
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
0:

31
:2

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ultrathin NiO na
Feili Lai

D
d
(
a
C
v
H
F
V
I
a
c
a
a

combine the design and synthesi
energy storage and conversion app
robotics.

aKey Laboratory of Synthetic and Biological

of Chemical and Material Engineering, Inte

Nano Energy Composites, Jiangnan Univers

txliu@jiangnan.edu.cn
bState Key Laboratory of Metal Matrix Comp

Engineering, Shanghai Jiao Tong University,

feililai@sjtu.edu.cn
cBTR New Material Group Co., Ltd, Shenzhe

Cite this: J. Mater. Chem. A, 2024, 12,
18157

Received 9th March 2024
Accepted 18th June 2024

DOI: 10.1039/d4ta01608d

rsc.li/materials-a

This journal is © The Royal Society o
nosheets anchored to a nitrogen-
doped dodecahedral carbon framework for
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Hierarchical porous structures and well-modulated interfacial interactions are essential for the performance of

electrode materials. The energy storage performance can be promoted by regulating the diffusion behavior of

the electrolyte and constructing a coupled interaction at heterogeneous interfaces. Herein, we have synthesized

ultrathin NiO nanosheets anchored to nitrogen-doped hierarchical porous carbon (NiO/N-HPC) and applied it

to construct aqueous potassium ion hybrid capacitors (APIHCs). The abundant and interconnected porous

architecture promotes electrolyte penetration/diffusion and shortens the ion transport path, thereby

accelerating storage reaction kinetics. The nitrogen-doped carbon support can achieve optimized metal

oxides–carbon interaction and enhance the adsorption ability for the electrolyte ions, leading to earning

higher storage capacity. Consequently, the prepared NiO/N-HPC exhibits a superior capacitance of 126.4 F

g−1 at a current density of 0.5 A g−1, and the as-fabricated NiO/N-HPC//N-HPC APIHC achieves an ultra-

high capacitance retention of 91.6% over 8000 cycles at a current density of 2 A g−1. Meanwhile, the APIHC

device shows an excellent energy density of 21.95 W h kg−1 and a power density of 9000 W kg−1.
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1 Introduction

The growing demands for electric vehicles and massive smart
grids have been driving advances in energy storage devices with
high power and energy densities.1–3 Among multitudinous
energy storage systems, rechargeable metal-ion batteries (RIBs)
and supercapacitors (SCs) represent promising ones that can
advance both research and practical applications.4–8 However,
the unsatisfactory power density of RIBs and low energy density
of SCs make them challenging to meet the future needs for
simultaneous high energy density and output power, known as
the Ragone conict. Lithium-ion hybrid capacitors (LIHCs)
provide a potential solution by combining the benets of SCs
and RIBs to strike a balance between high power and energy
densities while maintaining a long lifetime.9–11 Nevertheless,
the development of LIHCs is constrained by the uneven distri-
bution of lithium resources and rising costs. Aqueous
potassium-ion hybrid capacitors (APIHCs) have emerged as an
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appealing alternative due to the low redox potential of K/K+

(−2.93 V vs. standard hydrogen electrode) and the natural
abundance of potassium resources.12–16 Meanwhile, the APIHCs
can also bring a high level of safety, environmental friendliness,
and high ionic conductivity.17–20 However, the comparatively
large radius of K+ (1.33 Å) in comparison to Li+ (0.60 Å) has
posed a signicant hurdle in the development of potassium-ion
storage devices, resulting from the sluggish ion transport
kinetics, irreversible structure destruction, and inferior storage
performance of APIHCs. Therefore, it is still necessary and
challenging to develop promising electrode candidates for
potassium ion storage.

Transition metal oxides (TMOs) are considered as reliable
electrode candidates for APIHCs by virtue of their low cost,
abundance, and superior capacity.21–24 Among them, nickel oxide
(NiO) has been extensively studied as a typical pseudocapacitive-
type material due to its high theoretical capacity and exceptional
charge storage properties. However, it is hampered in practical
application by severe particle aggregation and low electrical
conductivity, resulting in low real capacity and poor cycling life-
span. The incorporation of TMOs within reasonable carbon
matrices has been demonstrated as an effective approach to solve
these problems, which can endow hybrids with enhanced
conductivity and structural stability.25–27 The well-designed carbon-
based substrates can prevent aggregation of active material, offer
mechanical exibility and abundant conductive pathways, and
improve electrochemical storage performance.28,29 For example,
metal–organic frameworks are currently regarded as suitable
precursors for creating hierarchical porous carbon nano-
composites with controllable structures. The internal voids can
offer a signicant number of active sites and provide short
distances for ion diffusion and electrolyte penetration.30–32

Regrettably, the conventional physical blending process of active
materials and supports oen results in the aggregation of indi-
vidual components with poor intimate connections. This hampers
the interfacial charge-transfer ability and stability severely, leading
to poor rate capability.33–35 Therefore, it is a signicant challenge to
establish tight interactions between electroactive materials and
carbon supports that could be pivotal in storage performance.
Additionally, the inherent mechanisms underlying their impact
on potassium storage performance remain lacking.

Herein, we synthesized ultrathin NiO nanosheets (NSs)
anchored to nitrogen-doped hierarchical porous carbon (NiO/N-
HPC) and utilized it to construct an aqueous potassium-ion
hybrid capacitor. The rational design endows the NiO/N-HPC
hybrid with outstanding merits. (i) The hierarchical and inter-
connected porous architecture promotes efficient electrolyte
diffusion and penetration, which can shorten ion transport
path and accelerate reaction kinetics. (ii) The unique structure
of the dodecahedral carbon support with a hierarchical pore
structure ensures a homogeneous distribution of ultrathin NiO
NSs, enhancing accessibility and exposure of active sites, and
thereby promoting prolonged cycle stability. (iii) The nitrogen-
doped carbon support can achieve optimized metal oxides–
carbon interaction and enhance the adsorption ability for the
electrolyte ions. Consequently, it was found that the resulting
NiO/N-HPC showed a superior capacitance of 126.4 F g−1 at
18158 | J. Mater. Chem. A, 2024, 12, 18157–18166
a current density of 0.5 A g−1 in 0.5 M K2SO4. The fabricated
NiO/N-HPC//N-HPC APIHC achieved an ultra-high capacitance
retention of 91.6% over 8000 cycles at the current density of
2 A g−1. Meanwhile, the APIHC showed an excellent energy
density of 21.95 W h kg−1 and a power density of 9000 W kg−1.

2 Experimental sections
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2$6H2O), nickel nitrate hexa-
hydrate (Ni(NO3)2$6H2O), 2-methylimidazole, ammonia, urea,
methanol, ethanol, tetrahydrofuran, N-methyl pyrrolidone
(NMP), tetrahydrofuran (THF), polyvinylidene diuoride
(PVDF), carbon black, and potassium sulfate (K2SO4) were
supplied by Sinopharm Chemical Reagent Co., Ltd. The poly-
styrene (PS) was prepared as reported previously.36

2.2 Synthesis of NiO/N-HPC

The nitrogen-doped hierarchical porous carbon (N-HPC) was
prepared based on our previous work,37 where PS microspheres
were used as the template. They were soaked in 135 mL methanol
solution including 20.25 g 2-methylimidazole and 24.45 g
Zn(NO3)2$6H2O and vacuumed for 0.5 h. Following this, the
soaked PSmicrospheres were dried at 60 °C and then immersed in
a mixed solution comprising ammonia and methanol (volumetric
ratio: 1 : 2) for 24 h, resulting in the formation of single-crystal
ordered macroporous zeolitic imidazolate frameworks (SOM ZIF-
8). The PS template within the SOM ZIF-8 was eliminated
through immersion in THF for 24 h, and then dried at 110 °C for
24 h to remove any residue. Under an Ar atmosphere, the above
dried sample was carbonized at 900 °C for 1 h to yield N-HPC.
Then, N-HPC (20 mg) was ultrasonicated in 34 mL of deionized
water for 1 h, followed by adding urea (20 mg) and Ni(NO3)2$6H2O
(8 mg). Aer stirring for 2 h, the mixture was transferred into
a 50 mL Teon-lined autoclave and heated at 120 °C for 16 h. The
obtained product, comprising Ni(OH)2 nanosheets grown on the
surface of N-HPC (Ni(OH)2/N-HPC), was subjected to multiple
centrifugation steps to remove impurities. Finally, the Ni(OH)2/N-
HPC composite was dried at 75 °C and then heated at 350 °C for
2 h under an Ar atmosphere to obtain ultrathin NiO nanosheets
(NSs) anchored to nitrogen-doped hierarchical porous carbon
(NiO/N-HPC). Furthermore, the mass ratio of NiO in the NiO/N-
HPC was also detected by using thermogravimetric analysis
(TGA) as shown in Fig. S1,† which is approximately 8.8 wt%.

2.3 Synthesis of bulk NiO

Urea (20 mg), Ni(NO3)2$6H2O (8 mg), and 34 mL deionized
water were mixed under stirring for 2 h. Then, the mixture was
transferred into a 50 mL Teon-lined autoclave and heated at
120 °C for 16 h. The sample was washed with ethanol/water and
dried at 75 °C. Finally, the as-prepared samples were heated at
350 °C for 2 h under an Ar atmosphere to obtain bulk NiO.

2.4 Materials characterization

The morphologies of the samples were investigated via
scanning electron microscopy (SEM, HITACHI S4800, Japan)
This journal is © The Royal Society of Chemistry 2024
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and transmission electron microscopy (TEM, JEM-2100plus,
Japan). The elemental distribution on the sample was scan-
ned by energy-dispersive X-ray spectroscopy. X-ray diffraction
(XRD) patterns were recorded on an X-ray diffractometer
(Bruker D8, Germany) with Cu Ka radiation (l = 1.5418 Å). X-
ray photoelectron spectroscopy (XPS, Axis Supra, British) was
performed to analyze the compositions of the samples.
Thermogravimetric analysis (TGA) experiments were per-
formed with a heating rate of 10 °C min−1 under oxygen
atmosphere using a NETZSCH STA 2500 simultaneous
thermal analyzer, in the range from 30 to 1000 °C. Atomic
force microscopy (AFM) measurements were performed at
Bruker Dimensional Icon AFM.
2.5 Electrochemical measurements

The working electrodes were fabricated by mixing the PVDF
binder, carbon black, and activematerial with amass ratio of 1 :
1 : 8. The above components were prepared into a slurry with
NMP and coated on carbon paper with a mass loading of about
1 mg cm−2. Electrochemical measurements were conducted on
a three-electrode systemwith a graphite electrode as the counter
electrode and an Ag/AgCl electrode as the reference electrode.
The cyclic voltammetry (CV) curves, galvanostatic charge–
discharge (GCD) curves, and electrochemical impedance spec-
troscopy (EIS) plots were recorded on a CHI 660E electro-
chemical workstation in 0.5 M K2SO4 electrolyte.

The mass-based specic capacitance (C, F g−1) measured on
a three-electrode system was calculated from the GCD curves
using the following equation:

C ¼ I � Dt

m� V
(1)

where I (A) is the current, Dt (s) is the discharge time,m (g) is the
mass of electroactive material, and V (V) is the potential.

For aqueous potassium-ion hybrid capacitors (APIHCs),
they were fabricated using electrolyte (0.5 M K2SO4), anode (N-
HPC), and cathode (NiO/N-HPC). The mass loadings of the
anode and cathode were obtained by the following equation:

mc

ma

¼ Ca � DVa

Cc � DVc

(2)

where ma, Ca and DVa represent the mass, specic capacitance
and potential of anode, mc, Cc and DVc represent the mass,
specic capacitance and potential of cathode.

The energy density (E, W h kg−1) of APIHC was obtained
from the following equation:

E ¼ 1

2
� C � V 2 (3)

The power density (P, W kg−1) of APIHC was obtained from
the following equation:

P ¼ E

Dt
(4)
This journal is © The Royal Society of Chemistry 2024
2.6 Density functional theory (DFT) calculations

DFT calculations were performed using the Vienna ab initio
simulation package (VASP)38,39 with the Perdew–Burke–Ernzer-
hof generalized gradient approximation (GGA-PBE).40,41 It was
used to describe the ion–electron interaction, employing the
projected augmented wave (PAW)42 method. A cutoff energy of
600 eV was chosen for the planewave expansion of electron wave
function. A vacuum space of at least 20 Å was implemented to
separate interactions between neighboring slabs. In this
calculation, a 5 × 5 × 3 k-point mesh was adopted, and
convergence criteria were established at 10−5 eV for the self-
consistent eld (SCF) and 10−2 eV Å−1 for the ionic steps.
3 Results and discussion

The ultrathin NiO nanosheets (NSs) anchored to nitrogen-
doped hierarchical porous carbon (NiO/N-HPC) nano-
composite was synthesized based on single-crystal ordered
macroporous zeolitic imidazolate frameworks (SOM ZIF-8)
through three steps (Fig. 1a). In particular, the hierarchical
porous structure of N-HPC can be obtained by employing
uniform polystyrene microspheres as the template.43 Aer
anchoring the Ni(OH)2 NSs on the surface of N-HPC (Ni(OH)2/N-
HPC) through a hydrothermal process, the Ni(OH)2 NSs were
further transferred into NiO NSs aer annealing. The scanning
electron microscopy (SEM) images in Fig. 1b and c demonstrate
that the N-HPC maintains the rhombic dodecahedral frame-
work from SOM ZIF-8, while containing abundant and uniform
pores with uniform distributions of C, O, and N elements
(Fig. S2†). Fig. 1d and e reveal that the ultrathin NiO NSs are
uniformly grown on the surface of the dodecahedral carbon
support. The transmission electron microscopy (TEM) image of
NiO/N-HPC (Fig. 1f) further conrms its hierarchical porous
structure with tightly anchored ultrathin NiO NSs. The atomic
force microscopy (AFM) image (Fig. S3†) indicates that the
thickness of the ultrathin NiO NSs in NiO/N-HPC hybrids is only
about 1.97 nm. Apparently, this ultrathin structural feature can
effectively contribute to the high specic surface area and
abundant active sites. Importantly, the tight integration of the
NiO NSs to the surface of N-HPC is favorable for fast electron
transfer between these two heterogeneous components. In
contrast, the irregular bulk of NiO NSs prepared without the N-
HPC substrate exhibits obvious agglomeration (Fig. S4†). The
high-resolution TEM (HRTEM) image of NiO/N-HPC (Fig. 1g)
shows that the lattice plane distances for NiO/N-HPC are about
0.24 and 0.21 nm, which can be attributed to the (101) and (012)
planes of the NiO phase, respectively.44

The X-ray diffraction (XRD) patterns of NiO/N-HPC, Ni(OH)2/
N-HPC, bulk NiO, and N-HPC are depicted in Fig. 2a. The broad
and weak peaks located at 24° belong to the (002) planes of the
carbon phases in NiO/N-HPC, Ni(OH)2/N-HPC, and N-HPC. The
diffraction peaks in Ni(OH)2/N-HPC at 11.3°, 22.7°, 34.4°, and
59.9° can be attributed to the (003), (006), (012), and (110)
planes of the Ni(OH)2 phase (JCPDS card no. 38-0715), con-
rming the preparation of Ni(OH)2 NSs on the N-HPC. Aer the
annealing treatment under Ar atmosphere, three characteristic
J. Mater. Chem. A, 2024, 12, 18157–18166 | 18159
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Fig. 1 (a) Schematic illustration for the synthesis of the NiO/N-HPC composite. (b and c) SEM images of N-HPC with different magnifications. (d
and e) SEM images of NiO/N-HPC with different magnifications. (f) TEM and (g) HRTEM images of NiO/N-HPC.
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peaks of NiO/N-HPC appear at 37.3°, 43.3°, and 62.8°, which can
be assigned to the (101), (012), and (110) planes of the NiO
phase.45 Furthermore, X-ray photoelectron spectroscopy (XPS)
was conducted to analyze the elemental composition and
Fig. 2 (a) XRD patterns of NiO/N-HPC, Ni(OH)2/N-HPC, bulk NiO, and N
NiO/N-HPC.

18160 | J. Mater. Chem. A, 2024, 12, 18157–18166
valence state of NiO/N-HPC. In the high-resolution Ni 2p XPS
spectrum of NiO/N-HPC (Fig. 2b), there are two prominent
peaks at about 855.7 and 873.5 eV, which can be assigned to Ni
2p3/2 and Ni 2p1/2, respectively.46 Aer tting the high-
-HPC. High-resolution XPS spectra for (b) Ni 2p, (c) O 1s, and (d) N 1s of

This journal is © The Royal Society of Chemistry 2024
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resolution O 1s XPS spectrum of NiO/N-HPC in Fig. 2c, there are
three peaks at 530.7, 532.5, and 533.6 eV, attributed to the Ni–O,
C]O, and C–O–C species, respectively. In the high-resolution N
1s spectrum of NiO/N-HPC shown in Fig. 2d, three peaks
represent the existences of pyridinic-N, pyrrolic-N, and
graphitic-N.47,48 The nitrogen doping strategy can enhance the
electrolyte wettability and the electrical conductivity of NiO/N-
HPC.49

The potassium-ion storage performance of NiO/N-HPC,
Ni(OH)2/N-HPC, and bulk NiO was measured within the
voltage window of 0–0.9 V in 0.5 M K2SO4 electrolyte. Fig. 3a
Fig. 3 (a) CV curves at the scan rate of 100 mV s−1 and (b) GCD curves at
under various current densities of NiO/N-HPC. (d) Specific capacitance u
(f) The difference charge density of NiO/carbon. The atomic models of p
energy of potassium ion in NiO and NiO/carbon. (j) Schematic illustratio

This journal is © The Royal Society of Chemistry 2024
shows the cyclic voltammetry (CV) curves of NiO/N-HPC,
Ni(OH)2/N-HPC, and bulk NiO at the scan rate of 100 mV s−1.
The CV curves of NiO/N-HPC exhibit nearly rectangular shapes
within the voltage range between 0 and 0.9 V, indicating their
characteristic double-layer capacitance behavior. As the galva-
nostatic charge–discharge (GCD) curves at the current density of
1 A g−1 shown in Fig. 3b, the specic capacitances of NiO/N-
HPC, Ni(OH)2/N-HPC, and bulk NiO are 112.0, 88.3, and 39.1
F g−1, respectively. The GCD curves of NiO/N-HPC show clas-
sical triangular shapes with linear-like voltage–time relation-
ships at different current densities ranging from 0.5 to 10 A g−1,
1 A g−1 for NiO/N-HPC, Ni(OH)2/N-HPC, and bulk NiO. (c) GCD curves
nder various current densities. (e) Cycling performance of NiO/N-HPC.
otassium adsorption in (g) NiO and (h) NiO/carbon. (i) The adsorption
n of the merits of NiO/N-HPC compared with bulk NiO.

J. Mater. Chem. A, 2024, 12, 18157–18166 | 18161
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further demonstrating the typical double-layer capacitance
behavior of NiO/N-HPC. The highest specic capacitance of
NiO/N-HPC can even reach 126.4 F g−1 at a low current density
of 0.5 A g−1 (Fig. 3c). As shown in Fig. 3d, the NiO/N-HPC ach-
ieves higher specic capacitance values at various current
densities than those of Ni(OH)2/N-HPC, bulk NiO, and N-HPC.
The NiO/N-HPC also shows a higher capacitance retention of
46%. Moreover, the NiO/N-HPC exhibits an ultrahigh capaci-
tance retention of 92.8% aer 7000 cycles (Fig. 3e), which
demonstrates its excellent long-cycling stability. Meanwhile, the
similarity in chemical composition and valence state of NiO/N-
HPC before and aer cycling processes, underscores the good
stability of the NiO/N-HPC throughout the cycling process
(Fig. S6†).

Density functional theory (DFT) calculations were further
employed to investigate the impact of interfacial engineering on
potassium storage performance. As shown in Fig. 3f, the well-
connected interface between NiO and carbon support
Fig. 4 The CV curves at different scan rates for (a) N-HPC and (b) NiO/
between log(i) and log(v) of N-HPC and NiO/N-HPC (hollow: reduction p
(blue) and the diffusion (red) in the CV profiles of NiO/N-HPC and N
capacitance contributions of N-HPC and NiO/N-HPC.

18162 | J. Mater. Chem. A, 2024, 12, 18157–18166
promotes charge delocalization between NiO and carbon
support, facilitating accelerated electron transfer and conse-
quent enhancement in electrical conductivity compared to bulk
NiO. Upon optimizing the structural conguration of NiO and
NiO/carbon with adsorbed K+ ion (Fig. 3g and h), the adsorption
energy (Eads) values are −3.50 and −4.46 eV for NiO and NiO/
carbon (Fig. 3i), respectively. This result suggests that the
improved metal oxides-carbon interactions between NiO and
carbon support contribute to the enhanced K ions storage.
Based on the above electrochemical analysis and simulation,
the superior potassium storage performance of NiO/N-HPC can
be summarized in the following advantages (Fig. 3j). (i) The
dodecahedral carbon support facilitates a homogeneous
distribution of ultrathin NiO NSs to enhance the accessibility of
the fully exposed active sites and promote prolonged cycle
stability. (ii) The hierarchical and interconnected architecture
of NiO/N-HPC enables efficient penetration and diffusion of the
electrolyte during the electrochemical process, reducing the
N-HPC. (c) The linear relation between Ip and v1/2, and (d) the relation
eak; solid: oxidation peak). (e and f) The contribution of the capacitance
-HPC at a scan rate of 100 mV s−1. (g) Normalized proportions for

This journal is © The Royal Society of Chemistry 2024
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interface impedance and shortening ion transport paths. (iii)
The nitrogen-doped carbon support can achieve optimized
metal oxides–carbon interaction and enhance the adsorption
ability for the electrolyte ions.

The storage kinetics behavior of NiO/N-HPC and N-HPC was
further investigated by CV measurement at various scan rates
from 10 to 100 mV s−1. As shown in Fig. 4a and b, the NiO/N-
HPC shows larger CV areas than those of the N-HPC under
the same scan rates, implying its enhanced capacitive perfor-
mance. In addition, Fig. 4c reveals the linear relationships
between Ip and v1/2 of NiO/N-HPC and N-HPC. The slope values
for NiO/N-HPC are 0.788 (oxidation peak) and −0.814 (reduc-
tion peak), which are higher than those for N-HPC (0.467 and
−0.491), indicating the improved ion transfer capability of NiO/
N-HPC due to its hierarchical porous structure.50 The correla-
tion between the logarithm peak current and the scan rate was
Fig. 5 (a) Schematic illustration of NiO/N-HPC//N-HPC APIHCs. (b) CV
100 mV s−1. (c) GCD profiles, (d) specific capacitance and the correspond
(e) CV curves and (f) corresponding capacitive contributions of APIHCs
plots of APIHCs compared with previously reported energy storage dev

This journal is © The Royal Society of Chemistry 2024
further calculated (based on the equation of I= avb, where a and
b are variable constants) to distinguish between diffusion- or
capacitive-control processes. As shown in Fig. 4d, the slope
values (calculated b-value) of NiO/N-HPC (0.837 and 0.841) are
higher than those of N-HPC (0.761 and 0.773), proving the
enhanced capacitive potassium-ion storage of NiO/N-HPC.
Specically, the contribution ratios of capacitive- and diffu-
sion- controls were further determined using formulae (i= k1v +
k2v

1/2 and i/v1/2 = k1v
1/2 + k2). The NiO/N-HPC shows a higher

capacitive contribution ratio of 70.2% at the scan rate of 100 mV
s−1 compared to 64.0% for N-HPC (Fig. 4e and f). By increasing
the scan rate, the capacitive contribution of NiO/N-HPC
increases gradually and remains higher than that of N-HPC at
the same scan rate (Fig. 4g). These results indicate that more
ions can adsorb onto the surface of NiO/N-HPC compared to N-
HPC during the high-rate charging/discharging process,
curves of the NiO/N-HPC cathode and N-HPC anode at a scan rate of
ing capacitance retention of APIHCs under different current densities.
at different scan rates. (g) Cycling performance of APIHCs. (h) Ragone
ices.
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followed by a dominant capacitance-controlled electrochemical
behavior.51 The homogeneously distributed NiO NSs and hier-
archical porous channels in NiO/N-HPC confer a more exposed
surface area, leading to abundant active boundaries that favor
capacitive-control electrochemical behavior.

To further evaluate the practical application of NiO/N-HPC in
the aqueous potassium-ion hybrid capacitors (APIHCs), NiO/N-
HPC//N-HPC APIHCs were assembled by employing N-HPC as
the anode and NiO/N-HPC as the cathode (Fig. 5a). As shown in
Fig. 5b, the CV curves of the NiO/N-HPC cathode and N-HPC
anode were tested at 100 mV s−1 in an aqueous K2SO4 electro-
lyte. By balancing the total charge of the two electrodes, Q+ ×m+

= Q− × m−, the mass loading of the electrode was continuously
adjusted to achieve optimal storage performance. Meanwhile,
with the combination of the NiO/N-HPC cathode (0 to 0.9 V) and
N-HPC anode (−0.9 to 0 V), the operating voltage of the APIHC
can be further increased to 1.8 V. Fig. 5c displays the GCD
curves of the NiO/N-HPC//N-HPC APIHCs with symmetrical
shapes, demonstrating their typical capacitive behavior and
high degrees of reversibility. The specic capacitances of the
NiO/N-HPC//N-HPC APIHCs (Fig. 5d) calculated from the GCD
curves are 48.8, 39.1, 32.2, 25.3, and 21.1 F g−1 at current
densities of 0.5, 1, 2, 5, and 10 A g−1, respectively. The NiO/N-
HPC//N-HPC APIHC maintains the typical rectangular CV
curves as the scan rate increases from 10 to 100 mV s−1 (Fig. 5e)
and exhibits a high capacitive contribution ratio of 70% at
100 mV s−1 (Fig. 5f), indicating its excellent capacitive behavior.
More importantly, the NiO/N-HPC//N-HPC APIHC achieves
ultra-high capacitance retention of 91.6% over 8000 cycles at the
current density of 2 A g−1 (Fig. 5g), implying its superior cycling
stability. The NiO/N-HPC//N-HPC APIHC shows a maximal
energy density of 21.95 W h kg−1 and a maximal power density
of 9000 W kg−1 (Fig. 5h), which is superior to those of most
previously reported capacitors, such as SC//Zn–NiHCF,52 Co9-
S8@Ni(OH)2//AC,53 CoMn2O4//graphene,54 MnO2/MGC//MGC,55

and AC//PB56 (Table S1†).

4 Conclusion

In summary, a nanocomposite consisting of ultrathin NiO
nanosheets (NSs) anchored to nitrogen-doped hierarchical
porous carbon (NiO/N-HPC) was rationally designed and
applied to construct an aqueous potassium-ion hybrid capac-
itor. The unique structure of the dodecahedral carbon support
with abundant pores achieves homogeneous distribution of
ultrathin NiO NSs, promoting accessibility and exposure of
active sites and excellent cycling stability. The hierarchical and
interconnected architecture of the NiO/N-HPC promotes effi-
cient electrolyte penetration and diffusion, shortens ion trans-
port channels and accelerates reaction kinetics. Moreover,
excellent metal oxides–carbon interactions can be constructed
by introducing nitrogen doping on the carbon surface, leading
to an interfacial coupling effect between NiO and N-HPC for
boosted electron/ion transfer. Therefore, the NiO/N-HPC shows
an enhanced capacitance of 126.4 F g−1 at a current density of
0.5 A g−1 in 0.5 M K2SO4. Furthermore, the as-fabricated NiO/N-
HPC//N-HPC APIHC achieved ultra-high capacitance retention
18164 | J. Mater. Chem. A, 2024, 12, 18157–18166
of 91.6% over 8000 cycles at the current density of 2 A g−1.
Meanwhile, the NiO/N-HPC//N-HPC APIHC shows an excellent
energy density of 21.95 W h kg−1 and a power density of 9000 W
kg−1. This study offers an attractive avenue to design TMOs/
carbon hybrids with hierarchical architectures for high-
performance aqueous potassium-ion hybrid capacitors.
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