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Abstract: The initial capacity fading and electrochemical profile modification of the nickel substituted

manganese hexacyanoferrate cathode material in aqueous zinc-ion batteries was investigated. The outcome

of the electrochemical tests suggested the structural transformation of the material; therefore, further

characterization has been performed with the synchrotron-based x-ray absorption spectroscopy and powder

x-ray diffraction. Indeed, the alteration of the structure was evident with both techniques. The dissolution of Mn

and Ni was observed, alongside with the substitution of Mn with Zn. Furthermore, a new Zn-containing phase

formation, and the modification of Mn species were demonstrated.

Keywords: Aqueous batteries; Zn-ion batteries; X-ray absorption spectroscopy; X-ray diffraction; Operando

measurement; Manganese hexacyanoferrate

1. Introduction

owadays, with the increasing world population
and rapid technological advancements, energy
consumption is constantly rising. Therefore,
the progress must be made in the associated energy
production and storage fields, which is a complex and
challenging task. Batteries, especially secondary, or
rechargeable batteries, are one of the main players of

the energy storage devices. Even though, the Li-ion
batteries (LIBs) are still dominating in the rechargeable
battery market, post-LIBs are attracting more and more
attention. For the development of the new systems, the
thorough investigation of each component and the deep
understanding of the electrochemical mechanism is
necessary. Indeed, the progress is made, even leading

to the commercialization of the first Na-ion batteries
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(SIBs) by Contemporary Amperex Technology Co.,
Ltd., based on the Prussian White cathode material,
from the family of the Prussian Blue Analogue (PBA)".
SIBs are not the only perspective substitution for
LIBs, the research is actively conducting on potassium,
calcium, magnesium, zinc etc. This work is focusing
on zinc-ion batteries (ZIBs), namely in aqueous battery
systems (AZIBs). AZIBs attracted interest towards
them, due to the advantages of both, as an aqueous
electrolyte, and Zn metal as an electrode™™. The
main advantages of zinc are its low cost, nontoxicity,
high theoretical gravimetric (820 mAh + g ') and
volumetric capacity (5855 mAh + ¢cm™), and low
standard reduction potential (-0.76 V vs. SHE)". On
the other hand, moving to the aqueous media, gives the
opportunity of avoiding highly toxic and flammable
organic solvents, which generally have higher
fabrication costs and two orders of magnitude lower
ionic conductivities, than their aqueous counterparts.
The cathode material of interest in this study is partially
nickel substituted manganese hexacyanoferrate, which is
from the same PBA family, as aforementioned, newly
commercialized Prussian White for SIBs. Prussian Blue
(PB) and its analogues are large family of transition
metal hexacyanoferrates, with general formula of
AM[Fe(CN)g],0,, * zZH,0, where A is an alkali metal
such as Li', Na", K, efc.; M is transition metal ions:
Fe, Co, Mn, Ni, Cu, efc.; O is a vacancy; 0 <x <2; 0 <
y < 1% They contain open ionic channels, leading
to the higher diffusion coefficient of 10 cm® * s

%71 "and consequently higher ionic

to 10" cm” * s
conductivity. Also, the PBA lattice, due to its robust
and large 3D channel frameworks, is structurally and
dimensionally stable, with almost zero lattice strain"
towards the insertion and extraction processes"’.
Therefore, PBAs have been widely used as electrode
material for Li-ion and post-Li-ion batteries'".
Generally, both redox centers M™* and Fe™" of
PBAs can be (but not necessarily) electroactive, which
means two electron redox capacity and consequently
two alkali ion storage. The first reported work about the
implementation of PBAs in AZIBs was in 2015 by Jia
et al"™, demonstrating reversible insertion of Zn>" ions
in copper hexacyanoferrate (CuHCF) nano-cubes.
Among simple PBAs, manganese hexacyanoferrate
(MnHCF) has attracted much interest''”, in terms of

sustainability, safety, cost-effectiveness, abundance

and non-toxicity. Also, large specific capacity derived
from the two active redox couples (Fe’"/Fe’” and Mn’*/
Mn”"), and the relatively high discharge voltage are
attractive qualities for the cathode material. However,
MnHCF in AZIBs displayed severe dissolution,
forming a new Zn-containing phase"”’””. One of the
main reasons is believed to be the severe crystal Jahn-
Teller (JT) distortion effect, which Mn"' compounds are
subjected to. The removal of one of the electrons from
the e, orbital of ¢ Mn®" HS" leads to the basal plane
shrinkage"™, and different orbital distribution, the d.’
being less perturbed by the potential generated by the
cyanides, than the dxz,yz.

Generally, the properties of PBAs can be changed by
heteroatom doping or partial substitution of the high
spin ions, which can help to adjust the electrochemical
properties by providing the additional degree of
freedom. Some of the examples are iron””, cobalt’®”,
and nickel”*", as they are reported to help with
relaxing the Jahn-Teller distortion in MnHCF. The
atomic radius of the latter one is almost equal to the
atomic radius of Mn, therefore, when the Ni replaces
the Mn inside the PBA structure, the cubic framework
remains in a good order. It is generally known that,
during the insertion/extraction process, the Ni sites are
unreactive and they are just balancing the tiny structural
disturbances caused by the redox reactions on the Mn
sites”®*’]. The synthesis and advanced characterization
of the 10% Ni-substituted MnHCF (hereby referred
as NiMnHCF) has been already described in previous
works .

Advanced x-ray techniques are among the most
sophisticated characterisation methods in the battery
material research. The x-ray absorption spectroscopy
(XAS) provides the profound understanding about the
oxidation states of the elements, their coordination and
nearest neighbourhood. For cathode material XAS can
help to determine the electrochemical activity of metals
and their local structure; it can follow the modification
of the elemental species, and identify them.

The powder x-ray diffraction (PXRD) probes the
long-range structure of the material, describing the
crystallinity, symmetry, unit cell parameters and
phase modification, that can be extremely helpful for
the characterization of the battery materials and for
following the alterations inside the structure during
the aging process. Especially, in operando modality,
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PXRD measurement provides the possibility to analyze
the cathode during the operational conditions, which
is extremely important for the understanding the true
dynamics of the system, and being able to follow the
gradual structural modifications inside the electrode,
giving additional time-resolution to the structural
investigation.

In this work, we followed the electrochemical
behavior of the NIMnHCF in AZIBs, and explained
it through the structural modification of the material,
which we monitored with synchrotron-based x-ray
techniques.

2. Experimental

2.1 Synthesis

The NiMnHCF was synthesized through a simple and
scalable co-precipitation method”**". The reagents
manganese sulphate monohydrate (MnSO, * H,0),
nickel sulphate (NiSO,), sodium ferrocyanide
decahydrate (Na,[Fe(CN)4] * 10H,0) and sodium
sulphate (Na,SO,) were used without further
purification (Sigma Aldrich). Aqueous solutions of
MnSO, « H,0 and NiSO, were preliminary mixed
in 90/10 ratio for 10% concentration of nickel.
Afterwards, it was added dropwise, together with the
aqueous solution of Na,[Fe(CN),] * 10H,0, to an
aqueous solution of Na,SO, (0.1 L, of each 0.1000 M
solution), by means of a peristaltic pump at a rate of
3.3 mL » min', upon continuous stirring and constant
temperature (40 + 2 °C, regulating with a thermostatic
bath). The obtained solution was aged for 5 days.
After centrifugation, the solid fraction was washed
three times with distilled water, dried at 60 °C for
48 h and grinded in an agate mortar. The formula of
the synthesized material was obtained by means of
microwave-plasma atomic emission spectroscopy
(MP-AES), which was performed on MP-AES 4210
high sensitivity optical emission spectrometer, and
thermogravimetric analysis (TGA), which was carried
out in TA Discovery TGA instrument. Corresponding
formula was: Na, ;Mn, 9Ni, ;o[Fe(CN)¢]o7¢ * 3.4H,0.

2.2 Electrode Preparation

Dried samples were mixed with the carbon black as a
conductive agent and polytetrafluoroethylene (PTFE)
as a binder in a mortar. Active material, carbon black
and PTFE ratio was 70:25:5. Afterwards, the pellets

with 8 mm and 12 mm diameter were cut out, with the
mass loading of approximately 8+1 mgyuce * €M .
Before the electrochemical tests sample soaking in the
electrolyte solution under the vacuum was actively
used, for at least 2 hours. Ni-containing MnHCF pellets
were used as positive electrodes in the coin cells, 3 M
ZnS0O, aqueous solution as an electrolyte, Whatman
paper as a separator, and Zn metal plate as the anode
were implemented. Cyclic voltammetry was performed
on CHI660 and CHI620 cyclic voltammeters, 1 < E <
1.9 V versus Zn>"/Zn, with scan rate of 0.2 mV « s .
For galvanostatic cycling Neware BTS4000-5V100mA
Battery testing system was utilized, 1 < £ < 1.85V
versus Zn>"/Zn, with current density of 20 mA « g .
Afterwards, charged and discharged state electrodes
from various cycles have been extracted for the further
ex situ analysis (Table S1).

2.3 X-ray Characterization Techniques

XAS experiments were conducted at Sincrotrone
Elettra, Basovizza, Italy, at XAFS beamline, in
transmission mode. K-edges of Mn, Fe, Ni and Zn
were collected. The measurements were performed
in the following ranges: 6344-7090 eV for Mn, 6917-
8088 eV for Fe, 8155-8882 eV for Ni, and 9464-
10637 eV for Zn. Before the edge, the measurement
was performed in every 5 eV, near the edge region
decreasing the interval to 0.2 eV, and increasing with
constant k-dependence in EXAFS part. For Mn, Fe
and Zn, up to k = 16 was recorded, and for Ni up to
k = 12. Sample holder with 8 spaces was adopted, z
coordinates were defined, and necessary horizontal and
vertical gaps were set for optimal beam size for probing

BUXAS spectra were calibrated using the

Athena software™.

PXRD data were recorded at the MCX beamline at

3334

each sample

Sincrotrone Elettra, Basovizza, Italy™*". The operando
measurements were performed using the commercial
El-cell®”, equipped with a beryllium window, where
x-rays are able to penetrate. The material of interest was
12 mm diameter NIMnHCF cathode (mass loading 7.55
MEvmce * €M 2). In this system Zn foil with a hole
was used as an anode, Al-mesh as a current collector,
and 3 M ZnSQO, as an electrolyte. Galvanostatic cycling
was performed between 1 < E < 1.85 V versus Zn”"/
Zn, with a current density of 20 mA « g'. The analysis
was performed at MCX beamline, with the x-ray beam
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of 1.03318 A, in reflection mode using the marCCD
detector. Measurements were successful, even though
this configuration for the battery-material research was
a novelty on MCX beamline. The diffraction pattern
was recorded with 20 second scans every 5 minutes,
during the galvanostatic cycling of the El-cell.

For ex situ electrodes the monochromatic x-ray
beams of 1.03318 A and 0.62000 A (for aged samples)
were used, in the transmission mode with a marCCD
detector. Samples were attached with paper-tape
on sides, and in case of aged electrodes, they were
embodied in double Kapton tape. The XRD pattern was
collected with 0.01° steps and an acquisition time of
1 s/step. Background, Kapton tape and standard LaB,
were also analyzed. The crystal structure was refined
by GSAS 11", and because of the different wavelength
of x-ray beam for the x-axis of the diffractograms QO
(A™") was adopted, rather than 26 (°).

3. Results and Discussion

3.1 Electrochemical Characterization

The full-cells were assembled with NiMnHCF as
a cathode, metallic Zn sheet as an anode and 3 M
ZnS0O, as an electrolyte. During the initial charge,
Na” is expected to leave the structure, and afterwards,
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upon the discharge process Zn’" to enter, while in
later cycles Zn*" should reversibly intercalate in the
hexacyanoferrate framework. As Figure 1a shows,
during the CV tests, the voltammograms demonstrate
initial several cycles to be different from the following
ones, indicating to the activation process of the
cathode material. Two oxidation peaks at around 1.6
V and 1.85 V from the first charging process can be
attributed to the sodium extraction from the NiIMnHCF
framework, from low-spin Fe'"/Fe"" and high-spin Mn"/
Mn", respectively””***”. These signals are not only
decreasing rapidly in the consecutive cycles, but the
peak at the high potential splits into two at around 1.81
V and 1.86 V, respectively, and the wide peak at around
1.6 V shifts towards the low potential. Both can be
explained by Zn extraction from the hexacyanoferrate
framework, alongside the sodium. In the first discharge,
corresponding reduction signals are observable: there
is one wide peak, centered at 1.52 V, with weakly
pronounced shoulder at 1.67 V. As their counterparts,
the intensity decrease of the reduction peaks and the
shift towards the higher potential occur. This instability
suggests that the undergoing electrochemical reaction
might be more complicated than expected.
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Figure 1. (a) the CV of Zn/NiMnHCF cell, scan rate 0.2 mV + s ', 1-1.9 V (V vs. Zn>"/Zn); (b) the stability test during the
galvanostatic cycling of Zn/NiMnHCF cell, current density 20 mA « g ', 1-1.85 V (V vs. Zn*"/Zn); (c) corresponding discharge
profile after the stabilization; (d) SEM image of Pristine sample of NIMnHCF at 25 kx magnification; (¢) SEM image of C10

sample of NiMnHCEF at 25 kx magnification
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In the consecutive cycles new peaks are appearing,
and slowly intensifying. The oxidation signals at 1.56
V and 1.6 V, and the reduction ones at 1.25 Vand 1.4V
are replicating the Zn-ion battery behavior with MnO,
cathode!*!

might correspond to the Zn-extraction from the MnO,

! In this case, the two oxidation peaks

cathode as the Mn"/Mn" states undergo the oxidation
to the Mn'" state; and the reduction ones may represent
Zn-insertion into the MnQO,, and cause the reduction of
Mn" to the Mn""/Mn" states'*"’. This hypothesis will be
explored later in detail.

The galvanostatic charge/discharge of full-cell at a
current density of 20 mA + g ', also showed the initial
capacity-decrease during the activation stage, but
after the stabilization, the battery retained over 100
mAh « g capacity after 100 cycles (Figure 1b), which
is improvement from the pure MnHCF with the similar
system, reported before, where capacity reached only
70 mAh « g”', after 50 cycles on C/5 rate”. Figure
S1 shows the cycling performance of NiMnHCF at
different current densities. The Figure 1¢ demonstrates
the discharge curve during the galvanostatic cycling
experiment (after the activation and stabilization, which
needs approximately 5-10 cycles), and the plateaus are
positioned at 1.29 V and 1.47 V, which is characteristic
to the MnO, cathode material*", rather than MnHCF or
ZnHCF (in agreement with CV tests).

Additionally, the SEM images of Pristine and C10
ex situ sample showed the morphological alterations.
As it is visible from Figures 1d and S2, the pristine
electrode is homogeneous, there are some small
particles (carbon) and larger aggregates (active
material) observable; however, in Figures 1e and S3
morphological modifications are evident: the fibrous
structure can be related to the separator, but there are
other larger aggregates. Also, according to 2D-XRF
images, the original homogeneous metal distribution
in pristine electrode has modified in C10 (Figure
S4). These alterations are additional indication of the
structural modification, which is later explored in
details with advanced x-ray techniques.

3.2 XAS Measurement

As mentioned above, the dissolution of Mn and
its substitution with Zn is a serious issue for the
MnHCF cathode material, and the presence of Ni
ions, apparently was not able to hinder this process

in AZIBs. The formation of MnO, phase, suggested
from the electrochemical tests, can be only explained
by the dissolution of Mn from the hexacyanoferrate
framework. To explore this hypothesis, ex situ XAS
experiment has been conducted. Generally, in MnHCF
both Mn and Fe sites are active, while in NiHCF,
only Fe™*!. These three metals, alongside with Zn
have been investigated. During the cycling process Fe
was not dramatically affected: edge jump position in-
between charged and discharged states remained the
same (Figure S5). The only difference concerned the
pre-edge region. The electronic transitions of LS Fe
are 1s—t,, and 1s—e,, corresponding to the pre-edge
peaks at = 7111.2 eV and =~ 7114.2 eV, respectively'*”.
However, 1s—t,, transition, which can only occur

in Fe"

, in this experiment was only visible in the C1
sample (Figure 2a), indicating to the low amount of
overall oxidized Fe content in the charged electrodes
of the later cycles. This is in a good agreement
with electrochemical tests, where hexacyanoferrate
contribution was also slowly disappearing.

The Fourier transform of Fe K-edge spectra on
Figure 2b shows three coordination shells. According
to the hexacyanoferrate framework, the first peak was
assigned to carbon (Fe-C), the second to nitrogen
(Fe-C-N), and the third to manganese (Fe-C-N-Mn)
or nickel (Fe-C-N-Ni)*". During the cycling, only
the last peak shape was modified, which might be
the indication to the Mn-Zn replacement during the
insertion/extraction of Zn-ions. Same was observed
on zinc K-edge spectra on Figure 2¢, as it replicated
the Zn spectrum of ZnHCF material®. It appears
that Zn started occupying the position of Mn in
hexacyanoferrate framework from the first cycle,
with increasing edge jump intensity upon the cycling,
indicating that higher portions of manganese were
getting substituted.

Even though nickel was not suspected of any
electrochemical activity, for the exploration of its
neighbourhood, the K-edge of Ni was also recorded.
Indeed, no alteration of the spectrum shape was
detected during the cycling process, however, the
dramatical decrease of signal intensity indicated that
dissolution had affected not only Mn, but Ni as well
(Figure 2d).
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Figure 2. XAS measurement results of NIMnHCF ex situ electrodes: (a) Pre-edge region of Fe K-edge; (b) Fourier transform
of Fe K-edge; (¢) Zn K-edge; (d) Ni K-edge
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Figure 3. XAS measurement results of NIMnHCF ex situ electrodes: (a) Mn K-edge; (b) Fourier transform of Mn K-edge,
together with MnO, standard; (c) Mn edge jump intensity dynamics; (d) Mn, Ni and Zn edge jump intensity dynamics
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The most crucial part of XAS analysis definitely
concerns Mn. As Figure 3a shows, the modifications
of the spectra indicated the changes in both, the
oxidation state and the local structure. Even the first
cycle differed from the pristine electrode, and with
further cycles the alteration deepened. For the initial
cycles the most evident change was the peak intensity
decrease, however by the 10" cycle the shape of the
entire spectra had been modified so drastically, that
it clearly represented different Mn species from the
hexacyanoferrate framework. From the 10" to the 100"
cycle no major modifications were observed, which
indicated the stability of the new structure on the local
scale. The edge jump intensity decrease, indicating
to the Mn dissolution, was more rapid with the initial
cycles (Figure 3c¢). This trend is in agreement with
the reduction of Ni and the increase of Zn edge jumps
(Figure 3d). Local structure alteration is especially
easy to observe in the Fourier transform spectra (Figure
3b): the modification of the first and the second shell
of Mn were undoubtfully present. The reference MnO,
Fourier transform spectrum is very similar to the ones
of cycled sample — the position and the intensity ratio
of the first and the second coordination shell match.

The Mn Fourier transform spectra results agree with
the ones for Fe, as they also indicated the changes in

the third coordination shell, which initially was Mn
(together with Ni). The spectra of C2/D2 samples
showed the intermediate pattern between the 1* and the
10" cycle.

For the better understanding of what exactly
happened to Mn inside the structure, linear combination
fitting (LCF) was performed on the Mn K-edge spectra
of the cycled electrodes. As standards pristine, MnSO,
and several manganese oxides (MnO, Mn,0,, Mn,0,
and MnO,) were used. From Figure 4, it is clearly
visible, that a definitive outcome was not possible to
achieve. But the results still can be used as a strong
indicator, that there was a mixed distribution of the
manganese species inside the pellets. The contribution
of Mn in hexacyanoferrate structure was non-uniformly
decreasing with aging, and in the 10" cycle only around
5% of the Mn appeared to be in this position. On the
other hand, MnO, was contributing an increasing
part of the fit, the charged samples quite logically
having higher amounts of Mn** than the corresponding
discharged samples of the same cycle; according to
LCF, from the remaining Mn, MnO, form in Cl was
just below 20%, increasing to above 42% in C2, to 65%
in C10 and more than 80% in C100 (as mentioned, less
in the corresponding discharged samples) (Table 1).

Table 1. The LCF results of Mn K-edge in different charge states of NIMnHCF cathode material

Sample Pristine MnSO, MnO Mn,0, Mn,0, MnO, R-factor Reduced ¥’

Ratio 0.391 0.144 0.272 0 0 0.194
0.00671 0.00350

(Error) (0.008) (0.103) (0.037) (0.062) (0.065) (0.034)

Ratio 0.277 0.322 0.269 0 0 0.132
D1 0.00581 0.00250

(Error) (0.006) (0.087) (0.031) (0.052) (0.055) (0.029)

Ratio 0.140 0.224 0.211 0 0 0.424
C2 0.00486 0.00137

(Error) (0.005) (0.065) (0.023) (0.039) (0.041) (0.021)

Ratio 0.254 0.201 0.289 0 0 0.256
D2 0.00739 0.00282

(Error) (0.007) (0.093) (0.033) (0.055) (0.058) (0.031)

Ratio 0.044 0.132 0.140 0.035 0 0.650
C10 0.00568 0.00138

(Error) (0.005) (0.064) (0.023) (0.039) (0.041) (0.021)

Ratio 0.056 0.167 0.143 0 0 0.635
D10 0.00424 0.00103

(Error) (0.004) (0.056) (0.020) (0.033) (0.035) (0.019)

Ratio 0.001 0.149 0 0 0.042 0.808
C100 0.01173 0.00276

(Error) (0.006) (0.088) (0.029) (0.051) (0.052) (0.028)

Ratio 0.042 0.185 0.093 0 0 0.680
D100 0.01106 0.00261

(Error) (0.006) (0.086) (0.028) (0.049) (0.050) (0.027)
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3.3 Operando PXRD Measurements

The structure of NiMnHCF cathodes was also checked
with synchrotron based PXRD technique. The powder
samples had face centred cubic symmetry, F m-3m
space group, a = 10.4837 A, as reported before®”.
Pristine electrode kept F m-3m symmetry, with the
slight decrease of the cell volume: a = 10.43 A.

The operando measurement of NiMnHCF cathode
material was performed with the commercial El-
cell, in the reflection mode. Diffractograms were
recorded during the galvanostatic cycling of the
battery. Figures Sa and S6 show the stack of the
obtained diffractograms. Visible changes occurred
inside the structure: the new peaks emerged during the
charging process at the higher angles from the original
reflections: at 1.19 A™", 1.69 A™", 2.39 A", from
which during the discharge process the first reflection
decreased partially, the second disappeared completely,
and the third one remained unchanged. Also, during the
charging process, a shoulder appeared at 2.68 A™' (the
reflection on 2.66 A™', belongs to Al from the current
collector), alongside the smaller peaks (depicted with
green arrows), which remained during the consecutive
discharge process. Therefore, the structure appears to
be only partially reversible during the initial charge-
discharge process.

One of the main advantages of the operando
measurement is the possibility to observe the dynamics
of the system. The PXRD patterns extracted at different
voltages demonstrated that the main modifications
started only after the plateau at =1.77 V, and afterwards
the intensities of the new reflections slowly rose with
increasing voltage. Similarly, during the discharge, the
alterations start occurring from the plateau below ~1.63
V, and became more rapid at a lower voltage (Figures
Sb, 5S¢, S7 and S8).

Even though the operando measurements have
a huge advantage in means of understanding the
processes happening inside the system in real time, low
resolution makes it difficult to perform the exact phase
identification. Therefore, ex sifu measurements were

also conducted alongside the operando test.

3.4 Ex situ PXRD Measurements

The results of ex situ PXRD were aligned with
the operando measurement. Indeed, the structural
modifications started from the first charging process,

also in agreement with XAS analysis. Alongside the
modification of the cell parameters and strain inside
the system, the emergence of a new phase was also
detected. All diffractograms are stacked on Figure Sd.
The C1 sample can be characterized as a sum of two
phases, the original F m-3m, and a new primitive cubic
cell P m-3m with larger a parameter (a = 11.93 A).
These modifications seem to have been not reversible,
as the D1 structure did not resemble pristine electrode,
and was still a mixture of two phases. With further
cycling the transformation continued, and the original
phase kept slowly disappearing. The initial F m-3m
phase was not visible in the tenth cycle of either charge
state. As Figure 5d shows, the structure of C10 and
D10 were almost identical, and highly crystalline. The
Pawley refinement of the 10" cycle was performed with
P m-3m phase reaching low R, ;=2.377 (Figure S9),
however the fit became better (R, = 1.696), especially
in high Q values, after the refinement with two phases:
P m-3m, together with the hexagonal R -3¢ (Figure
S10), which has widely been reported as a common
ZnHCF phase'’’. Therefore, we can attribute P m-3m
to be an intermediate step between the face centered
cubic NiMnHCF structure, as it modifies through Ni
and Mn dissolution into the hexagonal ZnHCF. This
phenomenon could be connected to the initial activation
cycles in the battery system, before the stabilization.

The 100" cycle of NiMnHCF again displayed
the presence of multiple phases inside the structure,
however the initial refinement, performed on two
phases (P m-3m and R -3c) was improved after
adding the third phase, coming from the electrolyte,
the monoclinic P 21/c unit cell, characteristic to the
hydrated zinc sulphate (ZnSO, « 4H,0) (Figures S11
and S12).

Therefore, MnO, was not detected in PXRD
measurement at all, which at first might seem
suspicious, but in the literature, there are reports about
the high performance amorphous MnO, as a cathode
material. Indeed, both electrochemical tests showed
highly similar results to the work done by Huang et
al™". The absence of the MnO, in diffractograms can
be explained by the lack of crystallinity, which is a
necessary requirement for the PXRD measurement. On
the other hand, it was possible to witness with XAS,
where short range order is enough for the detection of
the material.
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Figure 5. PXRD measurement results of NiIMnHCF (a) in operando modality the first cycle of Zn/NiMnHCEF cell, current
density 20 mA+g™', 1-1.85 V (V vs. Zn’"/Zn); (b) corresponding charge/discharge profile, with three points chosen as Rest (OCP),
C1 and DI; (c) the diffractograms recorded at Rest, C1 and D1 points; (d) diffractograms of ex sifu electrodes: pristine, C1, D1,

C2, D2, C10, D10, C100 and D100 (from down to up)

4. Conclusions

Both electrochemical tests and advanced synchrotron-
based x-ray characterization techniques demonstrated
the strong modification inside the NIMnHCF cathode
material. The initial capacity decay was connected to
the structural alteration, which was further stabilized
by the formation of MnO, and ZnHCF phases, with the
former one contributing most of the electrochemical
activity, proved by CV, galvanostatic cycling and
XAS measurement. XAS technique also demonstrated
the penetration of Zn inside the hexacyanoferrate
framework, and the alteration of Mn species, mostly
towards the formation of MnO,.

The operando PXRD measurement provided the
possibility to analyse the cathode during the operational

conditions, which was extremely important for
understanding the dynamics of the system, and being
able to follow the gradual structural modifications
inside the electrode. While, ex situ measurements
proved the modification of the material through the
phase transformation from the face centered cubic unit
cell to primitive cubic to hexagonal, with the additional
electrolyte contribution. The diffraction patterns did not
prove the existence of MnO,, which can be explained
by the amorphous nature of the newly formed oxide.
Together, electrochemical characterization and
advanced x-ray techniques were able to shed a light to
the electrochemical behavior of the NiMnHCF cathode
material in AZIBs. The modification of the initial
phase indicates that Ni not only failed to stabilize
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MnHCF cathode in AZIB system, but was affected by
the dissolution itself. However, the new mixed phase

appeared to be stable, and provide capacity over 100
mAh « g over 100 cycles.
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Supplementary Information

Table S1. The list of the ex situ samples of NIMnHCF cathode material

NiMnHCF Samples Description
Pristine Fresh electrode
Cl Charged after 1% cycle
DI Discharged after 1* cycle
C2 Charged after 2™ cycle
D2 Discharged after 2™ cycle
C10 Charged after 10" cycle
D10 Discharged after 10" cycle
C100 Charged after 100" cycle
D100 Discharged after 100" cycle
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Figure S1. Cycling performance of NIMnHCF at different current densities
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Figure S2. SEM image of Pristine sample of NiMnHCF at 10 kx magnification
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Figure S4. Normalized 2D-XRF maps of NIMnHCF ex situ electrode: (a) Pristine: Mn, Ni, Fe; (b) C10: Mn, Ni, Fe, Zn;
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)
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Figure S5. XAS measurement results of Fe K-edge of NIMnHCF ex situ electrodes
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Figure S6. The contour plot of operando PXRD measurement results of the first cycle of Zn/NiMnHCF cell, 20 mA«g ™', 1-1.85
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Figure S7. The first charging process of Zn/NiMnHCF cell, 20 mA « g, 1-1.85 V (V vs. Zn’*/Zn), and corresponding

operando PXRD measurement results of the specific points
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Figure S8. The first discharging process of Zn/NiMnHCF cell, 20 mA » g, 1-1.85 V (V vs. Zn>"/Zn), and corresponding
operando PXRD measurement results of the specific points
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Figure S9. The Pawley refinement of NiMnHCF C10 sample with P m-3m phase
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Figure S11. The Pawley refinement of NIMnHCF C100 sample with P m-3m, R -3¢ and P 21/c phases
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Figure S12. The Pawley refinement of NiMnHCF D100 sample with P m-3m, R -3c and P 21/c phases




