A \

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Unraveling the Anion Storage Properties of Manganese-Doped
SrTiO,

Dushyant K. Sharma, Susanta S. Roy,* and Binson Babu*

Cite This: ACS Omega 2024, 9, 47332-47341 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Strontium titanate (STO), a cubic perovskite material, has gained 0.25Ag" ——STO
recent attention as a supercapacitor active material with its pseudocapacitive energy 0.2 7 —>—Mn-STO
storage attributed to anion intercalation. However, very few in-depth studies have
been conducted to understand the anion storage properties of STO and its metal-
doped derivative compounds. In this study, we explored the anion-insertion storage
mechanism of Mn-doped strontium titanate (Mn-STO) compared to pristine STO.
The polycrystalline Mn-STO, synthesized via solid-state reaction, showed 3-fold times
higher electrochemical surface area and exhibited enhanced anion storage compared
to pristine STO. Detailed anion kinetics and diffusion studies reveal that the anion
storage in Mn-STO is dominated by the bulk diffusion-controlled pseudocapacitive !
process than in STO. Further, the supercapacitor fabricated with Mn-STOina3 M  06+—T—T—7—Tr—T 1 t—
KOH aqueous electrolyte with 0.1 M MnSO, additives demonstrated excellent cycling 0 20 40 60 80 100 120 140 160
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stability, retaining 100% capacitance after 10,000 cycles, highlighting the potential of me (¢)

Mn-STO as an electrode material for supercapacitor applications.

1. INTRODUCTION surface area.”””* Ni, Cr, etc., are some of the dopants that
. . 22,25

Perovskite materials, having the formula of ABO,, where A is enhance the electrochemical properties of STO. Cao et

20 . . . .
the alkali earth metals/lanthanoids and B is the transition al.”” synthesized flexible Ce-doped SrTiO; (SrCe,Ti;_,O5)

metal, have recently received greater attention for energy nanofiber perovskite films (SCTO-x) through the electro-
storage applications due to their unique structural and spinning method coupled with low-temperature sintering
chemical compositions.'™® Moreover, it provides the possi- technology, exhibiting a very high specific capacitance of
bility to tune the physical and electrochemical properties of the 1809.4 F g™ at a current density of 1.875 A g™'. Recently, we
material by substituting multivalent ions at both A and B have reported chromium doping on STO through the solid-
sites.”™"* Further, the inherent oxygen vacancies and ionic state method, which displayed improved pseudocapacitive
conductivity of the perovskites show the potential of storing nature due to the oxygen anion intercalation, and the
anions over cations.'*”'® Even though electrochemical oxygen fabricated symmetrical supercapacitor in an aqueous alkaline
intercalation was discovered in perovskites way back in the electrolyte displays enhanced storage properties with excellent
1990s,'* a systematic study of oxygen intercalation was first cycling stability.””
conducted by Mefford et al. in nanostructured LaMnO," for In the present work, for the first time, we are investigating
fast energy storage application. Later, different perovskite the electrochemical properties of manganese-doped SrTiO,
oxides, including LaNiO;,'" LaNiO;_s;> CaTiOs,’ (Mn-STO) in an aqueous electrolyte for the application of
SrCogsNby;0;_5 " etc, are found to be suitable for the supercapacitors. Due to the matching of the ionic radii of Mn**
application of supercapacitors by storing charge through the (0.053 nm) with Ti*" (0.061 nm), it is possible to substitute
mechanism of oxygen anion intercalation. Mn** with Ti** without creating much change in the crystal
Strontium titanate (SrTiO3, STO) is another type of cubic- structure and tolerance factor (t = 1.041). Further, the

structured perovskite material, having a Goldschmidt tolerance
factor “t” of 1, recently explored as a potential active material
for supercapacitors, exhibiting pseudocapacitive energy storage
nature, which is attributed to the oxygen intercalation
mechanism.'””" Nevertheless, the wide band gap of STO
(3.2 €V) creates highly insulating nature, which affects its
electrochemical performance.”** Metal doping on STO is one
of the methods used to improve electrochemical performances
due to the increased electronic conductivities, creating more
oxygen vacancies and hence enhancing the electrochemical

multivalency of Mn*" and the defects/oxygen vacancies created
during doping can enhance the electrochemical performance.
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Figure 1. (a) Powder XRD pattern of the STO and Mn-STO samples. (b) Magnified view of the 110 plane showing a peak shift in Mn-STO. (c)
Comparison of Raman spectra of STO and Mn-STO. (d) UV—visible spectra of STO and Mn-STO and (e) corresponding Tauc's plot to find the

band gap. (f) EPR spectra of STO and Mn-STO.

Here, we are conducting a partial 5% Mn substitution through
the solid-state method to synthesize Mn-STO (tolerance factor
t = 1.001) and conducting various characterization techniques
to elucidate the structural, morphological, and chemical
compositions of the synthesized material. Detailed electro-
chemical characterizations of Mn-STO compared with STO
are performed to evaluate the electrochemical performance,
charge storage mechanisms, and kinetics. Further, the
fabricated Mn-STO-based symmetric supercapacitor displays
a good electrochemical performance with a high cycling
stability of 100% capacitance retention over 10,000 cycles.

2. EXPERIMENTAL DETAILS

2.1. Preparation of STO and Mn-STO. The SrTiO,
sample was synthesized via a solid-state reaction by mixing
SrCOj; (Alfa Aesar, 99.99%) with TiO, (Alfa Aesar, 99.99%) in
a specific proportion. The mixture was then crushed and
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calcined at approximately 1050 °C for 12 h. Afterward, the
resulting powder was manually ground and sintered at around
1350 °C for 24 h. After synthesizing SrTiO;, 5% MnO, powder
was added stoichiometrically, followed by calcination and
sintering at 1050 and 1350 °C, respectively, producing 5% Mn-
STO.

2.2. Material Characterization. The phase and crystal
structure of the prepared samples were determined by using X-
ray diffraction (Bruker D-8, K,, 4 = 1.5406 A). Raman spectra
and UV—vis optical spectra were recorded using an Andor
Raman spectrometer 5.2 with a 532 nm laser source and a
Shimadzu spectrophotometer (UV—vis 3700), respectively.
Field emission scanning electron microscopy (FESEM) and
energy dispersive X-ray analysis (EDX) (FESEM, JEOL7200)
were employed to analyze the surface morphology as well as
particle size and elemental composition of the samples,
respectively. The morphology and polycrystalline nature of

https://doi.org/10.1021/acsomega.4c08911
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the sample were confirmed by using transmission electron
microscopy (TEM) (JEOL JEM2100 PLUS, 200 kV). Electron
paramagnetic resonance (EPR) spectroscopy was carried out
using a JEOL (X320, X band). The chemical state and
composition of the samples were calculated by using X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher Scientific
system at an operating voltage of 12,000 V).

2.3. Electrochemical Characterization. The electrodes
were prepared by using the active material (STO and Mn-
STO), activated carbon (Sigma-Aldrich, 99.99%), and poly-
(vinyl difluoride) (pVdf) (Thermo Fisher Scientific (SDS),
99.99%), mixed at a mass ratio of 70:20:10, with N-methyl-2-
pyrrolidone (Sigma-Aldrich 99.95%). The resulting slurry was
uniformly coated onto a stainless steel disk current collector
with a mass loading of ~2.1 mg/cm’ After coating, the
electrode was dried in the vacuum oven at 120 °C for 12 h.
The electrochemical surface area of the active materials was
evaluated using a three-electrode configuration, with Ag/AgCl
as the reference electrode and platinum wire as the counter
electrode, in S X 107> M potassium ferro/ferricyanide in a 0.1
M KCI electrolyte. Further, the electrochemical storage
properties of both electrodes were analyzed in the half-cell
and full-cell configuration using a 3 M KOH alkaline aqueous
electrolyte by using an Origalys multichannel electrochemical
workstation and Neware BTS4000 (S V, 20 mA). Various
electrochemical characterizations, such as cyclic voltammetry,
galvanostatic charge—discharge, and electrochemical impe-
dance spectroscopy, were conducted to evaluate the perform-
ance of STO and Mn-STO.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The solid-state reaction
method was employed to synthesize pristine STO and Mn-
STO powders, as outlined in Section 3. The X-ray diffraction
(XRD) measurements reveal the phase purity and crystal
structure of the synthesized powder samples. The XRD pattern
obtained for both synthesized STO and Mn-STO powders in a
20 range of 20—90° (Figure la) indicates the phase pure
single-phase cubic perovskite structure with a space group of
Pm-3m (exactly matching with JCPDS file no. 350734).”” The
rightward shift of the 110-plane diffraction peak toward higher
angles (Figure 1b), along with the reduction in the lattice
constant and corresponding lattice volume, as determined from
the Rietveld refinement of the XRD spectra (Figure Sla,b and
Table S1), is attributed to the partial substitution of Mn*" by
Ti*" at the B-sublattices in the ABO; perovskite structure of
Mn-STO. This peak shifting and the lattice contraction are due
to the smaller ionic radii of Mn** (~0.53 A) compared to Ti*"
(0.61 A), respectively.”™>’

Raman spectroscopy was utilized to probe the vibrational
modes of the synthesized materials, which provides informa-
tion regarding the local symmetries, crystallographic defects,
and distortions at the molecular level.”® Figure lc shows the
room-temperature Raman spectra of STO and Mn-STO.
Pristine STO, which has an ideal cubic perovskite structure,
displays two broad bands centered at ~320 and 670 cm ™" as a
result of the second-order Raman scattering process.”*”' >
Since the pristine STO cubic perovskite structure has complete
inversion symmetry, the first-order Raman scattering is not
visible in agreement with the selection rules.>® However, in
Mn-STO, due to lattice distortion, local loss of inversion
symmetry, and structure disorder, the previously Raman-
forbidden modes in STO become active in Mn-STO, resulting

in new modes at ~113, 144, 435, and 540 cm™'.******%" The
presence of multiple cations (Mn*/Ti*) at the B-site of the
ABO; crystal structure, where A represents the metal cation, B
the transition metal, and O the oxide of Mn-STO, generates a
sharp peak at ~749 cm™' along with two shoulder peaks at
~735 ecm™! and ~777 cm™'. These are assigned to the Alg
mode, representing the short-range ordering of ions at the B-
site 363842

The electronic transitions and the band gap of pristine STO
and Mn-STO were investigated by employing UV—Vis optical
spectroscopy. The absorption spectra of both materials display
strong absorption in the UV region (Figure 1d). The flattening
of the Mn-STO absorption curve compared to the sharp
absorption peak in pristine STO (~337 nm) indicates
increased light absorption in the visible region due to
predominant Mn** doping.”” Further, the substitution of
Mn*" for Ti** narrows the band gap, which is estimated from
Tauc’s plot, where pristine STO shows a wide band gap of
~3.2 eV, whereas Mn-STO shows a reduced gap of ~2.5 eV
only (Figure le). This narrower band gap indicates that Mn**
occupies Ti*" sites without affecting Sr** sites.””*’ The
substitution of Mn*" in the Ti* octahedral site in Mn-STO
is further confirmed by the sextet structure shown in the
electron paramagnetic resonance (EPR) spectra (Figure 1f),
which is due to the hyperfine splitting of 74 Oe at the Lande g-
factor of 1.98.%*%

The morphology of the synthesized pristine STO and Mn-
STO was characterized by using field emission scanning
electron microscopy (FESEM). The FESEM images display
agglomerated inhomogeneous particle distribution with
arbitrary size and shape in both samples (Figure 2a,d).

Figure 2. FESEM images of (a) STO and (d) Mn-STO. TEM images
of (b, ¢) STO and (e, f) Mn-STO (inset figures display the SAED
pattern of STO and Mn-STO).

Further, EDAX spectra and elemental mapping of both pristine
STO and Mn-STO confirm the presence of Sr, Ti, and O
elements, and the Mn incorporation is visible in Mn-STO
(Figures S2 and S3 and Table S2). Transmission electron
microscopy (TEM) displays the two-dimensional morphology
of both samples (Figure 2b,c,e,f), further confirming the
arbitrary particle size, and the selected area electron diffraction
(SAED) pattern (insets of Figure 2b,e) reveals the polycrystal-
line nanocrystalline nature of both samples, which is
corroborated by the XRD pattern (Figure 1a).

X-ray photoelectron spectroscopy (XPS) was used to
investigate the chemical composition and oxidation state of
the synthesized materials. The purity of both pristine STO and
Mn-STO is further confirmed by the XPS survey scan (Figure
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Figure 3. High-resolution deconvoluted XPS spectra of (a) Sr 3d, (b)Ti 2p, (c) O 1s, and (d) Mn 2p in STO and Mn-STO and (e) corresponding

atomic percentage of the elemental compositions.

S4). Figure 3 compares the high-resolution deconvoluted XPS
spectra of Sr 3d, Ti 2p, O 1s, and Mn 2p in both materials, and
their corresponding binding energy of different spin—orbit
coupling states is shown in Table S3. The atomic weight
percentage (Figure 3e) evaluated shows a Mn doping of
~4.03% in Mn-STO, distorting ~3.7% of Ti 2p'" and ~0.12%
of Sr 3d, suggesting the predominant substitution of Mn** for
Ti* over Mn®* for Sr**. The deconvoluted spectra of Sr 3d
(Figure 3a) illustrate the double split of the Sr** oxidation state
into Sr 3ds,, and Sr 3d;/, peaks at the binding energies of
132.58 and 134.28 eV, respectively, with a peak difference of
1.7 eV.*® However, in Mn-STO, a slight red-shift of ~0.56 eV
for Sr 3ds), (132.02 eV) and ~0.53 (133.75 eV) for Sr 3d;), is
observed, which is due to Mn incorporation in the STO lattice.
Further, compared with the pure STO, a lower shifting of
~0.41 and ~0.33 eV is observed in the Ti 2p;,, and Ti 2p,,,
split of Ti 2p, respectively, in the Mn-STO sample (Figure 3b).
This indicates the formation of Ti** in the Mn-STO crystal
lattices.”” The deconvolution of high resolution of the O 1s
peaks shows the presence of adsorbed —OH/O, molecules,
which are found to be more in Mn-STO than in STO, as
evidently shown from the split peaks centered at 530.27 and
530.04 eV, respectively (Figure 3c). This points out the
possibility of formation of increased surface defects in Mn-
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STO as it can adsorb more —OH/O, species, which might
bring higher electrochemical surface area compared to the
pristine STO material.’® Moreover, the presence of Mn>* in
Mn-STO, as evident from the respective Mn 2p;, (641.39 eV)
and Mn 2p,,, (653.06 eV) split peaks (Figure 3d), increases
the conductivity of the material, which is also reflected in the
band gap decrease investigated from the UV-—visible
absorption spectra in addition to the contribution of Mn*
(Figure 1d,e).

3.2. Electrochemical Characterization. Cyclic voltam-
metry was utilized to investigate the electrochemical surface
areas of both pristine STO and Mn-STO in a three-electrode
setup, as described in Section 2. The electrochemical surface
area, estimated from the Randel—Sevick equation,51 shows a
significant increase in Mn-STO (1.0358 mm*) compared to
pristine STO (0.3398 mm?) (Figure SS). This enhancement is
attributed to the defects created in STO during manganese
doping, which is corroborated by XPS results indicating
increased adsorption of —OH/O, species in Mn-STO. To
evaluate the electrochemical performance of the synthesized
materials, here, we utilized a 3 M KOH aqueous electrolyte
solution. The rationale behind using an alkaline 3 M KOH
aqueous electrolyte is evident from the high-area cyclic
voltammogram exhibited by pristine STO compared to other
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Figure 4. Comparison of (a) galvanostatic charge—discharge curve and (b) cyclic voltammogram of STO and Mn-STO in a half-cell configuration
in an aqueous 3 M KOH electrolyte. (c) Cyclic voltammogram at different scan rates of the Mn-STO half-cell. (d) Anodic (upper panel) and
cathodic (lower panel) b-values at different electrode potentials of STO and Mn-STO electrodes. (e) Plot showing the “specific capacitance” vs
v~'/2 (left panel) and “inverse of specific capacitance” vs v'/* (right panel) of Mn-STO electrodes used to calculate the surface charge storage and
total charge storage by using Trasatti et al.’s method. The cyclic voltammogram at 10 mV s™" differentiates the diffusion current contribution and
nondiffusion current contribution (shaded region) of (f) Mn-STO and (g) STO electrodes. Histogram showing the diffusion and nondiffusion
charge storage contribution (%) in (h) Mn-STO and (i) STO electrodes at different scan rates.

neutral electrolytes (Figure S6). This improved electro-
chemical performance in alkaline electrolytes can be attributed
to the oxygen anion intercalation facilitated by the presence of
OH™ ions in the electrolyte.”> Further, the electrochemical
performance of Mn-STO electrodes in the alkaline aqueous 3
M KOH electrolyte is analyzed by invoking the galvanostatic
charge—discharge and cyclic voltammetry experiments in a
three-electrode setup, where Ag/AgCl and platinum wire are
the reference and counter electrodes, respectively, and is
compared with that of the pristine STO electrodes. The
charge—discharge curves and cyclic voltammograms, recorded
within the potential window of —0.6 to 0.2 V vs Ag/AgC],
show a clear improvement in the Mn-STO electrodes
compared to pristine STO (Figure 4a,b). This enhancement
is attributed to the increased electrochemical surface area
(Figure S5) and higher electronic conductivity, as evidenced
by the lower band gap in Mn-STO (Figure le). Further, the
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quasi-rectangular shape of the cyclic voltammogram displayed
by both STO and Mn-STO electrodes indicates the presence
of both diffusion- and nondiffusion-controlled ion storage
kinetic processes that can be evaluated from the cyclic
voltammogram taken at different scan rates (Figure 4c and
Figure $7).”°7°° The qualitative analysis of diffusion- and
nondiffusion-controlled ionic kinetics can be evaluated from
the b-value by utilizing the power law.”” >’

(1)

where i is the dependent current as a function of sweep rate, v
is the sweep rate, and a and b are the adjustable parameters.
The lower anodic and cathodic b-values at different potentials
in Mn-STO compared to STO (Figure 4d), estimated from the
linear fitting of log(i) vs log(v) (Figure S8), show the
prominent diffusion-controlled ion transfer process in Mn-
STO due to the high bulk nonsurface-controlled pseudocapa-

b
1= av
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Figure 5. Comparison of (a) galvanostatic charge—discharge curve at a current density of 0.25 A g™" and (b) cyclic voltammogram at a scan rate of
10 mV 57! of STO and Mn-STO symmetric cells in a 3 M KOH aqueous electrolyte. (c) Galvanostatic charge—discharge at different current
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aqueous 3 M KOH electrolyte up to 10,000 cycles.

60,61

citive nature. This can be further empirically verified by

Trasatti et al’s method,””>®® with an assumption that the
total charge stored is contributed by the surface capacitive and
bulk volume components. The surface and bulk ion-storage
contributions can be differentiated from the surface ion storage
and total ion storage calculated by extrapolating the sweep rate
to infinity and zero, respectively, in the “specific capacitance”
vs v 1/2 (Figure 4e, left panel, and Figure S9a) and the “1/
specific capacitance” vs v'/? plots (Figure 4e, right panel, and
Figure $9b).*”%* The ion-storage calculation from Trasatti et
al.’s method shows that the bulk ion storage is ~4% higher in
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Mn-STO (~90% of the total capacitance) than in pristine STO
(~86% of the total capacitance).

The diffusion- and nondiffusion-controlled processes can be
further evaluated quantitatively by making the assumption that
the total current at every potential is contributed by the
nondiffusion “k;v” and diffusion “k,v"/*” current.””*>~%’

i(V) = kp + kp®® (2)

By rearranging, we get

i(V) 05
E =ky " + ky 3)
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where k; and k, are the nondiffusion and diffusion current
coeflicients, estimated from the “slope” and “y-intercept”,
respectively, of the linear plot (Figure S10a—d) generated from
Figure 4. The analysis further showed the increased diffusion-
controlled storage process in Mn-STO with only ~27%
(shaded area, Figure 4f) nondiffusion contribution compared
to STO, which shows ~34% (shaded area, Figure 4g)
nondiffusion current contribution at a scan rate of 10 mV
s~". The histogram displays the quantitative differentiation of
diftusion- and nondiffusion-controlled processes in Mn-STO
(Figure 4h) and STO (Figure 4i), respectively, indicating an
increase in the nondiffusion processes with scan rates.
However, overall, in all scan rates, the diffusion process is
predominant in Mn-STO than in STO. This again shows the
reason for the increased bulk pseudocapacitive nature in Mn-
STO than in STO, which can be attributed to the increased
defects that occur in Mn-STO that can provide more sites to
—OH/O, species, which can contribute higher oxygen anion
diftusion storage along with cation storage.

A symmetrical supercapacitor using Mn-STO and STO
materials was fabricated in a 3 M KOH alkaline electrolyte, and
its electrochemical performance was evaluated through
galvanostatic charge—discharge and cyclic voltammetry meas-
urements within a voltage window of 0—1 V. The high charge/
discharge time in the voltage profile (Figure Sa) and the large
geometrical area of the cyclic voltammogram (Figure Sb)
demonstrate that the Mn-STO symmetric cell delivers superior
electrochemical performance compared to the STO symmetric
cell. Further, the specific capacity (C, 4 =2 X I, x At, C

= % Fg™) at
the current density (Ig) of 0.25 A ¢! and the scan rate (v) of
10 mV s~' show an approximately 2-fold rise in Mn-STO
(Ceca=~325Cgland Cy ., = ~155 F g7') than the
pristine STO (Cy. g = ~18 C g™' and C,. o, = ~8 F g7!)
symmetric cell.”*”"° At higher current densities (Figure Sc and
Figure S1la) and scan rates (Figure 5d, S11b), the specific
capacity (Figure S12a) and average specific capacitance
(Figure S12b) of the Mn-STO cells are found to be decreasing
fast compared to those of pristine STO, which is due to the
high diftusion-controlled storage processes in Mn-STO
material. Moreover, the stability studies at a current density
of 1 A g' show that Mn-STO undergoes capacitive
degradation and retains only ~67% of the initial capacitance
(Figure Se). This large capacitance degradation is due to the
presence of Mn’* in the crystal lattice of STO in Mn-doped
STO, which is evident from the XPS data (Figure 3d), which
undergoes a Jahn—Teller effect and is disproportionated into
Mn*" and Mn?* ions. The formed Mn*" ions are dissolved in
the strong alkali electrolytes (3 M KOH), forming bonds with
the OH -coordinated complex and creating Mn(OH),
compounds, leading to large capacitance degradation.”'”"”
Utilizing a Mn*" additive in the aqueous electrolyte is one of
the methods to suppress the Mn?* dissolution, which
suppresses the migration of Mn®** from the electrode to the
electrolyte.”*™”” Thus, the use of an alkaline aqueous 3 M
KOH electrolyte with 0.1 M MnSO, results in improved
cyclability, where the Mn-STO symmetric supercapacitor
retains 100% initial capacitance even after 10,000 cycles with
100% Coulombic efficiency (Figure 5f), and the device stability
is again ensured from the negligible change in the electro-
chemical impedance spectra taken before and after the cycling
stability test (Figure S13). In short, the Mn-STO materials

g™') and average specific capacitance (C,
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show a better pseudocapacitive electrochemical performance
than pristine STO, which can be a potential electrode material
for supercapacitor devices in suitable electrolytes.

4. CONCLUSIONS

This work reveals, for the first time, the anion storage
capability of Mn-doped STO compared with pristine STO.
The solid-state synthesized materials exhibit a pure cubic
crystalline structure that remains unaltered by Mn doping.
Different characterization techniques, such as XRD, EDAX,
XPS, and EPR, confirm the successful partial substitution
(~4%) of Mn*" for Ti*" in the STO crystal lattice, reducing the
UV—Vis optical band gap from ~3.2 eV in pristine STO to
~2.5 eV in Mn-STO. Additionally, the synthesized Mn-STO
material shows the presence of Mn®" and defective sites
capable of adsorbing more OH™/O, species, thereby exhibiting
enhanced electronic conductivity and a 3-fold increase in
electrochemical surface area. The half-cell electrochemical tests
in 3 M KOH show Mn-STO electrodes outperforming pristine
STO, with ~73% of the process being diffusion-controlled
compared to ~66% for pristine STO at a scan rate of 10 mV
s~'. This indicates enhanced pseudocapacitive anion storage in
Mn-STO due to increased defect sites from doping.
Furthermore, the symmetric supercapacitor fabricated with
Mn-STO exhibited ~1.8 times higher specific capacitance than
the pristine STO supercapacitor. Moreover, the cycling
stability of the Mn-STO supercapacitor is improved with 0.1
M MnSO, electrolyte additives, achieving 100% capacitance
retention after 10,000 cycles. This study investigates the
pseudocapacitive anion storage properties of Mn-doped STO
material in alkaline aqueous electrolytes, highlighting its
potential application in electrochemical supercapacitors. More-
over, the increased diffusion-controlled process for anion
insertion after Mn doping in STO may be a common
characteristic of metal-doped perovskites. To support this
hypothesis, further fundamental research comparing cation and
anion storage in both undoped and metal-doped perovskites is
needed.
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