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ABSTRACT: Herein, Cu(II)-doped SrSnO3 perovskites (SrSn1−xCuxO3,
namely SSO:Cux) were prepared by a modified Pechini method and applied
as supercapacitors (SCs) for the first time. The effect of dopant concentration
(x = 1, 2.5, and 5 mol %) was investigated to fine-tune the structural and
electronic properties to design potential candidates as SCs. The SSO:Cux
samples were characterized by conventional XRD and synchrotron XRD (S-
XRD) combined with Rietveld refinements and spectroscopic analyses, such
as Raman, FTIR, UV−vis, EPR, and XANES/NEXAFS. The electrochemical
performance of the SSO:Cux samples was investigated by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and galvanostatic
cycling with potential limitation (GCPL). It was evidenced that incorporating
2.5 mol % Cu(II) into the SrSnO3 perovskite lattice (SrSn0.975Cu0.025O3,
SSO:Cu2.5) led to a significant change in structural disorder and electronic
properties, which play an essential role in creating a mixture of point defects
such as reduced Sn3+ and Cu+ cations, and oxygen vacancies (VO). The SC device constructed with the SSO:Cu2.5 material showed
a specific capacitance of 613 F g−1 at a scan rate of 1 mV s−1, with a remarkable specific energy density and specific energy power of
25.42 W h kg−1 and 32678.57 W kg−1, respectively, which are higher than those observed for any other available perovskite-based
SCs. This performance was primarily attributed to the formation of mixed Sn4+/Sn3+ and Cu2+/Cu+ cations, which alter the
structural and electronic properties of SrSnO3. Our findings indicate that an improved capability to store high energy and power may
be achieved by fine-tuning the Cu(II) dopant concentration in the lattice and controlling the formation of undesired phases. This
offers experimental guidance to design other Cu-doped perovskites as alternative materials for energy storage applications.

■ INTRODUCTION
Limiting the use of fossil energy sources has attracted
significant interest from the scientific community in
technologies capable of generating and storing large amounts
of clean and renewable energy,1 such as batteries, fuel cells, and
supercapacitors (SCs). Among these energy storage technol-
ogies, SCs are drawing attention and offer a unique
combination of high energy density, fast charge, and discharge
capabilities, in addition to having an exceptionally long lifetime
by storing energy primarily within the double layer formed at
the electrode−electrolyte interface (EEI).2 These materials fall
into three categories: electrical double-layer capacitors
(EDLCs), pseudocapacitors (PCs), and hybrids.3 In particular,
PCs take advantage of reversible Faradaic redox processes in
the EEI, employing materials with active redox sites, such as
conducting polymers and transition metal oxides (TMOs).4

TMOs typically work as electrode materials in PCs because
of their fast, reversible redox reactions, economy, and easy
processability. Although PCs have a high power density, they
are unsatisfactory in terms of power density and stability

because of their low electrical conductivity and swelling
structure. Therefore, achieving a high energy density while
maintaining the high power density of SCs has become a
challenge.2 TMOs with perovskite structures have been used as
functional materials in energy-related fields, acting as electro-
des.1 For instance, ruthenates (SrRuO3),

5 titanates (SrTiO3),
6

aluminates (LaAlO3),
7 nickelates (CeNiO3), cobaltites

(CeCoO3), and cuprates (CeCuO3),
8 have been used for

these applications. These perovskites have emerged as
alternatives for use as SCs in which high power and energy
density are achieved, along with improved stability during
cycling tests.
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Concerning perovskites, those based on strontium have
gained attention for applications in SCs because of their
abundance, ionic and electronic conductivity, and tolerance to
the reduction−oxidation cycle.9 In this sense, Tomar et al.6

synthesized mesoporous SrTiO3-based materials by the sol−gel
method and applied them in aqueous and solid-state SCs. The
authors reported that the material exhibits a high specific
capacitance (212.5 F g−1 at 0.63 A g−1), good capacitance
retention (74.5% at 2.5 A g−1), excellent cycling stability (99%
after 5000 cycles), high energy density (27.8 W h kg−1), and
power density (1921 W kg−1). George et al.10 have investigated
the effect of doping with Ba, Ca, Co, Fe, and Ni cations at the
Sr-sites in strontium Manganite (SrMnO3), on the capacitive
properties and showed superior capacitive properties for the
doped SrMnO3, correlating it with the increased oxygen
vacancies and structural distortions that favor charge transport
and redox reactions. On the other hand, Lang et al.11 prepared
lanthanum Manganite-based perovskites doped with strontium
(La1−xSrxMnO3, LSM) for supercapacitor applications and
showed that La0.85Sr0.15MnO3 composition presented superior
performance for applications as pseudocapacitance electrode
materials. These authors associated this efficiency with the
redox reaction of the anion intercalation corresponding to the
surface redox processes of Mn2+/Mn3+ and Mn3+/Mn4+.
Like A-site substitution, partial substitution at the B-site in

the ABO3-type perovskites has been proven to be a feasible
approach to modify the crystal and electronic structures to
optimize the optical, and electrochemical properties and thus
increase the capacitance in the materials.10−12 Specifically,
inducing distortions in the lattice and changing the oxidation
states of the B-site cations may increase the concentration of
oxygen vacancies. As a result, it may boost the capacitive
performance of SC electrode materials. Thus, B-site substituted
perovskites have also been investigated, such as cobaltites/
niobates (SrCo0.875Nb0.125O3),

13 and ferrites/zirconates
(SrFe1−xZrxO3−δ).

13 It is possible to modify the structural
symmetry of the perovskite through hetero ion doping to
optimize its electronic properties and functionalities. In
addition to these materials, tin-based perovskites or ilmenites,
both with the formula ASnO3 have also received attention due
to their performances in electrochemical energy stor-
age.1,12,14−19 Concerning the tin-based perovskites, Veerappan
et al.16 prepared materials based on pristine BaSnO3 and a
composite of BaSnO3/20 wt % of reduced graphene oxide
(rGO) and reported excellent specific capacity and cycling
behavior of the perovskite BaSnO3 nanoparticles decorated on
two-dimensional graphene flakes. The BaSnO3/rGO20 com-
posite showed a maximum capacity of 1200 mA h g−1 at 0.5 C
(650 mA g−1), which was far higher than that observed for
single species, BaSnO3 and rGO anodes. Recently, Elmush-
yakhi and Alqahtani20 prepared nanohybrids based on SrSnO3/
rGO and showed a potential increase in capacitance and
energy density due to the integration of rGO in the composite.
From this perspective, strontium stannate perovskite

(SrSnO3) is a potential alternative material for applications
in SCs. SrSnO3 has shown interesting electronic properties,
used for a variety of applications, including as a photocatalytic
material,21 electrode material for dye-sensitized solar cells,22

alkali-ion battery,15 drug sensing,23 transistors,24 and others.
Although SrSnO3 has been employed in its pure form or
combined with other materials, doping may effectively enhance
the charge transport in SrSnO3.

Regarding the doping process, the incorporation of Cu
cations into the lattice of different materials, from simple
oxides to inorganic and hybrid perovskite-based compounds,
has attracted the interest of many researchers in different fields,
especially in electrochemistry, and some studies, including
theoretical ones, can be found in the literature.25−32 Relatively
few studies of Cu-doped perovskite materials, both inorganic
and hybrid ones, can be found in the literature. For instance,
Tezel et al.32 investigated the effect of different dopants on the
supercapacitive properties of thin films of hybrid halide
MAPbX3 perovskites deposited on fluorine tin oxide (FTO)
substrates. These authors reported that Mn, Gd, Sn, Nb, and
Cu are often preferred to dope perovskite materials due to
their excellent dispersion and tendency to high electrical
conductivity. Tezel et al.32 showed that a significant energy
storage capacity of MAPbX3 perovskites was achieved with the
optimal dopant concentration of 2 mol % Cu. About inorganic
perovskites, Ramadan and Ramadan33 fabricated asymmetric
supercapacitors based on Bi1−xCuxFeO3 and found that 5 mol
% Cu2+ was the optimum doping concentration to improve the
fast electrolyte ion diffusion, enhancing the capacitive proper-
ties of the material. The authors associated this capacitive
efficiency with the increase of oxygen vacancies and Fe2+/Fe3+
ratio induced by the Cu2+/Bi3+ substitution.
Based on all these facts, this work aims to synthesize SrSnO3

perovskites doped with different concentrations of copper (1,
2.5, and 5 mol % Cu2+) by a modified Pechini method for
applications as SCs. Although some studies have focused on
incorporating copper in other perovskites, a systematic
investigation of SrSnO3-based materials for supercapacitor
applications has not been reported yet. Furthermore, the
impact of Cu(II)-doping on the perovskite crystal structure,
optical and electronic properties, and their high-performance
supercapacitance was thoroughly studied for the first time.
Notably, the electrode materials based on Cu(II)-doped
SrSnO3 perovskites fabricated in the current work show a
remarkably high specific capacitance, high energy, and power
density, as well as outstanding cyclic stability, demonstrating
their great potential use as high-performance energy-density
supercapacitors.

■ MATERIALS AND METHODS
Materials Preparation. For the synthesis of the

SrSn1−xCuxO3 (x = 0, 1, 2.5, and 5 mol %) perovskites, tin
metal powder (Sn, Vetec 99.0%), strontium nitrate (Sr(NO3)2,
Vetec 99.0%), copper(II) acetate monohydrate (Cu-
(CO2CH3)2·H2O, Alfa Aesar 99.9%), citric acid monohydrate
(C6H8O7·H2O, Cargill 99.5%), ammonium hydroxide
(NH4OH, Vetec 99%), and ethylene glycol (C2H6O2, Vetec
99.5%) were used as starting materials without any further
purification.
Synthesis Procedure. The SrSn1−xCuxO3 samples (x = 0,

1, 2.5, and 5 mol % Cu doping) labeled as SSO, SSO:Cu1,
SSO:Cu2.5, and SSO:Cu5, respectively, were synthesized by a
modified Pechini method as described in our previous works
for tin-based materials.34−36 Initially, the Sn metal powder was
dissolved in a 0.1 mol L−1 nitric acid solution under constant
stirring in an ice bath, maintaining the temperature at 0
°C.35,37 The complete solubilization of tin metal to form
oxidized Sn4+ must occur, specifically, at 0 °C to prevent
overheating, control reaction rates, and improve the yield of
the desired Sn4+-citrate complex. Because this oxidation
reaction is exothermic, temperature variations may favor side
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reactions, leading to the formation of undesirable intermedi-
ates. Therefore, after complete dissolution of the tin metal at
°C, a stoichiometric amount of anhydrous citric acid (CA), in
a ratio of 3:1 CA:cation was added to the solution, adjusting
the pH to 3 by adding ammonium hydroxide. Next,
stoichiometric amounts of strontium nitrate and copper(II)
acetate monohydrate (for Cu-doped samples) were added to
the tin citrate solution under constant stirring and heating at
70 °C. Finally, ethylene glycol (EG) was added to the solution
in a 40:60 mass ratio (EG:CA), increasing the temperature to
90 °C to obtain the polymeric precursor solution. This
solution was heat-treated at 300 °C for 2 h to obtain the
carbonized precursor powder. Secondary thermal treatments
were performed at 300 °C for 7 h in an O2 atmosphere to burn
off the organic matter. This step minimizes the creation of
ionic defects, such as oxygen vacancies and reduced species,
facilitating the crystallization of the desired perovskite phase,
with minimal formation of intermediates. Crystallization of
SrCO3 occurs at a low temperature, whereas SrSnO3 in
samples synthesized by a modified Pechini method begins at
600 °C.38,39 Thus, removing organic matter beforehand is
crucial to obtaining the desired perovskite. After eliminating
the organic matter from the precursor powders, the samples
were calcined at 900 °C for 4 h to obtain the desired well-
crystallized material, without residual carbon traces. The
synthesis procedure is summarized in Scheme 1.
Materials Characterization. Experimental X-ray powder

diffraction (XRD) patterns were acquired in a Bragg−Brentano
geometry in continuous mode with a scan speed of 0.02° s−1 in
a 2θ range from 10° to 140 ° using an Automated
Multipurpose Powder X-ray Diffractometer XRDynamic 500
by Anton Paar equipped with a Primux 3000 sealed-tube Cu X-
ray source and a Pixos 2000 solid-state hybrid pixel detector.
For further structural investigations, room temperature
Synchrotron X-ray powder diffraction (S-XRD) measurements
were also performed using the powder diffractometer at the
BL-10 beamline of the Australian Synchrotron.40 During the S-
XRD experiments, the samples were ground into a fine powder
and housed in 0.2 mm glass capillaries that were rotated during
measurements according to a Debye−Scherrer geometry. The
beam energy was set to ∼15 keV (λ = 0.82594(5) Å)
calibrated using a NIST 660b LaB6 a standard reference

material. The crystal structure of the samples was then
determined by the Rietveld refinement method as imple-
mented in the GSASII software package.41 Near-edge X-ray
absorption fine structure (XANES/NEXAFS) spectroscopy
measurements on copper L-edge and oxygen K-edge were
performed at the soft X-ray spectroscopy beamline of the
Australian Synchrotron.42 The samples were finely dusted onto
conducting carbon tape placed on a gold disk, which was
inserted into the vacuum chamber via a load lock. The samples
were analyzed in ultrahigh vacuum (UHV) better than 10−9

mbar, and the spectra were collected in a total electron yield
(TEY) mode in the region of 900−995 eV for the Cu L-edge
and 520−600 eV for the O K-edge with 0.1 eV per step. All the
NEXAFS spectra were normalized using Athena software.43

The infrared (FT-IR) spectra (400−4000 cm−1) were
collected using a Shimadzu IRPrestige21 spectrophotometer
using KBr pellets. Raman measurements were conducted using
a Renishaw inVia Raman microscope. High-resolution Raman
spectra were collected in dynamic mode using an Ar+ laser
(514 nm wavelength) and a 2400 lines/mm grating, achieving
a spectral resolution of approximately 0.5 cm−1. The spectra
were scanned over a range of 50−1000 cm−1. UV−vis
absorption spectroscopy analyses were performed in a
Shimadzu UV-2550 spectrophotometer in diffuse reflectance
mode with a spherical integration accessory. The samples were
analyzed in wavelengths ranging from 190 to 900 nm. Pure
barium sulfate (BaSO4) powder was used as a standard
reference material for background measurement. Electron
paramagnetic resonance spectroscopy (EPR) measurements
were conducted on a Bruker E-500 ELEXSYS X-band (9.88
GHz) spectrometer at room temperature. The Zeta potential
measurements were measured using a Zetasizer Nano Series
with a (He−Ne) laser of 633 nm (Malvern Panalytical, U.K.).
A 0.05 g L−1 suspension of the different perovskites was
prepared using a 0.1 M NaNO3 solution. Aliquots of 10 mL of
the suspensions were sonicated at room temperature, and pH
values were adjusted by adding 0.1 M HNO3 or 0.1 M NaOH
solutions.
Electrochemical Characterization and Fabrication of

the Supercapacitor Device. The electrochemical character-
ization of the material was performed with the aid of Biologic
VMP 300 multipotentiostat using the double electrode system

Scheme 1. Schematic Diagram for the Synthesis Procedure of the SrSn1−xCuxO3 (SSO:Cux) Samples
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configuration, where the double electrode materials are
symmetrically placed in powder form and separated by a
glass fiber separator with LiPF6 electrolyte. Each electrode was
assembled with 3 mg of active material (equivalent to a mass
loading of approximately 1.70 mg cm2), uniformly deposited
on stainless steel bolts (15 mm diameter) serving as current
collectors. The material was characterized by cyclic voltam-
metry (CV), electrochemical impedance spectroscopy (EIS),
and galvanostatic cycling with potential limitation (GCPL).
CV measurements were carried out at a voltage range between
0 and 2.5 V at varying scan rates ranging from 1 to 200 mV s−1.
EIS tests were performed by applying a sinusoidal signal of 10
mV in a 10 to 1 MHz frequency range. GCPL tests were
performed in a voltage window between −2 and 2 V at a
specific current of 0.1 A g−1.

■ RESULTS AND DISCUSSION
The long-range structural order of the SSO:Cux (with x = 0, 1,
2.5, and 5 mol %) samples was investigated by X-ray powder
diffraction (XRD), as indicated in Figure 1. XRD patterns
showed that the pristine and Cu2+-doped SSO samples
crystallized in an orthorhombic-type Pbnm structure, whose
diffraction peaks were indexed according to the ICSD 90846
file.44 No additional diffraction peaks related to any copper-
based compounds were observed in the Cu(II)-doped SSO
samples, indicating the incorporation of the Cu2+ cations into
the crystal lattice.45 To understand this better, structural
refinements were performed using the Rietveld method as
implemented in the GSAS II software. The Rietveld XRD
profiles are shown in Figure 1a−d, and the refined parameters
are listed in Tables 1 and S1.
The refinements confirmed that the samples adopt an

orthorhombic Pbnm symmetry, presenting distinct lattice
parameters, with the presence of SrCO3 and SnO2 as
secondary phases (Table S1), especially in the pristine SSO

and SSO:Cu1 samples. The samples containing a higher
amount of Cu2+ did not present SnO2 as a secondary phase.
The sample SSO:Cu2.5 had the lowest amount of secondary
phase in the composition (only 2.32% of SrCO3). SrCO3
crystallizes at low temperature and its presence is commonly
observed in strontium-based perovskites, particularly samples
synthesized using Pechini-based methods, which involve the
formation of metal-citrate complexes and a significant content
of organic matter.38 Without thermal treatment in an O2
atmosphere, higher concentrations of ionic defects such as
oxygen vacancies and reduced cations, as well as increased
SrCO3 formation, can occur. Excessive amounts of these can
negatively impact the final target materials’ application.37,39

Concerning the refined lattice parameters listed in Table S1,
the pristine SSO sample showed the largest b and c parameters
and the highest unit cell volume (V) compared to the other
samples. Upon adding Cu2+, slight variations in the lattice
parameters were observed, with a decrease in the unit cell
volume. In this context, it is essential to compare the ionic radii
size of both the dopant cation (Cu2+ = 0.730 Å, CN = 6) and
the cation to be replaced (Sn4+ = 0.690 Å, CN = 6) occupying
the same coordination site. Incorporating a larger cation like
Cu2+ at the Sn4+-site of the SrSnO3 structure might lead to an

Figure 1. Rietveld profiles of the XRD patterns for SSO (a), SSO:Cu1 (b), SSO:Cu2.5 (c), and SSO:Cu5 (d) samples. The vertical markers
indicate the positions of the space group allowed Bragg reflections for the main orthorhombic Pbnm perovskite phase, SrCO3, and SnO2. The insets
depict a zoom into the region 21−33°. The fraction of the phases is indicated.

Table 1. Refined Lattice Parameters for the SSO and
SSC:Cux Samples

SSO SSO:Cu1 SSO:Cu2.5 SSO:Cu5

space group Pbnm Pbnm Pbnm Pbnm
a (Å) 5.7081(5) 5.7143(10) 5.71621(19) 5.7094(26)
b (Å) 5.7071(7) 5.7014(16) 5.70494(28) 5.7050(16)
c (Å) 8.0773(5) 8.0668(28) 8.06130(31) 8.068(4)
V (Å3) 263.132(7) 262.812(14) 262.884(5) 262.791(9)
GOF 3.27 2.92 2.67 3.93
Rw (%) 13.41 12.04 10.94 16.34
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expansion of the unit cell volume. Surprisingly, such behavior
was not observed in the present case, rather the incorporation
of Cu2+ did not result in a significant variation in the lattice
parameters of SrSnO3. This behavior might be due to the

formation of different defects in the perovskite lattice, such as
charged vacancies that lead to lattice contraction, which may
compensate the unit cell expansion by Cu2+ addition.
According to Aidhy et al.,46 charged vacancies are likely to

Figure 2. Rietveld profiles of the S-XRD patterns for SSO (a), and SSO:Cu2.5 (b) samples. The vertical markers indicate the positions of the space
group allowed Bragg reflections for the main orthorhombic Pbnm perovskite phase, SrCO3, and SnO2. Representation of the orthorhombic Pbnm
Perovskite structure obtained for SSO (c) and SSO:Cu2.5 (d) samples, and different projections showing d(Sn−O) bond distances and bond
angles θ and ϕ related to in-plane and out-of-plane interoctahedra [SnO6] distortions, respectively.

Figure 3. Normalized Cu L-edge (a), O K-edge (b) XANES/NEXAFS spectra of the SSO and SSO:Cu2.5, (c) normalized Cu L3-edge spectra, and
(b) first derivative of the normalized Cu L3-edge absorption spectra. Std-SnO2 and std-CuO correspond to bulk samples of SnO2 and CuO,
respectively. The pink arrows indicate variations in the Cu L3-edge spectra.
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be more stable in oxide structures under compressive strain.
However, the doping process induced a change in crystallinity
and long-range structural order in the samples, as indicated by
the full width at half-maximum (FWHM) values and the
average crystallite size (DC) estimated by the Scherrer equation
regarding the highest intense 112 diffraction peak (Table S1).
Such a behavior is consistent with reported works dealing with
doped SrSnO3 materials.45,47

A significant increase in long-range disorder was evident
from the increase in the FWHM for the SSO:Cu1 sample
compared to the pristine SSO sample. In contrast, samples
containing higher amounts of dopant (2.5 and 5.0 mol %
Cu2+) presented a higher long-range order compared to the
sample containing 1 mol % Cu2+. According to Melo et al.,45

this behavior may be related to mass diffusion due to vacancy
formation, correlated with the substitution of Sn4+ with a lower
valence cation Cu2+ and due to the possible reduction of Cu2+
to Cu+ induced by the calcination process. Additionally,
undesirable phases affect the structural ordering of the main
phase of the stannate perovskite in the samples. This was
confirmed through the Rietveld refinements against synchro-
tron X-ray diffraction (S-XRD) combined with X-ray
absorption near edge structure/near-edge X-ray absorption
fine structure (XANES/NEXAFS) spectroscopy performed for
the pristine SSO and SSO:Cu2.5 (that presented the lowest
content of impurities). These data are shown in Figures 2 and
3, respectively.
The refinements against S-XRD patterns for the SSO and

SSO:Cu2.5 samples are shown in Figure 2a,b and listed in
Tables S2 and S3. The results confirm the presence of the
same phases seen in the conventional XRD patterns (Table
S2). The S-XRD data were more sensitive to changes induced
by the presence of the SrCO3 secondary phase and the dopant.
As also shown in conventional XRD, the refinements against
the S-XRD showed that the main perovskite phase adopts an
orthorhombic structure with the Pbnm space group. Still, a
small decrease in the lattice parameters and the unit cell
volume was observed after Cu doping. The refinements also
indicated that the formation of SrCO3 in the samples decreases
the crystallinity as noted in the lower peak intensities, while
doping with Cu 2.5 mol % does not (Figure 2a,b). This may be
due to the lack of Sr2+ available to react with Sn4+ to form the
desired perovskite phase that might lead to the formation of a
disordered phase, which is further supported by the diffuse
background observed around 2θ = 30°.
The increased long-range order observed after the

incorporation of copper might have resulted from the lowest
amount of the secondary phase in the sample as well as the
formation of point defects, such as oxygen vacancy (VO), in
response to the charge compensation mechanism due to Cu2+/
Sn4+ substitutions. Additionally, further generation of oxygen
vacancies may occur because of the spontaneous reduction of
Cu(II) to Cu(I), or even oxidation to Cu(III), species in the
Cu(II)-doped SSO samples, and this reflects in the octahedral
distortions inside the crystal structure of SSO:Cu2.5 when
compared to SSO (Figure 2c,d).
As can be noticed, the structural characteristics vary in both

samples concerning the symmetry and magnitude of octahedral
distortion, evident from the distortion index (D), quadratic
elongation (⟨λ⟩), bond angle variation (σ2), and the calculated
effective coordination number (ECN), as listed in Table S3.
The distortion index (D), quadratic elongation (⟨λ⟩), and

intraoctahedral bond angles (σ2) are three key quantitative

metrics used in crystallography used to assess how much a
coordination polyhedron, such as an octahedron, deviates from
its ideal geometry in a crystal lattice. These values represent
the overall size distortion rather than just individual polyhedral
variations and are derived from crystallographic parameters
obtained through Rietveld refinements. These parameters were
originally described by Robinson et al.48

The distortion index (D) quantifies variations in bond
lengths (B−O) between the central atom and its coordinating
atoms, making it a useful descriptor for detecting the Jahn−
Teller effect, particularly in Cu-containing systems. In
octahedral systems, an ideal or undistorted octahedral
geometry is represented by D = 0. As D increases, the
octahedral distortion becomes more pronounced. Quadratic
elongation (⟨λ⟩) measures the extent to which octahedron
bond lengths are stretched compared to an ideal regular one,
indicating how far the central atom is shifted toward one of the
faces. In symmetric geometry, ⟨λ⟩ is equal to 1, whereas values
greater than 1 indicate more elongated octahedral bonds.
Additionally, intraoctahedral bond angles variation (σ2) reflects
changes in the O−B−O angles relative to the ideal 90° within
a BO6 octahedron. A higher σ2 indicates a more distorted
octahedron. This approach has been widely used to assess
octahedral distortions in various compounds, particularly the
Sn-based systems, such as SnO2,

37 SrSnO3,
21 and CaSnO3.

49

As noted, these octahedral distortions result in significant
changes in the Sn−O and Cu/Sn−O bond lengths as depicted
in Figure 2c,d. As expected, these results confirm the increased
distortion inside the [SnO6] when copper is incorporated into
the octahedral sites of the SrSnO3 crystal lattice. These sites
occupied by Cu ions are likely to be tetragonally elongated,
due to the Jahn−Teller effect, as suggested by the ECN =
5.158 obtained in the refinements (Table S3). All these
structural modifications are caused by the distinct atomic
coordinates (x, y, z) for Sr, Sn, and O atoms and their
displacement parameters observed for the SSO and SSO:Cu2.5
samples (Table S3) compared to the initial structural model
reported for pristine SrSnO3 perovskite.

44 These variations in
atomic positions among the samples reflect differences in
structural ordering.
Figure 3a,b show the Cu L-edge and O K-edge XANES/

NEXAFS spectra, respectively, for the SSO and SSO:Cu2.5
samples, and for the bulk CuO and SnO2 as reference
materials. The Cu L-edge XANES/NEXAFS spectrum of the
CuO standard shows two peaks, P1 and P3 in the L3 and L2-
edge regions, respectively, with a spin−orbit coupling of ΔE =
20.1 eV. Conversely, the Cu L-edge spectrum of the
SSO:Cu2.5 sample also shows the presence of additional
peaks, P2 and P4, in L3- and L2-edges with a spin−orbit
coupling of ΔE = 19.9 eV, indicative of the presence of Cu+
(Figure 3a). The estimated ΔE values are close to those
reported in the literature for Cu2O and CuO, respectively.50

We emphasize that the cation reduction is typically observed in
samples obtained by the modified Pechini method, which
generates a reducing atmosphere created during the calcination
process.34,39 Peak broadening was observed as highlighted in
Cu L3-edge (Figure 3c) and in first derivative of the
normalized spectra (Figure 3d) of the SSO:Cu2.5 sample
and CuO standard, confirming different local environments
around the Cu ions, and providing evidence for a more
distorted Cu geometry in SSO:Cu2.5 compared to CuO.
Qualitatively, the presence of copper ions�Cu2+ [Ar] 3d9

and Cu+ [Ar] 3d10�in samples can reflect the spectral features
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of the O K-edge and the energy position of the peaks as shown
in Figure 3b. The O K-edge spectrum of the CuO shows four
major peaks labeled P1, P2, P3, and P4, consistent with the
literature.50−52 The peak P1, at 531.3 eV, is assigned to 1s →
3eg transition, where 3eg is formed from the hybridization of O
2p and Cu 3d orbitals. The other broad peaks (P2, P3, and P4)
are assigned to transitions to the hybridized O 2p and 3p
orbitals with Cu 4s and 4p states. In the spectra of the SnO2
standard and SSO-based samples, these peaks are shifted to
higher photon energies and are labeled as P1′, P2′, P3′, and P4′,
due to different orbital hybridization. In the case of the SnO2,
these features correspond to O 2p states hybridized with sp
bands of the Sn ion, while in SSO-based samples the O 2p
states will also be hybridized with the narrow d bands of the
alkaline earth metal ion.21

According to the literature,21,53,54 the P1′ and P3′ features in
the O K-edge spectra of Sn-based compounds reflect the
transitions from the O 1s core state to the unoccupied O 2p
states that are hybridized with the 5sp bands of the Sn ion
(Figure 3b). The peak labeled as P1′ is centered at 534.77,
534.78, and 534.83 eV in the spectrum of the SnO2 standard,
SSO, and SSO:Cu2.5 samples, respectively (Figure 3b), and
the separation energy between P1′ and P3′ in these samples is
5.86, 5.87, and 5.98 eV. In the spectra, the P1′ feature is similar
to that of the SnO2 standard rather than the CuO one. The
increased intensity of this peak in the spectrum of SSO:Cu2.5
indicates that Cu ions enter into the SnO6 octahedral sites as
[Cu/SnO6], as suggested also by the Cu L-edge XANES and
Rietveld refinements. Apart from these spectral characteristics,
an increase in the intensity of the P3′ feature in the spectrum of
SSO:Cu2.5 is observed. These variations indicate changes in
local structure between samples. Additionally, the increase of
P3′ and the small variation in the hump marked by P4′ at
546.11 eV in the O K-edge spectrum of SSO:Cu2.5 may
indicate strong hybridization of the O 2p states with Cu 3d
orbitals. These features in the O K-edge XANES spectra and
those in the Cu L-edge XANES spectra suggest that mixed
Cu2+/Cu+ cations are successfully incorporated into the
SrSnO3 lattice. Furthermore, no diffraction peaks related to
any copper-based compounds, such as Cu2O or CuO, were
observed in the S-XRD patterns. Given the high signal-to-noise
ratio of the synchrotron X-ray diffraction data, and hence
sensitivity to very small amounts of crystalline impurities, it is
concluded that no copper-containing impurities are present in
the samples.
To further investigate the local symmetry of the perovskite

phase, FTIR and Raman spectroscopy were performed, as
shown in Figures S1 and 4, respectively. FTIR spectra (Figure
S1) demonstrate the appearance of active vibration modes
characteristic of the SrSnO3 crystal structure, with the presence
of vibration modes for SrCO3, as expected.
Like FTIR spectroscopy, Raman provides information

regarding the short-range order of the material. The literature
reports the existence of 24 active vibrational modes in Raman
for SrSnO3 with a Pbnm orthorhombic structure, which
corresponds to ΓRaman = 7Ag + 5B1g + 7B2g + 5B3g, in which
some cannot be identified due to the low polarizability of the
atoms and/or due to their overlap.21,55

Five regions can be distinguished in the Raman spectra for
SrSnO3 perovskites,

21,24 associated with the lattice modes Sr−
SnO3, stretching modes of the O−Sn−O, scissor vibration
modes of Sn−O−Sn, torsional modes of SnO3, and stretching
modes of Sn−O. Bands at higher frequencies above 600 cm−1

may also be related to second-order scattering vibrations.
Figure 4 shows the Raman spectra of the SSO and SSO:Cu
samples. All the samples present similar spectra with a decrease
in the peak intensity in the Cu-doped SSO samples. In the
Raman spectrum of the pristine SSO sample, peaks at 116 and
170 cm−1 were observed, associated with vibrational modes of
Sr−SnO3. The intense peak at 223 cm−1 and that at 257 cm−1,
are assigned to the stretching modes of O−Sn−O and scissor
modes of the Sn−O−Sn groups, respectively.21,24 The peaks at
402 and 444 cm−1 refer to the stretching modes of Sn−O
bonds and torsional modes of the SnO3

2− groups of the [SnO6]
octahedra.
For Cu-doped SSO materials, a broadening of most of the

peaks, especially those related to the Sn−O, Sn−O−Sn, and
O−Sn−O modes, indicates an increase of the short-range
disorder when compared to the pristine SSO sample,
suggesting Cu2+/Sn4+ replacement in the perovskite lattice,
which agrees with S-XRD and XANES spectroscopy. In
particular, a pronounced broadening and slightly displacement
to a lower frequency of the band at 223 cm−1, corresponding to
the O−Sn−O stretching modes, might also indicate that the
partial replacement of tin by copper promotes a considerable
distortion of the SnO6 octahedra, agreeing with the bond angle
variations, quadratic elongation, and distortion index param-
eters obtained by the Rietveld refinements against S-XRD for
SSO and SSO:Cu2.5 samples. These distortions further
generate a greater number of structural defects. The broad-
ening of the peaks around 444 cm−1 and especially the
pronounced hump at 572 cm−1 observed after Cu doping also
indicates the formation of defects such as oxygen vacancies and
increased short-range (local) structural disorder due to the
higher contribution of the oxygen movements in the lattice,24

also evidenced in the IR results. Other studies revealed the
same spectral profile and suggest that it induces deformation in
the host lattice.24,55 Apart from the peaks assigned to the
Raman modes of the main perovskite SrSnO3 phase, other
peaks were observed at 147 and 701 cm−1 (marked with *)
that were assigned to a secondary SrCO3 phase, also observed
by IR, conventional XRD, and S-XRD results.
The absorption UV−vis spectra of the undoped and Cu-

doped SSO samples shown in Figure 5a contain features due to
ligand−metal charge-transfer (LMCT) and Cu d−d electronic
transitions. The absorption band around 200 and 300 nm is
assigned to the LMCT from O2− → Sn4+. The low-intensity
absorption bands, observed between 300 and 900 nm in the

Figure 4. Raman spectra of the SSO and SSC:Cux samples. Legend: *
SrCO3.
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Cu-doped SSO sample, that are absent in the spectrum of the
undoped SSO sample, are attributed to d−d transitions of the
Cu species.45 The more Cu is added to the perovskite lattice,
the more obvious and intense these absorption bands are. The
absorption spectra of the samples were deconvoluted into
different absorption Gaussian bands, as exemplified in Figure
S2, and the spectral deconvolution data are listed in Table S4.
The broad absorption bands and the deconvoluted Gaussian
bands associated with the Cu ions confirm the formation of
brownish-colored powder samples (Figure 5b).
A gradual increase in absorbance is observed with the

appearance of absorption bands around 340 and 440 nm due
to the 3d10 → 3d94s1 electronic transitions of the Cu+ species.
An increase in the absorption bands was also observed at
around 650 and 780 nm, attributed to the Cu2+ electron
transitions in tetragonally distorted octahedral symmetry,45

agreeing with the Rietveld and XANES/NEXAFS results. The
appearance of these bands related to mixed Cu2+/Cu+ cations
is in good agreement with XANES/NEXAFS spectroscopy,
leading to increased short-range disorder in Cu-doped SSO
systems. The observed variations in the absorption edge in the
Cu-containing samples reveal the influence of the doping
process on the electronic properties of the SSO perovskites.
The increase in Cu doping can lead to different electronic
transitions in the lattice, leading to a decrease in the band gap
energies (Eg) as shown in Figure 5c,d, which is consistent with
the color change of the samples (Figure 5b).
The literature reports that SrSnO3 is an n-type semi-

conductor with an indirect band gap of approximately 4.0
eV.56,57 Gao et al.58 determined an indirect transition of 2.75
eV for SrSnO3 employing DFT calculations. However, recent
works suggest that SrSnO3 also shows direct transitions. For
instance, employing DFT calculations, Chantelle et al.21

determined the band structure for SrSnO3, presenting a direct
allowed transition (Γ → Γ) of 4.03 eV. Thus, direct and

indirect transitions were considered to estimate the Eg values of
the pristine and Cu-doped SSO samples. The estimated direct
and indirect Eg transitions for the materials are presented in
Figure 5c,d, respectively.59

Considering the direct Eg, the experimental value estimated
for the pristine SSO sample was 4.1 eV, decreasing to 3.8 and
4.0 eV after Cu doping. The direct Eg values found for the
samples synthesized in this study are close to those reported in
the literature. Specifically, Chantelle et al.39 and Honorio et
al.60 observed an experimental Eg value between 4.0−4.05 eV
for SrSnO3 samples synthesized by the modified Pechini
method. On the other hand, Zheng et al.61 reported a direct Eg
= 4.1 eV for SrSnO3 samples obtained by the microwave-
assisted hydrothermal method, while Lee et al.62 reported a
band gap of 4.01 eV for samples prepared by the conventional
solid-state reaction. Other authors have reported lower Eg
values of about 3.9 eV.63−65

The estimated indirect Eg value for SSO was 3.9 eV, which
agrees with the experimental data reported in the literature.24

For the Cu-doped SSO systems, it is expected that doping will
reduce the band gap, whether the cationic substitution at the
Sr and/or Sn sites in the SrSnO3 lattice, since they alter the
symmetry of the oxide and induce the formation of defects in
the lattice. The experimental values of the indirect Eg estimated
for the Cu-doped SSO systems suggest that the indirect band
gap is more affected by doping than the direct band gap.
Specifically, doped samples showed only a 10% reduction in
direct Eg values compared to pristine SSO. In contrast, the
indirect Eg value estimated for SSO:cu5 is nearly half of that
observed for pristine SSO. Additionally, the indirect band gap
exhibits sensitivity to the Cu content, decreasing continuously
as more Cu is incorporated into the SSO lattice. This trend can
be attributed to the introduction of midgap states originating
from the Cu 3d orbitals (Cu [Ar] 4s2 3d9).49 These findings
are consistent with those reported by Maul et al.,49 who

Figure 5. UV−vis absorption spectra (a), color of the powder samples (b), and Tauc plots with the estimated direct (c) and indirect (d) band gap
energy (Eg) for the SSO and SSO:Cu systems.
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employed DFT simulations to examine the effects of oxygen
vacancies and Cu doping on the local structure and electronic
band structure of CaSnO3. Their study demonstrated that
vacancy formation reduces the Sn atomic charge in undoped
CaSnO3. Furthermore, the electronic band structure and
density-of-states (DOS) are modified depending on the
specific Cu configurations in the CaSnO3 lattice, either with
or without accompanying oxygen vacancies. Cu doping
without oxygen vacancies introduces copper-derived states at
the top of the valence band (VB), leading to a reduced band
gap. Conversely, Cu doping with oxygen vacancies creates
additional DOS at the top of the VB due to O p−Cu dz2/dxy
hybridization, and near the bottom of the conduction band
(CB) from Cu dxy−Sn p hybridization, resulting in a more
significant band gap reduction, as observed in the current
study. The decrease in the band gap through doping is further
supported by the changes in the samples’ color.
The presence of point defects, associated with paramagnetic

species, was investigated by solid-state X-band continuous
wave EPR spectroscopy, as displayed in Figure 6. In the EPR

spectrum of the pristine SSO sample, three resonance signals
were observed at g = 2.0053, 2.001, and 1.993, with a
pronounced hump at a lower magnetic field, attributed to the
valence band trapped hole of O− centers. According to our
previous EPR studies of SrSnO3, the two resonances at g =
2.0053 and 1.993 are related to Sn3+ centers. In contrast, the
EPR signal with g = 2.001 is attributed to single ionized oxygen
vacancies (VO

• ).34 In the Cu-doped SSO samples, the intensity
of these signals seems to decrease, especially those associated
with Sn3+ centers (Figure 6). This behavior may be due to the
appearance of a strong resonant EPR signal with an additional
splitting that is associated with the dopant. The intensity of the
signal and peak-to-peak line width increase as a function of the
Cu concentration in the samples, confirming the presence of
Cu2+ cations in the samples. Associated with Rietveld
refinements that did not show diffraction peaks and Raman
spectroscopy that did not present optical modes related to any
copper-based compounds, it can be concluded that the Cu2+
cations are successfully incorporated into the SrSnO3 lattice,
even when higher doping amounts are used.
The appearance of the broad resonant signal is attributed to

dipolar spin−spin interactions between the Cu2+ centers.
According to the literature, the appearance of the additional
splitting in the EPR resonance observed for Cu-containing

systems is characteristic of inhomogeneous crystal structures
surrounding the Cu2+ centers.66−68 An axial g-factor was
estimated for the Cu2+ centers having g⊥ = 2.07 and g∥ = 2.17,
suggesting that the Cu2+ ions substitute the Sn4+ ions at the
octahedral sites of the SrSnO3 crystal structure, as suggested by
the refinements against the S-XRD pattern and XANES/
NEXAFS spectroscopy. The variation in the peak-to-peak line
width and the g-values in the EPR with the increase of the
Cu2+-content might be attributed to different dipolar exchange
interactions existing between the Cu2+ ions at two distinct
coordination environments, like an axially elongated octahedral
geometry or pseudo rhombic distorted octahedral geometry in
the perovskite lattice due to the Jahn−Teller (JT) instability of
the 3d9 Cu2+ cations. These results are consistent with the
structural characteristics proposed by the Rietveld refinements
and the local structure around Cu ions, as indicated by
XANES/NEXAFS.
The Cu2+/Sn4+ substitution in the lattice induces the

formation of VO in response to a charge compensation
mechanism in the system as represented in eq 1, written
following Kröger−Vink’s notation. The formation VO in the
systems may also be induced by reduction of Sn4+ to Sn2+
species (as previously reported for similar materials39,60) or
even to a transient Sn3+ centers in the lattice as indicated by
EPR data, as represented in eqs 2 and 3, respectively. The
Cu2+/Sn4+ substitution may also be accompanied by the
reduction of both Cu2+ and Sn4+ to Cu+ and Sn3+, respectively,
in response to a charge compensation mechanism in the
systems. This understanding is consistent with XANES/
NEXAFS and UV−vis spectroscopy. In addition, the formation
of reduced Cu+ would also lead to the formation of VO, as
illustrated in eq 4.

CuO Cu V O
SrSnO

Sn O O
3 + +•• × (1)

SnO Sn V O
SrSnO

Sn O O
3 + +•• ×

(2)

Sn O 2Sn V 3O2 3
SrSnO

Sn O O
3 + +•• ×

(3)

Cu O 2Cu 3V O2
SrSnO

Sn O O
3 + +•• ×

(4)

Apart from these defects, the formation of SrCO3 as a
secondary phase in the samples suggests the creation of
strontium vacancies (VSr″) as displayed in eq 5:

null V V
SrSnO

Sr O
3 + ••

(5)

Considering these possible point defects in Cu-doped SSO
systems, the reduction of Cu2+ to Cu+ cations would lead to
the formation of VO (eq 4), being accompanied by significant
oxidation of reduced Sn2+ to Sn3+ or further oxidation to Sn4+
or even preventing the reduced Sn species from being formed,
achieving neutrality in the systems, or cation rearrangements
into the lattice. This seems to be true since the EPR signal
associated with the paramagnetic Sn3+ centers tends to
diminish, while the VO

• signal is still evident even after doping.
This spectral variation is highlighted by the selected region of
the EPR spectra shown in Figure 6.
It is essential to note that the presence of all these point

defects in the SSO:Cu systems can enhance the electronic
conductivity of the materials and, consequently, their super-
capacitive performance.69−72

Figure 6. X-band EPR spectra of the SSO and SSO:Cu samples. The
inset shows a zoom-in on the defect centers’ EPR signal for the SSO
sample.
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The capacitive performance of undoped and Cu-doped SSO
materials was studied using cyclic voltammetry (CV),
galvanostatic charging/discharging (GCD), and impedance
spectroscopy (EIS) measurements to investigate the potential
application of these materials in supercapacitors (SCs). Cyclic
voltammetry (CV) curves were recorded for the pristine SSO
(Figure 7a) and SSO:Cu (Figure 7b−d) samples over the
potential window from 0 to 2.5 V at scan rates varying from 1
to 200 mV s−1.
All the samples exhibited the same CV curve shape, featuring

a pair of redox peaks that represent pseudocapacitive behavior,
particularly for the SSO:Cu samples (Figure 7). At higher scan
rates, the CV curves increase, indicating good charge diffusion
at the electrode surface, high reversibility capacity, and
excellent high-rate performance. The specific capacitance
(CS) of all the electrodes was then calculated using eq 6

C
A

mk V2S =
(6)

where A is the area under the CV curve, m is the mass of the
electrode material, k is the scan rate, and ΔV is the voltage
window.
The CS for the SSO:Cu2.5 sample of 613 F g−1 at a scan rate

of 1 mV s−1 was much higher than that observed for the other
samples, as displayed in Figure 8. As the scan rate increases,
the CS of samples decreases due to the competing electro-
chemical reactions. The higher performance of SSO:Cu2.5
samples might be attributed to several factors. First, the
induced defects in the perovskite structure associated with
reduced Cu+ and Sn3+ cations, in addition to oxygen vacancies,
as shown by XANES/NEXAFS, UV−vis, and EPR, play a
crucial role in increasing the redox reactions and the

electrochemical performance of the material. Furthermore,
the surface charge Zeta potential (Figure S3) can also
contribute differently to the active redox sites in the materials,
resulting in different electrochemical behavior. In Cu-doped
SSO materials, mixed valence Cu2+/Cu+ plays the main role,
but the presence of SrCO3 secondary phase is undesirable for
the process. The reduced amount of the undesired SrCO3
phase in the SSO:Cu2.5 sample might lead to lower particle
aggregation with the primary perovskite SrSnO3:Cu phase,
enhance ion diffusion, and improve electrochemical perform-
ance in the material. Furthermore, doping the perovskite with
Cu altered the structure to balance the blockage, caused by
SrCO3, while increasing the conductivity, resulting in superior
performance compared to the samples with 5 and 1% Cu

Figure 7. CV curves of the SSO (a), SSO:Cu1 (b), SSO:Cu2.5 (c), and SSO:Cu5 (d) used as electrode materials for supercapacitors measured at
different scan rates.

Figure 8. Variation of the specific capacitance in SSO, SSO:Cu1,
SSO:Cu2.5, and SSO:Cu5 electrode materials at different scan rates.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c03126
J. Phys. Chem. C 2025, 129, 15179−15195

15188

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c03126/suppl_file/jp5c03126_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c03126?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c03126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


doping. SrSnO3 (SSO) is not inherently recognized for its high
electrochemical performance. However, integrating it with
carbon-based materials can yield promising results in
enhancing its specific capacity.20 In the present case, doping
modifications to SrSnO3 demonstrated the greatest potential
for significantly enhancing the material’s specific capacity.
The GCPL measurements (Figure 9a) for the undoped and

Cu-doped SSO samples showed a quasi-triangular shape,
indicating the substantial influence of pseudocapacity, as
expected, involving rapid Faradaic redox reactions, commonly
associated with electrode materials based on metal oxides. The
supercapacitor device employing SSO:Cu2.5 as electrode
material exhibited a remarkably superior specific energy density
(ED) and specific power density (PD) of 25.42 W h k−1 g and
32.757 kW kg−1, respectively (Figure 9c) compared to the
other prepared materials. Moreover, SSO:Cu2.5 and SSO:Cu5
both displayed the highest value of specific capacity of 100 mA
h g−1 (Figure 9b), which emphasizes the effect of the Cu-
dopant in the structure of SSO. Dunn’s method was applied to
the SSO:Cu2.5-based SC device to gain more insight into the
working mechanism of the supercapacitor devices.
The Dunn method is widely used to distinguish between the

capacitive and diffusive behavior of SCs.73−76 Capacitive
behavior indicates the dominance of the physical transport of
ions, while diffusive behavior indicates the presence of Faradaic
redox reactions.76,77 The Dunn equation (eq 6) can be
expressed as

I V k v k v( ) 1 2= · + (7)

where k1 and k2 represent the capacitive and diffusive currents,
respectively, while v represents the scan rate. The relative
contributions to the mechanism can be obtained by analyzing
the slope and y-intercept of this formula.
The results from the Dunn method, displayed in Figure

10a,b, reveal the dominance of the diffusive mechanism with a
contribution of around 63%. These results agree with those
observed in the CV and GCPL measurements. The dominance
of the diffusive mechanism is attributed to the pseudocapaci-
tive behavior induced by the Cu dopant in the SSO structure.
It is worth noting that the working mechanism of the SC
devices is heavily influenced by the type and concentration of
dopant in the SSO structure. It was reported that La and Nb
dopants in SSO increase the capacitive mechanism of the SC
devices through an increase in the number of active sites on
the surface of the structure forming because of La3+ and Nb5+
replace Sn4+ or Sr2+.1,78 Conversely, Cu2+ is known to promote
diffusive behavior due to its strong redox nature, which
increases the faradaic reactions in the bulk of the material.79 It

is important to note that a lower amount of SrCO3 and the
presence of mixed valence, especially Cu2+/Cu+ states,
introduces oxygen vacancies and structural distortions as
observed for SSO:Cu2.5. These might be the main factors for
its superior electrochemical performance. Furthermore, the
secondary phase SrCO3 in the sample is undesirable, showing a
deleterious effect on the electrochemical processes in the
samples, impacting the charge transport in and between the
electrodes in the EDLC layer.
EIS was conducted to obtain information on the electro-

chemical properties of the synthesized perovskites. The
analysis was performed at different potentials, and the
equivalent circuit adjustment was constructed based on the

Figure 9. Time vs voltage (a), specific capacity vs voltage (b), and Ragone’s plot (c) for the SC devices employing SSO, SSO:Cu1, SSO:Cu2.5, and
SSO:Cu5 as electrode materials.

Figure 10. Dunn method analysis of capacitance contribution for
SSO:Cu2.5: the histogram depicts the contribution ratio of capacitive
effect and diffusion-controlled processes at various scans (a), and
charge contribution of the capacitive effect and diffusion-controlled
process at 10 mV s−1 (b).
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Nyquist plots for all four samples, as shown in Figure 11. The
designed circuit consists of R1, which represents the equivalent
series resistance (ESR or RS) that shows the resistance between
the electrode and the electrolyte, C1 represents the charge
storage due to EDLC and pseudocapacitance, R2 is the charge
transfer resistance, C2 is the pseudocapacitance, W3 is the
Warburg element that represents the ion diffusion, and R3 is
leakage resistance.
Table 2 summarizes the equivalent circuit fit results. A major

decrease in the equivalent series resistance (ESR measured by

R1) was observed postdoping Cu into the SSO structure. ESR
includes the material’s and electrolyte’s ionic, intrinsic, and
contact resistance. The decrease in ESR shows the effect of the
dopant on the overall performance of SSO. Additionally, a
significant increase in capacitance at the interface is observed
from the rise of the C1 parameter in the results.
Upon comparing the electrochemical properties of the

designed supercapacitors, the improved performance observed
for the Cu-doped SSO materials is primarily attributed to the

doping process, which results in a material that consists
predominantly of the perovskite SrSnO3, with minimal
formation of undesired phases. This behavior can be analyzed
by examining the concentration of the perovskite and SrCO3
phases present in the materials estimated by Rietveld
refinement. The contribution of these phases to specific
capacitance (CS), energy density (ED), and power density (PD)
in the materials can be understood as shown in Figure 12.
Figure 12a−c shows that an increase in the concentration of

the primary perovskite SrSnO3 phase corresponds to higher CS,
ED, and PD values. Interestingly, the SSO:Cu2.5 material,
which contains an intermediate dopant concentration, exhibits
the best electrochemical performance. This superior behavior
is largely due to its composition, which consists almost entirely
of the main perovskite phase (∼96.81%).
Conversely, despite SSO:Cu5.0 having the highest dopant

concentration, it contains a greater proportion of the SrCO3
(∼15.22%) compared to SSO:Cu2.5. This indicates that a
higher concentration of the main perovskite phase enhances
the doping efficiency and improves the electrochemical
performance in Cu-doped materials. In contrast, the increased
presence of the SrCO3 secondary phase adversely affects
performance (Figure 12d−f). Evidently, SrCO3 has a
detrimental impact on the electrochemical properties in the
supercapacitors.
To further investigate the potential application of

SSO:Cu2.5 in operando, we succeeded in constructing a
device composed of this material connected with a red light-
emitting diode (LED), as shown in Figure 13 and the
Supporting Video. The LED maintained a bright light for over
90 s, which reflects the material’s voltage-holding capability. All
samples could hold a 1.5 V potential, while SSO:Cu2.5

Figure 11. Nyquist plots for the SCs with electrodes of SSO (a), SSO:Cu1 (b), SSO:Cu2.5 (c), and SSO:Cu5 (d) materials, and Z-fit results based
on the equivalent circuit model shown in the inset.

Table 2. Z-Fit Parameters Obtained after Fitting the
Potentiostatic Electrochemical Impedance Spectroscopy
(PEIS) Curves with the Equivalent Circuit Presented in the
Inset of Figure 11a

SSO SSO:Cu1 SSO:Cu2.5 SSO:Cu5

R1 (Ω) 614 46.5 16.4 40.5
C1 (μF) 20.7 48.6 590 190.5
R2 (Ω) 1.4 61.7 23.8 3.3
C2 (μF) 0.32 5.16 28.9 10.3
R3 (Ω) 0.8 431.9 73.8 1.2
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maintained a 1 V potential for the test period (150 s), higher
than the required potential to light up the LED (0.8 V). The
lower potential value of SSO:Cu2.5 is due to its lower
resistance compared to the other studied samples.
The material generally provides a reliable and balanced

performance in terms of specific capacitance, power, and
energy density. Table 3 compares the performance of the
proposed Cu-doped SSO with other systems based on
perovskite-type oxides (SrSnO3/rGO, BiFeO3:Cu, SrRuO3/
rGO, SrTiO3, SrMnO3:Ba, and LaxSr1−xCoO3) as well as other
tin-based materials with an ilmenite-type structure such as
MnSnO3, MnSnO3/rGO, FeSnO3, and NiSnO3.

17,19,83,84

Upon comparing perovskite-based electrodes, while the
specific capacitance and energy density are lower than those
reported by Elmushyakhi and Alqahtani,20 who used SrSnO3/
rGO (SSO/rGO) nanohybrid composite material in their
work, the power density is substantially higher. The integration
of rGO in their work resulted in a significant increase in
specific capacitance and energy density. Cao et al.81 used a

Figure 12. Contribution of the phases SrSnO3 perovskite and SrCO3 on the performance of the Cu-doped SSO samples as supercapacitors,
considering the (a, d) CS-specific capacitance, (b, e) ED-energy density, and (c, f) PD-power density.

Figure 13. Voltage holding experiments using the undoped and Cu-
doped SSO samples. The inset demonstrates the applicability of the
supercapacitor devices, where an LED was powered for more than
one min.

Table 3. Comparison between the Performance of Different Perovskites and Other Tin-Based SC Devices and the Best
Working SC Based on SSO:Cu2.5a

E1 E2 CS (F g−1) ED (W h kg−1) PD (W kg−1) ref

BiFeO3:Cu AC 169 4.71 2.66 80
SrMnO3:Ba AC 423 37.3 400 10
Bi1−xCuxFeO3 AC 732 37.25 752 33
LaxSr1−xCoO3 AC 747.45 27.7 500 81
SrTiO3 symmetric 212.5 27.8 1921 6
SrRuO3/rGO symmetric 160 13.9 78100 82
NiSnO3 AC 742 45 1.25 83
FeSnO3 AC 2853 45 1.25 83
MnSnO3 symmetric 0.1 10 22 19
MnSnO3/rGO symmetric 372 84
SrSnO3/rGO symmetric 1385 66 293 20
SrSn0.975Cu0.025O3 (SSO:Cu2.5) symmetric 613 25.42 32757 this work

aE1 and E2, electrodes; AC, activated carbon; CS, specific capacity; ED, energy density; and PD, power density.
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complex system of lanthanum cobaltite nanofibers in
combination with activated carbon (AC) to design an
asymmetric supercapacitor, and they reported an increase in
specific capacitance and energy density. Galal et al.82 reported
a significant increase in power density in their work using a
SrRuO3/rGO composite structure, with lower specific
capacitance and energy density compared to other material
systems.
The structure modification of SrSnO3 by Cu doping herein

successfully improved the specific capacitance and energy
density without altering the power density to a high degree
compared to other perovskite systems, as depicted in Table 3.
The mixed valence exchange of tin (Sn4+/Sn3+) and copper
ions (Cu2+/Cu+) as well as the formation of oxygen vacancies
due to the Cu2+/Sn4+ substitution enhanced the charge transfer
and mobility in the system. Specifically, capacitive behavior in
undoped SSO perovskite was associated with the presence of
mixed Sn4+/Sn3+ states and oxygen vacancies. In contrast, the
increase of mixed valence cations such as Cu2+/Cu+ and the
structural distortions apparently facilitate faster charge
diffusion and an enhanced capacitive behavior in Cu-doped
SSO systems. Furthermore, the presence of a lower amount of
SrCO3 as a secondary phase minimizes internal resistance,
leading to efficient transport throughout the entire electrode/
electrolyte interface, and thereby improving the performance of
the superconductor. A schematic representation of the
designed symmetric supercapacitor devices (SCs) based on
the electrode materials of SSO and SSO:Cu perovskites with
their corresponding redox-mediated processes is depicted in
Scheme 2.

■ CONCLUSIONS
SSO and SSO:Cu perovskites were successfully prepared by a
modified Pechini method. The samples adopted an ortho-
rhombic distorted Pbnm structure after calcination at 900 °C,
presenting SrCO3 as a secondary phase. A lower amount of
SrCO3 present in the SSO doped with 2.5%mol Cu2+
(SSO:2.5), synergistically with a distorted structure, the

presence of mixed valence cations and oxygen vacancies
induced by the doping aligned with the surface charge
potential offer more active sites for the electrode−electrolyte
interface, resulting in enhanced electrochemical performance
and improved specific capacity. Specifically, mixed valence
states of Sn3+/Sn4+ in SSO and Cu+/Cu2+ in SSO:Cux samples
introduce oxygen vacancies and structural distortion, which
improve ionic transport, which in turn boosts the electro-
chemical performance. Interestingly, a higher amount of SrCO3
in the samples hinders the rapid ionic charge transport
between the electrode−electrolyte interfaces. Symmetric cell
devices were constructed with SSO:2.5 as an electrode
material, achieving a high energy density of 25.42 W h kg−1

and a remarkably high-power density of 32,757 W kg−1, far
superior to other perovskite materials. Therefore, we highlight
that SSO:Cu2.5 (SrSn0.975Cu0.025O3) is a new, efficient, and
promising perovskite material for applications in the energy
storage field.
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