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A B S T R A C T   

Aqueous Zn-ion hybrid supercapacitors (ZHSCs) are promising energy storage devices for their intrinsic ad-
vantages of high theoretical capacity, low-cost, and intrinsic safety. However, due to the lack of efficient cathode 
materials for reversible insertion/extraction of Zn2+ ions, it remains a pivotal challenge to high cycling-stability 
ZHSCs. Herein, we report a facile two-step doping strategy to synthesize zeolitic imidazolate framework (ZIF)- 
derived N, S-codoped porous carbon dodecahedra (N, S-PCD), using as the high-performance cathode for 
ultralong-life aqueous ZHSC. Integrating the hierarchical porous architecture and N, S dual-doping, the as- 
assembled Zn//N, S-PCD ZHSC delivers a specific capacity of 133.4 mA h g− 1 (300.2 F g− 1) at 0.2 A g− 1, and 
maximum energy density of 106.7 W h kg− 1 at the power density of 160 W kg− 1. Moreover, an ultra-long cycle 
life has been achieved with the device, retaining 97.1% capacity after 100,000 charge–discharge cycles (~3960 
h), which is the maximum life span for ZHSCs to date. Mechanism studies reveal that thes dual-doping of N and S 
could effectively boost the chemical adsorption of Zn2+ ions and improve the electronic conductivity, which 
synergistically enhance the Zn-ion storage performance.   

1. Introduction 

The swift progress of portable electronics and hybrid vehicles has 
stimulated the research on high-energy-power resources [1]. Of partic-
ular interest, Li-ion batteries with high energy output are the most 
widely studied energy storage devices, but the finite lithium resources, 
limited power output and the short cycle life have gravely hindered their 
practical applications [2,3]. In this regard, supercapacitors character-
ized by quick charging and discharging (GCD) rate, high power density, 
robust stability and superb safety, have been well recognized as the 
promising candidates [4]. Nevertheless, the energy density of super-
capacitors is generally limited to 10 W h kg− 1, which gravely limits their 
actual applications [5]. 

To meet the energy requirements, hybrid supercapacitors especially 
those based on monovalent (eg. Na+, K+) or polyvalent metal cations 
(eg. Mg2+, Zn2+, Ca2+, Al3+) have gained much attention [6,7]. In 
particular, Zn-ion hybrid supercapacitors (ZHSCs) is an incipient 

innovative technology, which is famed for the combination of the ad-
vantages of Zn-ion batteries and supercapacitors such as Zn abundance, 
low cost and good safety [8–10]. Besides, Zn anode possesses high 
theoretical specific capacity of 820 mA h g− 1, low redox potential of 
− 0.76 V (vs standard hydrogen electrode), and intrinsic safety in 
aqueous electrolytes, which endows ZHSCs with enormous latent for the 
next-generation energy storage [11–13]. 

Featuring with low cost, good electrical conductivity and high spe-
cific surface area (SSA), biomass-derived activated carbons are the most 
common cathodes for ZHSCs up to now [14–16]. Yet, for these activated 
carbons, the capacity, rate performance, and cyclic life span are still far 
short of the requirements due to the pure physical adsorption mecha-
nism, restrictive microporous structure, and large ion transport resis-
tance, as well as low porosity. Therefore, to improve the performance of 
ZHSCs, sorts of carbon materials with superior properties such as hier-
archical pores [17], hollow architectures [18], two-dimensional (2D) 
nanostructures [19], heteroatom doping [20], have been developed. By 
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comparison, heteroatom doped carbon materials exhibited prominent 
performance for ZHSCs as they could provide additional pseudocapa-
citance to electrical double-layer capacitance by boosting the chemical 
adsorption of ions [6,21]. Additionally, the introduction of heteroatoms 
especially N, O, S, P or B into carbon matrix were believed to tailor the 
electric structure, change the adsorption barrier, modify the electrode 
wettability or introduce structure defects, resulting in enhanced energy 
storage [20,22,23]. Also, taking the unique properties and the effect of 
diverse doping elements, the performance of carbon materials could be 
optimized by dual-doping of two or more types of heteroatoms [24]. The 
challenge still is how to choose the doping elements wisely to better 
regulate the electronic structure and optimize the adsorption of Zn2+

ions, which are crucial for achieving advanced cathode materials with 
excellent capacity and robust cycling stability. Moreover, it is highly 
necessary to establish the working mechanism and the synergistic effect 
of the co-dopants on enhancing the electrochemical performance, which 
is of profound significance for the development of high-performance 
cathode materials for ZHSCs. 

In this work, a high-performance and ultralong-life aqueous ZHSC 
cathode material based on zeolitic imidazolate framework (ZIF)-derived 
N, S-codoped porous carbon dodecahedra (N, S-PCD) has been designed 
and prepared via a facile two-step doping strategy. Integrating the hi-
erarchical porous architecture and N, S dual-doping, the as-prepared 
electrode achieves large electrode/electrolyte contact area, fast elec-
tronic/ion transport kinetics and abundant electrochemical active sites. 
As a result, the ZHSC assembled with N, S-PCD-800 as cathode and Zn 
foil as anode reaches a specific capacity of 133.4 mA h g− 1 (300.2 F g− 1) 
at 0.2 A g− 1, and a maximum energy density of 106.7 W h kg− 1 at the 
power density of 160 W kg− 1. Moreover, a super-long cycle life and a 
remarkable cycling stability with 97.1% capacity retention after 
100,000 cycles (3960 h) is reached for the device, which is the 
maximum life span for the ZHSCs to date. Mechanism studies reveal that 
N and S dual-doping could prominently strengthen the chemical 
adsorption of Zn ions, improve electronic conductivity, and thus syn-
ergistically enhance Zn-ion storage performance. This work not only 
elucidates the advanced design of heteroatom-doped porous carbon 
materials for ultra-longevity ZHSCs, but also provides the synergetic 
mechanism of dual-doped heteroatoms on Zn-ion storage capability. 

2. Experimental section 

2.1. Preparation of ZIF-8 dodecahedra 

200 mL of 2-methylimidazole (3.12 g) methanol solution was poured 
into 200 mL of methanol solution with C4H6O4Zn⋅2H2O (1.05 g) and 
polyvinylpyrrolidone (PVP) (3.2 g). Then, the mixed solution was stirred 
thoroughly for 1 h and subsequently aged at ambient temperature for 24 
h. Finally, the white precipitates of ZIF-8 were centrifuged, washed with 
methanol and dried at 60 ◦C overnight. 

2.2. Preparation of N/S co-doped porous carbon dodecahedra (N, S- 
PCD) 

The as-prepared ZIF-8 dodecahedra were first annealed at 800 ◦C for 
2 h with a heating rate of 5 ◦C min− 1 in N2 atmosphere. The product of N- 
doped carbon dodecahedra (N-CD) was then mixed with thiourea with a 
mass ratio of 1:4 and further annealed at 800 ◦C for 2 h with a heating 
rate of 5 ◦C min− 1 in N2 atmosphere again. The obtained sample was 
subsequently etched with 3 M HCl solution for 12 h under magnetic 
stirring. Finally, the obtained materials were centrifuged, washed with 
distilled water and ethanol for several times until the pH value 
approached to 7, and dried at 60 ◦C overnight to get N, S-PCD-800. For 
comparison, N, S-PCD-700 and N, S-PCD-900 were obtained by 
annealing the product of the second calcination step at 700 ◦C and 
900 ◦C in the second sulfurization process, respectively. 

2.3. Preparation of N doped porous carbon dodecahedra (N-PCD) 

For comparison, N doped porous carbon dodecahedra (N-PCD) was 
synthesized according to the similar procedure of N, S-PCD-800 except 
without thiourea in the second anneal process. 

The details for materials characterizations, electrochemical mea-
surements, and assembly of ZHSCs can be seen in the supporting 
information. 

3. Results and discussion 

The fabrication procedure of the N, S-PCD via a two-step doping 
strategy is schematically illustrated in Scheme 1. 2-methylimidazole, an 
N-containing organic ligand, was coordinated with Zn2+ ions in meth-
anol solution to form the ZIF-8 dodecahedra. Subsequently, N was 
incorporated by annealing the ZIF-8 precursor at 800 ◦C in N2 atmo-
sphere to form N-doped carbon dodecahedra (N-CD), along with the 
sublimation of partial in-situ generated Zn metal to produce abundant 
micropores. Finally, S was introduced into the as-obtained product of N, 
S-PCD-800 by sulfurization of the N-CD with thiourea as the S source at a 
high temperature (e.g. 800 ◦C), followed by an etching process with HCl 
to remove the residual Zn metal. For direct comparison, the N, S-PCD- 
700 and N, S-PCD-900 were prepared by changing the sulfurization 
temperature to 700 ◦C and 900 ◦C, respectively. Furthermore, to 
investigate the role of S-doping, the N-doped porous carbon dodeca-
hedra (N-PCD) were synthesized through the similar procedure but 
without the addition of thiourea during the second pyrolysis process. 

The crystallographic structure and phase purity of the ZIF-8 were 
characterized with powder X-ray diffraction (XRD). As shown in Fig. S1, 
all of the peaks match well with the ZIF-8 without the existence of im-
purity [25]. The scanning electron microscopy (SEM) image (Fig. S2a) 
reveals that the ZIF-8 exhibits a homogeneous and highly dispersed 
dodecahedral morphology with an average size of 1 μm. The magnified 
observation further indicates that these ZIF-8 dodecahedra possess a 
smooth surface (Fig. S2b). After calcination of ZIF-8 at 800 ◦C, the 
dodecahedral structure was maintained, but the sizes of these N-CD 
become smaller (~650 nm) due to the decomposition of organic species 
(Fig. S3) [26]. Besides, the surfaces of dodecahedra become porous and 
rougher as a result of the sublimation of Zn. After the following sulfu-
rization process at 800 ◦C, the N, S-PCD-800 which maintained the 
morphology of dodecahedron with a rough surface and showed a uni-
form particle size distribution of 550 nm (Fig. 1a and b). Additionally, 
the contrast N-PCD, N, S-PCD-700 and N, S-PCD-900 samples all exhibit 
the similar dodecahedral morphology (Fig. S4). The N, S co-doped 
porous carbon dodecahedral structure was further confirmed by trans-
mission electron microscopy (TEM) and high-resolution transmission 
electron microscopy (HRTEM). As illustrated in Fig. 1c and d, N, S-PCD- 
800 exhibit the uniform dodecahedral structure with a mass of defects 
and numerous nanopores throughout the carbon framework as a result 
of the N, S dual-doping. Elemental mapping reveals that the C, N, O and 
S elements are uniformly distributed in the whole dodecahedra, veri-
fying that N and S have been successful introduced (Fig. 1e-i). 

The composition of the as-prepared N, S-PCD-700, N, S-PCD-800, N, 
S-PCD-900 and N-PCD samples were further investigated by XRD. All the 
XRD patterns exhibit two distinct peaks centered at 24◦ and 44◦, which 
can be assigned to the (002) and (101) planes of graphitic carbon, 
respectively (Fig. S5) [24]. The graphitization degree of the four samples 
was explored with Raman spectroscopy. The Raman spectra were fitted 
into four Gaussian peaks located at 1210, 1360, 1510, 1600 cm− 1, 
belonging to T, D, D’’ and G peaks, respectively (Fig. 2a) [27]. The ratio 
between the D and G band (ID/IG) is proverbially used to estimate the 
defect density of carbon materials [28]. The N, S-PCD-800 exhibit the 
highest ID/IG value among the samples, indicating the highest surface 
disorder. The improved ID/IG values with the increasing temperature 
from 700 to 800 ◦C indicate that the the formation of defective nano-
crystalline graphite is more progressive to D band [29,30]. For N, S-PCD- 
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900 sample, the reduced value of ID/IG can be ascribed to two factors: 
the lower content of nitrogen dopants and the removal of defects during 
its transformation from nanocrystalline graphite to graphite at 900 ◦C 
[31]. N2 adsorption/desorption measurements were then used to anal-
yse the SSA and pore structure of the N-PCD, N, S-PCD-700, N, S-PCD- 
800 and N, S-PCD-900 samples. The four samples display the hybrid 
Types I/IV curves with the capillary condensation of N2 in micropores at 
the low-pressure region (P/P0 < 0.1) and a hysteresis loop at relative 
pressure region of 0.4–1, indicating the existence of micro-, meso- and 
macropores (Fig. 2b) [14]. The SSA and pore volume rise rapidly with 
the increase of sulfurization temperature. Large SSAs of 924 and 1729 
m2 g− 1 are achieved for N, S-PCD-800 and N, S-PCD-900, which are 

higher than the contrast sample of N-PCD (825 m2 g− 1). Besides, pore 
size distribution curves reveal that N, S-PCD-800 has a hierarchical 
porous structure containing micropores centered at 0.6 nm, mesopores 
at 2.2 nm, and large mesopores at 35 nm, as well as macropores (Fig. 2c). 
The large SSA and the existence of hierarchical pores are believed favor 
of exposing more active sites for ion adsorption, facilitating ion trans-
port, and thus enhancing the electrochemical performance. 

Energy dispersive spectrums (EDS) verifies the N, S dual doping in 
the N, S-PCD samples, which consists well with the elemental mapping 
result (Table S2). All the N, S-PCD samples exhibit similar S content 
(1.8–2.1 at%), but the content of N heteroatom decreases upon the in-
crease of sulfurization temperature. N, S-PCD-800 obtains the highest N 

Scheme 1. Schematic illustration of the synthetic procedure of N, S-PCD via a two-step doping strategy.  

Fig. 1. Morphology analysis of the as-prepared N, S-PCD-800. (a, b) SEM, (c) TEM, (d) HRTEM and (e) STEM images. Elemental mapping images of (f) C, (g) N, (h) O 
and (i) S in N, S-PCD-800. 
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content of 24.4 at%, which is significantly larger than 5.4 at% for N, S- 
PCD-900. While the N-PCD contains 20.3 at% of bonded N, which is 
marginally lower compared to N, S-PCD-800 and the S element is not 
found in N-PCD. The doping nature of the four samples was explored by 
X-ray photoelectron spectroscopy (XPS). The S contents in the N, S-PCD- 
700, N, S-PCD-800 and N, S-PCD-900 samples, as determined by XPS 
analysis, are 0.76, 0.84 and 0.79, respectively. High-resolution C 1s XPS 
spectra of the N, S-PCD samples are resolved into four peaks that are 
C− C/C=C (284.8), C− N (285.9), COOR (288.6) and C− S groups (283.8 
eV) [32], while the C− S bond is not found in the N-PCD due to the 
absence of any sulfur source in the synthetic process (Fig. 2d and 
Fig. S6a and b). Similar to the C 1s XPS spectra, the analysis result of S 2p 
XPS spectra of the N, S-PCD exhibit three peaks that are C-S-C (163.9 
eV), C=S (165.3 eV) and C-SOx (168.2 eV) bonds [32], and no peak of S 
2p spectrum is observed in N-PCD (Fig. 2e and Fig. S6c and d). More-
over, pyridinic N (398.4 eV), pyrrolic N (399.9 eV), graphitic N (401.1 
eV) and oxidized N (402.04 eV) are discovered in the samples (Fig. 2f 
and Fig. S6e and f) [6]. These results unambiguously show that N and S 
are effectively codoped into the N, S-PCD samples, while only N is doped 
in the N-PCD. Water contact angle tests show that the N, S-PCD-700 
obtains a reduced water contact angle of 87◦ compared to N, S-PCD-900, 
suggesting the introduction of N dopants can improve the surface 
hydrophilcity (Fig. S7). Whereas, the N, S-PCD-900 exhibits a lower 
water contactangle than N-PCD, indicating S is more effective than N for 
enhancing the hydrophilcity. More importantly, S and N dual-doping 
makes the surface of N, S-PCD-800 the most hydrophilic, as proved by 
the lowest water contact angle of 48◦ among the samples (Fig. S7). 
Hence, the N, S dual-doping is believed to provide a synergetic effect on 
regulating the electronic structure, improving the electrical conductiv-
ity, increasing the wettability of electrode, and providing more active 
sites, thus enhancing the electrochemical performance. 

To evaluate the Zn ion storage properties of the as-prepared mate-
rials, an aqueous ZHSC was assembled through using Zn foil as the 
anode, the as-prepared sample as the cathode, and 2 M ZnSO4 as the 
electrolyte. The cyclic voltammetry (CV) curves of the samples present 
that the potential windows can be widened to 0.2 V to 1.8 V (Fig. 3a). 
The evident redox humps in the CV curves indicate the Faradic redox 

processes deriving from the stripping/deposition of Zn ions on the anode 
(Zn ↔ 2e− + Zn2+), manifesting a reprehensive ZHSC behavior. The CV 
curves at large scan rate up to 100 mV s− 1 are nearly symmetrical, 
indicating good electrochemical kinetics (Fig. S8). Moreover, the N, S- 
PCD-800 exhibits a larger enclosed CV area in comparison with the other 
samples, implying a superior Zn ion storage performance. This is also 
verified by the prolonged discharge curve in Fig. 3b. A maximum spe-
cific capacity of N, S-PCD-800 reaches 133.4 mA h g− 1 (300.2 F g− 1) at 
the current density of 0.2 A g− 1, which is significantly better than 73.5, 
90.2, and 99.4 mA h g− 1 (165.4, 203, and 223.7 F g− 1) for the N-PCD, N, 
S-PCD-700 and N, S-PCD-900, respectively, and superior to most of the 
carbon-based cathodes (Table S3). Although the N, S-PCD-900 has a 
larger SSA than that of the N, S-PCD-800, its lower capacity may be 
ascribed to a smaller nitrogen content, which is closely related to 
pseudocapacitive performance [9]. The highly symmetrical GCD curves 
reveal the fast reaction kinetics of the samples (Fig. 3c and Fig. S9). The 
calculated specific capacities at 0.2, 0.5, 1, 2, 5, 10, 15 and 20 A g− 1 are 
133.4, 128.9, 123.7, 117.8, 107.5, 98.2, 90.7 and 84.4 mA h g− 1 (300.2, 
290, 278.3, 265, 241.9, 220, 204.1 and 189.9 F g− 1) based on the GCD 
curves, respectively (Fig. 3d). The N, S-PCD-800 displays good rate 
capability with about 63% capacitance retention, which is higher than 
50% of the contrast sample of N-PCD from 0.2 to 20 A g− 1. The high 
capacity and good rate performance of the N, S-PCD-800 can be resulted 
from the large SSA, the hierarchical porous structure, hydrophilic sur-
face and N, S dual-doping, which endow the electrode with more Zn-ion 
reaction sites, and large electrode/electrolyte contact area and smooth 
diffusion pathways. Notably, energy density of the as-assembled Zn//N, 
S-PCD-800 ZHSC reaches 106.7 W h kg− 1 at a power density of 160 W 
kg− 1 and even remains at 67.8 W h kg− 1 at 16 kW kg− 1 (based on the 
mass loading of active materials on the cathode), which are better than 
most of the reported ZHSCs, such as Zn//MEHC-3 (106.4 W h kg− 1 at 
160 W kg− 1) [33], Zn//AC (84 W h kg− 1 at 69 W kg− 1) [34], Zn//Ca-900 
(75.2 W h kg− 1 at 36.6 W kg− 1) [35], Zn//MXene-rGO2 (34.9 W h kg− 1 

at 279.9 W kg− 1) [36], Zn//PC-800 (104.8 W h kg− 1 at 58 W kg− 1) [37], 
Zn//AC (61.6 W h kg− 1 at 72 W kg− 1) [16], Zn//D-PC (93.9 W h kg− 1 at 
163.9 W kg− 1) [38] (Fig. 3e and Table S3). These results demonstrate an 
enormous latent for practical application of the as-assembled Zn//N, S- 

Fig. 2. Characterization of the as-obtained samples. (a) Raman spectra, (b) nitrogen adsorption–desorption curves, and (c) pore size distributions of the as-prepared 
N-PCD, N, S-PCD-700, N, S-PCD-800 and N, S-PCD-900 samples. (d) High-resolution C 1s spectra for N-PCD and N, S-PCD-800. (e) High-resolution S 2p spectrum for 
N-PCD and N, S-PCD-800. (f) High-resolution N 1s spectra for N-PCD and N, S-PCD-800. 
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PCD-800 ZHSC with superb performance in energy storage and two Zn// 
N, S-PCD-800 coin-type cells connected in series can easily light up a red 
LED screen, as shown in the inset of Fig. 3f. More encouragingly, the 
Zn//N, S-PCD-800 ZHSC exhibits outstanding cycling stability and 
super-long cycle life with 97.1% capacity reservation after 100,000 
cycles (3960 h) at 5 A g− 1, which is the maximum life span for ZHSCs to 
date (Fig. 3f and Table S4). With such superb cycling stability, the 
coulomb efficiency can also keep 100%. By contrast, the capacity of N- 
PCD electrode fade sharply during the cycling and only remains 38.5% 
of the initial capacity after 20,000 cycles, indicating S doping is crucial 
for the long-term stability. While the N, S-PCD-700 and N, S-PCD-900 
electrodes exhibit medium cycling performance with a capacity reten-
tion of 88.8% after 60,000 cycles and 93% after 70,000 cycles, respec-
tively. The coulomb efficiencies of the N-PCD, N, S-PCD-700 and N, S- 
PCD-900 samples are also close to 100% (Fig. S10). The superior per-
formance of N, S-PCD-800 is due to the higher content of N compared to 
N, S-PCD-900, and the larger SSA than N, S-PCD-700. These suggest that 
N, S dual-doping and large SSA are beneficial for improving the cycling 
stability and enforcing an ultralong lifespan. 

The underlying reasons for the enhanced energy storage perfor-
mance of the N, S-PCD-800 were then explored from the electrochemical 
viewpoint. Electrochemical impedance spectroscopy (EIS) was used to 
elucidate the electrochemical reaction kinetics of the N-PCD, N, S-PCD- 
700, N, S-PCD-800 and N, S-PCD-900 electrodes. Fig. 3g displays the 
representative EIS spectra of the four samples, all of which are composed 
of a semicircle in the high frequency region revealing the charge-transfer 

process, and a straight line in the low frequency region representing the 
Zn ion diffusion process [39]. To better comprehend electrochemical 
process, the corresponding equivalent circuit model is depicted in 
illustration of series resistance (Rs), and charge transfer resistance (Rct) 
(inset of Fig. 3g) [40]. It is apparent that, among the four samples, N, S- 
PCD-800 has the lowest Rs of 0.5 Ω and Rct of 60.1 Ω, suggesting the 
quick charge transfer and the fast reaction kinetics (Table S5). The 
diffusion of Zn2+ ions can be reflected by the linear trend of the straight 
line in the low frequency region according to the following relevant 
equations: ω = 2πf and Z = R + σω− 1/2, where ω represents the angular 
frequency, f corresponds to the test frequency and Z is the real part of 
impedance. σ refers to Warburg coefficient, a linear slope calculated 
from the relationship between the real part of the impedance and fre-
quency [41]. Accordingly, a minor σ value represents better ion diffu-
sion ability. The σ value of the N, S-PCD-800 electrode is estimated to be 
20.7, which is smaller than the other samples (37.3 for N-PCD, 25.1 for 
N, S-PCD-700, and 27.5 for N, S-PCD-900), implying a smaller ion 
diffusion resistance as a result of large SSA, hierarchical porous struc-
ture, hydrophilic surface, and rich N, S dual-doping active sites (Fig. 3h). 

The Zn ion storage electrochemistry of N, S-PCD-800 was further 
analyzed by CV curves (Fig. S8). The peak currents (i) and scan rates (v) 
have the following relationship [42]: 

i = avb (1) 

The b value of 0.5 indicates a diffusion-controlled redox behavior, 
while the b value of 1 is a sign of the capacitive surface-dominated 

Fig. 3. Zn-ion storage performances of the as-prepared N-PCD, N, S-PCD-700, N, S-PCD-800 and N, S-PCD-900 samples. (a) CV curves at 20 mV s− 1. (b) GCD curves 
at 0.2 A g− 1. (c) GCD curves of N, S-PCD-800 at different current densities from 0.2 to 20 A g− 1. (d) Specific capacities at different current densities. (e) Ragone plot of 
the Zn//N, S-PCD-800 ZHSC with comparisons of the state-of-the-art ZHSCs. (f) Cycling stability at 5 A g− 1 of the ZHSCs and the coulomb efficiency of N, S-PCD-800 
with an inset of the photographic image of LEDs lit up by two coin-type Zn//N, S-PCD-800 ZHSCs in series. (g) EIS spectra. (h) The relationship between the real part 
of impedance and low frequencies of the four samples. 
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behavior. For N, S-PCD-800, the b values of the cathodic peak and 
anodic peak are calculated to be 0.72 and 0.98, respectively, implying 
that the energy storage is synergistically controlled by diffusion and 
capacitive behaviors (Fig. S11). The respective contributions of these 
two reactions were quantitatively analyzed by using the Dunn method 
(Equation (2)) [43,44]. 

i(V) = k1v+ k2v1/2 (2)  

where i (V) is the current at a constant potential, k1v and k2v
1/2 represent 

the current contributions of the capacitive and diffusion-controlled 
processes, respectively. Fig. S12 reveals that the capacitive-controlled 
process contributes 46% of the total capacity of N, S-PCD-800 at a 
scan rate of 20 mV s− 1 and the contribution of capacitive reaction rises 
from 39% to 73% with the scan rate increase from 5 to 100 mV s− 1, 
which illuminate that the charge storage is primarily dominated by 
Faradaic reactions at low scan rate of 5 mV s− 1, which results from the 
surface N and S functional groups. 

Although cathode materials with heteroatom doping have been re-
ported for ZHSCs, some relevant energy storage mechanisms are still 
opaque, especially double doping like N, S dual-doping. To apprehend 
the working mechanism of Zn//N, S-PCD-800 ZHSC, we further char-
acterized the Zn//N, S-PCD-800 ZHSC with ex situ XRD, SEM, and XPS. 
The structure and morphology changes of the anode and cathode during 
the GCD process were first characterized by ex situ XRD and SEM. As 
presented in Fig. 4a, the ZHSC was firstly charged from open-circuit 
voltage to 1.8 V (state A), then discharged to 1.0 V (state B) and 0.2 V 
(state C), and finally recharged to 1.0 V (state D) and 1.8 V (state E). 
During the GCD process, the XRD patterns of Zn anode all exhibit the 
characteristic peaks for metallic Zn (Fig. 4b), while a little peak at 24.4o 

are observed upon discharging, which can be indexed to 

Zn4(OH)6SO4⋅5H2O [34]. The intensity of diffraction peaks of Zn foil 
decreases when discharging and increases at charging states, corre-
sponding to the stripping/plating conversion process of Zn. The 
morphology monitoring of Zn foil shows that zinc dendrites are not 
formed from state A to state E, verifying the outstanding reversibility of 
Zn stripping/plating on Zn anode at the first cycle (Fig. 4c). Moreover, 
the enlarged SEM images of Zn foil also show the surface of Zn anode 
becomes rough at discharge and gradually becomes smooth during the 
charge process, implying some basic zinc sulfate may be formed during 
the discharge process. This phenomenon is in a good agreement with the 
XRD results and the previous reports [34]. Fig. 4d presents XRD patterns 
of the N, S-PCD-800 cathode at different GCD states. The broad and 
strong carbon peak at around 26o belongs to the carbon paper substrate, 
while other newly formed peaks at 16.2o, 24.4o, 32.8o are ascribed to 
Zn4(OH)6SO4⋅5H2O (JCPDS No. 39-0688) [45]. It is clear that the peak 
intensity of Zn4(OH)6SO4⋅5H2O shows regularity, which increases dur-
ing the discharge process and reaches the highest at the completely 
discharged state, and then gradually decays during charging. These re-
sults are consistent with that obtained from ex situ SEM. As shown in 
Fig. 4e, more and more nanosheets of Zn4(OH)6SO4⋅5H2O grow on the 
surface of N, S-PCD-800 cathode upon discharging, and further gradu-
ally disappear during the charge process. It may be ascribed to the pH 
change for the electrolyte during the GCD process as H+ ions involved in 
the reaction [8]. These findings reveal that the formation-dissolution of 
this byproduct is reversible and contributes to a certain amount of ca-
pacity. Ex situ XPS was further implemented to investigate the elemental 
compositions and chemical states of N, S-PCD-800 cathode during GCD 
process. The N 1s XPS spectra of N, S-PCD-800 cathode at states C, D and 
E all contain four peaks centered at 398.4 (pyridinic N), 399.9 (pyrrolic 
N), 401.1 (graphitic N) and 402.04 eV (oxidized N) (Fig. S13a) [6]. As 
the charge process progresses, the oxidized N (402.16 eV at state C) is 

Fig. 4. (a) GCD curve in 1 A g− 1. (b) Ex situ XRD patterns and (c) SEM images of Zn anode at different GCD states. (d) Ex situ XRD patterns and (e) SEM images of N, 
S-PCD-800 cathode at different GCD states. 
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moved to lower binding energy when charged to 1.8 V (402.05 eV at 
state E), implying that some chemical reactions do take place on the N–O 
bonding. Based on the previous reports [6,9,46], the chemical reactions 
may involve the chemical adsorption of Zn2+/H+ on the N-O bonding. 
As shown in Fig. S13b, the S 2p peak could be divided into four peaks at 
161.8 [meal-S (M− S)], 163.5 (C-S), 164.5 (-SOx), and 169.1 eV (-SOx) 
[47,48]. The ex situ S 2p XPS spectra show that the newly formed peak of 
metal-S (M− S) species declines upon charging, representing the good 
reversibility of chemical reactions between Zn2+ and S dopants. From 
the above, the possible main reactions of Zn//N, S-PCD-800 ZHSCs can 
be described as follows [6,9,46]: 

For the anode: 

Zn2 + + 2e− ↔ Zn (3) 

For the cathode: 
(1) Chemical absorption/desorption 

N⋅⋅⋅O + Zn2+/H+ + e− ↔ N⋅⋅⋅O⋅⋅⋅Zn
/

N⋅⋅⋅O⋅⋅⋅H (4)  

C⋅⋅⋅S + Zn2+ + 2e− ↔ C⋅⋅⋅S⋅⋅⋅Zn (5) 

(2) Physical absorption/desorption 

C
//

SO2−
4 ↔ C + SO2−

4 (6) 

(3) Precipitation/dissolution 

H2O ↔ H+ + OH− (7)  

4Zn2+ + 6OH− + SO2−
4 + 5H2O ↔ Zn4(OH)6SO4⋅5H2O (8) 

In view of the above results, we can conclude that the superior 
electrochemical Zn-ion storage performance of N, S-PCD-800 can be 

attributed to the following aspects. First, the large SSA and the hierar-
chical architecture integrating micro-, meso-, and macro-pores could 
enlarge the electrode/electrolyte contact area, shorten ion transport 
distance, and promote ion transport. Second, N, S dual-doping syner-
gistically improves the electrode hydrophilicity, accelerate electronic 
and ionic transport kinetics, and boost the chemical adsorption of Zn2+

to introduce Faradaic pseudocapacitance. These two factors combined 
improve the capacity of N, S-PCD-800 and enable an ultra-long and 
super-stable cycle life. 

Theoretical calculations were performed to reveal the effect of N, S 
dual-doping on the Zn-ion storage behavior. The details of calculations 
and models used in this study are available in supporting information. 
Fig. 5a-c shows that the adsorption of Zn atom on pristine graphene is 
− 0.07 eV, which is enhanced to − 0.17 and − 0.31 eV for N-doped gra-
phene and N, S-codoped graphene. The increased adsorption affinity of 
Zn indicates that the adsorption of Zn becomes stronger, well explaining 
the experimental observation of the improved capacity for the Zn ion. 
Bader charge analyses show that the electrons transferred from the Zn to 
pristine graphene, N-doped graphene, and S, N-doped graphene is 0.08, 
0.10, and 0.11 |e|, respectively, indicating that the doping facilitates the 
charge transfer, of which the trend is consistent with the gradually 
increased adsorption affinity. Furthermore, density of states (DOS) of 
the pristine graphene, N-doped graphene, and N, S-codoped graphene 
were calculated to explore the change of electronic structures. As shown 
in Fig. 5d, the DOS increases with the doping around the Fermi level, 
reflecting metallic properties of the materials and thus higher electronic 
conductivity, especially for N, S dual-doping [49]. Hence, N, S dual- 
doping could efficiently boost the Zn ion adsorption and improve the 
electronic conductivity, validating the experimental observations. 

Fig. 5. Top and side view of optimized structures for Zn atom adsorbed in (a) pristine graphene layers, (b) N-doped graphene layers, and (c) N, S-codoped graphene 
layers, as well as their corresponding Ea. (d) Comparison of the DOS for pristine graphene, N-doped graphene, and N, S-codoped graphene. 
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4. Conclusions 

In summary, we have for the first time demonstrated the fabrication 
of N, S-PCD derived from a ZIF and their application as a cathode ma-
terial for high-performance aqueous ZHSCs. Attributing to the hierar-
chical porous architecture and N, S dual-doping, the as-prepared N, S- 
PCD electrode attains a high specific capacity of 133.4 mA h g− 1 (300.2 F 
g− 1) at 0.2 A g− 1, a maximum energy density of 106.7 W h kg− 1 at the 
power density of 160 W kg− 1. Moreover, a super-long cycle life and an 
excellent cycling stability with 97.1% capacity retention after 100,000 
cycles (3960 h) is achieved for the N, S-PCD-based ZHSC device, which is 
the maximum life span for the ZHSCs to our knowledge. The synergetic 
mechanism of N, S dual-doping on enhancing Zn-ion storage perfor-
mance are further proved by combining DFT calculations, ex situ SEM, 
XRD and XPS, which reveals N, S dual-doping is able to strengthen the 
chemical adsorption of Zn ions and enhance the electronic conductivity, 
and therefore improves the capacity and enables an ultra-long and 
super-stable cycle life. This work endows it enormous latent for ultra- 
longevity energy storage applications and provides an innovative 
insight to design high-performance carbon-based materials for Zn-ion 
storage with superb cyclability. 
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