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Aqueous Zn-ion hybrid supercapacitors (ZHSs) integrating the merits of Zn-ion batteries with high energy
densities and supercapacitors with high power densities are considered one of the promising candidates
for highly safe large-scale energy storage. Unfortunately, the unsatisfactory energy density of carbon-
based cathode materials limited the practical application of ZHSs. A strategy of introducing heteroatoms
and pseudocapacitive metal oxide materials into carbon materials is proposed to build ZHSs with better
electrochemical performance. Herein, an N-doped carbon framework with homogeneously distributed
nanoscale ZrO, (NC@ZrO,) was prepared by pyrolyzing Zr-containing metal—organic frameworks (MOFs,
UiO-66-NH,). Due to the facilitated chemical adsorption and accelerated Zn®*-storage kinetics, the
NC@ZrO,-based ZHS demonstrates a remarkable maximum energy density of 69 W h kg™ and a
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formance cathode materials for ZHSs by integrating the N-doping strategy and pseudocapacitive reac-
tions, which sheds light on the charge-storage mechanism and advanced cathode material design for

rsc.li/frontiers-inorganic ZHSs toward practical applications.

including regulating the micro-structure and pore size, doping
with heteroatoms,™'® and introducing pseudocapacitive
materials.® Among various optimization strategies, heteroatom

1. Introduction

Aqueous Zn-ion hybrid supercapacitors (ZHSs) integrating the

high energy density of aqueous zinc batteries (AZIBs)' ™ and
the high power density of supercapacitors®® are suitable for
various electrochemical energy storage scenarios.” > The fun-
damental chemistry of ZHSs is based on the reversible electro-
deposition of Zn>" on the anode side and the adsorption/de-
adsorption process on the cathode side. Compared with the Zn
anode showing a low redox potential (-0.76 V vs. standard
hydrogen) and a high theoretical specific capacity (823 mA h
g™ or 5855 mA h cm™®), the development of carbon-based
cathode materials is hindered by the unsatisfactory Zn**
storage capability."**® Great efforts have been made to achieve
higher energy density with carbon-based cathode materials,
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doping is a facile and effective strategy to enhance the Zn**
storage capability of carbon-based materials. Introducing
heteroatoms in carbon may lead to lattice defects, which
provide additional active sites and enhance the conductivity of
carbon. Besides, the ameliorated surface tensile and adsorp-
tion properties of doped carbon boost the redox reaction on
the cathode surface. Nitrogen atoms, which show a similar
radius to carbon and higher electronegativity, are regarded as
promising heteroatoms to improve the electrochemical per-
formance of carbon-based materials.

Introducing pseudocapacitive materials into carbon-based
materials is another way that has been demonstrated to be
effective in improving the energy density of ZHSs. The revers-
ible redox reaction on the surface of pseudocapacitive
materials endows them with significantly higher capacitances
while retaining fast reaction kinetics.'” Several types of
pseudocapacitive materials have been reported with good
electrochemical performance, including  conducting
polymers,'®*®  MXenes,””® and transition metal oxides
(TMOs)** or nitrides,® among which TMOs have drawn tremen-
dous attention in supercapacitors owing to the advantages of
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natural abundance, low cost, and rich redox reactions. The
biggest problem that hinders the practical application of
TMOs is their relatively lower electronic conductivity. For
example, zirconium oxide (ZrO,), which shows higher conduc-
tivity than other TMOs like TiO, and MnO,, still suffers from
high resistance at room temperature (3.16 x 10"°-3.16 x 10'®* Q
m).**> As a result, the electrochemical performances of pure
TMOs are far from satisfactory, with both limited capacitance
and poor rate capability achieved. The adoption of TMOs in
ZHSs relies on a conductive carbon network to address their
intrinsic low conductivities. The development of nanotechno-
logy, which reduces the size of materials into a nanoscale, pro-
vides a facile solution to enhance the electrochemical perform-
ance of TMOs by enabling good contact with the electrolyte
and ensuring fast ion diffusion. For example, the nanoscale
ZrO, (2-3 nm) has been demonstrated to provide 2.1 times
higher specific capacitance than its bulky part in alkaline solu-
tions.>®> Therefore, incorporating nanoscale ZrO, with the
pseudocapacitive reaction into an N-doped carbon framework
with a hierarchical architecture may help in obtaining high-
performance ZHSs.

Herein, we report a novel cathode material for ZHSs com-
prising an N-doped hierarchical porous carbon framework and
the homogeneously dispersed nano-sized ZrO, particles
(NC@ZrO,). The NC@ZrO, composite is prepared by direct
pyrolysis of UiO-66-NH, with the amino functional group
under a N, atmosphere, and it displays a large specific surface
area of 269.74 m> g~', suitable pore-size distribution, and
sufficient active sites. Due to the promoted chemical adsorp-
tion and the accelerated Zn>-storage kinetics, the NC@ZrO,
cathode delivers remarkable electrochemical properties for
ZHSs in terms of excellent capacity (81.5 mA h g™') and rate
performance (45.0 mA h g™ at 6.4 A g~'). Furthermore, the
NC®@ZrO,-based ZHS demonstrates an ultralong lifespan and
superior anti-self-discharge behavior. This work provides a
promising strategy to build high-performance carbon-based
cathodes with the heteroatom doping strategy and pseudo-
capacitive reactions, which sheds light on the charge-storage
mechanism and advanced materials design for ZHSs toward
practical applications.

2. Experimental
2.1 The synthesis process of UiO-66 and UiO-66-NH, MOF

For Ui0-66, ZrCl, (4 mmol) and 1,4-benzenedicarboxylic acid
(H,BDC, 8 mmol) were dissolved in a mixed solution of N,N'-
dimethylformamide (DMF) (24 ml) and concentrated HCI
(0.67 ml). The obtained solution was sealed in a 50 ml Teflon-
lined stainless-steel autoclave and heated at 220 °C for 16 h.
After cooling the vessel, white powders were obtained. The
resulting solid was then filtered and purified with DMF and
EtOH at room temperature several times. Similarly, UiO-66-
NH, was synthesized and purified through the same method
except for replacing the original BDC ligand with the 2-amino-
terephthalic acid (NH,-H,BDC) ligand.
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2.2 The synthesis process of NC@ZrO, and C@ZrO,
composites

The as-synthesized UiO-66-NH, powders and UiO-66 powders
were both calcined under a nitrogen atmosphere at 700 °C for
3 h with a heating rate of 10 °C min~". Then, the obtained pro-
ducts were put in a three-necked flask with 50 mL aqua regia
and stirred at 60 °C for 24 h. After that, NC@ZrO, and
C@ZrO, powders were washed with deionized water three
times and dried at 80 °C overnight.

2.3 Material characterization

Powder X-ray diffraction (PXRD) data were recorded on a
Rigaku Smart lab instrument operating at 40 kV voltage and
100 mA current with monochromatized Cu-Ka radiation (1 =
1.54056 A), with a scan step of 10° min~* and a scan range
between 2.6° and 70°. Raman spectroscopy was carried out
with 532 nm excitation using a HORIBA Scientific LabRAM HR
Evolution Raman spectrometer. X-ray photoelectron spec-
troscopy (XPS) was performed on a Thermo Fisher Scientific
K-Alpha spectrometer with Al Ka radiation to characterize the
surface components. N, adsorption and desorption were con-
ducted at 77.35 K using the Micromeritics Instrument ASAP
2460 after pretreating samples by heating under vacuum at
120 °C for 6 h. Pore volume and size analyses were performed
by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods, respectively. The morphology images
of MOF particles, NC@ZrO, and C@ZrO, composites were
observed on a JSM-7610F field-emission scanning electron
microscope (FE-SEM). A Tecnai G2 F20 transmission electron
microscope (TEM) equipped with an X-ray energy-dispersive
spectrometer (EDS) system operated at 200 kV accelerating
voltage was applied for high-resolution transmission electron
microscopy (HRTEM) imaging and composition analysis. The
content of ZrO, in NC@ZrO, and C@ZrO, composites was
analyzed using a NETZSCH STA 449F5 Thermo Gravimetric
Analysis (TGA) instrument using TG-DTA mode, the samples
were dried and then tested under an oxidizing atmosphere,
using O, (20 ml min™") and N, (30 ml min™") as sweep gas and
N, (20 ml min™") as protective gas, and the temperature was
first raised up to 800 °C with a heating rate of 10 °C min™,
and then kept at 800 °C for 10 minutes.

2.4 Electrochemical measurement

For the electrochemical measurements, cathodes were fabri-
cated by coating the active material, Ketjenblack, and poly
(vinylidene fluoride) (PVDF) with a mass ratio of 70:20:10
onto the carbon cloth. Then, the carbon cloth was dried at
80 °C overnight and cut into round disks with a diameter of
12 mm. The electrochemical behaviors of MOF-derived carbon
were tested using a coin cell, in which Zn foil was used as the
reference and counter electrode, and a solution of 2 M ZnSO,
was used as the electrolyte. The cyclic voltammetry test was all
carried out using the CHI 760D electrochemical workstation.
The pseudocapacitive contribution analysis of the composite
was studied using the following procedure.>* The relationship
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of the peak current (i) and the scan rate (v) obeys a power law:
i=av

where the b value can be calculated using the slope of the log
(1) versus log(v) plot, where the b value of 0.5 indicates
diffusion-controlled behavior and 1.0 represents the pseudo-
capacitive effect. The contributions to the capacity can be
further quantified using the following equation:

i =k + kp'/?

where kv and kyw'? represent the pseudocapacitive and

diffusion-controlled contribution, respectively. Galvanostatic
charge-discharge and self-discharge performance were ana-
lysed on the Land cell test system.

3. Results and discussion
3.1 Characterization of samples

Fig. 1 shows the preparation process of the NC@ZrO, compo-
site. First, the UiO-66-NH, precursor was synthesized by a
solvothermal method using ZrCl, and the 2-aminoterephthalic
acid ligand. After that, the resulting material was pyrolyzed
under a N, atmosphere to form a nitrogen-doped hierarchical
porous carbon framework with homogeneously distributed
ZrO, particles, followed by an acid etching process to reduce
the particle size of ZrO, to ensure the hierarchical porous
structure. For comparison, UiO-66 was synthesized by a similar
method and a porous carbon framework with homogeneously
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Research Article

distributed ZrO, particles was also fabricated and used as a
control.

X-ray diffraction (XRD) measurement was carried out to
investigate the crystal structure of the as-synthesized materials.
As shown in Fig. S1,} the diffraction peaks of UiO-66-NH, and
Ui0-66 correspond well to previous reports,”>*® confirming
the formation of the desired crystalline frameworks. After calci-
nation (Fig. 2a), the diffraction peaks corresponding to the
pristine MOFs disappear, while the new peaks at 30.4°, 35.3°,
50.7°, and 60.4° demonstrate the formation of nano-sized ZrO,
in the NC@ZrO, and C@ZrO, composites (PDF:#03-0640). The
broad weak peak at 24.7° could be indexed to the (002) planes
of graphitic carbon.”” Moreover, the diffraction peaks have a
broad full width at half maximum (FWHM), implying that the
crystallite size is in the nanometer range. The average crystal-
lite sizes for ZrO, in the NC@ZrO, and C@ZrO, composite are
calculated using the Scherrer formula to be ~3.02 nm and
~3.57 nm, respectively, and the tiny difference may result from
the acid etching process.

The Raman spectra in Fig. 2b show the characteristic D
band (1354 cm™') and G band (1588 cm™') for both the
NC@ZrO, and C@ZrO, composites, which is related to the
lattice defect for defective/distorted carbon and the in-plane
stretching vibration of sp” hybridization for graphitic carbon,
respectively.>'#'%?7?8 The degree of graphitic disorder and the
defect concentration can be quantitatively evaluated by the
peak area ratio of the D band to the G band (i.e., I/Ig)."* The
I/l value of the NC@ZrO, composite (Ip/Ig = 1.04) is much
larger than that of the C@ZrO, composite (Ip/Ig = 0.89), which

% w;;. &
Yy HCI, 'k'u‘» '(.\'f_
v 8
2-Aminoterephthalic DMF -4 i‘
Acid
> 220°C,16h
zr .
Pyrolysis
(N2,700°C,3h),
Acid etching
PVDF,
superP,
NMP

N doped-porous C/ZrQ: composite (NC@ZrOz)

Fig. 1 Schematic illustration of the synthetic process for the NC@ZrO, composite and the fabricated ZHS. (The abbreviations of DMF, PVDF, and
NMP correspond to N,N’-dimethylformamide, poly(vinylidene fluoride), and N-methylpyrrolidone, respectively.)
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Fig. 2 Materials characterization of the NC@ZrO, composite. (a) XRD and (b) Raman spectra of NC@ZrO, and C@ZrO, composites. (c) N 1s high-
resolution XPS spectra of the NC@ZrO, composite. (d) N, adsorption and desorption curves of the NC@ZrO, composite; the inset shows the pore

size distribution.

indicates a high degree of disorder and a large population of
defects in the graphitic lattices of the NC@ZrO, composite.
These results manifest that introducing of N heteroatoms
brings efficient lattice defects, leading to additional active
sites and better adsorption properties, which is beneficial for
Zn>" storage. Moreover, N doping can not only increase the
electrical conductivity, but also improve the electrolyte infiltra-
tion;> all these merits will facilitate the electrochemical per-
formance of the NC@ZrO, composite.

Furthermore, X-ray photoelectron spectroscopy (XPS) was
conducted to characterize the surface chemical composition of
NC®@ZrO,. The C 1s spectrum (Fig. S2t) can be deconvoluted
into three peaks. The dominant peak at 284.75 eV is related to
the C-C configuration, while the peaks at 286.45 eV (C-N) and
288.51 eV (C-0) are ascribed to the surface oxygen and nitro-
gen groups, respectively. The N 1s spectrum of NC@ZrO, con-
sists of three distinct peaks at 402.5, 400.46, and 398.73 eV
(Fig. 2c), which are attributed to the graphitic-N, pyrrolic-N,
and pyridinic-N, respectively.”” The different nitrogen species
observed in the N 1s spectrum further demonstrate the suc-

2118 | /norg. Chem. Front., 2023, 10, 2115-2124

cessful doping of carbon with heteroatoms, which can opti-
mize the electronic properties of carbon-based cathodes.

Furthermore, the pore structure of NC@ZrO, and C@ZrO,
composites was characterized by the Brunauer-Emmett-Teller
(BET) nitrogen adsorption/desorption technique. The
NC@ZrO, composite delivers a BET surface area of 269.74 m>
¢~ ' (Fig. 2d), even higher than that of the C@ZrO, composite
(169.82 m”> ¢!, Fig. S3af). Furthermore, the Barrett-Joyner—
Halenda (BJH) pore size distribution of NC@ZrO, reveals a
hierarchical porous structure with the pore size ranging from
3 nm to 10 nm (inset of Fig. 2d). In contrast, C@ZrO, shows a
narrow pore-size distribution (Fig. S3bt), with the pore size
centered at 3.73 nm. The relatively larger surface area pro-
motes chemical adsorption, while the hierarchical porous
structure is favorable for Zn>" transport, which benefits the
electrochemical properties in terms of higher specific capacity
and better rate capability.

The microstructures of different samples are further evalu-
ated by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations. The as-prepared

This journal is © the Partner Organisations 2023
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UiO-66 (Fig. S4at) exhibits a polyhedron shape with the par-
ticle size ranging from 100 nm to 3 pm. The shape of UiO-66-
NH, is similar to that of UiO-66; however, the size of the par-
ticles is much smaller, with the average size of ~80 nm
(Fig. S4bt), which corresponds to broad XRD peaks (Fig. S17),
and the nano-sized primary particles loosely aggregate
together to form micron-sized secondary blocky-shaped par-
ticles. After pyrolysis and acid etching, the formed secondary
particles of the NC@ZrO, composite mainly comprise small
spheres with an average size of ~3 nm (Fig. 3a-c and S4cf¥),
which is evenly distributed and also loosely packed. While the
C@ZrO, composite retains its bulky polyhedron shape
(Fig. S4dt), small compact spheres are also observed inside
the polyhedra (Fig. S5b¥). High-resolution transmission elec-
tron microscopy (HRTEM) images (Fig. 3d) further show that
the interplanar spacing of the small spheres is 0.29 nm, corres-
ponding well to the (111) plane of ZrO,. The ZrO, spheres dis-

c 53.58 wt.%

2.95 wt.%
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tribute homogeneously among the amorphous carbon frame-
work, which benefits the interfacial interaction between the
electrolyte and cathode materials. Furthermore, the energy dis-
persive spectroscopy (EDS) spectrum confirms the homo-
geneous distribution of C, N, O and Zr elements (Fig. 3e), and
the mass ratio is 53.58%, 2.95%, 34.42%, and 9.05%, respect-
ively. While for the C@ZrO, composite, ZrO, spheres are also
verified by HRTEM (Fig. S5b¥), no N element was detected by
EDS (Fig. S5ct), and the content of other elements is similar to
NC@ZrO,. The above results indicate that a hierarchical archi-
tecture with N-doped porous C and evenly distributed nano-
sized ZrO, has been successfully built in the NC@ZrO, compo-
site. Compared with the C@ZrO, composite, the primary
nano-sized ZrO, spheres are loosely packed and surrounded by
N-doped C, which provides abundant channels for electrolyte
and ion transport and favors better electrochemical properties.
In contrast, for the large C@ZrO, polyhedra, the compact

0,280
210, (111)

34.42 wt.% 9.05 wt.%

Fig. 3 Morphology characterization of the NC@ZrO, composite. (a) and (b) SEM images, (c) TEM image, (d) HRTEM image, and (e) TEM EDS elemen-
tal mapping of the NC@ZrO, composite, and the mass ratio of C, N, O, and Zr.
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structure results in lower efficiency of mass and charge trans-
fer inside the particles, leading to attenuated electrochemical
properties.

To determine the ZrO, content in the composites, TG-DTA
experiment under an oxidizing atmosphere was carried out, to
convert the C and N elements into CO, and NO, and then
remove the products. The weight losses of NC@ZrO, and
C@ZrO, composites are 38.43% and 41.45%, respectively
(Fig. S6a and bf¥), indicating that the original ZrO, content in
these two samples is about 61.57% and 58.55% respectively
when assuming that the water absorption is negligible.
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3.2 Electrochemical performance

The electrochemical performance of the NC@ZrO, cathode for
ZHSs was assessed in the electrolyte 2 M ZnSO,. First, cyclic
voltammetry (CV) curves with cut-off voltages ranging from 1.6
to 2.1 V were used to determine the optimal operating voltage
(Fig. 4a). The CV curves are approximately symmetrical with a
cut-off voltage lower than 1.8 V, while the forward current
increases significantly with higher cut-off voltages. The above
results suggest that the ideal operating voltage for ZHSs with
the NC@ZrO, cathode was 0.1-1.8 V. Similarly, the voltage
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Fig. 4 Electrochemical performance of the NC@ZrO, and the C@ZrO, composites. CV curves with cut-off voltages ranging from 1.6 to 2.1 V of (a)
NC@ZrO, and (b) C@QZrO, cathode. (c) and (e) CV curves at various scan rates of the NC@QZrO, cathode. (d) and (f) CV curves at various scan rates of

the C@ZrO, cathode.
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window of C@ZrO, also was determined to be 0.1-1.8 V
(Fig. 4Db). Subsequently, the CV curves of NC@ZrO, at various
scan rates are presented in Fig. 4c and e. The curves retain a
quasi-rectangular shape with larger distortion, indicating a
combination of the electric double-layer capacitor of the
carbon framework and the pseudocapacitive behaviors of
ZrO,. Furthermore, compared with the C@ZrO, cathode
(Fig. 4d and f), the NC@ZrO, cathode still exhibits a similar
shape of the CV curve even at a super-fast scan rate of 200 mv

(a) 2

View Article Online
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s', which demonstrated that the remarkable rate capability of
the Zn-NC@ZrO, capacitor stems from the introduction of the
nitrogen element.

Due to the pseudocapacitive properties of ZrO,, there is a
relatively obvious redox peak around 1.0 V in the CV curve
(Fig. S7at). To further clarify the electrochemical kinetics of
the NC@ZrO, and C@ZrO, electrodes, the capacitive and
redox pseudocapacitance-like contribution was analyzed. As
disclosed in Fig. S7b,T the b values of the anodic and cathodic
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Fig. 5 Electrochemical performance of NC@QZrO, and C@ZrO, composite based ZHSs. (a) GCD curves of NC@QZrO, based ZHS at current ranging
from 0.2 to 6.4 A g~*. (b) The Ragone plot comparison between different supercapacitors and NC@ZrO, based ZHSs. (c) Rate properties of

NC@ZrO,-based ZHS. (d) Cycling performance of NC@ZrO,-based ZHS.
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peaks are 0.96 and 0.95, respectively, indicating that the storage
kinetics of NC@ZrO, is a combination of pseudocapacitive and
capacitive mechanisms. The contributions to the capacity were
further quantified; with increasing scan rate, the capacitive con-
tribution ratio becomes higher and the ratio value reaches
90.4% at a scan rate of 10 mV s " (Fig. S7c and df). Similarly,
the capacitive contribution ratio of the C@ZrO, electrode was
calculated to be 88.7% at a scan rate of 10 mV s™* (Fig. S8c and
dt). Such a high capacitance ratio of the NC@ZrO, can lead to
faster ion adsorption for better rate performance.

The galvanostatic charge and discharge (GCD) curves of
NC@ZrOy-based ZHSs at different current densities ranging
from 0.2 to 6.4 A g~' are shown in Fig. 5a. All the curves were
symmetric and linear in shape, agreeing well with the results
from CV curves. It is noted that the GCD curves of C@ZrO,-
based ZHS at different current rates are slightly different from
that of the NC@ZrO,-based ZHS (Fig. S9t). The charging curve
of C@ZrO,-based ZHS has a lower slope in the high-voltage
region due to the severe self-discharge behavior. In contrast,
the GCD curve of the NC@ZrO,-based ZHS shows a more sym-
metrical shape and exhibits better resistance to self-discharge.
Notably, the NC@ZrO,-based ZHS shows a remarkable energy
density of 69 W h kg™ at a power density of 180 W kg™ and
also retains an energy density of 42 W h kg™ when the power
density increased to 5760 W kg ', which is superior to that of
most reported materials®*~* (Fig. 5b). Markedly, the NC@ZrO,
cathode can deliver reversible capacities of 81.5, 60.5, 54.0,
49.4, 46.6, and 45.0 mA h g™" at 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 A
g, respectively. When the current density recovers to 0.2 A
g™, it could restore to a capacity of 63.9 mA h g~* (Fig. 5c).
The rate performance of the NC@ZrO, cathode is much better
than that of the C@ZrO, cathode (Fig. S101), which can be
attributed to nitrogen doping which improves the overall con-
ductivity. The long-term cycling performance of the NC@ZrO,-
based ZHS was studied at the current density of 1.0 A g%, as
displayed in Fig. 5d. The NC@ZrO,-based ZHS shows an initial
capacity of 64.2 mA h g~* with retention of 97.7% and almost
100% coulombic efficiency (CE) after 10 000 cycles. In contrast,
the C@ZrO,-based ZHS could only exhibit an initial capacity of
38.4 mA h g~" and a short lifespan of 4100 cycles (Fig. S117).
Overall, the electrochemical performance of NC®@ZrO, is
much better than that of C@ZrO,. This can be attributed to
the stronger electronegativity of N element than that of C,
which can accommodate the adsorption of more zinc ions,
resulting in an enhanced capacity.

Anti-self-discharge ability has become an important indi-
cator for evaluating ZHSs. Our constructed NC@ZrO,-based
ZHS exhibits excellent performance towards anti-self-dis-
charge. As disclosed in Fig. 6a, NC@ZrO,-based ZHS was
rested for 24 hours after being charged to 100% state of charge
(SOC). Then, the battery was discharged to 0% SOC, delivering
a capacity of 81.5%. Such superior anti-self-discharge may be
attributed to the synergistic effect between N-doping porous
carbon and pseudocapacitive ZrO,. Compared with conven-
tional supercapacitors,®®** zinc-based hybrid capacitors
exhibit a higher capability of anti-self-discharge (Fig. 6b).
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Fig. 6 Anti-self-discharge analysis of NC@ZrO,-based ZHS. (a) Self-dis-
charge curve of NC@ZrO,-based ZHS. (b) The capacitance retention of
different supercapacitors and ion hybrid capacitor systems. (CE is the
abbreviation of capacitance retention.) (c) and (d) The schematic dia-
grams of NC@ZrO,-based symmetric supercapacitors and ZHS in the
charged state.

The schematic diagrams of NC@ZrO,-based symmetric
supercapacitors and ZHSs in the charged state are shown in
Fig. 6c and d, respectively. In the symmetric supercapacitors
(Fig. 6c), NC@ZrO, is used as both the anode and cathode
materials, which store energy through adsorption and pseudo-
capacitive behavior. In the fully charged state, anions are
adsorbed on the surface of the cathode and Zn®" ions are
adsorbed on the surface of the anode. Due to the different con-
centrations and voltages between electrodes and the electro-
lyte, adsorbed ions on the electrode surface tend to diffuse
autonomously into the electrolyte under open-circuit con-
ditions. Therefore, NC@ZrO,-based symmetric supercapacitors
exhibit higher self-discharge rates. In contrast, the reaction
mechanism for ZHSs is different (Fig. 6d). During the charging
and discharging process, the conversion reaction between Zn
and Zn®" occurs at the anode; at the same time, adsorption
and pseudocapacitive reactions occur on the surface of the
cathode. Therefore, there is no cation concentration difference
in the negative electrode of the ZHSs, and the possibility of
zinc spontaneously converting to zinc ions in the open-circuit
state is low. The movement rate of zinc ions is also slower than
the self-diffusion speed of adsorbed ions. As a result,
NC@ZrO,-based ZHS can exhibit excellent anti-self-discharge
performance.

4. Conclusions

In this work, an N-doped porous carbon framework with
homogeneously distributed nano-sized ZrO, particles was
designed as the cathode material for ZHSs. The introduction
of heteroatoms in the carbon framework and ZrO, nano-
particles with pseudocapacitive reactions demonstrate the pro-
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moted chemical adsorption and the accelerated Zn>*-storage
kinetics. As a result, the NC@ZrO, cathode delivers impressive
electrochemical properties in terms of excellent capacitance
and good rate capability. A remarkable maximum energy
density of 69 W h kg™ and a maximum power density of 5760
W ke ' can be achieved in the NC@ZrO,-based ZHSs.
Moreover, the NC@ZrO,-based ZHSs demonstrate an ultralong
lifespan (10 000 cycles) and superior anti-self-discharge behav-
ior (81.5% of capacitance retention after 24 h). This work pro-
vides a high-performance cathode material for ZHSs and
inspires new thoughts on advanced electrode design for ZHSs
toward practical applications.
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