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ABSTRACT

Lithium-ion capacitors (LICs) are gradually emerging as one of the most

indispensable hybrid energy storage devices. However, it is one main challenge

to evade the mismatch of electrochemical kinetics and specific capacity between

cathode and anode in LICs. Herein, we have proposed an efficient strategy to

prepare the nitrogen-doped hierarchical porous carbon spheres (NHPCS) as

cathode, which is synthesized by a simple aerosol-spraying pyrolysis using the

low-cost phenolic resin as carbon source without any other catalyst or hard

template. The NHPCS exhibits porous nanospheres structure with an appro-

priate nitrogen doping level (3.65 at.%). Benefitting from the two-pronged

strategy of N-doped feature and nanostructure engineering, NHPCS achieves a

high specific capacity of 74 mAh g-1 at a current density of 0.1 A g-1 and

remains 86.5% of initial capacity even being subjected to a high rate of 50-fold.

Furthermore, a high-performance LIC has been developed by coupling NHPCS

cathode and hard carbon anode, which delivers a maximum energy density of

151 Wh kg-1 and excellent cycle stability (96.3% capacity retention after 3000

cycles). Significantly, such designed porous carbon could not only be convenient

for scalable production, but also be served for many other energy storage

devices.
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GRAPHIC ABSTRACT

We have presented a larger-scale spray pyrolysis strategy to prepare nitrogen-

doped hierarchical porous carbon spheres (NHPCS). A high-stable lithium-ion

capacitor has been constructed by coupling NHPCS cathode with hard carbon

anode, which exhibits a maximum energy density of 151 Wh kg-1 and capacity

retention of 96.3% over 3000 cycles, showing great potential for the next-gen-

eration energy storage application.

Introduction

In the context of the fossil energy exhaustion and the

grim environmental problems, the development of

renewable energy sources and new energy storage

devices gradually becomes an imperative require-

ment in the future. As a new type of energy storage

device, supercapacitors have been attracted wide

attention because of their high power density and

ultralong cycle life [1]. However, the relatively low

energy density always limits their further develop-

ments and applications. Among various energy

storage devices, lithium-ion capacitors (LICs) can

output not only high power density but also satisfy

energy density, which combines the advantages of

lithium-ion batteries (LIBs) and supercapacitors

(SCs).

LICs are usually assembled with a capacitive

cathode and a faradaic anode in a Li-ion-conducting

organic electrolyte. Up to now, a series of electrode

materials used for LICs have been reported. For

instance, Li3VO4/N-doped carbon (529 mAh g-1),

Li4Ti5O12 (175 mAh g-1), graphite (372 mAh g-1),

and other materials with high specific capacity were

employed as anode electrodes, while the rate capa-

bility of these materials is relatively poor [2–4].

Besides, activated carbons (ACs) were usually used

as the cathode for LICs. However, the specific

capacity of ACs is always relatively low
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(B 50 mAh g-1), owing to their ion adsorption/des-

orption mechanism. Thus, the mismatch of specific

capacity between two electrodes, along with the

sacrifice of the energy density, is a major problem

without a doubt in LICs [5]. Moreover, the electro-

chemical kinetics of the anode material (battery-type)

based on the redox reaction is much slower than that

of cathode depending on the electric-double layer

capacitive (EDLC) behavior, leading to unsatisfactory

power density and kinetic mismatch between the

cathode and anode. In this regard, it is of great sig-

nificance to explore appropriate cathode and anode

materials with matching internal dynamics and

capacity for meeting high-performance requirements

in LICs [6]. There are a lot of works focused on the

improvement of electrochemical kinetics for anode

materials to date. However, the cathode has gained

little attention until now [7, 8]. In fact, the low specific

capacity of the cathode is the most important bottle-

neck of LICs in practical applications.

Porous carbon, possessing large specific surface area

(SSA), good conductivity, outstanding rate capability,

and excellent cycle stability, is an ideal cathodematerial

for LICs [9–13]. Notably, heteroatom doping (e.g.,

nitrogen [14–19], sulfur [20, 21], boron [22–24]) is usu-

ally employed to improve the electrochemical proper-

ties of carbon-basedmaterials.Among them,nitrogen is

considered tobe the commonest doping element, owing

to the approximate size relative to carbon atoms. Elec-

trochemical reactive sites can be introduced and opti-

mizedbyN-dopedstructure ina carbonskeleton,which

enhances the surface-dominatedcharge storage [25–29].

For instance, Jia et al. synthesized anovelN/S co-doped

carbon aerogel deriving from a methyl blue-doped

polyaniline hydrogel [30]. The designed porous carbon

exhibited an excellent electrochemical performance

(300 F g-1 at 1 A g-1). Recently, Xia et al. usedN and B

co-doped porous carbon nanofibers as an active mate-

rial to assemble LIC, which showed a high energy

density of 104 Wh kg-1 at a power density of

22.5 kW kg-1 with excellent cycling stability [24].

However, the optimal electrochemical performance

cannot be achieved with heteroatom doping alone

without structural design and regulation.

Actually, nanostructure engineering also plays an

important role in electrochemical performance. In

particular, the advantages of hierarchical porous

carbon materials, including large surface area, rela-

tively high electrical conductivity, reasonable pore

size distribution, and excellent physiochemical

stability, greatly promote the ion/electron diffusion

and optimize rate performance. Although some

works on the hierarchical porous carbon have been

reported previously, the synthesis processes are

always complicated, expensive, and time-consuming

[31, 32]. Taking this into account, the synthesis of

functional porous carbon through a sustainable and

efficient way without sacrificing properties is a great

challenge until now.

Herein, we have synthesized the N-doped hierar-

chical porous carbon spheres (NHPCS) via a simple

aerosol-spraying pyrolysis and following chemical

activation process. Such facile and controllable pro-

cedure can prepare three-dimensional (3D) carbon

material in a short minute based on the principle of

self-assembly. The hierarchical structure and N-in-

duced chemistry of NHPCS endow it with rapid

kinetics and pseudocapacitive properties, which

make it have better electrochemical performance than

commercial AC cathode. With these merits, the as-

fabricated LIC (NHPCS cathode and hard carbon

anode) delivers a maximum energy density of

151 Wh kg-1 at a power density of 215.5 W kg-1, and

remains a high energy density of 91 Wh kg-1 even at

a power density of 10.7 kW kg-1. Furthermore, the

capacity retention rate of the LIC is about 96.3% after

3000 cycles, showing great potential for the next-

generation energy storage devices.

Results and discussion

The preparation process of NHPCS was derived from

the self-assembled aerosol-spraying device (Fig. 1a).

Notably, such device can produce nano-sized spher-

ical particles with narrow particle size distribution

and without agglomeration in a relatively short per-

iod of time, which is very suitable for manufacturing

desired electrode material in practical application

[33]. The sample formation process is illustrated in

Fig. 1b, and the concrete operation sequences are

depicted in the experimental procedure (Supple-

mentary Information). In brief, the phenolic resin

(RF) was chosen as the carbon precursor, which can

provide high yields and allow the production of

porous carbon with a high surface area and a specific

porosity [34, 35]. A self-assembly reaction was real-

ized by introducing F127 (soft template) and

dicyandiamide (DCD, nitrogen source) into RF to

form a composite mesophase structure. Because of
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the strong interaction between F127 and RF, together

with the high strength network skeleton of RF,

stable special pores can be formed by the microphase

pyrolysis of F127 micelles during the carbonization,

which can realize the adjustable aperture and well

satisfies the requirements of hierarchical porous

materials.

The morphology structures of the obtained sam-

ples were studied by SEM and TEM. In particular, the

as-obtained N-PCS (without activation) displays a

spherical structure with a smooth surface (Fig. S1). It

can be found that the HPCS (without nitrogen source

introduced) also shows a large sphere structure with

a diameter about 600–900 nm, but the surface is rel-

atively rough (Fig. S2). Nevertheless, the morphology

of NHPCS changes apparently with an increase in

average particle size, which may be caused by the

activation of KOH, as well as the addition of DCD

(Fig. 2a). According to the high-resolution TEM

(HRTEM) image of NHPCS, there are visible amor-

phous structure and abundant pores (Fig. 2b). Nota-

bly, the lattice spacing of the graphite plane (002) in

NHPCS (0.43 nm) is larger than that of the typical

graphite (0.34 nm), because the N-doping and violent

activation processes can enlarge the lattice spacing of

carbon-based materials. To better comprehend the

structural characteristics of NHPCS, it was further

characterized by the high-angle annular dark-field

(HAADF) image and corresponding energy-disper-

sive spectrometer (EDS) mapping. As shown in

Fig. 2c, the compositional elements (C, O, N) overlap

and distribute uniformly in NHPCS particles,

implying the N element has been successfully doped

into the carbon skeleton. In addition, the hollow

structure of NHPCS remains intact after the

hydrochloric acid etching and high-temperature car-

bonization processes.

X-ray photoelectron spectroscopy (XPS) measure-

ment shows the existence of the N element (Fig. 3a),

which is corresponding to the result of EDS mapping,

while there are only two elements of C and O

detected in HPCS. Based on the result of the XPS

analysis, the corresponding content of nitrogen is 3.65

at.% in NHPCS, and other elements contents are

summarized in Table. S1. The high-resolution C 1s

peaks of NHPCS and HPCS play a leading role by the

C=C at 284.7 ± 0.2 eV, and the other weaker peaks

are assigned to the C–O (285.2 ± 0.2 eV), C=O

Figure 1 a Schematic

diagram of the spray pyrolysis

strategy, b schematic of the

formation process of NHPCS.
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(286.2 ± 0.2 eV), and O–C=O/O–C–N

(289.2 ± 0.2 eV), respectively (Fig. 3b) [36, 37].

Among them, the peak area ratio of C–O bond and

O–C=O/O–C–N bond in NHPCS and HPCS are sig-

nificantly lower than other two peaks (Fig. 3e), which

may be related to the KOH activation process [38].

Given in Fig. 3c and 3e, the high-resolution O 1s

spectra of NHPCS and HPCS can be divided into the

three components of –COOH (533.6 ± 0.2 eV), C–

OH/C–O–C (532.9 ± 0.2 eV), and C=O

(531.8 ± 0.2 eV). All the corresponding percentage of

functional groups is similar in this material [39, 40].

In particular, the high-resolution N 1s spectra of

NHPCS show the high density of pyridine-N

(398.6 ± 0.2 eV) and pyrrolic-N (400.9 ± 0.2 eV)

functional groups, while the quaternary-N

(402.2 ± 0.2 eV) is the weakest (Fig. 3d, e) [41–45].

Among these N species, the pyridine-N and pyrrolic-

N possess the remarkable electron donor character-

istics and charge transfer ability, which can introduce

additional pseudocapacitance contribution by caus-

ing the surface polarization of carbon skeleton,

thereby boosting the specific capacity for carbon-

based materials [30]. Some pyridine-N atoms could

be oxidized due to the activation reaction process

between the carbon sheets with KOH at high tem-

perature [46]. Besides, the quaternary-N is an integral

part of the planar graphite carbon, which can

enhance the electronic transmission throughout the

carbon plane and improve electronic conductivity

[22]. These results show that the capacitive charge

storage capability of NHPCS is expected to boost,

which is testified in the following discussion.

To further understand the phase composition and

pore structure of NHPCS and HPCS, the XRD,

Raman, and N2 adsorption/desorption tests were

carried out. The crystal phase analyses of NHPCS

and HPCS are shown in Fig. 4a. Both of them display

two typical characteristic peaks of the graphitized

carbon, corresponding to (002) and (100) reflection

planes. It can be seen that the (002) plane of NHPCS

exhibits a slight shift toward the low angle (22.1�),
demonstrating that the lattice constant increases, and

the nitrogen atoms are successfully incorporated into

the carbon skeleton. Based on the Bragg equation

(2d 002ð Þsinh ¼ k), the calculated value of d(002) is

Figure 2 a SEM and

b HRTEM images of NHPCS

particles. c HAADF-STEM

image of NHPCS, and

corresponding to the mapping

images of the C, N, and O

elements.
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0.40 nm, which is almost consistent with the HRTEM

image measurement result, indicating the larger car-

bon layer spacing [47]. As shown in Fig. 4b, Raman

spectra show that NHPCS and HPCS have a broad D

band at 1320 cm-1, which corresponds to the defect

site and the sp3 hybridized of carbon material. The G

bands at 1590 cm-1 can be attributed to the sp2 of the

hexagonal lattice carbon [48]. Typically, the intensity

ratio for D/G band (ID/IG) is applied to judge the

extent of graphitization and defect structure for car-

bon material. The ID/IG value of NHPCS (0.87) is

relatively higher than HPCS (0.84), demonstrating

that the nanostructure of NHPCS is more disordered

after a high-performance N-doping. Therefore, more

amorphous carbon structures with defects and active

sites are generated in NHPCS (results obtained by

XRD, Raman, and HRTEM), which shows promise to

achieve an outstanding capacitive charge storage

performance for cathode materials.

The specific surface area (SSA) and pore structure

of the samples are explored by N2 adsorption iso-

therm. For N-PCS, the SSA is 371 m2 g-1, which can

be classified as type IV, suggesting the presence of

mesopores in this sample (Fig. S3). This result is

agreed with the using of F127 as a soft template,

which plays an essential role in mesoporous forma-

tion. As shown in Fig. 4c, the corresponding SSA of

HPCS and NHPCS is 1102 and 1082 m2 g-1, dis-

playing hybrid isotherm of typical I/IV types,

respectively [49]. It is worth noting that the adsorp-

tion capacity increased obviously at low pressure,

indicating the existence of micropores structure. The

KOH activation can efficiently generate the microp-

orous and improve the specific surface area for car-

bon-based materials. Meanwhile, the capillary

condensation occurred at relative pressure between

0.5 and 1.0 which results in a hysteresis loop, sug-

gesting the existence of mesopores in both HPCS and

NHPCS. The pore size distribution is further

Figure 3 a Overall XPS

spectra of NHPCS and HPCS.

High-resolution XPS spectra

of b C 1s, c O 1s, and d N 1s

for NHPCS and HPCS. e The

contents of heteroatom species

of the C, O, N elements.
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calculated by the density functional theory (DFT)

model (Fig. 4d and Fig. S3). In detail, the pore sizes of

HPCS and NHPCS are mainly centered at 0.8–4 nm,

and much smaller than N-HPCS ([ 8.3 nm), which is

due to the high-temperature pyrolysis and the acti-

vation of KOH (6 KOH ? C ? 2 K ? 3 H2 ? 2

K2CO3). Among them, the reaction products (such as

bubbles generated in the activation process) play the

part of exploiting porous templates [47]. Moreover,

HPCS also exhibits the minimum micropore volume

of 0.40 m2 g-1, which can be calculated from t-plot

method, and the NHPCS is 0.43 m2 g-1. More details

of SSA and pore parameters can be found in Table.

S2. Combined with the above physical characteriza-

tion results, both of NHPCS and HPCS are equipped

with a relatively large interlayer spacing, a high SSA

and low average pore sizes distribution, which

would promote electrolyte ion (such as PF6
-) diffu-

sion into the interlayer space and hierarchical pores,

and thus effectively improve the specific capacity and

rate capability. As shown in Fig. S4, the NHPCS

electrode has good penetration characteristics for

organic electrolyte (1 M LiPF6 in EC:DMC:DEC). The

contact angle is 13.3� after dropping the electrolyte

for 3 s, while the soak of HPCS electrode is relatively

poor with the contact angle of 22.4�. This result shows

that N-doping can effectively improve the wettability

of the NHPCS electrode.

With the advantages of high SSA, hierarchical

porous structure, and good wettability, NHPCS is

expected to become an ideal cathode material for the

preparation of carbon-based LICs. The energy storage

behaviors of NHPCS and HPCS cathodes were sys-

tematically studied in half-cell configuration with

lithium foil as the counter/reference electrode. To

demonstrate the merit of the unique structure and

N-doping in NHPCS, the electrochemical properties

of commercial AC and N-PCS were carried out under

the same conditions. The cyclic voltammetry (CV)

curves of NHPCS and HPCS at a scan rate of

100 mV s-1 are depicted in Fig. 5a with the potential

range of 2.0–4.3 V. HPCS shows a regular rectangular

shape, whereas the NHPCS exhibits a nearly quasi-

rectangle form with a small hump. This suggests the

co-existence of both EDLC and pseudocapacitive

procedures in NHPCS. To our knowledge, the typical

contribution of EDLC can be ascribed to the physical

adsorption/desorption of PF6
- on the carbon surface,

while the pseudocapacitive processes are generated

by the interaction between the electrolyte ions and

the heteroatoms-containing functional groups

[50–52]. Compared with the rectangular-like CV

curves of HPCS (only with O doping) in Fig. S5, the

Figure 4 a XRD and

b Raman spectra of NHPCS

and HPCS. c N2 adsorption

isotherms, and d pore–size

distribution curves of HPCS

and NHPCS.
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NHPCS exhibits a larger enclosed area at each scan

rate along with the combined energy storage behav-

iors, which further indicates the great improvement

in electrochemical property based on the co-doping

of N and O elements. Furthermore, the CV curves of

NHPCS and HPCS remain quasi-rectangle shapes

without serious deformation even at the scan rate up

to 100 mV s-1, implying the incredibly tiny electrode

polarization as well as an excellent rate capability

(Fig. 5b and Fig. S5). As shown in Fig. 5c and Fig. S6,

the galvanostatic charge–discharge (GCD) profiles of

NHPCS and HPCS under different current densities

(from 0.1 to 5 A g-1) are presented. All curves exhibit

similar linear shapes, demonstrating the good

reversibility and capacitive behavior. Among them,

the GCD curves of NHPCS hold the longer discharge

time, implying the higher specific capacities at dif-

ferent current densities. Moreover, the comparison of

the rate capability for NHPCS, HPCS, N-PCS, and AC

at various current densities is given in Fig. 5d and

Fig. S7. In particular, the NHPCS achieves a specific

capacity of 74 mAh g-1 at 0.1 A g-1, which is higher

than that of other as-prepared materials, such as

HPCS (57 mAh g-1), N-PCS (30 mAh g-1), and AC

(49 mAh g-1), respectively. Even be subjected to a

high rate of 5 A g-1, the specific capacity retention of

Figure 5 a CV curves of NHPCS and HPCS at the same scan rate

of 100 mV s-1. b CV curves of NHPCS with various scan rates.

c GCD curves at different current densities (0.1–5 A g-1). d Rate

capabilities of NHPCS and HPCS. e Nyquist plots of NHPCS and

HPCS electrodes. f Cycling performances of NHPCS and HPCS at

a current density of 1 A g-1.
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NHPCS is 86.5%, and that of N-PCS is 78.3%. How-

ever, the HPCS and AC are dropped to only 73.6%

and 72.1% at the same current density, respectively. It

should be noted that the rate performance and

specific capacity of NHPCS are beyond the HPCS,

N-PCS, and AC. The electrochemical impedance

spectroscopy (EIS) of NHPCS and HPCS is also tested

and fitted (Fig. 5e). The first intercept of the real axis

(Z’) represents the ohmic resistance (Rs), while the

charge transfer resistance effect (Rct) is reflected by

the semicircle at high frequency. Based on the

equivalent circuits, the NHPCS electrode exhibits the

minimum Rs (3.42 X) and Rct (38.33 X), manifesting

the better conductivity of NHPCS framework and

more effective electrolyte ion diffusion at the elec-

trode surface. In addition, Nyquist plots of NHPCS

and HPCS show a relatively vertical curve at low

frequency, indicating the remarkable capacitive

behavior. In view of the similar pore structure and

the same mass loading for NHPCS and HPCS elec-

trodes, the optimized electrode kinetics of NHPCS

electrode may be originated from good wettability,

which can reduce the interface impedance, and thus,

further boost rate performance. As depicted in

Fig. 5f, NHPCS electrode exhibits the capacity

retention up to 88.7% over 10,000 cycles at a current

density of 1 A g-1, which is superior to that of HPCS

(81.2%). Notably, the cyclic performance of the

NHPCS electrode is also much better than that of

most porous carbon materials and commercial AC

[24, 50]. These remarkable electrochemical properties

of NHPCS make it become one of the promising

cathode materials for high-performance LICs.

It is of great significance for a high capacity elec-

trode to investigate the correlation between pore

structure and specific capacity. In general, the

capacity of carbon-based porous materials is posi-

tively related to the specific surface area, but this

description is not accurate, especially at the circum-

stances of heteroatom-doping [47]. As shown in

Fig. 6, the SSA of NHPCS is 1082 m2 g-1 lower than

that of HPCS (1102 m2 g-1); however, the specific

capacity of NHPCS is much higher than HPCS. This

may be related to the solvated dimensions of PF6
-

ions in the electrolyte, and its diameter is about

0.9 nm [53]. Based on the results of nitrogen

adsorption/desorption tests (Table. S2), the lowest

average micropore width of HPCS is approximately

0.50 nm, which is far less than the size of solvated

PF6
- ions, while the NHPCS is 0.76 nm, closing to the

diameter of solvated PF6
-. Therefore, some microp-

ores in HPCS are ineffective and the electrochemi-

cally effective SSA is reduced, which is the one of the

reasons for poor capacitive charge storage of the

HPCS. Compared with N-PCS, the micropore volume

and total pore volume of NHPCS and HPCS are

increased. Furthermore, the electronic natures of the

N-doped carbon material can be changed, which is

ascribed to the N electronic configuration, making it

more beneficial to attract ions in the electrolyte [54].

The capacitance property rises greatly by introducing

N-doping, which is further proved via constructing

EDLC devices (Fig. S8 and Fig. S9). Therefore, the

excellent specific capacity of NHPCS is bound up

with the internal synergy among high effective SSA,

high porosity, and heteroatom doping.

To explore the practical applications, the LIC was

prepared using the NHPCS or HPCS as cathode, and

commercial hard carbon (HC) (provided by KUR-

EHA Co., Ltd, more electrochemical characterizations

are shown in Fig. S10 and Fig. S11) as anode,

respectively. Based on the quality matching princi-

ples, the mass ratio of cathode and anode is deter-

mined to be 3:1 [38, 55]. The specific working

mechanism of the fabricated LIC (NHPCS//HC)

during charge–discharge cycles is illustrated in

Fig. 7a, where Li? inserts the interlayer of the HC

anode; meantime, PF6
- ion accumulates on the

N-doped carbon pore and surface of NHPCS cathode

[56]. The CV profiles of LIC (NHPCS//HC) are

quasi-rectangular at the low scan rate (Fig. 7b). When

the scan rate increased from 5 to 50 mV s-1, the

shape of the curves remains unchanged with a high

cell voltage of 0.01–4.3 V, implying its outstanding

reversibility and excellent rate capability. Notably,

the CV curve shapes of the as-assembled device show
Figure 6 The relationship among the specific capacity of NHPCS

and HPCS between the microstructure and heteroatomic content.
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a difference compared with the EDLC, because of the

‘‘synergistic effect’’ between the cathode and anode

electrodes in LIC, in which the adsorption/desorp-

tion mechanism of the cathode, and the redox reac-

tion mechanism of the anode are combined. GCD

profiles of LIC (NHPCS//HC and HPCS//HC)

contain a highly symmetrical and linear slope (Fig. 7c

and Fig. S13). Besides, it has a negligible voltage drop

in the current density range of 0.1–5 A g-1, indicating

the small electrode polarization of the device even at

high current density. In particular, the corresponding

specific capacitance can achieve the values of 68, 61.3,

47.6, 45.4, 42.0, and 37.4 F g-1 at 0.1, 0.2, 0.5, 1, 2, and

5 A g-1 for the as-assembled LIC (NHPCS//HC),

whereas the other fabricated LIC (HPCS//HC)

acquires only 60.8,47.7, 36.7, 29.7, 25.2, and 21 F g-1

at 0.1, 0.2, 0.5, 1, 2, and 5 A g-1, respectively (Fig. 7d).

According to a total mass of cathode and anode,

the specific energy and specific power were calcu-

lated. As expected, the LIC (NHPCS//HC) achieves

a remarkable energy density of up to 151 Wh kg-1 at

the power density of 215.5 W kg-1. Notably, it can

still remain 91 Wh kg-1 even at an extremely high

power density of 10.7 kW kg-1 (Fig. 7e). Moreover,

Figure 7 a Schematic illustration of the charge–discharge storage

mechanisms of as-assembled LIC (NHPCS//HC) device. b CV

profiles of LIC at various scan rates in the voltage range of

0.01–4.3 V. c GCD curves of LIC at different current densities.

d The specific capacitances of LICs (NHPCS//HC and HPCS//HC)

at different current densities. e Ragone plots in comparison with

other literatures. f Cycle life of LIC at a current density of

1 A g-1.
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the LIC (NHPCS//HC) delivers outstanding capacity

retention of 96.3% after 3000 cycles at a current den-

sity of 1 A g-1 (Fig. 7f), implying extraordinary cycle

stability. The prominent energy and power density of

LIC (NHPCS//HC) are also the first-rate level com-

pared with previously reported LIC systems, for

instance, CNS//MnO@CNS systems [56], AC//HC

[57], AC//LTO [3, 58], AC//B-Si@SiO2@C [59],

HNVNB//PHNCNB [50], 3D graphene//Fe3O4@-

graphene [35], CSCs//CSCs [60], NBC//LiMn2O4

[61]. As shown in Table. S3, the electrochemical

parameters of our assembled LIC (NHPCS//HC) are

more competitive relative to the reported carbon-

based LICs, portending promising practical applica-

tion and prospects.

Conclusions

In conclusion, N-doped hierarchical porous carbon

spheres (NHPCS) have been prepared by a larger-

scale spray pyrolysis strategy. Owing to their hier-

archical porous structure and suitable N-doped level,

the NHPCS as a cathode achieves a high specific

capacity of 74 mAh g-1 at a current density of

0.1 A g-1, and remains with 64 mAh g-1 even at a

high current density of 5 A g-1. In addition, the

capacity retention rate is high up to 88.7% after 10,000

cycles, which is only 0.077% capacity decay per cycle.

The N-doping can not only improve the wettability,

but also enhance the electrochemical kinetics. Thus,

the NHPCS acquires a better electrochemical perfor-

mance, when used as an electrode material for EDLC

and LIC. The as-fabricated LIC (NHPCS//HC)

exhibits a maximum energy density of 151 Wh kg-1

at the power density of 215.5 W kg-1. The energy

density can still retain 91 Wh kg-1 at a high power

density of 10.7 kW kg-1. Furthermore, the retention

rate of capacity is 96.3% after 3000 cycles, providing

an attractive hybrid energy storage device for the

practical application.

Experiment section

Experimental details are available from the supple-

mentary material.
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