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ABSTRACT: The contrast images of the different states of charge of
manganese in a manganese hexacyanoferrate (MnHCF) cathode
material are achieved with the synchrotron-based two-dimensional
(2D) X-ray fluorescence (XRF) technique. XRF, otherwise known to
be unable to differentiate between the various oxidation states of the
elements, in this case becomes sensitive through the modification of
the initial excitation energy due to the advantage of the particularly
large energy gap between the K-edge energies of manganese species in
the different oxidation states of MnHCF.

■ INTRODUCTION
The interaction of X-rays with matter can give rise to
photoelectric absorption. In this process, the X-ray energy is
transferred to the atomic system and is used to eject a core
electron, creating a core hole and bringing the atom into an
excited state. During the decay process, an outer-shell electron
fills the vacancy left by the photoelectron, and the excess
energy is released either nonradiatively by the ejection of a
secondary electron (Auger decay) or radiatively by the
emission of a fluorescent photon (fluorescence decay).1,2

The latter is at the core of X-ray fluorescence (XRF)
spectroscopy.
XRF is a powerful analytical tool for the spectrochemical

determination of almost all elements (Z > 8). The working
principle of XRF analysis is based on the measurement of
wavelength or energy and intensity of the characteristic
photons emitted from the sample for the identification of the
elements inside the analyte and the determination of their mass
or concentration.3 However, the XRF technique cannot
differentiate between different oxidation states of the same
element. In other words, speciation of a metal is not possible.
This could be done, however, by using X-ray absorption
spectroscopy (XAS).
Absorption edges originate when the photon energy of the

source became sufficiently high to extract an electron from a
deeper level, and this energy increased monotonically with the
atomic number Z. XAS spectra are recorded in an energy range
below and above the absorption edge of the investigated
element, and, therefore, it is an element-specific technique.
Each spectrum can be divided into two regions: X-ray

absorption near edge structure (XANES)�the structure up
to 100 eV above the edge, and extended X-ray absorption fine
structure (EXAFS)�the fine structure extending over 1000 eV
above the edge. From XANES, information about the local
electronic and geometric structure can be obtained, leading to
sensitivity toward the oxidation state and coordination
chemistry of the absorbing atom; with an increase of the
oxidation state, chemical shifts toward higher energies are
observed. EXAFS carries information about the local geometric
structure, as it is comprised of the undulations arising from the
scattering of the emitted photoelectron with the surrounding
atoms.4

Another alternative for the investigation of the charge state
of the elements can be scanning X-ray microscopy, especially
(but not only), in the soft X-ray range.5−7 As a result, images
are obtained where every pixel corresponds to the X-ray
absorption spectra, and after the specific treatment, it is
possible to obtain contrast images. However, it has to be
considered that those are microscopical techniques, and even
though a nanometer scale resolution is reached, the
investigation of the whole sample is rarely possible. In the
case of electrode materials, generally, only a small portion of
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the pellet is possible to be scratched out for the detailed
investigation.5

In synchrotron facilities, beamlines dedicated to XRF
analysis quite often have the ability to perform XANES
measurement as well, which led to the development of the

Figure 1. Average Mn K-edge XANES spectra of (a) pristine, NaFC, NaFD, and NaFC2 and (b) pristine, LiFC, LiFD, and LiFC2. 2D XRF images
and the corresponding selected region micro-XANES spectra of (c) NaFC20 measured at 7200 eV, (d) LiFC20 measured at 7200 eV, (e) NaFC20
measured at 6553 eV, and (f) LiFC20 measured at 6553 eV. (g) NaFC20 and (h) LiFC20 spectra. The intensity scale is color-based (red = high
intensity; blue = low intensity), length scale: vertical bar 500 μm (100 μm × 5 px), horizontal bar 700 μm (140 μm × 5 px).
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tandem characterization technique, where XAS is used for the
determination of the oxidation state of the element, while XRF
is adopted for the structural information, speciation,8 or the
tracking of morphology changes inside the material.9 However,
even in that case, solely the XRF spectra/image of the entire
sample (within the penetration depth of the X-ray beam) are/
is obtained, while XANES is, generally, checked only in the
regions of interest. The rationale behind this work was to move
a step forward and detect the difference in the oxidation state
of the element throughout the whole surface of the sample,
without any complicated image treatment procedures, directly
through two-dimensional (2D) XRF by using the tunability of
the initial beam energy on XRF beamlines. For this purpose,
manganese might be an interesting element to investigate, as it
can access a large range of oxidation states. Mn found
application in a vast variety of fields, including battery material
research, where its compounds show a perspective as potential
electrode materials.
We selected manganese hexacyanoferrate (MnHCF), which

is a Prussian blue analogue (PBA); a promising cathode
material of a technological importance10 with a high specific
capacity and redox plateaus at a high voltage against both Li
and Na in lithium- and sodium-ion batteries (LIBs and SIBs,
respectively).11 Generally, PBAs are drawing much interest
toward them in battery development, especially in post-Li-ion
systems. Indeed, Prussian white, from the PBA family, is the
cathode material of the first commercialized SIB by
Contemporary Amperex Technology Co., Ltd.12 Other PBAs
are also used in prototype-SIBs in Sweden13 and USA.14

During cycling, both transition metals (Fe and Mn) are
electrochemically active, and typically their oxidation state
changes between +2 and +3. In MnHCF, Mn2+ is in a high spin
(HS) state; therefore, electrons are mainly transferred to and
from the eg orbitals. However, Mn3+ is Jahn−Teller (JT) active.
During the removal of one electron from the eg orbital of d5
Mn2+ HS,10 the basal plane shrinkage occurs,11 and a different
orbital distribution is achieved, where dz2 is less perturbed than
dx2−y2 by the potential generated by the cyanides.

15 This major
modification of the structure leads to the significant difference
in the Mn K-edge XANES spectra of the oxidized and reduced
MnHCF species, which motivated us to use specifically the set
of MnHCF electrodes to investigate the Mn charge state
distribution with the 2D XRF method. To verify the validity of
the methods, we also performed XANES in selected areas.

■ METHODS
The data were collected at the XRF beamline in “Elettra”
synchrotron Trieste, Basovizza (Italy). This beamline offers the
possibility to perform spectrometry, spectroscopy, microscopy,
and reflectometry measurements. XAS can be carried out both
in the near-edge XANES and in the EXAFS regions, making it
possible to assess the chemical speciation and coordination of
the detected elements.16−18 The energy selection was operated
with a double crystal Si(111) monochromator, with ΔE/E ≈
10−4, which enables access to the energy range of 4−14 keV.19
The beam size was set through two pairs of exit slits: the
horizontal and vertical apertures were 100 and 200 μm,
respectively. Considering the 45°/45° geometry used in this
work, the beam footprint on the sample surface was 140 × 100
μm2 (HxV). The sample environment was an ultra-high
vacuum chamber18 equipped with a silicon drift detector
(SDD) (XFlash 5030, Bruker Nano GmbH, Germany) that
was used for fluorescence detection.

Na-rich MnHCF was synthesized through a simple and
scalable coprecipitation method.11 The formula of the obtained
material was Na1.7Mn[Fe(CN)6]0.9·nH2O. Electrodes were
prepared, and Swagelok three-electrode cells were assembled
(details of the synthesis and electrode preparation are in the
Supporting Information (SI)). The MnHCF-based electrodes
were used as positive electrodes for both Li- and Na-ion half-
cells. Galvanostatic cycling was performed at a rate of C/10 in
the 2.3 < E < 4.3 V vs Li+/Li and 2.0 < E < 4.0 V vs Na+/Na
ranges, respectively.
2D XRF analysis was performed on the fresh electrode, here

called pristine, as well as cycled electrodes in Li- and Na-ion
cells in the charged (LiFC and NaFC, respectively) and
discharged states (LiFD and NaFD, respectively); moreover,
the corresponding charged and discharged samples after 20
cycles were investigated (i.e., LiFC20, NaFC20, LiFD20, and
NaFD20) (Table S1). As discussed below, two different
energies, i.e., 7200 and 6553 eV, were used in the analysis.

■ RESULTS AND DISCUSSION
In a typical XRF experiment at synchrotron facilities, the
energy of the beam is chosen to exceed the K-edge energy of
the elements under the investigation. Therefore, an energy of
7200 eV was initially selected to evaluate the distribution of
Mn and Fe in the MnHCF-based electrodes. However, based
on the characteristic difference of Mn XANES spectra in the
oxidized (Mn3+) and reduced (Mn2+) states, a second energy,
i.e., 6553 eV, was also chosen. As shown in Figure 1(a,b), the
change in the spectrum’s shape and E0 position is significant:
the edge maximum of Mn2+ is situated at 6553 eV, while for
Mn3+, this value is at 6558 eV. As highlighted in the figure, the
edge maximum of the reduced Mn is located in correspond-
ence with the rising edge of the oxidized species. Hence, an
energy of 6553 eV is expected to probe all Mn2+ but only a
small portion of Mn3+. This small instrumental adjustment
provides a considerable advantage in estimating the metal
oxidation state in cycled electrodes with high resolution,
paving the way for charge state assessment of disassembled
electrochemical cells.
In the fully charged state, Mn and Fe are expected to be in

the oxidized +3 state, while the fully discharged samples should
be in the +2 state (eq 1). However, batteries deviate from an
ideal trend, rarely reaching theoretical capacity or maintaining
unit Coulombic efficiency after several electrochemical cycles.
Therefore, inhomogeneous charge state distribution might be
present, especially in aged electrodes. In this context, the
ability to probe oxidation states selectively is extremely
valuable.

[ ] + + [ ]+V x xM Mn Fe (CN) M e Mn Fe (CN)x
II II

6
III III

6
(1)

where M is an alkali metal.
Figure 1c−f shows the 2D XRF images of the two charged

cycled electrodes extracted from the corresponding LIB and
SIB, recorded with two different energies. NaFC20 and LiC20
samples at 7200 eV look relatively homogeneous (Figure 1c,d,
respectively), whereas new features become visible if 6553 eV
is selected (Figure 1e,f). In the latter one, for NaFC20 (Figure
1e), the edges clearly have a much higher intensity than the
less intense central part of the sample, creating a visible color
contrast across the electrode’s surface. In LiFC20 (Figure 1f), a
similar transition from a higher to lower intensity occurs -from
the left to the right side of the pellet. Furthermore, a high-
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intensity spot stands out on the right side of the electrode,
which potentially might be an inhomogeneity containing Mn2+.
XANES spectra were acquired in a few relevant spots of the

electrode, highlighted in Figure 1c−f, to corroborate the
validity of the correlation between the obtained contrast
images and the modification of the Mn oxidation state and to
evaluate the (inhomogeneous) state of charge distribution
across the electrode. In the case of NaFC20, the chosen points
with different intensities were in low- (NaFC20_A), medium-
(NaFC20_B), and high-intensity (NaFC20_C) regions from
the images recorded using a 6553 eV beam energy (Figure 1e).
Interestingly, the image of the same sample recorded at 7200
eV displays similar intensities across the electrode’s surface
with no state-of-charge-based discrimination among the three
selected regions (Figure 1c). XANES spectra in Figure 1g
reveal that the distributions in the three selected points are not
homogeneous.
For LiFC20, the selected regions correspond to low-

(LiFC20_A) and medium-intensity (LiFC20_B) areas, while
LiFC20_C belongs to the high-intensity red spot, highlighted
on the right side of the sample (Figure 1f). Similar to NaFC20,
the LiFC20 image recorded at 7200 eV does not display any
substantial contrast (Figure 1d). However, the corresponding
XANES spectra confirmed the correlation between the contrast
obtained in images collected at 6553 eV and the expected state
of charge (Figure 1h), in particular, a negative correlation
between the intensity and oxidation state (details described
below).
The (negative) correlation between the intensity in the

contrast image at 6553 eV and the Mn oxidation state can help
to assess how the Mn state of charge is qualitatively distributed
in the sample. For a finer and more quantitative estimation of
the oxidation state of Mn, the corresponding linear
combination fitting (LCF) of the XANES spectra can be
performed. Generally, pure Mn2+ and Mn3+ spectra of MnHCF
would be needed as standards to perform LCF; however, the
spectra displayed in Figure 1a,b are not suitable for this
purpose, being collected in transmission mode. Indeed, the
spectral resolution and, consequently, peak broadening largely
differ. As described below, two samples were chosen from the
data set in fluorescence mode as standards for LCF analysis to
circumvent this issue.
Figure S3 shows the XANES spectra of all samples, sharing

an isosbestic point. Among the spectra, two samples, i.e.,
LiFC_A for Mn3+ and NaFD20_C for Mn2+ (Figure S4a), with
the peak maxima appearing at 6557.8 and 6553 eV,
respectively, were selected as standards for LCF analysis.
They appear to be quite close to the spectra of the electrodes
after the first charge/discharge, recorded in transmission mode
(Figure S4b). The LCF of XANES of three different points (A,
B, C) of the aforementioned NaFC20 and LiFC20 samples
showed that they are the combination of two components
(Figures 2 and S5), confirming a mixed Mn2+/Mn3+ oxidation
state in the aged electrodes.
In the NaFC20 sample, NaFC20_A corresponds to the most

oxidized area, with the peak maximum at 6557.3 eV and a
secondary contribution at 6553 eV. NaFC20_B and, especially,
NaFC20_C XANES are shifted toward lower energies and
therefore correspond to more reduced Mn species. For
NaFC20, the contrast of the images could detect as small as
12−15% changes in the component contribution (Table S2).
Similarly, for LiFC20, LiFC20_A appears to be the most

oxidized, despite a mixed Mn2+/Mn3+ contribution;

LiFC20_B, being more reduced, is slightly shifted toward a
lower energy, and LiFC20_C is the most reduced, with Mn2+
as a dominant component (Figure S5).
As the inhomogeneous distribution of the oxidation state of

elements inside the cathode material is one of the possible
causes for the decrease of the lifetime of the battery, it is an
important parameter to be considered while choosing the
suitable electrode materials for the particular battery
systems.5,20 Concerning the material chemistry of MnHCF
electrodes, as Table S2 shows, it can be deduced that while for
the Na-ion system the deviation of the ratio between oxidized
and reduced components from the first to the 20th cycle
electrodes is quite small, for the Li-ion system, the difference is
much more significant. Hence, it seems that for this material,
the Li-ion system has less stability toward the formation of the
chemical heterogeneities compared to the Na-ion one. This
result is in agreement with the previous studies that showed
MnHCF to be more homogeneous in terms of the state of
charge in SIBs, rather than in LIBs, at the microscopical scale,
which was also reflected in the corresponding electrochemical
performance of the batteries, as the capacity fading proved to
be larger in the case of Li, compared to Na.5 This study
highlights the same tendency toward the formation of the
heterogeneities throughout the entire electrode (and not only
in the microscopical range). Both the initial capacity and
retained capacity after 20 cycles are higher in the case of the
Na-ion system (Figure S6), which can be explained by the
inhomogenization of the electrode that has been successfully
highlighted in the 2D XRF images. Even though further studies
are necessary for the improvement of the electrochemical
performance of MnHCF, a higher stability toward Na gives this
material a potential in the future development of SIBs to be
implemented as a cathode material, similar to the several
aforementioned PBAs.

■ CONCLUSIONS
In this study, we exploited synchrotron-based 2D XRF to
probe the spatial distribution of the elements and detect the
variation of the Mn chemical state in cycled electrodes, which
would not be possible to achieve with the conventional choice
of the initial beam, exceeding the excitation energy of every
element under the investigation. The adoption of the second
energy made it possible to not only overcome this limitation
but, contrary to other charge state investigation techniques,
was also able to expose the entire surface of the electrode and
obtain easily interpretable images. Compared to the standard

Figure 2. Linear combination fitting of the XANES spectra of
NaFC20_A, NaFC20_B, and NaFC20_C, with LiFC_A and
NaFD20_C spectra as standards.
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scanning microscopical techniques, using just two incident
energy for the visualization of the different chemical states can
lead to the dramatic reduction of the measurement time,
especially critical in the case of operando measurements.
Detected charge state inhomogeneities of Mn were also
successfully confirmed by XANES analysis. The case of Mn in
the MnHCF system can be generalized to other elements, as
long as the changes in their corresponding X-ray absorption
spectra are sufficiently large. Different scientific fields could
benefit from this new experimental feature, which has been
proven here to have the potential to rapidly and accurately
assess the charge state distribution of disassembled electro-
chemical cells.
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