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Comparison of Perovskite and Perovskite Derivatives for use in 
Anion-based Pseudocapacitor Applications 
Robin P. Forslund,a Joshua Pender,a Caleb T. Alexander,b Keith P. Johnston,2 and Keith J. Stevenson*c

The electrochemical behavior of perovskite oxides utilizing calcium and manganese along with their Ruddlesden-Popper (RP) 
counterparts are evaluated as anion intercalation-based pseudocapacitors by cyclic voltammetry and galvanostatic 
charging/discharging in 1 M KOH. We find that higher oxygen vacancy contents (δ) achieved by annealing in a reducing 
atmosphere leads to greater charge storage capacities. Additionally, we demonstrate how the governing descriptor for 
pseudocapacitive performance shifts from the number of oxygen vacancies and surface redox sites at high scan rates to 
facile oxygen diffusion and the ability to store oxide anions within interstitial sites of the rock salt layers in the RP materials 
at low scan rates. Both the perovskite and RP materials are evaluated as two-electrode asymmetric pseudocapacitors 
utilizing SrFeO2.5 as the anode material. The cell containing SrFeO2.5//Ca2MnO4-δ performed the best with a high energy 
density of 73 Wh kg−1 at a power density of 530 W kg −1.

Introduction
As the popularity and necessity of sustainable, renewable energy 

sources such as wind and solar continues to grow so too does the 
demand for new, efficient means of storing energy from these 
intermittent sources. While lithium ion batteries and fuel cells have 
proven to be effective means of storing electricity, they require 
extended charging and discharging time periods and fail to handle 
the rapid charging and discharging rate requirements mandated by 
the nature of these energy sources. On the other end of the 
spectrum, traditional electrostatic capacitors can deliver high power 
but at a significant cost to their energy densities. Electric double layer 
capacitors (EDLCs) that utilize high surface area carbons, known as 
supercapacitors, as well as metal-oxide based materials, known as 
pseudocapacitors, have shown great promise as an intermediary to 
bridge this gap in both energy and power densities.1 

In a parallel plate capacitor charge is stored non-faradaically as 
electrostatic charge via electric double layer formation. Devices 
known as electric double layer capacitors (EDLCs) utilize high surface 
area materials such as carbons with surface areas >1000 m2 g-1 as 
electrodes and rely on the concept of electric double layer 
capacitance to achieve over 300 F g-1, however, these power 
densities come at a cost to the total energy density of the device.2 

Pseudocapacitors bridge the gap between batteries and EDLCs in 
that in addition to any double layer capacitance, they store charge 

by utilizing faradaic process involving surface or near surface redox 
reactions that give rise to capacitive electrochemical features.3 In 
addition to the classic rectangular capacitance envelope seen for 
EDLCs during cyclic voltammetry (CV) experiments, pseudocapacitors 
also display peaks that are indicative of redox processes within the 
electrode material, which means that the voltage-current response 
is not the same over the entire window. The energy density of a 
capacitor is given by:

                                              (1)𝑬 =
𝟏
𝟐𝑪𝑽𝟐

𝒄𝒆𝒍𝒍

where E is the energy density (Wh g-1), C is the specific capacitance 
(F g-1) of the electroactive material, and Vcell is the voltage applied to 
the entire cell.3 

By replacing organic electrolytes with water we can utilize the 
entire pH range and a wide variety of solution ions such as H2SO4 at 
low pH, NaSO4 around neutral pH, and NaOH and KOH in alkaline 
conditions.4 This change opens up the variety of materials that can 
be used such as oxides with MnO2, NiO, Co3O4 and V2O5 having been 
recently studied along with numerous others.3–6 Given that the 
energy density goes as the square of the voltage window as shown 
above in Eq.1, one strategy to improve cell performance has been to 
utilize different materials at the two electrodes, such as TiO2/MnO2, 
supported on high surface are carbons to expand the voltage 
window.7 

There are four generally proposed operational mechanisms of 
pseudocapacitance. The first is surface redox reactions that occur in 
materials such as metal oxides and hydroxides. For example, Ni(OH)2 
can be reversibly oxidized to NiOOH via deprotonation in basic 
electrolyte to store charge.8,9 The second mechanism of 
pseudocapacitive charge storage utilizes underpotential deposition 
and electrosorption such as in the case of proton underpotential 
deposition on Pt:10,11 The third and fourth mechanisms utilize rapid 
intercalation and deintercalation of ions into and out of the bulk 
material. For example, MoO3 can be reversibly reduced and oxidized 
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to intercalate and to deintercalate cations such as H+ and Li+.12,13  As 
recently shown by Mefford et al. and Alexander et al., 
pseudocapacitive charge storage using anions (OH-) can be achieved 
with perovskites:13,14 Our group has shown that the anion 
intercalation mechanism is affected by the oxygen vacancy content 
(δ) and can be described in a perovskite for a given transition metal 
B as:

       (2)𝐀[𝐁𝐳 +
𝟐𝛅 ;𝐁(𝐳 + 𝟏) +

(𝟏 ― 𝟐𝛅) ]𝐎𝟑 ― 𝛅 +𝟐𝛅𝐎𝐇 ― ↔ 𝐀𝐁(𝐳 + 𝟏) +
𝟐𝛅 𝐎𝟑 +𝟐𝛅𝐞 ― +𝛅𝐇𝟐𝐎

To put it simply, more oxygen vacancies present in the lattice means 
there are more empty sites for OH- ions to fill and thus increase the 
amount of stored charge. It is this last type of mechanism of 
reversible anion based pseudocapacitive charge storage that we 
investigate herein.

Perovskite oxides have the formula ABO3 where the A-site is 
typically made up of an alkaline earth or rare earth metal while the 
B-site is made up of one or more transition metals. Additionally, 
there are multiple derivatives of this structure including Ruddlesden-
Popper (RP) oxides that have a crystal structure represented as 
An+1BnO3n+1 or equivalently (AO)(ABO3+δ)n, wherein n (BO6) octahedra 
perovskite layers are separated by rocksalt (AO)(OA) double layers. 
Previous work by our group demonstrated how the perovskite 
LaMnO3- δ utilized a newly described hydroxide intercalation 
mechanism to achieve impressive pseudocapacitive performance 
and how reduction of the bulk structure introduced oxygen vacancies 
that greatly improved the amount of charge that could be stored.14 
An additional study of La1-xSrxMO3- δ (M = Mn, Fe, Co) perovskites 
demonstrated how increased oxygen vacancies upon substitution of 
La for Sr resulted in exceptional pseudocapacitive performance.15 
Furthermore, we have demonstrated how increased M – O bond 
covalency in the perovskite La1-xSrxCoO3-δ and in Ruddlesden-Popper 
(RP) oxides with the formula La2-xSrxNi1-yFeyO4+δ, a derivative of the 
perovskite structure, allowed for increased rates of oxygen diffusion. 
Oxygen diffusion through vacancies within the perovskite lattice or 
through the rock salt layer of the RP structure aided in the 
exceptional performance of these oxides towards the oxygen 
evolution reaction (OER)16 as well as the electrooxidations of urea 
and small alcohols.8,17 Elsewhere, others have demonstrated how 
perovskite materials can be used as anion-based pseudocapacitors 
with Ba1-xSrxCo1-yFeyO3-δ, LaNiO3, SrCo0.9Nb0.1O3-δ, and La1-xCaxMnO3 
proving to be some of the most effective compositions.18–22 

Herein, we report the synthesis and electrochemical evaluation 
of CaMnO3-δ perovskite and Ca2MnO4-δ Ruddlesden-Popper materials 
as pseudocapacitor materials to leverage previously discovered 
trends in catalytic and capacitive activity to further the 
understanding of how complex metal oxides can be tuned to increase 
their ability to store charge via anion intercalation. The specific 
choice of Ca as the A-site element and Mn in the B-site was made 
based upon the ability to synthesize both perovskite and 
Ruddlesden-Popper versions of the same composition under the 
same conditions and the well-documented ability to introduce large 
numbers of oxygen vacancies into both structures.23,24 CaMnO3 and 
its reduced counterpart have been well-studied for oxygen evolution 
and reduction,25–29 however, only once CaMnO3 been studied as an 
electrochemical anion-based pseudocapacitor to our knowledge.21 
Upon annealing of the as-synthesized materials in a reducing 

atmosphere to introduce increased amounts of oxygen vacancies, 
both reduced materials displayed greater charge storage compared 
to their unreduced counterparts, demonstrating how greater oxygen 
vacancy concentrations within the bulk of these materials increases 
their ability to store charge via oxide anion-based intercalation. 
Furthermore, we demonstrate how the governing descriptor for 
pseudocapacitive performance changes from a dependence on the 
number of surface transition metal redox active sites and oxygen 
vacancies at fast charge/discharge rates versus at slower rates where 
improved oxygen diffusion through the bulk lattice dominates. 
Finally, we demonstrate how both materials may be implemented 
into an asymmetric pseudocapacitor cell utilizing both reduced 
manganese materials as cathodes and Brownmillerite SrFeO2.5 as the 
anode to achieve impressive performance at varying charge and 
discharge rates.

Experimental
Material Synthesis

All materials were synthesized using the same modified Pechini 
method utilized in our previous work.16,17 Precursor particles were 
synthesized by dissolving A and B-site nitrate salts in the appropriate 
stoichiometric ratios in water to make a solution with a total metal 
salt concentration of 0.1 M. Citric acid and 
ethylenediaminetetraacetic acid (EDTA) were added to the solution 
each at a molar ratio of 1:1 with the total metal nitrate salts. 
Tetramethylammonium hydroxide (TMAOH) was added to the 
solution until the pH reached 7.5 to ensure deprotonation of three 
of the four EDTA carboxylic acid groups and that it had completely 
dissolved. Diethylene glycol (DEG) was then added to the solution at 
a concentration of 0.067 M and the solution was heated to 85° C 
while stirring. When heated, a dehydration reaction between the 
polyhydroxyl alcohol and the carboxylic acid groups of the chelates 
formed a polyester gel. After complete evaporation of the water the 
gel was combusted at 350° C to form mixed metal oxide precursor 
particles. This step was performed on a hot plate and not in a sealed 
furnace to avoid possible explosions from rapid evolution of gasses 
upon combustion. Finally, precursor particles were crystallized at 
950° C for 5 hours under pure O2 flowing at 100 mL min-1 in a tube 
furnace. Half of the resulting catalyst material was then annealed at 
325° C for 2 hours under an atmosphere of 7% H2 in Ar flowing at 50 
mL min-1 to reduce the active material and introduce oxygen 
vacancies. All catalysts were recovered and immediately stored 
under Ar gas to prevent possible catalyst surface amorphization.
Powder X-ray Diffraction (PXRD)

The crystal structures of all materials were probed by X-ray 
diffraction using a Rigaku MiniFlex600 Diffractometer utilizing Cu Kα 
radiation (1.54 Å wavelength) and operating at 40 kV and 15 mA at 
298 K in ambient conditions. For all tests oxide powder was scanned 
over 20 - 90° 2θ in 0.1° increments with a dwell time of 0.2 seconds 
per step.
Surface Area Analysis

Nitrogen sorption analysis was performed on a Quantachrome 
Instruments NOVA 2000 high-speed surface area BET analyzer at a 
temperature of 77 K. Prior to measurements, the samples were ball 
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milled for three minutes followed by degassing in vacuum for 12 
hours at 120° C. The specific surface area was calculated using the 
BET method from the nitrogen adsorption data in the relative 
pressure range (P/P0) of 0.05 to 0.30, with a minimum R2 of 0.995 
and minimum C value of 20.
Scanning Electron Microscopy (SEM)

Samples were prepared by dispersing unsupported material in 
ethanol (0.1 mg mL-1) and depositing drops of suspension onto silicon 
wafers which were dried at 85° C for 30 minutes. Images were taken 
on a Hitachi S5500 SEM using an accelerating voltage of 40 kV and 
probe current of 15 A.
Iodometric Titrations

Iodometric titrations were performed by adding 3 mL of 
deoxygenated 2 M KI to a flask containing 15 – 20 mg of perovskite 
and the perovskite was dispersed for three minutes via sonication.13 
Next, the dispersion was added to a flask containing 25 ml of 
deoxygenated 1 M HCl and the perovskite was allowed to dissolve 
under an argon atmosphere. After 10 minutes the solution was 
titrated to a faint golden color with a solution of ~25 mM solution of 
Na2S2O3 that had been pre-standardized with 0.1 N KIO3. Three drops 
of potato starch indicator was then added and the solution was 
titrated until it was clear and colorless, marking the end point. All 
measurements were performed in triplicate and all solutions were 
made using pre-boiled deionized water.
X-ray Photoelectron Spectroscopy (XPS)

Chemical states at the material surface were characterized by a 
Kratos AXIS Ultra DLD XPS in 0.1 eV steps using a dwell time of 4 s per 
step and a monochromatic Al X-ray source (Al α, 1.4866 eV). Charge 
neutralization was used for all samples. Binding energies for all 
spectra were calibrated against the adventitious carbon peak at 285 
eV. CasaXPS was used for all data analysis and deconvolution. 
Electrochemical Characterization

The catalysts and Vulcan carbon were each ball-milled for three 
minutes before being mixed together and ball milled again for three 
minutes in an 85:15 perovskite:carbon weight ratio. For three-
electrode cell measurements catalyst inks were prepared by adding 
3 mL of a NaOH neutralized 0.05 wt% Nafion solution in ethanol to 3 
mg of catalyst powder (1 mg mL-1) and bath sonicated for 45 minutes. 
10 μL of ink was drop cast onto a clean 5 mm (0.196 cm2, Pine 
Instruments) glassy carbon electrode and dried under ambient 
conditions overnight. Glassy carbon electrodes were cleaned prior to 
drop casting by sonication in a 1:1 by volume DI water:ethanol 
solution. Electrodes were then polished using 0.05 μm alumina 
powder on a polishing pad, rinsed with DI water, sonicated in a fresh 
DI water:ethanol solution, and rinsed with DI water again before 
being dried in ambient air. All electrodes were prepared this way to 
obtain a composite catalyst loading of 51 μgtotal cm-2, yielding 43.3 
μgoxide cm-2 and all three-electrode electrochemical tests were 
performed on electrodes prepared this way. Electrochemical testing 
was performed on a Metrohm Autolab PGSTAT302N potentiostat 
equipped with high speed rotators from Pine Instruments. All testing 
was performed at room temperature in Ar-saturated 1 M KOH 
(measured pH ≈ 13.7). Positive feedback methods were used to 
determine electrolyte resistance (6 Ω) and all data was iR 

compensated after testing unless stated otherwise. Each rotating 
disk electrode (RDE) test was performed in a standard three-
electrode cell using a CH Instruments Hg/HgO (1 M KOH) reference 
electrode, a fritted Au wire counter electrode, and a film of catalyst 
ink on glassy carbon as the working electrode. All potentials are 
reported versus the Hg/HgO (1 M KOH) reference electrode. 
Materials were cycled three times at 10 mV s-1 prior to testing to 
ensure stable spectra were being collected. Specific capacitances (F 
g-1) were calculated from CVs according to equation 3:

                                            (3)𝑪𝒔 =
𝟏

𝟐𝒎𝝂|𝑽𝒄 ― 𝑽𝒂|∮
𝑽𝒄

𝑽𝒂
𝒊 (𝑽)𝒅𝑽

where m is the mass loading of electroactive material on the 
electrode (g), ν is the potential scan rate of the CV (V s-1) while Vc and 
Va are the cathodic and anodic limits of the CV window.3 The integral 
represents the entire area within the CV loop over the cathodic and 
anodic sweeps which is divided by 2 to yield the average capacitance 
for a single sweep. Electrodes for every sample were tested at each 
scan rate (100, 50, 25, 10, 5 mV s-1) with each electrode’s capacitance 
measured in triplicate on separate electrodes to get an average and 
standard deviation.

Asymmetric, two-electrode cell tests were performed by 
supporting the catalyst/carbon composite on carbon fiber paper 
(CFP) electrodes measuring 1 cm2. The CFP electrodes were prepared 
by rinsing in acetone for 10 minutes followed by exposure to 3 M 
nitric acid for 30 seconds, neutralization in a saturated solution of 
sodium bicarbonate, and rinsing in ethanol and then water. An ink 
containing 10 mg of catalyst composite per mL of ethanol was drop 
cast onto the prepared CFP electrodes to achieve a mass loading of 1 
mg cm-2.

Results and Discussion

CaMnO3- and Ca2MnO4- materials were synthesized using a 
modified Pechini method as described above followed by calcination 
at 950° C to yield a phase-pure orthorhombic perovskite and n = 1 
Ruddlesden-Popper (RP) structures as confirmed by powder X-ray 
diffraction (Figure 1a).23 Precursor particles measuring between 50 
nm and 150 nm sintered during calcination at high temperature to 
form larger particles ranging from 200 nm up to microns in diameter 
as shown by SEM (Figure 1b). BET surface areas for the perovskite 
and Ruddlesden-Popper samples were measured to be 4.5 m2 g-1 and 
6.2 m2 g-1, respectively (Figure S1). Between the similarities in 
particle morphology seen using SEM and the similar BET surface 
areas we can confirm that both samples have approximately the 
same morphology, a characteristic that is important in order to 
reliably compare the electrochemical properties of multiple 
materials. Additional SEM images of the as-synthesized perovskite 
and RP materials can be found in Figures S2 and S3.
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Figure 1:  Physical characterization of CaMnO3- (CMO) and 
Ca2MnO4-δ (CMO RP) materials. (a) PXRD patterns of as-
synthesized CMO and CMO RP and reduced r-CMO and r-CMO 
RP materials. (b) SEM images of CMO and CMO RP indicating 
similar particle morphologies. (c) Deconvoluted Mn 3s XPS 
spectra for CMO, CMO RP, r-CMO and r-CMO RP.

Half of the material from each sample was reduced in an 
atmosphere of 7% H2 in Ar at 325° C as has been previously 
reported23 and iodometric titrations were performed on all four 
materials to determine the bulk oxygen content and average B-site 
oxidation state in both the as-synthesized and reduced samples for 
each crystal structure. For simplicity we will refer to the as-
synthesized, more-oxidized CaMnO3 as CMO and the reduced 
version as r-CMO while the oxidized Ruddlesden-Popper will be 
referred to as CMO RP and the reduced version will be referred to as 
r-CMO RP. Results of the iodometric titrations are given in Table 1. 
Reduction resulted in increased oxygen vacancy contents and, 
correspondingly, decreased Mn oxidation states for both the 
perovskite and RP crystal structures. Interestingly, with an average 
oxidation state of 4.22 in CMO, the material is found to contain a 
small amount of Mn5+ which is rarely seen.  XPS measurements of all 
four samples corroborate the results of the iodometric titrations in 
that the surface oxidation states of both the perovskite and RP 
materials decreased after reduction (Figures 1, S4, Table 1) 
Investigation of the Mn 3s spectra shows a peak splitting in CMO of 
~3.9 eV which indicates an approximate oxidation state of Mn slightly 
above 4+ while the splitting of these peaks for the other three CMO 
materials is between 4 eV and 5 eV, indicating oxidation states 
between 3+ and 4+.30 Past work using employing thermodynamic 
calculations showed how increased partial pressures of oxygen at 
950° C, the calcination temperature we used, resulted in fewer 
oxygen vacancies and that this trend approached a complete lack of 
oxygen vacancies in a purely oxygen atmosphere,31 the same as with 
our synthesis. This makes sense as more oxygen present in the 
atmosphere during synthesis should result in a greater amount of 
oxygen in the bulk material. As for the excess oxygen present in the 
lattice of CMO, we have observed this before in previous work on 
LaMnO3.09 as a pseudocapacitor14 as well as in RP oxides used for the 

OER,16 so this observation is not without precedent. Furthermore, 
the reduced versions of both the CMO and the CMO RP materials 
display greater splitting than their unreduced counterparts, 
qualitatively confirming the reduction of Mn and the introduction of 
oxygen vacancies. Integration of the Mn 2p 3/2 and 5/2 peaks show 
a decrease in Mn oxidation state in both the perovskite and RP 
samples, and the ratios of Ca to Mn were consistent with formation 
of either the perovskite or RP structure for all four samples (Table 1, 
Figure S4). It is widely accepted that for materials of the same crystal 
structure, such as perovskites, greater numbers of oxygen vacancies 
within the bulk directly correlate with increased oxygen intercalation 
and capacitance. With that in mind, for perovskite oxides the crystal 
structure often becomes unstable when more than 1/6 of the oxygen 
is removed, and our attempts to introduce greater amounts of 
vacancies by using higher temperatures during reduction resulted in 
phase impurities. Thus it is rational to conclude that the optimum δ 
for both the materials is 0.5.

Table 1:  Physical characterization of CaMnO3- and Ca2MnO4-

Electrochemical Characterization
The pseudocapacitance of all four samples was first 

characterized using cyclic voltammetry in Ar-saturated 1 M KOH and 
all samples were supported at 85 wt% on Vulcan carbon XC-72 (VC). 
A carbon support is used because when drop cast the unsupported 
material particles only contact each other and the GCE surface 
through point contacts. By supporting the oxide materials on VC the 
electrical contact resistances between adjacent catalyst particles are 
minimized and better conductivity between the GCE electrode and 
the catalyst is achieved. Furthermore, we use VC for these studies 
because it is a relatively low surface area carbon, which minimizes 
the contribution to the overall capacitance from charging of an 
electrochemical double layer, and also because it lacks surface 
functionalities that may interact with and significantly alter the 
electronic structure of the oxide material. This allows us to be 
confident that the differences in pseudocapacitive performance 
across the oxide materials we examined are due to differences in the 
metal oxides themselves. Low mass loadings of 51 μgtotal cm2 were 
used to ensure efficient material utilization which allows for more 
detailed study of charge storage mechanisms.  

Figure 2 shows CVs performed at varying scan rates for r-CMO 
and r-CMO RP and Figure S5 shows CVs at multiple scan rates for the 
unreduced samples. A pair of features are seen on the anodic scan at 
low scan rates for all four samples with a sharp peak appearing near 
-0.07 V vs. Hg/HgO (1 M KOH) at 5 mV s-1 along with a lesser peak at 
-0.25 V, characteristic of Mn3+/4+ and Mn2+/3+ redox reactions, 
respectively14 and at faster scan rates the feature at -0.25 V becomes 
undiscernible from the background current. Two peaks are observed 
on the cathodic scan for each sample as well that correspond to the 
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reverse redox reactions mentioned above. While the average Mn 
oxidation states for all four samples are above 3+ (Table 1), it is well 
documented that CaMnO3 has low electrical conductivity and it is 
possible that without itinerant electron behavior, localized regions of 
more-reduced Mn may exist due to the dissociation of Mn3+ into 
Mn2+ and Mn4+.28 

As can be seen in Figure 2, the gravimetric capacitances of both 
the perovskite and the Ruddlesden-Popper increase with the 
introduction of (more) oxygen vacancies. Interestingly, at high scan 
rates the measured capacitance of r-CMO is significantly greater than 
that of r-CMO RP while this trend reverses at low scan rates. For the 
unreduced samples, the gravimetric capacitances of the two 
different crystal structures are approximately the same at high scan 
rates, but at low scan rates CMO RP displays a much higher 
pseudocapacitance than CMO and approaches that of its reduced 
counterpart.  When CVs are performed at 100 mV s-1, the resulting 
capacitance values increase almost linearly with oxygen vacancy 
concentration across all four samples. While CVs that are performed 
at 5 mV s-1 also show a mild dependence on oxygen vacancy 
concentration, this relationship is somewhat muted and r-CMO RP 
stores the greatest amount of charge despite having fewer oxygen 
vacancies than its perovskite counterpart.

Figure 2: Electrochemical characterization of CaMnO3- and 
Ca2MnO4- materials as pseudocapacitors in a 3-electrode cell. (a) 
CVs of r-CMO performed at multiple scan rates over a 1 V window. 
(b) CVs of r-CMO RP performed at multiple scan rates over a 1 V 
window. (c) CVs of SrFeO2.5 (SFO) performed at multiple scan rates 
over a 1 V window. (d) Capacitances of all four CMO materials at 
multiple scan rates. All CVs were performed in Ar-saturated 1 M KOH 
and performed in triplicate.

Effects of Oxygen Diffusion on Pseudocapacitance
The results presented above clearly show that oxygen vacancies 

play a crucial role in charge storage via anion intercalation as the 
capacitances for both the perovskite and RP materials increased 
dramatically after reduction, consistent with previous reports.15 
However, if oxygen vacancy content were the only factor in 

governing pseudocapacitive performance then we would not expect 
to see such a dramatic separation in performance between r-CMO 
and r-CMO RP at high scan rates as their oxygen vacancy contents 
are not a great deal different, and at low scan rates we would not see 
better performance from the RP materials versus the perovskites. 
Therefore, the differences between the two crystal structures 
themselves, specifically the incorporation of rock salt layers in the RP 
materials, must affect how oxide anions are shuttled into and out of 
the bulk material when surface hydroxide species are oxidized and 
the resulting oxygen anion is incorporated into the bulk.14  

The dependence of peak current on scan rate (v) during cyclic 
voltammetry studies can be used to determine whether the process 
of charge storage through anion intercalation is controlled by charge 
transfer limitations or by oxide anion diffusion rates within the 
lattice. When the peak current densities are plotted versus scan rate, 
we find that the peak currents trend linearly as v for both anion 
intercalation and deintercalation in r-CMO, which indicates that 
charge transfer limitations are controlling the pseudocapacitive 
performance of the perovskite material. (Figure 3). For r-CMO RP, the 
peak currents are proportional to v1/2 for anion intercalation and 
extraction, indicating that this process is diffusion limited.32

Figure 3. Effect of oxygen vacancies on bulk oxygen diffusion and 
charge storage. The dependence of the peak current densities on 
scan rate for (a) r-CMO and (b) r-CMO RP where the two cathodic 
peak current densities were measured at -0.1 V and -0.25 V. Oxygen 
diffusion rates were measured using a bounded diffusion model for 
(a) intercalation of oxygen and (b) deintercalation of oxygen from the 
bulk lattice for all four CMO materials.

To further probe the mechanism of charge storage the oxygen 
diffusion rates of both anion intercalation and deintercalation were 
measured for all four materials (Figure 3). These measurements are 
made by first performing three CVs at 10 mV s-1 to identify a stable 
peak position for the oxidation of Mn3+ to Mn4+ on the forward scan 
or for the reduction of Mn3+ to Mn2+ on the reverse scan, followed by 
chronoamperometry at a potential 50 mV more anodic (or cathodic) 
of these peaks to ensure a diffusion-limited process is taking place. 
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The current is plotted versus t-1/2 and the linear portion of each curve 
is fitted. The time at i = 0 is extrapolated and used to calculate the 
diffusion rate using a bounded diffusion model as described 
elsewhere.33–35 Shown in Figure 3 and Table S1, reduction of both the 
perovskite and RP structures leads to concomitant increases in 
oxygen vacancy contents and oxygen diffusion rates with r-CMO and 
r-CMO RP displaying diffusion rates on the order of those seen for Li+ 
in Li ion battery materials36,37 and r-CMO displaying the overall 
highest measured oxygen intercalation diffusion rates (2.64 x 10-11 + 
2.8 x 10-12 cm2 s-1). This is further evidenced by examining the CVs in 
Figure 2 for both the CMO and CMO RP materials in which at high 
scan rates the dominant cathodic peak is the reduction of Mn4+ to 
Mn3+  for both reduced materials indicating that intercalation and 
deintercalation are probably limited to a region near the particle 
surface, but as lower scan rates are used the Mn3+/2+ reduction peak 
contributes more to the overall discharge current, suggesting that 
increased amounts of oxide anions are diffusing into the bulk of the 
material, resulting in a more-reduced bulk structure. This lies in 
contrast to both unreduced samples in which both peaks contribute 
significantly to the overall charge stored at all scan rates used. 

B-value analysis was performed on CVs taken at a variety of scan 
rates for r-CMO and r-CMO RP as described elsewhere15 to 
determine the fraction of current resulting from capacitive 
contributions versus the fraction of current measured that was due 
to diffusion-limited processes within the lattice. Figure 4 shows that 
for both r-CMO and r-CMO RP the amount of charge stored at high 
scan rates is due to significant contributions from both surface 
confined processes, such as double layer capacitance and 
deprotonation of surface hydroxide groups, and diffusion-limited 
intercalation of oxide anions into near-surface vacancy sites. At 
lower scan rates a larger portion of the charge stored is due to 
diffusion-limited oxide anion intercalation into and out of the bulk 
material.

Figure 4. Capacitive components and oxygen vacancy trends. CVs in 
Ar-saturated 1 M KOH with the Faradaic current contributions shown 
in the shaded envelope for r-CMO at (a) 100 mV s-1 and (b) 5 mV s-1 
and for r-CMO RP at (c) 100 mV s−1 and (d) 5 mV s-1.

We propose that there are three main factors contributing to the 
overall charge storage mechanism in the CMO materials: surface 
charge storage in the form of double layer capacitance and surface 
redox reactions, oxide anion intercalation into oxygen vacancy sites, 
and oxide anion storage in interstitial sites within the rock salt layers 
of the RP. At high scan rates, when shorter periods of time are spent 
at potentials capable of causing charge transfer, anion intercalation 
is confined to a region near the particle surface and in this scenario 
the oxygen vacancy content and number of available Mn redox sites 
play the most important role in pseudocapacitive performance. This 
finding is supported by both the measured capacitances as well as 
the increase in oxygen diffusion rates for both the perovskite and RP 
materials as more vacancies are introduced for oxide anions to 
diffuse into. Additionally, CMO RP displayed the slowest measured 
oxygen diffusion rate, demonstrating that oxygen diffusion through 
rock salt layers is slower than through perovskite layers and probably 
does not contribute significantly to charge storage at reduced time 
intervals.  As slower scan rates are used, anion diffusion into and out 
of the bulk of the particle increases, aided by the fast oxygen 
diffusion rates described above. With the addition of the rock salt 
layers within the bulk, the RP can store oxide anions not only in 
vacancy sites within perovskite layers but in interstitial sites within 
the rock salt layers as well, resulting in superior performance. This 
hypothesis is corroborated by the measured capacitance of the 
unreduced RP sample that outperformed r-CMO at 5 mV s-1 despite 
having far fewer oxygen vacancies and a slower measured oxygen 
diffusion rate. Furthermore, these trends in pseudocapacitance point 
to the stability of both crystal structures over short time periods in 
basic conditions. If either structure were rapidly decomposing into 
its constituent oxides then the perovskite materials would display 
significantly higher capacitances than their RP counterparts at all 
scan rates due to their greater Mn content.

Asymmetric Pseudocapacitor Cells
The reduced versions of the both the perovskite and Ruddlesden-

Popper materials were investigated for their use in a two electrode, 
asymmetric pseudocapacitor cell in which the r-CMO and r-CMO RP 
materials were used as cathode materials while Brownmillerite 
SrFeO2.5 (SFO) was used as the anode material due to its exceptional 
ability to intercalate and deintercalate oxide anions and for its more-
negative Fe redox potential (Figure 5).15 Three-electrode CVs for SFO 
can be seen in Figure 2 and a PXRD spectrum to confirm phase-purity 
of the material is presented in Figure S6. During charging of the cell 
the CMO materials are taken to potentials positive of the SFO and 
surface hydroxide groups are deprotonated to form O2- that is 
intercalated into the CMO material while oxide anions are removed 
from SFO with the opposite process occurring during discharging. 
CVs of the two-electrode cell were used to determine the maximum 
potential window that could be used before water electrolysis would 
begin to occur during charging of the cell. As can be seen in Figure 5, 
after 1.65 V the current begins to increase independent of Mn redox 
events, signaling onset of water electrolysis and the edge of the 
potential window available for use. Thus, all galvanostatic charging 
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and discharging (GCD) experiments were performed over a 1.6 V 
potential window. The gravimetric capacitances calculated from the 
two-electrode CVs are shown in Figure S7.

Figure 5.  Two-electrode asymmetric cell experiments. CVs at various 
scan rates using SrFeO2.5 as the anode material and either (a) r-CMO 
or (b) r-CMO RP as the cathode material. (c) GCD experiments were 
performed at current densities ranging from 10 A g-1 down to 0.5 A 
g-1. (d) Ragone plot showing the energy density vs. power density at 
various discharge rates for cells containing both cathode materials as 
well as previously reported SrCoO2.7.15 All measurements were 
performed in Ar-saturated 1 M KOH and in triplicate.

Galvanostatic charging and discharging experiments were then 
performed to more accurately reflect device operation conditions 
with the results of these experiments shown in Figure 5. Both CMO 
cathode materials resulted in cells that showed high energy and 
power densities, and the results directly reflect the trends seen in the 
three-electrode measurements discussed above. At high discharging 
rates, the cell in which r-CMO was used as the cathode outperformed 
the r-CMO RP material with r-CMO achieving an energy density of 5 
Wh kg−1 at a power density of 15,800 W kg−1 and r-CMO RP showing 
only 3 Wh kg−1 at a power density of 11,800 W kg−1. At low current 
densities, however, anion intercalation into interstitial sites of the 
rock salt layer within the r-CMO RP structure dominates and leads to 
significantly higher performance (73 Wh kg−1 at 530 W kg−1) than r-
CMO (29 Wh kg−1 at 540 W kg−1). The energy densities of both CMO 
materials at high power densities are much lower than SrCoO2.7 (SCO) 
(28 Wh kg−1 at 10,000 W kg−1) and other perovskite materials 
previously reported by our group that were employed in the same 
two-electrode cells using SFO as the anode.15 This is possibly due to 
the lower oxygen diffusion rates seen in the CMO materials versus 
previously reported perovskites that utilize La and Sr in the A-site and 
therefor have wider interstitial sites through which oxygen can 
diffuse more readily. Additionally, each electron removed from Mn 
during discharging has less energy than those removed from SCO due 
to the more anodic potential at which these redox reactions occur in 
SCO that results in a larger potential window of the SFO//SCO cell. 

However, at slower charging and discharging rates the power 
densities of CMO materials compare much more favorably with SCO 
(31 Wh kg−1 at 450 W kg−1) and r-CMO RP functions to achieve a much 
higher energy density at similar power densities when slower 
discharge rates are used due to the ability to intercalate anions into 
interstitial sites of the rock salt layers within r-CMO RP.

Conclusions
The electrochemical pseudocapacitance of CaMnO3- and 

Ca2MnO4- materials have been studied via potentiodynamic 
measurements. Reduced versions of both CMO materials that were 
formed by annealing in a reducing atmosphere displayed greater 
pseudocapacitive performance than their unreduced counterparts, 
verifying that greater oxygen vacancy concentrations within the bulk 
of these materials increases their ability to store charge via anion 
intercalation. Furthermore, we demonstrate how a governing 
descriptor for pseudocapacitive performance changes from a 
dependence on the number of surface redox sites and oxygen 
vacancies at high scan rates to a dependence on facile oxygen 
diffusion through the bulk lattice and the ability to intercalate oxide 
anions into the interstitial sites of the rock salt layers of the 
Ruddlesden-Popper crystal structure at slow scan rates. Finally, we 
demonstrate how both materials maintain the impressive redox 
pseudocapacitive performance observed in the three-electrode cell 
when used in an asymmetric, 2-electrode pseudocapacitor 
configuration and how these measurements verify the trends 
described above.
The conclusions section should come in this section at the end 
of the article, before the acknowledgements.
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