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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Pseudocapacitance of CeO2-coated
Mn2PO4F in water-in-salt electrolyte
investigated.

• No structural effect on the triplite
structure in the presence of CeO2 or
carbon.

• CeO2 transforms surface Mn2+ to Mn3+

to enhance the cyclability.
• Asymmetric cell achieved high power

and energy densities.
• Pseudocapacitor exhibits excellent

cycling stability of 89 % after 15 000
cycles.

A R T I C L E I N F O

Keywords:
Manganese fluorophosphate
Triplite
Asymmetric supercapacitor
Hybrid energy storage system
Sodium perchlorate
Water-in-salt electrolyte

A B S T R A C T

Manganese fluorophosphate, Mn2PO4F (MPF), is investigated as a potential candidate electrode material for
aqueous asymmetric supercapacitor systems. CeO2 coatings at concentrations of different weights are introduced,
along with a 10 wt% carbon black (CB) coating serving as a conducting agent. The 5 % CeO2 (MPF/C/CeO2-5)
composite was identified as a stable, high-power positive electrode material in an asymmetric supercapacitor
device using nitrogen-doped hollow carbon spheres (NHCS) as the negative electrode. These electrodes are
coupled with a 17 m water-in-salt NaClO4 electrolyte, yielding a sustainable high-power pseudocapacitive de-
vice. The device achieves a specific capacitance of 38 F/g, and a maximum energy density of 21.0 Wh/kg at a
power density of 390.9 W/kg. Remarkably, at a current density of 3 A/g the device achieved a maximum power
density of 11.632 kW/kg at an energy density of 11.2 Wh/kg. Power densities of this magnitude are generally
only achieved at higher current densities compared to other manganese-based materials in the recent literature.

* Corresponding author.
** Corresponding author.
E-mail addresses: dean.barrett1@wits.ac.za (D.H. Barrett), Kenneth.ozoemena@wits.ac.za (K.I. Ozoemena).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

https://doi.org/10.1016/j.jpowsour.2024.236081
Received 18 September 2024; Received in revised form 30 November 2024; Accepted 14 December 2024

https://orcid.org/0000-0001-5360-9336
https://orcid.org/0000-0001-7107-7003
https://orcid.org/0000-0001-5360-9336
https://orcid.org/0000-0001-7107-7003
mailto:dean.barrett1@wits.ac.za
mailto:Kenneth.ozoemena@wits.ac.za
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2024.236081
https://doi.org/10.1016/j.jpowsour.2024.236081
https://doi.org/10.1016/j.jpowsour.2024.236081
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2024.236081&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Power Sources 630 (2025) 236081

2

Favourable cycling stability was achieved and attributed to the electronic interaction between CeO2 and Mn2+ as
a similar device using pure MPF achieved a capacity retention of only 64.9 % under the same experimental
conditions.

1. Introduction

Asymmetric supercapacitors (ASCs) have recently been highlighted
as promising candidates for next-generation energy storage systems.
While conventional supercapacitors (SCs) use two electrodes of the same
material, ASCs use two electrodes of different materials, leading to more
flexibility in the design of these devices. For example, the electrodes can
consist of an electric double-layer capacitive (EDLC) carbon material
which are coated with different functional groups, promoting the
Faradaic properties of one electrode while promoting capacitive
behavior in the other [1–3]. Alternatively, a battery-type design can be
adopted whereby a Faradaic (having bulk redox/ion-intercalation en-
ergy storage processes) or pseudocapacitive (having a mix of Faradaic
and non-Faradaic energy storage processes) cathode-like (positive)
material can be coupled with a carbonaceous EDLC anode-like (nega-
tive) material [3–5]. Such systems aim to develop devices with the
high-power characteristics of conventional SCs while also providing the
high-energy characteristics of conventional battery systems.

Alkali metal fluorophosphates have recently gained attention as
promising cathode materials in battery research. These materials utilize
highly electronegative polyanionic subunits, along with fluorine, to in-
crease the ionic character of the redox metal species, leading to higher
redox potentials in comparison to transition metal oxides commonly
used in commercial battery systems [6–8]. Additionally, these materials
typically comprise earth-abundant metals, such as Fe, Mn, and V, and
are often noted to display redox chemistry through multiple electron
reactions [9–11]. Some fluorophosphates, such as LiVPO4F, have
competed well in terms of energy density with commercial cathode
materials used in Li-ion batteries [10], and have thus been explored as
potentially safer, more environmentally friendly, and low-cost alterna-
tives to such materials. Despite the successful implementation of these
materials in battery systems, few studies have explored their potential in
other electrochemical systems, such as SCs and ASCs. In this study,
manganese fluorophosphate (MPF) is investigated as a potential candi-
date for use as a positive electrode material in an ASC system. Despite its
first reporting by Rea and Kostiner (1972) [12] more than four decades
ago, MPF remains widely unexplored for electrochemical applications in
comparison to other fluorophosphate members. Given the successful use
of Mn-based materials in energy storage systems [13,14] MPF should be
explored as a candidate for use in supercapacitors and battery systems,
particularly in regions like South Africa, which are thought to hold 80 %
of global manganese reserves [15].

Recently, Nzimande et al. (2021) reported MPF as a viable cathode
material for a reversible aqueous Na-ion battery system [16], and to the
best of our knowledge, this is the only report which explores the elec-
trochemical properties of MPF. In their report, a ceria(CeO2)-coated
MPF coupled with a zinc foil anode in an aqueous Na electrolyte pro-
duced a device with an average voltage of 1.6 V and a specific capacity
of ~195 mAh/g. This demonstration successfully suggests that MPF is a
safe, cost-effective, and environment-friendly material that should be
further explored for advanced energy storage solutions. In particular,
the energy storage mechanisms evident in MPF can be better understood
as the study of the material is still in its early stages. Nzimande et al.
(2021) further proposed that the CeO2 coating was particularly impor-
tant for enabling the electrochemical properties of MPF. CeO2 coatings
promote the structural stability of materials by acting as a protective
layer to prevent electrode degradation from processes such as
ion-diffusion, electrolyte infiltration, and corrosion in aggressive elec-
trolyte environments [17–19]. Additionally, the reversible oxygen
storage properties and catalytic activity of CeO2 facilitate redox

processes and reaction kinetics at electrode interfaces in electrochemical
materials leading to improved electrochemical performance [19–22].
Furthermore, the ionic conductivity of CeO2 promotes the
charge-transfer kinetics of electrochemically active materials to ensure
the maximum utilization of the active material while enhancing the rate
capability, which, coupled with improved structural stability, can
greatly benefit high-power electrochemical systems with fast char-
ging/discharging rates [18,23].

Aside from the choice of electrode materials and methods of modi-
fying them to optimize performance, it is also important to consider the
choice of electrolyte when designing ASC systems. Concentrated WIS
electrolytes have been proven to enhance the operational stability of
batteries and supercapacitors, enabling them to withstand higher volt-
ages without the promotion of unwanted side-reactions [24,25].
Expanding the stability window of these devices not only improves their
overall performance, safety, and longevity, but also serves as a
cost-effective and sustainable alternative to commonly used organic
electrolytes. Furthermore, WIS electrolytes offer improved ionic con-
ductivity and have the potential for higher energy densities than
salt-in-water aqueous electrolytes.

In this study, a CeO2-coated MPF was synthesised using a cost-
effective microwave-assisted method. This material was used as a pos-
itive electrode in an ASC setup coupled with a nitrogen-doped hollow
carbon sphere (NHCS) negative electrode in an aqueous water-in-salt
(WIS) NaClO4 electrolyte. CeO2 is used as a coating agent owing to its
proven benefits in energy-storage electrode materials. To further the
work done by Nzimande et al. (2021), the effect of varying the amount of
CeO2 is investigated to better understand its effect on the electro-
chemical properties of pristine MPF and to determine whether further
additions CeO2 may prove useful in further optimizing the material’s
performance. Additionally, 10 wt% carbon black (CB) is added to pro-
mote the conductivity of the resulting composites. For the negative
electrode, NHCSs were synthesised because they are carbonaceous ma-
terials with high surface areas, similar to other EDLC-type materials used
for similar applications. The choice of a WIS electrolyte is to expand the
stable operating window of the resulting ASC device. To our knowledge,
this work is one of the few instances where a fluorophosphate material
has been reported as a candidate material for use in ASC systems [26]. It
is with this knowledge that this study aims to further define the elec-
trochemical characteristics of MPF and contribute to ongoing studies of
fluorophosphates as electrochemical energy materials in systems outside
of Li-ion batteries in which they currently predominate.

2. Experimental

2.1. Materials

Lithium fluoride (LiF, ≥99.99 %, Merck), ammonium dihydrogen
phosphate (NH4H2PO4, ≥98 %, Sigma-Aldrich), manganese nitrate tet-
rahydrate (Mn(NO3)2•4H2O, ≥97.0 %, Sigma-Aldrich), cerium nitrate
hexahydrate (Ce(NO3)3•6H2O, 99 %, Sigma-Aldrich), potassium hy-
droxide (KOH, 85 %, ACE Chemicals), carbon black (CB, TIMICAL
SUPER C45, MTI Corp.), ethanol (EtOH, ≥99.9 %, Merck), poly-
vinylidene fluoride (PVDF, -(C2H2F2)n-, HSV900, MTI Corp.), sodium
perchlorate (NaClO4, ≥98.0 %, Sigma-Aldrich), N-methyl-2-pyrrolidone
(NMP, C5H9NO, 99.5 %, Sigma-Aldrich), tetraethyl orthosilicate (TEOS,
Si(OC2H5)4, 99.999 %, Sigma Aldrich), ammonia solution (25 %, Fluka),
resorcinol (C6H4-1,3-(OH)2, ≥99 %, Merck), formaldehyde (CH2O, 37
%, Sigma-Aldrich), and cetyltrimethylammonium bromide (CTAB,
CH3(CH2)15N(Br)(CH3)3, ≥98 %, Sigma-Aldrich) were used as
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purchased from their respective suppliers. Carbon paper and nickel foam
were also used for the electrochemical investigations.

2.2. Preparation of pristine Mn2PO4F (MPF) and MPF/C/CeO2

The synthesis of pristine MPF and the MPF/C/CeO2 composites fol-
lows an established method reported previously [16], however, some
alterations were made for this work. For the synthesis of pristine MPF,
LiF is used as a fluorine source instead of NaF due to the greater avail-
ability of the former precursor. For the synthesis of the MPF/C/CeO2
composites, rather than only 2 % CeO2, composites comprising 2.5 %, 5
%, and 7.5 % CeO2, were produced. Detailed descriptions and schematic
representations of the full synthesis procedures are provided in the
supplementary text (See Fig. S1).

2.3. Preparation of NHCS

In a sealable glass vessel, tetraethyl orthosilicate (50 mL), ethanol
(390 mL) and deionized water (50 mL) were combined and magnetically
stirred. Then, 20 mL of 25 % ammonia solution was added, and the
vessel was sealed. The clear solution gradually turned milky-white after
being left for some time. The solution was then stirred for 12 h and the
silica product was collected using a centrifuge. The product was then
dried in an oven at 60 ◦C for 12 h. Next, 2 g of the prepared silica
template was added to a solution housed in a sealable vessel containing
140 mL ethanol, 30 mL deionized water, 0.9 g resorcinol, 0.9 mL
formaldehyde, and 1 g CTAB. This mixture was stirred with a magnetic
stirrer and 10 mL of 25 % ammonia solution was added. The vessel was
then sealed before the solution was stirred for 12 h. The white solution
gradually turned a light brown colour as the resorcinol formaldehyde
(RF) layer formed over the silica template. The obtained light-brown
solution was then vacuum filtered and dried in an oven at 60 ◦C for
12 h. The fine brown powder obtained was then mixed with melamine as
a nitrogen source and the mixture was finely ground using a mortar and
pestle. The resulting powder was subsequently heated in a tube furnace
at 900 ◦C for 2 h at a heating rate of 10 ◦C/min under Ar, which resulted
in the carbonization of the RF layer. The obtained black powder was
then added to a sealable vessel containing 400 mL of deionized water
and was then stirred with a magnetic stirrer. Hydrofluoric acid (HF) (20
mL) was then added and the solution was then stirred lightly for 12 h.
This allowed the silica template housed in the carbon spheres to be
leached without damaging their shells. The solution was then vacuum
filtered and dried in a 60 ◦C oven for 12 h. The product collected was
denoted NHCS.

2.4. Characterization

2.4.1. Materials characterization
The materials were characterized using high-resolution transmission

electron microscopy (HR-TEM) in a JEOL JEM 2100 at an accelerating
voltage of 200 kV with a Thermo Fischer detector for EDS measure-
ments. The samples were dissolved in ethanol, sonicated for approxi-
mately 20 min, and dispersed on a carbon-coated copper grid before
analysis. High-resolution scanning electron microscopy (HR-SEM) was
performed using a Zeiss Auriga Field Emissions SEM running with
SmartSEM software and an Oxford X-max detector running with Aztec
software for EDX measurements. The samples were stuck on double-
sided carbon tape and coated with carbon using an Epitech Carbon
Coater on a stage that was inserted into the microscope. Brunauer-
Emmett-Teller (BET) analysis was performed using N2 adsorption in a
Micrometrics TriStar 2000 surface area and porosity analyzer. Ther-
mogravimetric analysis (TGA) with weight loss derivative outputs (DTG)
was performed using a PerkinElmer 6000 thermogravimetric analyzer.
X-ray photoelectron spectroscopy (XPS) analysis was performed using a
Thermo ESCAlab 250Xi X-ray photoelectron spectrometer with a
monochromatic Al Kα (1486.7 eV) photon sources.

Synchrotron powder X-ray diffraction was measured at the
Brockhouse lower-energy wiggler beamline at the Canadian Light
Source (CLS), with an incident energy of 15.1 keV, with samples loaded
in capillaries that were spun during the measurements for sample
improved statistics. A Mythen 1K linear detector mounted onto a Huber
diffractometer 2θ arm was used to collect the diffracted beam. The de-
tector acquisitions from the 1K Mythen cover the 2θ range from 10 to
80◦ and were merged into one single PXRD pattern for each sample
measurement using a Python routine [27].

Rietveld refinements: Structure refinements of the diffraction data
measured at the Brockhouse lower-energy diffraction beamline (CLS)
were performed using TOPAS academic v7 [28]. The instrumental
profile was determined by refining to the measurement of the NIST 660b
LaB6 standard sample. Multiphase refinements were then performed for
the other samples, wherein the lattice parameters by symmetry,
isotropic atomic displacement parameter, and scale factor were refined
for distinct phases. Peak broadening due to domain size was accounted
for by Gaussian and Lorentzian convolutions, and the strain was
modelled using the Stephens model for cubic or hexagonal structures.
The background was modelled using Chebychev polynomials with six to
eight terms.

Pair distribution function (PDF) analysis: High-Q total scattering
data were collected in capillary transmission geometry at the European
Synchrotron and Radiation Facility (ESRF) at beamline ID11 experi-
mental hutch 1 with a 2D Frelon camera and an incident wavelength of
0.1653 Å. Energy calibration was performed using Ni and CeO2 refer-
ence material at seven sample-to-detector distances. The samples were
then loaded into Kapton capillaries. The total scattering data were
background subtracted, normalised, and Fourier transformed to the pair
distribution function (PDF) using the software PDFgetX3 within the
xPDFsuite [29,30] and structure refinements were performed using
PDFgui [31]. Additional total scattering methodology is provided in the
Supplementary Information.

2.4.2. Electrochemical characterization
The electrochemical properties of the synthesised materials were

first investigated in three-electrode (half-cell) systems. The electrodes
were prepared by crushing the active materials with poly(vinylidene
fluoride) (PVDF) as a binding agent in a mortar and pestle at a weight
ratio of 90:10 until a homogeneous mixture was formed. A few milli-
litres of N-methyl-2-pyrrolidone (NMP) were then added to the solid
mixture to form a viscous slurry which was stirred for 30 min. The slurry
was then uniformly dispersed onto a carbon paper disk (A = 0.7854 cm2,
0.1 mm thickness) through dropwise addition using a glass Pasteur
pipette, followed by drying in a 60 ◦C oven for 12 h to ensure total
evaporation of the solvent. The mass loadings of the electrodes were in
the range of 1.0–1.2 mg/cm2. The produced electrodes were used as
working electrodes, and a nickel foam disk was used as the counter
electrode. Owing to the use of highly concentrated electrolytes and
uncertainty regarding the optimal operating conditions of the materials
studied, concerns have arisen regarding the choice of an appropriate
reference electrode. Thus, carbon paper was chosen as a quasi-reference
electrode in these setups. Porous carbon electrodes are typically chem-
ically inert and exhibit excellent stability with minimal potential drift in
both aqueous and non-aqueous systems [32,33]. Therefore, carbon
paper is expected to maintain reliable reference potentials without the
risk of reacting with highly concentrated electrolytes. Hence, it was
deemed to be a suitable reference electrode for the study of these ma-
terials. The systems were assembled in a Swagelok T-type electro-
chemical cell, making using a 17 m NaClO4 WIS solution as the
electrolyte and glass microfiber filters (Whatman GF/F) as the separator
between the electrodes. To ensure optimal conditions, the electrolyte
was sonicated at 50 ◦C for ~30 min before assembly to dissolve any
crystal formations and mitigate recrystallization during assembly and
experiments. The electrodes and separator disks were soaked briefly in
the electrolyte solution before cell assembly, ensuring that the cell was

R. O’Connor et al.



Journal of Power Sources 630 (2025) 236081

4

well-sealed to prevent crystallization of the electrolyte. Cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) measurements were performed using a
Bio-logic SP300 Potentiostat running on EC-lab software. EIS measure-
ments were conducted using an AC voltage in the frequency range of 0.1
Hz–100 kHz. The specific capacitance, Cs (F/g) of the electrodes was
determined using the GCD curves and calculated using Eq (1)) [34]:

Cs=
∫
I • dt

ΔV ×m
[1]

where I (A) is the applied current, t (s) is the discharge time, ΔV is the
potential window, and m (g) is the active mass of the material coated on
the electrode.

For two-electrode investigations, devices were assembled in a coin
cell (size 2032) assembly using a 17 m NaClO4 WIS solution as the
electrolyte and glass microfiber filters (Whatman GF/F) as the separator
between electrodes. MPF/C/CeO2-coated carbon paper disks served as
positive electrodes whereas the NHCS-coated disks served as negative
electrodes in the ASC device. Electrodes were prepared using the same
method as that described for the three-electrode studies, however, the
mass loadings were determined by charge balance calculations. Charge
balancing was performed by obtaining the ideal mass ratio of the cath-
ode material to the anode material (from three-electrode investigations)
using Eq (2)) – 4)1,35.

q+/− =Cs +/− ×m+/− × ΔV+/− [2]

q+ = q− [3]

m+

m−
=
Cs − × ΔV−

Cs+×ΔV+
[4]

where q+, m+, c+, and ΔV+ correspond to the charge, mass, specific
capacitance, and potential window of the cathode respectively, and q− ,
m− , c− , and ΔV− correspond to the charge, mass, specific capacitance,
and potential window of the anode respectively. The specific capaci-
tance of the two-electrode system was calculated using Eq (5)).

Cs=
4
∫
I • dt

ΔV ×m
[5]

As was the case for eq (1), I (A) is the applied current, t (s) is the
discharge time, and ΔV is the potential window; however, m (g) in this
case is the combined active mass of the materials coated on both the
cathode and the anode. The specific energy (Es, Wh/kg) and specific
power (Ps, W/kg) were calculated from the GCD curves of the two-
electrode systems using Eq (6)) and 7) [1,35].

Es=
Cs × ΔV2

2 × 3.6
[6]

Ps=
Es × 3600

Δt
[7]

where Cs is the specific capacitance of the two-electrode cell calculated
from eq (5)), and Δt is the discharge time.

3. Results and discussion

3.1. Physical characterization

3.1.1. S-PXRD
The triplite-type structure of the pristine MPF was identified using

Mn2(PO4)F (PDF Card – 01-083-6369) with a monoclinic unit cell and
space group symmetry C2/c. Small impurity peaks were observed and
partially identified as LiMnPO4 (LMP) (PDF Card – 00-065-0255) with
an orthorhombic unit cell and space group symmetry Pnma. A small
minority of additional peaks could not be identified via search-matching

using the ICDD database. Rietveld refinement was performed for each
dataset as shown in Fig. 1a and Figs. S2–S5.

The presence of peak shoulders appearing with LiMnPO4 (Fig. S2)
indicates a related phase; however, this cannot be proven with high
certainty. Several other isolated peaks were also identified. The un-
identified peaks only accounted for approximately 2 % of the area of the
diffraction peaks after background subtraction. To stabilize the refine-
ment of the LMP phase, fixed Lorentzian broadening was used to
describe the peak shape. A two-phase Rietveld refinement (Fig. S2) was
then performed to optimize the lattice parameters, scale factors, and
isotropic atomic displacement parameters (one Biso for all atoms in LMP
and two for MPF – Biso(Mn) and Biso(P=O=F)). The peak shape for MPF
was described using Pseudovoigt convolutions for both the crystallite
size and strain broadening. The refinement resulted in a ratio of
approximately 6:1 MPF:LMP with MPF lattice parameters of a =

13.41600(4) Å, b = 6.51154(2) Å, c = 10.10601(4) Å, and β = 119.9802
(2)◦, and a crystallite size of approximately 260(28) nm (where we
estimated the standard deviation from the refinement by multiplying by
a factor of 10). Real-space refinement to the PDF determined from total
scattering measurement of the same sample gave a consistent result and
further gave no indication of a significant contribution from the un-
known impurities in the local structure (Fig. S2). Reasonable fits could
be achieved as described above, with all defined parameters fixed for
MPF to those from the published structure, delta 1 for correlated motion,
spherical domain damping, and positions of Mn and F refined by
symmetry.

Further Rietveld refinements were performed on the samples with
2.5 %, 5 %, and 7.5 % CeO2 with 10 % carbon black added (Figs. S3–S5),
as well as PDF refinements for the corresponding samples with 2.5 % and
7.5 % CeO2 as shown in Fig. 1b. In the former case, a significant amount
of additional diffuse scattering could be observed close to the baseline,
which could be distinctly indexed to the Fm-3m structure of CeO2, a
three-phase refinement was performed. PDF refinements were also
performed, including the CeO2 phase, as the peaks from the nano-
domains of CeO2 could be distinctly observed, confirming that the
coherence length is only on the order of 1–2 nm. We did not observe
significant changes in the lattice parameters of MPF between the sam-
ples, indicating that the presence of CeO2 and CB does not strongly in-
fluence the structure of MPF. A PXRD pattern was also obtained for the
NHCS negative electrode material and is presented in Fig. S7.

3.1.2. XPS analysis
XPS analysis was performed to further investigate the surface

chemistry and elemental composition of the materials, and the results
are summarized in Fig. 2. The survey spectra (Fig. S17a) and elemental
compositions (see Table S2) obtained from this analysis display all the
expected elements at their typical binding energies. An asymmetric peak
centered at ~647 eV was observed for the pristine MPF and composite
samples corresponding to Mn 2p (Fig. 2a). The peak located at ~641.6
eV (dotted line), corresponding to the Mn 2p3/2 state, was deconvoluted
into three peaks corresponding to the presence of both Mn2+ (~641.1
eV) and Mn3+ species (~642.5 eV), along with a satellite peak
commonly seen for Mn2+ species (~645.0 eV) [36]. A peak corre-
sponding to the Mn 2p1/2 state was also observed at ~653.5 eV for both
pristine MPF and the composite samples, which was deconvoluted into
two peaks corresponding to Mn2+ (~653.0 eV) and Mn3+ (~654.5 eV)
species [36]. The spin-orbit splitting between the Mn 2p3/2 and Mn 2p1/2
was found to be ~12.0 eV for pristine MPF, with a slight decrease in the
splitting observed for the composite samples (~11.8 eV). This slight
decrease in spin-orbit splitting for the composite samples suggests par-
tial oxidation of surface Mn species, resulting from the addition of the
CeO2 coatings.

To further investigate the extent of this oxidation between samples,
the deconvoluted peak areas were calculated to determine the ratio of
Mn2+ to Mn3+ species. According to the given deconvolution, pristine
MPF consists of ~63.9 % Mn2+ and ~36.1 % Mn3+, MPF/C/CeO2-2.5
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consists of ~56.7 % Mn2+ and ~43.3 % Mn3+, MPF/C/CeO2-5 consists
of ~53.5 % Mn2+ and ~46.5 % Mn3+, and MPF/C/CeO2-7.5 consists of
~49.1 % Mn2+ and ~50.9 % Mn3+. This result showcases that the
increased addition of CeO2 results in a decrease of surface Mn2+ species,
attributed to increased oxidizing ability with a greater presence of CeO2.
Furthermore, this result corroborates EDX data where Ce was observed
to show a preferential interaction with Mn. The varying presence of
Mn2+ and Mn3+ species in the samples is of particular interest to un-
derstand for further electrochemical analysis of these samples. Gener-
ally, Mn3+ species are noted to be more electrochemically active than
Mn2+, however, concerns over the unfavourable effects of Jahn-Teller
distortion and disproportionation reactions associated with Mn3+

often result in lower stability, yet Mn2+ dissolution may also be a
notable challenge in other systems [37–40]. Interestingly, however, Roy
et al. (2024) used DFT calculations to show how introducing Jahn-Teller
distortion in tungsten oxide through the introduction of interlayer water

enhances the electrochromic performance, structural stability, and
cyclability of the material [41]. Furthermore, Lv et al. (2022) have
highlighted that disproportionation reactions can be beneficial for some
applications, whereby they highlighted that reversible MnO2/Mn2+

transitions were enabled through disproportionation of Mn3+species in a
Zn-MnO2 hybrid battery system [42]. Such studies highlight the unique
complexities associated with Mn-based materials and showcase how the
nature of Mn species present can play a significant role in the electro-
chemical and physical properties of the materials. Depending on the
system involved, the overall performance of the materials can vary
significantly based on the content of Mn species present. In some cases,
species which may be viewed as less favourable in one application may
prove more beneficial in another. Further analysis of the Mn species
present in pristine MPF and the CeO2 composites, perhaps through the
use of DFT calculations, would assist in investigating whether effects
such as Jahn-Teller distortion or disproportionation reactions play a role

Fig. 1. a) Rietveld refinement fitting of pristine MPF with the higher angle region from 42 to 80◦ 2θ magnified, showing a good quality fit of the data to high angles
to the structure refinement model (Similar plots for the other sample compositions are given in the SI), and b) PDF fittings for pristine MPF, MPF/C/CeO2-2.5, and
MPF/C/CeO2-7.5.

Fig. 2. XPS spectra illustrating deconvoluted a) Mn 2p, b) P 2p, and c) O 1s peaks for the pristine MPF and MPF/C/CeO2 composites; and deconvoluted d) Ce 3d
peaks for the MPF/C/CeO2 composites.
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in the performance and stability of the materials. This information may
provide insight into optimizing the amount of CeO2 added to bring about
the most beneficial performance of the materials. With this in mind, Mn
XPS data suggests that the nature of Mn species is significantly affected
by the addition of varying CeO2 coatings. The amount of CeO2 added
plays a role in varying the overall composition of Mn2+ and Mn3+ spe-
cies which are expected to effect the stability and electrochemical per-
formance of the materials.

The P 2p peak (Fig. 2b), located between 131.2 and 134.9 eV, is in
the typical region expected for phosphate species. For all samples
investigated this peak was deconvoluted to two peaks corresponding to
the P 2p1/2 (~133.8 eV) and P 2p3/2 (~132.7 eV) states, with the former
corresponding to the presence of metal-phosphorus bonds and the latter
corresponding to oxidized phosphorus and surface phosphate groups
[43]. A slight reductive shift (~0.1 ev, dotted lines) is observed with the
addition of 2.5 % and 5 % CeO2, which then reverses with further
addition to 7.5 % CeO2. This suggests that with additions of CeO2 up to 5
%, P species also contribute to the oxidation of Mn species. It is possible
that P species begin to experience an increased binding affinity to Mn as
the CeO2 coatings oxidize the surface of pristine MPF, leading to the
observed reductive shift. Further addition of CeO2 to 7.5 % leads to an
oversaturation effect whereby P species also begin to oxidize at the
surface of pristine MPF which may compromise the substrates’ chemical
stability.

The O 1s peak centered around ~531.0 eV (Fig. 2c, dotted line) was
deconvoluted into three peaks for all samples analyzed. Peak Oa
(~532.1 eV for PMPF and ~533.2 eV for the CeO2 composites) is
attributed to the presence of adventitious oxygen species, while Ol
(~529.4 eV) corresponds to the presence metal-oxide lattice species
[44]. Notably, the intensity of the Ol peak was significantly more pro-
nounced in the CeO2 composites than in the pristine MPF because of the
increased metal oxide bonds contributed by the CeO2 coating on the
surface of the pristine MPF substrate. The peak Ov, centred at ~531.0
eV, traditionally corresponds to oxygen vacancies, however, recent
debate questions the accuracy of this assignment. Frankcombe and Liu
suggested that this results from chemisorbed water or oxygen atoms that
have been passivated with absorbed hydrogen on the material surface
[45]. With this in mind, deconvoluted peak areas suggest the composi-
tion of peak Ov in the samples are as follows: pristine MPF consists of
~73.4 %, MPF/C/CeO2-2.5 consists of ~71.9 %, MPF/C/CeO2-5 con-
sists of ~70.8 %, and MPF/C/CeO2-7.5 consists of ~62.7 %. These
percentages are quite high if it is assumed to arise from oxygen va-
cancies, and as such it is more reasonable to assume that these signals
may arise from chemisorbed water or passivated oxygen. However, if we
assume a partial contribution to this signal arises from oxygen vacancies,
or perhaps oxygen deficient regions, the percentage composition of Ov
species would suggest that increasing additions of CeO2 results in a
decrease in the presence of these species. Oxygen vacancies have been
observed to enhance electrochemical performance of some materials,
however, particularly when the presence of such species is quite large it
can lead to structural instability and thus electrode degradation in
electrochemical systems [46,47]. Chen et al. (2023) have also explored
the effect of NaOH addition on the morphology, structure, and electro-
chemical performance of LiMn2O4 cathodes [48]. The authors found
that NaOH addition significantly affects the content of Mn3+ and oxygen
vacancies, and attributed higher overall electrochemical performance to
synergistic interactions between these species, particularly at higher
Mn3+ contents. The variation in the overall presence of oxygen va-
cancies is thus expected to effect the performance of the as-synthesised
materials, however, it is important to better understand the species
present which may be contributing to the Ov signal. To further investi-
gate the possible contributions to this signal, DFT calculations would
need to be employed to better elucidate the electronic structure of the
material, particularly when considering the possibility of oxygen va-
cancies. Nevertheless, O 1s XPS confirmed the presence of metal oxide
bonding between the Mn, O/Ce, and O species in the materials studied.

A very weak F 1s (Fig. S17b) peak was also evident at ~684.3 eV in
all the samples studied which is the region typical of metal fluorides
[49]. It could also be argued that a slight reductive shift is evident in the
F 1s spectra with further additions of CeO2, which again suggests the
CeO2 coatings alter the nature of chemical bonds present in pristine
MPF. Given that the F 1s signals are relatively weak, this observation
should be interpreted with caution as it may lack reliability. The in-
tensity of the CeO2-coated composites decreased and shifted slightly
(~0.5 eV) towards lower binding energies. Fluorine is expected to be
present predominantly in the bulk of the pristine MPF and thus is not
expected to be present in high concentrations on the surface, which
accounts for the low intensity of this signal. The further decrease in the
intensity of this signal for the CeO2 composites is attributed to the
masking of the pristine MPF by the CeO2 and carbon black coatings. A
slight shift (~0.3–0.5 eV) towards lower binding energies is also evident
in the CeO2 composites which further shows a change in the chemical
environment at the surface of the pristine MPF substrate resulting from
the addition of CeO2.

A C 1s peak (Fig. S17c) was observed for the three CeO2-coated
composites in the range of ~282.7–287.4 eV. This peak was deconvo-
luted into four peaks located at ~284.4 eV, corresponding to the pres-
ence of C-C bonds, ~285.0 eV, corresponding to the presence of C-O
species, ~287.1 eV, corresponding to the presence of C=O species, and
~288.7 eV, corresponding to the presence of O-C=O species [50]. The C
1s spectra showed no significant changes among the composites, with
the signal primarily originating from the presence of carbon black,
suggesting that the carbon black coating did not undergo any chemical
alteration in the presence of pristine MPF or CeO2.

Fig. 2d shows the Ce 3d spectra for each CeO2 composite, with three
distinct peaks centered at ~884.4, 902.3, and 916.7 eV. While the well-
defined peak at 916.7 eV is a common indicator of the presence of Ce4+,
further deconvolution of the other two peaks suggests the coexistence of
Ce3+ and Ce4+ species. As is common practice for Ce 3d XPS analysis, the
doublet peaks corresponding to Ce 3d3/2 and Ce 3d5/2 states are denoted
as u and v, respectively. Peaks assigned to Ce4+ include v (882.6 eV), v’’
(887.0 eV), v’’’ (898.4 eV), u’’ (907.7 eV), and u’’’ (916.7 eV). Simi-
larly, the peaks assigned to Ce3+ include vo (881.4 eV), v’ (885.0 eV), uo
(900.9 eV), and u’ (904.1 eV) [51,52]. It should be noted that the
deconvolution of Ce 3d spectra is a notable challenge, particularly when
mixed-valence species are involved. Notably, in the deconvolution
provided here, there is a missing peak u which is expected in the region
of 900–901 eV, however, it was decided to provide the given deconvo-
lution as it was the most consistent among the composites studied.
Discrepancies in the binding energies for some of these peaks are ex-
pected to result from the complex nature of the chemical environment of
the Ce species. Interactions between CeO2 and the pristine MPF sub-
strate likely play a role in the identity of Ce species, especially given the
changes noted in the chemical environment of Mn species with variation
in the loading of CeO2. Furthermore, given that XPS is a surface-based
characterization method, increased additions of CeO2 and the addition
of 10 % carbon black is expected to mask pristine MPF and thus may not
reliably represent the surface chemistry evident on the substrate. As
such, the interpretation of this data should be approached with some
caution. It is also noted that further analysis of this data through the use
of DFT calculations would greatly assist in understanding the nature of
the elemental species present in the materials, particularly in the case of
Mn and O species which are expected to play a significant role in the
electrochemical performance of the materials. Nethertheless, XPS
analysis concluded that the surface chemistry of the materials involved
is greatly determined by the interplay between the CeO2 coating and the
pristine MPF substrate, which is expected to play a vital role in the
electrochemical performance of the materials when surface-controlled
kinetics are a major contributor to the overall performance. This result
also further suggests preferential interactions are evident between
pristine MPF and the CeO2 coatings as was suggested from microscopy
and EDX analyses.
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Other characterization methods such as electron microscopy
(Figs. S8–12), thermogravimetric analysis (Fig. S14), and N2 phys-
isorption (Fig. S15) are also provided in the supplementary text. These
techniques highlight that the as-synthesised materials retain similar
structural and morphological properties to those reported previously
[16].

3.2. Electrochemical characterization

3.2.1. Three-electrode investigation
The electrochemical properties of pristine MPF and MPF/C/CeO2

composites were analyzed using a three-electrode setup with 17 m
NaClO4 as the electrolyte. Fig. 3a shows the CV curves of the synthesised
materials at 1 mV/s scan rate. All materials operated in a voltage win-
dow between 0 and 1.4 V, with double-layer capacitive behaviour in the
range of 0–0.6 V and redox activity between 0.6 and 1.4 V suggesting
pseudocapacitive energy storage. Improved charge-transfer kinetics
were evident in the MPF/C/CeO2 composites given the shift in the
anodic peak potentials (1.25 V for pristine MPF down to ~1.14 V for the
MPF/C/CeO2 composites). The performance of MPF/C/CeO2-5 was
more favourable as compared to the 2.5 % and 7.5 % CeO2 composites
given it achieved the greatest capacitive contribution in the double-layer
capacitive region (17.0 F/g, as compared to 8.0 F/g for MPF/C/CeO2-2.5
and 11.7 F/g for MPF/C/CeO2-7.5).

GCD data (Fig. 3b) shows that the as-synthesised materials display

similar profiles between 0 and 1.4 V, having non-linear curves which
again suggest a pseudocapacitive energy storage mechanism. The data
suggests that MPF/C/CeO2-5 and MPF/C/CeO2-7.5 display comparable
performance, having the greatest gravimetric specific capacitances
(42.4 F/g for pristine MPF, 40.1 F/g for MPF/C/CeO2-2.5, 43.6 F/g for
MPF/C/CeO2-5, and 43.8 F/g for MPF/C/CeO2-7.5) and discharge
times. This result, coupled with observations from CV data suggests
MPF/C/CeO2-5 was the most favourable candidate to consider for two-
electrode investigations.

EIS is another important technique for analyzing the electrochemical
properties of materials. Fig. 3c illustrates the Nyquist plots obtained
from the EIS measurements for the samples studied with their respective
electrical equivalent circuits (EEC, Fig. 5c, see inset). Nyquist plots were
modelled to fit the combined Randels circuit (RC) comprising the solu-
tion/electrolyte (Rs), solid-electrolyte interface (Rsei), interfacial resis-
tance (Rint) resulting from IR drop, charge-transfer resistance (Rct)
resulting from electron transport, and double-layer capacitance (Cdl).
Furthermore, two constant phase elements (CPE) were fitted to the
model corresponding to charge-transfer processes (CPEct) and the solid-
electrolyte interface heterogeneity (CPEsei). The impedance of the CPEs
correlates to the power law relationship Eq (8)) [53].

ZCPE = [Q(jω)
a
]
− 1 [8]

where Q represents the frequency-independent constant associated with
the interface involved, j = √-1, ω represents the radial frequency, and

Fig. 3. a) CV curves of pristine MPF and the MPF/C/CeO2 composites at 1 mV/s scan rates (with specific capacitance contribution in the inset region), b) GCD curves
of pristine MPF and the MPF/C/CeO2 composites at 0.2 A/g current density with calculated specific capacitances, c) Nyquist plots of pristine MPF and the MPF/C/
CeO2 composites (with insets showing the equivalent circuits for MPF/C/CeO2-5 and the other samples). 3D bode plot representations of d) the real area-normalised
capacitance (C′) vs frequency vs voltage and e) phase angle (◦) vs frequency vs voltage for Pristine MPF; and c) the real area-normalised capacitance (C′) vs frequency
vs voltage and d) phase angle (◦) vs frequency vs voltage for MPF/C/CeO2-5 composite. Coloured bars correspond to the magnitude of C′ and the phase angle (◦).
Comparison of the capacitive and diffusion-controlled contributions at 1 mV/s in h) pristine MPF and i) MPF/C/CeO2-5.
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the parameter “a” is the slope of log Z vs log F. The value of “a” ranges
from − 1 ≤ a ≤1, whereby a value of a = 0 implies purely resistive
behaviour, while a value of a = 1 implies purely capacitive behaviour,
and a value of a = − 1 implies purely inductive behaviour of the element
involved. If a = 0.5, the CPE is equivalent to the Warburg impedance
(Zw). Analysis of the Nyquist plots revealed the semi-circle diameter of
pristine MPF was the greatest of the materials studied, while the CeO2
composites exhibited smaller semi-circle sizes indicating a decrease in
the charge-transfer resistance. All the materials also displayed a line at
an angle of approximately 70◦ in the low-frequency region, with 5 %
CeO2 having an almost 90◦ line. Typically, as the angle of this line ap-
proaches 90◦, it indicates a purely capacitive system [54]. Table S4
summarizes the EIS parameters obtained for the analyzed materials.
Notably, MPF/C/CeO2-5 couldn’t be fitted with a double-layer capaci-
tive element or an interfacial resistance in the Randels circuit, suggest-
ing non-ideal behaviour. If we consider series resistance only in terms of
Rs + Rsei + Rct, the series resistance for the materials was found to be
41.43 Ω in PMPF, 34.86 Ω in MPF/C/CeO2-2.5, 10.87 Ω in
MPF/C/CeO2-5, and 14.30 Ω in MPF/C/CeO2-7.5. This result suggests
that the carbon black and CeO2 coating leads to an increase in con-
ductivity, with further addition of CeO2 to 5 %, achieving the best
overall conductivity. The CPEct for all materials obtained an “a” value of
0.8 or greater, suggesting that charge-transfer processes are predomi-
nantly capacitive. For CPEsei, all materials possess an “a” value close to
0.5, implying the SEI acts as a resistive component. Given the results
from CV, GCD and EIS above, it was decided that it would be best to
focus primarily on the MPF/C/CeO2-5 composite for two-electrode in-
vestigations. Three-electrode studies were also conducted on the NHCS
anode to perform mass balance calculations for the ASC device, as
shown in Fig. S18.

Given the complex nature of the energy-storage mechanisms
observed in composite materials, staircase potentio-electrochemical
impedance spectroscopy (SPEIS) measurements were performed to
provide better insight into the processes involved at varying potentials.
3D Bode plots were generated for pristine MPF and MPF/C/CeO2-5, with
real-area capacitance (C’) (Fig. 3d and f, respectively) and the phase
angle (◦) (Fig. 3e and g, respectively) as dependent variables against the
frequency (Hz) and potential (V) [55,56]. From the real capacitance of
pristine MPF (Fig. 3d), it is evident that at higher frequencies the system
response is not frequency dependent given that the real capacitance
remains constant across the entire potential range, suggesting predom-
inantly double-layer capacitive behaviour. At low frequencies, the sys-
tem response becomes more frequency dependent as seen by the
variation in real capacitance over the potential range, suggesting the
presence of Faradaic energy storage at higher (1.4 V) and non-Faradaic
energy storage at lower (0.28 V) potential extremes. The sharp increase
in real capacitance above 1.0 V indicates the presence of fast-moving
ionic diffusion processes, while the slight increase at 0.28 V is attrib-
uted to capacitive contribution from non-Faradaic processes. In com-
parison, the real capacitance of MPF/C/CeO2-5 (Fig. 3f) shows the
system is not frequency dependent in the higher and lower potential
regions, however, in the mid-potential range (0.6–1.0 V) the system is
slightly frequency dependent. This result again suggests a pseudocapa-
citive energy storage mechanism. The contributions to the real capaci-
tance for MPF/C/CeO2-5 at 0.1 Hz are of similar magnitude, which
contrasts the sharp increase noted for pristine MPF at the higher (1.4 V)
potential limit, suggesting some suppression of diffusion-processes
resulting from the presence of the CeO2 and carbon black coatings. In
terms of the phase angle, pristine MPF (Fig. 3e) reaches a maximum of
~80◦ between 0 and 0.6 V at 0.1 Hz, and a minimum of 53.1◦ at 1.4 V.
This suggests EDLC-type behaviour is predominant at lower potentials
and the presence of fast-moving ionic diffusion processes at higher po-
tentials. Above ~0.05 Hz, there is a slight frequency dependence be-
tween 0.3 and 0.7 V, suggesting pseudocapacitive behaviour in this
region. In comparison, MPF/C/CeO2-5 (Fig. 3g) displays similar
behaviour, with the phase angle reaching a maximum of ~83◦ between

0 and 0.6 V and a minimum of 57.4◦ at the higher end potential at 0.1
Hz. Also, above ~0.05 Hz a slight frequency dependence in the
mid-potential region is observed. This result suggests that both pristine
MPF and MPF/C/CeO2-5 display predominantly capacitive energy
storage mechanisms in the lower potential regions, diffusion-controlled
energy storage mechanisms at the higher potential regions, and a
mixture of these mechanisms in the mid-potential regions. Similar plot
shapes were obtained for the 2.5 % CeO2 and 7.5 % CeO2 composites
(Fig. S19) suggesting a similar charge-storage mechanism for each of the
CeO2 composites.

Given the observed mixture of Faradaic and non-Faradaic processes
in the studied materials, it was deemed necessary to attempt to establish
which processes predominate in the observed electrochemical behav-
iour. Therefore, further investigations focused on PMPF and MPF/C/
CeO2-5 to elucidate the dominant energy-storage mechanisms predom-
inating after the addition of CeO2. From the fundamental concepts of CV
and using Dunn’s method [57], it is possible to quantify the capacitive
(or non-Faradaic) contribution of a system via Eq (9)).

i(V)= k1v+ k2v1/2 [9]

which can be rearranged to Eq (10).

i(V)
/
v1/2 = k1v1/2 + k2 [10]

where k1v represents the capacitive contribution, and k2v1/2 represents
the diffusion contribution. A plot of i(V)/v1/2 against v1/2 yields a linear
plot, where k1 is the gradient and k2 is the y-intercept, allowing for the
determination of Faradaic and non-Faradaic contributions to the system.
Fig. 3h and i illustrate the CV curves of pristine MPF and MPF/C/CeO2-5
at 1 mV/s, respectively, with their capacitive contributions calculated
using Dunn’s method highlighted in red. Pristine MPF exhibited a
capacitive contribution of 22 %, while the MPF/C/CeO2-5 composite
was 17 %. As the scan rate increased, so too did the capacitive contri-
bution for both pristine MPF and the MPF/C/CeO2-5 composite
(Figs. S20a and S20c, respectively), where at the highest scan rate of 10
mV/s, pristine MPF was noted to have a nearly 50/50 contribution from
both diffusional and capacitive processes, whereas for the MPF/C/CeO2-
5 composite, there was a 60/40 diffusional/capacitive split. The result
suggests that CeO2 addition promotes diffusional processes, resulting
from an increased number of adsorption/desorption sites. If we use the
same fundamentals followed by Dunn’s method, it is known that the
current response (i/A) of a system is related to the scan rate (v/Vs− 1)
through the power law relationship expressed in Eq (11)) and 12) [58].

i(V)= icap + idiff = anb [11]

log i(V)= b log v+ log a [12]

where v (mV/s) is the scan rate, and a and b are adjustable parameters,
with b equal to the slope of the linear curve log i(V) vs. log (v). The value
of b is an indicator of which kinetics predominate in each system, with a
value of b = 1 indicating that surface-controlled (or non-Faradaic/
capacitive) kinetics are predominant while a value of b = 0.5, indi-
cating that ionic diffusion-controlled (or Faradaic/redox) kinetics are
predominant. A value of b between 0.5 and 1 thus suggests a mixture of
both surface-controlled and diffusion-controlled processes (pseudoca-
pacitive behaviour) [59]. Evaluation of the energy-storage mechanisms
of these materials yielded b values (Figs. S20b and S20d), ranging from
0.58 to 0.64 for pristine MPF and from 0.62 to 0.72 for the
MPF/C/CeO2-5 composite. This would suggest that a predominantly
diffusion-controlled mechanism is expected for pristine MPF, while a
predominantly surface-controlled mechanism is expected for the
MPF/C/CeO2-5 composite. This is somewhat contradictory to the trends
observed from the CV and histogram plots seen in Fig. 3 and S20;
however, the mixed kinetics coupled with the varying morphology of the
materials studied warrants some caution regarding the interpretation of
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the b value [60,61]. Particularly, in systems where diffusion-controlled
and surface-controlled processes both significantly contribute to the
storage mechanism, the b value may not reliably identify the predomi-
nant mechanism accurately. Nevertheless, for both pristine MPF and the
MPF/C/CeO2-5 composite, the b values range between 0.5 V and 1 V
suggesting a pseudocapacitive storage mechanism is evident in the
materials.

3.2.2. Asymmetric supercapacitor device
Given that the 5 % CeO2/CB/MPF composite was selected as the

most suitable candidate for further investigation, the ASC device was
assembled using 17 m NaClO4 as the electrolyte, the 5 % CeO2/CB/MPF
composite, and NHCS as the positive and negative electrodes respect-
fully. Using eq. (2)) - 4), charge balancing calculations suggested that
the ideal mass loading ratio for the positive and negative electrodes was
1:2. Three-electrode CV measurements of both the positive and negative
electrodes (Fig. 4a) at a scan rate of 1 mV/s show a theoretical potential
window of approximately 2.5 V, however, the ASC device achieved the
most stable window in the range of 0 V–2.0 V, as illustrated in Fig. 4b.
Although it was possible to perform CV measurements up to 2.5 V, long-
term cycling up to this higher potential led to premature cell failure.
Additionally, the GCD curves began to deviate significantly from an
ideal charge-discharge shape when cycled above 2 V, which is particu-
larly evident at a very low current density of 0.1 A/g as seen in Fig. 4c.
Consequently, the maximum cell voltage was set at 2 V to further
analyse the capacitance, energy, and power. The capacitance of the full
cell was calculated at current densities between 0.1 A/g – 3.0 A/g as
illustrated in Fig. 4d, whereby a maximum specific capacitance of about
37.8 F/g was obtained for NHCS//MPF/C/CeO2-5.

Cycling stability studies were performed on the NHCS//MPF/C/
CeO2-5 full cell device, as well as the NHCS//pristine MPF device, to
further investigate the effect of the CeO2 coating on the stability of
pristine MPF. The CV and GCD data of the NHCS//pristine MPF device
are shown in Fig. S21. The devices were cycled between 0 V and 2 V at a
current density of 1 A/g for 15 000 cycles as shown in Fig. 5a. Capacity

fading was noted in both the ACS devices, predominantly over the first
500 cycles; however, a significantly greater loss in capacitance was
observed for the NHCS//pristine MPF device (Fig. 5b). It is interesting to
note that despite displaying superior performance in 3-electrode in-
vestigations, the NHCS//MPF/C/CeO2-5 device performed slightly
worse in comparison to the NHCS//pristine MPF device. This may be a
result of the interaction between the positive and negative electrode in
the 2-electrode system, as compared to when the positive electrode
performance was measured against Ni foam in 3-electrode in-
vestigations. It was observed that pristine MPF displays slightly more
surface-controlled kinetics (Fig. 3h) as compared to the MPF/C/CeO2-5
composite (Fig. 3i).

Particularly in the supercapacitor system, the fast-moving surface-
controlled kinetics may contribute significantly to the overall perfor-
mance of the device, in which charge separation across both the positive
and negative electrodes may be more or less favourable depending on
the interaction between the electrode materials. The increased surface-
controlled kinetics evident in pristine MPF may make it a better suited
partner for the NHCS electrode as compared to MPF/C/CeO2-5, leading
to the observed difference in the performance of the NHCS//pristine
MPF device compared to the NHCS//MPF/C/CeO2-5 device. After 15
000 cycles the NHCS//pristine MPF device retained 64.9 % of its initial
capacitance (Fig. 5b), whereas the NHCS//MPF/C/CeO2-5 device
retained 89 % (Fig. 5a). This result suggests that the CeO2 coating
significantly contributes to the overall stability of the pristine MPF
substrate, perhaps because of the inhibition of diffusion-controlled
processes on the pristine MPF surface, or promotion of surface-
controlled processes evident on the CeO2 coating itself, which pre-
vents chemical alterations on the surface of the pristine MPF which may
lead to passivation of the electrode. Furthermore, XPS analysis of Mn
species (Fig. 2a) highlighted a variation in the presence of Mn2+ and
Mn3+ species between pristine MPF and the CeO2-coated samples. It is
apparent that the composition of these species in MPF/C/CeO2-5 may be
more favourable for promoting overall stability as compared to pristine
MPF.

Fig. 4. a) CV curves of NHCS and MPF/C/CeO2-5 at 1 mV/s, b) CV curves of the NHCS//MPF/C/CeO2-5 device at scan rates between 1 and 10 mV/s, c) GCD curves
of the NHCS//MPF/C/CeO2-5 device at current densities between 0.1 and 0.5 A/g, d) Specific capacitance versus current density for the NHCS//MPF/C/CeO2-
5 devices.
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To further understand the electrochemical processes evident in the
NHCS//MPF/C/CeO2-5 device, EIS measurements were performed to
determine the interfacial chemical processes. Given the complex surface
structure of the MPF/C/CeO2-5 composite, numerous morphological
and structural changes are expected to occur with numerous cycles, and
EIS can greatly assist in understanding these processes. Fig. 5c shows the
Nyquist plots obtained for the ASC device before (within the first 100
cycles) and after 15 000 cycles with the modelled equivalent Randles
circuit (see inset) comprising the solution/electrolyte (Rs), solid-
electrolyte interface (Rsei), interfacial resistance (Rint), charge-transfer
resistance (Rct) resulting from electron transport, and double-layer
capacitance (Cdl). As was evident in the three-electrode studies, two
constant phase elements (CPE) corresponding to charge-transfer pro-
cesses (CPEct) and the solid-electrolyte interface (CPEsei) were also
modelled in the circuit. The modelled parameters are listed in Table 1.
The value of Rs increased slightly after 15 000 cycles, which was
attributed to the recrystallization of the high-concentration electrolyte.
The values of both Rct and Rsei decreased after 15 000 cycles, suggesting
some activation of the SEI layer, resulting in increased conductivity. Rint
increased significantly after prolonged cycling, suggesting that
diffusion-controlled processes occurring at the interfacial regions
become more sluggish over time, potentially due to the formation of
unwanted by-products or collapse of the structure, leading to the
passivation of active sites at these interfaces. Furthermore, the value of

Cdl increased slightly, which suggests that surface-controlled kinetics are
enhanced, likely resulting from the inability of the charged species to
undergo Faradaic processes or as a result of the contribution of these
processes from the CeO2 coating. Given that the combined resistance
values are greater after 15 000 cycles despite the device maintaining
favourable performance, this suggests that the device is more diffusion-
controlled at the start of its life. Over time, the surface species undergo

Fig. 5. a) Cycling performance of the NHCS//MPF/C/CeO2-5 ACS device at 1 A/g current density b) Cycling performance of the NHCS//pristine MPF ACS device at 1
A/g current density, c) Nyquist plots of the NHCS//MPF/C/CeO2-5 ACS device before and after 15000 cycles, c1) inset showing magnified region of the Nyquist plots
for the NHCS//MPF/C/CeO2-5 ACS device, d) Bode plots of the NHCS//MPF/C/CeO2-5 ACS device before and after 15000 cycles, and e) Comparative Ragone plot
illustrating the performance of the NHCS//MPF/C/CeO2-5 compared to other Mn-based asymmetric supercapacitors reported in recent literature.

Table 1
EIS parameters for the 2-electrode asymmetric device.

EIS parameters NHCS//MPF/C/CeO2-5 ACS

Before 15 000 cycles After 15 000 cycles

Rs/Ω 1.09 ± 0.23 1.54 ± 0.16
Rct/Ω 6.04 ± 0.76 5.34 ± 0.65
Rsei (Ω) 1.29 ± 0.42 0.28 ± 0.05
Rint (Ω) 4454 ± 598.30 6773 ± 103.70
Cdl (μF) 31.17 ± 1.42 104.40 ± 0.04
CPEsei/mF. s^(a¡1) 2.14 ± 0.01 0.30 ± 0.09
a 0.50 0.63
CPEct/mF. s^(a¡1) 19.73 ± 6.61 15.16 ± 8.47
a 0.91 0.89
fo/Hz 57.01 84.49
τ/ms 17.54 11.84
Phase angle − 77o − 78o
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irreversible chemical changes and become passivated resulting in slug-
gish diffusion-controlled kinetics. This suggestion is somewhat sup-
ported by observing that the “a” value for CPEsei increases from 0.50 to
0.63, suggesting that there is some purely resistive component evident in
the SEI which later becomes more pseudocapacitive, perhaps due to the
promotion of charge-separation processes as compared to diffusion
processes. The “a” value of CPEct only displayed a slight decrease from
0.91 to 0.89 after 15 000 cycles, which again suggests a mixed mecha-
nism of pseudocapacitive behavior is evident in the device. The “a”
value being close to 1 however suggests that EDLC type behavior pre-
dominates in this mixed mechanism, which is likely the cause of the
excellent stability of the NHCS//MPF/C/CeO2-5 device as compared to
the NHCS//pristine MPF device. To better understand the power capa-
bility of the device using EIS data, the knee frequency (fo) [62] was
investigated before and after 15 000 cycles. A large value of fo generally
indicates a high-power system that can withstand high bursts of energy
both inside and outside of the system (i.e., rapid charge and discharge).
It is noted that fo increases from 57.01 Hz to 84.49 Hz after 15 000
cycles, with a decreased response time, τ, from 17.54 ms to 11.84 ms
respectively. This result suggests, that indeed, the
NHCS//MPF/C/CeO2-5 device is a high-power system, and its electro-
chemical performance is enhanced with prolonged use, suggesting
further activation of the composite material over time. The slight
decrease in the response time also indicated an enhancement in the
devices performance. Furthermore, the phase angle obtained from the
Bode plots (Fig. 5d) remained almost constant before (− 77◦) and after
(− 78◦) 15 000 cycles despite the changes fo and τ which further in-
dicates the impressive stability of the device. Fig. 5e shows the Ragone
plot of the NHCS//MPF/C/CeO2-5 device and other manganese-based
systems reported in recent literature. The device achieved a maximum
specific energy density (Ed) of 21.0 Wh/kg at a specific power density
(Pd) of 390.9 W/kg at a current density of 0.1 A/g. At a current density of
3 A/g, the device achieved a remarkable Pd of 11 632 W/kg while
retaining an Ed of 11.2 Wh/kg.

Compared with other recently reported manganese-based materials
used in ASC devices, the NHCS//MPF/C/CeO2-5 device displays
favourable Pd, albeit with poorer Ed, compared to manganese phosphate
based systems such as those presented in Table S5 [63–70]. It should be
noted that the Ed of the NHCS//MPF/C/CeO2-5 device is seemingly
better than those reported here, however, the Ed of our device is re-
ported at a considerably lower current density (0.1 A/g) than the other
manganese-based systems listed, however, the device still retains a
greater energy density at higher current densities compared to the
AC//Mn3(PO4)2/GF [64], AC//NaMnPO4

65, and AC//PANI-Mn3(PO4)2
66

manganese phosphate systems. Furthermore, in comparison to all the
managanese-based systems listed, the NHCS//MPF/C/CeO2-5 device
has superior Pd at considerably lower current densities when compared
to the other devices. Table S6 provides a further comparison between
the parameters of the NHCS//MPF/C/CeO2-5 device and the other
manganese-based systems presented in Table S5. Notably, the
NHCS//MPF/C/CeO2-5 device displays comparable or improved ca-
pacity retention compared to the other Mn-based devices reported after
15 000 cycles, with the highest number of cycles reported from these
sources being 10 000 cycles. Furthermore, the sources reporting a higher
capacity retention have either been through a lower number of cycles or
were cycled at higher current densities. At higher current densities,
diffusion-controlled kinetics which are generally responsible for chem-
ical changes which lead to capacity fading are limited, and thus capacity
retention is expected to be maintained better than when cycled at lower
current densities. These comparisons confirm that the
NHCS//MPF/C/CeO2-5 device is a remarkably stable, high-power sys-
tem as previously suggested from electrochemical studies. This result
suggests that MPF/C/CeO2-5 is a suitable candidate to consider for high
power applications, and highlights the effect of CeO2 on the overall
stability of pristine MPF.

4. Conclusion

In summary, the viability of using triplite Mn2PO4F as an electrode
material in asymmetric supercapacitors was explored. Pristine MPF was
successfully synthesised using a microwave-assisted method and coated
with 2.5 wt%, 5 wt%, and 7.5 wt% of CeO2 to investigate the effect of the
coatings on the overall performance and stability of MPF. A 10 wt%
carbon black coating was introduced as a conducting agent. The as-
synthesised materials were physically and electrochemically character-
ized to evaluate the performance of the pristine MPF and the effects of
the addition of CeO2/CB coatings. Three-electrode investigations in a 17
m NaClO4 WIS electrolyte concluded that a 5 % CeO2 coating is most
optimal for enhancing the performance of pristine MPF. A two-electrode
asymmetric supercapacitor full cell was assembled with MPF/C/CeO2-5
as the positive electrode and NHCS as the negative electrode. The
NHCS//MPF/C/CeO2-5 device obtained a maximum specific capaci-
tance of 38 F/g at a current density of 0.1 A/g in the same WIS elec-
trolyte used for three-electrode studies. At a current density of 0.1 A/g
the device achieved a maximum energy density of 21.0 Wh/kg at a
power density of 390.9 W/kg, which shows some improvement
compared to other manganese phosphate-based materials reported in
recent literature for similar applications. At a current density of 3 A/g
the device displayed favourable characteristics for a high-power system,
achieving an impressive power density of 11 632 W/kg at an energy
density of 11.2 Wh/kg. This result is promising, considering that other
manganese-based materials achieve similar power densities only at
higher current densities. Furthermore, cycling stability studies showed
that the NHCS//MPF/C/CeO2-5 device achieved an 89.0 % capacity
retention after 15 000 cycles at a 1 A/g current density, which is a
significant improvement to a NHCS//pristine MPF device, which ach-
ieved only 64.9 % capacity retention after a similar study. This result
confirms that CeO2 significantly improves the rate capability and cyclic
stability of the pristine MPF. This improvement in stability is suspected
to result from variation in the content of Mn2+ and Mn3+ species, and
perhaps oxygen vacancies, as highlighted by XPS analysis. Further
investigation of the content of these species, as well as the possibility of
effects such as Jahn-Teller distortion and disproportionation reactions,
may provide useful insights into the observed trends in the performance
and stability of the materials with varying CeO2 content. These findings
contribute to the development of interest in the study of fluo-
rophosphate materials in electrochemical systems and conclude that
MPF/C/CeO2-5 is a promising candidate for high-power applications
requiring rapid charge/discharge rates.
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