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ABSTRACT

Manganese hexacyanoferrate (MnHCF) has attracted much attention as promising cathode material for
Li and Na ion batteries, owning to its low cost, environmental friendliness, high specific capacity and
voltage plateau. Here, the electrochemical performance and electronic structure information of MnHCF
were studied in aqueous Zn-ion batteries (ZIBs). Based on the cyclic voltammetry and galvanostatic
charge/discharge results, an activation of Fe-sites during beginning cycles was observed, and the capacity
contribution of Fe-sites increases from 30 to 86% at C/20 during the first 10 cycles. The local geometric
and electronic structure information of MnHCF was investigated by X-ray absorption spectroscopy (XAS)
in a set of ex-situ electrodes. From Fe K-edge spectra, it shows a consistent oxidation and reduced state
in charged and discharged electrodes, and this indicates that there is no apparent change for the local
Fe-sites environment. However, the XAS spectra of Mn K-edge show apparent change after 10 cycles.
Compared to the rhombohedral phase of Zinc hexacyanoferrate (ZnHCF), a -Zn-CN-Fe- structural frame-
work was detected in the cycled MnHCF samples, and this indicates that a part of Zn replaced Mn-sites,
because of the dissolution of the Mn-sites. The gradual activation of Fe-sites at the beginning cycles can
be attributed to the alleviation spatial resistance with the dissolution of Mn-sites, and the replacement
of Zn for Mn explains the decreasing capacity during cycling.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Aqueous rechargeable metal-ion batteries (ARMBs) have giant
potential in large-scale energy storage due to the advantages of
low cost, safety, environmental benign and high ionic conductivity.
To date, a variety of ARMBs based on many metal ions including
naturally-abundant alkali metal ions (Na* and K*) [1-4] and mul-
tivalent charge carriers (Zn?t, Mg2*, A3+, etc.) have been inves-
tigated [5-9]. Among different ARMBs, aqueous Zinc-ion batteries
(ZIBs) are considered as some of the most promising candidates for
stationary application, because of the unique properties of metallic
zinc, which is an ideal anode material with high theoretical gravi-
metric and volumetric capacity of 820 mAh g~! and 5855 mAh
cm~3, low electrochemical potential (—0.76 V vs. SHE), high abun-
dance and intrinsic safety [10,11]. Meanwhile, the stripping-plating
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of Zn metal anode also shows good reversibility in mildly acidic
aqueous solutions [12].

Among different cathode materials, Prussian blue analogues
(PBAs) as bimetallic cyanides are considered as promising cathode
material for Zn-ion batteries, due to their large ionic channels and
interstices in the lattice, abundant redox-active sites, and strong
structural stability [13,14]. Copper hexacyanoferrate (CuHCF) and
Zinc hexacyanoferrate (ZnHCF) were first investigated as cathode
material in aqueous ZIBs by Jia et al. [15] and Zhang et al. [16], and
they found that unlike manganese-based and vanadium-based ma-
terials, [6,17-19] CuHCF and ZnHCF exhibited high operation volt-
age, which can reach 1.7 V. Manganese hexacyanoferrate (MnHCF)
[20-22], Cobalt hexacyanoferrate (CoHCF) [23] and Vanadium hex-
acyanoferrate (VHCF) [24] have also been used as cathode materi-
als for aqueous ZIBs, and they do not only show a high discharge
potential (> 1.5 V), but also a large-capacity due to the multi-
redox active sites. However, most of PBAs are facing the problem
of capacity fading and short cycle lifespan during the Zn-ions inser-
tion and extraction in aqueous electrolyte. La Mantia and cowork-
ers [25-27] have reported a series of works about the structural
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and phase change of CuHCF during Zinc-ion insertion. They found
a new secondary phase was formed during insertion/extraction of
Zn2* based on XRD data, but which are not well matched with the
already reported orthorhombic or monoclinic ZnHCF phases, and
they proposed that the structural changes can be related to the
insertion of zinc-ions into the interstitial site and/or replacement
of Cu sites due to the dissolution of Cu?t. Renman and cowork-
ers [28] studied the crystal structure changes of CuHCF by using
operando synchrotron X-ray diffraction (XRD). They found that the
Zn?*occupy both Fe(CN)g vacancy site (4a) and the cavity (8c), and
during the discharge process, the change of occupancy for the 4a
site (increasing) and the 8c site (decreasing) is quite opposite. They
proposed that the structural changes are associated with swapping
of Zn?t between the tunnels and the vacant Fe(CN)g sites. Thus,
understanding the crystal distortion and phase transformation of
the electrode material can well explain the capacity fading prob-
lems during cycling. However, determining exactly where Zn%* re-
sides within the cavities/channels is not a straightforward task.

In this paper, the synthesis ofMnHCF is described, as well as
its application as cathode material for ZIBs, in comparison with
the other PBAs. MnHCF is composed of only highly abundant
metals and displays large capacity and high discharge potential
[29]. X-ray absorption spectroscopy (XAS) was used to study the
electrochemical-structural and electronic properties of MnHCF in
aqueous ZIBs. As XAS is a powerful tool that can be tuned to a
chosen element,the physiochemical properties and the local geo-
metric and /or electronic structure of the selected element can be
obtained. Here, ex-situ XAS was used to record Mn, Fe and Zn k-
edge spectra at different charge and discharge states. By tracing
the electron structural changes, we can get information about local
metal structural modifications during ZnZ*insertion and release.

2. Experimental
2.1. Synthesis of MnHCF and ZnHCF

The synthesis of MnHCF was based on a simple and re-
producible co-precipitation method, as reported in ref [29].
100 ml 0.1 M manganese sulfate monohydrate (MnSO4eH,0)
solution and 100 ml 0.1 M sodium ferrocyanide decahydrate
(NagFe(CN)ge10H,0) simultaneously added dropwise to an aque-
ous solution of sodium sulfate (Na;SO4, 0.1 M 100 mL) by using
a peristaltic pump at a rate of 4 mL min~!. Both reagents and
reaction batch were kept under N, atmosphere at constant tem-
perature (40 + 2 °C) using a water bath. The obtained solution
was aged for 5 days, assuring complete decantation. Then the pre-
cipitate was collected via centrifugation at 4000 rpm and washed
three times with distilled water, dried at 60 °C for 48 h.

ZnHCF was also synthesized by a co-precipitation method:
25 mM ZnCl, solution added dropwise to a 25 mM K3Fe(CN)g solu-
tion with stirring. A yellowish colloidal solution was obtained and
it was left standing overnight. The precipitated sample was washed
with deionized water and centrifuged several times in order to re-
move the unreacted salts and separate the solid products. The pre-
cipitate was dried at 80 °C overnight.

2.2. Electrode preparation and electrochemical tests

The electrochemical properties of the obtained material were
evaluated in three-electrode mode: the active material as working
electrode, zinc sheet as reference electrode and counter electrode.
The working electrode was prepared by mixing the active material
(70%), super C65 (25%) and PTFE (5%) and grinding until we got
homogenous thin solid slice. Then we used a puncher to get 8 mm
(diameter) pellets with a mass density of around 5~10 mg/cm?,
then an aluminum mesh was used to fix the pellet. Full coin cells
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were assembled by using metal Zn sheet as anode and MnHCF and
ZnHCF pellet as cathode in 3 M ZnSO, electrolyte.

Cyclic voltammetry (CV) was performed by means of CHInstru-
ments Model 660. The CV test was conducted in potential range
1~2.2 V (three-electrode) and 1,2 V (coin cell) vs Zn?t/Zn in 3 M
ZnSO4 aqueous solution.

Galvanostatic cycling with potential limit (GCPL) was conducted
in 1< E <19 V vs Zn%*/Zn potential window at different current
densities. Cycling started after a rest time (3 h) at OCP condition
with a positive imposed current.

2.3. Characterization

A Microwave plasma-atomic emission spectrometer (MP-AES)
4210 was used to detect the composition of the active material.
During the test, three different wavelengths were chosen for each
element.

Infrared (IR) spectrum was measured using a Bruker Alpha FT-
IR spectrometer in ATR (Attenuated Total Reflectance) mode at a
spectral range of 4000-400 cm~!.

Thermogravimetric analysis (TGA) was performed in air atmo-
sphere from room temperature to 500 °C, with a heating rate of 5
°C min~!, and rapid cooling.

Powder X-ray diffraction (PXRD) data were recorded by using
a monochromatic X-ray beam (wavelength of 1 A) at the MCX
beamline in ELETTRA synchrotron Trieste (Italy) [30]. Data were
collected in a capillary geometry, setting the spinner at 180 rpm.
The X-ray diffraction pattern was collected consecutively in the
range 5°< 260 < 70°, with steps of 0.01° and an acquisition time
of 1 s/step. The crystal structure was refined using Fullprof Suite
[31].

X-ray absorption spectroscopy (XAS) experiments were con-
ducted at Elettra Synchrotron Trieste (Italy), at XAFS beamline [32].
The storage ring was operated at 2.0 GeV in top-up mode with a
typical current of 300 mA. Data were recorded at the Fe, Mn and
Zn K-edge in transmission mode using ionization chambers filled
with a mixture of Ar, N, and He to have 10, 70, and 95% of absorp-
tion in the Iy, I; and I, chambers, respectively. An internal refer-
ence of iron, manganese and zinc foil was used for energy calibra-
tion in each scan. This allowed a continuous monitoring of the en-
ergy during consecutive scans. The white beam was monochroma-
tized using a fixed exit monochromator equipped with a pair of Si
(111) crystals. Spectra were collected with a constant k-step of 0.3
nm~! with 3 s per point acquisition time from 6345 to 7100 eV,
from 6920 to 8350 eV, and from 9467 to 10,897 eV around Mn, Fe
and Zn K-edges, respectively. XAS spectra were calibrated using the
Athena program [33].

3. Result and discussion

The X-ray powder diffraction (XRPD) pattern of MnHCF is
shown in Fig. 1(a). Rietveld refinement was carried out to refine
the lattice parameters and atomic positions and the result showed
that MnHCF has a monoclinic lattice (space group: P2¢/n) with a, b,
c and B equal to 10.571(6) A, 7.463 (9) A, 7.406 (9) A and 92.10(8),
respectively. IR spectroscopy of MnHCF is shown in Fig. 1(b). Two
small sharp peaks occur around 3604 and 3532 cm~!, which can
be attributed to -O-H stretching mode arising from surface wa-
ter (non/weak-hydrogen bonded) and interstitial water. Meanwhile,
the peak at 1620 cm~! is related to the bending mode of the
-0-H group of interstitial water. A distinguishable peak appears
at around 2065 cm~!~ 2075 cm~!, which is the characteristic
peak of the -C=N group. Because the cyanide bridge is extremely
sensitive to its environment and oxidation states, the wavenum-
ber of -C=N group here should represent the Mn!'-C=N-Fe!' group
[34,35]. Thermogravimetric analysis (TGA) of the prepared sample
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Fig. 1. (a) XRPD pattern and Rietveld refinement on MnHCF powder with tridimensional ball and stick structure (right); (b) IR spectrum of MnHCF; (c) TGA curve of MnHCF;

(d, e) SEM image of the as-prepared MnHCF.

shows two distinct weight-loss events at around 120 °C and 200
°C (Fig. 1(c)), which are ascribed to the loss of absorbed water and
interstitial/structural water, respectively, around 13.8% of the total
weight. Combining this with the composition results obtained from
ICP-OES measurement (Table S1), the chemical formulation of Mn-
HCF is Naj4; Mn [Fe (CN) glogs 2 6H,0. The morphology of the
material was studied by scanning electron microscope (SEM), as
shown in Fig. 1(d, e). It can be seen that some cubic-shaped parti-
cles are distributed in the range of 100-1000 nm.

Electrochemical reversibility and stability of as-prepared Mn-
HCF and metal Zn anode were first investigated in a three-
electrode system in 3 M ZnSO4 aqueous electrolyte, in which Zn
sheet was used as both counter and reference electrode, as shown
in Fig. 2(a). In the case of Zn anode (Fig. 2(b)), there is one appar-
ent oxidation peak around 0.16 V (vs. Zn?*/Zn), which is attributed
to the dissolution of zinc (stripping). The intensity of the reduc-
tion peak of Zn2t keeps increasing along with the negative shift in
the potential below 0 V (vs. Zn2*/Zn), which is ascribed to the de-
position of zinc on the electrode (plating). Here, Zinc metal anode
shows good stripping-plating reversibility in 3 M ZnSO,4 electrolyte.
CV curves of MnHCF are shown in Fig. 2(c), two oxidation peaks
are observed at around 1.62 V and 1.95 V, and one wide reduction
peak is at around 1.6 V, which can attributed to the redox couple
of the low-spin Fe2t[Fe3* and high-spin Mn2*/Mn3*, respectively

[20,36]. Current intensity of cathode redox peaks is increasing with
cycles going, and it is probably due to the gradual activation of the
electrode. The same phenomenon was also reported for MnO, and
ZnMn, 0,4 [37,38].

Full-cells were assembled by using metal Zn sheet as anode and
MnHCF as cathode in 3 M ZnSO,4 electrolyte. CV profiles were ob-
tained at different scan rates from 2 to 0.2 mV/s. With decreas-
ing scan rate, a gradual change of redox peaks was observed, both
in current intensity and peak position. As shown in Fig. 3(a), two
pairs of redox peaks were observed at 1.83/1.50 V and 1.96/1.88 V
at the first cycle of 2 mV/s, that becomes progressively one wide
anode peak at 1.80 V and two cathode peaks at 1.33 and 1.50 V,
as observed at the 5th cycle. When the scan rate decreases to
1 mV/s, two pairs of redox peaks were observed at 1.65/1.48 and
1.80/1.70 V at 5th cycle. As the scan rate reduces to 0.5 and
0.2 mV/s, only one anode peak appeared at around 1.63 V, but
two new cathode peaks were observed at 1.26 and 1.39 V, and the
peak at around 1.56 V gradually disappeared. Similar to the three-
electrode system, current intensity of redox peaks was increasing
with the number of cycles at 0.2 mV/s.

In order to trace the change of CV curves at the same cur-
rent density, a new MnHCF full cell was tested at a scan rate of
0.2 mV/s for 10 cycles. As shown in Fig. 4 (a, b), the CV profile
in the first cycle is slightly different from the following ones. The
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Fig. 2. (a) CV curves of MnHCF and Zn plating/stripping at scan rate of 5 mV s~! in 3 M ZnSO, electrolyte; (b) zoom-in CV curve of Zn plating/stripping; (c) zoom-in CV
curve of MnHCF.
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oxidation peak at 1.94 V can be related to the extraction of Na*
from electrode during the first charge process (Eq. (1)), while the
two reduction peaks at 1.74 V and 1.54 V during the first dis-
charge process can be attributed to the insertion of Zn?+ and Na*
(Eq. (2)), respectively. Two oxidation peaks at 1.68 V and 1.89 V
were observed in the successive cycles, which might correspond to
Zn-extraction from MnHCF cathode as the Fe!' and Mn!! states un-
dergo oxidation to the Fe'" and Mn'" states. Furthermore, except
for the reduction peak at 1.77 V, two new reduction peaks at 1.40
and 1.25 V appeared, and in light of the literature reports [21,39],
they can be attributed to the reduction of Fe3* to Fe2*. The cur-
rent intensity of these two peaks was increasing cycle by cycle,
as well as the oxidation peak at 1.68 V. This behavior was maybe
related to the gradual activation of the electrode and/or the struc-
tural transition with insertion/extraction of Zn-ions.
—xNat —e”

I 11
Naj 47 Mn [Fe (CN)G]O.SS
~ Nay a7 Mn"[ Fem(CN)G]oss (1)

Nay 47 Mn""[ Fe' (CN)g] o
— Nay 47_xy 2Z0 Mn"[ Fe' (CN), ] 088 (2)

+yNa® +zZn** +e-

The Zn/MnHCF cell was fabricated under open-air conditions,
and displayed an open-circuit potential (OCP) around 1.30 V.
Fig. 4(c) shows the first 10 charge/discharge profiles of MnHCF in
the potential range of 1.0-1.9 V vs. Zn?*/Zn at C/20 rate. The first
two charges and discharges of MnHCF showed capacity above 200
mAhg~1, and this maybe because of the partial decomposition of
electrolyte and extraction/insertion of both Nat and Zn2* at the
same time. From the third cycle, the discharge capacity was cen-
tered at around 176 mAhg~!, and the discharge plateaus were also
changed with cycling. A discharge plateau at around 1.78 V was
initially observed, and then it disappeared gradually. Meanwhile,
two new discharge plateaus around 1.42 and 1.33 V have shown
up, which are consistent with the CV peaks (Fig. 4(a)). Based on

the reduction peaks potential, we calculated the capacity contri-
bution at different voltage range, as shown in Fig. 4(d). The to-
tal discharge capacity during the whole cycling process is divided
into two main contributions: 1.0-1.5 V and 1.5-1.9 V, which are
attributed to the Fe2*3*and Mn2+/3+ redox couples, respectively.
The capacity contribution of Fe2t/3+ increases from 30% at the
beginning to 86% at 10th cycle, which is consistent with the CV
data where current intensity of Fe2*/3+ increases with cycles. Thus,
we postulate that there is an activation of Fe-sites within MnHCF
structure during Zn-ions insertion/extraction. Meanwhile, the Mn-
sites experience a deactivating process and which is probably due
to the dissolution of Mn-sites or the change of local environment
of Mn-sites, which are discussed later.

The electrochemical performance of an electrode material is de-
rived from the combination of structures, electronic properties and
the reversible evolution of active-sites upon the charge and dis-
charge process. In order to detect the change of the structure and
the electronic properties of the active-sites inside MnHCF during
cycling, ex-situ XAS spectra were recorded at the Fe, Mn and Zn
K-edge at different charge and discharge states, as represented by
the scheme in Fig. 5. Fe K-edge spectra were recorded at D1, C2
and D10 states, and the pre-edge and k2-weighted EXAFS signal as
well as the corresponding FTs are shown in Fig. 6 (b-d). As ex-
pected, in Fig. 6(a) the C2 sample shows an oxidized state of Fe
with respect to pristine and discharged ones; the other discharged
samples displayed similar spectra as the pristine sample, indicat-
ing that there were no obvious changes of Fe local environment
during the insertion/extraction of Zn-ions. The pre-edge peaks of
Fe at 7111.4 and 7114.2 eV are attributed to the 1s—eg and 1s—ty,
electronic transitions of low-spin state Fe'!, and only C2 shows the
7111.4 eV peak as shown in Fig. 6(b). The FTs at Fe K-edges are
shown in Fig. 6(d), based on the framework structure of MnHCF (-
Fe-C-N-Mn-), the first two peaks are attributed to the carbon first
shell (Fe-C) and nitrogen (Fe-C-N), while the third peak is related
to manganese (Fe-C-N-Mn) [29]. The D10 sample shows a little dif-
ferent shape of the third peak with respect to other cycled sam-
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ples, which might reflect the Mn-Zn replacement during the inser-
tion/extraction of Zn-ions.

Mn and Zn XANES K-edge spectra were recorded at same
charge/discharge states (D1, C2 and D10) and are displayed in Fig. 7
(a,b) and (c,d), respectively. As well known, the rising edge por-
tion of the XANES has a strong contribution from the 1 s to 4p
transition, and factors that affect the shape and energy of selected
features: oxidation state, coordination number and geometry, and
covalency [40]. The pre-edge peaks (Fig. 7(c)) at 6540.3 eV and
6546.2 eV are considered to be the transition into Tpg/eg and 4p
orbitals in Mn2*species, respectively. Overall, the spectra are nearly
identical in both series of measurements. The only exception re-
gards the D10 sample at the Mn K-edge, which displays a different
curve shape. Therefore it is suggested that the local structure of
manganese in pristine, D1, and C2 samples is similar and so does
the local charge associated to the metal, because no obvious en-
ergy shift was observed. The different curve shape in D10 might be
attributed to the change of local coordination and geometry with
insertion/extraction of Zn-ions.

Table S2 displays the edge step values of Fe/Mn/Zn K-edge at
the measured charge and discharge states, being these values re-
lated to the actual content of metal inside the electrode material.

As indicated in the Table S2, the value for Fe K-edge shows almost
no changes at D1, C2 and D10 states. However, the edge step value
for Mn K-edge was reduced from pristine 0.215 to 0.00793 (D10),
and this indicates that the Mn content inside the electrode was
significantly decreased due to the dissolution. This was confirmed
from the postmortem analysis of electrolyte (Table S3) in which
Mn was detected inside the electrolyte after cycling. Thus, the low
intensity of Mn K-edge at D10 state is related to the low Mn con-
tent inside the electrode.

The hypothesis of the Mn to Zn replacement is confirmed by
looking at the XANES spectra at the Zn K-edge, showed in Fig. 7(b)
(d). XANES spectra measure the transitions of electron from Zn 1 s
to unoccupied 4p states, because the 3d orbitals are completely
filled [41,42]. In order to have a reference to detect the local envi-
ronment of Zn inside MnHCF structure, we synthesized the rhom-
bohedral zinc hexacyanoferrate (ZnHCF). Surprisingly, all the sam-
ples show the same XANES spectra as ZnHCF, even the D1 and
C2 samples, which indicates that even at the beginning of cycling,
there is a formation of the ZnHCF phase inside the MnHCF struc-
ture. Where does the manganese go during the cycling? Elemental
analysis conducted on the electrolyte solution bath as well as by
using the edge step values of the measurements at both Mn and
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Fig. 7. (a) (b) Ex-situ XANES of MnHCF powder and formulated electrodes at the Mn and Zn K-edge; (c) pre-edge feature of Mn K-edge; (d) Zoom in the Zn K-edge.

Zn K-edge (Table S2), confirm dissolution of the Mn with concomi-
tant enrichment of the Zn during cycling. A similar result was also
reported by Li et al. [22], from ex-situ XPS spectra: Zn was not
extracted completely at charged state, some residues exist in the
MnHCF framework, and there is even a part of the Zn substituting
the Mn-sites. Based on the edge step we got for the Zn K-edge at
different charge/discharge states, there was residual Zn at the C2
state, and the value was increased from D1 to D10 (Table S2). The
Corresponding FT’s of k2-weighted EXAFS signal of Mn K-edge and
Zn K-edge (Fig. S1) show the same peak position for all the sam-
ples and the three peaks can be attributing to the nitrogen (Mn-
N), carbon (Mn-N-C) and iron (Mn-N-C-Fe). Overall, from the XAS
investigations, we can conclude that there is a part of Zn substi-
tutiug Mn, forming the Zn-N-C-Fe structural framework, which is
characteristic of the rhombohedral ZnHCF phase.

The stability of MnHCF fuel-cell was tested through both CV
and galvanostatic charge/discharge, as shown in Fig. 8(a, b). The
redox peaks from the 10th to the 50th cycle show a similar trend
as the first 10 cycles,. The current intensity of the anode peak at
around 1.7 V and two reduction peaks at 1.20-1.40 V are increas-
ing within the first 30 cycles, and after that the current inten-
sity reaches a stable state. Meanwhile, the reduction peak at 1.70-
1.75 V keeps decreasing, and becomes stable after 30 cycles. Based
on the report [43], the gradual activation of Fe-sites at the early cy-
cles, can be attributed to the alleviation of spatial resistance with
the dissolution of Mn-sites. But, with substitution by Zn-ions, the
activation process was confined. The cycling performance of Mn-
HCF at C/5 is shown in Fig. 8(b). The charge and discharge curves
show an increasing trend from the 3rd~20th cycle, and after 20cy-
cles, the curve starts to decrease gradually. The discharge capacity
is increased from 110 mAhg~! at 10th cycle, to around 115 mAhg~!
at 20th cycle, and then decreased to 70 mAhg~! at 50th cycle. We
found that the CV data is closely related to the galvanostatic charge
and discharge data, and the peak current increasing or decreasing
is reflected on the changing of capacity. Thus, from the data above,
we can conclude that the activation of Fe-sites mainly happened

during the first 20 cycles at C/5, and the decrease of the capacity
can be related to the Zn-replacement of Mn-site inside the struc-
ture.

To confirm the low capacity of Zn-substituted MnHCF, the
electrochemical performance of pure ZnHCF was investigated, as
shown in Fig. 8(c, d). Contrary to the monoclinic structure of Mn-
HCF, ZnHCF shows a rhombohedral structure (space group: R-3C)
with a/b, ¢ and y equal to 12.5795(3) A, 33.05134 (1) A and
120°, respectively (Fig. S2 (a)). The CV curves of ZnHCF are stable
and only one pair of redox peaks was observed at 1.94/1.71 V at
1 mV/s. The galvanostatic charge and discharge of ZnHCF at C/5
is shown in Fig. S2(b), with a discharge capacity of around 60
mAh g1, discharge plateau around 1.71 V. Cycling performance
is shown in Fig. 8(d). The capacity fading was considerably fast,
and only around 33% capacity was retained after 50cycles, due to
the dissolution of ZnHCF, as suggested by Zhang et al. [16,44] and
this also explains the capacity fading of MnHCF during cycling, as
shown in Fig. 8(a, b).

4. Conclusion

The Electrochemical performance and electronic structure infor-
mation of MnHCF were studied in aqueous Zn-ion batteries. From
the cycling voltammetry and galvanostatic charge/discharge data,
we found the gradual activation of Fe-sites and the deactivation
of Mn-sites. The capacity contribution of Fe-sites increased from
30 to 86% during the first 10 cycles at C/20. The cycling stability
of MnHCF was tested at C/5 for 50 cycles, and it shows an in-
creasing capacity during the first 20 cycles, around 70% of capacity
was retained after 50cycles. The activation of Fe-sites at the start-
ing cycles can be attributed to the alleviation of spatial resistance,
caused by the dissolution of Mn-sites. Based on the XAS analy-
sis, the local environment of Fe-site didn’t change a lot, while the
Mn K-edge spectra had obvious changes at D10 state, and -Zn-NC-
Fe- structure was detected in all the cycled samples. These results
confirmed that there is partial replacement of Mn by Zn during
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Fig. 8. (a) CV curves of MnHCF full-cell at 0.2 mV s~! from 10th to 50th cycles; (b) cycling performance of MnHCF at C/5; (c) CV curve of ZnHCF at 1 mV/s; (d) cycling

performance of ZnHCF at C/5 rate.

charge/discharge process, and this also explained the decreasing of
capacity of MnHCF during the cycling.
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