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Abstract: In this paper, the sol-gel method was used to synthesize powders of LaMnOs (LMO),
LaossCao1sMnOs (LCM), and LaossSroisMnOs (LSM). We investigated the impact of substituting Ca
and Sr at the A-site on the perovskite crystal structure and electrochemical capabilities of LMO.
LCM retained its orthogonal structure in comparison to the parent LMO components, whereas LSM
transitioned to a rhombic structure. At 0.5 A/g, the specific capacitance of LCM and LSM electrodes
is 185.5 F/g and 248 F/g, respectively.The specific capacitance of LCM was more three times than
that of the LMO electrode. Among the three samples (LMO, 22.25 m? g*'; LSM, 31.56 m? g'), the
LCM sample exhibited the highest specific surface area of 38.79 m? g. The charge transfer
resistances of the LMO, LCM, and LSM are 0.48 (3, 0.36 (3, and 0.38 (), correspondingly. The LCM
electrode exhibits the greatest capacitance performance due to its more refined morphology,
increased concentration of oxygen vacancy, and more complete utilization of the perovskite bulk
structure. The above results demonstrate that Ca or Sr substitution of A—site compounds has great
potential for supercapacitor applications.

Keywords: perovskite; crystal structure; electrochemical performance; LaMnOs

1. Introduction

With the increasing depletion of traditional energy sources, it is urgent to find effective energy
storage equipment [1]. Supercapacitors have gained increased focus in recent times because of their
rapid charging, impressive power density, and extended lifespan. Nonetheless, the practical
applications of supercapacitors are restricted due to their limited energy density. Consequently,
numerous investigations were carried out to enhance the energy density of supercapacitors [2—4]. The
energy storage performance of supercapacitor depends on the electrode materials [1,5]. Usually, there
are three categories of electrode materials, specifically carbon substances, conductive polymer, and
transition metal oxides [5-8]. Transition metal oxides, in comparison to carbon materials, exhibit a
greater energy density and superior cycling stability when compared to conductive polymers.
Consequently, transition metal oxide materials are widely used as electrode materials for
supercapacitor [8-14].

LaMnO:s is a perovskite material with an ABO:s structure, belonging to the space group Pm3m.
In this structure, La is located at the A site in the cubic cell center, while Mn is situated at the B site
in the octahedral center. Mn is connected to six oxygen ions in a coordinated manner [7,13,15].The
perovskite compounds exhibit minimal B-site cation defects and interstitial oxygen [16], unlike
perovskite materials containing B atoms (e.g. Manganese or Titanium possess a significant amount
of imperfections in the A-site ions while upholding a consistent structure [17]. Thus, A-site cation
defects and oxygen anion vacancies are the main defects in perovskite materials.Pseudocapacitance
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relies on oxygen vacancies within perovskite as locations for storing charges [18]. According to the
findings, it is primarily the pseudocapacitance resulting from the intercalation of oxygen anion that
contributes significantly to the high specific capacitance of perovskite materials [1].The performance
of pseudocapacitance is not solely dependent on the presence of oxygen vacancy, but also on the
pathway of electron transfer or electron conductivity [19]. Hence, enhancing the concentration of
oxygen vacancies can optimize the specific capacitance of perovskite materials [20,21].

The structural distortion of the perovskite occurs due to the partial compensation of charge
imbalance caused by the Mn* ion, as stated by the Jahn-Teller effect [22]. The arrangement of
perovskite's molecular structure was found to significantly affect the concentration of oxygen
vacancies, the diffusion of O%, and the resulting electrochemical capabilities. Wang et al investigated
LSM as an electrode material for supercapacitors and found that the specific capacitance of LSM
electrodes was higher (205 F/g) than that of LMO (178 F/g) at the same scan rate [5]. According to the
findings of Lang et al, the electrochemical performance of Lai+Sr-MnOs was improved by the
presence of a loosely organized granular structure, as reported in their study [21]. In their study, Mo
et al showed that the replacement of Ca? ions significantly increased the specific capacitance of
LaMnQOs, with a maximum value of 170 F/g [7]. It is important to mention that the radius of Ca ion
(rcas = 0.99 A) is slightly less than the radius of La ion (r.s+ = 1.06 A), whereas the radius of Sr ion
(rs2+=1.13 A) is comparatively greater than that of La ion. Consequently, the incorporation of Ca and
Sr elements has distinct impacts on both the composition and electrochemical properties of LaMnQOs.
Several studies have reported the structural development and electronic behavior of Lai«M:MnOs (x
=0, 0.15; M = Ca, Sr) [23,24]. However, there is a lack of discussion regarding the electrochemical
performance, which is closely associated with the assessment of the structure.

In this work, LaMnOQOs, Lao.ssCa01sMnQOs, and LaossSro.1sMnOs (referred to as LMO, LCM, and LSM,
respectively) samples were prepared by the sol-gel method. We investigated the impact of
substituting Ca and Sr at the A-site on the perovskite crystal structure and electrochemical
capabilities of LMO. At 0.5 A/g, the specific capacitance of LCM and LSM electrodes is 248 F/g and
185.5 F/g, respectively.

2. Experimental section

2.1. Materials preparation

LaMnOs, LaossCao1sMnOs, and LaossSroisMnOs powders were synthesized using the sol-gel
method. No additional purification was necessary as the chemicals and solvents employed were of
analytical quality. Initially, La(NOs3)3:6H20, MnClz, Sr(NOs), and Ca(NOs)2-4H20 were measured
based on stoichiometry and combined with a suitable quantity of citric acid into 30 ml of deionized
water. To acquire a transparent solution, the solution that had been prepared was placed in a
magnetic mixer and agitated for a duration of 24 hours.The transparent solution was dehydrated in
arapid oven at 80 °C for 72 hours. Ultimately, the dehydrated specimens were positioned in a furnace
and subjected to a temperature of 700 °C with a gradual increase of 5 °C per minute. They were then
maintained for 2 hours in the presence of air to yield a powdered sample with a black appearance.

2.2. Characterization

The samples that were prepared underwent analysis using X-ray powder diffraction (XRD,
Bruker D8 Advance) to determine their phases and crystal structure. The analysis was conducted
with the scanning range set at 20-60° and a scanning speed of 6°/min. The structure of the samples
that were prepared was analyzed using field emission scanning electron microscopy (Merlin
Compact, Carl Zeiss, Germany) and transmission electron microscopy (TEM, JEOL 2100F).The
samples' synthesis temperature was determined by employing a thermal analysis system called
Diamond TG/DTA, manufactured by Perkin Elmer S.A.). The specimens underwent testing with a
mass ranging from 4 to 6 milligrams and were subjected to heating up to 800 degrees Celsius at a rate
of 15 degrees Celsius per minute in the presence of air.X-ray photoelectron spectrometry (XPS) was
used to analyze the elemental composition and chemical valence of the samples using Thermo
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Scientific NEXSA. Measurements of the specific surface area were conducted using a tester
specifically designed for this purpose (BET, Micromeritics ASAP 2020).

2.3. Electrochemical measurements

To create the electrodes, a mixture of the sample (80% by weight), acetylene black (10% by
weight), and polyvinylidene fluoride (PVDF, 10% by weight) was combined with
N-methylpyrrolidone (NMP) and stirred for a duration of 24 hours. Subsequently, the homogeneous
solution was applied onto carbon paper and subjected to heating at 80 °C in a vacuum oven for 24
hours, resulting in the formation of the electrodes.An electrochemical workstation (CHI660E) was
used to test the electrodes, employing a three-electrode setup with a Hg/HgO (SCE) reference
electrode and a 3 M KOH mixture as the electrolyte. The testing included the examination of
electrochemical impedance spectra (EIS), cyclic voltammetric curves (CV), and constant current
charge/discharge point curves (GCD).

3. Results and Discussion

To determine the calcination temperature of the LMO, LCM, and LSM samples, the LaMnO:s
precursors underwent thermal gravity analysis (TG) in an air atmosphere. The analysis was
conducted within a temperature range of 30 — 800°C, with a heating rate of 15 °C/min. Figure 1a
illustrates the process. At 250 °C, the precursor's mass reduces by 20% primarily because of the
organic solvents volatilizing and gases and moisture evaporating from the specimen. A sharp
decrement in the mass of the precursor was found at 300 — 600°C. The weight remained almost
constant after the temperature higher than 600°C. Therefore, LMO precursors are subjected to a
calcination temperature of 650°C. After XRD analysis revealed the absence of synthesized LMO, the
calcination temperature was increased to 700 °C, resulting in subsequent XRD patterns confirming
the successful production of LMO.
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Figure 1. (a)TG curves of LaMnQOs precursors;(b) X-ray diffraction patterns of LMO, LCM, and LSM
samples;(c)The strongest XRD peaks for LMO, LCM, and LSM samples.

Figure 1b displays the XRD patterns of the LMO, LCM, and LSM samples after being heated at
700 °C for 2 hours. In comparison to the standard card (PDF 31-0255), every diffraction peak
corresponds to the diffraction peak of the standard card, signifying the synthesis of single-phase
LMO, LCM, and LSM samples.The diffraction peak of LCM in Figure 1c exhibits a slight shift towards
a greater angle, indicating a lattice distortion in the crystal structure. Doping causes a reduction in
the average ionic radius at point A due to the larger ionic radius of La®* (103.2 pm) compared to Ca?*
(99.0 pm). Alternating long and short A — site cation radii will lead to severe distortion of the MnOs
octahedra and severe bending of the Mn-O-Mn bond angles [25]. The significant disparity results in
lattice deformations and Jahn-Teller phenomena along the c—axis in orthorhombic crystals. It is clear
that replacing La* with a smaller Ca? reduces the lattice volume and thus increases the diffraction
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angle. On the other hand, the small change in the diffraction peak position of the LSM towards a
smaller angle indicates that increased Sr?* substitutions result in a rhombohedral structure
characterized by a significant c-value. The normal chalcogenide structure implies a significant lattice
distortion along the c—axis. The Mn?**Jahn-Teller phenomenon results in a distortion of the lattice due
to a mismatch in the oxygen octahedral structure [16,21]. Hence, the distinct structural evolution of
Ca and Sr substitution for LaMnOs may have varying impacts on the electrochemical performance
[22,23].

The SEM and TEM results of the LMO, LCM, and LSM samples are displayed in Figure 2. Figure
2a-c shows that the LMO, LCM, and LSM samples exhibit consistent grain size and fine grains in
their microstructures.The three specimens primarily contain clumped particles, with LMO exhibiting
the most rugged structure and the biggest clusters. The clusters of LCM and LSM are significantly
smaller in size when compared to the pure LMO nanoparticle sample, measuring approximately 50
nm. The LSM sample consists of uniformly distributed fine nanoparticles with small grain size, and
the analysis reveals that the pure LMO sample (about 50 nm) is much larger than the grain size of the
LSM sample (about 25 nm). The LCM sample (about 22 nm) shows a fine and homogeneous
agglomerate morphology with a smaller grain size compared to the LSM sample. The SEM image
shows that the LMO nanoparticle size decreases with Ca and Sr doping and the LCM grain size is the
smallest. The TEM analysis in Figure 2d—f reveal additional intricate details regarding the
morphology and structure of the LMO, LCM, and LSM samples. The results indicate that the
agglomerates consist of layered stacks of nanoparticles exhibiting a fine and relatively uniform
distribution of grain sizes. Notably, the grain size of the LCM and LSM samples is smaller compared
to that of the LMO. Moreover, the LCM exhibits a relatively smaller grain size and superior
dispersion. In Figure 2g—i, it can be observed that the LMO, LCM, and LSM samples exhibit concentric
ring patterns, suggesting that all three samples possess a polycrystalline structure.

10 1/nm

Figure 2. SEM images of (a) LMO; (b) LCM; (c) LSM; TEM images of (d) LMO; (e) LCM; (f) LSM;
Electron diffraction patterns of (g) LMO; (h) LCM; (i) LSM.
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The nitrogen adsorption and desorption isotherm curves in Figure 3a are Type IV curves [26].
The specific surface area of the LCM samples is also greater than that of the LSM sample. Figure 3b
shows the pore size distribution of the LMO, LCM, and LSM samples. It can be seen that the average
pore sizes of the LMO, LCM, and LSM samples were 3.048 nm, 2.539 nm, and 2.806 nm respectively.
The average were both smaller than the average pore size of the pure LMO (3.048 nm). The results
show that the LSM samples show more mesopores than the LMO samples and that the LCM samples
have the most mesopores.
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Figure 3. (a) N2 adsorption—desorption isotherm curves and (b) pore size distribution of LMO, LSM,
and LCM samples.

The XPS analysis in Figure 4 shows the changes in the surface oxidation state due to different
A-site substitutions.The full XPS spectra for LMO, LSM and LCM samples in the binding energy
from 0 to 1300 eV indicate no presence of impurities (Figure 4a). Figure 4b shows that the La 3d5/2
spin-orbital peaks are located at 834.3 and 838.1 eV; while the peaks at 850.6 and 855.6 eV correspond
to the La 3d3/2 spin—orbital peaks. The above results indicate that the La element in the LMO, LCM,
and LSM samples is present in the +3 valence state [27]. The split peak fit analysis of the Min 2p spectra
of the three samples is shown in Figure 4c. The two main peaks are shown: Mn 2p1/2 with a high
binding energy and Mn 2p3/2 with a low binding energy, with the difference remaining at around
11.7 eV. The Mn 2p spectrum of LMO shows a wide emission line width and a clear maximum range,
which indicates the presence of Mn in different oxidation states. The results of the split—peak fit
indicate that Mn has three oxidation states: Mn?* (3d®), Mn3* (3d*), and Mn** (3d%). The Mn 2ps:2 peaks
of the LMO samples were 644.41 eV, 642.31 eV, and 641.25 eV, corresponding to the Mn?*, Mn*, and
Mn# oxidation states, respectively. The percentages of the three oxidation states in the LMO, LCM,
and LSM in the element Mn are listed in Table 1. The Mn*" content of the LMO sample is the lowest.
The increment of Mn* content in LCM sample is not enough to change its crystal structure, therefore
both LCM and LMO remain orthorhombic. In addition, the LSM sample has the highest Mn* content.
The excessive Mn* ions in LSM sample impels the transition of the LSM from an orthorhombic to a
rhombic structure, which reduces the energy tendency of the Jahn-Teller effect [28]. It is hypothesized
that the smaller size and higher charge density of the Mn** cation favors the contraction of the Mn—-O
bond, leading to the rhombic structure [29]. The high-resolution spectrums of O 1s fitted by three
peaks are shown in Figure 4d. The three peaks at 529.5, 531.6, and 533.8 eV correspond to the O1, O2,
and O3 components, respectively [27]. O1, O2 and O3 denote lattice oxygen (O%), surface adsorbed
oxygen (O, O* and O2*) and oxygen-containing groups (OH), respectively. The relative
concentrations of the three types of oxygen are shown in Table 1. The oxygen vacancy concentration
of the electrode material is closely related to the electrochemical performance. The higher the
concentration of the O2 substance, the easier the adsorption of OH-, which accelerates the surface
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redox reaction and will improve the electrochemical performance [30]. The oxygen vacancy
concentration is expressed as the O2/0O1 molar ratio. It is calculated that the magnitude of oxygen
vacancy concentration of LMO, LCM, and LSM samples is in the following order: LCM (1.47) > LSM
(1.34) > LMO (1.06). Thus, LCM has better electrochemical performance compared to LSM and LMO.
Figure 4e shows the peak difference analysis of the Ca 2p spectrum of the LCM sample, showing the
two main peaks formed by the low binding of 2p12 and 2ps», with the difference remaining around
5.2 eV and the Ca ion present in the sample in the +2 valence state [31]. Figure 4f shows the peak
difference analysis of the Sr 3d spectrum of the LSM sample, showing the two main peaks formed by
the low binding of 3ds2 and 2ps», with the difference remaining around 2.2 eV, demonstrating that
the Sr in the system is +2 valence [32].
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Figure 4. (a) XPS survey spectrum of LMO, LCM, and LSM nanoparticles, high-resolution spectrum
of (b) La 3d, (c) Mn 2p, (d) O Is, (e) Ca 2p, and (f) Sr 3d.

Table 1. Proportion of Mn?, Mn¥, and Mn* of Manganese and relative concentrations of the three
oxygen of O 1s in LMO, LCM, and LSM.

LaMnOsLaossCao1sMnOsLao.ssSro1sMnOs

Mn2 (%) 17.84 14.53 14.82
Mn*(%) 65.22 58.63 56.03
Mn#(%) 16.94 26.83 29.14
O1(%) 448 37.9 39.9
02(%) 476 55.6 53.6
03(%) 76 6.5 6.5

Figure 5 demonstrates the characterization of the cyclic voltammetric (CV) curves of LMO, LCM,
and LSM electrode at a scan rate of 10 — 100 mV/s using 3 M KOH as the electrolyte, in order to
examine the effect of Ca/Sr-doping on the electrochemical performance of LaMnQOs. The results
indicate that the form of the CV curves remained largely unaltered as the scanning speed increased,
suggesting favorable reversibility.In the meantime, the configuration of the CV curves demonstrates
the pseudocapacitance characteristics of the LMO, LCM, and LSM electrodes. Additionally, the redox
peaks, which correspond to the alteration of Mn? and Mn?* valence states, are distinctly visible, with
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two peaks at 0.1 and — 0.1 V, respectively. Mefford et al. proposed an anion — intercalation mechanism,
which suggests that the charge storage mechanism for LaMnO3 depends on the presence of oxygen
excess or oxygen deficiency during the charge/discharge process [33]. Equations (1) and (2) [34]
provide the comprehensive redox reaction equations.

La[Mn3;; Mn;5 10, +260H <> LaMn™ O, +28¢” +3H,0 1)

LaMn™ 0, +280H <> La[Mn;; Mn;%. 10, ; +28¢” +8H,0 @)

During the initial stage of the oxygen intercalation procedure in the LaMnO:s electrode, hydroxide
ions (OH") are taken in by oxygen imperfections to produce superoxide ions (O*) and water (H20) in
the alkaline electrolyte.Subsequently, O* ions are transported across the octahedral lattice to
maintain the structural stability of oxygen vacancies.In the process of the reaction, the nearby Mn?*
changes into Mn? while releasing an electron, resulting in the formation of the neutral LaMn*Os
(refer to Equation (1)). In Equation (2), the subsequent stage involves the emergence of manganese
from the core of the oxygen octahedron. This leads to the incorporation of surplus oxygen into the
outer region, causing the valence of the Mn cation to rise from Mn?* to Mn*, resulting in an oxygen
excess.Because there are additional oxygen vacancies, the divalent element (Ca?"/Sr?*) takes the place
of some La* in the A site. Subsequently,the response transforms into the subsequent.

La, M, s[Mni; Mn; 10, .., +260H > La M, ,;Mn**0,,,, +28¢ +5H,0 ®3)

Lao‘ssMo.lsMn%Ozgzs +280H Lao‘gsMo.ls[Mngg;Mnf-;s]ozszsw +26e” +6H,0 (4)

The oxidation process from Mn2?* to Mn? in LacssMo1sMnOs samples exhibited similarities to the
process described by Mefford et al. [18]. The oxygen vacancy is filled by O* intercalation. Despite the
oxidation of all Mn?* are oxidized to Mn%*, LaossMo.1sMn*Oz925 still maintains a hypoxic state. As a
result, the process of Mn?* oxidation to Mn* consists of two distinct stages. During the initial phase,
when 9 is less than or equal to 0.075, the oxidation of Mn?** to Mn* occurs by continuously removing
O2 to fill the remaining oxygen vacancies. Several oxygen vacancies migrate towards the surface of

the material to form La M, ,s[Mny";Mn % 10, (8=0.075) . The second stage involves the

same process of Mn* oxidation to Mn*, resulting in the formation of
4+, 3+
La Mg s[Mnys ;M7 10, 6055
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Figure 5. CV curves of (a) LMO; (b) LCM; (c)LSM.

Figures 6a—c illustrate the variations in galvanostatic charge-discharge (GCD) profiles for LMO,
LCM, and LSM under varying current densities.As the current density increases, the GCD curves of
LMO, LCM, and LSM show a decrease. This is due to the rise in internal resistance at higher current
density, resulting in a decline in specific capacitance. The LCM and LSM exhibit extended discharge
durations compared to the LMO, suggesting that the substitution of A sit greatly enhances the
capacitive performance.The charge-discharge curves exhibit asymmetrical triangular shapes,
suggesting that the predominant capacitance in the samples is primarily pseudocapacitance. The
impedance diagram can usually be divided into two parts in Figure 6d.The AC impedance consists
of a semi-circular, curved area that represents the high-frequency region and indicates the redox
reactions happening at the electrode.The remaining portion is the linear segment, denoted as the low-
frequency range of the AC impedance, characterized by the capacitance produced on the electrode's
surface.The semi-circular arc portion in the impedance diagram represents the magnitude of the
charge transfer resistance, which is equal to the diameter of the charge transfer resistance. By fitting
the data in Figure 6d, we can determine that the charge transfer resistance for LMO, LCM, and LSM
is 0.48 3, 0.36 Q, and 0.38 (), respectively. Notably, the LCM sample exhibits the least impedance.Ca
and Sr belong to the same main group and the atomic radius of Ca is less than Sr.Doping Ca at the
La site, as opposed to doping Sr, can enhance the formation of additional oxygen vacancies, thereby

favorably enhancing the electrochemical characteristics of La—based perovskite structure materials
[34].
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Figure 6. Charge-discharge curves of (a) LMO; (b) LCM; (c) LSM; (d) The impedance comparison
diagram of LMO, LCM, and LSM electrode.

4. Conclusion

In this work, the crystal structure, surface morphology, and surface oxidation states of LaMnOs
perovskite with different A-site substitutions by Ca and Sr have been investigated, and the impact
on the electrochemical capabilities is also revealed. After substitution, the LSM undergoes a transition
to a thombohedral configuration due to the rise in Mn* ions, while the LCM retains its original
orthorhombic structure with the parent LMO composition.Samples of LCM and LSM that exhibit a
higher number of inherent oxygen vacancies demonstrate superior capacitance properties compared
to LMO. Additionally, they have the ability to store a greater amount of energy due to the redox
pseudocapacitance that is specifically modified by the presence of oxygen vacancies. At a current
density of 0.5 A/g, the capacitances for LMO, LSM, and LCM are 67 F/g, 185.5 F/g, and 248 F/g,
correspondingly. The results indicate that Ca substitution at A-site for LaMnOs holds significant
promise for utilization in supercapacitors, and further optimization in its structure and
electrochemical performance are necessary.
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