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A B S T R A C T

Zinc-ion hybrid capacitors (ZIHCs) are amous or potential applications in grid-scale energy storage devices with
ast-charge capability. However, their industrialization is severely plagued by inerior perormance caused by the
sluggish Zn2+ desolvation kinetics with large spatial diusion hinderance o [Zn(H2O)6]2+ in the inner Helmholtz
plane (IHP) layer, especially under low-temperature surroundings. Herein, the simultaneous rapid desolvation
strategy via pore sieving and electrocatalysis is initially proposed to promote [Zn(H2O)6]2+ dissociation, regu-
lating the isolated Zn2+ behaviors in the IHP. Specically, heteroatom-decorated carbon microspheres with
multi-level channels modulate the local distribution o electronic density, generating abundant catalytic sites to
drive the kinetics o [Zn(H2O)6]2+ desolvation and ree Zn2+ diusion. Impressively, the catalytic desolvation
behaviors and storage mechanism o ZIHCs are comprehensively investigated using in-situ electrochemical quartz
crystal microbalance and various ex-situ/in-situ measurements as well as theoretical simulations, revealing sig-
nicant interactions o isolated Zn2+ in the IHP. Consequently, the assembled ZIHCs exhibit a superior capacity
o 177.2 mAh g1, corresponding to a high energy density o 158.8 Wh kg1, and provide a power density as high
as 15.7 kW kg1. Exposed to extreme environment, the ZIHCs encountered with severe solvation structure
stabilize or 10000 cycles withcapacity retention o 99.42%, providing new insights o catalytically sieving into
modulating IHP or high-perormance ZIHCs under extreme conditions.

1. Introduction

The exploitation o renewable energy sources has aced severe
challenges o intermittent production and uneven geographical

distribution, urgently requiring high-perormance energy storage sys-
tems [1–3]. Aqueous zinc-ion hybrid capacitors (ZIHCs) are regarded as
one o the promising energy storage devices owing to their high power
density and long liespan with high saety [4,5]. Unortunately, the
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electrochemical perormance o ZIHCs diers greatly rom expectations
due to the kinetics impedance in the inner Helmholtz plane (IHP) layer
at the electrode/electrolyte interace, resulting rom severe solvation
shell o [Zn(H2O)6]2+, sluggish ion diusion, and depressive Zn2+
adsorption in the electrode [6,7].

To tackle the aorementioned challenges, dierent strategies have
been employed to enhance the perormance o ZIHCs, including: pore
designing [8], deect engineering [9], interacial modiying [10] and
heteroatom doping [11]. Although encouraging progresses have been
achieved, above strategies are designed in randomwithout idealism, and
these eorts have not yet met the practical demands in rate capability
and cycling stability [12]. The depressive perormances should be
ascribed to the diculty in realizing the water-ree Zn2+ carrier [13]. As
well known, the large-size cohesive [Zn(H2O)6]2+ is ormed by strong

electrostatic coordination interaction between ree Zn2+ and H2O mol-
ecules, and increases the diusion barrier rom the electrolyte into the
interior o the electrode, leading to sluggish kinetics at the cathode and
unsatisactory Zn2+ storage, especially at low temperatures [14–16].
Thereore, regulating the solvation behaviors o [Zn(H2O)6]2+ at the
interace is strongly required or aording the isolated Zn2+.

As known, the inner structure o electric double layer on the elec-
trode is regarded as the IHP layer, and the solvated Zn2+ is not allowed
in the nanoscale-level IHP. Interacial desolvation has aroused
increasing attention or high-perormance energy storage systems,
which plays a prerequisite and rate-determining step or later diusion,
adsorption and reaction [17–20]. Fortunately, signicant eort has been
made in electrolyte strategy to regulate the solvation structure o Zn2+,
including high-concentration salts, unctional additives, and

Fig. 1. (a) Schematic illustration o Zn2+ behavior on conventional and unctionalized cathodes o ZIHCs. (b) Electrostatic potential o C O@C and C O@N doped C
as well as schematic diagrams o oxygen orbital hybridization and electron redistribution. (c) The summary o adsorption energy o Zn2+ on the active sites o pristine
C, N doped C, C O@C and C O@N doped C, respectively. (d) Comparison o desolvation energy barrier o [Zn(H2O)n]2+ with dierent hydration numbers.
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co-solvents. For example, the high-concentration electrolyte, ionic liq-
uids and quasi-solid gel electrolytes can decrease the desolvation barrier
by reducing the number o H2O coordinated with Zn2+, while the ad-
ditives and co-solvents can replace the H2O molecules in the [Zn
(H2O)6]2+ by organic molecule. However, their practical application is
hindered by high cost, high viscosity and large ion transport resistance
[21–23]. Alternatively, surace morphologies with tailored pore chan-
nels are designed to sieve the smaller [Zn(H2O)n]2+ (0≤n<6) species
[24]. However, the pore sieving eect to physically separate coordi-
nated H2O rom hydrated [Zn(H2O)6]2+ relied mainly on the strength o
electric elds to partially drive more Zn2+-related species. The partially
dissociated [Zn(H2O)n]2+ reduces the amount o isolated Zn2+ at the
interace, especially at low temperatures [25]. Similarly, near the con-
ventional carbon/electrolyte interace, solvated Zn2+ clusters accumu-
late in the OHP (outer Helmholtz plane) layer by electrostatic
interaction, and urther diuse into the IHP layer mainly by external
electric eld to overcome the large desolvation barriers, which severely
limit the diusion and storage o Zn2+ in kinetics. Theoretically, by
constructing a unctional catalytic interace with delocalized electrons,
the strong interaction between the active sites and Zn2+ can reduce the
desolvation energy barriers near the IHP and regulate the solvation shell
behaviors, thus accelerating the desolvation kinetics and realizing e-
cient Zn2+ storage (Fig. 1a) [26–28]. Up to date, the electrocatalysis has
been adopted to propel the dissociation o Li(solvents)+ or generating
more isolated Li+ to acilitate the redox reaction or plating [29–32], but
nobody knows how it works in the aqueous Zn-rated system such as
ZIHCs. Thereore, designing catalytic electrodes with suitable pore
morphology to modulate the hydrated [Zn(H2O)6]2+ behaviors in the
IHP would be benecial or achieving high perormance o ZIHCs.

Admittedly, the catalytic eciency is related with the number o
active sites, which is induced by the local electronic density redistri-
bution [33,34]. Herein, diering rom conventional architecture
designing, the molecular orbitals o carbon electrodes with the
co-existence o anionic oxygen and nitrogen are proposed to delocalize
electrons via redistribution, generating more catalytic sites on the sur-
ace rom the aspect o electronic density engineering. In detail, grating
oxygen and nitrogen atoms onto the carbon substrate pulls up the
intrinsic p-band center o the carbon layer with excessive bonding
ability, creating more delocalized electrons and controlling the bonding
ability within a suitable range. As a demo, hierarchical pore channels
decorated activated carbon microspheres (ACMs) with oxygen/nitrogen
dopants are exampled to expedite the dissociation o [Zn(H2O)6]2+ by
pore and catalytic sieving, regulating the Zn2+ behaviors in the IHP
layer. As comprehensively demonstrated via Raman and in-situ sum
requency generation (SFG) spectroscopies as well as theoretical simu-
lations, the electrocatalytic sites are acilitated to liberate numerous
Zn2+ rom hydration sheath via reducing desolvation energy barriers,
while the multilevel pore channels are assisted in sieving the large-sized
solvated cations in advance. Besides, as revealed in electrochemical
quartz crystal microbalance (EQCM), the catalytic desolvation behaviors
and charge storage mechanism o the as-prepared electrode are sys-
tematically investigated, showing signicant pseudo-capacitance prop-
erty with the interaction o isolated Zn2+. Consequently, the assembled
ZIHCs exhibit a superior capacity o 177.2 mAh g 1, corresponding to
158.8 Wh kg 1, and provide an outstanding power density up to 15.7
kW kg 1. Impressively, even under harsh condition (0◦C) with severe
solvation structure, the ZIHCs still deliver a antastic capacity o 121.0
mAh g 1 and stabilize or 10000 cycles with a capacity retention o
99.42% at 5 A g 1.

2. Results and discussion

Initially, the electronic distribution and possible dissociation be-
haviors o [Zn(H2O)6]2+ on the N/O co-doped carbon were evaluated by
density unctional theory (DFT) calculation, respectively. As displayed
in Fig. 1b, sp2-hybrid oxygen atom doped at the edge o carbon matrix

increases the local electron density, generating strong electron-donating
carbonyl (C=O) group. However, with nitrogen doping, the electron
redistribution leads to enhanced electron delocalization, weakening the
electron density and orming more catalytic sites [35]. The adsorption
energies o Zn2+ on carbon with/without dopants were urther calcu-
lated in Fig. 1c. The C=O@C presents too strong adsorption energy or
Zn2+ (-8.53 eV), trending to orm stable chemical bonds to lead the loss
o active sites. However, the C=O@N doped C exhibits moderate
adsorption energy (-0.64 eV) in avor o reversible Zn2+ adsorption/-
desorption, which is superior to pristine C (-0.11 eV) and N-doped C
(-0.15 eV). Furthermore, the total density o states (DOS) in Fig. S1 also
demonstrates that the C=O@C exhibits an extortionate p-band center
(-1.73 eV) within powerul local electrons. The s-p hybridization is
bounded to generate both bonding state (s-p) and antibonding state
(s-p*) and the extortionate p-band center would correspondingly shit
antibonding s-p* to higher energy region. Notably, the N/O co-doping
leads to electron redistribution, which makes the C=O@N doped C
with suitable p-band center o -2.53 eV, showing moderate bonding
ability with Zn2+ [36]. As urther elucidated in the partial density o
state (Fig. S2a), the C 2pz orbital electron delocalization is enhanced
ater heteroatom co-doping, enhancing the catalytic activity o the
active sites [37,38]. Meanwhile, the O 2px orbital shows a peak oDOS at
the Fermi level (Fig. S2b). The results indicate that the N-doping acil-
itates the migration o O 2px orbital electrons between active sites,
reducing the activation energy o the adsorption reaction and improving
the reversibility and structural stability o the active sites [39,40]. In
addition, the desolvation energy barriers or the removal o active H2O
molecules rom [Zn(H2O)6]2+ with/without the infuence o C=O@N
doped C were calculated, respectively. As displayed in Fig. 1d, the
gradual desolvation energy barrier o hydrated Zn2+ near the C=O@N
doped C interace is signicantly lower than beore, conorming to
above-mentioned orecast. For example, the energy required or disso-
ciating [Zn(H2O)6]2+ into isolated Zn2+ is 37.14 eV, whereas the energy
required at the C=O@N doped C interace is only 17.89 eV. Based on the
above results, the catalytic eect caused by electron density redistri-
bution plays an important role in promoting the dissociation o [Zn
(H2O)6]2+ on the C=O@N doped C, which occurs in the IHP layer with
orming more ree Zn2+.

According to the theoretical results, a N/O co-doped ACM material
was designed and demoed as the electrode or ZIHCs, as illustrated in
Fig. 2a. Briefy, the polymer microsphere precursors were synthesized
via a micro-suspension polymerization between styrene and divinyl-
benzene, where the vinyl imidazole and paran served as the nitrogen
source and the pore-orming agent, respectively. Through the air
oxidation, carbonization and CO2 activation, the N/O co-doped ACMs
with abundant micro/meso-porous structure were achieved. Scanning
electron microscopy (SEM) images o ACM-x (where x represents the
percentage amount o paran) in Figs. 2b and S3 show good spherical
morphology and narrow size distribution, indicating the perectly
inherited architecture rom the precursors (Fig. S4). Additionally, the
particle sizes o carbon are evaluated to be about 3-10 μm (Fig. S5),
which is consistent with the SEM results. Moreover, transmission elec-
tron microscopy (TEM) image o ACM-40 clearly demonstrates the
spherical shape without hollow structure (Fig. 2c). Abundant micro-
pores and somemesopores are observed in the high-resolution TEM (HR-
TEM) image o ACM-40 (Fig. 2d), which are in avor o promoting the
pre-dissolution o hydrated ions and accelerating Zn ion diusion [24,
41]. Noteworthily, no discernible lattice ringes are observed in the
HR-TEM image while diraction rings belonging to amorphous phase
are observed in the selected electron diraction (SAED) pattern, sug-
gesting the amorphous structure [42]. Furthermore, the element map-
ping images (Fig. 2e) o ACM-40 conrm the homogeneous distribution
o C, N, and O elements throughout the microspheres.

X-ray diraction patterns in Fig. 2 clearly show a high strength at
low angle and only a tiny wide peak at about 43◦ corresponding to the
(100) plane, indicating the amorphous property [42]. The Raman
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spectra (Fig. 2g) reveal the ACM-40 with the largest value o ID/IG (2.42)
and the smallest value o La (Figs. S6 and S7), indicating higher degree o
disorder and more topological deects in the carbon lattices [11,43].
Further, the adsorption-desorption isotherm o microporous ACM-x se-
ries are investigated with H4-type hysteresis loops (Fig. 2h), indicating
their hierarchical porous structure [44]. In addition, all the ACM-x
samples have displayed the micro/meso-pores (Fig. 2i). Notably, as
summarized in Table S1, the ACM-40 exhibits high specic surace area
up to 2775.4 cm2 g 1 and the highest meso-porosity ratio (39.89%),

which is benecial or the desolvation pathway [24]. Considering the
ideal size o [Zn(H2O)6]2+ (0.86 nm), the ACM-40 delivers the highest
S>0.86nm/SBET ratio o 66.48%, which signicantly improves the utili-
zation o electrochemical active sites [8]. To ascertain the chemical
surroundings, X-ray photoelectron spectroscopy was urther perormed
(Fig. S8). The O 1s spectrum can be tted to our peaks o carbonyl
(-C=O, 531.0 eV), carboxyl (-C-OH, 532.1 eV), carboxyl (-COOH, 533.0
eV) and chemisorbed oxygen (534.0 eV), respectively (Fig. 2j) [45].
Accordingly, the oxygen content in the ACM-40 sample is 3.84%

Fig. 2. (a) Schematic illustration o the preparation process o ACM-x samples. (b) SEM, (c) TEM, (d) HR-TEM images o ACM-40 with the corresponding SAED and
(e) HAADF-TEM image and corresponding elemental mapping o ACM-40. () X-ray diraction patterns o CM-40 and ACM-x, (g) Raman spectra o ACM-x, (h)
Nitrogen adsorption/desorption isotherms, (i) pore-size distributions o AMC-x. High-resolution O 1s (j) and N 1s (k) X-ray photoelectron spectra o ACM-x.



(Table S2) and the -C-OH accounts or the highest ratio. In addition, the
ACM-40 sample also has the highest nitrogen content up to 1.31%,
which exists in three orms o pyridinic-N (398.4 eV), pyrrolic-N (400.2
eV) and graphitic-N (402.0 eV) (Fig. 2k) [46]. Meanwhile, the Fourier
transorm inrared spectroscopy was also employed to investigate the
ACM-40 surace unctional groups, conrming the presence o nitro-
gen/oxygen unctional groups (Fig. S9) [47]. The N/O co-doping het-
eroatoms not only regulate the space charge distribution o carbon
matrix, but also boost the electrochemically active sites.

To veriy the changes o solvation structure in the IHP, Raman
spectra o ACM-40 electrode with commercial ZnSO4 electrolyte were
compared (Fig. 3a). Generally, the solvent separated ion pairs (SSIP,
[Zn2+(H2O)6 SO42 ]) and contact ion pairs (CIP, [Zn2+(H2O)5 OSO32 ])
are existed in the bulk electrolyte[48]. A slight blue shit o the v-SO42
occurs when introducing the ACM-40 into the system, corresponding to
the conversion rom SSIP to CIP [14]. The relative intensity o the
HOH-OSO32 peak at the electrode/electrolyte interace o ACM-40 is
enhanced in the solvation structure, implying an increase in the local
Zn2+ concentration caused by catalytic desolvation at the interace [49].

Furthermore, the ACM-40 displays the smallest integrated area ratio
(25.04, Fig. S10) o the v-SO42 band and the v-OH band [50], indicating
the best desolvation eect.

Since the dissociation process occurs at the electrode/electrolyte
interace, the interace-sensitive SFG is suitable or dynamically moni-
toring the dissociation behavior o [Zn(H2O)6]2+ at the electrolyte/
cathode interace by observing and probing the status o O-H band
(Fig. 3b) [51,52]. The in-situ SFG is a second-order nonlinear optical
technique that utilizes a visible and an inrared incident laser beam
overlapping in an asymmetric interace region to generate a third beam
(SFG signal) [53,54]. As illustrated in Fig. 3c, these observed peaks in
the SFG o ACM-0 are attributed to ice-like water (tetrahedrally coor-
dinated water molecules, ~3100 cm 1), liquid-water (a more random
arrangement, ~3300 cm 1), material interace dangling O-H (~3500
cm 1) and ree O-H (water interace dangling, ~3700 cm 1), respec-
tively, indicating the presence o water solvents at the electro-
de/electrolyte interace.[51,53,55,56] Upon applying bias voltage o 40
mV, the signal o the O-H band in the ree water is obviously enhanced,
suggesting the accumulation o ree water at the interace. Signicantly,

Fig. 3. (a) Raman spectra o pristine 2M ZnSO4 solution with/without ACM-40 catalyst in electrolyte. (b) Schematic diagram o in-situ SFG probing the electrolyte/
electrode interace as well as molecular states o the Zn2+ solvated structure with/without bias voltage. The intensity changes o SFG spectra o Zn2+ solvation
structure on the (c) ACM-0 and (d) ACM-40 with/without the bias o 40 mV in the -OH region, respectively. (e) Schematic diagram o in-situ EQCM device. () CV
curve at 10 mV s1 and response to corresponding mass changes. The variation curve o mass with charge during (g) discharge and (h) charging processes,
respectively.
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as shown in the SFG spectrum o ACM-40 (Fig. 3d), the signal o O-H
band in the ree water almost disappears with the application o bias
voltage, indicating the dissociation and dissipation o ree water at the
interace. In comparison, the SFG signal o ACM-20 does not change
signicantly, while the ACM-60 shows a similar trend to ACM-40
(Fig. S11), suggesting the ast desolvation with more catalytic sites
and deep electronic delocalization.

Furthermore, an advanced electrogravimetric analysis or the ACM-
40 cathode is urther adopted by in-situ EQCM to study its electro-
chemical behavior through tracing the weight variation during charging
and discharging processes (Fig. 3e). Combined with EQCM and ex-situ
XRD, simultaneous mass changes on the ACM-40 cathode were sensi-
tively recorded and clearly distinguished into our sections with signi-
icant dierences on the types o adsorbent ions (Figs. 3 and S12) [57,
58]. As shown in Fig. 3g, the response curve o the mass change with
charge during the discharging process can be divided into two regions "I"
(1.8-1.1V) and "II" (1.1-0.2V). The decrease omass in region "I" with the
accumulation o charge is attributed to the adsorption o Zn2+ derived
rom the solvation shell. The mass o the cathode in region "II" increases
rapidly with the accumulation o charge, which corresponds to the
precipitation o Zn4SO4(OH)6 5H2O, the adsorption o Zn2+/H+ and the
desorption o SO24 [8]. In addition, as shown in Fig. 3h, the response
curve o mass change with charge during the charging process can also
be distinguished into two regions "III" (0.2-1.23V) and "IV" (1.23-1.8V).
The mass o the region "III" decreases rapidly with the accumulation o
charge due to the dissolution o Zn4SO4(OH)6 5H2O and the desorption
o Zn2+/H+. The mass o the cathode in the region "IV" decreases slowly
with the accumulation o charge, corresponding to the desorption o
Zn2+ and SO24 [50]. The in-situ EQCM experiment results show that
Zn2+ cations derived rom the [Zn(H2O)6]2+ participate in the reversible
chemisorption reaction o the ACM-40 cathode, improving the
pseudo-capacitance and charge storage capacity o ZIHCs.

Based on the ast desolvation promotion by catalytic and pore
sieving, the electrochemical properties o assembled ZIHCs (denoted as
ACM-x//Zn) were urther evaluated (Fig. 4a). Firstly, a large potential
dierence is observed in the cyclic voltammetry (CV) curves o the
ZIHCs (Fig. S13), indicating a wide voltage window o ACM-40//Zn
[59]. Both the CV curves (Fig. S14) and galvanostatic
charge-discharge (GCD) curves (Fig. S15) o ACM-40//Zn demonstrate
typical pseudo-capacitive energy storage mechanism induced by the
N/O doping [60]. Notably, the CV curve o ACM-40//Zn exhibits the
largest integrated area, demonstrating the highest capacitive peror-
mance. The ACM-40//Zn ZIHC possesses the largest specic capacitance
o 177.2 mAh g 1 at 0.1 A g 1, surpassing the other ACM-x//Zn systems.
Even enhancing to 20 A g 1, a high capacity o 90.7 mAh g 1 is achieved
(Fig. 4b). Besides, the Nyquist plot o the ACM-40 shows the smallest
charge transer resistance than those o the other samples (Fig. S16),
indicating its stronger charge transer capacity and lower diusion
barriers. Ater tting the experimental results (Fig. S17 and S18), the
activation energy o the ACM-40 cathode is calculated to be 13.00 kJ
mol 1 according to the Arrhenius equation, which is lower than others,
indicating that the ACM-40 cathode has the greater ability to remove the
Zn2+ rom the solvation sheath and promote ion transer kinetics.
Additionally, as shown in Fig. 4c, ACM-40 presents the smallest Warburg
coecient (σ) value, suggesting the astest Zn2+ diusion kinetics in
ACM-40. Through the i = avb equation where i is the peak current and
ν is the sweep rate, the calculated b values o ACM-40 are 0.896 (the
reduction peaks) and 0.946 (the oxidization peaks), respectively, indi-
cating its mainly capacitive reaction with ast electrochemical kinetics
(Fig. S19) [61]. Moreover, according to the Dunn method (i = k1v +
k2v0.5), the diusion behavior contribution is also considerable, even
up to 37% at 5 mV s 1 (Fig. 4d), indicating its superior
pseudo-capacitance [62].

To urther evaluate the potential or practical application, dierent
mass loading ACM-40 cathodes were investigated. The ACM-40//Zn

with 12 mg cm 2 still displays 93.1 mAh g 1 (Fig. S20). As expected,
the ACM-40//Zn also provided a battery-level energy density o 158.78
Wh kg 1 at a power density o 92.40 W kg 1, and maintained a high
energy density o 70.21 Wh kg 1 even at a high power density o 15.7
kW kg 1, signicantly superior to other reported carbon-based ZIHCs
(Fig. S21) [63–67]. In practical applications, ZIHCs suer rom the se-
vere challenge o larger solvation shell under low temperature envi-
ronment, where the ionic conductivity drops sharply with the decreased
temperature. As shown in Fig. 4e, the ACM-40//Zn operating at 0◦C
delivers a desirable specic capacity o 121.0 mAh g 1 at 0.1 A g 1.
Meanwhile, the ACM-40//Zn displays impressive rate behaviors and
achieves a noteworthy capacity o 74.6 mAh g 1 when subjected to a
current density o 20 A g 1 under 0◦C, which is superior to the elec-
trochemical perormance o commercial activated carbon YP-50F at
25◦C. Finally, the ACM-40//Zn discloses high-capacity retentions o
95.73% and 99.42% ater 10000 cycles at 5 A g 1 under 25 or 0◦C,
respectively (Figs. 4 and S22). Both Coulombic eciencies were close
to 100%, showing outstanding cyclic stability and wide operating tem-
perature range. The surprising low-temperature electrochemical prop-
erties are attributed to the rapid ion diusion kinetics accelerated by the
ast desolvation process at the surace o ACM-40 cathode.

To veriy the fexibility o ACM-40 materials, a fexible quasi-solid-
state ZIHC with polyacrylamide/ZnSO4 gel as the electrolyte was
urther assembled. A high open-circuit voltage o 1.30 V is remained
ater resting or 500 h, indicating its outstanding sel-discharge resis-
tance capability (Figs. 4g and S23). Moreover, the quasi-solid-state ZIHC
exhibited excellent rate perormance in Fig. 4h, where a maximum
specic capacity o 173.0 mAh g 1 was obtained at 0.1 A g 1 and a
reversible specic capacity o 41.7 mAh g 1 was presented even at 20 A
g 1. When the assembled quasi-solid-state ZIHC was bent at dierent
angles or multiple times at 90◦, the CV curves experienced little change,
demonstrating an excellent fexibility and reversibility (Fig. S24). Fig. 4i
shows the quasi-solid-state ZIHCs exhibit a high energy density o
154.46 Wh kg 1 and a high power density o 7.3 kW kg 1, making it an
excellent candidate to drive the lights or smart devices (Fig. 4h inset). It
is signicant to point out the improvement over previously reported
quasi-solid-state ZIHCs [63–66,68]. Consistently, the quasi-solid-state
ZIHC stabilizes the capacity retention rate o 92.62% at 5 A g 1 and
Coulombic eciency as high as 100% ater 10000 cycles (Fig. S25).
These results demonstrate the pore and catalytic sieving in regulating
IHP or practical application.

3. Conclusion

In summary, to regulate the Zn2+ behaviors in the IHP layer, the
dissociation o [Zn(H2O)6]2+ or accelerating Zn2+ diusion kinetics is
realized by coupling pore sieving and electrocatalysis on the N/O co-
doped ACM electrode with multilevel channels, serving as an catalytic
accelerator. The catalytic desolvation mechanism o the designed elec-
trode is comprehensively investigated by in-situ electrochemical char-
acterizations and theoretical simulations. As a result, the obtained
multiunctional cathode enables the ZIHCs with an outstanding capacity
o 177.2 mAh g 1 and a power density up to 15.7 kW kg 1. Even
operating at harsh condition (0◦C) with severe solvation structure, the
ZIHC still delivers a antastic capacity o 121.0 mAh g 1 and stabilizes
or 10000 cycles with a capacity retention o 99.42% at 5 A g 1. This
work provides a easible strategy or enhancing the Zn2+ storage capa-
bility o electrode by simultaneously catalyzing and sieving the solva-
tion structure o Zn2+, raising a bright way to achieve high-perormance
Zn-related electrochemical systems.
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