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ABSTRACT: Photocatalytic reactions occur at surfaces; therefore, understanding the valence e
electronic structure of a photocatalyst is an important aspect in the selection of suitable
materials. A new class of kinetically stable metastable Sn(II)-perovskite oxide nanoshell was
synthesized previously, which has a core—shell (BZT-SZT) ((Ba(Zr,_,Ti,)O;—Sn(Zr,_,Ti,)-
0;)) structure, but the electronic structure was not fully resolved. This work reports a detailed
electron spectroscopic study of BZT-SZT (or BSZT) to determine the valence electronic
structure and the chemical nature of the surface near region with a focus on Sn as the element
added to the outer shell via a molten-salt reaction. Near edge X-ray absorption fine structure was
used to understand the chemical state of Sn in the BSZT. X-ray photoelectron spectroscopy reveals that the flux reaction of Sn into
the BZT does not significantly change the oxidation state of Sn, but the chemical environment of Sn changes from the surface to the
bulk, and the chemical state of Sn corresponds to the Sn(II)-based oxide based on NEXAFS and '**Sn Massbauer spectroscopy. The
increase in Sn content decreases the valence band (VB) cutoff. The change in the VB occurs in the 2p O electron density region and
is caused by the change in the Sn concentration. The change in the VB occurs to a stronger degree in the inner part of the BSZT and
aligns with the change in the overall band gap from UV—vis measurements. Accordingly, it is likely that the condution band position
at the surface does not depend on the amount of Sn content. The material developed is suitable for the oxidation half reaction of the
overall water splitting reaction.

B INTRODUCTION

Metal oxide semiconductors have been extensively used for the
study and applications of photocatalytic reactions like water

physical, chemical, and electronic structure properties, which
could be useful for photocatalytic water splitting. However, the
synthesis of these materials is challenging. The Maggard and

splitting.'~* TiO, was initially the most widely used metal
oxide for photocatalysis due to its low toxicity, stability in
acidic and oxidative environments, and strong interaction with
the metal support.’ An emerging class of photocatalyst
materials is perovskites, which are cost-effective, abundant,
and stable and have demonstrated good performance.’*
Strontium titanate is a perovskite similar to titania and used for
the photocatalytic reactions due to its chemical and structural
stability, electronic structure tunability, and photocorrosion
resistivity”'” and a band gap similar to that of TiO, (~3.2 V).
Doping with various elements has been employed to reduce
the band gap which improves the absorption of the solar
spectrum toward its visible part;11 however, this strategy has
been only partially successful in reducing the band gap. The
interest in small band gap materials has gained attention
because of their ability to absorb light in the visible region of
the solar spectrum, increasing their photocatalytic efficiency
under solar radiation. For example, layered-perovskite metal
oxides such as ANb,O;5 (A = Sr and Ba) have shown high
activity for the water splitting reaction.'”

Thermodynamically unstable metastable oxides have gained
attention because of their ability to demonstrate distinct
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Jones groups have recently synthesized a new class of
metastable oxides BZT-SZT (Ba(Zrl_yTiy)03—Sn(Zr1_yTiy)—
O;) (BSZT) by a low-temperature flux reaction technique and
form BSZT core—shell particles as the result of Sn(II) cation
exchange. The high concentration of Sn(II) in the outer shell
leads to a decrease in the band gap in this region of the
material.">'* This class of materials was developed to help
overcome the current challenges in the field of photocatalysis,
which is the Jack of absorption of light in the visible part of the
solar spectrum. In the exchange reaction of SnCIF with BZT,
Sn exchanges with Ba forming BaCIF and a shell of Sn-rich
material SZT. Powder diffraction could be fitted best with a
core of BZT and a shell of SZT plus a thin shell where Sn is
partially oxidized. However, it remained unclear what the
surface chemistry is and how the valence electron structure of
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the BSZT core, interface, and surface is different to that of the
bulk after the Sn exchange reaction.'*

Due to the core/shell structure, it is of interest to
understand the electronic structure of the core and the shell
and how it is different from the bulk electronic structure.
Furthermore, BSZT is of particular interest for photocatalysis,
because the catalytic reaction occurs at the surface of the
material. While this class of materials is metastable, it maintains
its structure because the activation energy is high enough to
inhibit phase segreigation to more stable oxides under the
reaction conditions. '

The aim of the present study is to understand how the
incorporation of Sn(II) into the particles changes the surface
chemistry of the BZT shell and its valence electron structure.
For the material to be active as a photocatalyst for water
splitting, the VB must be lower than the oxygen evolution and
the conduction band (CB) must be higher than the hydrogen
evolution reaction level. The valence electronic structure was
studied by using VB X-ray photoelectron spectroscopy (VB-
XPS) and the chemical structure by using X-ray photoelectron
spectroscopy (XPS). Analyzing the VB structure at the surface
is important for understanding the photocatalytic performance
of the materials. Using VB-XPS allows the energy scale of the
VB-XP spectra to be calibrated with the same method as for
XPS. The same calibration method could not be applied to
UPS because UPS and XPS cannot be measured simulta-
neously."” Sn Mbssbauer spectroscopy and near edge X-ray
absorption fine structure (NEXAFS) are used to understand
the chemical state of Sn in the sample.

B EXPERIMENTAL METHODS

X-ray Photoelectron Spectroscopy (XPS). XPS is a
surface-sensitive analytical technique used to analyze the
chemical composition of the surface of the sample. XPS
operates under high vacuum conditions. XPS uses soft X-rays
as the source with a limited mean free path to excite electrons
within the top 5—6 nm of the sample surface. The Mg Ka line
is used as the X-ray source with an excitation energy of 1253.6
eV. The emitted electron enters the hemispherical analyzer
which measures the kinetic energy of the emitted electrons. X-
ray photoelectron spectroscopy is surface-sensitive because of
the limited electron mean free path of electrons in condensed
matter, which is in the order of a few nanometers. Thus, only
the top 1—10 nm of a sample contribute to an XP spectrum.
The surface sensitivity can be quantified by

d
cos(a)

where I is the non-attenuated intensity, I is the intensity of the
emitted electrons, d is the depth, a is the angle between the
direction to the detector and the surface normal, and A(E) is
the electron mean free path depending on the kinetic energy E
of the electrons. As can be seen in (1), the surface sensitivity at
a given angle of observation is determined by the electron
mean free path. This parameter depends on the energy of the
electrons and the composition of the sample14 and is
approximately 2—3 nm for the conditions used in the present
work.

The Auger parameter method is a powerful tool used to
identify the chemical components rather than using photo-
electron chemical shifts alone. The Auger parameter is defined

I(d,E, a) = Ioexp(— A(E))

(1)

as the difference in the binding energy between the
photoelectron and the Auger line and is given by

a = KE,—KE, =BE,—BE, )

The kinetic energy is given by
BE = hu—KE 3)

where KE, and KE, are the kinetic energy of an electron
emitted form a specific element via an Auger process and a
photoemission process, respectively.

The binding energy of all XP spectra was calibrated to 458.8
eV for Ti of TiO, based on the average of the overall binding
energy reported for TiO, by NIST." The implications of this
calibration are discussed throughout the manuscript. With this
calibration, the O peak positions did not vary between
samples; similarly, the Zr peak positions also did not change
(with the exception of the Sn 0% sample as discussed below,
which indicates that referencing to the TiO, position is
reliable).

For evaluating the VB-XPS data, the @5 and a, satellites were
taken into account by subtracting weighted spectra shifted by
the respective energy. The contributions stemming from the
satellites are not in the energy region for the VB cutoff and
thus do not influence the determining of the VB cutoff
positions. The VB cutoff is the main result derived from the
VB-XPS data.

Near Edge X-ray Absorption Fine Structure (NEXAFS).
Near edge X-ray absorption fine structure (NEXAFS) is an X-
ray absorption spectroscopy technique used to determine the
chemical state of the elements and their bonding environment.
In NEXAFS, the sample is irradiated with soft X-rays, which
results in photo absorption. The photo absorption process
results in photoelectrons being emitted from the sample
leaving holes behind in the core level. Subsequently the hole is
either filled by an electron as a result of radiative emission of a
fluorescent photon or by a non-radiative Auger electron.'® The
electrons emitted are detected, which results in an electron
spectrum composed of Auger lines. These experiments were
performed at the soft X-ray spectroscopy beamline at the
Australian Synchrotron. The NEXAF spectra were detected
using the emitted electrons, which makes the technique
surface-sensitive. NEXAFS is used in the present work to
determine the chemical state of SnO, in the BZT sample, and
the Quick AS NEXAFS Tool was used to extract the NEXAFS
data.

Singular Value Decomposition (SVD) Algorithm. The
SVD algorithm was applied for component analysis of the
NEXAF spectra. The SVD follows two main steps: the first
step is a mathematical procedure used to determine the
number of individual base spectra required to fit the measured
spectra. The base spectra obtained do not have to be physically
meaningful. The number of base spectra is equal to the number
of reference spectra. In the second step, a linear combination of
the base spectra is used to determine the reference spectra.
The two main criteria in determining the meaningful reference
spectra are (i) that the reference spectra should be non-
negative and (ii) that the sum of the weighting factors used to
fit the measured spectra with the reference spectra should be
equal to unity.

19Sn Méssbauer Spectroscopy. A Ca''”™SnO; source
was used for the Mossbauer spectroscopic experiments on
SnO, SnO,, and the quinary (BaygSng,)(ZrosTigs)O; and
(Bag¢Sng4)(ZrysTiys)O; samples. The measurements were
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Figure 1. XPS fitting with the Shirley background for the (Bag4Snys)(ZrysTigs)O5 sample after sputtering: (A) Ba, (B) Zr, (C) Ti, (D) Sn, (E) C,

and (F) O.

carried out in a standard liquid nitrogen bath cryostat at 78 K.
The source was kept at room temperature. The samples were
mixed with alpha-quartz and enclosed in small PMMA
containers at an optimized thickness.'” Fitting of the data
was done by using the WinNormos for Igor6 program
package.'® It should be noted that we discuss here the
Mbssbauer spectroscopic data published earlier'® and thus
refer to these measurements.

Material and Sample Preparation. The BSZT-
((Bal_xSnx)(Zrl_yTiy)O3) samples (x = 0—0.6, y = 0.5) are
prepared in powder form.'* The powder BSZT samples were
uniformly spread on a vacuum compatible copper tape of 1 X 1
cm dimension. The samples were observed to charge during
XPS analysis, which caused a shift of the spectra. An electron
flood gun was used to compensate for the charging of the
samples during the XPS analysis. The parameters of the flood
gun were tuned such that the C peak position is close to 285
eV and the Ti 2p;, peak is close to 458.8 eV. The energy scale
of the measured XP spectra was then calibrated with the Ti
2p;,, peak to 458.8 eV as a reference position for the energy.
The BSZT samples were sputtered with Ar* at a kinetic energy
of 3 keV to study the samples at a deeper layer and to compare
with the structure at the surface. The sputtering dose used was
4 X 10" ions/cm® over an area of ~1 cm® which roughly

17389

sputters off 20 nm of the sample surface. In first instance,
sputter depth profiling was used to remove the top part of the
sample and to probe the deeper layers. The sputtering process
could result in preferential sputtering of the light elements
(e.g, 0)*° and thus potentially create a measurable fraction of
reduced metal oxides. However, it was found that some of the
metal oxides did not change their oxidation state when
sputtering, and thus, it is assumed that this effect does not play
a measurable role here. From our previous work,'’ the
thickness of the outer shell of the nanoparticles subject to the
Ba to Sn exchange reaction is up to 200 nm thick but could
also have some thinner sections. The depth probed by XPS
after sputtering is thus most likely mainly still in the outer shell
but could also contain to some degree the inner core of the
particles. The reason is that there is a variation in the thickness
of the outer shell as can be seen in the EDS images in our
previous work."

B RESULTS AND DISCUSSION

XPS Results. The elements found in the XPS analysis of the
(Bag4Sng)(ZrysTiys)O; sample are Ba, Zr, Ti, Sn, C, and O.
High-resolution spectra recorded for these elements of the
sputtered sample are shown in Figures 1A—F.

https://doi.org/10.1021/acs.jpcc.4c04169
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The peak positions for Ba 3d;,, of the nonsputtered samples
for all samples with varying Sn content are shown in Figure 2A.
The peak position of Ba 3d;/, for the nonsputtered samples is
found at a binding energy between 780.4 and 780.7 eV for
samples with Sn concentrations of 40% and 60%. This binding
energy is close to that of Ba compounds, with Ba being in a
higher oxidation state and reduced electron density. The
samples with lower Sn content (0%, 10%, and 20%) were
found at a lower binding energy between 779.6 and 779.8 eV
which is close to the binding energy found for BaO.*" It can be
seen that the amount of Ba decreases with increasing
concentrations of Sn and the Ba concentration of the 0%
sample is significantly higher (about a factor of 10) than that of
the Sn-containing samples. Overall, the increase in Sn content
both shifts the binding energy of Ba toward a more highly
oxidized state and decreases the density of Ba in the sample
more than proporatinal to the increase in nominal Sn content.

The peak position of Ba 3dy/, after sputtering is found at
higher binding energies between 780.3 and 780.8 eV for the
various Sn concentrations (0%, 10%, 20%, 40%, and 60%)
which is close to that of BaO, at 780.5 eV.*” Similar to the
nonsputtered samples, there is a decreasing trend in binding
energy with decreasing Sn content. However, the changes in
the binding energy are much smaller than for the nonsputtered
sample and just outside the experimental uncertainty. Thus,
the peak position of Ba 3d;,, for Sn 0%, 10%, 20%, and 40%
was found to be significantly higher (more positive) compared
to the nonsputtered samples. Increasing the amount of Sn
extracts the electron density from Ba. The Sn content is higher

17390

at the surface; thus, this phenomenon is strong at the surface
compared to the bulk. Increasing the Sn concentration replaces
most of the Ba, indicating that the trend is stronger at the
surface compared to the bulk. Based on the sputtering depth
(~20 nm) and the surface sensitivity of XPS in the present
case (~5 nm),”’ this change of the Ba chemical state is
occurring approximately over the top 20 nm of the
nanoparticles used here. It needs to be noted that the sputter
depth is significantly less than the previously reported
thickness of the Sn outer shell.'* Thus, the changes observed
here between sputtered and nonsputtered samples are a
comparison of the properties within the Sn-rich shell.

Figure 3A shows that the binding energy of Zr 3d;,, for the
nonsputtered sample is found at a higher binding energy range,
between 182.5 and 182.7 eV, for the Sn-containing samples
(10, 20, 40, and 60%), which is close to that of ZrO, (182.6
eV).”* The binding energy of the 0% Sn sample was found at a
significantly lower binding energy of 181.9 eV than that of the
Sn-containing samples. While this peak is in the range of
binding energies reported for ZrO, ranging from 182.0 to
183.3 eV,"® the lower binding energy indicates that Zr is not
fully oxidized in a Zr*" state in the 0% Sn sample.

After sputtering, the binding energy of Zr 3d;,, is found to
be close to ZrO, (182.6 eV) for all samples.”* This means that
the peak position of the Sn 10, 20, 40, and 60% samples is
found at a similar binding energy compared to nonsputtered
samples except for the 0% sample, which shows an increase in
binding energy compared to the nonsputtered sample. The Zr
concentration is rather constant across the Sn content and

https://doi.org/10.1021/acs.jpcc.4c04169
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increased slightly after sputtering. The Zr content and the
oxidation state do not change with the Ba to Sn exchange
reaction. Therefore, with reference to the probing depth as
discussed above for Ba, in the outer shell of the BZT, Zr is not
fully oxidized. It also can be seen that in the outer part of the
shell, the Zr content decreases by about 35% from 3% relative
intensity to 2%. In the inner part of the shell, there is a
variation in Zr content which, however, does not seem to
depend on the Sn content.

The binding energy and the intensities for Ti 2p;,, before
and after sputtering are shown in Figure 4 at the energy used
for the calibration of the energy scale at 458.8 eV. The Ti
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content slightly decreases upon adding Sn which is stronger in
the outer shell compared to the inner part. In the outer shell,
this decrease is about 50% (from $% relative intensity to
2.5%), while in the inner part, a decrease of about 25% is
observed (from 6% to 4.5% relative intensity).

The binding energies of Sn 3ds,, are shown in Figure 5,
which also includes two reference samples of SnO and SnO,.
The XP spectra of all six samples are provided in Figure S1
including fitting of the spectra. Sn shows two peaks (peaks 1
and 2) for all Sn samples including the SnO and SnO,
reference samples. The binding energy of SnO and SnO, in
the literature is found at 486.5 and 486.7 eV, respectively,”>*°
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Figure 6. Ratio intensity of Sn peak 2 to peak 1 (A) nonsputtered and (B) sputtered samples.

and is almost the same within experimental uncertainty. The
binding energy for metallic Sn 3ds, is reported as 484.8 eV.

From Figure SA, the binding energy of the measured
reference SnO and SnO, is found at 485.7 and 486.5 eV. The
binding energy of Sn peak 1 for Sn 10, 20, 40, and 60% is
found between 487 and 487.2 eV for Sn 10, 20, 40, and 60%,
which is somewhat higher than those of both SnO and SnO,
samples.”®

For the sputtered samples, the binding energy of Sn 3d;,,
peak 1 is found between 486.8 and 486.9 eV and thus only
slightly lower than that of the nonsputtered samples. It was
also observed that the amount of Sn after sputtering is the
same as the nonsputtered samples.

The Auger parameter of Sn was calculated for these samples
to identify the oxidation state of Sn, but it was observed that
the shape of the Auger line changed for some samples. It is
thus unclear how to assign the Auger line reference energy in
such cases. Hence, the Auger parameter could not be used to
identify the oxidation state of Sn.

The binding energy of Sn 3ds/, peak 2 is found between
485.1 and 485.4 €V for the Sn concentrations (10, 20, 40, and
60%), which formally corresponds to a lower oxidation state of
Sn than for peak 1. The binding energy of Sn 3d;,, peak 2 after
sputtering is found at 485.1 eV and thus almost the same as for
the nonsputtered sample. It needs to be taken into account
that the binding energy of Sn has only small variations for
different chemical compounds; in particular, the binding
energy of SnO and SnO, is rather similar.”” Thus, drawing
conclusions about the oxidation state of Sn based on the
binding energy of the 3ds;, peak must be taken with caution.

For both peaks 1 and 2, the amount of Sn has decreased
after sputtering compared to the nonsputtered samples and
also increases with the nominal increase of Sn in the samples.

In Figure 6, the intensity ratio of Sn peak 2 to peak 1 is
shown. The ratio is consistently higher for the BSZT samples
than for the SnO and SnO, reference samples. For the latter
SnO and SnO, reference samples, the second peak of SnO,
almost does not exist. The ratio also increased with sputtering.

Changes in the XPS binding energy are usually interpreted
as a change in the oxidation state. In the present case, however,
it is difficult to interpret the binding energy of Sn with
reference to its oxidation state. The existence of a second Sn
peak in the BSZT sample could be due to the existence of two
different sites in the BSZT structure and potentially in the SnO
and SnO, sample structure as well. However, the exact nature
of the two Sn peaks is not clear. The change in the intensity
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ratio of the two Sn peaks could potentially be interpreted as a
change in the overall oxidation state of Sn. An increase in the
intensity ratio of the lower to the higher binding energy peak
of Sn can then be interpreted as a decrease in the oxidation
state of Sn. This interpretation would mean that Sn in the
outer shell is in a somewhat higher oxidation state and would
support the assumption made in a prior report."” The XPS
binding energies of Sn cannot be used to unambiguously
identify the actual oxidation state of Sn in the samples. The Sn
content increases with the nominal Sn content and lowers in
the inner part of the samples with reference to the probing
depth as discussed above for Ba.

The oxidation state of Sn will be further discussed in the
context of NEXAFS and ''°Sn Mossbauer spectroscopy.

Two or three peaks can be fitted to the O 1s region. The
third peak at ~533.9 eV cannot be seen in Figure 1F. The
binding energy of O 1s peak 1 is found between 530.7 and
530.8 eV for the highest Sn concentration (10, 20, 40, and
60%) which is close to the oxygen of the metal oxides (SnO,
and Zr0,).”** The binding energy of the 0% Sn samples is
found at 530 eV. The relative intensity of this O peak changes
only marginally with sputtering.

The binding energy of O 1s peak 1 after sputtering is found
between 530.6 and 530.7 eV for all the Sn concentrations,
which is very close to the O binding energies of the
nonsputtered samples and thus also corresponds to the oxygen
of the metal oxides (SnO, and ZrO,).”**

The binding energy of O 1s peak 2 is found between 532.4
and 532.6 eV for higher Sn concentrations (10, 20, 40, and
60%), and Sn 0% has the binding energy at 532 eV which
corresponds to the binding energy of water or hydroxide.*

The binding energy of O 1s peak 2 after sputtering does not
change significantly, appearing between 532.2 and 532.9 eV for
all the Sn concentrations. The amount of oxygen has decreased
after sputtering, which is a clear sign that this is an adsorbed
species on the support which is likely to be OH™.

Figure 7E shows a small O 1s peak 3 which is found at 533.9
eV and only for the 0% Sn sample. The peak disappears after
sputtering and thus is most likely the adsorbed species such as
H,0.%°

In order to provide an overview over the change of
concentration of Ba, Zr, Ti, and Sn, the relative intensities of
Ba, Zr, Ti, and Sn as a function of the Sn concentration for the
non-sputtered and sputtered samples are shown in Figure 8.
An observation becoming clearer in these figures is that the Zr
and Ti contribution increases stronger in the inner part of the

https://doi.org/10.1021/acs.jpcc.4c04169
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Figure 7. Plot of the binding energy vs % intensity of 1 (A) nonsputtered and (B) sputtered, O peak 2 (C) nonsputtered and (D) sputtered, and 3

(E) nonsputtered. O peak 3 has disappeared after sputtering.

sample with decreasing Sn concentration, which is due to the
enriched layer of Sn in the outer shell. This is consistent with
the discussion of the composition of the outer shell in the
section where the oxidation state of Sn is discussed in the
context of Figure 6.

B NEXAFS RESULTS

In Figure 9, NEXAF spectra of both SnO and SnO, reference
samples and of the 10% to 60% Sn-containing samples are
shown. The spectra of SnO and SnO, are significantly different
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in their characteristic features. In Figure 9A, the spectrum of
SnO shows main peaks at 487.5, 492.0, 495.6, and 500.0 eV,
while the reference SnO, sample shows peaks at 488.0, 491.0,
493.0, 495.6, 499.5, and 501.5 eV. All BSZT samples show
peaks similar to SnO but are quite different to that of SnO,.
This confirms that the Sn content in the shell of the BSZT
samples is mainly a Sn(II)-oxide phase and not a Sn(IV)-oxide
phase.

For a more quantitative analysis, the NEXAF spectra were
analyzed with the SVD algorithm. The reference spectra

https://doi.org/10.1021/acs.jpcc.4c04169
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Figure 8. Relative intensity of nonsputtered and sputtered samples as a function of the Sn concentration: (A) barium, (B) zirconium, (C) titanium,

(D) tin 1, and (E) tin 2.

resulting from the SVD algorithm are shown in Figure 9B, and
the weighting factors are shown in Figure 9C. Reference
spectra 1 and 3 have features very similar to that of the
spectrum of SnO. It therefore can be concluded that both
reference spectra 1 and 3 represent a Sn(II)-containing oxide.
Reference spectrum 2 has features similar to those of SnO,
shown in Figure 9A and thus corresponds to SnO,. This is
consistent with the weighting factors from the SVD in Figure
9C. Therefore, the NEXAFS results show that the Sn-
containing samples are dominant in Sn(II)-containing oxide
in the outer shell probed by NEXAFS.

B VB-XPS RESULTS

VB-XPS was performed to study the valence band cutoff in the
surface region of the BSZT samples and is shown in Figure 10
where the surface region is similar but slightly larger than the
probing depth of the above XPS results due to the higher
kinetic energy of the electrons detected in this part of the
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spectrum. However, given the experimental uncertainty of the
sputtered depth, it is reasonable to assume that the
nonsputtered sample probes the top S nm of the sample and
the sputtered sample at a depth around 20 nm. The valence
band edge was determined as the intersection of a straight line
fitting the VB cutoff with the x-axis as shown in Figure 10. The
region indicated in red is where the sharp drop in the VB
electron density occurs. The intersection of the extrapolated
linear function (fitting the cutoff) with the x-axis is taken as the
VB cutoff. For this procedure, the dark count rate had been
subtracted from the measured spectra first. As described in the
Experimental section, the satellites stemming from using a
nonmonochromatic X-ray source do not influence this
procedure.

Figure 11A,B shows the VB cutoft of the Sn 0%, 10%, 20%,
33%, 40%, and 60% samples. The feature around 7 eV for the
0% sample relative to the Sn-containing samples is found to be
increasing with the sputtered samples, and this corresponds to

https://doi.org/10.1021/acs.jpcc.4c04169
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the electron density at the valence electron edge due to O 2p.
The reason why this region is more prominent in the Sn 0%
sample is likely because the electron density of the 2p orbital
has a larger energy distribution compared to the Sn-containing
samples; that is, the 2p orbital is more delocalized when Sn is
added to the samples.

Particularly in the sputtered sample, it can be seen that the
electron density shifts to a lower binding energy with
increasing Sn. In conjunction with the broadening of the O
2p feature, this likely means that the broadening of the O 2p
density of states causes the lowering of the valence band cutoff,
thus lowering of the band gap.

Figure 12 shows that the VB cutoff decreases with increasing
Sn content. For the non-sputtered samples, the decrease is less
than 1 eV, while for the sputtered samples, the decrease is
almost 2 eV. Thus, Sn overall reduces the VB position.
However, the decrease is much stronger for the sputtered
samples and thus inside the BSZT. The decrease in the band
gap measured with UV—vis is approximately the same as the
decrease in the VB position as shown in our previous work."”
Therefore, we can assume that the CB position is not changing.
Note that the conduction band could not be studied with IPES
because of the particular nature of the sample (powder),
leading to charging of the sample while conducting the
experiment.
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B MOSSBAUER SPECTROSCOPIC RESULTS

'9Sn Mossbauer spectroscopy was used to study the oxidation
state of Sn in the BSZT sample, and the data have been
previously published in.'” The Mdssbauer spectroscopy shows
that the samples contain both Sn (II) and Sn (IV) with most of
the Sn (II) from the core and some Sn (IV) at the surface as
was outlined in our previous work."”” Two samples of
(BaggSn,)(ZrgsTigs)O; and (BageSng 4)(Zro5Tips)O5
showed almost similar isomer shifts of 2.98(1) and 3.02(1)
mm s~ for the Sn(II) subsignals with amounts of 68% and
89% Sn(II) content, respectively.'* While the isomer shift of
the Sn(IV) contribution of 0.05 mm s~ was close to the values
for SnO,, the isomer shifts of the Sn(II) subsignals are slightly
higher than those of pure SnO (~2.7 mm s™'), indicating
slightly higher electron density at the tin nuclei.’’ Also, the
slightly enhanced quadrupole splitting parameters (1.86(1)
and 1.83(1) mm s~ as compared to ~1.37 mm s* for SnO)
reflect a slightly higher asymmetry in the electron density
(lone-pair character).

B DISCUSSION

From the XPS results, it was found that Ba increases in binding
energy with increasing Sn content. The change is stronger for
non-sputtered than for sputtered samples. Thus, in the outer

https://doi.org/10.1021/acs.jpcc.4c04169
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part of the Sn-rich shell, the state of Sn influences Ba
differently than further inside the Sn-rich shell, and the
presence of Sn overall increases the oxidation state of Ba. The
influence of Sn on Ba reflects that Sn and Ba form a
substructure in BSZT as described previously.'* The Ba
content increases with sputtering; thus, Sn replaces Ba mostly
in the outer part of the nanoparticle in line with earlier
findings."” The Ba content in the 0% Sn sample is much larger
than for all Sn samples which means that Sn replaces most of
the Ba in the Ba/Sn substructure surface region.

Zr and Ti change with sputtering and with the Sn
concentration being much less than Ba. The reason is most

likely that these two elements form a structure separate from
Ba and Sn in the BSZT structure. The Ti and Zr content of the
Sn samples is 10% lower than that for the 0% Sn sample. Thus,
Sn also partially replaces the Ti/Zr substructure which is also
seen in the XPS results (Figure 8).

Sn binding energies are similar for SnO and SnO,, and these
species are hard to distinguish. Sn shows for most samples two
peaks. The dominant peak is higher in binding energy than the
small peak. Both peaks are higher in binding energy than those
of the SnO and SnO, reference samples. The binding energies
of all Sn species most likely represent differences in the local
environment in the BSZT structure rather than differences in
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the oxidation state. The O of the metal oxide species does not
change with the Sn content or with sputtering. The O of
adsorbed species (H,O and OH™) decreases with sputtering.

The NEXAFS and Mossbauer spectroscopy data are
consistent in that Sn in the sample shell consists mainly of
Sn(II)-oxide.

From the VB-XPS it was found, that the increase in the Sn
content resulted in a decrease of the valence band position for
both non-sputtered and sputtered samples. The decrease is
stronger deeper inside the sample. The difference in the
valence band position between the outer and the inner shells
could be due to a slightly higher oxidation state of Sn in the
outer shell or could be due to differences in the crystal
structure. The change is found in the region of the O 2p
electron density, and thus, the change of the VB position seems
to occur mainly through the influence of change of the Sn
content on the O 2p electron density such that a higher Sn
concentration causes a decrease of the VB cutoff.

Opverall, the findings show that the flux reaction adding Sn to
the samples replaces mainly Ba in the Ba/Sn substructure of
the BSZT and also in the Ti/Zr substructure but only to a
small degree. Ba in the outer part of the sample is in a lower
oxidation state than that in the inner part. In the case that only
a small amount of Sn is present at a specific location, a lower
oxidation state of Ba is promoted. The increase in Sn content
leads to a decrease of the VB cutoff energy; however, this effect
is stronger in the inner part of the sample and coincides with
an increase in the binding energy of Ba. The decrease in the
VB cutoft in the outer shell also coincides with an increase in

the binding energy of Zr.
H CONCLUSION

The chemical structure and the state of Sn in the metastable
oxide BSZT were studied using XPS, NEXAFS, and 119gp
Mossbauer spectroscopy. The results revealed that the
oxidation state of Sn does not change with Sn concentration.
However, the chemical environment of Sn changes from the
surface to the bulk. It is also revealed that the chemical state of
Sn corresponds mainly to oxidic SnO in the divalent state with
a potential tendency to be in a higher oxidation state in the
outer shell. A valence band gradient is caused by the flux
reaction of Sn in the core—shell structure. The increase in Sn
content decreases the VB position, which occurs to a stronger
degree in the inner part of the BSZT. The influence of Sn
seems to be mainly on the electron density related to the 2p

electrons. The decrease in the VB position is the same as the
change in the band gap overall as measured with UV—vis; thus,
the CB position probably does not change. Due to the
gradient, there is a driving force to get the holes to the surface,
but the electrons are not affected. Hence, these metastable
perovskite oxides are not suitable for overall photocatalytic
water splitting but may be used for the water oxidation half
reaction.
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