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Zinc-ion batteries (ZIBs) have emerged as a promising candidate due to the abundance, low cost and
high energy density. However, the performance of ZIBs needs to be improved to meet the practical
requirements of energy storage systems. This work probes the efficacy of co-intercalation as a strategy
for enhancing the electrochemical performance of ZIBs through the fabrication of sodium and copper
co-intercalated birnessite manganese oxide (NCMO) cathodes. The results show that the co-
intercalation of sodium and copper ions catalyzes the activation of copper cations on the surface Mn2*/
Mn** redox pair, leading to improved specific capacity and cycling stability. The NCMO cathode exhibits

Received 22nd December 2023, a remarkable specific capacity of 576 mA h g~* after 100 cycles at a low loading of around ~1 mg cm~2
Accepted 16th February 2024 and a high areal capacity of 2.10 mA h cm™2 at a high loading of ~10.9 mg cm™2. The mechanism of
DOI: 10.1039/d3ee04492k copper ions to promote the manganese-based cathode conversion reaction is thoroughly investigated.

These findings suggest that developing catalytic effects is a promising approach for developing high-
rsc.li/ees performance cathode materials for ZIBs with practical and efficient energy storage systems.

Broader context

In a significant advancement toward optimizing the electrochemical performance of zinc-ion batteries (ZIBs), our research delves into the innovative strategy of
co-intercalation employing sodium and copper. Capitalizing on the abundance, cost-effectiveness, and high energy density of zinc, ZIBs emerge as promising
solutions for practical energy storage systems. Despite this potential, enhancing their performance remains a critical pursuit. Our work focuses on the
economical fabrication of sodium and copper co-intercalated birnessite manganese oxide (NCMO) cathodes, marking a remarkable breakthrough. By
catalyzing the activation of copper cations on the surface Mn**/Mn** redox pair, our findings unveil a substantial improvement in specific capacity and cycling
stability. Noteworthy is the NCMO cathode’s ultra-high specific capacity of 576 mA h g™ " after 100 cycles, and reaching a high areal capacity of 2.10 mA h cm™>
at a very high cathode mass loading of ~10.9 mg cm ™2 This innovation not only demonstrates an unprecedented high capacity but also highlights the benefits
of separately considering surface and bulk phase enhancement strategies, ensuring both high capacity and excellent cycling stability. Extending beyond
materials science, our research captures the interest of experts in environmental sustainability, policy development, and energy economics. The meticulously
investigated mechanism of copper ions in promoting the manganese-based cathode conversion reaction and enhancing host material stability opens new
avenues for high-performance cathode materials. The cost-effective synthesis method and high mass loading capacity presented in our work can significantly
reduce the cost of ZIBs, promoting their scale-up and industrialization. Our findings underscore the potential of combining catalytic effects and stable host
materials in ZIBs as a promising approach, paving the way for practical and efficient high-mass loading cathodes in energy storage systems within the evolving
landscape of ZIBs technology.

“ Christopher Ingold Laboratory, Department of Chemistry, University College
London, 20 Gordon Street, London, WC1H 0A], UK. E-mail: c.j.carmalt@ucl.ac.uk,

g-he@ucl.ac.uk |ntl’0d UCtIOn
b Institute of Materials Science, Technische Universitit Darmstadt, Darmstadt,

64287, Germany The growing demand for efficient and sustainable energy
¢ Department of Chemical Engineering, University College London, London WC1E storage solutions has led to the emergence of several energy
7JE, UK

storage technologies." As the world transitions towards a low-
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ b h . df
10.1039/d3ee04492k carbon economy, there 1s an urgent nee or energy storage

% Xuan Gao, Chen Shen, Haobo Dong, Yuhang Dai contributed equally to this ~ SY: stems that can store Iarge amounts of renewable energy and
work. provide reliable and stable power supplies.> One promising

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17, 2287-2297 | 2287


https://orcid.org/0000-0002-8538-9873
https://orcid.org/0000-0001-8445-6758
https://orcid.org/0000-0002-4072-6610
https://orcid.org/0000-0003-1788-6971
https://orcid.org/0000-0002-7365-9645
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ee04492k&domain=pdf&date_stamp=2024-02-24
https://doi.org/10.1039/d3ee04492k
https://doi.org/10.1039/d3ee04492k
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee04492k
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017006

Open Access Article. Published on 16 mis Hwevrer 2024. Downloaded on 07/01/2026 17:49:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

technology for large-scale energy storage applications is Zn-ion
batteries (ZIBs).®> ZIBs offer several advantages over traditional
battery chemistries, including low cost, high energy density,
and excellent safety.* Moreover, Zn is abundant, widely avail-
able, and easily recyclable, making ZIBs an attractive alternative
to conventional batteries.”> However, the performance and
stability of ZIBs need to be improved for widespread adoption
in grid-scale energy storage and other applications.® The cath-
ode material plays a critical role in determining the capacity,
stability, and cycling performance of ZIBs. Manganese dioxide
(MnO,) has several advantages as a cathode material for ZIBs.
Firstly, MnO, is abundant and inexpensive.” Secondly, MnO,
has a high theoretical capacity (308 mA h g~'). Thirdly, MnO,-
based cathodes have shown excellent cycling stability, high
output plateaus (1.5 V versus Zn/Zn*") and high-rate capability,
which are critical for practical applications of ZIBs.® It has been
demonstrated that various atomic structures of manganese
oxides are suitable for ZIBs, such as a- (2 x 2 tunnel), - (1 x
1 tunnel), y- (1 x 2 and 1 x 1 tunnel), A- (spinel) and 3- (layered
structure).’ Despite the fact that the tunnel structures offer
open paths as well as an abundance of active sites for Zn>*
diffusion and storage, it is always constrained by a significant
collapse during the process of discharge. In comparison to
other crystalline structures, layered manganese oxide features
spacing channels of ~7 A, which makes it more suitable for the
rapid and reversible intercalation and extraction of Zn ions."°
However, prior investigations have shown that the phase tran-
sition of the layered structure of 6-MnO, during cycling may
result in significant changes in volumes as well as structural
collapse, which has a significant negative impact on the cycling
performance. Moreover, the Jahn-Teller (JT) effect, which arises
from the degeneracy of electronic energy levels in [MnOg]
octahedra, can lead to the distortion and dissolution of the
Mn-based active materials and decrease the cycling stability of
the battery."* On the other hand, the in situ generated zinc
hydroxide sulfate (ZHS) on the battery surface is poorly
reversible.”> Although it provides electron transfer during
cycling, it severely increases the battery polarization and gra-
dually deactivates the cathode active materials.

Researchers have contributed much effort to address these
challenges, such as material combinations, ion intercalation,
electrolyte additives, etc."> For the research on manganese-
based cathode materials, it is possible to obtain stable Zn>*
storage by a process of ion pre-intercalation, which has been
used in prior studies with ions such as proton (H"), lithium ion
(Li*), sodium ion (Na*), potassium ion (K'), zinc ion (Zn*"),
copper ion (Cu®**), and ammonium ion (NH,4"). The concept of
ion pre-intercalation involves the ion insertion into the host
materials before the battery operation.™* This process increases
the interplanar spacing of the host materials, creating more
space for ion intercalation and improving the electrochemical
performances of the materials. As for MnO,-based cathodes,
the Na' pre-intercalation increases the interplanar spacing,
leading to improved capacity, and cycling stability. When the
ZnSO, electrolyte gradually replaces the traditional alkaline
electrolyte, it can significantly suppress the parasitic reactions
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and inhibit the formation of passivation by-products, thereby
endowing MnO, with a reversible theoretical specific capacity
of 308 mA h g * due to the redox pair of Mn*/Mn>"."*> The
single-electron transfer mechanism places a limit on the spe-
cific capacity of the battery, despite the fact that it is possible to
considerably increase the lifespan of the battery in the mild
ZnS0, electrolyte.'® Because of this, lowering the pH of the
electrolyte and raising the charge voltage may result in MnO,
delivering a theoretical capacity of 616 mA h g~ ' due to the
activation of the Mn**/Mn** redox pair. Despite the fact that
MnO, often demonstrates poor durability in one-electron Mn**/
Mn>" redox reactions due to the fact that its [MnOg] octahedral
close-packed structure is not favorable to the Zn*" insertion/
extraction process, two-electron Mn**/Mn”>" redox processes
have been widely explored under certain conditions."”” For
instance, a reversible transition between Mn?*" and MnO, was
demonstrated in MnSO, electrolytes that were supplemented
with 0.1-3.0 M H,S0,.'® This was possible due to the fact that
the strongly acidic electrolyte promoted the formation of Mn
vacancies, which endowed protons and electrons with fast
kinetics and maximized the MnO, electrolysis process. Strongly
acidic electrolytes may be beneficial for the deep reduction of
MnO,. However, when ZnSO, is added to the electrolyte, the
whole process is slightly different, and the formation of ZHS
also promotes the transformation between Mn**/Mn*" redox
pair.'® From an industrial point of view, electrolytes that are too
acidic do not have industrial significance for use in large-scale
energy storage systems owing to the risk of equipment corro-
sion and other safety problems. Therefore, it is important to
construct Zn//MnQ, batteries with a two-electron transfer
mechanism under moderate conditions.

Some strategies for boosting Mn>*/Mn*" two-electron trans-
fer in mild pH environment have been proposed. Liang et al.
proposed ion concentration/dilution strategy in the electrolyte
for Mn>*/Mn*" two-electron transfer, which can achieve high
specific capacities of 460 mA h g '.>° Acetate has also been
shown to facilitate two-electron transfer for MnO,, to achieve a
specific capacity of 556 mA h g~ '.'® However, since electrolyte
modification is more about surface reactions, most high-
capacity or stable cycles are completed under thin electrode
conditions, with lower mass loading, usually less than 1 mg
cm™ . How to simultaneously stimulate surface Mn>*/Mn*" two-
electron transfer and maintain host material stability is a
challenge, especially in the case of high mass loading. Recently,
MnO, intercalated with Cu®* has been shown to enhance the
Mn**/Mn*" redox reaction of cathodes in ZIBs, but its cycling
stability is still limited, especially in high mass loading.*" It is an
interesting topic on how Cu®*" promotes the Mn deposition and
dissolution, which is related to several aspects: the JT effect of
host materials, the reversibility of by-product ZHS and others.>"
Therefore, a better understanding of the interplay between ion
pre-intercalation and in situ generation and dissolution of ZHS on
the surface of the active materials is needed to improve the
performance and stability of Mn-based cathodes in ZIBs.

In this work, we have explored the applicability of co-
intercalation as an effective strategy by fabricating sodium

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic representation of the manganese oxide cathode based on a dual-ion co-intercalation strategy that simultaneously boosts surface
Mn?*/Mn** two-electron transfer and maintains the stability of the host material structure to cope with the key challenges of mass loading, cycling

stability, and specific capacity in Mn-based cathodes.

(Na) and copper (Cu) ions co-intercalated 3-MnO, (NCMO)
cathode for addressing the key Mn-based cathodes challenges
of stable cycling with a high specific capacity at high mass
loading in ZIBs, as illustrated in Scheme 1. The activation effect
of Cu®" for the conversion between Mn>*/Mn** redox pair is
amplified by the pre-intercalation of Na*, leading to enhanced
specific capacity and cycling stability. The smaller ionic radius
of Cu®" facilitates faster diffusion into the electrolyte, complet-
ing the redox reaction in Cu®/Cu®" during the charge/dis-
charge. The Cu®" generated during the charge process can
accelerate the JT distortion of the mesophase Zn,MnO(OH),,
thereby accelerating the dissolution of Zn,MnO(OH), on the
surface. The co-intercalation of Na* and Cu®", combined with
the deposition and dissolution of Zn,MnO(OH),, and ZHS,
enables the active materials to exhibit a prolonged continuous
capacity increasing process at low mass loadings and a highly
reversible Mn deposition and dissolution process at high mass
loadings, which is not only due to the dual-ion co-intercalation
that amplifies the conversion of Mn on cathode surface, but
also beneficial from the stability of the host material during

(b) 8-MnO,

charge and discharge. The NCMO cathode exhibits an intri-
guing continuous activation process at a low loading of around
~1 mg cm 2, exhibiting a remarkable specific capacity of
576 mA h g ' after 100 cycles at a current density of
0.5 A g~'. More importantly, the full cell with the prepared
NCMO cathode demonstrates a high areal capacity of
2.10 mA h ecm™? at high mass loading of ~10.9 mg cm > at a
current density of 1.09 mA cm 2. These results demonstrate the
promising potential of Mn-based cathodes with co-intercalated
Na* and Cu”" for practical and efficient energy storage systems.
Moreover, the mechanism of how Cu®" promote the deposition
and dissolution of manganese-based cathodes during cycling is
discussed.

Results and discussion

To understand the stacking-selective self-intercalation of &-
MnO,, we performed density functional theory (DFT) calcula-
tions. We adopted the 3-MnO, phase with antiferromagnetic
ordering as the host structure.”” As shown in Fig. 1(a), two
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Fig. 1

(a) lon intercalation strategy for high performance 3-MnQO, cathode materials and band structures of (b) 3-MnO,, (c) Na intercalated 3-MnO,,

(d) Cu intercalated 8-MnO, and (e) Na & Cu co-intercalated §-MnO, based on DFT modelling.
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different structure models of the pristine -MnO, with the
intercalation of pure elements (Na, and Cu) and binary ele-
ments (NaCu) were considered. The 3-MnO, phase has the
space-group P63/mmc (194) with a hexagonal lattice (see
Fig. 1(a)). The relaxed lattice constants from our geometrical
optimization are a = 2.925 A and ¢ = 11.427 A, which agree with
previously calculated results.”* The band structure of pristine
3-MnO, is displayed in Fig. 1(b), indicating that 6-MnO, is a
semiconductor with a band gap of 1.70 eV. After considering
the intercalation, the band gap in 6-MnO, disappears in the
condition of single element (Na or Cu) intercalation, driven by
net charges introduced by the intercalants. As seen in Fig. 1(c)
and (d), one or two flat bands cross the Fermi energy, suggest-
ing that 8-MnO, with the intercalation of one element exhibits
higher electronic conductivity in comparison to the pristine
8-MnO,, which will facilitate improved electron-transfer cap-
ability. For binary (Na and Cu) cation intercalations, even more
bands are crossing the Fermi energy, which act as effective
charge conduction channels, as shown in Fig. 1(e). The DFT
results demonstrate well that the co-intercalation of Na and Cu
synergistically modulates the electronic structure of 3-MnO,,
which are expected to enable rapid electron transfer processes.

Based on the advantages of the dual-ion intercalation of
cathode materials, a co-intercalation strategy of Na* and Cu®*
was introduced into 3-MnO,. The morphology of the synthe-
sized NCMO was confirmed by scanning electron microscope
(SEM). As shown in Fig. 2(a), NCMO presents a uniform flake
shape with a diameter of ~1-1.5 pm. It can be seen from
Fig. 2(b) of the further enlarged SEM image that the thickness
of the NCMO flakes was ~50 nm, which provides a large
specific surface area. Fig. 2(c)-(e) show the scanning transmis-
sion electron microscopy images to further confirm the crystal
structures. The measured interlayer distance between the Na*
pillars and the crystal water were 3.53 A (see Fig. 2(d)), which is
slightly larger than the half value of the (001) crystal plane,
indicating easy ion intercalation. Fig. 2(e) shows the top-view
structure of the characteristic MnOg octahedron, which verifies

View Article Online
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the layered structure. The d-spacing of 2.22 A corresponds to
the (201) lattice plane. Fig. 2(f) illustrates the energy-dispersive
X-ray spectroscopy (EDS) mapping diagram, which was used to
examine the distribution of each element. Fig. 2(g)-(j) illustrate
the distribution of the elements Na, Cu, Mn, and O, respec-
tively. It is clear that both the Na and Cu elements were
distributed evenly throughout the structure.

X-ray diffraction (XRD) patterns of NCMO are shown in
Fig. 3(a). The 20 peaks at 5.893° 11.751°, 15.250°, 16.481°,
27.734° correspond to (001), (002), (200), (111), (001),
respectively.” The pattern exhibited in Fig. 3(a) coincides well
with Birnessite (JCPDS no. 43-1456), where a = 5.175(3) A, b =
2.849(1) A, ¢ = 7.338(5) A, @ = y = 90° and f§ = 103.19(4)°, V =
105.3(6) A’.>* This is the same as Na-intercalated manganese
oxide reported in the previous work, showing that the addition
of Cu has no effect on the crystal structures.>* X-ray photoelec-
tron spectroscopy (XPS) was utilized to investigate the atomic
ratio and average oxidation state (AOS) of each element on the
surface of the material. The relatively high content of O element
is due to the surface oxygen absorption. Mn 2p has two separate
peaks with a binding energy difference of 11.8 eV, whereas the
difference is 5.28 eV for the Mn 3s spectrum. Based on the
binding energy difference of the Mn 3s peak, the AOS of Mn was
calculated to be 3.01 according to the formula AOS = 8.956-
1.126A Es.>* Between the two peaks of Mn 2p, a peak of Cu LM3
was observed due to Cu intercalation.”®> Meanwhile, the Cu 2p
peak in Fig. 3(d) also shows the successful intercalation of Cu.
Na was observed as shown in Fig. 3(e) (Na 1s) with a character-
istic peak at 1071 eV. In terms of O 1s (Fig. 3(f)), the spectrum
was convoluted from three corresponding peaks which are
assigned to adsorbed water H-O-H (532.5 eV), surface-
adsorbed oxygen Mn-OH (531.2 eV), and lattice oxygen species
Mn-O-Mn (529.6 €V), respectively. The macroscopic 3D mor-
phology of the fabricated NCMO electrode was examined using
X-ray micro-Computed Tomography (CT), which depicts a
homogeneous distribution of NCMO nano particles supported
on current collector in 3D space. After extracting the active

Fig. 2

(a) Low-, (b) high-resolution SEM images of the morphology of the NCMO. (c) low-, (d) high-resolution and (e) atomic resolution STEM images for

surface structures of NCMO. (f)-(j) EDS mapping images of NCMO show that Na, Cu, Mn, and O elements are uniformly distributed.
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material phase, carbon fiber phase and pore phase according to
the grey scale level using thresholding segmentation, the
skeleton of the active materials can be visualized in Fig. S1
(ESIT), from which a complex 3D structure and broad distribu-
tion of the pore size are observed. The tortuosity and flux
density on three dimensions of segmented figures are simu-
lated based on the reconstructed segmented structures. The
porosity ¢ was measured to be 0.72 and the tortuosity factor was
computed to be 1.8-1.9 on X (Fig. S2, ESI{) direction, while the
tortuosity was 1.3-1.5 at Y (Fig. S3, ESIt) and Z (Fig. 3(g) and
Fig. S4, ESIT) directions, giving an effective diffusion coefficient
of 0.40-0.55, as shown in Fig. 3(h), indicating that the mass
transfer capabilities in the three directions are within a similar
range. The effective diffusion coefficient of NCMO is much
higher than previously reported work of ZIBs and lithium-ion
batteries (LIBs), which represents a much better reactant trans-
port capabilities.”?®

The electrochemical performances of two types of cathodes,
namely NCMO and birnessite Na-intercalated manganese oxide
(NMO), were investigated by coin cell configurations, which is
commonly used in research on ZIBs. As a control material,

This journal is © The Royal Society of Chemistry 2024

NMO was also synthesized in a similar method as reported in
previous work. To study the effect of Cu intercalation on the
electrochemical behavior of cathode, cyclic voltammogram (CV)
curves of NCMO and NMO cathodes with the same fabrication
method (with binder, carbon agent and carbon paper collector)
were measured at different scan rates ranging from 0.1 to
1 mV s~ ' in the potential window of 0.8 to 1.9 V. The results,
shown in Fig. 4(a) and (d), reveal that at low scan rates, two
pairs of reduction and oxidation peaks of NCMO were observed,
with reduction peaks at 1.37 and 1.23 V and oxidation peaks at
1.55 and 1.59 V. On the other hand, for the NMO cathode, the
two pairs of redox peaks are at 1.36, 1.23, 1.56 and 1.61 V, which
exhibit relatively larger polarization than that of NCMO.

It is worth noting that the coin cell with the NCMO cathode
shows a similar redox peak shape to that of NMO, indicating
the similarity of the two charge storage mechanisms.?” This
further suggests that during cycling, the redox reactions of
typical manganese oxide-based cathodes in an aqueous zinc
salt (ZnSO,) electrolyte occur. Additionally, the NCMO cathodes
exhibit very similar CV curves at different scan rates, suggesting
that their reaction behaviors and kinetics are similar at both

Energy Environ. Sci., 2024, 17, 2287-2297 | 2291
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Fig. 4 (a) and (d) CV curves with scan rates ranging from 0.1 to 1mV s~2, (b), (e) diffusion-capacitive control contribution, and (c) and (f) the relationship
between normalized capacity and sweep rate of NCMO and NMO, respectively. (g) Schematic diagram illustrating the charge and discharge process of

NCMO cathodes in ZIBs.

high and low rates. However, the two pairs of redox peaks of the
NMO electrode start to overlap into a single pair from the scan
rate of 0.2 mV s~ '. When the scan rate reaches 0.3 mV s *, the
two oxidation peaks merge into one and shift to a higher
potential. In general, the potential difference (Ap) between
the oxidation peak and the reduction peak of the quasi-
reversible electrochemical reaction gradually increases with
the increase of the scan rate. However, for a well-reversible
electrochemical system, this situation will be alleviated.
Fig. 4(d) illustrates that as the scan rate increases, the shifts
of P1, P2, and P3 of NMO are 0.049, 0.059, and 0.047 V,
respectively. In contrast, the shifts of P1, P2, and P3 of NCMO
in Fig. 4(a) are only 0.018, 0.030, and 0.025 V, respectively, and
the reduction peak involving Zn** remains relatively more
obvious, which indicates a more reversible electrochemical
system formed by the NCMO cathode.*® These results suggest
that the intercalation of Cu not only effectively reduces the
polarization of the cathode material but also enhances the
reversibility of its redox reaction, with an extremely small

2292 | Energy Environ. Sci., 2024, 17, 2287-2297

difference between the peak positions at high and low
scan rates.

To further investigate the kinetic processes of different
cathode materials, their diffusion-controlled and capacitive
contributions were evaluated based on the 3 peaks in Fig. 4(a)
and (d). According to theoretical predictions, the peak current
(9) and sweep rate (v) should follow eqn (1):

i=a 0

Hence, log (i) = log (a) + b-log (v)where a and b can be
calculated by fitting a linear curve to the log-log plot of the
peak current and the sweep rates (Fig. 4(b) and (e)). When b is
close to 1, the electrochemical reaction is largely controlled by
the capacitive behavior, while a value close to 0.5 indicates the
dominance of the diffusion process.”® The b values of P1, P2,
and P3 for NCMO cathode are 0.60, 0.55, and 0.73, respectively,
indicating that the kinetics of the cathode is largely dominated
by the diffusion-controlled process. Similarly, the peaks P1, P2,

This journal is © The Royal Society of Chemistry 2024
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and P3 for NMO cathode exhibited b values of 0.63, 0.59, and
0.71, respectively, suggesting that the kinetic behavior of the
NMO cathode is also largely dominated by the diffusion-
controlled process. In addition, the relationship between the
normalized capacity and the sweep rate (v) was patterned, as
shown in Fig. 4(c) and (f). The normalized capacity of the NMO
cathodes showed a more obvious decreasing trend with the
increase of scan rates than that of NCMO, indicating that
NCMO exhibits better high-rate performance.

Ex situ XRD analysis was carried out to investigate the energy
storage mechanism of NCMO cathodes at a specific voltage, as
depicted in Fig. S5a (ESIt). We examined the structural evolu-
tion of NCMO by performing ex situ XRD measurements at
specific states of charge and discharge processes, ranging from
0.8 to 1.9 V, at a current density of 1 A g '. The XRD patterns
indicated that there was no significant phase variation during
the charge and discharge processes. However, a 1° peak shift at
the characteristic peak (002) is observed during the charge
process, and the peak gradually became inconspicuous during
the discharge process due to the intercalation and deintercala-
tion of Zn>", which reduced the intensity of the characteristic
peaks during cycling.*® As in other aqueous ZIBs, Zn,SO4(OH)s-
nH,0 (ZHS, n = 4 or 5) was generated on the cathode during
discharge, as evidenced by the disappearance of the deposition
peaks during the charge process (Fig. S5a, ESIT)."® This obser-
vation suggests that cation intercalation is reversible.>* Speci-
fically, during the discharge process, H" and Zn>" ions migrate
to the cathode, leading to the formation of ZHS. The reverse
process occurs during the charge, resulting in the disappear-
ance of ZHS. The formation of ZHS can be expressed by
eqn (2).”

60H ™ + SO,>” +4Zn”" + nH,0 = Zn,(OH)eS0,-nH,0

(2)

During the discharge process from 1.9 V to 0.8 V, the
amount of ZHS was increased on the cathode, which is also
consistent with other literature. During the charge and dis-
charge process, there will be two different ZHS phases, namely
Zn,S04(OH)¢4H,0 and Zn,SO4(OH)¢-5H,0. During the cycling
of NCMO, as shown in Fig. S5a (ESIt), the phase of ZHS was
dominated by Zn,SO4(OH)s-5H,0 in the initial full discharge
state. Zn,SO,(OH)¢4H,0O was gradually produced with the
change of potential, which is consistent with the previous
literature.®® This also shows that the cycle of the NCMO
cathode follows the law of a typical manganese-based cathode,
and the intercalation of Cu has no significant effect on the
generation of ZHS phases. In addition to the generation of ZHS,
the peak of Mn-OH was significantly enhanced in the initial
cycle, which corresponds to the H' intercalation/deintercala-
tion of MnO,-based cathode, as shown in eqn (3),"*

MnO, + H" + e = MnOOH (3)

As the cycle progresses, due to the poor reversibility of ZHS,
ZHS will accumulate and cover on the surface of the cathode
material after long-term cycling in NMO cathode (100 cycles at a
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current density of 1 A g~ '), resulting in the enhancement of the
peaks of ZHS even at the full charge state. It is worth noting that
the reversibility of ZHS shows very good reversibility in the full
cells of NCMO cathode. In the fully charged state of 100 cycles,
the peak of ZHS can hardly be found, but in the fully discharged
state, it can still show strong ZHS peaks.

In order to gain an insight into the chemical energy storage
mechanism in the Zn//NCMO system, a systematic investiga-
tion was conducted on the NCMO electrode’s phase, crystal
structure, and morphology at various charge/discharge states
using XPS techniques. The ex situ XPS patterns of the NCMO
cathode were collected at different discharge/charge states in
the initial cycle and are presented in Fig. S6a—f (ESIT). The XPS
spectra revealed the evolution of valence states for Mn and Cu
in NCMO. Fig. S6a and b (ESIt) give the comparison of high
resolution XPS spectra of Mn 2p in full discharge and full
charge state. The proportion of Mn*" increase significantly
during the charge process. The average valence of Mn in the
full charge state and full discharge state is calculated by AE
between two peaks of Mn 3s (Fig. S6¢ and d, ESIT). The average
valence of Mn was found to be 3.43 and 2.77, respectively, in
full charge and full discharge state. During cycling, as shown in
Fig. Seée and f (ESI{), the satellite peaks of Cu®" disappeared
during discharge and reappeared when charged back to 1.90 V,
indicating Cu®" reduction and reoxidation."” The electrochemi-
cal cycling process of the NCMO cathode in ZIBs was investi-
gated to explore the mechanism of chemical energy storage.

During the whole cycle, for typical MnO,-based ZIBs, Mn**
in the electrolyte participate in the cycle of ZHS and produce
birnessite-type MnO,, which is related to the joint participation
of HY, Zn**, Mn** and ZHS in the cycle system. The introduction
of Cu enhanced the intercalation of H" and Zn**, which can be
demonstrated by Fig. S7 and S8 (ESIY). In the first cycle, NCMO
exhibited higher capacity for proton batteries in the electro-
chemical process without Zn>*, but it was difficult to continue
cycling. When Zn*>* was added to the system, the NCMO
cathode provided a very long and stable activation process.
The cycling process of the NCMO cathode prepared by the dual-
ion intercalation strategy can be shown in Fig. 4(g). On the one
hand, Cu can promote the intercalation of proton and Zn>*, and
this effect was amplified after the introduction of Na' co-
intercalation. On the other hand, the presence of Cu may
enhance the effect of ZHS in the circulation system. In NMO,
the wide interplanar spacing of the birnessite phase can
promote Zn>" intercalation, but at the same time, the ZHS
generated by Zn>" on the surface of the active material due to
proton intercalation also provides electron transfer, which
provides most of the capacity. Due to the poor reversibility of
ZHS and by-products during cycling, the active material is
gradually covered during cycling and weakens the capacity
provided by ion intercalation. However, due to the presence
of Mn** in the electrolyte, the deposited birnessite structure
provides more surfaces for the deposition of ZHS, which forms
a dynamic balance in terms of capacity performance. When
more and more irreversible Zn,MnQO, is formed on the surface
and Mn”" in the electrolyte is used up, the specific capacity of
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the battery will inevitably decline precipitously, which is also an
important factor limiting the lifespan of MnO,-based ZIBs.

The difference in electrochemical behavior between NCMO
and NMO during cycling was shown by comparing whether
Mn>" was added to the electrolyte, as shown in Fig. $9-S12
(ESIT). In the Mn”'-free electrolyte, NCMO exhibited higher
activity in the first cycle, and no activation process occurred. It
can be seen very clearly that the difference between the
potential during charge/discharge at the half reversible capacity
0(V(Q/2)) in NCMO is about 0.19 at the 100th cycle, which is
significantly smaller than 0.25 in NMO at the 100th cycle,
indicating that NCMO has a lower hysteresis degree and better
kinetic performance than NMO. In addition, in the first cycle,
NCMO exhibits a capacity provided by active Mn dissolution,
which is absent in the early stage of NMO. However, the
activation process of NMO in the electrolyte without MnSO;, is
due to the fact that NMO needs to generate ZHS in the first
cycle. In the presence of Mn”>* (from the dissolution of solid
MnO,), ZHS is a reactant and induces a deposition reaction that
forms layered zinc vernadite (Zn,MnO(OH),) nanosheets on the
cathode surface during charge process, of which plateau vol-
tage is about 1.5 V vs. Zn/Zn>". During the discharge process,
ZHS recombines and simultaneously accelerates the proton
reaction with Zn,MnO(OH),, resulting in the dissolution of
Zn,MnO(OH), nanosheets. This reversible conversion reaction
between ZHS and Zn,MnO(OH), can drive the reversible energy
storage reaction of aqueous MnO,-based ZIBs. The reaction can
be written as follows,*’

During charge process:

Zn,S04(OH)s-nH,0 + Mn*>" - Zn,MnO(OH), + (y — 4)H" +
(n —y + 5H,0 + (4 — x)Zn** + SO,>™ + (y — 2x)e”

(4)
During discharge process:

Zn,MnO(OH),, + [y + 2]JH" + (y — 2x)e” — Mn>" + xZn*" +
O+ 1)H0 (5)

47Zn** + S0, + 60H™ + nH,0 — Zn,SO,(0H)g-nH,0

(6)

The generation of Cu®" in the charge process promotes the
dissolution of Zn,MnO(OH), during the cycle of Mn-based
materials, especially when participating in the process of
eqn (5), thereby accelerate the reaction process between ZHS
and Mn**. As shown in Fig. S13b (ESIt), when a scan rate of
0.3 mV s~ ! was utilized, the CV curves indicated that Cu® was
oxidized to Cu®" during the charge process with good reversi-
bility, which is consistent with the XPS results. Cu®>" has a d°
electron configuration, signifying the occupation of one elec-
tron within each of its d orbitals. This results in a degenerate
set of d orbitals in a symmetric environment, making Cu**
more susceptible to experiencing the JT effect. When Cu®" and
the mesophase Zn,MnO(OH), are generated simultaneously
during the charge process, this JT ion will promote the distor-
tion of the [MnOg] octahedral structure (JT effect), thereby
promoting the dissolution of Zn,MnO(OH), for two-electron
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transfer on the surface.” On the other hand, Na* helps the bulk
structure to maintain a stable cycle. For NMO cathode, protons
and Zn>" can be intercalated in host materials during discharge
because of the particularity of birnessite, which provides early
capacity.®® In electrolytes containing Mn**, NCMO exhibits
excellent reversibility and gradually increased cycle capacity.
The voltage plateau of NCMO at ~1.2 V vs. Zn/Zn>" remains
clearly visible after 100 cycles, demonstrating an extremely
reversible Mn deposition reaction. In the battery assembled
with NMO cathode, after 100 cycles, the platform of Mn cycle is
no longer obvious, showing the enhancement of the reversi-
bility of Cu for the deposition and dissolution of Mn. The SEM
and EDS mapping of the NCMO cathode after 100 cycles at a
current density of 0.1 A mg™" are shown in Fig. S14 (ESIY),
which shows the stability of the NCMO as the host material.
After 100 cycles at a low current density, the NCMO cathode
maintained a similar morphology to the initial cathode without
obvious structural collapse. ZHS was synthesized as the cathode
in ZIBs to investigate the effect of Cu®>" on ZHS during charge
and discharge. As shown in Fig. S15 (ESIT), when the electrolyte
does not contain Mn>*, the ZHS cathode provides almost no
capacity. And when MnSO, is added to the electrolyte, see
Fig. S16 (ESIt), ZHS can provide an initial capacity of nearly
200 mA h g%, and it has been decaying without activation
process after the first cycle. This suggests that ZHS is indeed
involved in the Mn>*/Mn** conversion process, but due to the
insufficient reversibility of this process, this limits the possibi-
lity of a stable cycle. When the electrolyte containing 0.1 M
CuSO, (the electrolyte contains 2 M ZnSO,, 0.2 M MnSO,, and
0.1 M CuSO,) was introduced into the ZHS cathode ZIBs, high
capacities of more than 330 mA h g ' were miraculously
generated in the initial 7 cycles and the cycle curve showed a
slight activation process, as shown in Fig. S17 (ESIY), indicating
the promotion effect of Cu on the Mn deposition and dissolu-
tion process on ZHS cathode. However, its capacity decays
rapidly after the 7th cycle, because ZHS cannot be used as a
stable host material. It can be confirmed that the introduction
of Cu does promote the conversion process of Mn>*"/Mn**
involved in ZHS.

The rate performances of the NCMO and NMO electrodes
were measured over a range of current densities from 0.2 to
10 A g™, as shown in Fig. 5(a), and the specific capacities of
both electrodes decreased as the current density increased
due to the limited electrochemical reaction kinetics.
However, the Zn//NCMO battery demonstrated excellent rate
capability, delivering high capacities of 364, 290, 247, 196, 125,
and 85 mA h g~' at current densities of 0.2, 0.5, 1, 2, 5, and
10 A g7, respectively. Remarkably, the NCMO electrode exhib-
ited ~1.5 times higher capacities than those of the NMO
electrode at the same current densities, and its excellent rate
cyclability was demonstrated by recovering the reversible capa-
city of ~365 mA h g~ ! with no observable loss at a current
density of 0.2 A g '. The galvanostatic discharge/charge
curves (Fig. 5(b)) of the NCMO electrode at various current
densities showed obvious charge/discharge plateau, indicating
superior rate performance resulting from the improved

This journal is © The Royal Society of Chemistry 2024
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electron transport and ion diffusion kinetics attributed to the
modulated electronic structure and ion/charge storage sites
due to the Na* and Cu®" co-intercalation into NMO. Ex situ
SEM images further confirmed the charge storage mechanism
and the morphological evolution of the cycled NCMO cathode.
The morphology of flakes was maintained throughout the
cycling process, indicating a stable host structure. The results
of ex situ XRD, XPS, and SEM observations were in good
agreement, indicating the reversible formation and disappear-
ance of ZHS, stable host structure of NCMO, and efficient
conversion of Mn in different valence during cycling. As shown
in Fig. S13a (ESIY), after activation by a small current, the Zn//
NCMO full cell was tested for CV at a scan rate of 0.5 mV s,
and a curve with a high degree of coincidence was obtained,
showing a very stable reversible cycle performance.

To determine the cycling stability of the as-prepared materi-
als, low-rate tests at a current density of 0.5 A g~ were carried
out on NCMO and NMO, respectively. As shown in Fig. 5(c), the

This journal is © The Royal Society of Chemistry 2024

NCMO cathode with an active material mass loading of
~1 mg cm 2 displays a slow and steady rise in specific capacity
and shows a discharge capacity of 576 mA h g~ " after 100 cycles,
which is nearly 3 times that of NMO cathode. This is an
interesting phenomenon, which is consistent with the gradual
deposition of Mn-based material on the cathode by the electro-
lyte containing Mn”*. It is worth noting that when Cu was
introduced into the system, the activation process seemed to be
longer and exhibited a surprisingly high reversible specific
capacity.

As shown in Fig. 5(d), current density of 2 A g~ ' was used to
examine the high rate and long cycling performance of NCMO
cathode. At a current density of 2 A g~ ', the ZIBs with NCMO
cathodes achieved ~100% capacity retention (while NMO
exhibited a capacity retention of ~82%) and a high specific
capacity of 200 mA h g™ at 1000 cycles, which is 3.33 times
compared to that of NMO cathodes. In order to verify the
industrial feasibility of NCMO, high mass loading cathodes
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were prepared to test its regulation of Mn deposition and
dissolution under high-load conditions. As shown in Fig. 5(e),
an NCMO cathode with a moderate active material loading
of about 7.5 mg cm > was prepared. At a current density of
0.1 Ag™ " (ie., 0.75 mA ecm?), the cathode delivered a specific
capacity of 1.36 mA h cm > (181 mA h g™ ') and exhibited nearly
~90% retention after 100 cycles. When the loading was further
increased to ~10.9 mg cm™ 2, a stable reaction process of the
electrode could be found in Fig. 5(f). After 50 cycles, the voltage
plateau of the full cell is maintained at a stable level, and the
capacity retention rate is 81%. As shown in Fig. 5(g), the
NCMO cathode with high active material loading exhibited a
high specific capacity of 2.60 mA h ecm™ (239 mA h g7") in
initial cycle and a reversible capacity of 2.10 mA h cm™>
(193 mA h g™ ") after 50 stable cycles at a current density of
1.09 mA cm 2 (0.1 A g '). The strategy of simultaneously
enhancing the reactivity of surface and stability of the bulk of
cathode material seems to have strong reference significance
for future manganese oxide cathodes of aqueous ZIBs. On the
one hand, the introduction of Cu** enhances Mn**/Mn*" two-
electron transfer on the surface, and on the other hand, Na*
enhances bulk stability. An interesting phenomenon is that the
full cells seem to cycle more smoothly as the cathode mass
loading increases. Due to the reduced surface ratio, although
the specific capacity at high mass loading is lower than that at
low mass loading, NCMO still exhibits considerable high mass
loading cycle performance due to its stable bulk structure and
high surface reactivity. By comparing the work of the cathode in
the past three years as shown in Fig. 5(h), such as the mass
loading is 1,>* 2,%* 2.3,*° 5% 6.8,°® 10.5 mg cm ™2, etc., the
cathode with the dual-ion pre-intercalation strategy in this work
has achieved excellent operating capacity, recovery efficiency
and high specific capacity.

Conclusion

In conclusion, co-intercalation of Na* and Cu®" has been shown
to be an effective strategy for enhancing the electrochemical
performance of ZIBs through the fabrication of co-intercalated
birnessite manganese oxide cathodes. The combination of Na*
and Cu** amplifies the activation effect of Cu®>" on the Mn>*/
Mn*" redox pair on the surface and provide a stable host
structure for charge and discharge with the help of Na“, thereby
leading to improved specific capacity and cycling stability. The
co-intercalation of Na* and Cu®*, along with the deposition and
dissolution of Zn,MnO(OH),, and ZHS, allows for a prolonged
continuously capacity increasing process at low mass loadings
and a highly reversible manganese deposition and dissolution
process at high mass loadings. It is worth noting that the way of
achieving high mass loading capacity in this work is achieved
through a simple and mature electrode coating process, which
is low-cost and scalable. The NCMO cathode exhibited remark-
able specific capacity and cycling stability at both low and high
mass loadings, which is also the work closest to the theoretical
capacity of Mn**/Mn*" two-electron transfer in ZIBs among the
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recent studies. Among the studies of Mn>"/Mn*" two-electron
transfer strategy, this work achieves stable cycling with the
highest mass loading, demonstrating the promising potential
for practical and efficient energy storage systems. The mecha-
nism of how Cu”>* promote the deposition and dissolution of
Mn-based cathodes during cycling has also been discussed.
Overall, the results of this study suggest that the strategy of
simultaneously promoting surface two-electron transfer while
maintaining host material stability is a promising approach for
developing high-performance cathode materials for ZIBs.
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