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Supercapacitor is a promising energy storage device for meeting the high-power electricity market. It 

provides high power density and enhanced cyclability to an electrochemical energy storage system. Our recent 

research has led to the discovery of a new series of supercapacitor materials, MFe2O4, where M = Mn, Co, and Ni. 

Cation arrangement within the spinel lattice structure was found to play an important role in determining the 

capacitance behavior. In particular, MnFe2O4 exhibits stable pseudocapacitance in both aqueous and organic Li-ion 

electrolytes. The electrochemical mechanism leading to the charge storage behavior of the ferrite has been resolved 

by in-situ X-ray absorption near edge structure and extended X-ray absorption fine structure  spectroscopies as well 

as X-ray diffraction. It can be concluded that the pseudocapacitance of MnFe2O4 involves charge transfer at both the 

Mn- and Fe-ion sites, balanced by insertion/extraction of proton/Li-ion into/from the lattice. In addition, the ferrite 

exhibits a far reduced variation in lattice spacing upon electrochemical charge-discharge cycling, and hence it 

demonstrates superior cycling stability as compared with the well known MnO2 nH2O supercapacitors. 

Investigation on Pseudocapacitance 
Mechanism of MFe2O4 Supercapacitors

Supercapacitors, also known as the electrochemical 

capacitors, are generally categorized into two types based 

on the charge-storage mechanism. The electric double-layer 

capacitance (EDLC) arises from electrostatic separation of 

charges at the interface between electrode and electrolyte. 

On the other hand, pseudocapacitance, typically more than 

ten times greater than EDLC, results from either superficial 

or multi-electron-transfer faradic reactions with fast charge/

discharge properties. 

Although there have been several transition metal oxides 

that exhibit pseudocapacitance in aqueous electrolyte, they 

have not yet been suitable for practical applications for 

different reasons. For instance, hydrous RuO2 supercapacitors 

suffer from high material cost, while amorphous MnO2

supercapacitors often exhibit poor cycling stability. Our 

research aiming to explore new supercapacitor materials 

has recently led to the discovery of a new class of pseudo-

capacitive oxides, MFe2O4, where M includes Fe, Mn, Ni, and 

Co. The capacitances are in the order of MnFe2O4 > CoFe2O4

>> NiFe2O4, Fe3O4. With optimization of the calcination 

temperature (300~350 C), MnFe2O4 powder electrode has 

demonstrated specific capacitances of > 100 F/g and high-

power delivering capabilities of > 10 kW/kg. The different 

capacitance performance among various ferrites was 

understood based on the extended X-ray absorption fine 

structure (EXAFS) spectroscopy study, as shown in Fig. 1, 

which indicates that the difference may arise from different 

cation arrangement within the spinel lattice structure. 

Beamlines

01C2 X-ray Diffraction 

17C1 X-ray Absorption Spectroscopy

Authors

N.-L. Wu and S.-L. Kuo

National Taiwan University, Taipei, Taiwan

J.-F. Lee and H.-S. Sheu

National Synchrotron Radiation Research Center,

Hsinchu, Taiwan

M
aterials Chem

istry



39

M
aterials Chem

istry

In the spinel ferrite structure, two distinct spatial 

arrangements of cation sites are involved, tetrahedral (Tet) 

and octahedral (Oct) sites, in which the position of cations 

are defined as 8a and 16d, respectively. Tet-site cations 

have 4 nearest O neighbors, forming MO4 tetrahedron, at 

a distance of about 1.9 Å, followed by 12 cations at Oct-

sites nearly 3.48 Å away. Meanwhile, the Oct-site cation is 

surrounded by 6 nearest O neighbors at a distance of 2.1 Å, 

the second shell of 6 Oct-site cations near 2.96 Å, and the 

third shell of Tet-site cations. The third shell coordination of 

the Oct-site (i.e., Oct-Tet coordination) coincides with the 

second shell of the Tet-site (Tet-Oct coordination).

The Fourier transformation of EXAFS produces a pseudo 

radial distribution function of the local atomic environment 

around the absorbing element, in which the present radial 

distance shows a deviation around -0.3 Å in the absence of 

phase correction. For NiFe2O4, beyond the first coordination 

shell of oxygen atoms, the spectrum recorded at Ni K-edge 

contains a strong Fourier peak corresponding to Ni/Fe 

neighbors located at 16d octahedral sites, followed by a 

relatively weak feature at a distance near 3.1 Å, due to the 

cations at 8a tetrahedral sites. The complementary spectrum 

associated with Fe K-edge shows a superimposition of two 

series of signals from octahedral and tetrahedral sites. A 

suppressed FeOct-MOct peak at ~2.6 Å along with apparent 

features related to the FeTet-MOct shell denotes that Fe ions 

were distributed over two different spatial sites. These results 

indicate that Ni ions predominantly occupy octahedral sites, 

giving an inverse spinel structure.

The curve fitting of EXAFS spectra can give a more 

precisely quantitative elucidation on atomic surroundings. The 

cases comprising absorbing atoms located at two different 

sites, however, present a superposition of radial distributions, 

and thus the curve fitting is very difficult to decouple these 

two signals and the inevitably large errors may be concerned. 

For NiFe2O4, the FT Ni K-edge spectrum was  best fitted by the 

three-shell model based on the arrangement of octahedral 

sites. In addition, the difference in cation distribution could 

also be perceived in the pre-edge feature of XANES spectrum. 

It shows a low intensity for octahedral coordination but a 

relatively high intensity for tetrahedral coordination. Almost 

no pre-edge feature in Ni K-edge XANES for NiFe2O4 refers 

to NiO6 octahedral coordination, consistent with the EXAFS 

observation.

In the case of CoFe2O4, a similar radial distribution of 

neighboring atoms was acquired. The intense feature of 

CoOct-MOct shell reveals that the major portion of Co ions was 

located in the 16d octahedral sites. However, the relative 

peak ratio of CoOct-MOct to CoOct-MTet shell in the spectrum 

recorded at Co K-edge is lower than that for NiFe2O4, 

while an inverse tendency in the FT spectra based on Fe 

K-edge was observed. It is found that CoFe2O4 is not perfect 

inverse spinel and part of Co ions substitute for Fe in the 8a 

tetrahedral sites, which refers to a mixed spinel structure of 

(CoxFe1-y)[Co1-xFe1+y]O4. By contrast, MnFe2O4 shows a fairly 

different atomic environment even the superposition is 

still encountered. The contribution corresponding to MnOct-

MOct interaction was greatly reduced (Fig. 1a) and the FeOct-

MOct interaction became dominant (Fig. 1b). It suggested 

that majority of Mn ions occupy tetrahedral sites and the 

present MnFe2O4 was predominantly normal spinel.

In the previous study on MnO2 nH2O supercapacitors, 

it has been shown that charge transfer at Mn sites upon 

reduction/oxidation of MnO2 nH2O is balanced by bulk 

insertion/extraction of the solution cations into/from the 

oxide structure, which causes reversible expansion and 

shrinkage in lattice spacing of the oxide during the charging/

discharging cycles. The cyclic volumetric variation causes 

collapse of electrode structure and hence fast capacitance 

fading. In the case of the present MnFe2O4 supercapacitor, 

lattice variation was monitored by in-situ synchrotron X-ray 

diffraction during cyclic voltammogrametric (CV) scans. As 

shown in Fig. 2, with the reflections of the Ti current collector 

taken as the internal standard, the entire set of the reflection 

peaks of the ferrite were seen to shift back and forth upon 

CV cycling. As shown, the (311) reflection peak of the ferrite 

shifts toward lower angle, suggesting a lattice expansion, 

during the cathodic scan (ion insertion), and then back to the 

original positions during the anodic scan (ion extraction). The 

structural variation is completely reversible. The overall extent 

of lattice variation between 0.9 and -0.1 V is 0.25%. This is 

Fig. 1: The k3-weighted Fourier transformed EXAFS of (a) Mn 
K-edge for MnFe2O4, Co K-edge for CoFe2O4, and Ni K-edge 
for NiFe2O4; and (b) Fe K-edge for all the calcined ferrites. 
Dominant contributions to the FT peaks are indicated (the 
radial distributions are shifted ca. 0.3 Å lower in the absence 
of phase correction).
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only one tenth of that of the hydrated MnO2 nH2O electrode. 

The smaller volume expansion exhibited by the ferrite leads 

to higher cycling stability, which has been confirmed.

The energy density (E) of a supercapacitor is equal to 1/2 

C V 2, where C is capacitance and V is the working voltage 

window. Therefore, the energy density of an electrochemical 

capacitor will benefit greatly from the employment of 

organic electrolytes, which typically give 2 to 3 times wider 

working voltage windows than the aqueous ones. Progress 

in exploring organic-electrolyte electrochemical capacitors 

of metal oxides, nevertheless, has been less successful than 

in aqueous ones. Some recent studies along this line have 

focused on potential cathode materials for Li-ion batteries, 

such as V2O5 and MnO2. In spite of large initial capacitances, 

poor cycling stability (typically less than a few hundred 

cycles) is the major concern for these materials.

The present MnFe2O4 supercapacitor has been found 

to be equally compatible with organic Li-ion electrolyte. 

The inset in Fig. 3 shows the voltammogram obtained from 

the half-cell configuration, where the counter electrode is 

a Li foil. The current profile is characteristic of a capacitor, 

except with broad redox humps within the middle portion 

of the voltage range. The specific capacitance for the ferrite 

component is 126 F/g between 2.5 and 4.5 V (versus the 

Li/Li+ electrode). Compared with the aqueous electrolytes, 

where the working voltage window is 1.0 V, there is a 5-fold 

increase in energy density owing to the replacement of 

aqueous electrolyte with the organic Li-ion electrolyte. 

Figure 3 shows the in-situ X-ray absorption near edge 

structure (XANES) spectra measured during the CV cycling. 

The spectrum of MnO is also shown for comparison. It is 

shown that up on CV cycling, the edge front shifts toward 

lower energies during the cathodic scan, while it moves 

back to pass over the OCV-position and to higher energies 

during the anodic scan. The results give direct evidence 

to the notion that charge transfer takes place at the Mn-

ion sites, balanced by Li+ insertion/extraction. In addition, 

the data also indicate that the upper critical voltage limit 

(~4.5 V) to the battery-like transformation corresponds to 

the valence of Mn ions being about to exceed +3. Charge 

transfer at the Fe ion sites has also been confirmed. This 

has so far been the first oxide material that exhibits the true 

pseudocapacitance in organic Li-ion electrolyte. 

Experimental Stations

X-ray absorption spectroscopy end station

X-ray powder diffraction end station
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Fig. 2: In-situ synchrotron XRD patterns of the MnFe2O4 composite 
electrode acquired during the CV cycling in 1 M KCl solution.

Fig. 3: XANES spectra recorded in-situ during the discharge 
( l i t h i a t i o n )  a t  i n d i c a t e d  v o l t a g e s  ( i n s e t : c y c l i c 
voltammograms of the cell consisting of MnFe2O4 electrode 
against Li; 1 M LiPF6 in EC + EMC; 2 mV/sec).


