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Abstract: The aging mechanism of 10% and 30% nickel-substituted manganese hexacyanoferrate
cathode material in aqueous zinc-ion batteries has been explored through the advanced synchrotron-
based two-dimensional X-ray fluorescence technique. Thanks to the two-dimension modality, not
only were the metal concentration dynamics throughout the entire electrodes followed during the
aging process, but their spatial distribution was also revealed, suggesting the route of the material
transformation. The dissolution of Mn and Ni, as well as the penetration of Zn inside the framework
were detected, while the Mn aggregations were found outside the hexacyanoferrate framework.
Additionally, the possibility of conducting X-ray absorption spectroscopy measurements on the
regions of interest made it possible to explore the chemical state of each metal, and furthermore,
synchrotron-based powder X-ray diffraction demonstrated the gradual structural modification in
30% Ni-containing sample series in terms of the different phase formation.

Keywords: nickel-substituted manganese hexacyanoferrate; two-dimensional X-ray fluorescence;
X-ray absorption near edge structure; X-ray diffraction; zinc-ion batteries; aqueous batteries;
double-metal hexacyanoferrate

1. Introduction

Battery material research is a flourishing, yet challenging field in modern-day science.
On one hand, energy consumption is constantly increasing, which creates better perfor-
mance requirement for future developments, but on the other hand, the environmental
impact cannot be ignored. Indeed, the European climate law is set for EU to become climate
neutral by 2050, including reducing the net greenhouse gas emissions by at least 55% by
2030, compared to 1990 levels [1]. This sets the necessity of making improvements and inno-
vations in both alternative energy sources and their storage fields. Therefore undoubtfully,
secondary, or rechargeable, batteries have a great importance, and are widely researched.
Even though Li-ion batteries (LIBs) are still dominating in the rechargeable battery market,
both environmental and political issues have created the necessity to shift attention mainly
in two different directions: the recovery and even reuse of various components in LIBs, and
the development of new post-LIB systems.

Development of new systems always requires extensive research. In the battery field,
every component of the cell has to be designed, tested, possible problems identified, opti-
mized, and tested again in a cycle until either satisfactory results are reached or the reason
behind the failure is identified. For this purpose, advanced structural characterization
of the materials is necessary, and X-ray techniques can be considered as one of the best
options. For example, X-ray fluorescence spectroscopy (XRF) is a powerful analytical tool
for the spectrochemical determination of almost all elements (Z > 8). It is based on the mea-
surement of wavelength or energy, and the intensity of the characteristic photons that had
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been emitted from the sample, in order to identify the elements inside the analyte and to
determine their mass or concentration [2]. Therefore, it can quantifiably provide data about
the elemental composition of the material, and consequently, the dynamics of each metal
inside the cathode can be tracked. Additionally, with a two-dimensional setup, especially
in synchrotron facilities where high spatial resolution is available, elemental distribution
throughout the sample can be investigated. This feature is particularly beneficial in the
aging studies of battery materials. Moreover, in synchrotron facilities, at the beamlines
dedicated to XRF analysis, there is a possibility to record the X-ray absorption spectra
(XAS), especially the near-edge portion (XANES) on the regions of interest (micro-XANES
experiment), which leads to the development of the tandem characterization technique,
covering the determination of the oxidation state of the elements with XAS, while XRF
provides the structural information, distribution [3,4], or morphological changes inside the
material [5].

Powder X-ray diffraction (PXRD) is another essential tool for probing the long-range
structure of material, describing the crystallinity, symmetry, unit cell parameters, and phase
modification, that can be extremely helpful for the characterization of battery materials,
and for following the alterations inside the structure during the aging process [6].

Even though the research of new battery systems is proceeding with ongoing chal-
lenges, progress is still being achieved. Indeed, the commercialization of the first Na-ion
batteries (SIBs) by Contemporary Amperex Technology Co., Ltd., Ningde, Fujian, China,
in 2021, could be counted as a big step. Their cathode material is based on the Prussian
White, from the family of the Prussian Blue Analogues (PBAs) [7]. Interestingly, the other
prototypes of SIBs, also based on PBAs, are being developed in Sweden [8] and USA [9].
Alongside SIBs, other post-LIBs are also being extensively researched, including potassium,
calcium, magnesium, zinc, etc. The latter is attractive not only as a low cost, nontoxic mate-
rial, but also, in case of using Zn metal as an anode [10-12], its high theoretical gravimetric
(820 mAh g~ 1) and volumetric capacity (5855 mAh cm~3), and low standard reduction
potential (—0.76 V vs. SHE) [11] can be certainly counted as advantages.

Indeed, the family of PBAs is highly promising in the battery field, as their open
ionic channels lead to the higher diffusion coefficient of 1072 to 1078 ecm? s~ [13,14],
and therefore to higher ionic conductivity. Also, the structural and dimensional stability
of a PBA lattice, originating from its robust and large 3D channel frameworks, leads to
almost zero lattice strain towards the insertion and extraction processes [15,16]. The general
formula of PBAs can be written as: A,M! [MZ(CN)é]yﬂl_y-szO, where A is an alkali
metal such as Lit, Na*t, K*, etc.; M! and M? are transition metal ions (Fe, Co, Mn, Ni, Cu,
etc.); Ois a vacancy; 0 < x < 2; 0 <y <1 [16]. Generally, both metals (M1 and Mz) can
be partially or fully substituted with various other transition metals, making this family
of materials extremely tunable. Also, both metal centers can be (but are not necessarily)
electroactive, which implies they have two electron redox capacity, and therefore two alkali
ion storage. Various PBAs have been reported as electrode materials for both Li-ion and
post-Li-ion battery systems [17-24].

Manganese hexacyanoferrate (MnHCEF) is one of the simple PBAs, with attractive
qualities such as safety and nontoxicity, but also, due to containing only elements which
are widely abundant, it is relatively inexpensive and sustainable [6]. In the battery field,
MnHCEF is promising as a cathode material, as it possesses relatively high discharge voltage
and two active redox couples (Fe>* /Fe?* and Mn3*/Mn?*), leading to the large specific
capacity. However, Mn in an oxidized +3 state is subjected to the severe crystal Jahn—
Teller (JT) distortion effect [25,26], which is believed to be one of the reasons for the
serious dissolution of MnHCEF in aqueous zinc-ion batteries (AZIBs), forming a new Zn-
containing phase [27-29]. Therefore, capacity decrease is an issue for this system and
different strategies have been utilized to solve it. Table S1 shows several reported values
of capacity and stability of MnHCF in AZIBs. Heteroatom doping or partial substitution
approaches are sometimes successfully adopted for the adjustment of the electrochemical
properties of MnHCE. It is reported that Ni doping can help to relax the JT distortion in
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MnHCEF [30], as Ni and Mn have a similar atomic radius, and therefore, the framework
remains in a good order during the substitution. Notably, Ni sites are believed to be
unreactive during the insertion/extraction process, and just balance the tiny structural
disturbances originating from the redox reactions on the Mn sites [31]. The synthesis, as
well as the IR and the XRPD characterization of 10% and 30% Ni-substituted MnHCF
powder has been reported previously [32].

During the cycling process, the structure and/or morphology of the electrode material
can undergo some modification, which needs thorough investigation for the proper under-
standing of the aging mechanism of the battery. Microscopical techniques are extremely
useful for morphological characterization, while the structure can be explored through
spectroscopical techniques. SEM or HR-TEM coupled with XRD, XPS, EELS, EDS, etc. have
been reported in various different studies [33,34]. In this work, we followed the structural
and morphological modification during the aging process of 10% and 30% Ni-substituted
MnHCEF (10%NiMnHCF and 30%NiMnHCE, respectively) cathode materials from AZIBs
with synchrotron-based 2D-XREF, with additional XANES measurements on the regions of
interest and PXRD. The application of these characterization techniques can be generalized
for the various different compounds in a number of fields, including other battery system
researches.

2. Materials and Methods
2.1. Synthesis

The synthesis of NiIMnHCF was performed through simple and scalable co-precipitation
method [26,32]. Manganese sulphate monohydrate (MnSO4-H,O), nickel sulphate (NiSOy),
sodium ferrocyanide decahydrate (Nas[Fe(CN)s]-10H,0), and sodium sulphate (NaySO4)
were utilized without further purification (Sigma Aldrich). For obtaining the 10% and
30% concentration of nickel, the aqueous solutions of MnSO;-H,O and NiSO,4 were pre-
liminarily mixed in 90/10 and 70/30 ratios, respectively. Afterwards, these mixtures,
together with the aqueous solution of Nay[Fe(CN)4]-10H,O, were added dropwise to an
aqueous solution of Na;SOy4 (0.1 L, of each 0.1000 M solution). A peristaltic pump was set
at a rate of 3.3 mL min~!, under continuous magnetic stirring and constant temperature
(with a thermostatic bath, temperature: 40 & 2 °C). The obtained products were aged
for 5 days, centrifugated, and the solid fraction washed three times with the distilled
water. Powders were dried at 60 °C for 48 h, and ground in an agate mortar. Microwave
plasma atomic emission spectroscopy (MP-AES), which was performed on an MP-AES
4210 high sensitivity optical emission spectrometer, and thermogravimetric analysis (TGA),
which was carried out on a TA Discovery TGA instrument, were applied to the synthe-
sized materials. The obtained formulas were: Naj 4Mng 99Nig 19[Fe(CN)glo.76-3.4H,O and
Najy 5Mng 68Nig 32[Fe(CN)g]o.76-3.53H2O.

2.2. Electrode Preparation

Dried samples were mixed with a conductive agent (carbon black) and a binder
(polytetrafluoroethylene (PTFE)) in a mortar, with a ratio of 70:25:5. Electrodes were
cut, with a size of 8§ mm and 12 mm in diameter, and a mass loading of approximately
8 &= 1 mgNiMnHCE cm 2. A two-hour long soaking of the pellets in the electrolyte solution
under vacuum was applied before the electrochemical tests. Coin cells were assembled
with NiMnHCEF as the cathode, Zn metal plate as the anode, 3M ZnSO, aqueous solution
as an electrolyte, and Whatman paper as a separator. The tests of the galvanostatic cycling
with potential limitation (GCPL) were performed with the conditions of 1 < E <1.85V
versus Zn?*/Zn, with a scan rate of 20 mA g~! on a Neware BTS4000-5V100mA battery
testing system.

2.3. 2D-XRF and XANES Setup

The data were collected at the XRF beamline in Sincrotrone Elettra, Basovizza, Italy.
This beamline hosts an end station dedicated to spectrometry, spectroscopy, microscopy,
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and reflectometry [35]. A double crystal Si(111) monochromator with AE/E ~ 10~ enables
access to the energy range of 4-14 keV [36]. The beam size was set through two pairs
of exit slits; the horizontal and vertical apertures were 100 pm and 200 um, respectively.
Considering the 45°/45° geometry used in our experiment, the beam footprint on the
sample surface was 140 x 200 um?2 (H x V).

In the experiments dedicated to ex situ electrodes from AZIBs, because of the com-
position of the materials, an initial energy of 10 KeV was chosen (above Mn, Fe, Ni, and
Zn K-edges). For the data analysis of XRF maps and spectra, PyMca 5.8.0 software was
used [37]. XRF spectra can be extracted from every single pixel of the recorded maps. The
spectra were calibrated and normalized to the beam intensity and, when areas including
multiple pixels were selected and considered, the resulting spectra were also normalized to
the number of pixels in the selection. For the semi-quantitative analysis representative of
the entire electrodes, sample areas were selected from the corresponding maps, avoiding
the visible morphological defects or heterogeneities. The spectra were subsequently fitted
using the same software. The elemental composition at the heterogeneities was quantified
in the same manner, obtaining the elemental concentrations as mass fractions.

XAS measurement was performed on several samples, in selected areas, in fluorescence
mode. The data analysis of XANES spectra was performed with Athena software (Demeter
0.9.26) [38].

The list of the ex situ electrodes is reported in Table 1.

Table 1. List of samples analyzed with 2D-XRF and micro-XANES experiments.

2D-XRF XANES

= =3 = =

O o O o

Sampl Descripti % E E "E‘
amples escription

’ ' 2 2 2 2

£ % £ Z

® ® 8 L

) ) ) )

L o Al o

Pristine Fresh electrode v v v v

C1 Charged after 1st cycle v v v v

D1 Discharged after 1st cycle v v v -

C2 Charged after 2nd cycle v v v -

D2 Discharged after 2nd cycle v v v -

C10 Charged after 10th cycle v v - -

D10 Discharged after 10th cycle v - - -

C100 Charged after 100th cycle v v - -

2.4. PXRD Setup

PXRD analysis of 30%NiMnHCF was performed on the MCX beamline at Sincrotrone
Elettra, Basovizza, Italy. The monochromatic X-ray beams of 1.03318 A and 0.62000 A (for
aged samples) were used in the transition mode with a marCCD detector, step size 0.01°
and acquisition time of 1 s/step. Samples were attached with paper-tape on the sides, or
were embodied in double Kapton tape (in the case of aged electrodes). Background, Kapton
tape, and standard LaBg were analyzed. The crystal structure was refined by GSAS II [39];
in the following work Q (A1) will be used for the x-axis of the diffractograms, instead of
20 (°), because of the different wavelengths of the X-ray beam between the analyses. The
list of samples is presented in Table 52.

3. Results and Discussion
3.1. 2D-XRF and Micro-XANES Analysis

XRF images recorded on the pristine electrodes of both 10% and 30%NiMnHCF shows
(Figures 1 and S1, pristine shortened to “Pr”) that the distribution of all framework metals
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inside the entire sample is quite homogeneous. The lower intensities near the borderline
can be explained by the thinner edges of the handmade pellets.

1.75x10*
1.5x104
1.25x10*
104
7.5x103
5x103
2.5x103

5x104
4x10%
3x104
2x10%
104

Figure 1. Normalized 2D-XRF maps of 30%NiMnHCEF pristine ex situ electrode: (a) Mn, (b) Ni, (c) Fe.
Intensity scale is color-based (red = high intensity; blue = low intensity). Length scale: Vertical bar
1000 um (200 pm x 5 px), horizontal bar 700 um (140 um x 5 px).

The 30%NiMnHCF C1 sample shown in Figure 2a demonstrates the dissolution of
Mn, which has already been described in the case of pure MnHCEF [40]. Evidently, the
process starts from the borders. Similarly, Ni (Figure 2b) suffered the partial dissolution,
initially also from the edges of the electrode. Therefore, nickel not only failed to stabilize the
MnHCEF structure in the aqueous zinc media, but by itself was subjected to the dissolution.
Zn, on the other hand, is detected inside the framework already in C1 (Figure 2c), even
though during the first charge only Na from the synthesis process was expected to leave
the structure. Zn was detected throughout the whole sample, but with a higher intensity
on the borderline, which possibly indicates the insertion of Zn inside the framework from
the borders, occupying the positions of Mn and Ni, as their dissolution exactly started from
the edges (Figure 2d). This phenomenon is observed for both 10% and 30% NiMnHCF (see
more examples later).

The process deepened in the following cycles; however, by the 10th cycle, the metal
distribution in electrodes became homogeneous again. This is well visible on Figure S2,
which depicts how the uniform distribution of Ni in 10%NiMnHCF changed to the relatively
high residual concentration of Ni only in the center of the samples, and then again became
homogeneous. Indeed, the semi-quantitative analysis relative to Fe shows the rapid drop of
the concentration of Mn from the pristine electrodes to the Cls, and then a slower decrease
until equilibrium is reached (Figure 3a,b). Interestingly, the content of Mn (and Ni) is
higher in the charged samples, compared to the discharged ones of the same cycle. This
phenomenon indicates that while the big portion of Mn left the structure entirely, there
is a small fraction of manganese which is reversibly forced out of the framework when
Zn-ions from the electrolyte enter it during the discharge process. This argument is further
strengthened by the fact that Zn demonstrates the opposite behavior to Mn and Ni (higher
concentrations in discharged electrodes).
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1.4x10%

1.2x10%
104
8x10°
6x103
4x103
2x103

(a)

7x10%
6x10%
5x10%
4x10%
3x10%
2x10%
104

(c)

Figure 2. Normalized 2D-XRF maps of 30%NiMnHCF C1 ex situ electrode: (a) Mn, (b) Zn, (c) Ni,
(d) Mn and Zn overlay (Mn in red, Zn in blue). For (a—c), intensity scale is color-based (red = high
intensity; blue = low intensity). Length scale: Vertical bar 1000 um (200 pm x 5 px), horizontal bar
700 pm (140 pm X 5 px).

The 10% and 30%NiMnHCF not only have a similar behavior, but more importantly,
as Figure 3c—e indicate, during the aging process, the ratios of Mn/Fe, Ni/Fe and Zn/Fe
become closely similar already after 10 cycles, indicating that there are no significant
differences between 10% and 30%NiMnHCF anymore; essentially, they transform into the
same compound.

At the XRF beamline, samples can be investigated using complementary XAS mea-
surements carried out under the same experimental conditions and with the same beam
size used for XRF mapping. In this case, it was interesting to explore the extra information
about the possible differences in the oxidation state or any modifications in the coordination
of the metals between the different portions of the sample. On the XRF images, it is easy to
assess the elemental distribution within the pellet; therefore, several points were chosen to
investigate the behavior of metals in areas where their concentration largely differs from
the average.

Figure S3 shows the Fe, Mn, and Ni K-edge spectra of the pristine electrode and
Zn K-edge spectrum of C1 of 10%NiMnHCE, recorded on small sections of the pellets.
XAS spectra of the initial framework metals share the features, which have been already
recorded on powder samples [32], while the Zn spectrum possesses the characteristics of
ZnHCEF, being in a good agreement with the previous reports [40]. Much more meaningful
is the XANES recorded on the portions where the sample looks inhomogeneous. Indeed,
the measurement was performed on a small aggregate of Mn (marked with a blue circle),
which was formed in C1 sample of 10%NiMnHCEF (Figure 4a,b), where the concentration
of Mn exceeded the average value approximately 1.5 times. The spectral decline from
the hexacyanoferrate pattern was evident (Figure 4c). Linear combination fitting (LCF)
was adopted to shed some light about this modification. As Figure 4d shows, the main
component of the fit is MnO,, which consists of more than 60% of the total contribution
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(Table 2). Therefore, the formation of the Mn(IV) oxide starts non-uniformly throughout
the electrode.

£ /

1.0 —e— Mn/Fe —e— Ni/Fe —e— Zn/Fe 12 Mn/Fe Ni/Fe —e— Zn/Fe
10% NiMnHCF ' 30% NiMnHCF
b . 208 ~
@ 0.8= T 4 0.6-
:.% 0.2 ' %
© \./ —4 &= 04 !
0.1 P i 0.2 4
00{ | ¥ — ———— —s 0044 b b T
C1 D1 C2 D2 C10 D10 C100 Prisine C1 D1 C2 D2 C10 C100
Sample Sample
(a) (b)
1.6 o —FF—
. ; —e—Zn/Fe (10%Ni)
1.44 1 —*—Mn/Fe (10%Ni) —e—NifFe (10%Ni) 1.0{ —=— Zn/Fe (30%Ni)
3 Mn/Fe (30%Ni) 0.20 Ni/Fe (30%Ni) —s
12]. <N
£10] £0.15 & 3
o8] ¢ £0561
£ P 20.10- 2
£067 & v & 0.4
041\ . 0.05 02]
0211 =y s -
i i O stne C1 D1 C2 D2 Ci0 G100 00

0.0 +
Pristine C1

D1

D1 C2 D2 C10 C100

c2 D2 clo c100 Pristine C1
Sample Sample Sample
(©) (d) (e)
Figure 3. 2D-XRF semi-quantitative analysis results showing the dynamics of Mn, Ni, and Zn vs. Fe
in ex situ electrodes for the (a) 10%NiMnHCEF series and the (b) 30%NiMnHCF series. The dynamics
of (c) Mn vs. Fe, (d) Ni vs. Fe, and (e) Zn vs. Fe in the NiMnHCEF electrodes.
Table 2. The LCF results of Mn K-edge of 10%NiMnHCF C1 cathode hotspot with components:
pristine, MnSO4, MnO, Mn304, Mn; O3, and MnO,.
Pristine MnSO, MnO Mn3z0y4 Mn,03 MnO, R-Factor Reduced x?2
Ratio 0.159 0.148 0.001 0 0.089 0.604
Error 0.028 0.017 0.024 0.032 0.068 0.028 0.00255 0.00059

Predictably, the Mn aggregates are more frequent in the aged electrodes. As mentioned
above, the C10 samples look quite homogeneous, so the dissolution of Mn (Ni), and its
substitution with Zn seems to have reached the equilibrium (or a near equilibrium state).
However, in the C10 and C100 samples, close to the edges and near the defects of the
electrodes, there appears to be a few Mn aggregations, and interestingly, these regions lack
other framework atoms (Figures 5 and 54). According to the semi-quantitative analysis, the
concentration of manganese in these aggregates, for example, inside the 30%NiMnHCF
C100, is more than four times higher to the average content of Mn. Possibly, the portion
of dissolved Mn formed small aggregates of oxide species outside the hexacyanoferrate
structure (similarly to what was singularly visible in C1 of 10%NiMnHCF).
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Figure 4. Normalized 2D-XRF maps of 10%NiMnHCF C1 ex situ electrode. (a) Mn, inhomogeneity
marked with a blue circle; (b) Zn, intensity scale is color-based (red = high intensity; blue = low
intensity); (c) Mn and Zn overlay (Mn in red, Zn in blue). Length scale: Vertical bar 1000 um
(200 um x 5 px), horizontal bar 700 um (140 um X 5 px); (d) LCF analysis of the XANES spectrum of
C1 hotspot, components: pristine, MnSO,, MnO, Mn3Oy4. Mn,0O3, MnO,.

To further confirm the existence of the two compounds: ZnHCF and MnQO; inside
the NiMnHCF material, electrochemical and other material characterization methods have
been deployed.

3.2. IR Analysis

The IR spectra of both NiIMnHCF compounds have already been reported previ-
ously [32]. The signal of C=N stretching was centered at 2074 and 2077 cm ™! for 10%NiMn-
HCF and 30%NiMnHCEF, respectively, which also was in agreement with the results of
pure MnHCE, as reported in the literature [40]. As Figure 6a,b show, for the pristine
electrodes, only a slight shift of C=N stretching is visible to 2067-2069 cm~!. But in the
cycled electrodes the obvious blue shift of 32-33 cm~! was observed. These values are
much closer to C=N stretching for ZnHCF material, for which the value of approximately
2100 cm ™! has been reported [41]. This observation strengthens the argument of tandem
2D-XRF-micro-XANES analysis, which indicated Zn penetration inside the sample through
the obtained maps, and suggested ZnHCF formation through the recorded XANES spectra
(Figures 3 and S3).
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5x103
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3x10°
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104
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(e)

Figure 5. Normalized 2D-XRF maps of 30%NiMnHCEF ex situ electrode: (a) Mn C10, (b) Mn C100,
() Zn C10, (d) Zn C100. Intensity scale is color-based (red = high intensity; blue = low intensity).
(e) Mn and Zn overlay of C10, (f) Mn and Zn overlay of C100 (Mn in red, Zn in blue). Length scale:
Vertical bar 1000 um (200 pm X 5 px), horizontal bar 700 pm (140 pm x 5 px).

3.3. GCPL Analysis

To cross-examine the formation of MnO; in electrodes during the cycling, the elec-
trochemical characterization results can be addressed. Generally, in the first cycle, Na* is
expected to be leaving the structure while charging, and Zn?* to intercalate during the
discharge process. In the later cycles, Zn?* should reversibly enter the NiMnHCF frame-
work; however, as Figure 6¢c shows, the capacity of 30%NiMnHCF keeps steadily declining
up to 15 cycles before the stabilization, more prominently during the initial several cycles,
which suggests the presence of an activation phase and/or gradual structural transfor-
mation (the same trend is observed for 10%NiMnHCEF, Figure S5). This can be due to the
observed formation of the manganese oxide, as reported in Section 3.1 (Figures 4 and 5).
In the first couple of cycles, the discharge plateaus are slowly forming and stabilizing
for both 10% and 30%NiMnHCF at approximately 1.28 V and 1.46 V (V vs. Zn?*/Zn)
(Figure 6d). The plateaus at these potentials are indeed characteristic to the MnO, cathode
material [42], which indicates that, after the formation of the oxide species, it becomes the
major contributor of the electrochemical activity of the system. Notably, after the stabiliza-
tion (10-15 cycles), the discharge capacity is quite stable, and has only slight periodicity
(Figures 6¢ and S5).
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Figure 6. ATR-FT-IR analysis results of pristine and cycled electrodes of (a) 10%NiMnHC,

(b) 30%NiMnHCF; GCPL data of (c) stability and efficiency of the C100 of 30%NiMnHCEF, (d) dis-
charge curve after the stabilization of 10% and 30%NiMnHCEF (extracted from same cycle).

3.4. PXRD Analysis

Additionally, the pristine sample of 30%NiMnHCF was refined to the face-centered
cubic F m-3m space group (Figures 7a and 5S6), similarly to the as-synthesized powdered
sample, which had already been analyzed before [32]. According to the Rietveld refinement
results, the unit cell experienced a slight decrease of the cell volume, with the a parameter
reduced from a = 10.4317 A toa = 10.33 A.

The structural modifications started from the first charging process, consisting of not
only the modification of the cell parameters or strain inside the system, but the emergence
of a new phase. Figure 7b demonstrates that the C1 sample can be characterized as a sum
of two phases, the original F m-3m, and a new primitive cubic phase P m-3m with a larger
unit cell (2 = 11.82 A).

The structural reversibility is a very important aspect for the longer lifetime of the
battery systems; in this material, the modifications seem to be non-reversible, as the XRD
pattern of D1 structure did not resemble pristine electrode (Figure S7), and was still a
mixture of two phases. With further cycling, the transformation continues and the original
phase slowly disappears; the C2 and D2 electrodes prove the same observation (Figure S8).
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Figure 7. PXRD measurement results of 30%NiMnHCEF ex situ electrodes: (a) Pristine, (b) C1, (c) C10,
D10, and C100.

The initial F m-3m phase is not visible in the tenth cycle of 30%NiMnHCF samples. As
Figure 7c shows, the diffractograms of C10 and D10 are highly crystalline and very similar,
indicating the stabilization of the structure. The samples were refined to the P m-3m phase,
but the presence of two unindexed low intensity reflections (depicted with blue rhombus)
in D10 sample suggested the existence of an additional phase.Because the formation of
ZnHCEF was already indicated by several techniques, hexagonal R -3¢, characteristic to the
ZnHCF material [41] was added during the refinement, as a second phase,. Indeed, the low
intensity peaks were fitted perfectly (Figure S9).

Two pellets from the 50th cycle also displayed multiple phases inside the structure,
and the initial F m-3m was not recovered; instead, the mix of primitive cubic and hexagonal
phases were detected, and the compound was still quite crystalline (Figure 510). But
when the C100 and D100 were analyzed (Figures 7c and 511), the main phase became the
hexagonal R-3c, characteristic to ZnHCF, while the P m-3m cell was still visible inside the
100th cycle samples. Consequently, the part of the primitive cubic cell partially transformed
to the hexagonal symmetry. The initial refinement of the 100th cycle samples was performed
considering those two phases; however, the fit improved after adding the third phase,
coming from the electrolyte, the monoclinic P 21 /¢ unit cell, characteristic of hydrated zinc
sulphate (ZnSOy4-4H,0). Unfortunately, the data quality was not high enough to retrieve
the reliable information about the phase ratio. The crystallinity inside the structure also
seemingly decreased.

For better visualization of the overall structure evolution of the cathode material
during the aging process, diffractograms were stacked on top of each other (Figure 512).
The detailed information about the unit cell parameters of each phase for 30%NiMnHCF
can be found in Table 3. The numbers were obtained from the Pawley refinement results
(except pristine electrode, where Rietveld refinement was performed, Figures 513-522).

Overall, PXRD and 2D-XRF results are aligned, as the dissolution of Mn and Ni and
the penetration of Zn inside the framework might have caused the formation of the new
phase. The fact that the reflections of MnO, were not visible in diffractograms can be
explained by the possible amorphization and/or not being able to form the long-range
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ordered structure, as this compound is known to exist in several different forms, including
the amorphous one [43].

Table 3. The cell parameters of different phases, presented in the series of 30%NiMnHCF cathodes.

Cell Parameters

30%NiMnHCF Samples F m-3m P m-3m R -3¢ P21/c
a(Ad) a(Ad) a(Ad) c(A) a(Ad) b (A) c(A) B )
Pristine 10.33 - - - - - - -
C1 10.29 11.82 - - - - - -
D1 10.22 11.79 - - - - - -
C2 10.33 11.88 - - - - - -
D2 10.16 11.76 - - - - - -
C10 - 11.91 - - - - - -
D10 - 11.88 12.42 32.85 - - - -
C50 - 11.99 12.48 32.94 - - - -
D50 - 12.05 12.46 32.74 - - - -
C100 - 11.94 12.37 33.08 6.23 13.77 9.91 125.45
D100 - 11.99 12.48 32.94 6.16 13.69 9.77 126.84

4. Conclusions

The 2D-XRF measurement showed the spatial distribution of the elements inside the
electrode, and the modification of this distribution. XRF maps provided the visual pattern
of the dissolution of Mn and Ni, starting from the borders, and Zn entering the structure
exactly from the edges. Therefore, Ni was not able to provide stability to the MnHCF
structure, as it was hoped. The semi-quantitative measurement showed the dynamics of
the elements inside the pellets: Ni and Mn had a lower concentration in the discharged
electrodes (compared to the charged ones of the same cycle), while Zn showed the opposite
behavior, the equilibrium already being reached by the 10th cycle. Most importantly,
compositionally this equilibrium was same for the 10%NiMnHCF and 30%NiMnHCEF,
as they were proven to contain almost identical metal ratios, effectively becoming the
same material.

The XANES measurements suggested Zn to be integrated in the hexacyanoferrate
framework from the first cycle. This observation was further strengthened by the PXRD
measurements, demonstrating the modification of the material through the phase transfor-
mation from the face-centered cubic unit cell to primitive cubic, and then partially to the
hexagonal symmetry, generally characteristic to ZnHCEF, with the additional monoclinic
phase from the electrolyte contribution. The same compound (ZnHCF) formation was
suggested by the FI-IR/ATR analysis.

On the other hand, the 2D-XRF maps showed the systematical Mn aggregations on
the edges of the aged samples (already in the 10th cycle). With the overlay maps, it was
evident that these regions lacked other metals, suggesting Mn to be in a different (i.e., not
hexacyanoferrate) form. The XANES spectrum of the Mn hotspot suggested that these
aggregations mainly consist of MnO,, which was also verified by the electrochemical profile
of the material after the stabilization.

Together, these X-ray techniques can provide a thorough understanding of the pro-
cesses appearing during cycling of the battery system, as the tandem XRF-micro-XANES
experiments are able to follow the gradual modification of the materials, and understand
the inhomogenization, alteration, or degradation of the electrodes (spatially with XRF im-
ages, and chemically with XANES spectra) while the multiphase changes in the long-range
order domain are explorable by the PXRD measurements. The approach presented in this
work can be extended to similar studies on anode or other cathode materials to be used in
the next generation of battery electrodes.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10040123/s1, Figure S1: 2D-XRF maps of Pristine sample of
10%NiMnHCEF: (a) Mn, (b) Ni, and (c) Fe; Figure S2: 2D-XRF maps of Ni contribution of 10%NiMnHCF
samples: (a) Pristine, (b), C1, (c) C2, and (d) C10; Figure S3: XANES of 10%NiMnHCF samples:
(a) Mn K-edge of Pristine, (b), Fe K-edge of Pristine, (c) Ni K-edge of Pristine, and (d) Zn K-edge
of C1; Figure S4: 2D-XRF maps of 10%NiMnHCF samples: (a) C10 Mn, (b), C100 Mn, (c) C10
Zn, (d) C100 Zn, (e) C10 Mn/Zn overlay, and (f) C100 Mn/Zn overlay; Figure S5: GCPL data of
C100 of 10%NiMnHCEF: stability and efficiency test; Figure S6: F m-3m structure of 30%NiMnHCF;
Figure S7: PXRD measurement result of D1 of 30%NiMnHCEF; Figure S8: PXRD measurement results
of C2 and D2 of 30%NiMnHCEF; Figure S9: Pawley refinement of D10 of 30%NiMnHCEF; Figure S10:
PXRD measurement results of C50 and D50 of 30%NiMnHCEF; Figure S11: PXRD measurement
result of D100 of 30%NiMnHCEF; Figure S12: PXRD measurement result of D100 of 30%NiMnHCF;
Figure S13: Rietveld refinement of Pristine sample of 30%NiMnHCEF; Figure S14: Pawley refinement
of C1 of 30%NiMnHCEF; Figure S15: Pawley refinement of D1 of 30%NiMnHCEF; Figure S516: Pawley
refinement of C2 of 30%NiMnHCF; Figure S17: Pawley refinement of D2 of 30%NiMnHCEF; Figure S18:
Pawley refinement of C10 of 30%NiMnHCEF; Figure S19: Pawley refinement of C50 of 30%NiMnHCF;
Figure S20: Pawley refinement of D50 of 30%NiMnHCEF; Figure S21: Pawley refinement of C100 of
30%NiMnHCF; Figure S22: Pawley refinement of D100 of 30%NiMnHCEF; Table S1: Performance
of MnHCF cathode material in AZIBs; Table S2: List of samples analyzed with PXRD technique.
References [44—46] are cited in the Supplementary Materials.
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