4H20, and sorbitol CsH140s (purity > 99%). These
precursors were ground to a transparent viscous solution owing to the
water of crystallization of crystalline hydrates. The quantities of calcium
and bismuth nitrates were calculated based on their molar ratios in the
resulting calcium bismuthate. The mass of sorbitol used was 1.5 times
greater than the calculated mass of the resulting calcium bismuthate. The
resulting viscous solution was allowed to rest for a day at ambient
temperature during which time nitration of sorbitol took place that was
accompanied by the transformation of the transparent viscous liquid into
a yellow solid foamy mass. This mass was subsequently ground for
homogenization and subjected to pyrolysis at 200 °C to decompose the
organic component. Annealing of the residual pyrolytic carbon was
carried out by stepwise isothermal aging at 450, 500, 550, 600 °C for 1 hr
at each stage. The final heat treatments of the synthesis of the targeted
phases were carried out at 650—700 °C for 24 hrs.

The as-prepared calcium bismuthates were located in the range from
about 25 to 50 mol% in calcium (see phase diagram in Figure S106l):
namely, CasBi14O26 (26.3 mol.%), CaBi204 (33.3 mol.%), CasBieO13 (40
mol.%), and CazBi20s (50 mol.%).

The powder diffraction data used for the Rietveld analysis were
collected at room temperature using a Rigaku MiniFlex 1l powder
diffractometer (Cu-Ka radiation): step size of 26 angle was 0.05 degrees,
and the counting time was 1 s per step.

The morphologies of the bismuthate particles were determined by
Scanning Electron Microscopy (SEM) on a TESCAN Microscope (Czech
Republic; acceleration voltage, 30 kV). The elemental compositions and
their distribution within the samples were established by Energy
Dispersive X-ray Spectroscopy (EDX; X-Max", Oxford Instruments, UK).

The oxidation states of the elemental components of the as-prepared
bismuthate samples together with the flatband potentials of the
corresponding valence bands (VB) were determined by X-ray Photo-
electron Spectroscopy (XPS) using a Thermo Fisher Scientific Escalab
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250Xi spectrometer (Al Ka radiation, 1486.6 eV; spectral resolution, 0.5
eV); the reference carbon line Cis (C—C bond) was taken at a binding
energy of 284.8 eV.

Diffuse reflectance spectra, as R(A), were recorded in the 300-800
nm spectral range under ambient conditions on a Cary 5000 UV/vis/NIR
spectrophotometer equipped with a DRA 2500 external diffuse
reflectance accessory; optical-grade BaSO4 powder was the reference
standard.
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Plot of CB potentials (Ecg) and VB potentials (Evs) relative to bandgap energies (Epg) for bismuthates (pH = 7). Solid lines are the
linear correlations Ecg(Eng) and Evs(Eng) for Ca and Sr bismuthates intersecting at a common point at 0 eV. Vertical lines at 3.3 eV
and 1.63 eV denote limits of visible light. Such correlations allowed for postulating a phenomenological rule related to absolute

electronegativities of the Ca and Sr metals.
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