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The use of the wide band gap SrSnO3 semiconductor in photocatalysis has grown over the last few years, driven
predominantly by sustainability given that its constituents are all Earth abundant elements. Using EPR spec-
troscopy, we elucidate the paramagnetic species present in the material, either intrinsic or photo-generated. EPR
measurements confirmed the presence of paramagnetic oxygen vacancies (g = 2.0058) and a defect sensitive to
visible light irradiation despite a wide optical band gap of 4.1 eV. This defect was confirmed to be Sn>* (g =

2.014 and g = 1.994). Its concentration appears to increase with visible light irradiation, suggesting a photo-
induced formation associated with electronic transitions from Sn?* intra-band gap states to the conduction band.

1. Introduction

The use of photocatalysis has seen recent growth in different areas,
including environmental remediation, hydrogen generation, sustainable
fuels and chemicals production [1]. Different materials have been used
for such applications, including SrSnOs, which has also been used as
dielectric materials, capacitors and sensors [2-4]. One advantage of
SrSnOs is the absence of expensive rare metals and the large abundance
of its elements. Despite this, little is known about the species involved
during its photoactivation. In previous works [5-7], we observed that
reduced species and structural disorder seem to have an important role
in photocatalysis. In this letter, we endeavour on crystal defects and
reduced centres exhibited by SrSnOs under irradiation.

2. Materials and methods

SrSnO3 was synthesized by Pechini-modified method as described in
our previous work [8] and calcined at 900 °C for 4 h. After calcination,
SrSnO3 was characterized using X-ray diffraction (XRD), UV-Vis ab-
sorption spectroscopy, Scanning transmission electron microscopy
(STEM) and Electron paramagnetic resonance (EPR) spectroscopy. De-
tails of the measurements are given in the Supplementary Information
(SD.

* Corresponding authors.

3. Results and discussion

The XRD pattern of the SrSnO3 (Fig. 1a) confirms the formation of
the perovskite phase with orthorhombic Pbnm-type structure, according
to ICDD 77-1798. The short-range symmetry was confirmed by Raman
spectroscopy (Fig. S1a), which showed well-defined peaks, assigned to
SrSnOs. The presence of strontium carbonate (SrCO3) was observed by
Raman spectroscopy, IR spectroscopy (Fig. S1) and confirmed by STEM-
EDX spectroscopy (Fig. S2), as usual for alkaline-earth perovskites ob-
tained by the Pechini method. The UV-Vis absorption spectrum for
SrSnOs (inset of Fig. 1a) displays a strong absorption in the UV region,
with a direct band gap (E,) value of 4.1 eV. A HAADF-STEM image is
shown in Fig. 1b, with an extracted Fast Fourier Transform (Fig. 1c)
displaying intensity peaks at values assigned to {112} and {020}
planes, both with a spacing of approximately 2.8 A for the structure
calculated from the XRD pattern (a = 5.64 [o\, b=5.77 [o\, c=8.01 Z\).

To elucidate electron/hole generation and trapping mechanisms
under irradiation, we employed EPR spectroscopy. Paramagnetic spe-
cies are present in the sample at all wavelengths the material is exposed
to (Fig. 2), and even the spectrum in the dark shows the presence of
paramagnetic species (spectrum ii, Fig. 3a). Interestingly, although Tauc
plot analysis (Fig. 1a) revealed a wide band gap of 4.1 eV, suggesting
that UV light is required for VB—CB electronic excitation and electron/
hole formation; EPR spectroscopy (Fig. 2) indicates that the material is
responsive to visible light, as evident by the EPR signal intensity that
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starts increasing between 510 nm and 480 nm, ie., at energies much
lower than the expected 4.1 eV. This optical response cannot be attrib-
uted to VB—CB transitions, and it is an indication that intra-band gap
donor or acceptor states are likely to be present.

To ascertain the chemical nature of these species and elucidate a
picture of the SrSnO3 band structure, further EPR analysis was con-
ducted (Fig. 3), involving spectra recorded under irradiation at 455 nm,
including kinetics after switching the light off; and after thermal
reduction. The recorded EPR signal of SrSnO3 is indicative of three clear
resonances at g = 2.014, g = 2.0058 and g = 1.994, as well as a broad
feature at lower magnetic induction. The EPR spectra match with pre-
viously observed isotropic resonances at g = 2.014 and g = 1.994, herein
referred to as Snd" and Sn3" respectively (Fig. 3c), indicating the pres-
ence of Sn®" in two distinct crystallographic environments, as reported
in Sn-based semiconductors such as SnyP2Se [8], Sn oxide glasses [9],
SnO, [10], ZnO:Sn [11], and CaySn0Og4:Al [12].

The isotropic nature of g for the S= Sn>" is mostly dictated by the
unpaired electron s orbital character. There are two stable magnetic
isotopes of Sn with non-zero nuclear spin (*!”Sn, 11°Sn). Both have a
nuclear spin I=% and occur in abundances of 7.68 % and 8.59 %,
respectively. As a result, for each sn3* species, the resulting EPR spec-
trum consists of a central line (not exhibiting any hyperfine) and two low
signal intensity doublets split by the hyperfine interaction. Due to the
large magnitude of the hyperfine interaction (Table S1), the low-field
doublet cannot be observed at X-band frequencies [13-15]. A high-
field doublet has, in some cases, been reported (Table S1). The antici-
pated low signal intensity for this doublet (as depicted by the simulation
of Sn}" in Fig. 3c and based on a hyperfine interaction, which is an
average of values reported in Table S1), coupled with the suboptimal
signal-to-noise ratio of our spectrum at high magnetic induction
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Fig. 2. X-band CW EPR spectra of untreated SrSnO; irradiated at different
wavelengths.
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Fig. 1. Characterization of SrSnO3 sample. (a) XRD pattern and UV-vis spectrum with Eg value (inset); (b) HAADF-STEM image of crystal oriented along (201)

direction; (c¢) Cropped Fast Fourier Transform from the image displayed in (b).
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(Fig. 3d), has most likely resulted in the doublet being overshadowed by
the presence of noise in the spectrum. In addition, the detection of such
hyperfine doublet for Sn¥" is even more problematic given the very low
concentration of Sni* species (Fig. 3a-c) in the lattice. In Fig. 3a, a
comparison of spectra ii. and iii. reveals that when exposed to 455 nm
irradiation, the signal intensity of Sn" and Snj" species increases. This
suggests that further Sn®* may be formed upon irradiation with 2.7 eV
photons. This light is not energetic enough to promote VB—CB transi-
tions (Eg = 4.1 eV). Therefore, it appears evident that a donor intra-band
gap state might be present. Considering that diamagnetic Sn®* was
previously detected in this material [5], its presence as intra-band gap
donor state provides a reasonable explanation for the observed
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behaviour under blue-light irradiation.

The peak-to-peak signal intensity of the Sn3* resonance was followed
over time after light was turned off, with kinetics presented in Fig. 3e-f
and described in the SI. The overall decay appears to occur at a very low
rate, i.e., 91 % of the total peak-to-peak EPR signal intensity after 30 min
of irradiation is retained after 33.3 min from switching the light off, a
further confirmation of the relatively high stability of Sn®" species in
SrSnOs.

A considerably different behaviour was observed under the thermal
reduction of SrSnOs. The resonance at g = 2.0058 can be attributed to
oxygen vacancies, which trap one electron and create a paramagnetic V¢,
species. This species did not respond to light stimuli as shown in Fig. 3a,
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Fig. 3. X-band CW EPR spectra of SrSnO3 measured at room temperature. (a) before (ii) and after (iii) 450 nm irradiation; (b) before (ii) and after (iii) reducing
annealing; (c, d) experimental (black) and simulated (red) spectrum of a.ii (blue squares in figure (d) highlight resonances associated with Fe>* impurities (not
simulated) present in the sample); (¢) maximum signal intensity of the Sn}" species at regular time intervals after switching the 450 nm lamp off; (f) kinetics of Sn}*
EPR signal intensity after switching the lamp off. Spectra i in (a) and (b) refers to the internal standard (dpph).
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but its EPR resonance signal intensity increased significantly after
reducing annealing (Fig. 3b), in agreement with the assignation of the g
= 2.0058 resonance to Vp,.

Finally, EPR spectra also revealed the presence of a much broader
signal at 330 mT < By < 336-337 mT (EPR resonance frequency 9.5
GHz). An unambiguous assignment to this broad resonance is chal-
lenging. Beside a contribution from Fe3* impurities (Fig. 3d and [16]),
the signal could arise from O~ centres (i.e. trapped valence band hole). A
more exhaustive discussion on the latter can be found in [17,18].

The presented results hold significant importance in understanding
Sn-based perovskite photocatalytic activity. The photocatalytic activity
of this material has already been demonstrated with UV light . The
generation of intra-band gap Sn>* states following photo-sensitisation
can also influence the overall kinetics of the photocatalytic process. In
fact, interfacial single electron transfer to surface adsorbate (often the
rate-determining-step in semiconductor photocatalysis [19]) occurs
from a metal reduced state instead of directly from the conduction band
[19].

4. Conclusions

Using EPR spectroscopy, Sn>" paramagnetic centres in two different
crystallographic environments are identified, for the first time, in
SrSnOs perovskites. These centres exhibit a remarkable stability at room
temperature. In addition, two other distinctive paramagnetic defects, i.
e., oxygen vacancies and, potentially, trapped holes, appears to be pre-
sent in the SrSnO3 perovskite. The concentration of Sn®* centres can be
augmented by irradiating the samples with visible light, in apparent
contrast with the Eg = 4.1 eV; corresponding to the valence to conduc-
tion band transitions. This observation can be explained by the presence
of an extrinsic optical band gap of 2.7 eV due to the presence of
diamagnetic intra-band gap Sn?t donor states which find confirmation
in previous XPS studies.
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