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Abstract: Prussian blue analogs (PBAs) are considered as
reliable and promising cathode materials for aqueous Zn-ion
batteries (AZIBs), but they suffer from low capacity and poor
cycling stability due to insufficient active sites and structural
damage caused by the ion insertion/extraction processes.
Herein, a template-engaged ion exchange approach has been
developed for the synthesis of Co-substituted Mn-rich PBA
hollow spheres (CoMn-PBA HSs) as cathode materials for
AZIBs. Benefiting from the multiple advantageous features
including hollow structure, abundant active sites, fast Zn** ion
diffusion, and partial Co substitution, the CoMn-PBA HSs
electrode shows efficient zinc ion storage properties in terms of
high capacity, decent rate capability and prolonged cycle life.

Aqueous Zn-ion batteries (AZIBs) are emerging as one of
the most promising candidates for efficient grid-scale storage
of renewable but intermittent energy sources, due to their
significant merits of high safety, cost-effectiveness, simplified
manufacture, and high ionic conductivity of water-based
electrolytes (up to 1 Scm™)."* Moreover, the Zn anode
could offer high theoretical capacity (840 mAhg™") and low
electrochemical potential (—0.76 V versus standard hydrogen
electrode), making AZIBs more attractive.”*! In recent years,
tremendous efforts have been dedicated to exploring and
designing efficient cathode materials for AZIBs, such as
Prussian blue analogs (PBAs), Y Mn-based compounds,!-!
and V-based compounds.'*'¥ Among them, PBAs have
attracted widespread attention in view of their appealing
features including three-dimensional open frameworks, high
stability against water, and multiple active sites.'%!>!7! The
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cubic crystal structure of PBAs contains an open ion channel
with a diameter of 3.2 A in the (100) direction and large
interstitial nanocavities with a diameter of 4.6 A, thus
ensuring the efficient Zn?* ion insertion/extraction.!'®”l In
particular, Mn-PBAs characterized by a high theoretical
capacity and high output voltage hold great promise as
compelling cathodes for AZIBs.”*? In Mn-PBAs, both Fe
and Mn are redox-active sites and can provide extra capacity
by redox reaction during the charge—discharge processes.['%%]
However, the cycling stability of Mn-PBAs is far from
satisfactory owing to the structural deformation caused by
the Jahn—Teller distortion and severe volume variation during
the ion insertion/extraction processes.?>*"

To address these issues, strategies including morphology
design, metal substitution, and electrolyte optimization have
been demonstrated to extend the lifespan of Mn-PBAs. >
For example, constructing hollow structures has been proved
as a feasible approach to effectively alleviate the structural
strain during the ion insertion/extraction processes and boost
the stability of PBAs.?*~! Moreover, Jiang et al. reported that
Fe-substitution could decrease the density of Mn*" ions in the
lattice and mitigate the phase transitions of Mn-PBAs, which
remarkably improved its cycling performance.” Ni or Co
substituted Mn-PBAs also showed enhanced durability by the
suppression of the Jahn-Teller distortion of Mn*" jons.**>"]
Thus, it is highly desirable to integrate these strategies into
one system to promote the electrochemical properties of Mn-
PBAs for AZIBs.

Herein, we develop an efficient self-templating strategy
for the construction of Co-substituted Mn-rich PBA hollow
spheres (denoted as CoMn-PBA HSs) through a facile anion
exchange process. First, CoMn-glycerate solid spheres (SSs)
are prepared as the precursor, followed by a one-step ion
exchange reaction to obtain CoMn-PBA HSs. The hollow
structure can not only provide large surface area and
sufficient active sites but also accommodate the large
volume change during the repeated charge—discharge pro-
cesses. Furthermore, Co substitution will further stabilize the
crystal structure of CoMn-PBA HSs and boost the cycle life.
As expected, the as-prepared CoMn-PBA HSs exhibit high
reversible capacity, favorable rate performance, and impres-
sive cycling stability when employed as a cathode for AZIBs.

The synthesis process of CoMn-PBA HSs is illustrated in
Figure 1a. CoMn-glycerate SSs prepared through a facile
solvothermal method are adopted as the self-templating
precursor (see the experimental details in Supporting Infor-
mation (SI)).”"! Field-emission scanning electron microscopy
(FESEM) images show that the as-prepared CoMn-glycerate
SSs are uniform with an average diameter of about 900 nm
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Figure 1. a) The synthetic process of CoMn-PBA HSs. b,c,e,f) FESEM
and d,g) TEM images of b—d) CoMn-glycerate SSs and e-g) CoMn-PBA
HSs.

(Figure 1b,c; Figure Sla, SI). Transmission electron micros-
copy (TEM) images further demonstrate the solid nature and
smooth surface of CoMn-glycerate SSs (Figure 1d; Fig-
ure S1b, SI). Subsequently, the as-prepared CoMn-glycerate
SSs are converted to CoMn-PBA HSs through an anion
exchange process (see the experimental details in SI).
FESEM images reveal that CoMn-PBA HSs still maintain
the sphere-like morphology but the surface becomes rough
(Figure 1e; Figure S2a, SI). A close observation discloses the
hierarchical structure of the spheres with nanocube subunits
on the surface (Figure 1f). TEM images confirm the hollow
structure with a hierarchical surface for CoMn-PBA HSs
(Figure 1g; Figure S2b, SI). The diameter of CoMn-PBA HSs
is increased to about 1.2 um because of the formation of
nanocube subunits on the surface.

A typical TEM image of an individual CoMn-PBA HS
further demonstrates the well-defined hollow structure with
a shell thickness of about 200 nm (Figure 2a). The enlarged
view of an individual CoMn-PBA HS shows that the exterior
surface is assembled by nanocubes with an average size of

ni
Mn Mn-+Co+Fe

Figure 2. a,b) TEM and c,d) HRTEM images, ) HAADF-STEM image
and the elemental mapping images of an individual CoMn-PBA HS.
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about 70nm (Figure2b). In the high-resolution TEM
(HRTEM) images, two distinct lattice fringes with interplanar
spacings of 0.35 and 0.50 nm can be clearly observed, which
correspond to the (220) and (020) planes of KMnFe-
(CN)¢nH,O (JCPDS card No. 51-1896), respectively (Fig-
ure 2¢,d). The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image and
the corresponding elemental mapping images of an individual
CoMn-PBA HS indicate the uniform distribution of C, N, K,
Mn, Co, Fe elements (Figure 2¢).

The X-ray diffraction (XRD) pattern of CoMn-glycerate
SSs shows an obvious broad peak at around 12°, which is
consistent with the characteristic peak of metal alkoxides
(Figure 3a).538 All diffraction peaks of CoMn-PBA HSs can
be indexed to the monoclinic phase of KMnFe(CN)qsnH,O
(JCPDS card No. 51-1896). No diffraction peaks of residues
or other impurities are detected, suggesting that CoMn-
glycerate SSs are completely converted to CoMn-PBA HSs.
According to the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) results, the elemental composition
of CoMn-PBA HSs is determined to be K, 3,Co,,3;Mn gs[Fe-
(CN)¢]. The energy-dispersive X-ray (EDX) analysis of
CoMn-glycerate SSs verifies the presence of C, O, Mn, Co
elements with the Co to Mn atomic ratio of about 1:3.8
(Figure S3a, SI). After the ion exchange reaction, the EDX
spectrum of obtained CoMn-PBA HSs confirms the chemical
composition of C, N, O, K, Mn, Co, Fe elements, and the
atomic ratio of Co to Mn remains almost unchanged (Fig-
ure S3b, SI). The chemical structure of CoMn-glycerate SSs
and CoMn-PBA HSs is further investigated by Fourier-
transform infrared (FTIR) spectroscopy (Figure S4, SI). For
CoMn-PBA HSs, the strong peak located at 2066 cm™
corresponds to the typical C=N stretching vibration and the
peak at 594 cm™" is attributed to the vibration mode of Fe—
C.P'¥1 Additionally, the weak peak at 1633 cm™ and the
broad peak at 3439 cm™' could be associated with the H-O-H
bending vibration and O-H stretching vibration of H,O,
respectively.***!l No peaks of CoMn-glycerate SSs can be
recognized in the FTIR spectrum of CoMn-PBA HSs,
validating the complete and successful transformation of
CoMn-glycerate SSs into CoMn-PBA HSs. To further explore
the surface chemical states of CoMn-PBA HSs, X-ray photo-
electron spectroscopy (XPS) analysis is carried out. The
survey spectrum reveals that CoMn-PBA HSs contain C, N,
O, K, Mn, Co, Fe elements and no other impurities (Figure S5,
SI), which agrees well with the EDX results. The high-
resolution XPS spectrum of Fe 2p shows two peaks at 708.2
and 720.9 eV, representing the characteristic Fe’" 2p,, and
Fe’* 2p,, peaks, respectively (Figure 3b).”! The Mn 2p
spectrum can be well deconvoluted into two pairs of peaks
attributed to Mn?" and Mn’" (Figure 3c), suggesting the
existence of both Mn*" and Mn*" in CoMn-PBA HSs, which is
consistent with Mn-PBA HSs (Figure S6a, SI).***! In addi-
tion to two satellite peaks, there are another two peaks
located at 780.8 and 796.7 eV in the Co 2p spectrum, which
correspond to 2ps, and 2p;, peaks of Co’', respectively
(Figure 3d)."**1 The valence state of Co in Co-PBA HSs is
also +2 (Figure S6b, SI). All these characterizations and
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Nitrogen sorption isotherms (Fig-
ure S16, SI) reveal that CoMn-PBA
HSs possess a Brunauer-Emmett-
Teller (BET) specific surface area of
89.8 m*g~!, which is much higher
than that of Mn-PBA HSs
(463m?g™") and Co-PBA HSs
(35.8m?g™).
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Figure 3. a) XRD patterns of CoMn-glycerate SSs and CoMn-PBA HSs. High-resolution XPS spectra

of b) Fe 2p, c) Mn 2p, d) Co 2p for CoMn-PBA HSs.

analyses comprehensively confirm the successful synthesis of
CoMn-PBA HSs through a self-templating approach.

This self-templating strategy is further extended to
synthesize Mn-PBA HSs and Co-PBA HSs. Similarly, Mn-
glycerate and Co-glycerate SSs are prepared by the solvo-
thermal method as the self-templating precursors (see the
experimental details in SI). FESEM and TEM images reveal
the slightly rough surface with small nanoparticles and solid
interior for Mn-glycerate SSs (Figure S7, SI). After the ion
exchange reaction, Mn-PBA HSs display the well-defined
hollow structure with a nanocube-assembled surface (Fig-
ure S8, SI). All the peaks of Mn-PBA HSs in the XRD pattern
match well with the standard peaks of KMnFe(CN)gsnH,O
(Figure S9, SI), which is consistent with the result of CoMn-
PBA HSs. ICP-AES results show that the elemental compo-
sitions of Mn-PBA HSs and Co-PBA HSs are K, 4sMn; o4[Fe-
(CN)4] and K, 4;Co, ;5[Fe(CN)], respectively. EDX analyses
also indicate the transformation of Mn-glycerate SSs into Mn-
PBA HSs (Figure S10, SI). FESEM and TEM images of Co-
glycerate SSs demonstrate their solid nature and relatively
smooth surface (Figure S11, SI). Interestingly, the as-obtained
Co-PBA HSs present a double-shelled hollow structure with
a visible gap between the outer and inner shells (Figure S12,
SI). The average thickness of the outer and inner shells is
about 100 and 150 nm, respectively. Based on the XRD
patterns and EDX results, all Co-glycerate SSs are success-
fully converted into Co-PBA HSs (Figure S13 and S14, SI).
Furthermore, thermogravimetric analysis (TGA) results show
that the coordinated water contents are about 7.1%, 5.4 %,
16.9% for CoMn-PBA HSs, Mn-PBA HSs, Co-PBA HSs,
respectively (Figure S15, SI). The low content of coordinated
water will leave more channels for ion insertion and thus

790 785 780 775 in the following cycles (Figure S17,
SI). As shown in Figure4a, the
CoMn-PBA HSs electrode possesses
a similar cyclic voltammetry (CV)
curve as that of the Mn-PBA HSs
electrode, both of which display three
pairs of obvious redox peaks, suggesting that the introduction
of Co into Mn-PBA has little influence on the surface
electrochemical reaction. While the Co-PBA HSs electrode
shows two poorly defined pairs of redox peaks with much
lower current density, indicative of the inferior electrochem-
ical reaction activity. From previous studies,***?! Zn>* ions are
inserted into the tunnels of CoMn-PBA HSs during the
discharge process, accompanied by the formation of mono-
clinic phase. Zn*" ions are reversibly deinserted and the phase
transition from monoclinic to cubic happens during the
charge process. Thus, the chemical reaction of CoMn-PBA
HSs could be formulated as following:

K 34C0023Mny 5[ Fe(CN)g] —1.34e™ — Coy3Mnygs[Fe(CN)g]
+ 1.34 K" (first charge), Coy,sMnggs[Fe(CN)g] + xZn>" +
2xe” < Zn,CoyMngg[Fe(CN)y] (next cycles).

Figure 4b compares the galvanostatic discharge-charge
voltage profiles of the CoMn-PBA HSs, Mn-PBA HSs, and
Co-PBA HSs electrodes at a current density of 0.05 Ag™". The
CoMn-PBA HSs electrode exhibits a longer discharge plateau
than Mn-PBA HSs and Co-PBA HSs electrodes, confirming
the best charge storage performance of the CoMn-PBA HSs
electrode. Specifically, an impressive capacity of
128.6 mAhg' is achieved by the CoMn-PBA HSs electrode,
which is significantly higher than that of Mn-PBA HSs
(85.9mAhg™") and Co-PBA HSs (45.5 mAhg™') electrodes,
as well as most reported PBA-based cathodes for aqueous
rechargeable batteries (Table S1, SI).1%162027.28] Even when
the current density increases to 2 Ag ', the CoMn-PBA HSs
electrode still retains a capacity of 50.4 mAhg™! (Figure 4c),
which outperforms the Mn-PBA HSs (36.8 mAhg™") and Co-
PBA HSs (19.7 mAhg™") electrodes (Figure S18, SI). Fur-
thermore, the rate performance of CoMn-PBA HSs, Mn-PBA
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Figure 4. a) CV curves at a scan rate of 0.2 mVs™', b) charge—discharge voltage profiles at a current
density of 0.05 Ag™" of CoMn-PBA HSs, Mn-PBA HSs, and Co-PBA HSs electrodes. c) Charge-
discharge voltage profiles of the CoMn-PBA HSs electrode at various current densities. d) Rate
performance based on discharging curves and e) cycling performance tested at a current density of

1 Ag™' of CoMn-PBA HSs, Mn-PBA HSs, and Co-PBA HSs electrodes.

HSs, and Co-PBA HSs is also investigated at various current
densities (Figure 4d). The CoMn-PBA HSs electrode delivers
average discharge capacities of 99.7, 83.1, 75.4, 67.4, 55.7,
39.7mAhg ! at the current densities of 0.1, 0.2, 0.3, 0.5, 1,
2 Ag™', respectively. Moreover, an average reversible
capacity of 86.9 mAhg™' can be recovered as the current
density is reduced back to 0.1 Ag™, indicating the superior
rate property. For comparison, the Mn-PBA HSs and Co-PBA
HSs electrodes afford much lower capacities at the same
current densities (Figure 4d). The superior capacity of CoMn-
PBA HSs over Co-PBA HSs and Mn-PBA HSs might be
ascribed to their higher specific surface area, sufficient active
sites, and low content of coordinated water.

Figure 4e displays the long-term cycling performance of
CoMn-PBA HSs, Mn-PBA HSs, and Co-PBA HSsat 1 Ag'.
The capacity of the Mn-PBA HSs electrode decreases rapidly
in the first 300 cycles and retains 53.6 % of the initial capacity
after 1000 cycles. In contrast, the CoMn-PBA HSs electrode
exhibits superior cycling stability with a capacity retention of
76.4% over 1000 cycles. The Coulombic efficiency (CE) of
the CoMn-PBA HSs electrode is always approaching 100 %

scan rates (Figure S21a, SI).
According to the power-law rela-
tionship, the peak current (i) and
scan rate (v) obey this equation:
i=av"™®! Generally, a b value
close to 0.5 represents the diffu-
sion-controlled process, and a b
value close to 1 means mainly
capacitive-controlled behavior.*®) The b values are all
higher than 0.75 for the two pairs of redox peaks, suggesting
that the corresponding reactions at the peak regions follow
dominantly fast capacitive-controlled behavior for the CoMn-
PBA HSs electrode (Figure S21b, SI).

We have also investigated the electrochemical perfor-
mance of CoMn-PBA HSs with different Co/Mn atomic
ratios. The CoMn-PBA HSs electrode with a Co/Mn atomic
ratio of 1:4 exhibits the optimized zinc ion storage perfor-
mance in terms of capacity and cyclic stability (Figure S22,
SI). Moreover, all the CoMn-PBA HSs electrodes present
better cycling performance than the Mn-PBA HSs electrode,
revealing that Co substitution could improve the structural
stability of Mn-PBAs. To verify the advantages of the hollow
structure with thin shell, CoMn-PBA nanocubes (NCs) and
CoMn-PBA HSs with thick shell are synthesized and
employed as control samples. Evidently, the CoMn-PBA
HSs electrode with thin shell shows better zinc ion storage
performance than two control samples (Figure S23-25, SI).
The efficient zinc ion storage properties of CoMn-PBA HSs
could be attributed to the hierarchical hollow structure and
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compositional advantages. Specifically, the hollow configura-
tion can effectively accommodate the mechanical strain
induced by the Zn”" ion insertion/extraction during cycling.
And the Co substitution in CoMn-PBA HSs might suppress
the Jahn-Teller distortion and mitigate structural damage. As
a result, improved cycling stability and reaction reversibility
are realized by this CoMn-PBA HSs electrode. Besides, the
thin shell and nanocube subunits can provide rich active sites
and fast Zn*" ion diffusion, thus enabling high capacity and
fast reaction kinetics.

In summary, we report a self-templating method for the
rational synthesis of CoMn-PBA HSs as cathode materials for
AZIBs. Using CoMn-glycerate SSs as the precursor, CoMn-
PBA HSs are facilely obtained by the anion exchange
reaction between CoMn-glycerates and [Fe(CN)¢]*~ ions
under reflux condition. Owing to the beneficial hollow
structure and partial Co substitution, the CoMn-PBA HSs
electrode exhibits enhanced zinc ion storage performance
with a high reversible capacity (128.6 mAhg™" at 0.05 Ag™),
good rate capability (504 mAhg™' at 2 Ag™'), as well as
impressive cycling performance (76.4% capacity retention
over 1000 cycles). This work may give some inspiration for the
design and synthesis of advanced cathode materials for
AZIBs.
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