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HIGHLIGHTS

e Hierarchical anJ'/NH4Jr solvation structure induces cathodic interfacial Helmholtz plane reconfiguration to enhance spatial charge

density and capacity storage.

e Hydrated NH,* ions afford high-kinetics and ultrastable C---H charge storage due to a much lower desolvation energy barrier compared
with large-sized Zn(H20)62+ (5.81vs. 14.90eV).

e Interfacial anJr/NH‘fr co-storage endow the hybrid capacitor with high capacity (240 mAh g™1), large-current tolerance (50 A g™1)
and ultralong lifespan (400,000 cycles).

ABSTRACT Compared with Zn**, the current mainly reported charge carrier for Cationic Solvation

zinc hybrid capacitors, small-hydrated-sized and light-weight NH,* is expected as Engineering

a better one to mediate cathodic interfacial electrochemical behaviors, yet has not Rapid-kinetics High-reactivity

been unraveled. Here we propose an NH,*-modulated cationic solvation strategy

to optimize cathodic spatial charge distribution and achieve dynamic Zn**/NH,*

co-storage for boosting Zinc hybrid capacitors. Owing to the hierarchical cationic

solvated structure in hybrid Zn(CF;SO;),-NH,CF;SOj; electrolyte, high-reactive C--NH,* \.:' N gy

Zn** and small-hydrate-sized NH,(H,0),* induce cathodic interfacial Helmholtz H-bonding g _ _-" ionic bon ding
plane reconfiguration, thus effectively enhancing the spatial charge density to 1 \é—/
activate 20% capacity enhancement. Furthermore, cathodic interfacial adsorbed ~ NH4(H;0)s*  NH,* Zn?*  Zn(H,0)¢**
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hydrated NH," ions afford high-kinetics and ultrastable C--*H (NH,*) charge ~ © '« '~ g NI NI RiE s SIS

storage process due to a much lower desolvation energy barrier compared with
€ e e e e € e e e e €
heavy and rigid Zn(H,0)2* (5.81 vs. 14.90 eV). Consequently, physical uptake
vy and rigid Zn(H,0)s (2 Vs ) quently, physical upt: Carbon Cathode
and multielectron redox of Zn“*/NH,* in carbon cathode enable the zinc capacitor
to deliver high capacity (240 mAh g~ at 0.5 A g~!), large-current tolerance (130 mAh g~! at 50 A g~!) and ultralong lifespan (400,000

cycles). This study gives new insights into the design of cathode—electrolyte interfaces toward advanced zinc-based energy storage.
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1 Introduction

Aqueous zinc-ion hybrid capacitors (ZHCs) have recently
emerged as highly competitive power-storage candidates
due to their inherited dual superiorities from battery-type
Zn anodes and supercapacitor-type carbon-based cathodes
[1-5]. The reversible deposition/stripping behavior of Zn
anode delivers high theoretical gravimetric capacity (820
mAh g~') and suitable redox potential (—0.76 V vs. the
standard hydrogen electrode), providing sufficient charges
for electrochemical energy storage [6—11]. Therefore, sig-
nificant efforts have been made to develop high-performance
cathode materials for propelling ZHCs, mainly focusing on
customizing carbon nanostructures [12—-17]. However, the
developed carbon cathodes still suffer from an energy stor-
age plafond at the electrode—electrolyte interfaces due to
intrinsic inadequate zincophilic activity and unsustainable
adsorption behavior, which hinder the performance improve-
ment of ZHCs [18-20]. To cope with these dilemmas, the
key breakthrough lies in designing highly electroactive and
stable cathode—electrolyte interfaces to achieve more effi-
cient charge storage.

Capacitive energy storage of carbon cathodes mainly
relies on the electric double-layer (EDL) mechanism, which
is largely determined by the specific surface area (SSA) and
the distribution of charge carriers in electrolytes [21-24]. A
large SSA can effectively expand electrode/electrolyte con-
tact and carbon cathode capacity [25-29]. Nevertheless, the
SSA of carbon cathodes is difficult to increase indefinitely,
accompanied by negative effects such as inaccessible pores
and poor pore-ion compatibility, leading to limited capac-
ity enhancement [30, 31]. Charge carriers play an essential
role in regulating the dynamic charge transfer and spatial
storage at cathode interfaces, where high-density interfacial
charge is beneficial for increasing carbon cathode capacity
[12, 32, 33]. In this regard, the size and solvation structure of
charge carriers considerably affect interfacial electrochemi-
cal behavior and EDL energy storage [34]. Thus, the spatial
distribution of charge carriers at the cathode—electrolyte
interface is particularly critical for efficient charge storage
but has never been unraveled.

Metallic Zn** ions usually behave as highly active charge
carriers for ZHCs, but their large hydrated structure and high
desolvation energy led to a sluggish interfacial charge stor-
age process, especially at high currents [35, 36]. In contrast,
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non-metallic NH,* charge carriers show smaller hydrate
size and lighter weight, giving enhanced dehydration and
rapid reaction kinetics [37—40]. Moreover, NH4Jr ions pos-
sess beneficial tetrahedral geometry and strong preferential
orientation. Their interfacial non-metallic H-bonding inter-
action with cathodes is quite flexible compared with heavy
and rigid Zn" ions, exhibiting a strong vitality to overcome
the kinetics and stability hurdles. The respective structure/
function originality of (non-)metallic charge carriers inspire
us to consider whether high-active Zn>* and high-kinetics
NH,* ions can serve as a powerful protocol for synergisti-
cally reconfiguring the cathodic-electrolyte interface spatial
charge distribution and achieve efficient charge storage.

Herein, we propose a NH,*-modulated cationic solvation
strategy to optimize spatial charge distribution and afford
dynamic Zn>*/NH,* co-storage for improving the rate and
cycling metrics of ZHCs. Featured with hierarchical solvated
cation structure in Zn(OTF),~NH,OTF hybrid electrolyte
(CF;S0,=OTF), high-reactive Zn>* and small-hydrate-
sized NH," charge carriers can be redistributed to enable
Helmholtz plane reconfiguration for effectively improving
the spatial charge density and capacitive response (20%
capacity enhancement). Moreover, NH,(H,0),* ions afford
high-kinetics and ultrastable charge storage process due to
a much lower desolvation energy obstacle compared with
large and rigid Zn(H20)62+ ions (5.81 vs. 14.90 eV). As
a consequence, physical uptake and multielectron redox of
Zn**/NH,* in carbon cathode empower ZHCs with high-rate
capacities and long-term cyclic stability. This work lays the
foundation for designing cationic electrolytes for advanced
ZHCs.

2 Experimental Section

2.1 Material Synthesis

2.1.1 Preparation of Aqueous Electrolytes

Different amounts of Zn(OTF), and NH,OTF salts were dis-
solved into deionized water, to obtain aqueous electrolytes

of 2 M NH,OTF, 2 M Zn(OTF), and 1 M NH,OTF + 1 M
Zn(OTF),.

https://doi.org/10.1007/s40820-025-01660-0
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2.1.2 Synthesis of Zn-MOFs (MET-6)

In a typical synthesis, 3.0 g of ZnCl, was dissolved in a
mixed solvent comprising ethanol (30 mL), deionized
water (50 mL), ammonium hydroxide (12 mL, 25%—-28%)
and N,N-dimethylformamide (DMF, 30 mL). Subsequently,
4 mL of 1H-1,2,3-triazole was gradually added to the solu-
tion under stirring at room temperature for 12 h. All these
chemicals were purchased from Adamas-beta without any
purification. Then the product obtained was filtered and
washed thoroughly with ethanol and then dried at 80 °C for
12 h, resulting in the formation of a white powder (MET-6).

2.1.3 Synthesis of Porous Functional Carbon (PFC)

The synthesized MET-6 precursor was subjected to anneal-
ing at 800 °C for 2 h under a nitrogen atmosphere, with a
heating rate of 2 °C min~!. The resulting carbonized mate-
rial was treated with 4 M HCI for 4 h to remove the zinc
components, followed by thorough washing with water and
drying at 80 °C for 24 h. PFC@Zn was obtained in the same
procedure without hydrochloric acid etching.

2.2 Characterizations

The size distribution and ionic conductivity of electrolytes
were characterized via dynamic light scattering instrument
and zeta potential (Litesizer 500). Field-emission scanning
electron microscopy (SEM, Hitachi S-4800) and transmis-
sion electron microscopy (TEM, JEM-2100) with an inte-
grated X-ray energy-dispersive spectroscopy (EDS) system
were utilized to examine the morphologies and elemental
distributions. X-ray photoelectron spectroscopy (XPS,
AXIS Ultra DLD) was employed to analyze the surface
elemental composition and chemical states of the sam-
ples. Fourier-transform infrared (FT-IR) spectroscopy was
conducted using a Thermo Nicolet NEXUS spectrometer.
Nitrogen adsorption—desorption measurements were per-
formed with a Micromeritics ASAP2020 analyzer to deter-
mine the Brunauer-Emmett-Teller (BET) surface area and
pore size distribution.

Ex situ spectroscopic techniques, including XPS, SEM
and FT-IR, were employed to investigate the surface chem-
istry of the cathode. Cathode samples were prepared by
disassembling the batteries at specific voltages during
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the (de)charging process. The electrodes were thoroughly
washed with distilled water to remove glass fibers and
residual electrolytes. Subsequently, the cleaned electrodes
were dried overnight in a vacuum oven at 60 °C to prevent
oxidation of the samples.

2.3 Electrochemical Measurements

The cathode was fabricated by mixing the PFC active
material (70 wt%), acetylene black (20 wt%) and polyte-
trafluoroethylene binder (10 wt%) into a uniform slurry.
The mixture was then coated onto a titanium foil and dried
under vacuum at 110 °C for 12 h. The mass loading of
the electroactive material was approximately 2.5 mg m~2.
Zn(OTF),-NH,OTF hybrid electrolytes, Zn metal anode
(>99.99%) and glass fiber separator were coupled into a
2032 coin-type cell. Polyacrylamide (PAM) gel is prepared
according to the previously reported [21]. The prepared
PAM dry hydrogel is immersed in Zn(OTF),~NH,OTF
hybrid electrolyte as the gel electrolyte. Flexible ZHCs
(FZHCs) were assembled by sandwiching a PAM hydrogel
electrolyte between a Zn foil and carbon cloth loaded with
PFC cathode. Galvanostatic charge/discharge (GCD), rate
performance and cycling stability tests were conducted
using a Neware battery testing system (CT-4008Tn-
5V10mA-164, Shenzhen, China). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
measurements were performed on a CHI660E electro-
chemical workstation, with an amplitude of 0.005 V and
a frequency range of 1072—10° Hz. The specific capacity
(C,,» mAh g~!) was calculated from the GCD curves using
the following equation:
_Ixa

Cn=— (1)

where [ refer to the current density (A), At represents the
discharging time (s) and m is the mass of the loading cath-
ode (g).

The energy density (E, Wh kg™!) and power density (P,
W kg™!) are calculated according to the following equations:

E=C,Xx AV )
E
P=——
1000 x At )

@ Springer
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where AV is the voltage window (V), At represents the dis-
charging time (h).

2.4 Calculation Methods

2.4.1 Molecular Dynamics (MD) and Density Functional
Theory (DFT) Simulations

The MD simulations were conducted using the Forcite mod-
ule in Materials Studio 2020 [41, 42]. The COMPASS III
force field was used along with optimized atom types and
charges. The adsorption density isosurfaces were calculated
using the Sorption module with the Metropolis method at
ultrafine quality. The sorbate was exposed to pressures
between 1 and 1000 kPa at 298 K. The Dreiding force field
was employed, with charge calculations performed using the
charge equilibration method and electrostatic interactions
treated via Ewald summation. The calculations of the DFT
were performed using the CASTEP. The generalized gradi-
ent approximation (GGA) Perdew—Burke—Ernzerhof (PBE)
as the exchange correlation functional. The energy cutoff
and SCF tolerance were 570 eV and 1x 107 eV atom™,
respectively. The adsorption energy and desolvation energy
model were calculated after the geometry optimization. The
adsorption energy and desolvation energy AE were calcu-
lated according to the following equation:

AE =Eyp — Eg—E, 4)

The electron localization function (ELF) was calculated
by using Multiwfn 3.8 programs [43]. The molecular orbital
levels (HOMO and LUMO) and charge population sums of
metallic Zn>* and non-metallic NH,* were calculated at the
B3LYP-D3/TZVP level to investigate the system’s electronic
properties. The independent gradient model IGM) simula-
tions were conducted via the Multiwfn program to investi-
gate the type of interaction force when the value of sign(4,)p
approaches zero.

2.4.2 Activation Energy

The activation energy (E,, V) of the charge transfer process
was calculated from the Arrhenius equation:

© The authors

1/R., = Aexp(—E,/RT) 5)

where R, is the charge transfer resistance (£2), A is a con-
stant in a stable experimental condition, R is the gas constant
(8.314 J mol™! K71). Plot In(R,,~") versus 1000/T and fit it
linearly to obtain E,:

In(R}') =—E,/RT +k (6)

where k is a constant.

In order to calculate E, values for the coordination pro-
cesses with NH4+ and Zn?*, the electrochemical experiments
of ZnlIPFC capacitors were carried out in 2 M NH,OTF,
2 M Zn(OTF), and 1 M Zn(OTF),+1 M NH,OTF hybrid
electrolytes (Fig. 1h), respectively.

2.4.3 Charge Storage Kinetics

The sweep rate (v) and peak current (i) of ZHCs batteries
were investigated based on the equation:

i=al (7)

they can be established by calculating the equation that fol-
lows between i and V:

where k; and k, are constants, k,v represents the fast-capac-
itive process and k,v'"? accounts for the diffusion-controlled
process.

The combined series resistances (R,) can be extracted
from the intersection of the curve and horizontal axis, com-
prising the electrolyte ionic resistance, electrode/electrolyte
interface resistance and active material electronic resistance.
The charge transfer resistance (R,,) refers to the radius of
semicircles in the curves of Nyquist plots. The capacitance
C (w) changes along with the frequency which is defined as
follow equations:

C(w) = C'(w) —jC"(w) )
C'(w) = =Z"()/ (0] Z(®)]*) (10)
" (@) = Z'(w)/ (0| Z(»)|?) (11)

where C'(w) is the real part of C(w), the low frequency value
of C'(w) refers to the capacitance of the device tested in

https://doi.org/10.1007/s40820-025-01660-0
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Fig. 1 Property analysis of Zn’>* and NH," charge carriers. a Molecular adsorption model and relative energy. b Energy levels and frontier
molecular orbitals. ¢ Scatter plots of IGM. d Schematic interface adsorption model of Zn(OTF),~NH,OTF hybrid electrolyte. e Size distribu-
tions of solvated cation aggregates. f Electrolyte conductivities. g EIS spectra. h Calculated E, values and i reaction energy comparison

constant-current discharge process; C'(w) represents the
imaginary part associated with energy dissipation due to an
irreversible process, resulting in hysteresis. Z'(@) and Z"(w)
are the real and imaginary parts of the complex impedance
Z(w), respectively. @ denotes the angular frequency, defined
as w=2xf. The relaxation time constant (z,) is calculated
using the following equation:

79 = 1/fy

7, 1s defined as the time constant at the frequency f;, where
the imaginary part of the capacitance (C") reaches its maxi-
mum value.

12)

SHANGHAI JIAO TONG UNIVERSITY PRESS

3 Results and Discussion
3.1 Charge Carrier Properties

Charge carriers are one of the most important factors deter-
mining the electrochemical metrics of ZHCs [37, 44].
Among various metallic ions (Li*, Na*, Mg**, AI**, Ca?*
and Zn**), Zn®>* charge carrier shows the highest reac-
tion activity (—6.45 eV, Fig. S1) with the simulated car-
bon framework, which does a favor to high-density spatial
charge storage. However, compared to hydrated zinc ions,
non-metallic NH,* ions deliver a very small-hydrated radius
(0.331 nm) and light molar mass. Moreover, small-sized

@ Springer
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NH,(H,0),* shows a lower repulsive force (4.37 eV) than
that of larger-sized Zn(H,0)¢** (11.64 eV, Figs. la and S2)
in simulated carbon framework, benefiting rapid diffusion
kinetics in aqueous electrolytes [45]. The favorable tetrahe-
dral structure of NH,* provides a lower energy gap (AE) of
3.65 eV than that of Zn>* (5.55 eV, Fig. 1b), which is con-
ducive to the realization of high electronic conductivity and
rapid charge transfer. Compared with rigid spherical Zn**
ions, flexible tetrahedral NH,* ions offer quadruple N-H-
bonds as demonstrated by the independent gradient model
(IGM) as a function of the density, affording more adsorp-
tion sites for the formation of H-bonds with carbon cathodes
(Fig. 1c) [46-48]. Nevertheless, bare NH,* ion confers a
considerable radius to trigger a relatively loose Helmholtz
plane (Fig. S2), which is unable to fulfill high-energy density
spatial charge storage. The specific and functional originality
of charge carriers inspires us to use highly active Zn>* and
highly kinetic NH,* ions as a powerful protocol to syner-
gistically reconfigure the spatial charge distribution at the
cathodic-electrolyte interface and achieve efficient charge
storage.

Based on the ionic conductivity, electrochemical imped-
ance and capacitance response of Zn(OTF),-NH,OTF
hybrid electrolytes with different proportions (Fig. S3),
the optimized 1 M Zn(OTF),+ 1 M NH,OTF electrolyte
is designed to reconstruct the EDL at the cathode—electro-
lyte interface by combining high-reactive Zn** and rapid
kinetics-hydrated NH,* ions (Fig. 1d). Dynamic light scat-
tering characterization (DLS) shows the size distribution
of solvated cation aggregate in three different electrolytes
(Fig. le) [49-52]. Zn(OTF),-NH,OTF hybrid electrolyte
exhibits a hierarchical hydrated cation structure with average
sizes of 0.60 and 2.86 nm, which improve pore accessibility
of carbon cathodes. In addition, Zn(OTF),—~NH,OTF hybrid
electrolyte shows an excellent ionic conductivity (o;,,) of
10.07 mS cm™! (Fig. 1f), superior to NH,OTF (6.42 mS
cm™') and Zn(OTF), (9.84 mS cm™!) electrolytes. Moreo-
ver, Zn(OTF),-NH,OTF electrolyte has better hydrophilic
properties with a contact angle of 46.8°, and this value is
smaller than that of the NH,OTF electrolyte and Zn(OTF),
electrolyte (Fig. S4). Fourier-transformed infrared (FT-IR)
spectra show a redshift of O—H species due to the formation
of H-bonds (N—H:--O) between NH,* ions and H,O mol-
ecules (Fig. S5). To evaluate the electrochemical properties
of Zn(OTF),-NH,OTF hybrid electrolyte, porous functional
carbon (PFC) was prepared as the cathode material (Fig.

© The authors

S6), the characterization results demonstrate PFC carbon
hierarchical structure and were doped with heteroatom.
(Detail characterizations are shown in Figs. S6—-S10.) The
PFC cathode was couples with the Zn anode to construct
ZHCs using different electrolytes. According to the elec-
trochemical impedance spectroscopy (EIS) fitting results
(Figs. 1g and S11a), the assembled zinc capacitor using
hybrid Zn(OTF),-NH,OTF electrolyte shows a low R
value (27.8 Q), superior to NH,OTF electrolyte (48.3 )
and Zn(OTF), electrolyte (70.1 €2). Moreover, the activation
energy (E,) for the charge transfer procedure was estimated
by EIS plots at different temperatures (Fig. S11b). E,; cor-
responds to the physical adsorption of charged species, while
E,, is assigned to the redox response between heteroatomic
motifs of carbon cathodes and electrolyte ions during elec-
trochemistry [53]. Based on the Arrhenius equation (Eqgs. S5
and S6) [54], Zn(OTF),-NH,OTF electrolyte delivers very
small E,, and E,, values of 4.3 and 11.5 kJ mol ™!, respec-
tively (Fig. 1h, i), which are lower than those of NH,OTF
and Zn(OTF), (6.9—19.8 and 9.9-26.4 k] mol™"). Moreo-
ver, the relaxation time constant (z,, the time required for
energy delivery) and the ion diffusion resistance (o, fitting
the linear relationship between the impedance real part (Z”)
and the angular frequency (w)) further confirm the supe-
rior charge transfer efficiency in the dual-cation electrolyte
(Fig. S12 and Table S1). These results indicate high-kinetics
charge storage activity of ZHCs with low reaction barriers,
which benefit from high ionic conductivity and hierarchical
solvated Zn**/NH,* structure of Zn(OTF),~-NH,OTF hybrid
electrolyte.

3.2 Cationic Solvation Structures

To investigate the physicochemical properties of hybrid
Zn(OTF),-NH,OTF electrolyte, molecular dynamics (MD)
simulations and density functional theory (DFT) calcula-
tions [55-59] were performed to get insight into the sol-
vation structures of three different electrolytes. The 3D
snapshots and corresponding enlarged images of solvation
structures of three electrolytes are shown in Fig. 2a. Moreo-
ver, the radial distribution functions (RDF, solid lines) and
coordination numbers (CN, dashed lines) for three electro-
lytes were calculated from the statistical averaging of the
full-time snapshot data (Fig. 2b—d). In the first solvation
sheath, Zn** ion can coordinate with six H,O molecules,

https://doi.org/10.1007/s40820-025-01660-0
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together with obvious charge transfer in 2 M Zn(OTF),
electrolyte and two OTF™ anions adsorbed outside the first
solvation sheath (Fig. 2b). NH,* couples with four H,0
molecules in 2 M NH,OTF electrolyte via H-bonding inter-
actions (Fig. 2d). In contrast, due to the competitive solvat-
ing effect of Zn>* and NH," in Zn(OTF),~NH,OTF hybrid
electrolyte (Fig. 2c), small-hydrated-sized NH,* ion is more
likely to activate strong charge transfer compared with Zn>*
ion. Molecular electrostatic potential (MEP) distribution and
desolvation energy of optimized solvated cation structures

a 2 M Zn(OTF),

1M Zn(OTF), +

are shown in Fig. 2e, f. At identical applied external poten-
tial, NH,(H,0),* generally shows lower desolvation energy
barriers in comparison with Zr1(H20)62+ (Figs. S13-S16).
It suggests that NH,(H,0),* is more likely to lose H,O
molecule than Zn(H20)62+. As a result, desolvated small-
sized Zn** ions with high reaction activity can be easily
adsorbed inside PFC cathode, which helps to improve spatial
charge storage density, while NH," ion with low desolvation
energy barrier ensures fast reaction kinetics and high-power
delivery.

2 M NH,OTF

1 M NH,OTF

1 2 2 - 2
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8_—Zn-F(OTF)’/," o 120 é 8_—NH4-O(HZO?,,{ |- é 15-—NH4-F(OTF?' 120 é
g + 2 |\t - H,0 2
w 6 c w9 e EROHE) 15 & otr 115 ¢
o 2 0 -~ H,0@n*) S a10 S
o 4] T Xyl - {10® X l1o®
4 c 4 Coordination number 110 K= 10 c
S B 2
21 S 21 15 8 1 \~ 15 §
8 o 7 o
0 0 . 0 0 A 0
0 0 2 4 6 8 10 0 2 6 8 10
r(A) r(A)
e
110eV o 1.72eV 245eV
= \ > \
o ) ‘ \ }} . ‘J’/ } / } - 4
NH,(H,0),* Hy(H,0)5" NH,(H,0)," (H,0)* NH,*
+ 8 -
f 098eV . 1 64 eV /"‘ 2 08 eV /\ 322eV . 3326V 3.66 eV
o > o (
Gl (W »}/‘W > (s &) » -
L) =y (i
Zn(H,0)s** Zn(H,0)s** Zn(H,0),%* Zn(H,0);?* Zn(H,0),%* Zn(H,0)%* Zn?*

Fig. 2 Solvation structures of three electrolytes. a 3D snapshots and corresponding enlarged images of solvation structures. RDF and CN plots
of b 2 M Zn(OTF),, ¢ 1 M Zn(OTF),-1 M NH,OTF and d 2 M NH,OTF electrolytes. Optimized MEP and desolvation energy barriers of e

NH,* and f Zn>" coordination structures

Tl
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3.3 Cathode-Electrolyte Interfaces

The changes of zeta potential reflect the variation in spatial
charge distribution and interfacial charge properties in differ-
ent electrolytes, establishing the direct relationship between
the adsorbed interfacial configurations and solvated struc-
tures [60, 61]. The zeta potentials show the disturbance of
the potential field in three electrolytes (Fig. 3a), along with
the increase of potential values from —3.4 mV (NH,OTF)
and—1.2 mV (Zn(OTF),) to 0.4 mV (Zn(OTF),-NH,OTF).
A positive potential shift indicates the enhanced cation
adsorption ability with Helmholtz plane reconfiguration
(Fig. 3b). Moreover, the differential capacitance (C) tests at
varying applied potentials [23, 62] were further performed

to study cationic adsorption behavior of different electro-
lytes. Among the three electrolytes, Zn(OTF),-NH,OTF
hybrid electrolyte exhibits the highest capacitance response
(Fig. 3c), which can be attributed to the increased spatial
charge density in the cathode—electrolyte interface. These
results facilitate the establishment of the correlation between
the size of solvated cations and the capacitive charge storage
response.

Furthermore, we simulated the adsorption sites and den-
sities of cathode—electrolyte interfaces (Figs. 3d and S17)
[63, 64]. The surface of the PFC cathode exhibits a higher
adsorption concentration of Zn>* ions than that of NH,*
ions (Fig. S18). Intriguingly, the adsorption concentration
of NH,(H,0)," is higher than that of Zn(H,0)¢>*, which is

Surface charges

a 2 b ‘l’ 0 T 9 C

| o™ S ® e S 804 ——NH,OTF
> S .— Stern layer 4
E {71 Zn(OTF), e ! Y o Anion —o—Zn(OTF),
£ [ Zn(OTF),-NH,0TF 04 © i @ i ~  60] —o—2Zn(OTF),-NH,0TF
g 0o T = i Cation e
= £ i
s "g_ e|@\¢- - Diffuse layer- - - > uL_)
© ! o
g 21 T oD 1, Zeta potential © Z
2 O o 1 . S
’3 "3 = o NN ¢(f)=TﬂZioc,v"zge'BZ:‘7¢(”)

< I o ,

! . : =T 0 : o1 f=20Hz

e f . .
0 AYAN
IAVAYAN
1 \ 1
|
S0 |

/\

T T -
- Qha\i_ (+] = :\_‘\:
[ Cation - \Anion 0 oAl
®loi®) @ e |
- [ Solvated cation 0 o |
el \ 1 A
elo :\? E<—-— Diffuse layer - -> (IAVATEN
1 1
IHP OHP Helmholtz plane

00 04 08 12 16
Potential / V vs. Zn%*/Zn
High

| \
/\:"J : \\\ \‘,'.'\ \ >
2+
Zn(H,0):2* 13, 12| Zn(H;0)s
1
/\3' ) {+) S Zn2*
1 VA NH4*
W) OTF-
sl OTF a1 G b

. 1

1 )i NHy(H0),*

Helmholtz plane reconfiguration

Fig. 3 Investigation of PFC cathode—electrolyte interfaces. a Zeta potentials. b The relationship between zeta potential and EDL model. ¢ Area-
normalized differential capacitance potential curves. d Adsorption density isosurfaces of various charge carriers in PFC skeleton. e Formula of
EDL capacitance and relative model. Spatial charge distributions of f Zn(OTF), and g Zn(OTF),-NH,OTF electrolyte at the cathodic interfaces

© The authors

https://doi.org/10.1007/s40820-025-01660-0



Nano-Micro Lett. (2025) 17:117

Page9of 16 117

consistent with the calculated adsorption energy (Fig. 1a).
Based on these findings, the incorporation of NH4Jr into
Zn(OTF),~NH,OTF hybrid electrolyte facilitates Helm-
holtz plane reconfiguration of PFC cathode, and the unique
EDL adsorption-induced charge flow enables high avail-
ability of electrophilic regions and rapid ion migration
to boost electrochemical energy storage. The interfacial
adsorption model in Zn(OTF),-NH,OTF electrolyte
was elucidated based on the well-known Gouy-Chap-
man-Stern (GCS) model [22]. The EDL consists of a
Helmholtz layer (compact) and a diffusion layer (loose)
(Fig. 3e), where the capacitance (Cgp; ) is determined by
the equation of 1/Cgp =1/Cy+ 1/Cp, where Cy and Cp
represent the capacitance of the Helmholtz region and dif-
fusion layer [65], respectively. As well-known, Cy con-
tributes to most of the dielectric constant and Cy; is much
higher than Cp, at the cathode surface. Hence Cyp; can be
approximated as 1/Cgpp = 1/Cyy+ 1/Cy, where Cyyy and
Cop represent the inner Helmholtz plane (IHP) and outer
Helmbholtz plane (OHP) [66, 67], respectively. Thus, regu-
lating the structures of IHP and OHP is an efficient route
to improve the capacity of ZHCs. In Zn(OTF), electrolyte
and their derived cathodic interfacial model (Fig. 3f), Zn**
ions tend to be captured in the IHP, whereas large-sized
Zn(H20)62+ ions lead to a loose OHP interface. Similarly,
NH,* ions of NH,OTF electrolyte in the IHP are responsi-
ble for an inadequate capacitive response (Fig. S19). Thus,
the EDL structure is reconstructed in Zn(OTF),—~NH,OTF
electrolyte (Fig. 3g), of which high-reactivity Zn** ions
occupy in the IHP and small-size NH,(H,0),") ions tightly
adsorb in the OHP, thus stimulate cathodic interfacial spa-
tial charge redistribution and effectively improving charge
storage density to increase capacity storage.

3.4 Electrochemical Performances

Schematic configuration of ZnlIPFC capacitor is shown in
Fig. 4a, which involves Zn metal anode, PFC cathode and
aqueous electrolytes. Cyclic voltammetry (CV) curves of
ZnlIPFC capacitor using Zn(OTF),—~NH,OTF electrolyte
exhibit the largest integral area (Fig. S20a), which can be
attributed to the effectively compressed EDL thickness.
A high discharge capacity of 240 mAh g~! at 0.5 A g™!
is achieved for ZnlIPFC capacitor in Zn(OTF),—~NH,OTF

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

electrolyte (Figs. 4b and S20b—d), surpassing Zn(OTF),
(198 mAh g~") and NH,OTF (172 mAh g~ electrolytes.
Even at 50 A g~!, PFC cathode in Zn(OTF),-NH,OTF
electrolyte still holds a remarkable capacity of 130 mAh
g~! (15 mAh g7! in Zn(OTF),; 98 mAh g~! in NH,OTF),
unraveling superior fast reaction kinetics and rate capa-
bilities (Fig. 4c). Compared with large-sized Zn** ions,
small-hydrated-sized and light-weight NH,* as a better
one can enable high-kinetics cathodic interfacial reactions
to deliver superior rate capacities at elevated current den-
sities. The large capacity endows the assembled ZnlIPFC
capacitor in Zn(OTF),-NH,OTF electrolyte with an
impressive energy density of 147 Wh kg™! (Fig. 4d, based
on the mass loading of PFC in the cathode, 2.5 mg cm™?),
which is higher than those of Zn(OTF), electrolyte (136
Wh kg~!) and NH,OTF electrolyte (120 Wh kg™!). In addi-
tion, the device delivers an outstanding power density of
61.1 kW kg~!. More encouragingly, ZnlIPFC capacitor
using Zn(OTF),-NH,OTF electrolyte presents a splendid
capacity retention of 98.59% over 400,000 cycles at 30 A
g~ ! (Figs. 4e and S21). SEM images and XRD analysis
of PFC cathode after long-term cycling demonstrate its
excellent morphological and structural stability (Figs. 4e
and S20f). The stable PFC cathode and Zn anode syner-
gistically propel the long-lasting operation of Zn hybrid
capacitors (Fig. S22). Unique Helmholtz reconfiguration
plane between PFC cathode and Zn(OTF),—~NH,OTF
electrolyte interface ensures high-kinetics ion diffusion to
unlock superior capacitive response, affording all-round
boosted electrochemical metrics for ZnlIPFC capacitor
(Table S2).

The reaction kinetics of ZnlIPFC capacitor in
Zn(OTF),—NH,OTF electrolyte was investigated based on
Dunn’s approach [13, 68, 69]. Quasi-rectangular CV curves
show a pair of redox peaks (marked as P and Py, Fig. S23a),
revealing double-layer capacity and pseudocapacity contri-
bution. The relationship between current (i) and scan rate(v)
can be expressed as i =kv”, where k is constant. Plotting logi
against logy gives b values of 0.78 for P, and 0.83 for Py
(Fig. S23b—d), indicating diffusion-controlled and capaci-
tive charge storage behaviors. The capacitive contribution
of ZnlIPFC capacitor in Zn(OTF),~NH,OTF electrolyte
dominates the diffusion-controlled contribution, superior to
Zn(OTF), and NH,OTF electrolytes (Figs. S24 and S25).
The reconfigured Helmholtz plane in Zn(OTF),-NH,OTF
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electrolyte accelerates ion migration with low energy barri-
ers and affords robust charge storage kinetics.

Quasi-solid flexible ZnllPFC capacitor (FZHCs) using
Zn(OTF),-NH,OTF hydrogel electrolyte was assembled
(Figs. 4f and S26), to demonstrate the application potential
in flexible energy storage fields [70]. The assembled capaci-
tor shows excellent flexibility and tensile strain ability with
stable electrochemical capacities at bending angles from 0°
to 135° (Fig. 4g). When the bending angle returns to the
initial value, its electrochemical performance still maintains
98.80% of the initial capacity. Furthermore, the connection
of two flexible ZnlIPFC devices in series can power LED

© The authors

display panel (Fig. 4h), expanding its potential for flexible
wearable applications.

3.5 Charge Storage Mechanism

To unveil the charge storage mechanism of PFC cathode
in Zn(OTF),-NH,OTF electrolyte, five marked (dis)charge
states of GCD profile were selected for spectroscopic char-
acterizations to monitor its structural variation (Fig. 5a).
XPS and FT-IR spectra characterization were carried out to
get insights into the reaction process. At initial state A, two
deconvoluted peaks of O 1s spectra at 532.1 and 533.9 eV

https://doi.org/10.1007/s40820-025-01660-0
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correspond to C=0 and C—-O (Fig. 5b). The C=0 motif = C=0 motif in PFC cathode. Of note, a generated curve-
undergoes a continuous decay during discharging (state  fitted signal at 530.7 eV during discharging unravels the
A — B — C) and strengthens in subsequent charging (state ~ H-bonding reactions (O---H—N) [71]. Regarding the high-
C— D —E), accompanied by reversible opposite changes  resolution N 1s spectra of PFC cathode, the deconvoluted
of C—0 motif. This result elucidates the strong activity of  spectra entail three signals at the original state A (Fig. 5c),
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attributing to pyridinic N (398.5 eV), pyrrolic N (400.2 eV)
and quaternary N (402.5 eV) [72]. A new peak at 403.1 eV
is detected during discharging, which assigns to O—Zn—N
bond [73], indicating that pyridine/C=0 groups can stimu-
late the uptake of Zn** ions on PFC cathode.

Based on ex situ FT-IR spectra, a new-emerged signal
(2846 cm™!) can be observed (Fig. 5d), which gradually
intensifies during discharging and weakens during subse-
quent charging. Such a variation corresponds to the H-bond
stretching mode (O---H—N) between C=0 motifs and NH,*
ions. The N—H peak of NH,* at 2929 cm™ further validates
the formation/disappearance of the H-bonding interaction
between NH,* and C=0. Furthermore, Zn 2p signal gradu-
ally strengthens during discharging due to the enhanced Zn>*
adsorption on PFC cathode surface and almost disappears
after recharging by releasing Zn>" ions (Fig. 5¢). On the con-
trary, S 2p signal decreases during discharging and returns to
initial level after charging, suggesting OTF~ uptake/removal
on PFC cathode (Fig. S27). Besides, the H* uptake capac-
ity (23.6 mAhg~!, Fig. S28) of ZnlIPFC capacitor in HOTF
electrolyte (pH=3.31) is negligible. Moreover, SEM images
of PFC cathode and zinc anode show excellent structure
stability during cycling (Figs. S29—S31), ensuring highly
reversible and stable energy storage.

DFT calculations were performed to get insight into the
binding properties of PFC cathode upon Zn>* and NH,*
uptake/removal. Reduced density gradient IGMH) plots
of Zn** and NH,* stored in optimized PFC skeleton detect
strong spikes (Fig. 5f, g), suggesting the interaction between
Zn**/NH,* and PFC. At the same interaction region, Zn>*
ions show strong coupling ability with PFC cathode. Elec-
tron localization function (ELF) maps (Fig. 5h, i) and dif-
ferential electron density isosurfaces (Fig. S32) reveal the
bonding nature between carbonyl/pyridine motifs and Zn>*/
NH4Jr ions. Obviously, electrons are localized around car-
bonyl/pyridine motifs and almost absent around Zn atom,
indicating their strong bonding character. The differential
electron density isosurfaces confirm the charge transfer trend
from adsorbed Zn**/NH,* to electroactive carbonyl/pyridine
motifs. Bader charge analysis unravels more charge shifts of
0.62 e for Zn** (0.27 e for NH,"), indicating that Zn®* ions
are more likely to form favorable N—Zn—O bonds and NH,*
ions generate high-kinetics H-bonding reaction.

Overall, the Zn**/NH,* dual-ion co-storage mechanism is
proposed for PFC cathode in Zn(OTF),—-NH,OTF electrolyte
(Fig. 5j), which entails two types of electrochemical energy

© The authors

storage mode during discharging: (1) physical uptake of
Zn**/NH," on PFC cathode surface to yield EDL capacity;
(2) multielectron redox of Zn>*/NH,* with carbonyl/pyri-
dine motifs to form O—Zn—N bonds and O---H—N H-bonds
to deliver pseudocapacity. The subsequent charging course
involves the physical adsorption of OTF™ at PFC cathode.
Thus, the proposed cationic solvation strategy reconfigu-
rate the interfacial Helmholtz planes for optimizing spatial
charge distribution and achieves Zn**/NH,* co-storage for
achieving high-performance zinc capacitors.

4 Conclusions

In conclusion, a NH,*-regulated cationic solvation strategy
is proposed to mediate dynamic charge transfer and function-
alized redox response at the carbon cathode interface, which
affords efficient Zn?>*/NH,* co-storage for enhancing both
rate capabilities and cycling stability of ZHCs. The hier-
archical cationic solvated structure in Zn(OTF),-NH,OTF
hybrid electrolyte facilitates interfacial charge carrier dis-
tribution and Helmholtz plane reconfiguration to improve
space charge density and capacitance response. Moreover,
the synergistic interfacial adsorption behavior of Zn>*/NH,*
ions is revealed, where Zn>" ions and carbonyl/pyridine
motifs are more prone to form favorable N—Zn—O bonds,
while NH4" ions afford rapid kinetics via H-bonding reac-
tion. As a consequence, the assembled zinc hybrid capacitor
delivers high capacity, high-rate performance and excellent
cyclic life. This work provides new insights into the rational
engineering of cathode—electrolyte interfaces for advanced
Zn-based energy storage.

Acknowledgements This work is financially supported by the
National Natural Science Foundation of China (Nos. 22272118,
22172111 and 22309134), the Science and Technology Com-
mission of Shanghai Municipality, China (Nos. 22ZR1464100,
20ZR 1460300 and 19DZ2271500), China Postdoctoral Science
Foundation (2022M712402), Shanghai Rising-Star Program
(23YF1449200), Zhejiang Provincial Science and Technology
Project (2022C01182) and the Fundamental Research Funds for
the Central Universities (22120210529 and 2023-3-YB-07).

Author Contributions Yumin Chen was involved in conceptual-
ization, data curation, formal analysis and writing—original draft.
Ziyang Song took part in conceptualization, methodology, fund-
ing acquisition, writing—review and editing and supervision. Yao-
kang Lv was responsible for formal analysis, funding acquisition,
methodology and validation. Lihua Gan and Mingxian Liu were

https://doi.org/10.1007/s40820-025-01660-0



Nano-Micro Lett. (2025) 17:117

Page 130f 16 117

involved in methodology, funding acquisition, writing—review and
editing and supervision.

Declarations

Conlflict of Interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-01660-0.

References

1. H. Cui, J. Zhu, R. Zhang, S. Yang, C. Li et al., Regulating
protons to tailor the enol conversion of quinone for high-
performance aqueous zinc batteries. J. Am. Chem. Soc. 146,
15393-15402 (2024). https://doi.org/10.1021/jacs.4c03223

2. Y. Dai, C. Zhang, J. Li, X. Gao, P. Hu et al., Inhibition of
vanadium cathodes dissolution in aqueous Zn-ion batteries.
Adv. Mater. 36, 2310645 (2024). https://doi.org/10.1002/
adma.202310645

3. Z.Chen, Y. Hou, Y. Wang, Z. Wei, A. Chen et al., Selenium-
anchored chlorine redox chemistry in aqueous zinc dual-ion
batteries. Adv. Mater. 36, 2309330 (2023). https://doi.org/
10.1002/adma.202309330

4. M. Gu, A. Rao, J. Zhou, B. Lu, Molecular modulation strat-
egies for two-dimensional transition metal dichalcogenide-
based high-performance electrodes for metal-ion batteries.
Chem. Sci. 15, 2323-2350 (2024). https://doi.org/10.1039/
d3sc05768b

5. J.Hao, S. Zhang, H. Wu, L. Yuan, K. Davey et al., Advanced
cathodes for aqueous Zn batteries beyond Zn* intercalation.
Chem. Soc. Rev. 53, 4312-4332 (2024). https://doi.org/10.
1039/d3¢cs00771e

6. H.Li, M. Rongwei, C. Ye, A. Tadich, W. Hua et al., Devel-
oping high-power LillS batteries via transition metal/
carbon nanocomposite electrocatalyst engineering. Nat.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Nanotechnol. 19, 792-799 (2024). https://doi.org/10.1038/
$41565-024-01614-4

. Z. Hou, T. Zhang, X. Liu, Z. Xu, J. Liu et al., A solid-to-

solid metallic conversion electrochemistry toward 91% zinc
utilization for sustainable aqueous batteries. Sci. Adv. 8,
eabp8960 (2022). https://doi.org/10.1126/sciadv.abp8960

. M. Huang, X. Wang, J. Wang, J. Meng, X. Liu et al., Pro-

ton/Mg co-insertion chemistry in aqueous Mg-ion batteries:
from the interface to the inner. Angew. Chem. Int. Ed. 62,
€202308961 (2023). https://doi.org/10.1002/anie.202308961

L. Hu, Z. Wu, C. Lu, F. Ye, Q. Liu et al., Principle in inter-
layer-spacing regulation of layered vanadium phosphates
for superior zinc-ion batteries. Energy Environ. Sci. 14,
4095-4106 (2021). https://doi.org/10.1039/D1EEO1158H
C. Lu, H. Jiang, X. Cheng, J. He, Y. Long et al., High-perfor-
mance fibre battery with polymer gel electrolyte. Nature 629,
86-91 (2024). https://doi.org/10.1038/s41586-024-07343-x
Y. Liu, C. Lu, Y. Yang, W. Chen, F. Ye et al., Multiple cati-
ons nanoconfinement in ultrathin V,05 nanosheets enables
ultrafast ion diffusion kinetics toward high-performance zinc
ion battery. Adv. Mater. 36, 2312982 (2024). https://doi.org/
10.1002/adma.202312982

X. Shi, J. Xie, F. Yang, F. Wang, D. Zheng et al., Com-
pacting electric double layer enables carbon electrode with
ultrahigh Zn ion storage capability. Angew. Chem. Int. Ed.
61, 202214773 (2022). https://doi.org/10.1002/anie.20221
4773

G. Chen, F. Han, H. Ma, P. Li, Z. Zhou et al., High density 3d
carbon tube nanoarray electrode boosting the capacitance of
filter capacitor. Nano-Micro Lett. 16, 235 (2024). https://doi.
org/10.1007/s40820-024-01458-6

A. Morag, X. Chu, M. Marczewski, J. Kunigkeit, C. Neu-
mann et al., Unlocking four-electron conversion in tellurium
cathodes for advanced magnesium-based dual-ion batteries.
Angew. Chem. Int. Ed. 63, €202401818 (2024). https://doi.
org/10.1002/anie.202401818

M. Peng, X. Tang, K. Xiao, T. Hu, K. Yuan et al., Polycation-
regulated electrolyte and interfacial electric fields for stable
zinc metal batteries. Angew. Chem. Int. Ed. 62, ¢202302701
(2023). https://doi.org/10.1002/anie.202302701

X. Shi, J. Xie, J. Wang, S. Xie, Z. Yang et al., A weakly solvat-
ing electrolyte towards practical rechargeable aqueous zinc-ion
batteries. Nat. Commun. 15, 302 (2024). https://doi.org/10.
1038/541467-023-44615-y

H. Zhang, C. Hao, T. Fu, D. Yu, J. Howe et al., Gradient-
layered MXene/hollow lignin nanospheres architecture design
for flexible and stretchable supercapacitors. Nano-Micro Lett.
17, 43 (2024). https://doi.org/10.1007/s40820-024-01512-3
Y. Su, J. Hu, G. Yuan, G. Zhang, W. Wei et al., Regulating
intramolecular electron transfer of nickel-based coordinations
through ligand engineering for aqueous batteries. Adv. Mater.
35, 2307003 (2023). https://doi.org/10.1002/adma.202307003
J. Wan, R. Wang, Z. Liu, S. Zhang, J. Hao et al., Hydrated
eutectic electrolyte induced bilayer interphase for high-perfor-
mance aqueous Zn-ion batteries with 100 °C wide-temperature

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01660-0
https://doi.org/10.1007/s40820-025-01660-0
https://doi.org/10.1021/jacs.4c03223
https://doi.org/10.1002/adma.202310645
https://doi.org/10.1002/adma.202310645
https://doi.org/10.1002/adma.202309330
https://doi.org/10.1002/adma.202309330
https://doi.org/10.1039/d3sc05768b
https://doi.org/10.1039/d3sc05768b
https://doi.org/10.1039/d3cs00771e
https://doi.org/10.1039/d3cs00771e
https://doi.org/10.1038/s41565-024-01614-4
https://doi.org/10.1038/s41565-024-01614-4
https://doi.org/10.1126/sciadv.abp8960
https://doi.org/10.1002/anie.202308961
https://doi.org/10.1039/D1EE01158H
https://doi.org/10.1038/s41586-024-07343-x
https://doi.org/10.1002/adma.202312982
https://doi.org/10.1002/adma.202312982
https://doi.org/10.1002/anie.202214773
https://doi.org/10.1002/anie.202214773
https://doi.org/10.1007/s40820-024-01458-6
https://doi.org/10.1007/s40820-024-01458-6
https://doi.org/10.1002/anie.202401818
https://doi.org/10.1002/anie.202401818
https://doi.org/10.1002/anie.202302701
https://doi.org/10.1038/s41467-023-44615-y
https://doi.org/10.1038/s41467-023-44615-y
https://doi.org/10.1007/s40820-024-01512-3
https://doi.org/10.1002/adma.202307003

117

Page 14 of 16

Nano-Micro Lett. (2025) 17:117

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

range. Adv. Mater. 36, €2310623 (2023). https://doi.org/10.
1002/adma.202310623

Y. Su, G. Yuan, J. Hu, G. Zhang, Y. Tang et al., Thiosali-
cylic-acid-mediated coordination structure of nickel center via
thermodynamic modulation for aqueous Ni-Zn batteries. Adv.
Mater. 36, e2406094 (2024). https://doi.org/10.1002/adma.
202406094

C. Wang, Z. Pei, Q. Meng, C. Zhang, X. Sui et al., Toward
flexible zinc-ion hybrid capacitors with superhigh energy
density and ultralong cycling life: The pivotal role of ZnCl,
salt-based electrolytes. Angew. Chem. Int. Ed. 60, 990-997
(2020). https://doi.org/10.1002/ange.202012030

J. Wu, Understanding the electric double-layer structure,
capacitance, and charging dynamics. Chem. Rev. 122, 10821-
10859 (2022). https://doi.org/10.1021/acs.chemrev.2c00097
J.-B. Le, Q.-Y. Fan, J.-Q. Li, J. Cheng, Molecular origin of
negative component of helmholtz capacitance at electrified
Pt(111)/water interface. Sci. Adv. 6, eabb1219 (2020). https://
doi.org/10.1126/sciadv.abb1219

P. Wang, X. Xie, Z. Xing, X. Chen, F. Guozhao et al., Mecha-
nistic insights of mg-electrolyte additive for high-energy and
long-life zinc-ion hybrid capacitors. Adv. Energy Mater. 11,
2101158 (2021). https://doi.org/10.1002/aenm.202101158

K. Xiao, X. Jiang, S. Zeng, J. Chen, T. Hu et al., Porous struc-
ture-electrochemical performance relationship of carbona-
ceous electrode-based zinc ion capacitors. Adv. Funct. Mater.
3, 2405830 (2024). https://doi.org/10.1002/adfm.202405830
W. Zhang, J. Yin, W. Jian, Y. Wu, L. Chen et al., Supermol-
ecule-mediated defect engineering of porous carbons for
zinc-ion hybrid capacitors. Nano Energy 103, 107827 (2022).
https://doi.org/10.1016/j.nanoen.2022.107827

Z. Song, L. Miao, L. Ruhlmann, Y. Lv, D. Zhu et al., Self-
assembled carbon superstructures achieving ultra-stable and
fast proton-coupled charge storage kinetics. Adv. Mater. 33,
2104148 (2021). https://doi.org/10.1002/adma.202104148

J. Du, Q. Han, Y. Chen, M. Peng, L. Xie et al., Micro/meso-
porous double-shell hollow carbon spheres through spatially
confined pyrolysis for supercapacitors and zinc-ion capaci-
tor. Angew. Chem. Int. Ed. 63, 202411066 (2024). https://
doi.org/10.1002/anie.202411066

R. Mohanty, G. Swain, K. Parida, K. Parida, Enhanced elec-
trochemical performance of flexible asymmetric superca-
pacitor based on novel nanostructured activated fullerene
anchored zinc cobaltite. J. Alloys Compd. 919, 165753
(2022). https://doi.org/10.1016/j.jallcom.2022.165753

T. Lv, X. Yang, Y. Zhang, X. Wang, J. Qiu, Fabrication of
soft-hard heterostructure porous carbon with enhanced per-
formance for high mass-loading aqueous supercapacitors.
Small 20, 2310645 (2024). https://doi.org/10.1002/smll.
202310645

H. Tang, J. Yao, Y. Zhu, Recent developments and future pros-
pects for zinc-ion hybrid capacitors: a review. Adv. Energy
Mater. 11, 2003994 (2021). https://doi.org/10.1002/aenm.
202003994

J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon et al.,
Anomalous increase in carbon capacitance at pore sizes less

© The authors

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

than 1 nanometer. Science 313, 1760-1763 (2006). https://doi.
org/10.1126/science.1132195

C.Zhu, L. Xu, Y. Liu, J. Liu, J. Wang et al., Polyoxometalate-
based plasmonic electron sponge membrane for nanofluidic
osmotic energy conversion. Nat. Commun. 15, 4213 (2024).
https://doi.org/10.1038/s41467-024-48613-6

Y. Wang, S. Sun, X. Wu, H. Liang, W. Zhang, Status and
opportunities of zinc ion hybrid capacitors: focus on carbon
materials, current collectors, and separators. Nano-Micro Lett.
15, 78 (2023). https://doi.org/10.1007/540820-023-01065-x
X. Li, C. Cai, P. Hu, B. Zhang, P. Wu et al., Gradient pores
enhance charge storage density of carbonaceous cathodes for
Zn-ion capacitor. Adv. Mater. 36, 2400184 (2024). https://doi.
org/10.1002/adma.202400184

Y. Wang, Y. Zhang, G. Gao, Y. Fan, R. Wang et al., Effectively
modulating oxygen vacancies in flower-like 8-MnO, nano-
structures for large capacity and high-rate zinc-ion storage.
Nano-Micro Lett. 15, 219 (2023). https://doi.org/10.1007/
s40820-023-01194-3

R. Mohanty, K. Parida, K. Parida, Redox mediator-enhanced
charge storage in dimensionally tailored nanostructures
towards flexible hybrid solid-state supercapacitors. Nanoscale
Adv. 5, 4521-4535 (2023). https://doi.org/10.1039/D3NAO
0279A

Z. Tian, V.S. Kale, Y. Wang, S. Kandambeth, J. Czaban-
Jozwiak et al., High-capacity NH,* charge storage in covalent
organic frameworks. J. Am. Chem. Soc. 143, 19178-19186
(2021). https://doi.org/10.1021/jacs.1c09290

R. Mohanty, U.A. Mohanty, K. Parida, A comprehensive
review of ammonium ion hybrid supercapacitors: exploring
recent breakthroughs and future horizons. Energy Fuels 38,
13585-13611 (2024). https://doi.org/10.1021/acs.energyfuels.
4c02044

Q. Liu, D. Zhang, Y. Yang, Y. Gu, Z. Liang et al., Encapsula-
tion of prussian blue analogues with conductive polymers for
high-performance ammonium-ion storage. Adv. Energy Mater.
14, 2402863 (2024). https://doi.org/10.1002/aenm.202402863
Q. Wu, M.T. McDowell, Y. Qi, Effect of the electric double
layer (EDL) in multicomponent electrolyte reduction and solid
electrolyte interphase (SEI) formation in lithium batteries. J.
Am. Chem. Soc. 145, 2473-2484 (2023). https://doi.org/10.
1021/jacs.2¢c11807

C.M. Efaw, Q. Wu, N. Gao, Y. Zhang, H. Zhu et al., Localized
high-concentration electrolytes get more localized through
micelle-like structures. Nat. Mater. 22, 1531-1539 (2023).
https://doi.org/10.1038/s41563-023-01700-3

T. Lu, F. Chen, Multiwfn: a multifunctional wavefunction ana-
lyzer. J. Comput. Chem. 33, 580-592 (2012). https://doi.org/
10.1002/jcc.22885

Z. Song, L. Miao, Y. Lv, L. Gan, M. Liu, NH,* charge car-
rier coordinated H-bonded organic small molecule for fast
and superstable rechargeable zinc batteries. Angew. Chem.
Int. Ed. 62, €202309446 (2023). https://doi.org/10.1002/anie.
202309446

https://doi.org/10.1007/s40820-025-01660-0


https://doi.org/10.1002/adma.202310623
https://doi.org/10.1002/adma.202310623
https://doi.org/10.1002/adma.202406094
https://doi.org/10.1002/adma.202406094
https://doi.org/10.1002/ange.202012030
https://doi.org/10.1021/acs.chemrev.2c00097
https://doi.org/10.1126/sciadv.abb1219
https://doi.org/10.1126/sciadv.abb1219
https://doi.org/10.1002/aenm.202101158
https://doi.org/10.1002/adfm.202405830
https://doi.org/10.1016/j.nanoen.2022.107827
https://doi.org/10.1002/adma.202104148
https://doi.org/10.1002/anie.202411066
https://doi.org/10.1002/anie.202411066
https://doi.org/10.1016/j.jallcom.2022.165753
https://doi.org/10.1002/smll.202310645
https://doi.org/10.1002/smll.202310645
https://doi.org/10.1002/aenm.202003994
https://doi.org/10.1002/aenm.202003994
https://doi.org/10.1126/science.1132195
https://doi.org/10.1126/science.1132195
https://doi.org/10.1038/s41467-024-48613-6
https://doi.org/10.1007/s40820-023-01065-x
https://doi.org/10.1002/adma.202400184
https://doi.org/10.1002/adma.202400184
https://doi.org/10.1007/s40820-023-01194-3
https://doi.org/10.1007/s40820-023-01194-3
https://doi.org/10.1039/D3NA00279A
https://doi.org/10.1039/D3NA00279A
https://doi.org/10.1021/jacs.1c09290
https://doi.org/10.1021/acs.energyfuels.4c02044
https://doi.org/10.1021/acs.energyfuels.4c02044
https://doi.org/10.1002/aenm.202402863
https://doi.org/10.1021/jacs.2c11807
https://doi.org/10.1021/jacs.2c11807
https://doi.org/10.1038/s41563-023-01700-3
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/anie.202309446
https://doi.org/10.1002/anie.202309446

Nano-Micro Lett.

(2025) 17:117

Page 150f 16 117

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Z. Song, L. Miao, Y. Lv, L. Gan, M. Liu, Non-metal ion stor-
age in zinc-organic batteries. Adv. Sci. 11, 2310319 (2024).
https://doi.org/10.1002/advs.202310319

Z.Bao, C. Lu, Q. Liu, F. Ye, W. Li et al., An acetate electrolyte
for enhanced pseudocapacitve capacity in aqueous ammonium
ion batteries. Nat. Commun. 15, 1934 (2024). https://doi.org/
10.1038/s41467-024-46317-5

F. Ye, R. Pang, C. Lu, Q. Liu, Y. Wu et al., Reversible ammo-
nium ion intercalation/de-intercalation with crystal water pro-
motion effect in layered VOPO,-2H,0. Angew. Chem. Int. Ed.
62, €202303480 (2023). https://doi.org/10.1002/anie.20230
3480

Y. Zhang, Z. Song, L. Miao, Y. Lv, L. Gan et al., Duodecuple
H-bonded NH,* storage in multi-redox-site N-heterocyclic
cathode for six-electron zinc-organic batteries. Adv. Funct.
Mater. 34, 2405710 (2024). https://doi.org/10.1002/adfm.
202405710

L. Du, S. Bi, M. Yang, Z. Tie, M. Zhang et al., Coupling dual
metal active sites and low-solvation architecture toward high-
performance aqueous ammonium-ion batteries. Proc. Natl.
Acad. Sci. U.S.A. 119, 2214545119 (2022). https://doi.org/
10.1073/pnas.2214545119

J. Wang, X. Zhang, Z. Liu, J. Yu, H.-G. Wang et al., Tuning
electron delocalization of redox-active porous aromatic frame-
work for low-temperature aqueous Zn-K hybrid batteries with
air self-chargeability. Angew. Chem. Int. Ed. 63, 202401559
(2024). https://doi.org/10.1002/anie.202401559

E. Yang, X. Shi, L. Wu, H. Zhang, H. Lin et al., A low-cost
moderate-concentration hybrid electrolyte of introducing
CaCl, and ethylene glycerol enables low-temperature and
high-voltage micro-supercapacitors. Adv. Funct. Mater. 34,
2313395 (2024). https://doi.org/10.1002/adfm.202313395

R. Wang, M. Yao, M. Yang, J. Zhu, J. Chen et al., Syner-
getic modulation on ionic association and solvation structure
by electron-withdrawing effect for aqueous zinc-ion batter-
ies. Proc. Natl. Acad. Sci. U.S.A. 120, €2221980120 (2023).
https://doi.org/10.1073/pnas.2221980120

Z. Lin, H.-Y. Shi, L. Lin, X. Yang, W. Wu et al., A high
capacity small molecule quinone cathode for rechargeable
aqueous zinc-organic batteries. Nat. Commun. 12, 4424
(2021). https://doi.org/10.1038/s41467-021-24701-9

J. Nan, Y. Sun, F. Yang, Y. Zhang, Y. Li et al., Coupling of
adhesion and anti-freezing properties in hydrogel electro-
lytes for low-temperature aqueous-based hybrid capacitors.
Nano-Micro Lett. 16, 22 (2023). https://doi.org/10.1007/
$40820-023-01229-9

X. Zhang, J. Li, Y. Liu, B. Lu, S. Liang et al., Single
[0001]-oriented zinc metal anode enables sustainable zinc
batteries. Nat. Commun. 15, 2735 (2024). https://doi.org/10.
1038/s41467-024-47101-1

Y. Zhong, X. Xie, Z. Zeng, B. Lu, G. Chen et al., Triple-
function hydrated eutectic electrolyte for enhanced aque-
ous zinc batteries. Angew. Chem. Int. Ed. 62, ¢202310577
(2023). https://doi.org/10.1002/anie.202310577

K. Zhou, G. Liu, X. Yu, Z. Li, Y. Wang, Carbonate ester-
based electrolyte enabling rechargeable Zn battery to

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

achieve high voltage and high Zn utilization. J. Am. Chem.
Soc. 146, 9455-9464 (2024). https://doi.org/10.1021/jacs.
4c02150

D. Zhang, Z. Song, L. Miao, Y. Lv, L. Gan et al., In-situ
nafion-nanofilm oriented (002) Zn electrodeposition for
long-term zinc-ion batteries. Chem. Sci. 15, 4322-4330
(2024). https://doi.org/10.1039/D3SC06935D

S. Wu, Y. Yang, M. Sun, T. Zhang, S. Huang et al., Dilute
aqueous-aprotic electrolyte towards robust Zn-ion hybrid
supercapacitor with high operation voltage and long lifes-
pan. Nano-Micro Lett. 16, 161 (2024). https://doi.org/10.
1007/s40820-024-01372-x

A. Awati, R. Yang, T. Shi, S. Zhou, X. Zhang et al., Inter-
facial super-assembly of vacancy engineered ultrathin-
nanosheets toward nanochannels for smart ion transport and
salinity gradient power conversion. Angew. Chem. Int. Ed.
63, 202407491 (2024). https://doi.org/10.1002/anie.20240
7491

J. Yang, R. Zhao, Z. Hu, Y. Wang, K. Zhang et al., Blocking
the passivation reaction via localized acidification and cation
selective interface towards highly stable zinc anode. Energy
Storage Mater. 70, 103449 (2024). https://doi.org/10.1016/j.
ensm.2024.103449

H. Liang, S. Tang, Y. Zhou, W. Jiang, Q. Kang et al., Non-
faraday electrolyte additives for capacitance boosting by com-
pression of dielectric layer thickness: organic ferroelectric
salts. Adv. Funct. Mater. 34, 2308872 (2024). https://doi.org/
10.1002/adfm.202308872

X.Yi, F. Hongwei, A. Rao, Y. Zhang, J. Zhou et al., Safe elec-
trolyte for long-cycling alkali-ion batteries. Nat. Sustain. 7,
326-337 (2024). https://doi.org/10.1038/s41893-024-01275-0
P.Z. Moghadam, Y.G. Chung, R.Q. Snurr, Progress toward
the computational discovery of new metal—organic framework
adsorbents for energy applications. Nat. Energy 9, 121-133
(2024). https://doi.org/10.1038/s41560-023-01417-2

L. Jiang, D. Li, X. Xie, D. Ji, L. Li et al., Electric double
layer design for Zn-based batteries. Energy Storage Mater. 62,
102932 (2023). https://doi.org/10.1016/j.ensm.2023.102932

T. Wu, C. Hu, Q. Zhang, Z. Yang, G. Jin et al., Helmholtz
plane reconfiguration enables robust zinc metal anode in aque-
ous zinc-ion batteries. Adv. Funct. Mater. 34, 2315716 (2024).
https://doi.org/10.1002/adfm.202315716

J. Chou, Y. Zhao, X.-T. Li, W.-P. Wang, S.-J. Tan et al., Hydro-
gen isotope effects on aqueous electrolyte for electrochemical
lithium-ion storage. Angew. Chem. Int. Ed. 61, €202203137
(2022). https://doi.org/10.1002/anie.202203137

Z. Wu, C. Lu, F. Ye, L. Zhang, L. Jiang et al., Bilayered
VOPO,-2H,0 nanosheets with high-concentration oxygen
vacancies for high-performance aqueous zinc-ion batteries.
Adv. Funct. Mater. 31, 2106816 (2021). https://doi.org/10.
1002/adfm.202106816

R. Mohanty, K. Parida, Carbamide-mediated facile sol-gel
synthesis of porous flower-like ZnCo,0, microspheres for
high-performance asymmetric coin cell supercapacitors. Elec-
trochim. Acta 491, 144327 (2024). https://doi.org/10.1016/j.
electacta.2024.144327

@ Springer


https://doi.org/10.1002/advs.202310319
https://doi.org/10.1038/s41467-024-46317-5
https://doi.org/10.1038/s41467-024-46317-5
https://doi.org/10.1002/anie.202303480
https://doi.org/10.1002/anie.202303480
https://doi.org/10.1002/adfm.202405710
https://doi.org/10.1002/adfm.202405710
https://doi.org/10.1073/pnas.2214545119
https://doi.org/10.1073/pnas.2214545119
https://doi.org/10.1002/anie.202401559
https://doi.org/10.1002/adfm.202313395
https://doi.org/10.1073/pnas.2221980120
https://doi.org/10.1038/s41467-021-24701-9
https://doi.org/10.1007/s40820-023-01229-9
https://doi.org/10.1007/s40820-023-01229-9
https://doi.org/10.1038/s41467-024-47101-1
https://doi.org/10.1038/s41467-024-47101-1
https://doi.org/10.1002/anie.202310577
https://doi.org/10.1021/jacs.4c02150
https://doi.org/10.1021/jacs.4c02150
https://doi.org/10.1039/D3SC06935D
https://doi.org/10.1007/s40820-024-01372-x
https://doi.org/10.1007/s40820-024-01372-x
https://doi.org/10.1002/anie.202407491
https://doi.org/10.1002/anie.202407491
https://doi.org/10.1016/j.ensm.2024.103449
https://doi.org/10.1016/j.ensm.2024.103449
https://doi.org/10.1002/adfm.202308872
https://doi.org/10.1002/adfm.202308872
https://doi.org/10.1038/s41893-024-01275-0
https://doi.org/10.1038/s41560-023-01417-2
https://doi.org/10.1016/j.ensm.2023.102932
https://doi.org/10.1002/adfm.202315716
https://doi.org/10.1002/anie.202203137
https://doi.org/10.1002/adfm.202106816
https://doi.org/10.1002/adfm.202106816
https://doi.org/10.1016/j.electacta.2024.144327
https://doi.org/10.1016/j.electacta.2024.144327

117

Page 16 of 16

Nano-Micro Lett. (2025) 17:117

70.

71.

72.

R. Zheng, Y. Li, H. Yu, X. Zhang, Y. Ding et al., Ammonium
ion batteries: material, electrochemistry and strategy. Angew.
Chem. Int. Ed. 62, €202301629 (2023). https://doi.org/10.
1002/anie.202301629

Y.-S. Jun, E.Z. Lee, X. Wang, W.H. Hong, G.D. Stucky et al.,
From melamine-cyanuric acid supramolecular aggregates to
carbon nitride hollow spheres. Adv. Funct. Mater. 23, 3661—
3667 (2013). https://doi.org/10.1002/adfm.201203732

Z. Song, L. Miao, L. Ruhlmann, Y. Lv, D. Zhu et al., Lewis
pair interaction self-assembly of carbon superstructures

© The authors

73.

harvesting high-energy and ultralong-life zinc-ion storage.
Adv. Funct. Mater. 32, 2208049 (2022). https://doi.org/10.
1002/adfm.202208049

F. Xie, H. Li, X. Wang, X. Zhi, D. Chao et al., Mechanism for
zincophilic sites on zinc-metal anode hosts in aqueous batter-
ies. Adv. Energy Mater. 11, 2003419 (2021). https://doi.org/
10.1002/aenm.202003419

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-01660-0


https://doi.org/10.1002/anie.202301629
https://doi.org/10.1002/anie.202301629
https://doi.org/10.1002/adfm.201203732
https://doi.org/10.1002/adfm.202208049
https://doi.org/10.1002/adfm.202208049
https://doi.org/10.1002/aenm.202003419
https://doi.org/10.1002/aenm.202003419

	NH4+-Modulated Cathodic Interfacial Spatial Charge Redistribution for High-Performance Dual-Ion Capacitors
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Material Synthesis
	2.1.1 Preparation of Aqueous Electrolytes
	2.1.2 Synthesis of Zn-MOFs (MET-6)
	2.1.3 Synthesis of Porous Functional Carbon (PFC)

	2.2 Characterizations
	2.3 Electrochemical Measurements
	2.4 Calculation Methods
	2.4.1 Molecular Dynamics (MD) and Density Functional Theory (DFT) Simulations
	2.4.2 Activation Energy
	2.4.3 Charge Storage Kinetics


	3 Results and Discussion
	3.1 Charge Carrier Properties
	3.2 Cationic Solvation Structures
	3.3 Cathode–Electrolyte Interfaces
	3.4 Electrochemical Performances
	3.5 Charge Storage Mechanism

	4 Conclusions
	Acknowledgements 
	References


