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Single-atom Ni catalysis accelerates desolvation
for high performance Zn–MnO2 batteries
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The Zn(solvents)x
2+, with high desolvation energy barriers, leads to

the formation of H+ and partial desolvated Zn2+ simultaneously

intercalated into the MnO2 cathode. A single-atom Ni catalyst on

nitrogen-doped carbon (SANi-NC) is introduced to achieve stepwise

atom-level catalytic desolvation of Zn(H2O)x
2+, which enables more

insertion of Zn2+, thereby achieving high-performance Zn–MnO2

batteries.

Aqueous Zn metal batteries are regarded as promising next-
generation energy storage systems due to their inherent safety
and low cost, with the Zn anode delivering a high theoretical
capacity of 820 mAh g�1 via two-electron redox reactions.1–3

Among various cathodes, MnO2 is particularly attractive due to
its spacious tunnel structure and expected two-electron Mn4+/
Mn2+ capacity of 616 mAh g�1.4 However, its practical perfor-
mance is severely constrained by several tough issues. The
sluggish transport and high desolvation barriers of Zn(H2O)6

2+

lead to accumulation of incompletely desolvated species and
massive free active H2O at the MnO2 cathode–electrolyte
interface.5–7 In addition, the competitive co-intercalation of par-
tially desolvated Zn(H2O)x

2+ and H+ reduces the reactive sites and
shifts the redox from two-electron (616 mAh g�1) to single-
electron Mn4+/Mn3+ (308 mAh g�1, Fig. 1a).8,9 Moreover, the
accompanying intercalation/deintercalation of Zn(H2O)x

2+ and

H+ also induce lattice distortion of MnO2, further accelerating
Mnn+ dissolution and deteriorating battery performance.10–12

To address these challenges, electrolyte engineering has
been widely employed to weaken Zn2+–H2O interactions and
reconstruct the solvation structure.13–15 While this approach
reduces the desolvation barrier of Zn(H2O)6

2+ and liberates
more free Zn2+, the strong coordination between electrolyte
additives and Zn2+ creates a new desolvation penalty. Moreover,
parasitic reactions with the Zn anode further compromise
battery performance.16 An alternative strategy is catalytic engi-
neering, which introduces electrocatalysts at the cathode–elec-
trolyte interface to regulate interfacial ionic kinetics. In our
previous work, we proposed a stepwise catalytic desolvation
strategy in which electrocatalysts form strong interactions with
H2O to weaken Zn2+–H2O bonding and lower the desolvation
barrier, aiming at rapid interfacial charge transport, fast Zn2+

diffusion and H2O-free intercalation.17–19 However, conven-
tional electrocatalysts often suffer from insufficient catalytic
activity and underutilized active sites.20,21

Single-atom catalysts (SACs) offer compelling advantages in
this regard, exhibiting 100% atomic utilization and facile
synthesis.22 They can anchor H2O via strong orbital interac-
tions between central metal orbitals and O atoms, as well as
between coordinated N and H atoms, thereby restricting inter-
facial H2O migration.23 Meanwhile, orbital hybridization

Fig. 1 (a) Mechanism diagram illustrating the effect of Zn(H2O)6
2+ on

MnO2 cathodes without/with electrocatalysts. (b) Schematic mechanism
of atomic-level tandem catalytic desolvation enabled by SACs.
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between central metal sites and Zn species accelerates inter-
facial charge transfer, enabling rapid desolvation and endow-
ing Zn8MnO2 batteries with satisfactory long-term cycling
stability.24,25 Therefore, it is of significance to construct inter-
facial atomic catalysts to accelerate the formation of free Zn2+ at
the cathode interface.

In this work, Ni single atoms (SANi) are initially immobilized
on N-doped carbon (Fig. 1b), working as a functional glass fiber
separator (SANi-NC@GF). Theoretical calculations reveal that
the introduced SANi anchors H2O with a strong binding energy
of 0.17 eV, disrupting the solvation structure of Zn(H2O)6

2+ and
accelerating the desolvation barrier from 2.56 eV to 1.80 eV.
Benefiting from the synergistic effect of highly active SANi sites
and the fast electron transport of N-doped carbon, fast Zn2+

migration is achieved. Consequently, the Zn|SANi-NC@GF|MnO2

full cell delivers a high specific capacity of 414.5 mAh g�1 after 180
cycles under a current density of 0.5 A g�1.

As shown in Fig. 2a, high-density isolated Ni atoms are
uniformly dispersed on the surface of NC, confirming the
successful fabrication of SANi-NC. Elemental mappings further
verify the homogeneous distribution of C, N and Ni (Fig. 2b).
X-ray photoelectron spectroscopy (XPS) corroborates the
presence of C, N and Ni, while the weak Ni signal originates
from the Ni atom loading content (Fig. 2c, d and Fig. S1). Owing
to the coordination between Ni and N atoms, Ni loses electrons
and presents an elevated valence state (Ni 2p3/2, 855.1 eV).
Meanwhile, the N 1s spectrum is deconvoluted into graphitic N,
pyrrolic N, pyridinic N, and Ni–N peaks, demonstrating that Ni
atoms are doped into the carbon framework and bonded with N
configurations (Fig. 2d).26–28 Additionally, abundant N active
sites coupled with SANi synergistically anchor H2O through
hydrogen bonds and the empty 3d orbitals of the central Ni
atoms. Synchrotron X-ray absorption spectroscopy (XAS) was
utilized to further investigate the chemical environment of Ni
in SANi-NC. As shown in Fig. 2e and f, partial electrons of Ni are
captured by N, leading to an intermediate oxidation state of Ni
between Ni0 and Ni2+, which is consistent with the XPS results.

Moreover, a fitted peak located at approximately 1.71 Å
is observed, which is ascribed to the Ni–N bond.29,30 Further-
more, no other distinct Ni–Ni bonding signal is detected,
further verifying that Ni atoms exist exclusively as isolated
single atoms.

Subsequently, a theoretical model of SANi-NC was con-
structed based on the XAS and XPS results. A series of adsorp-
tion energies toward H2O and Zn species, as well as desolvation
energy barriers of Zn(H2O)6

2+, were obtained. As shown in
Fig. 3a, benefiting from the synergistic effect of the unsaturated
Ni atom and coordinated N atoms, the adsorption energy of
H2O on SANi-NC (0.17 eV) is stronger than that on NC (0.09 eV).
Meanwhile, 3d orbital hybridization between Ni and Zn enables
stronger adsorption of Zn on SANi-NC (�0.28 eV) compared
with NC (�0.21 eV), suggesting that the Ni atomic sites can
immobilize Zn(H2O)6

2+ and further accelerate the subsequent
desolvation process (Fig. 3b).31 Then, the desolvation energy
barriers of Zn(H2O)6

2+ on SANi-NC and NC substrates were
calculated. Owing to the strong adsorption capacity of SANi-NC
toward both H2O and Zn2+, Zn(H2O)6

2+ can be firmly captured.
Combined with the continuous electron transport network of
NC, a low desolvation barrier of 1.80 eV is achieved on SANi-NC
(Fig. 3c and Fig. S2). In contrast, the limited active sites on bare
NC lead to a higher desolvation barrier of 2.56 eV. Incomplete
interfacial desolvation leaves abundant active H2O, which
triggers severe interfacial side reactions and restricts the redox
process to the single-electron Mn4+/Mn3+ pathway.32 Accord-
ingly, the migration energy barrier of interfacial Zn2+ was also
compared. The introduction of low-electronegativity Ni atoms,
with abundant free electrons, increases the free electron den-
sity in SANi-NC and expands the delocalized charge distribu-
tion, simultaneously lowering both the desolvation barrier and
migration energy barrier (0.06 eV, Fig. 3d).33 In contrast, the
sparsely distributed N dopants on bare NC act as electron traps
and hinder Zn0 diffusion, corresponding to a higher diffusion
barrier of 0.11 eV (Fig. 3d and Fig. S3, S4). Thus, Ni atoms
anchor H2O to weaken the Zn2+–H2O bonding interaction

Fig. 2 (a) High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images. (b) The corresponding element map-
ping images. XPS spectra of (c) Ni 2p and (d) N 1s. (e) FT-EXAFS curves and
(f) fitting curves of SANi-NC, Ni foil and NiO.

Fig. 3 The adsorption energy of (a) H2O and (b) Zn, (c) desolvation energy
barrier of Zn(H2O)6

2+, and (d) diffusion energy barrier of Zn on NC with/
without SANi. (e) Schematic diagram of fast Zn(H2O)6

2+ desolvation and
ionic migration on NC with/without SANi.
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within Zn(H2O)6
2+ (Fig. 3e). Coupled with the rapid electron

conduction of NC, the desolvation of Zn(H2O)6
2+ is greatly

promoted, liberating massive free Zn2+.34 Meanwhile, fast
Zn2+ transport and decreased residual interfacial active H2O
jointly contribute to highly stable and high-performance
Zn8MnO2 batteries.35

Subsequently, SANi-NC@GF served as a functional separator
in Zn8MnO2 cells to accelerate interfacial Zn2+ transport
kinetics.36 As shown in Fig. S5, benefiting from the optimized
regulation of interfacial ion transport, the SANi-NC@GF-based
Zn8MnO2 cell delivers reduced interfacial impedance, laying a
foundation for outstanding electrochemical performance. Cyc-
lic voltammetry (CV) measurements at various scan rates were
carried out for Zn|GF|MnO2 cells with/without SANi-NC (Fig. 4a
and b). Within the initial CV curves recorded at scan rates
ranging from 0.1 to 0.7 mV s�1, the voltage gaps between
oxidation (peak C) and reduction (peak D) peaks of the cell
with bare GF reach 81.3 mV and 34.0 mV, respectively, con-
siderably larger than those of the SANi-NC@GF-based cell
(63.9 mV and 26.1 mV, respectively). This phenomenon originates
from the presence of partially desolvated Zn(H2O)x

2+ at the inter-
face, which induces sluggish ionic transport and leads to compe-
titive embedding of active H2O, resulting in severe electrochemical
hysteresis, especially during the charging process.37 Furthermore,
the slope derived from plotting peak current (Ip) against the square
root of scan rate provides straightforward insight into interfacial
ionic diffusion behaviors. As shown in Fig. 4c and Fig. S6, the
Zn|SANi-NC@GF|MnO2 cell exhibits much higher Ip values for
both peak C and peak D (124.3 and 57.1), further verifying
accelerated interfacial ionic diffusion kinetics. Galvanostatic
charge/discharge tests were further performed to confirm the
catalytic effect of SANi-NC on full cell performance. Under a
current density of 0.1 A g�1, the bare Zn|GF|MnO2 cell suffers
severe capacity decay, retaining only 217.3 mAh g�1 after 44 cycles
(Fig. 4d). In contrast, benefiting from the optimized Zn2+ transport
kinetics enabled by SANi-NC, the cell maintains a high discharge
specific capacity of 470.8 mAh g�1 over 100 cycles. What’s more,
under a higher current density of 0.5 A g�1, the strong electric field
partially weakens the interfacial desolvation capability. Thus, the

Zn|SANi-NC@GF|MnO2 cell still retains a capacity of
414.5 mAh g�1 after 180 cycles (Fig. 4e). Notably, due to inter-
facial activation and the construction of fast ion transport
pathways, the discharge specific capacity of the cell with SANi-
NC@GF gradually rises in the early cycling stage, increasing
from 411.2 mAh g�1 (1st cycle) to 622.8 mAh g�1 (100th cycle,
Fig. 4f). By contrast, the bare GF-based cell maintains a
persistently low discharge capacity throughout the electroche-
mical reactions due to the absence of efficient ionic transport
channels and continuous interfacial degradation.

In summary, SANi-NC serves as an interfacial ionic kinetic
regulator to realize rapid desolvation of Zn(H2O)6

2+ at the
cathode–electrolyte interface, thereby accelerating reactions.
Theoretical calculations demonstrate that the atomic SANi
active sites can firmly anchor H2O (0.17 eV), propel interfacial
charge transfer, and simultaneously reduce the desolvation
barrier of Zn(H2O)6

2+ (1.80 eV) and the diffusion barrier of
Zn2+ (0.06 eV). As a result, the Zn|SANi-NC@GF|MnO2 cell
retains a high specific capacity of 470.8 mAh g�1 after 100
cycles at 0.1 A g�1. This work offers a novel strategy for
developing high-performance Zn8MnO2 batteries by utilizing
single-atom stepwise catalytic desolvation.
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