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Abstract:

The symmetry or structural stability of ABOgs-type perovskite oxides depends largely on the
size of ‘A’ and ‘B’ cations, which determines the material properties. The partial substitution
of these cations may be used to tune these properties. The ionic sizes and valence states of the
cations play an important role in improving the properties of perovskite. In this study, the
substitution of La** with Sr** with a larger ionic radius and Mn®" with Fe** with a similar
ionic radius favored both the crystal symmetry and the mixed ionic-electronic conductivity of
the perovskite. Electrodes based on Lag7Sro3MngsFeps03 (LSMFO55) exhibited a faradaic

behavior with a specific capacity of 330 C g™ (92 mAh.g™) at 12C rate, while this electrode
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maintained a capacity of 259 C g™ at 240C (charge or discharge in 15s). Additionally,
exohedral carbon nano-onions (CNO) were introduced as a negative electrode to design an
asymmetric hybrid supercapacitor (AHS) with a widened cell voltage. The use of CNO as a
negative electrode in the AHS improved the rate capability drastically compared to the use of
rGO. This device maintained a good energy density even at an extra-high charging rate
(600C) owing to its outstanding rate capability. The high-rate performance of the
LSMFO55//CNO AHS can be elucidated by successful fabrication with a mixed ionic-
electronic conductive positive electrode and a CNO negative electrode. Tuning the electronic
and ionic conductivities by cationic substitution and the introduction of CNO negative

electrodes can provide a practical high-rate hybrid device using various perovskites.
1. Introduction

Due to the huge increase in environmental pollution and the excessive use of nonrenewable
energies for decades, the development of sustainable energy is required. One of the great
challenges facing current researchers is to develop a sustainable and consistent energy supply.
The conversion/storage unit is an essential component that ensures an uninterrupted power
supply. Li-ion batteries have been established as the dominant energy storage systems,
powering almost all electronic devices in the modern world. However, the limited power
performance and cycle life, and fire hazards with Li-ion batteries stimulated the research
community to consider better alternatives. Electrochemical capacitors (so-called
supercapacitors or ultracapacitors) are emerging electrochemical energy storage devices that
have many advantages over batteries. Supercapacitors have a higher power density than
batteries during charge and discharge and a much higher energy density than conventional
dielectric capacitors [1-4]. Thus, several important properties of supercapacitors, such as a
high power density and long cycle life, made them favorable for various electronic gadgets

and portable electronics. They have found extensive applications in memory backup systems,
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consumer electronics, and in the portable electrical industry. Therefore, supercapacitor
technology has a high growth rate and is highly reliable where high power supply is
demanded. Larger applications, such as regenerative braking, start and stop devices, or
emergency opening systems for doors on the Airbus 380 are good illustrations of their

implementations as reliable energy storage devices [5].

The electrode materials are the determining component of a supercapacitor. Various types
of carbon, binary metal oxides, perovskite oxides, and conducting polymers, have been
widely investigated as electrode materials for supercapacitors [6-11]. Each electrode material
has its advantages and disadvantages with regard to the targeted application. The carbon-
based electrode has a high power density and long cycle life, but a limited specific
capacitance. Metal-oxide supercapacitors can provide higher energy density than carbon-
based supercapacitors and better cycle stability than conducting polymer capacitors [12]. On
the other hand, they have low conductivity and diffusion-limited capacity because of the
limited access to active sites within the volume of the electrode material. Hence, it lags far
from its expected theoretical capacity, mainly because only surface or sub-surface redox
reactions are possible. Several studies have been conducted on metal oxides with various
morphologies and compositions to improve the bulk utility of the active sites. Recently,
perovskite-type oxide (ABO3) materials have attracted considerable attention to improve the
bulk capacity owing to their valence change at the ‘B’ site transition metal, mobility of the
oxygen ion, and electronic conduction along with the three-dimensional BOg octahedral
network [13,14]. An interesting strategy to circumvent the limited energy density of metal
oxides as electrodes for supercapacitors is to design asymmetric hybrid supercapacitors
(AHSs) [15]. Recently, hybrid supercapacitors have attracted considerable attention as next-
generation power devices for portable electronics and electric vehicles. Hybrid

supercapacitors utilize the advantages of both capacitive-type and battery-type electrodes.



Hence, these devices aim to achieve comparable performance to batteries in terms of energy
density and to supercapacitors in terms of power density and cycle life. This could be
achieved either by hybridizing capacitive and faradaic materials as composite electrodes or by
fabricating asymmetric devices combining one battery-type electrode with a capacitive or
pseudocapacitive electrode [16, 17]. In this study, a battery-type LaMnO3 perovskite was used
as a positive electrode, and capacitive rGO and CNO were used as a negative electrode to

fabricate hybrid supercapacitor devices.

The properties of perovskite materials are mainly dependent on the ‘A’ and ‘B’ site
cations. The perovskite structural tunability offers a wide range of constituent cation
substitution by considering the Goldschmidt tolerance factor, which can achieve the formation
of the desired composition [14]. To exploit this advantage, the present study adopted a
simultaneous partial substitution of the A- and B-sites of LaMnO3 perovskite oxide with Sr
and Fe, respectively. The Sr-substituted LaMnO3 (LSMO) was chosen for two major reasons.
First, divalent cation substitution at the trivalent A-site induces a valance change to the
transition metal at the B-site from B** to B** to compensate for the charge imbalance. Hence,
divalent Sr substitution creates an Mn*/Mn* couple that acts as a hopping site for holes in p-
type conductivity. Second, the substitution of the La* state with Sr** cations increases the
tolerance factor and the stability of the perovskite structure [14,8]. On the other hand, the
ionic conductivity is still poor, which hinders the application of a high-performance
electrochemical energy storage device. The creation of oxygen vacancies inside the crystal
lattice is the best way to improve the ionic conductivity. A transition metal at the B-site is
oxidized to equilibrate the charge imbalance while substituting the A-site with Sr**.
Consequently, Mn*’Mn*" couples will be formed, which results in enhanced electronic
conductivity. At the same time, the formation of Mn*/Mn®" couples restricts the formation of

oxygen vacancies by neutralizing the charge imbalance formed at the A-site due to the



divalent, Sr** substitution for the trivalent, La®* cation. Therefore, in this work, Mn was
simultaneously substituted with Fe to achieve a mixed ionic-electronic conductivity by
controlling the 3°/4" couples. This is expected to lead to a fast positive electrode (battery-type
electrode) coupled with a fast capacitive negative one (CNO) to achieve a hybrid

supercapacitor exhibiting an interesting tradeoff between the energy and power densities.

2. Experimental

2.1 Preparation of LaMnOs;, (Sr, Fe)-substituted-LaMnOs; and water-dispersible CNO
particles

The bare and substituted perovskite materials, such as LaMnOs, Sr-substituted LaMnOs;
(LaSrMnQ3), and Fe-substituted LaSrMnOs (Lag 7SrosMng xFexOs), were prepared using a
previously developed synthesis method [19,20]. Lanthanum nitrate (La(NOgs); - 6H,0,
99.999%, Sigma-Aldrich), strontium nitrate (Sr(NO3),, 99.995%, Sigma-Aldrich), manganese
sulfate (MnSO, - H,0O, >99%, Sigma-Aldrich), and iron nitrate (Fe(NO3)s - 9H,0, > 99.95%,
Sigma-Aldrich) were used as the precursor materials. In a typical synthesis procedure, 0.1 M
of the ‘A’ site cation salts and ‘B’ site cation salts were dissolved separately in 10 mL of
distilled water under stirring with the appropriate mass proportions. After complete
dissolution, the two solutions were transferred to a single beaker, and stirring was continued
for 30 minutes. A 10 mL solution of 0.6 M NaOH aqueous solution was prepared separately
and poured into the above solution. The solution became brown color instantly with the
addition of the NaOH solution. Stirring was continued until the solution developed a dark
brown precipitate. The resulting precipitate was then collected and washed several times with
distilled water and ethanol followed by centrifugation. The washed sample was finally
vacuum-dried at 60 °C overnight. The brown-colored material was made to a powder using a
pestle and mortar, and then annealed at 750°C for 12 h to form highly crystalline LaMnOs-

based nanoparticles. The as-prepared LaMnOs, Lag7Sro3MnQOs, Lag7SresMnggFe 103,



Lag.7Sr0.3Mno 7Fe0303, Lao7Sro3sMnosFeosOs, Lag7SrosMnosFeo 703, Lag7Sro3sMng1FeosOs,
and Lag7Sro3FeOs; were labelled as LMO, LSMO, LSMFO91, LSMFO73, LSMFO55,
LSMFO37, LSMFO19, and LSFO, respectively. The pristine carbon nano-onion (CNO)
synthesis conditions are reported elsewhere [21].

2.2 Material characterizations and modeling

The crystalline structure of the prepared samples was analyzed by X-ray diffraction (XRD,
PANalytical X Pert-PRO MPD) using Cu Kay (1.5406 A) over the range from 10° to 80° 260.
The chemical compositions and oxidation states of each cation were confirmed by X-ray
photoelectron spectroscopy (XPS, KRATOS AXIS Supra) using a monochromatic Al Ko X-
ray source (1486.6 eV). The morphology of the prepared materials was examined by field
emission scanning electron microscopy (FESEM, Hitachi S-4800) and high-resolution
transmission electron microscopy (HR-TEM, TecnaiG2, with LaBg source) with an
accelerating voltage of 300 kV. AUTODESK 3DS MAX 2017 and Avogadro version 1.2.0
software were used for atomistic 3D design, modeling, and visualization of both CNO and
LaMnOg particles. The proportions of each element in the pure and partially substituted
perovskite oxide materials were determined by inductively coupled plasma (ICP), which gives
comparatively more accuracy.

The BET surface area and pore size distribution were measured using N
adsorption/desorption  (Micromeritics 3-Flex) physisorption analyzer. The electrical
conductivity of the electrode materials were measured by the 4-point probe electrical
conductivity meter (AIT CMT-100MP), equipped with JANDEL 4-point probe heads. The
DC ionic conductivity was estimated using the EIS Nyquist plots obtained from 10 mm
diameter pellets which were pressed under a pressure of 30 MPa and coated both sides with
Ag as the ion-blocking electrodes. The impedance was measured in the frequency range from
0.1 Hz to 1.0 MHz with 10 mV amplitude using a potentiostat/galvanostat (Metrohm, Autolab

PGSTAT 302N).



2.3 Electrodes and device fabrication, and electrochemical characterizations

The electrochemical properties of the LMO-based materials towards energy storage
applications were investigated using a Metrohm, Autolab PGSTAT 302N instrument with
three-electrode and two-electrode cell configurations. Cyclic voltammetry (CV), galvanostatic
charge-discharge technique (GCD), and electrochemical impedance spectroscopy (EIS) were
carried out in a 3 M KOH aqueous electrolyte solution. The working electrodes were
fabricated as follows. The active material, carbon black, and PVDF were mixed in a weight
ratio of 8:1:1. Initially, the active material and carbon black were ground together using an
agate mortar. At the same time, the PVDF was dispersed in the appropriate amount of
dimethylformamide (DMF) solution using an ultrasonicator and used to prepare a slurry with

the already prepared mixture. The slurry was made homogeneous using a mortar and pestle.

A compressed Ni-foam substrate (1 cm x1 cm), 85 pum in thickness, was coated with a
known weight of the resulting slurry and allowed to dry at 60 °C in a vacuum oven. The
substrate was pretreated by chemical etching prior to the mass-loading process. The slurry
was coated evenly on the compressed Ni-foam by doctor blade method. This
slurry@compressed Ni-foam was used as the working electrode with a mass loading of the
active material of 2 to 2.5 mg cm™. An Ag/AgCI reference electrode and a platinum counter
electrode were used in a three-electrode cell using a 3M KOH aqueous solution as the
electrolyte. CV was carried out at different scan rates, and galvanostatic charge/discharge
studies were performed at different current densities. In addition, EIS was performed over a
frequency range of 10 mHz to 100 kHz with a potential amplitude of 20 mV. The specific
capacity Qsc (C g %) of an electrode in the three-electrode system was calculated from the

GCD curves using Eqg. (1):

Qsc = ? (1



where I, At, and m are the constant current (A), discharge time (s), and total mass of the active

material (g), respectively.

The device performance was investigated by fabricating an AHS [15] using a LMO-based
electrode as the positive (battery-type electrode) and a CNO-based electrode as the negative
(electrochemical capacitor electrode). Both were coated onto Ni-foam as the current collector.
Alternatively, a RGO-based electrode was used as the negative for comparison. The two
electrodes were separated by glass-fiber paper impregnated with a 3M KOH electrolyte and
assembled in a screw-tighten split test cell as an asymmetric design. The specific capacity of
the AHS device can be calculated from Eq. (1), with m for the total mass of active materials in
the positive and negative electrodes. Alternatively, when a constant capacitance [22,23] can be
calculated for a full AHS, the device capacitance can be obtained from Eq. (2) with V as the

cell voltage.

21 [ vdt

T m2 v @

Vi and V; denote the lower and upper voltage limits during the discharging process (V),
respectively. For the galvanostatic charge/discharge experiments, the C rate is defined as the
charge or discharge in one hour. The specific energy E (Wh kg™) and specific power P (W

kg ) of the AHS device were calculated from Egs. (3) and (4), respectively.
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3. Result and Discussion

3.1 Materials microstructure and surface chemical compositions

The crystallographic structure and crystallinity were analyzed by powder XRD (Fig. 1a).
Rietveld refinement was performed on all the perovskite materials using Fullprof software
(program, Full-Prof.2 k, Version 6.10 — Nov2017-ILL JRC) to confirm the crystalline phases.
The XRD pattern of LaMnO3; matched the JCPDS 89-8775 card, which corresponds to the
rhombohedral perovskite structure of LaMnO3; with the R-3c group. The narrow and strong
XRD patterns of LaMnOg3 confirmed the highly crystalline nature of the as-synthesized
materials. The partial substitution of La (A-site) with the bivalent Sr ion improves the
tolerance factor according to the theoretical predictions [14]. All Sr-substituted and Fe-
substituted samples exhibited an orthorhombic structure with the Pbnm space group. The
substitution of Sr and Fe ions altered the phase from the R-3c group of the rhombohedral
perovskite structure to the Pbnm group of the orthorhombic structure. In contrast, Fe®'
substitution of Mn (B-site) produced some vacancy defects to compensate for the
electroneutrality, which was charge-imbalanced by Sr?* substitution at the La-site. Such
defects increased with increasing rate of Fe substitution.

XPS confirmed the successful elemental substitution, chemical composition, and
oxidation states of the “B” cations in LSMO, LSMFO55, and LSFO. Fig. 1b shows the survey
spectrum of LSMFO55, where the presence of La, Sr, Mn, Fe, and O was confirmed. Similarly,
the presence of Sr on LSMO and LSFO was confirmed from the respective survey spectra
(Sla and Sib, respectively). The coexistence of Mn** with Mn** in both LSMO and
LSMFO55 was confirmed from the corresponding Mn 2p high-resolution spectra (Figs. Slc
and 1c, respectively). The deconvoluted peaks at 641.5 eV and 642.9 eV were assigned to

Mn* and Mn*" states, respectively [24]. Partial substitution of the divalent Sr** ion for



trivalent La** on the A-site of the parent perovskite structure leaves one additional electron per
unit formula, ABO3, which needs to be compensated for by either neutralizing the charge
through oxidizing Mn** to Mn** or by producing oxygen vacancies at the anion site. The
possibility of this electronic or ionic compensation in the perovskite structure depends mainly
on the B-site cation. Therefore, the Sr-substituted LaMnOs; compound resulted in the
formation of (La3t, Sr2*Mn3* Mn}+)Os owing to the significant change in the valence of the
Mn transition metal rather than forming an oxygen vacancy. To conserve charge neutrality,
some Mn®" ions were oxidized to the Mn** state, as shown in Fig. Slc. Unlike Mn metal, Fe
metal in the LaSrFeQOj structure hinders the oxidation of the B cation but, instead, produces
oxygen vacancies. Hence, the amount of Mn** to Mn** conversion was less in LSMFO55 (Fig.
1c) than in LSMO (Fig. S1c). The mean oxidation state for the LSMFO55 sample was also
estimated from the Mn 3s spectrum and the result is compared with the Mn 2p spectrum (Fig.
S1d). The Mn 3s doublet peak separation is observed to be 5.25 eV, which is nearly the same
as the estimated value from the Mn 2p spectrum (3.15 vs 3.18 mean oxidation state of Mn,
respectively). The same pattern was observed in the O 1s spectra (Figs. 1d-1f), i.e., the ratio of
surface adsorbed oxygen (OH + H,0) to the lattice oxygen (O.) increase in the order of
LSMO < LSMFO55 < LSFO. The peaks observed at 529.3, 531.3, and 533.2 eV corresponded
to O and OH, and H,O respectively [25,26]. The latter two are considered as a direct measure
of the oxygen vacancies [26,27]. Furthermore, the O1s spectra of pure LMO, LSMO,
LSMFO55, LSFO, and LaMngsFeys03 (LMFO) were compared to confirm the role of the
simultaneous substitution of Sr and Fe cations on the generation of oxygen vacancies (Fig. S2).
The ratio of surface adsorbed oxygen (OH + H,0) to lattice oxygen (Oy) increased in the order
of LMO = LMFO < LSMO < LSMFO55 < LSFO. The oxygen vacancies in LSMFO were
higher than those of LMO, LSMO, and LMFO, showing that an oxygen vacancy is generated

due to the simultaneous substitutions of Sr and Fe at the A and B sites, respectively.

10



The morphology of the different perovskite materials was analyzed by FE-SEM and TEM
imaging. Figs. 2(a)—(d) present FE-SEM images of LMO, LSMO, LSMFO55, and LSFO,
respectively. All four materials exhibited a similar morphology. Agglomeration was observed
for all compounds, similar to the “conventional” perovskite oxides, which are normally
prepared at higher temperatures [19]. On the other hand, pure LaMnO3 showed more particle
aggregation than Lag 7Sro3MnosFeos0s. Figs. 2e and 2f show TEM and HR-TEM images of
LSMFO55, respectively. HR-TEM (Fig. 2f) confirmed the crystallinity of the prepared
LSMFO compound. Two main crystal lattice fringes were observed (Fig. 2f) with interplanar
distances of 0.275 nm and 0.195 nm corresponding to the (112) and (220) planes of the
orthorhombic pbnm crystal lattice, respectively. The inset figure in Fig. 2f represents the
selective area electron diffraction (SAED) pattern recorded simultaneously by HR-TEM,
suggesting the polycrystalline nature of the LSMFO55 compound. The ICP technique was
employed to understand the exact proportion of each element in the pure and partially
substituted perovskite oxide materials. Table S1 lists the calculated amounts of different
elements for all the prepared samples. The results showed that the predicted elemental
proportions of each sample match their calculated values.

The four-probe electrical conductivity and DC ionic conductivity are shown in
Supporting Information (Fig. S4 and Table S2). The DC ionic conductivities of all materials
were in good agreement with our theoretical predictions in the next section. The LSMFO55
sample exhibited better conductivity than other materials tested in this study (Table S2). The
BET surface area and pore size distribution of LSMFOS55 are also discussed in Supporting
Information (Fig. S5). The LSMFO55 sample exhibits a BET surface area of 19 m?g™, which
is in the same order of the literature data (10 m? g™*) [13] and is similar to what was obtained
in our previous study (18 m?g™) [19] for pure LaMnOs. The average pore size of LSMFO55

is 50 nm. All other electrode materials that we prepared in this study are not expected to have
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much deviations from the values for LSMFO55 because (1) the synthesis methods are the

same and (2) the morphology turned out similar (Fig. 2).

3.2 Tuning Electronic and lonic Conductivities of the LaMnO3 Perovskite Material

MnQg octahedra play a major role in the electronic conductivity of the LaMnOg3 perovskite.
Oxygen polarization promotes the formation of a covalent bond between the Mn cation and
oxygen anion, which facilitates the electronic conductivity. Electrons of the n-type and holes
of p-type perovskites are transported through the Mn-O-Mn chains. The electronic
conductivity could be improved further by partial substitution of the A or B site cations with
different oxidation states. Furthermore, the ABO3 perovskite has an inherent property of
having oxygen vacancies. These oxygen vacancies will act as a medium for ionic mobility and
result in improved ionic conductivity. Therefore, electron/hole conduction along the Mn—O—
Mn bond and vacancy-mediated oxygen ion mobility play a major role in mixed ionic-
electronic conduction applications. This is being explored for electrodes and ion-conducting
electrolytes of various conversion and storage devices [14].

The extensive array of cation substitutions over the La and Mn sites of the LaMnO;
structure is sufficient to tailor the specific properties. This offers intriguing possibilities for
further improvement of the material properties. The A-site cation plays a vital role in tuning
these properties. Here, the Sr** (a divalent acceptor) partially substitutes La>* (trivalent cation).
To maintain the electron neutrality, the effective negative charge induced by Sr?* substitution
should be balanced either by electronic or ionic compensation. The electronic compensation
can readily occur, converting trivalent Mn to tetravalent Mn using the extra electron left at the
A site after the Sr** substitution. In other words, the substitution of x mole of La** by Sr**
induces the conversion of x mole of Mn®*" to Mn**. Consequently, an electron hole (h*) is
produced at the tetravalent Mn site and is transported through the Mn—O—Mn chains by p-type

conduction. The entire A-site substitution mechanism is described in Eq. (5):
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A-site
2+ substitution
— L

La3*Mn3t0%™ + xSr all o STit[Mnl  Mnit|03 + xLa®t  (5)

Although the A-site cation plays a vital role in tuning these properties, the B-site cation
also has an important role in characterizing the properties of the perovskite materials. When 'y
mole of Mn** in the B-site is substituted by the same amount of Fe**,
La®*[Mn{  Fe3*|03~ is produced.

B-site
substitution
3+ substitution La3+[

La**Mn3* 05~ + yFe Mn{{  Fe3*|03™ + yMn3* (6)

The ionic compensation occurs when the electronic compensation is restricted by substituting
the B-site with another metal ion, such as substitution of Mn*" with Fe**. Because the
transition of Fe** to Fe® is unfavorable, the charge neutrality is achieved by ionic
compensation through the formation of oxygen vacancies at the anion sites. In this case, two
electron-hole pairs are eliminated by removing a single lattice electron. The mechanism is

elucidated by the following reaction (Eq. (7)).

La’*[Mn}} Fe3*|05 + 8Sr*t

A-site
substitution [
_—

Lad 5 Sr3|[Mnd , 5 Mnt Fe}*|0%,; + 6La®* +3 0% @)

Hence, [Laf; 5 S15*|[Mnd_,_s Mng* Fel* 055 exhibits a combination of electronic and
ionic compensation. Consequently, it shows mixed ionic-electronic conductivity. The
mechanism is shown schematically in Fig. 3.

3.3 Materials electrochemistry and device performance

The electrochemical properties of these perovskites were investigated by recording the CV,
GCD, and EIS in a three-electrode configuration. Some pretreatment steps were used to avoid
the capacity interference from the bare Ni-foam. The capacity contributions of Ni-foam before

and after pretreatment were investigated systematically, as shown in Fig. S3. The contribution
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from the pretreated compressed Ni-foam to the overall capacity was reduced drastically to a
negligible level compared to the LSMFO55 electrode. Fig. 6a presents the typical CV plots
for all perovskite electrodes. For Sr-substituted LaMnO3; (LSMO), the area bounded by the
CV curve increased considerably compared to unsubstituted LaMnO3; (LMO). This indicates
enhanced capacity due to the improved conductivity of the Sr**-substituted LSMO active
material. The pronounced redox peaks observed at the positive and negative potential scans
reveal faradaic behavior indicative of LSMO as a battery-type electrode. According to
literature data, the charge storage mechanism are related to the intercalation of excess oxygen
ions into the perovskite structure, where the Mn** oxidizes to Mn** [28]. Furthermore, the
simultaneous partial substitution of the B-site with Fe (Lag7Sro3MnogFeo103) results in a
further increase of the current response, thus indicating the enhanced capacity of the Fe-
substituted electrode material. Unlike Mn**, the oxidation of Fe** at the B-site to Fe*" is
unfavorable. Consequently, the charge imbalance produced by Sr** substitution induces
oxygen vacancies rather than changing the B-site oxidation state, which resulted in enhanced
capacity, as shown in Fig. 4a. This characteristic phenomenon was observed until Fe
substitution reaches 50%. At the same time, the faradaic capacity contribution from the Fe site
was also clearly visible from the CV diagram. This ensures the capacity contribution from the
Fe**/Fe*" couple along with the Mn**/Mn** [29]. The effect of Fe-substitution on the capacity
of other perovskites was also observed in mild aqueous electrolytes [30].

The individual contributions from Fe**/Fe?* and Mn**/Mn®" couples are systematically proved
using XPS analysis and a detailed discussion is included in the next section of this manuscript.
The electrode with the composition LSMFO55, exhibited the highest capacity determined
from the CV, revealing enhanced gravimetric capacity. At a Fe substitution beyond 50%, the
CV loop area decreased upon further substitution of Fe ion at the B-site. A shift of the redox
peaks toward a higher potential was observed for the Lag 7Sro3FeO3 electrode. Consequently,

the gravimetric capacity decreased with further increase in the substitution level of the Fe ion
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at the B-site. Therefore, LSMFO55 displays the largest CV loop area, which indicates that it
is the electrode with the most promising performance among the prepared perovskite
electrodes.

CV was recorded at various scan rates (2 to 250 mV s™) to study the fast charge transfer
kinetics of the LSMFO55 electrode, as shown in Fig. 4b. The result was compared with the
LSMO and LSFO electrode (Fig. S6 ‘a’ and ‘b’ respectively). In all cases, the CV current
response increased with increasing scan rate, indicating the good rate capability of the
corresponding electrode materials due to the fast charge transfer kinetics. On the other hand,
the redox peaks were observed for the electrodes of LSMO and LSMFO55, even at a higher
scan rate of 250 mV s, This was attributed to the minor polarization at the electrode—
electrolyte interface, which drastically improves the performance, particularly for fast
charging and discharging. Fig. S5a displays the polarization versus Fe** substitution. Indeed,
most of the electrodes exhibit a mean polarization of about 100 mV between the mean
charging and the mean discharging potentials determined from the lowest discharge potential
plateau. Only LSMFO55, LSMO73, and LSMFO37, to a minor extent, achieved lowest
polarization of 80, 88, and 90 mV, respectively. The superior performance exhibited by the
LSMFO55 electrode was attributed to the improved mixed ionic-electronic conductivity of the
material through the partial substitution of Sr and Fe ions, respectively. In contrast, the LSFO
electrode showed a quite noticeable peak shift at higher scan rates. This was assigned to the
purely faradaic nature of the LSFO electrode, where the charge transfer kinetics was
diffusion-limited. Hence, at slower scan rates, the electrolyte ions can access maximum active
sites in the electrode, while only the surface active sites will be accessible at faster scan rates
[31,32].

GCD was performed to examine further the electrochemical energy storage properties of
all the prepared electrodes. Fig. 4c represents the typical GCD curves corresponding to all

electrodes at a current density of 1 A g™*. The GCD curves also followed the same approach as
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observed from their corresponding CV curves. A plateau on the charging and discharging
curves was observed for each material, which reflects the faradaic nature of the electrodes.
The specific capacity (equation (1)) corresponding to all electrodes was calculated as listed in
Table 1. The specific capacity of LSMO was higher than that of the LMO electrode. The
substitution of Sr** ions at the La®* produced additional electrons, which improved the
electronic conductivity of the electrode material. Concomitantly, more sites are available for
electron transfer. Moreover, the partial substitution of Fe ions at the B-site improved the ionic
conductivity of the electrode material further. Consequently, the LSMFO19, LSMFO37, and
LSMFO55 electrodes showed noticeable improvement in capacity compared to the LMO or
LSMO counterparts. On the other hand, the further substitution of Fe ions hindered the access
of Mn active sites, resulting in a decrease in gravimetric capacity for LSMFO73 and
LSMFQO93. Among all electrodes investigated in this study, the LSMFO55 electrode
exhibited superior gravimetric capacity (330 C g™, i.e., 92 mAh.g™). This may be due to the
improved mixed ionic-electronic conductivity of the electrode material. Such capacity is
obtained at 12C rate (discharge in 300s). It can be noted that this capacity corresponds to 78%
of the theoretical capacity (425 C g, i.e., 118 mAh.g™) that can be achieved for a one-
electron process on the transition metal cationic site thus emphasizing the high rate capability
of such electrode. Noticeably, the electrodes with the lowest polarization (LSMFO37,
LSMFO55, and LSMFO73) are those with the highest capacity at 1 A.g™. There are also those
with the highest percentage of capacity when compared to the theoretical one.

GCD was performed at various current densities (1 to 15 A g %) to study the charge-
discharge behavior of LSMFO55 as shown in Fig. 4d. Irrespective of the scan rate, the GCD
curve followed a non-linear profile with a tiny plateau portion at the corresponding redox
potential (observed from the corresponding CV curve). This was obvious for the superior
reversible faradaic reactions, which revealed a battery-type electrochemical charge storage

property of the LSMFO55 electrode. The gravimetric capacity of LSMFO55 at different
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current densities were calculated and plotted in Fig. 4e as a function of the current density.
Remarkably, the electrode exhibited excellent rate capability. The specific capacity was
maintained at more than 72 % when the current density was increased from 1 to 15 A g™. This
translates in 56% of the theoretical capacity that is preserved at 240C, corresponding to a
charge or a discharge in 15s.

This excellent rate capability was attributed to the improved mixed ionic-electronic
conductivity that was acquired by the simultaneous substitutions of the trivalent La ion (A-
site) with divalent Sr ion and of the trivalent Mn ion (B-site) with Fe ion. The results were
compared with the LSMO and LSFO electrode (Figs. S6¢c—f), where the rate capability was
slightly less for the LSMO electrode and considerably lower for the LSFO electrode.
Compared to the capacity measured at 1 A.g™, the LSMO and LSFO electrodes exhibited a
rate capability of 54 % and 43 % at a current density of 10 A g™, respectively. This is because
the LSMO electrode has a remarkable surface (non-diffusion limited) charge storage
contribution along with the diffusion-limited faradaic capacity. In contrast, the LSFO
electrode exhibited purely diffusion-limited faradaic behavior, as observed from the CV curve
(Fig. S6a,b).

A detailed investigation of the charge-transfer kinetics for all electrodes is conducted
by EIS, as shown in Fig. 4f. Here, the Nyquist plot of each sample depicts three parts. The
first part in the high frequency region (the X-intercept) represents the equivalent series
resistance (Rs). Rs is @ combination of the electrolyte ionic resistance, intrinsic resistance of
active material, and the contact resistance between the active material and current collector.
The second part corresponds to the charge-transfer resistance (R) at the electrode—electrolyte
interface. The R is usually extracted by measuring the diameter of the semi-circle at a
medium frequency region. In the third part, the vertical spike at the lower frequency region
represents the frequency-dependent diffusion resistance. Table 1 lists the measured Rs and R

values for each electrode. The R, value was lower for Sr-substituted perovskite electrodes due
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to the enhanced electronic conductivity of perovskite obtained by partial substitution of the
trivalent La site with the divalent Sr ion. Interestingly, R was the lowest for the LSMFO55
electrode (6 Q) and Rs was also relatively low (0.39 Q), which resulted in enhanced
electrochemical performance of this electrode. We can observe a linear region within the
Nyquist plot for the lower frequency region, which is the diffusion part. This is due to the
improved mixed ionic-electronic conductivity of the LSMFOS55 electrode obtained by
substitution of ‘A’ and ‘B’ sites, as stated above. Further, the LSMFO55 electrode was
submitted to continuous charge-discharge cycles at a specific current of 5 A g™ for 4000
cycles. It exhibited 82% of capacity retention after 4000 cycles. The typical stability plot is

presented as Fig. S7 in supporting information.

3.4 Charge-storage mechanism of the LSMFO55 electrode

CV was conducted at different scan rates to understand the charge-storage mechanism on
the LSMFO55 electrode. The pronounced redox peaks observed in the CV curve (Fig. 4b)
reflect the direct evidence of ionic diffusion, which contributes mainly to the total capacity of
the electrode. In all cases, the current response of the CV curve followed a direct relationship
to the scan rate as follows:

I = av? (8)

where the current | obeys a power-law relationship with the scan rate v. Here, a and b are
adjustable parameters. For a diffusion-controlled charge-storage process, the peak current (l,a)
is proportional to the square root of the scan rate. For a non-diffusion-controlled process, for
which the charge storage is limited to the surface, the peak current, l,, is proportional to the
scan rate. Hence, the nature of the charge-storage mechanism can be understood by estimating

the b value. Fig. 6a presents a plot of the peak current vs. square root of the scan rate for the
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LSMFO5S5 electrode. The good linear relationship with R?= 0.997 exhibits a diffusion-limited
charge-storage process.

The variation in the b value can be explained in terms of the diffusion-controlled and
surface limited faradaic current response. The current from surface-limited process normally
follows a linear dependence on the scan rate. Fig. 6b shows the plot of log I vs. log v plot for
the LSMFO55 electrode, where b can be obtained. The slope of the plot was 0.69, located
between 0.5 and 1, which shows the presence of noticeable non-diffusion controlled
contribution. Hence, the total current can be divided into two categories: diffusion-limited
current (typically intercalation of ions in the subsurface or the bulk of the electrode material)
and non-diffusion limited process (double-layer capacitance and pseudocapacitance),
according to Dunn et al. [33], as given in equation (9). The current response at a fixed
potential is the sum of the non-diffusion-controlled processes, mainly surface processes such
as double-layer capacitance and faradaic surface charge storage, and diffusion-controlled
process.

I = kv + kvt/? (9)
where the first term, kyv, is the current contribution from the surface-limited effect and the
second term, k,v'/2, describes a diffusion-controlled process related to ion intercalation in the
volume of the electrode. The coefficients k; and k, can be obtained from the slope and y-

intercept of the linear 1/v/2 vs. v*/2plot. Once the coefficients k; and k, are known, the

individual current contributions can be calculated quantitatively. The contributions of non-

diffusion controlled and diffusion-controlled processes to the total current response in CV
curves recorded at different scan rates were deconvoluted and are presented in Fig. 6¢. At a
lower scan rate of 2 mV s, the surface-limited contribution was only approximately 25% of
the total current, while the remaining 75% of the total capacity was due to the diffusion-
controlled insertion of the electrolyte ion in the bulk of the electrode material. However, the
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non-diffusion—limited surface contribution increases gradually as the scan rate increases. At a
higher scan rate of 100 mV s, the major contribution was attributed to the surface effect, i.e.,
69% of the total capacity is due to surface-limited charge storage processes. The diffusion-
controlled current is limited due to the insufficient time for ions to enter the structure of the
material at a higher scan rate. Fig. 6d shows the non-diffusion— limited capacity contribution
(the shaded region) estimated from the CV curves of the LSMFOS55 electrode at a scan rate of
100 mV s™.

The individual contributions from the Mn*/Mn** couple and Fe®**/Fe** couples were
distinguished using high-resolution ex situ XPS of both Mn 2p and Fe 2p peaks under charged
and discharged conditions to characterize and confirm the valence transition in the process of
energy storage. The sample was collected by stopping the reaction once it reaches the
maximum potential limit for charged one and minimum potential limit for the discharged one
during the whole charge-discharge process at 1 A g™ specific current. The transition of Mn**/
Mn*" and Fe®**/ Fe** under normal, charged, and discharged conditions were compared. Both
couples contributed considerably to the capacity of the LSMFO55 electrode. Fig. S9 shows
the high-resolution XPS spectrum of Mn 2p and Fe 2p peaks. The oxidation-state profiles
derived from these XPS spectra for Mn and Fe is presented in Figs. 6e and 6f respectively.
The oxidation-state distributions of both Mn and Fe in XPS profile were different at unbiased
condition and at charged/discharged conditions. At the normal state (without an applied bias
potential), the oxidation-state distribution was Mn®* (82%) and Mn** (18%) respectively (Figs.
6e and S9a). Whereas, for the charged condition the Mn** was observed to be decreasing
(48%) and Mn*'increasing (52%), implying that 34% of Mn*" is oxidized to Mn** while
charging (Figs. 6e and S9b). Moreover, the reverse process is observed while discharging
(Figs. 6e and S7c), indicating the reversible redox reactions at the Mn-site. A similar

oxidation-state distribution profile is observed for Fe-site also (Figs. 6f and S9d-f). These
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results clearly evidence that both the Mn and Fe-site were actively contributing to the charge
storage mechanism of the LSMFOS55 electrode.

3.5 Design of AHS devices with LSMFO55 as positive electrode

AHSs were further assembled by combining faradaic LSMFO55 (as a positive
electrode) with capacitive CNO and reduced-graphene oxide (rGO) as negative electrodes,
namely LSMFO55//CNO and LSMFO55//rGO, respectively. The devices were fabricated in
order to explore the practical applications of LSMFO55 perovskite material, which was
considered the best electrode from three-electrode system studies and the one with the largest
capacity with regards to the theoretical one. The performance of these devices was evaluated
by CV, GCD, and EIS. Figs. 5 and S8a-h presents the results of typical electrochemical
investigations of LSMFO55//CNO and LSMFO55//rGO AHSs, respectively. The individual
electrochemical performances of CNO and rGO electrodes were studied in a three-electrode
configuration to maintain the charge balance over positive and negative electrodes of the
asymmetric devices. The specific capacitances of CNO and rGO are estimated to be 138 and
95 F g™ from Figs. S8b and S8e, respectively, over a 1V potential window. Based on these
evaluations and charge balance calculations [34], the mass loading ratios of CNO and rGO to
the LSMFO55 positive electrode were set to 2.5:1 and 3.5:1, respectively. The charge-
balanced mass loadings of active materials were calculated based on the capacities obtained
from the GCD at 1 A g™*. Fig. 5a presents the CV plot of LSMFO55//CNO AHS at various
scan rates. At low scan rate, a pseudo-rectangular-shaped CV profile is depicted. Such
electrochemical signature is awaited from hybrid devices that combine a battery-type
electrode as the positive and a capacitive electrode as the negative, LSMFO55 and CNO
respectively. Again, the consistent CV profile over a wide range of scan rates indicates the
excellent rate capability of the AHS device. However, at fast scan rates (> 100 mV/s), the

CVs become distorted, thus indicating a kinetic limitation due to the faradaic positive
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electrode. The same behavior was confirmed by recording their corresponding GCD curves
(Fig. 5b). The symmetry between the charge—discharge profiles with a low IR-drop confirmed
the high electrochemical reversibility and rapid charge transfer kinetics. The gravimetric
capacities at various current densities were calculated from the GCD discharge profile using
Eq. (1). Fig. 5¢ demonstrates the specific capacity as a function of the specific current. The
LSMFO55//CNO AHS device exhibits a maximum gravimetric capacity of 104 C g™ (84 F g°
! over 1V voltage window) at a current density of 1 A g™. This value is close to the expected
capacity (~ 100 C.g™) from a positive and negative electrode device balance. Interestingly, the
device-specific capacity was maintained at 62 C g, even after increasing the specific current
from 1 to 10 A g, i.e., the device exhibits excellent rate capability (60 %). The practical cell
voltage for such AHS is between 0.5 and 1.5V because there is no energy stored below 0.5V,
as is often the case for an AHS (Fig. 5a and b).

To ensure the practical application or compare the performance of this AHS with the
recently developed devices, the energy and power densities were calculated using equations
(3) and (4), respectively. The typical Ragone plot is presented in Fig. 5d. The LSMO55//CNO
AHS device delivered an energy density of 30 Wh kg™ at a power density of 1187 W kg™.
This corresponds to a discharge in 90s (C rate = 40 C). Even at a higher power density of
10540 W kg, which is approximately a 10-fold higher magnitude than the previous value,
the energy density was still maintained at 17.5 Wh kg™ (600 C rate). The power and energy
densities were compared with the LSMFO55//rGO AHS device, which showed a higher
energy density (38 Wh kg™ at a lower power density of 800 W kg™) than the LSMO55//CNO
AHS device. However, the LSMFO55//rGO AHS exhibits a large decrease in energy density
while increasing the power density. Interestingly, the LSMO55//CNO AHS device did not
show much decrease in energy density at higher power densities. Instead, it maintained
moderate energy and power density values. This high rate-performance of LSMO55//CNO

AHS can be elucidated by the distinctive selection of an exohedral CNO microstructure as a
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negative electrode, which is known for its ultrafast charge—discharge behavior [35,36]. This
was attributed to the full accessibility of the CNO surface to electrolyte ions instead of the
deep endohedral pores, which were observed in activated carbons and graphene-related
materials [36]. These endohedral pores restrict the ion accessibility to their active sites at very
fast charge—discharge rates, which eventually reduces the device performance. CNO is a
fullerene allotrope and a form of carbon composed of concentric multi-graphene rings,
mimicking the morphology of an onion. Furthermore, the 0D exohedral structure, small
diameter, high electrical conductivity, and relatively easy aqueous media dispersion,
compared to the extensively used 1D nanotubes and 2D graphene, could potentially enhance
the electrochemical rate-performance of other oxides/sulfide-based perovskite electrode
materials. This excellent consistency is comparable to previously reported high-energy
supercapacitor devices and even better than substituted and unsubstituted LMO perovskite-

based devices [20,21,37-41].

The life span of a supercapacitor device is another essential parameter, which gauges
the long-term application in many low scale (electronic devices) and large scale (automotive,
aircraft) applications. Here, the cycling stability of the LSMFO55//CNO AHS device was
tested using continuous GCD cycles at 5 A g™. The device exhibited a good stability (86 %)
over 7500 cycles, as shown in Fig. S10. The high cycling stability and electrochemical
reversibility may be a function of the mixed ionic-electronic conductivity of LSMFO55
positive electrode and the exohedral CNO negative electrode, which allows a fully accessible
electrode surface for faster ion adsorption—desorption, even at a faster charge—discharge rate.
These results confirm that the hybrid battery-type LSMFO55//CNO device can be used as an
interesting alternative for the regular metal oxide//carbon AHSs as a high-power device,

maintaining its high specific energy and power performance. Moreover, such a device is
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operated in a KOH electrolyte, which increases the safety and recyclability compared to

organic-based devices.

4. Conclusions

The simultaneous substitution of the A-site La-ion with Sr-ion and the B-site Mn-ion with Fe-
ion in ABOj3 perovskite was engineered successfully to achieve a mixed ionic-electronic
conductivity, which resulted in very good electrochemical performance of such perovskite
electrode. A systematic investigation of different substitution levels of Fe was performed to
find the optimal composition to achieve higher electrochemical performance. The 30 % A-site
and 50 % B-site substituted perovskite (LSMFO55) electrode exhibited a superior battery-
type storage property with a specific capacity of 330 C g™ at 12C cycling rate, implying the
best candidate material among the fabricated perovskite electrodes. Such capacity is 78% of
the theoretical capacity of the electrode material. Moreover, the non-diffusion limited current
(due mainly to the surface faradaic reactions) and diffusion-limited current contributions in
the CV curve of the LSMFO55 electrode were deconvoluted. The hybrid battery-type
LSMFO55//CNO asymmetric hybrid supercapacitor (AHS) device exhibited very good
performance with an excellent rate capability and long-term cycling stability. The AHS device
delivered a high energy density of 30 Wh kg™ at a power density of 1187 W kg™, maintaining
the energy density above 60% even at a high power density of 10.5 kW kg™. These results
suggest that the tuning of mixed ionic-electronic conductivity by successful cationic
substitutions at the ‘A’ and ‘B’ sites of the ABOs-type perovskite electrode could enhance the
electrochemical performance significantly. In particular, LSMFO55 electrode was found to be
the best choice of material for an efficient, positive electrode for battery-type supercapacitor
applications. In addition, the combination of LSMFO55 as a positive electrode and CNO as a

negative electrode is a remarkable example for efficient and stable hybrid devices.
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Fig. 1 a) XRD profile with Rietveld refinement of unsubstituted and substituted LaMnOs
perovskites; b) XPS survey spectrum of LSMFO55; ¢) XPS Mn 2p spectrum of LSMFO55;
d-f) O 1s spectrum corresponding to LSMO, LSMFO55 and LSFO, respectively.

Fig. 2 FE-SEM images of (a) LaMnO3 (LMO) (b) LSMO (c) LSMFO55 and (d) LSFO; (e)
and (f) correspond to TEM and HR-TEM images of LSMFO55, respectively (inset of (f):
corresponding SAED pattern).
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Fig. 3 Schematic diagram for tuning mixed ionic-electronic conductivity by A and B-site
substitution.
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Fig. 4 (a) CV plot recorded at a scan rate of 20 mV s™ for all samples in 3M KOH electrolyte
(dashed lines are a guide for the eyes to indicate the peak shift), (b) CV curve of LSMFO55 at
different scan rates, (c) charge-discharge curves recorded for all samples at a current density
of 1 A g, (d) GCD curve of LSMFOS55 at various current densities, (e) capacity retention plot
recorded at higher current densities corresponding to LSMFOS55 electrode, and (f) EIS
recorded for all eight electrodes.
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Fig. 5 Electrochemical performance of LSMFO55//CNO hybrid device operated in 3M KOH
electrolyte: (a) CV at different scan rates, (b) GCD at different current densities, (c) capacity
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Fig. 6 (a) Peak current (lpa) vs. square root of the scan rate (v, (b) log 1 vs. log v plot, (c)
non-diffusion limited contributions at different scan rates, and (d) Dunn’s plot corresponding
to the scan rate of 100 mV s™ for the LSMFO55 electrode. Oxidation-state profiles by XPS of
(e) Mn and (f) Fe at various potentials.

Table 1. Estimated values of the Rs and R from the Nyquist plot and the theoretical specific

capacity (Oy,) along with the measured specific capacity (Qmess) calculated from the GCD data
obtained at 1 A.g™.

Electrode  R,(Ohm) Ry (Ohm) (o, dresy Qm(ga/zl)ch
LMO 095 8 399 130 33
LSMO 051 20 426 145 34
LSMFO91 081 14 426 153 36
LSMFO73 025 13 426 230 54
LSMFOS5  0.39 6 425 330 78
LSMFO37  0.30 9 425 194 46
LSMFO19 030 12 425 171 40
LSFO 0.4 75 424 160 38
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