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elieve the structural distortion of
manganese hexacyanoferrate in aqueous Zn-ion
battery†

Min Li,ac Mariam Maisuradze, a Zulkarnaen Paputungan,a Reinhard Denecke, b

Jasper Rikkert Plaisier, c Giuliana Aquilanti, c Giovanni Agostinic

and Marco Giorgetti *a

The electrochemical performance and reaction mechanism of manganese hexacyanoferrate (MnHCF) in

aqueous rechargeable Zn-ion batteries (AZIBs) have been widely studied. A consistent compositional and

structural change in MnHCF due to the irreversible intercalation of Zn2+ has been reported. In this article,

a series of (3%, 10% and 35%) Zn-substituted MnHCF samples was synthesized. Their electrochemical

responses were evaluated, and the effect of Zn substitution on the electrochemical performance and

structure stability of MnHCF was comprehensively investigated using operando and ex situ synchrotron

X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) techniques. After Zn substitution, the

long-range crystal structure of MnHCF and the local structural environment of Mn were found to be

modified. Although Zn-substituted samples exhibited lower specific capacity in AZIBs than the MnHCF

sample, higher cycling stability was observed, notably in the 10% ZnMnHCF sample. The study of the

working mechanism of the 10% ZnMnHCF electrode demonstrated that a new MnO6 local structural unit

was formed and remained stable after the first charging cycle. This rapid and steady modification of the

Mn site could partially explain the higher cycling stability of the 10% ZnMnHCF AZIB upon cycling. The

local structural environment of Zn changes upon the insertion/release of Zn2+ in the initial cycles, but

after 20 cycles, a tetrahedrally coordinated Zn unit was detected, corresponding to the cubic ZnHCF

phase, which was observed for all Zn-substituted electrodes after 100 cycles.
1 Introduction

Prussian blue analogues (PBAs), with the general formula AxM
[M0(CN)6]1−y,y$H2O, where A is an alkali cation; M and M0 are
transition metals, which coordinate with –N– and –C– sites of
the CN– group, respectively; and , represents M0(CN)6 hex-
acyanometallate vacancies, have been widely studied as some of
the promising electrode materials for aqueous rechargeable Zn-
ion batteries (AZIBs).1–4 Among different PBAs, manganese
hexacyanoferrate (MnHCF) has attracted widespread attention
owing to its abundant and non-toxic constituent elements, large
specic capacity derived from the Fe3+/Fe2+ and Mn3+/Mn2+

redox couples, and higher discharge potential.5–8 Generally, in
organic Na-/K-ion batteries, MnHCF exhibits excellent electro-
chemical performance, with a large specic capacity and high
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discharge potential, but at the same time, the phase trans-
formation and Jahn–Teller (JT) distortion of Mn3+ during the
charging process inevitably inuences its electrochemical
performance.8–11 In AZIBs, the electrochemical performance
and intercalation mechanism of MnHCF display very different
behaviors, a severe dissolution and composition change, with
a new Zn-containing phase formed upon cycling.12–15

To optimize the electrochemical performance and/or
suppress the structural distortion of MnHCF in Na-/K-/Zn-ion
batteries, multiple strategies, e.g. metal-substitution,
morphology control, and structure design, have been
proposed.16–25 For AZIBs, Zeng et al.26,27 synthesized a Co-
substituted MnHCF hollow sphere and Cu-substituted
MnHCF double-shelled nanoboxes. They found that partial Co
or Cu substitution could mitigate JT-distortion and stabilize the
crystal structure and the unique hollow structure can expose
abundant active sites and alleviate volume change, thus
enabling the prolonged lifespan of the battery. Yang and co-
workers28 designed core–shell binary PBAs with central MnHCF
and outer FeHCF. Aer the intercalation of Zn2+, the surface of
the FeHCF shell underwent irreversible phase transformation,
resulting in the formation of an amorphous layer, which could
function as a protective barrier that preserves the crystalline
J. Mater. Chem. A
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Fig. 1 (a) X-ray powder diffraction (XRD) patterns of Zn-substituted
MnHCF samples, as well as MnHCF and ZnHCF data. (b) Crystal
structure of rhombohedral ZnHCF phases. (c) Pawley refinement of 3%
ZnMnHCF XRD data with the cubic (Pm3m) phase. (d) Pawley refine-
ment of 35% ZnMnHCF XRD data with the cubic (Pm3m) and rhom-
bohedral (R�3c) phases. (e) SEM images of pure MnHCF, 3% ZnMnHCF,
10% ZnMnHCF and 35% ZnMnHCF.
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quality and suppresses the JT-distortion of MnHCF. Our
previous reports have conrmed that the MnHCF electrode
material experienced severe compositional and structural
change in the aqueous ZnSO4 (3 M) electrolyte, and a new cubic
zinc hexacyanoferrate material was formed at the initial
cycling.12,29

In this work, a different strategy was adopted, and a series of
Zn-substituted MnHCF (3%, 10% and 35% substitution) mate-
rials was synthesized, and the function of Zn substitution on
electrochemical performance and structure stability was
comprehensively investigated using different synchrotron X-ray
techniques. First, compared with an undoped MnHCF sample,
the inuence of Zn-substitution on the solid-state crystal
structure and the local atomic environment of Fe and Mn, as
well as the coordination of Zn on the framework, were checked
using synchrotron XRD and XAS data. Based on these results,
we found that Zn substitution relieved the distortion of the
pristine monoclinic MnHCF structure, resulting in a cubic
structure, as clearly evidenced for the 3% and 10% ZnMnHCF
samples. Zn was tetrahedrally coordinated to the framework,
while Mn sites became a slightly distorted, with an elongated
octahedral conguration. Second, based on the electrochemical
performance, the intercalation mechanism of 10% ZnMnHCF
in AZIB was investigated. Results indicate that Mn sites expe-
rienced a fast and stable change aer the rst charging process,
and a new MnO6 structural unit was formed. The crystal struc-
ture of the 10% ZnMnHCF sample underwent a series of
transformations from cubic to rhombohedral (C1, i.e. aer the
rst charging), then to the monoclinic (D1–D10) phase. Aer
100 cycles, all the Zn-substituted samples shared the same
phase, which was consistent with the cubic ZnHCF structure. Zn
substitution could modify the structure and electrochemical
performance of MnHCF in the initial cycles, while aer a long-
term cycling, all Zn-substitution MnHCF samples tend to form
a unied structure in an aqueous Zn2+ electrolyte.

2 Results and discussion
2.1 3%, 10% and 35% Zn-substituted MnHCF

The compositional analysis of the synthesized Zn-substituted
MnHCF samples, as well as pristine MnHCF and ZnHCF
powder samples, was tested with MP-AES. The stoichiometry
formulas are listed in Table S1.†With the increasing amount of
Zn, the Na content gradually diminished, which can be ratio-
nalized by considering the narrowed interstitial space due to the
reduced coordination number of Zn.30 Fig. 1a displays the
synchrotron XRD data of the pristine and Zn-substituted
MnHCF samples. According to our previous report,12,31 the
pristine MnHCF powder sample possesses a monoclinic phase,
with the P21/n space group. Aer Zn substitution, the crystal-
lographic phase is found to be different. The peak indexing and
Pawley renement of the Zn-substituted samples indicate that
a cubic Bravais lattice (Pm3m) matched very well with the 3%
and 10% ZnMnHCF samples (Fig. 1c and S1†). This single-
phase transformation from monoclinic to cubic indicates the
increasing symmetry in the Zn-substituted MnHCF samples. As
observed in Fig. 1d, when the Zn content increased to 35%,
J. Mater. Chem. A
a rhombohedral ZnHCF (R�3c) phase emerged alongside the
cubic Pm3m phase. Pawley renement results show the weight
fraction of the cubic and rhombohedral phase (Fig. 1b) to be
19.6%:80.4%, which implies that most of the Zn ions reacted
with the Na4Fe(CN)6$10H2O precursor and generated the
ZnHCF phase, while only a small amount of Zn ions, together
with Mn ions, formed the cubic phase—the same phase as the
3% and 10% Zn-substituted MnHCF samples. The morphology
of the Zn-substituted samples was analysed through SEM, as
shown in Fig. 1e. All samples were composed of agglomerated
small particles with irregular shapes. Compared with MnHCF,
the particle size of the Zn-substituted samples decreased, most
likely owing to slight differences in the crystalline phases.
Among the three Zn-substituted samples, 35% ZnMnHCF
displays the largest size (>200 nm).

The cyanide bridge is extremely sensitive to its surrounding
chemical environment and bond strength.32 To check the vari-
ations in the –CN– coordination environment for all Zn-
substituted MnHCF samples, ATR-FTIR spectra were collected,
as shown in Fig. S2.† For the MnHCF powder sample, a strong
sharp peak at 2066 cm−1 was observed, which is attributed to
the stretching vibration n(CN) of the FeII-CN-MnII group.33 For
the 3% ZnMnHCF and 10% ZnMnHCF, the n(CN) peak
appeared at 2069 cm−1, which is a little bit higher than the
n(CN) of the MnHCF sample. However, when the Zn content
increased to 35%, the peak at 2069 cm−1 became asymmetric,
and a broad shoulder at 2099 cm−1 was formed. The same
phenomenon also occurred in the low wavenumber region,
where a peak at 493 cm−1 was evidently observed for 35%
This journal is © The Royal Society of Chemistry 2025
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ZnMnHCF. Based on literature reports,34 the peaks at 2099 cm−1

and 493 cm−1 can be ascribed to the n(CN) peak and n(FeC) of
the –Zn–NC–FeII– group, respectively, which is consistent with
the XRD results of the ZnHCF (R�3c) phase for 35% ZnMnHCF.

To further understand the local conguration changes in Fe
and Mn sites in the MnHCF framework, as well as the local
coordination states of substituted Zn in all the ZnMnHCF
samples, Fe, Mn and Zn K-edge XAS data were collected. As
shown in Fig. S3,† none of the Zn-substituted MnHCF samples
exhibit any obvious changes in the Fe K-edge, neither at the pre-
edge region nor at the edge, or generally, in the full X-ray
Absorption Near Edge Structure (XANES) spectra. This indicates
that the oxidation states and local coordination geometry of the
Fe center are retained with increasing Zn content. This
conclusion is further extended to the Fe local structural
arrangement by looking at the corresponding Fourier transform
(FT) of the k2-weighted Extended X-ray Absorption Fine Struc-
ture (EXAFS) signal of the Fe K-edge, which exhibits only a small
variation in the peak intensity in the rst and second shell due
to structural disorder effects and a more signicant difference
in the third shell, which most likely can be ascribed to the
substitution of Mn by Zn in the –Fe–C–N–Mn (Zn)– structural
fragment.

For the Mn K-edge, a slight difference was observed at the
pre-edge region, at 6546.5 eV (Fig. 2a), as well as in the edge
peak intensity (white-line) and the rst peak of the FT of the k2-
weighted EXAFS (Fig. 2c), which was as expected, considering
the local changes at Mn sites. The detail of the local structure of
the Mn site was obtained from the EXAFS tting results, as
given in Fig. 2d, e and S4.† Similar to the octahedral coordi-
nation of Mn in the MnHCF sample, Mn in all the Zn-
substituted MnHCF samples retained the same octahedral
Fig. 2 (a) XANES spectra of Mn K-edge of the Zn-substituted MnHCF
samples and pure MnHCF sample. (b) k2-Weighted EXAFS signals and
(c) corresponding Fourier transform (FT) of the k2-weighted EXAFS
signals of the Mn K-edge. EXAFS analysis of the Mn K-edge of (d)
MnHCF and (e) 10% ZnMnHCF samples, each panel of the figure shows
individual EXAFS contributions, in terms of two-body, three-body and
four-body signals, to the total theoretical signal. The Mn–N bond
distances of (f) MnHCF and (g) 10% ZnMnHCF samples.

This journal is © The Royal Society of Chemistry 2025
coordination states, but their structures were distorted. As
illustrated in Fig. 2f, g and Table S2,† e.g. for 10% ZnMnHCF,
the four equatorial Mn–N distances lengthened to 2.25 Å, and
the two axial Mn–N distances remained almost the same at 2.19
Å, evidencing local structural asymmetry. Therefore, XRD and
local structural changes of the Mn sites provided by XAS indi-
cate that the substitution of Zn on the framework introduces
long-range and short-range structural modications.

To check the detailed coordination states of Zn within the
Zn-substituted samples, pure ZnHCF (R�3c) Zn K-edge data were
collected, as shown in Fig. 3a. As observed, all the Zn-
substituted samples share the same XANES pattern compared
with ZnHCF, which is characterized by the presence of
a shoulder in the rising part of the edge at 9662.7 eV and a white
line at 9669.0 eV, which is observed in the tetrahedral coordi-
nation state of Zn2+.35,36 Owing to the low Zn content in the 3%
ZnMnHCF sample, the k2-weighted EXAFS signal appears noisy
(Fig. 3b), and the FT of the k2-weighted EXAFS signal exhibits
three peaks, as expected for this material (Fig. 3c). The coordi-
nation states of Zn were studied using the EXAFS tting data, as
displayed in Fig. 3d, e and S5.† The tting was based on tetra-
hedrally coordinated Zn conguration, as shown in Fig. 3f, and
the coordination number of the rst shell (Zn–N) is 4. The detail
of the tting outcomes is listed in Table S3.† In contrast, from
the Zn 2p3/2 X-ray Photoelectron Spectroscopy (XPS) data,
a different chemical state was observed between the 3%
ZnMnHCF/10% ZnMnHCF and 35% ZnMnHCF samples. The
Fig. 3 (a) XANES spectra of Zn K-edge of Zn-substituted MnHCF
samples and pure ZnHCF sample. (b) k2-Weighted EXAFS signals, as
well as (c) corresponding Fourier transform (FT) of k2-weighted EXAFS
signal of Zn K-edge. EXAFS analysis of Zn K-edge of (d) ZnHCF and (e)
10% ZnMnHCF samples. (f) The tetrahedral coordination of Zn sites. Zn
2p3/2 XPS data of (g) 3% ZnMnHCF, (h) 10% ZnMnHCF and (i) 35%
ZnMnHCF samples.

J. Mater. Chem. A
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tting results show that for the 3% ZnMnHCF and 10%
ZnMnHCF samples, two peaks at 1021 eV and 1023 eV are
observed, which can be attributed to the coordination states of
Zn–N and Zn–OH/H2O, respectively.37–40 In comparison, for 35%
ZnMnHCF, the peak at 1021 eV became the dominant peak,
with a small peak at 1018.8 eV, which can be attributed to Zn–O
vacancies or Zn–O–metal.41,42 As indicated by the XRD data,
a rhombohedral ZnHCF phase was formed by 35% ZnMnHCF,
in which Zn is mainly tetrahedrally coordinated to 4 N from –

NC– ligands, same as the ZnHCF powder XPS data (Fig. S6†).
Based on the XAS and XPS results, it is concluded that the local
conguration of Zn in Zn-substituted MnHCF samples of 35%
ZnMnHCF corresponds to the one of the ZnHCF framework
(tetrahedrally coordinated), while the coordination atoms of 3%
ZnMnHCF and 10% ZnMnHCF might also include the O
from H2O.

The CV measurements of MnHCF and Zn-substituted
samples were performed at 0.2 mV s−1 over the potential
window of 1.0–2.0 V vs. Zn/Zn2+. The evolution of redox peaks is
clearly illustrated in Fig. 4a–d and S7.† During the rst 10
cycles, 3% ZnMnHCF and 10% ZnMnHCF exhibited similar
changes in redox peaks, especially the newly formed cathodic
peaks at around 1.21 V and 1.36 V, which were not as obvious for
the 35% ZnMnHCF electrode. The evolution of the redox peaks
indicates that with intercalation of Zn2+, the chemical compo-
sition and phase structure of the electrodes also changed, as
demonstrated in our previous report,29 which can be illustrated
Fig. 4 CV data of (a and c) MnHCF and (b and d) 10% ZnMnHCF in the
3 M ZnSO4 electrolyte at 0.2 mV s−1 for 20 cycles. (e) The specific
capability calculated based on CV data. (f) Cycling stability of Zn-
substituted MnHCF samples at 50 mA g−1.

J. Mater. Chem. A
by eqn (1). Unlike the MnHCF electrode, in the rst 10 cycles,
the changes in redox peaks of all the Zn-substituted samples are
relatively small. While, aer 10 cycles, both MnHCF and the
entire series of Zn-substituted MnHCF electrodes reached
a relatively stable state, the peak positions remained
unchanged, but the peak current intensity was slightly altered.
The area of CV curves is proportional to the charge of the
cathode material. As depicted in Fig. 4e, the specic capacity of
all the Zn-substituted MnHCF samples decreased with
increasing Zn content. However, unlike the behavior displayed
by the MnHCF sample (Fig. 4f), which is characterized by
persistent capacity fading aer 20 cycles, the cycling stability of
the Zn-substituted samples is found to be better, with a good
steady state behavior seen for 10% ZnMnHCF. Moreover, it
exhibited the highest rate capability (Fig. S7e†), and it will be
the focus of a detailed analysis. Thus, to better understand the
different working mechanisms of Zn-substituted MnHCF in
AZIBs, the 10% ZnMnHCF electrode was selected, and its
structural evolution during the charge/discharge process was
monitored using synchrotron X-ray techniques.

ZnxMnHCF + (y + z)Zn2+ + 2ze− 4

ZnzZnx+yMn1−yHCF + yMn2+ (1)
2.2 Structural evolution of 10% ZnMnHCF

To understand the local structural change of the metal sites in
the 10% ZnMnHCF electrode during the charge/discharge
process, ex situ XAS data at Fe, Mn and Zn K-edges were recor-
ded for the cycled electrodes (C1, D1 and C2). As displayed in
Fig. S8,† the Fe K-edge XANES data for C1, D1 and C2 electrodes
are different from the 10% ZnMnHCF powder data, not only in
the intensity of the white line, but also in the suppression of
resonance at around 7150 eV. The intensity of the white line in
all cycled electrodes decreased, as it happened for the rst two
peaks of the FT of the k2-weighted EXAFS signal (related to the
Fe–C and Fe–C–N interactions), and this can be explained by the
increasing structural disorder,43 which is the quantied Debye–
Waller factor in EXAFS data analysis (see Table S4†). Another
expected difference was observed in the third peak, which, in
principle, should correspond to the Zn and Mn sites, based on
the framework of Fe–CN–Mn/Fe–CN–Zn. All the cycled elec-
trodes exhibited a peak at around 4.1 Å, which overlapped with
the ZnHCF Fe K-edge data.

The part that attracted our attention was the Mn K-edge data.
As displayed in Fig. 5a–c, unlike the pristine 10% ZnMnHCF
sample, all the cycled electrodes exhibited an identical XANES
spectral feature and FT peaks, indicating that there was a strong
local structural change at the Mn sites during the initial cycling
and this new structural arrangement remains stable in the
following cycles, regardless of the charge or discharged state of
the electrode. This observation is different from the previous
report on the MnHCF sample,29 and a stable change on the Mn
site is observed aer the 1st charge cycle. To evaluate the
structural alteration at Mn sites in detail, a Linear Combination
Fitting (LCF) analysis of the normalized XANES of C1, D1 and C2
electrodes with standard Mn-based oxides was conducted
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Ex situ XANES of the Mn K-edge at different charge/discharge
states (C1: 1st charge, D1: 1st discharge and C2: 2nd charge states). (b) k2-
Weighted EXAFS signals and (c) corresponding Fourier transform (FT) of
the Mn k2-weighted EXAFS signal. (d) Linear combination fitting (LCF) of
the normalized Mn K-edge XANES spectra of 10% ZnMnHCF_C1. (e) The
LCF result of Mn K-edge of 10% ZnMnHCF_C1/D1/C2 samples. (f)
Comparison ofMn k2-weighted EXAFS FT peaks of the 10% ZnMnHCF_C1
electrode and MnO2. (g) EXAFS fitting results of 10% ZnMnHCF_C1 based
on two models (MnHCF and MnO2); each panel of the figure shows the
individual EXAFS contributions in terms of distorted two-body, three-body
and four-body signals. (h) The coordination state of the Mn–6N– bond
from the MnHCF model and Mn–6O– bond from the MnO2 model.

Fig. 6 Ex situ XANES of (a) the Zn K-edge and (b and c) zoom-in of t
ZnMnHCF_C1 based on a tetrahedral coordination of Zn sites, with 3
electrodes, based on an octahedral coordination of Zn sites, with 4 N fr

This journal is © The Royal Society of Chemistry 2025
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(Fig. 5d and S9†). Fitting results exhibit that the linear combi-
nation of MnO2, Mn2O3 and Mn3O4 compounds t well with all
the cycled electrodes, and the percentage of each component is
shown in Fig. 5e. Based on the LCF analysis, a rough estimation
of the oxidation state of Mn at C1, D1 and C2 states was
calculated (Fig. 5e), and the valence of Mn changed from 3.4
(C1) to 3.1 (D1), then to 3.3 (C2), which is a close value (in the
limitation of the present approach) to the formal oxidation state
of 4+ for Mn in MnO2. A further comparison of MnO2 and C1
electrodes, in terms of the FT of the Mn k2-weighted EXAFS
signal, reveals a complete match of the two curves (Fig. 5f).
Therefore, the two structures must be closely similar. To obtain
more quantitative local structural information on the Mn site,
EXAFS analysis is required. As observed in Fig. S10a,† the 10%
ZnMnHCF_C1 electrode was rst tted with the distorted
MnHCF model.10 Although this model well tted the 10%
ZnMnHCF electrode, it failed to t the cycled electrodes. This is
not surprising, based on the discussion above and a previous
report on the parametrization of the tting procedure.29 A two-
model tting, based on the distorted MnHCF (Mn–6N–) and
MnO2 (Mn–6O–) models, was conducted on the C1, D1 and C2
electrodes, as displayed in Fig. 5g, h, S10b and c.† The agree-
ment between the theoretical and experimental data is signi-
cantly better compared with the single model-tting results.
This newly formed stable Mn conguration (mixed MnO2 and
MnHCF local environment) could partly explain the high
cycling stability of the 10% ZnMnHCF electrode.

The local conguration change in Zn sites in the 10%
ZnMnHCF electrode during cycling was also checked from the
Zn K-edge XAS data. As shown in Fig. 6a–c, slightly different
he Zn K-edge XANES. EXAFS fitting results at Zn K-edge for (d) 10%
N from –NC– ligands and 1 O from H2O and (e) 10% ZnMnHCF_C2
om –NC– ligands and 2 O from H2O.
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XANES spectra were observed for the cycled and pristine elec-
trodes, especially for the rising portion of the spectrum at
9662.7 eV and the white line at 9669.3 eV. According to a report
by Kuzmin et al.,35 a similar XANES pattern (with two peaks)
was observed for ZnO with a larger cluster size, whereas
a single XANES edge peak was observed for ZnO with a smaller
cluster size. They explained that the difference is due to the
Fig. 7 (a) Ex situ synchrotron XRD data of MnHCF electrode at different
and D100 electrodes). (b) Operando synchrotron XRD data of the 1st cyc
and 10% ZnMnHCF_D20 electrodes. (f) XRD data of the 100th discharge
as well as the D10 electrode of MnHCF in 3 M ZnSO4. (g) The atomic packi
coordination to 3 N ends and 1 H2O molecule. (h) Schematic illustration o
and after 20 cycles.

J. Mater. Chem. A
distribution of electron density around the Zn atom, i.e.
smaller cluster Zn contains a strongly anisotropic ZnO4 tetra-
hedron. Besides, increasing the number of shells results in the
average distribution of electron density becoming more
isotropic. Thus, it might be considered that for the pristine
10% ZnMnHCF electrodes, the electron density around Zn is
more isotropic than in the cycled electrodes. For 10%
charge/discharge states (10% ZnMnHCF powder, C1, D1, D2, D10, D20
le. (c–e) Pawley refinement of 10% ZnMnHCF_C1, 10% ZnMnHCF_D1
(D100) of 3% ZnMnHCF, 10% ZnMnHCF and 35% ZnMnHCF electrodes,
ng within the unit cell of Zn2[Fe (CN)6], where Zn atom has a tetrahedral
f the crystal structure transformation of 10% ZnMnHCF during the first

This journal is © The Royal Society of Chemistry 2025
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ZnMnHCF_D1 and 10% ZnMnHCF_D2 electrodes, the
shoulder peak at around 9662.7 eV almost disappeared
(Fig. 6c).

To obtain more relevant local structural information around
Zn, an EXAFS tting was conducted. For the charged electrodes,
i.e. 10% ZnMnHCF_C1 and 10% ZnMnHCF_C2 electrodes,
based on the above discussion of Zn XAS and XPS data, EXAFS
tting was carried out by testing two different models: tetra-
hedral coordinated Zn with 4 N from –CN– ligands (Zn–4N) and
tetrahedral coordinated Zn with 3 N from –NC– ligands and one
O from H2O (Zn–3N–O) (Fig. 6d and S11†). The best t was
observed for the Zn–3N–O model, with a possibly decreasing
electron density isotropy, which aligns with the above-observed
XANES shoulder behavior. On the contrary, the tetrahedral
model was unsuitable for the discharged (Zn2+ insertion) 10%
ZnMnHCF_D1 electrode, with a high residual value, as shown in
Fig. S12 and Table S6.† Based on the reports on structure
transformation of ZnHCF with temperature,44,45 a tetrahedral to
octahedral local coordination change in Zn in an aqueous
electrolyte upon zinc ion intercalation was proposed. The
coordination environment of Zn consists of 4 N atoms from –

NC– ligands plus 2 O from H2O (Zn–4N–2O). We have therefore
veried our hypothesis by performing a new EXAFS tting of the
10% ZnMnHCF_D1 electrode using the octahedral model, as
displayed in Fig. 6e. The residual value signicantly decreased
with respect to the tetrahedral model, and a distorted octahe-
dral conguration with 4 Zn–N bonds around 1.94 Å and two
Zn–O bonds around 2.06 Å was obtained. However, by consid-
ering a more discharged electrode (aer 20 cycles), the corre-
sponding EXAFS signal exhibits a better tting result (a lower
residual index) with the Zn–3N–O model (Fig. S13†), similar to
the charged electrodes. Having claried the local atomic
changes in Mn and Zn during zinc ion insertion and release, we
need to further understand the changes in the long-range
crystalline structure triggered by zinc intercalation.

We therefore monitored the crystal structure evolution of
10% ZnMnHCF upon the intercalation of Zn2+ by adopting
synchrotron ex situ and operando XRD. As displayed in Fig. 7a,
the ex situ XRD data at the C1, D1, D2, D10, D20 and D100 states
were collected. Aer the 1st charging (C1), the original 10%
ZnMnHCF peaks totally disappeared, and multiple new peaks
were formed. The detailed evolution of the 1st cycle is illus-
trated in Fig. 7b during an operando scan. Compared with the
10% ZnMnHCF powder XRD peaks, the initial XRD peaks
(before 1st charging) already shied slightly towards the low 2q
value, which indicates the start of the modication upon the
soaking of the electrodes with the electrolyte. During the 1st
charging cycle (before charged to 1.8 V), all the XRD peaks were
stable. Aer charging to 1.8 V, the peak at 1.14 Å−1 gradually
decreased and changed into two peaks at 1.09 Å−1 and 1.13 Å−1.
The signal at 1.62 Å−1 became broad, and the peak at approxi-
mately 2.30 Å−1 disappeared. Furthermore, multiple new peaks
were formed. In principle, all these modications happened
during the oxidation of the Mn process and remained
unchanged throughout the entire discharge process.17,46 Pawley
renement was conducted on the XRD data of the C1, D1 and
D20 electrodes (Fig. 7c–e), and the results indicate that the
This journal is © The Royal Society of Chemistry 2025
pristine cubic phase of 10% ZnMnHCF transformed into
a rhombohedral phase at the end of the C1 process and
subsequently changed to a monoclinic phase at the end of D1
process. However, how the long-range order outcome is inu-
enced by the local atomic structural observation at Mn and Zn
mentioned above is unclear. The D1, D2 and D10 electrodes
exhibited quite similar XRD patterns. However, aer 20 cycles,
the XRD data changed, and D20 and D100 shared the same
pattern. As observed in Fig. 7f, all the Zn-substituted samples
exhibited the same XRD result aer 100 cycles, which is the
same XRD data we reported for the cycled “undoped” MnHCF
electrodes in the 3 M ZnSO4 electrolyte.29 However, for 10%
ZnMnHCF, Zn-substitution increases the symmetry of the
pristine MnHCF structure, and the Mn site experienced rapid
and steady changes at the initial charge cycle, which partly
explains the higher cycling stability of 10% ZnMnHCF elec-
trodes, as given in Fig. 4. Eventually, aer long-term cycling, the
nal phase for the “undoped” MnHCF and Zn-substituted
MnHCF samples in aqueous ZnSO4 is seen to be the same,
forming a unied ZnHCF cubic phase, as illustrated in Fig. 7g,
with Zn tetrahedrally coordinated with the –N3O model. Based
on the above analysis, the phase transformation of 10%
ZnMnHCF during cycling is illustrated in Fig. 7h.

3 Conclusions

In summary, a series of Zn-substituted MnHCF cathode mate-
rials were synthesized for AZIBs. The synchrotron XRD and XAS
data show that Zn substitution reorganized the crystal structure
of the MnHCF framework and changed the local structural
arrangement of Mn sites. Furthermore, 3% and 10% Zn
substitutions were able to relieve the original distortion of the
monoclinic MnHCF structure. When Zn content was increased
to 35%, a ZnHCF rhombohedral phase was formed, and amixed
structure of cubic and rhombohedral phases coexisted.
Although lower specic capacity was observed for all Zn-
substituted electrodes, better cycling stability, i.e., a at line
behavior, particularly for 10% ZnMnHCF, was obtained. This is
good for the eventual upscale of the process and electrode
fabrication. An in-depth study of the intercalation mechanism
of the 10% ZnMnHCF electrode showed a coherent structure–
activity relationship as the local structural change of the Mn site
is closely related to the electrochemical performance of the 10%
ZnMnHCF electrode. The newly formed Mn–6O– local atomic
framework aer the rst charge cycle was stabilized during the
cycling. Upon the intercalation of Zn2+, the conguration of Zn
changed from a tetrahedral coordinated state (C1) to an octa-
hedral state (D1). Aer 20 cycles, only the tetrahedral coordi-
nated state was observed, which is consistent with the XRD
result. In the end, all Zn-substituted samples share the same
cubic ZnHCF structure aer 100 cycles. This research not only
provides the detailed structure–property–performance rela-
tionship of a Zn-substituted MnHCF system in an aqueous
ZnSO4 electrolyte, but also offers a comprehensive under-
standing of the MnHCF-based AZIB system. There has always
been a trade-off between structural stability and capacity.
However, the structural data reported for the 10% doped
J. Mater. Chem. A
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sample indicate that there is room for improvement in the
electrochemical data, and the structure may adapt to the
modication induced by zinc ion insertion and release during
an electrochemical reaction.
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