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citance. The rational was then given to the inversion degree, λ.
The occupation of Mn cations in MnFe2O4 was further varied
by heat treatment and investigated by extended X-ray
absorption ﬁne structure (EXAFS). The occupation of Mn
cations was found inﬂuential in determining the pseudocapacitive performance of MnFe2O4.
XFe2O4 (X = Fe, Ni, Co, and Mn) nanoparticles were
synthesized by a modiﬁed thermal decomposition method.13
The electrodes were made by loading nanoparticles onto
Vulcan carbon and the nickel foam was used as the current
collector. Transmission electron microscopy (TEM) images
(Figure 1a−d) show that these nanoparticles are well-dispersed
on carbon and the size of nanoparticles is in the range of 7.0−
9.5 nm (Figure S1). Synchrotron X-ray diﬀraction conﬁrms
their phase purity (Figure 1e). Figure 2a shows the
representative cyclic voltammetry of these ferrites at a scan
rate of 5 mV s−1 in 1 M Na2SO4. Clearly, MnFe2O4 has the
largest capacitive area of all four ferrites. Figure 2b shows the
speciﬁc capacitance of these ferrites normalized by particle mass
and by speciﬁc surface area, respectively. The double layer
capacitance contribution of Vulcan carbon (Figure S2) was
subtracted according to the method we reported before.14 The
mass speciﬁc capacitance of MnFe2O4 is ∼7 times higher than
that of either Fe3O4 or NiFe2O4, and ∼5 times higher than that
of CoFe2O4. To exclude the surface area impact, the speciﬁc
surface area of nanoparticles was measured by BET method and
the capacitance of nanoparticles (after subtraction of carbon
contribution) was normalized by their surface area to give the
surface speciﬁc capacitance. Again, MnFe2O4 is remarkably
higher than others. CoFe2O4 and NiFe2O4 show slight
improvement in surface speciﬁc capacitance over Fe3O4.

I

n recent years, spinel ferrites have attracted much attention
as a merging material for oxygen reduction reaction (ORR),1
advanced battery electrodes,2,3 and supercapacitors.4,5 Generally, the spinel structure can be described by a formula
[X1−λ2+Bλ3+]T[Xλ2+B2−λ3+]O O4, where λ is the inversion degree
in-between 0 and 1, and superscripts T and O denote the
tetrahedral and octahedral sites, respectively. Depending on the
cation distribution, a spinel can be normal (λ = 0, 100% X in
tetrahedral sites), inverse (λ = 1, 100% X in octahedral sites), or
partially inverse (0 < λ < 1). Previous studies on spinel ferrites
focused intensively on their magnetic properties,6,7 as the
substitution of Fe cations by transition metals can aﬀect the
cation distribution, thus resulting in signiﬁcantly diﬀerent
magnetic properties due to the regulation of the unpaired
electron spins of Fe2+ in octahedral sites.8,9 Recent studies also
showed that this substitution aﬀects their electrochemical
performance. For example, Mn substituted ferrites show nearly
the same ORR activity as Pt/C in alkaline and Mn substitution
also inﬂuences the capacitance more than other metal ion
substituted ferrites.1,10 Such diﬀerence on electrochemical
performance could be ascribed to the type of substituent
cations and their inﬂuence. However, no systematic mechanistic
investigation has been carried out. This lack of knowledge
hinders the understanding of the substitution eﬀects on the
performance and, thus, the development of spinel ferrites as
energy materials.
In this communication, we report an investigation on the
pseudocapacitive performance of spinel ferrites using an in situ
X-ray absorption technique. As the pseudocapacitive behavior is
associated with redox reactions of metal ions in the near-surface
regions of oxides,11,12 ferrite nanoparticles with diameters less
than 10 nm were chosen to ensure the dominant contribution
of the surface to X-ray absorption signals. In situ X-ray near
edge structure (XANES) analysis was ﬁrst conducted to screen
the substitutions of Mn, Co, Ni, and Fe. The ability of the
substitution cations to change their valence state within the
spinel ferrite frame was found critical for oﬀering pseudocapa© 2016 American Chemical Society
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Figure 1. TEM images of carbon supported ferrite nanoparticles: (a)
MnFe2O4, (b) CoFe2O4, (c) NiFe2O4, and (d) Fe3O4. Their average
diameters are 7.0 ± 1.0, 8.1 ± 2.5, 9.5 ± 2.0, and 7.2 ± 0.9 nm,
respectively. (e) Synchrotron X-ray diﬀraction patterns of these
ferrites. The 2θ x-axis values are converted from 20 keV X-ray to Cu
Kα X-ray.

Figure 2. (a) Cyclic voltammetry of substituted ferrites in 1 M Na2SO4
at a scan rate of 5 mV s−1. (b) Speciﬁc capacitance of ferrites based on
mass of ferrites (black squares) and speciﬁc surface area of ferrite
nanoparticles (red circles). The speciﬁc surface area of ferrite
nanoparticles is obtained by BET method. The double layer
capacitance contribution of Vulcan carbon has been subtracted.14

Figure 3. K-edge XANES spectra of Mn in MnFe2O4 (a), Co in
CoFe2O4 (b), Ni in NiFe2O4 (c), and Fe in Fe3O4 (d) under various
applied potentials. Applied potential induced K-edge shifts for
substitution cations (e) and Fe (f). Detailed K-edge XANES spectra
for all metals are shown in Figures S4 and S5.

These results indicate that the substitution of Mn in X of
XFe2O4 increased the capacitance signiﬁcantly.
To understand the underpinning mechanism, we performed
in situ XAS measurements using a cell as shown in Figure S3.
Because the contribution from the surface and near surface
regions of the nanoparticles is dominant in our case, XAS can
be employed to investigate the local chemistry changes of both
Fe and the substitution cations X associated with the
pseudocapacitive electrochemistry. Figure 3 shows K-edge
XANES of these ferrites at applied potentials from 0 to 0.9 V
vs Ag/AgCl. Clearly, only Mn exhibits signiﬁcant edge shifts
with the variation of potential. Figure 3a shows the Mn XANES
of MnFe2O4 at the potential of 0.084, 0.484, and 0.884 V (the
spectra collected at the potentials of 0, 0.284, and 0.684 V are in
Figures S4 and S5). The standard powder samples of Mn2+
(MnO), Mn3+ (Mn2O3), and Mn4+ (MnO2) were also
measured for comparison. It can be seen that Mn XANES
edge at 0.084 V lies between those of MnO and Mn2O3. To
determine the Mn valence state, we used the integral method15
to analyze the edge shift of X-ray absorption near edge
structure (XANES), which is more accurate than the traditional
inﬂation point method. Analysis (Figure S6) shows that the assynthesized MnFe2O4 has Mn valence state of ∼2.6+. This
could be due to the heat treatment of MnFe2O4 in air, which
oxidized some Mn2+ to Mn3+.16 Note that the analysis of Fe
XANES gives the valence state of ∼2.8+ (Figure S6),
conﬁrming the right stoichiometry of MnFe2O4. As the applied

potential increased, the Mn XANES edge shifted gradually
toward higher energy, indicating that the Mn valence state
increased. As the potential reached 0.884 V, the edge shifted
close to that of Mn2O3, indicating an oxidation state of ∼2.9+
(Figure S6). The change in the Mn valence state is similarly
observed for MnO2 under the same potential windows, in
which Mn cations in MnO2 switches between 3+ and 4+.12,17
Therefore, the lower capacitance of MnFe2O4 compared to
MnO2 may be partially attributed to the limited change of Mn
oxidation state within the spinel frame. In addition, the high
capacitance of MnO2 is also due to its crystal features. For
example, the channels among MnO2 layers provide the space
for accommodating charged species,18 whereas there is no such
a space in spinels. Interestingly, the valence state of Fe in
MnFe2O4 did not change as the applied potential varied (Figure
S6). We conclude that the pseudocapacitance of MnFe2O4 is
predominantly contributed by the redox of Mn cations only,
and not by Fe. This is diﬀerent from the previous report that
claimed Fe and Mn synergistically participated in the redox
reactions, in which much larger particles were used as model
materials.19
For CoFe2O4 and NiFe2O4, both Co and Ni remained their
valence states at ∼2+ (Figure 3b,c) within the applied potential
window. Fe cations in these two ferrites also remained their
valence state unchanged (Figure S4). Similarly, the Fe valence
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octahedral sites and oxidize Mn2+ to Mn3+ at the same
time.9,30−32 Figure 4a shows the speciﬁc capacitance of heattreated MnFe2O4 (their CVs are shown in Figure S9). The
double layer capacitance contribution by Vulcan carbon has
been subtracted to give the contribution of oxides only.14 It can
be seen that the MnFe2O4 capacitance increased with the
increase of heat treatment temperature. In particular, the
capacitance per surface area increased ∼64% from 200 to 300
°C and ∼192% from 200 to 400 °C. It should be noted that this
increase is much higher than attributable to decrease of the
speciﬁc surface area. The speciﬁc surface area decrease from
200 to 400 °C is only 23.7% (Figure S10) and the mass speciﬁc
capacitance increased as well. Although this treatment can
result in slight stoichiometry change, namely some excess
oxygen, the spinel crystal structure is preserved (Figure S11)
and the major consequence is Mn cation redistribution, which
is reﬂected by the XANES prepeaks and EXAFS analysis. For
3d transition metal K edge XANES, the pre-edge peaks are
assigned to the forbidden 1s→3d transition33 and the change of
the pre-edge peak intensity is indicative of the changes in the
site occupation in tetrahedral and octahedral symmetry, namely
narrower and more intense for the former and broader and less
intense for the latter.9,34,35 This is primarily because tetrahedral
symmetry is highly noncentrosymmetric and this enables p→d
transitions that contribute to the pre-edge peak.36 When both
tetrahedral and octahedral sites are occupied, the pre-edge peak
will be the sum of these contributions, and the increase in
intensity will be directly proportional to the tetrahedral site
occupation.36 As shown in Figure S12, the decrease of Mn Kedge prepeak intensities when annealing temperature goes up
indicates more octahedral site occupations, whereas the

state of pure ferrite, Fe3O4, stayed the same (Figure 3d). For
better comparison, Figure 3e,f shows the K-edge changes for
Mn, Co, Ni, and Fe. It can be seen that only Mn exhibited a
signiﬁcant change in valence state, while all other metals
remained unchanged. Note that the potential window
employed in our tests covers the redox potential of some of
these cations, e.g., Co2+/Co3+ at ∼1.1 V vs RHE and Co3+/Co4+
at 1.4 V vs RHE.20 However, the oxidation of Co cations relies
on the high pH value (in KOH). At a neutral electrolyte (pH =
7), the oxidation of Co cations cannot be seen in the same
potential window (1.5 V vs RHE).21 This signiﬁes that the low
capacitance of other ferrites is mainly due to the lack of redox
change within this potential window in our case. In addition,
the speciﬁc capacitances per surface area of Fe3O4, CoFe2O4,
and NiFe2O4 are within the electrical double layer capacitor
range (<10 μF/cm2) and therefore no pseudocapacitance
occurs, which probably explains why no Fe, Co, Ni redox takes
place as indicated by in situ XANES data.
Because MFO shows the highest capacitance among these
spinel ferrites, extended X-ray absorption ﬁne structure
(EXAFS) analysis was performed to quantify further its atomic
structure changes. There was negligible change in Fe EXAFS.
However, signiﬁcant increase of the Fourier transformed
amplitude of Mn EXAFS was observed (Figure S7), particularly
in the ﬁrst shell region (1 Å < R < 2 Å). To quantify these
atomic structure changes, detailed analysis of Mn and Fe
EXAFS (Figure S8) as a function of applied potentials were
performed and Table S1 lists these results. It is not surprising to
see no change of Fe−O bond distances and coordination
numbers, which is consistent with XANES measurements, and
again suggests that Fe does not contribute to capacitance.
Interestingly, the Mn−O bond distances remain the same, but
an increase of the Mn−O coordination number is apparent as
the applied potential is increased. It should be noticed that the
coordination numbers for both Mn in octahedral and
tetrahedral sites are lower than the standard numbers, i.e., 6
for Mn in octahedron and 4 for Mn in tetrahedron. This is
because EXAFS signals are mainly from the surface region that
has most under-coordinated cations, which is also postulated as
one of origins for oxides’ charge storage.22 The coordination
number increase is consistent with the valence state increase of
Mn as observed by in situ XANES measurements, as higher
oxidation states of Mn need more coordination to balance the
charge. Attention was further given to the second shell region
(2 Å < R < 4 Å) from in situ EXAFS (Figure S7), which shows
negligible changes and suggests that the occupation of Mn
remained unchanged. It further indicates that there is no
occupation switch of Mn cations between the two geometry
sites upon the applied potentials.
It is known that octahedral MnO6 is the basic unit of MnO2,
in which the redox change between Mn3+ and Mn4+ is
associated with its pseudocapacitance.17 Recent studies also
demonstrated that the octahedral MnO6 unit is the active site of
Mn-based perovskite oxides for oxygen electrocatalysis.23−26
However, in spinel MnFe2O4, Mn cations can occupy both
tetrahedral and octahedral sites, depending on the inversion
degree λ. In particular, recent studies have shown that the siteoccupation in spinel cobalt oxides can inﬂuence OER
activity27,28 and Mn substituted Co3O4 can improve capacitance.29 To investigate further the inﬂuence of the Mn
occupation, we varied the inversion degree by treating
MnFe2O4 in air at 200, 300, and 400 °C for 6 h. The heat
treatment can switch Mn cations from tetrahedral sites to

Figure 4. (a) Speciﬁc capacitance of MnFe2O4 heated treated in air at
200, 300, and 400 °C. Black squares and red circles refer to the
capacitance based on the mass and the surface area of nanoparticles,
respectively. The double layer capacitance contribution of Vulcan
carbon has been subtracted.14 (b) Fourier transforms (FT) of Mn Kedge EXAFS spectra of MnFe2O4. (c) Occupation of Mn cations in
tetrahedral and octahedral sites as a function of temperature. (d)
Speciﬁc capacitance per surface area of MnFe2O4 as a function of Mn
in octahedral sites.
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increase of Fe K-edge prepeak intensities suggests more
tetragonal site occupations after higher temperature annealing.
Figure 4b and Figure S13 show Fourier transforms (FT) of Mn
and Fe K-edge EXAFS spectra of MnFe2O4 treated at diﬀerent
temperatures. The remarkable diﬀerences of EXAFS indicate
the diﬀerent inversion degree of MnFe2O4. The signiﬁcant
diﬀerence in EXAFS spectra is also indicative of complicated
changes after heating treatment (e.g., stoichiometry change and
strong local disordering due to Mn redistribution). Figure 4c
shows the occupation of Mn cations obtained by EXAFS
analysis. For MnFe2O4 treated at 200 °C, ∼49% of Mn cations
are in octahedral sites and ∼51% of them are in tetrahedral
sites. For heat treatment at 300 °C, ∼70% of Mn cations are in
octahedral sites and ∼30% of them stay in tetrahedral sites.
Heat treatment at 400 °C further increased octahedral site
occupation to ∼91% and very little amount in tetrahedral sites.
The site occupation result is consistent with XANES
observations and those reported previously.31,32 Figure 4d
shows the speciﬁc capacitance per surface as a function of the
fraction of Mn in octahedral sites. The near-linear relationship
suggests a strong correlation between the spinel capacitance
and Mn site occupation. More Mn in octahedral sites leads to
higher capacitance, indicating their dominant contribution.
In summary, we have investigated the pseudocapacitive
behaviors of XFe2O4 (X = Mn, Fe, Co, and Ni) ferrite
nanoparticles with diameters less than 10 nm. MnFe2O4
showed the highest speciﬁc capacitance among all the ferrites.
The speciﬁc capacitance of MnFe2O4 is also the highest among
reports to date due to its small particle size. To understand the
mechanism that determines spinel capacitance, we performed
detailed in situ XANES and EXAFS. We found that only Mn
cations exhibited a signiﬁcant valence state change. We attribute
this change to the dominant contribution of the high
pseudocapacitance in MnFe2O4. Co, Ni, and Fe remained
with their valence states unchanged within the potential
window, and therefore their capacitances are much lower
than the Mn substituted ferrite. Fe cations in ferrites are stable
and contribute nearly nothing to the pseudocapacitance.
Analysis of in situ EXAFS shows that Mn cations simultaneously increased their oxygen coordination number to balance
the Mn charge changes. The site occupation of Mn cations was
further varied by heat treatment. We found that more Mn in
octahedral sites resulted in higher capacitance. This is similar to
MnO2 and Mn-based perovskites, in which the octahedral
MnO6 unit is the active site. Although most Co (89%) and Ni
(88%) locate at the octahedral site of CoFe2O4 and NiFe2O4
(Figures S15 and Table S4), the poor capability of changing
valence state limits their capacitances. Therefore, we conclude
that the ability of cation to change its oxidation state and its
occupation of octahedral site (or the inversion degree) are
inﬂuential in determining the spinel’s pseudocapacitance. Our
ﬁndings should be helpful to the prediction and the design of
spinels for other electrochemical processes.
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