
 1 / 16 
 

Ultrathin Carbon Nanosheets for Highly-efficient Capacitive 

K-ion and Zn-ion Storage 

Yamin Zhang b, c, Zhongpu Wang b, Deping Li a, b *, Qing Sun b, Kangrong Lai c, Kaikai Li a, 

Qunhui Yuan a, Xingjun Liu a and Lijie Ci a, b * 

 

a State Key Laboratory of Advanced Welding and Joining, School of Materials Science and 

Engineering, Harbin Institute of Technology, Shenzhen, 518055, China 

b Research Center for Carbon Nanomaterials, Key Laboratory for Liquid-Solid Structural Evolution 

& Processing of Materials (Ministry of Education), School of Materials Science and Engineering, 

Shandong University, Jinan, 250061, China 

c Department of Physics, Changji University, Changji 831100, China 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Address correspondence to cilijie@hit.edu.cn; lideping@hit.edu.cn 

 

  



 2 / 16 
 

Abstract 

Porous carbon has attracted extensive attentions as the electrode material for various energy 

storage devices considering its advantages like high theoretical capacitance/capacity, high 

conductivity, low cost and earth abundant inherence. However, there still exists some disadvantages 

limiting its further applications, such as the tedious fabrication process, limited metal-ion transport 

kinetics and undesired structure deformation at harsh electrochemical conditions. Herein, we report 

a facile strategy, with calcium gluconate firstly reported as the carbon source, to fabricate ultrathin 

porous carbon nanosheets. The as-prepared Ca-900 electrode delivers excellent K-ion storage 

performance including high reversible capacity (430.7 mAh g-1), superior rate capability (154.8 

mAh g-1 at an ultrahigh current density of 5.0 A g-1) and ultra-stable long-term cycling stability (a 

high capacity retention ratio of ~81.2% after 4000 cycles at 1.0 A g-1). Similarly, when being applied 

in Zn-ion capacitors, the Ca-900 electrode also exhibits an ultra-stable cycling performance with 

~90.9% capacity retention after 4000 cycles at 1.0 A g-1, illuminating the applicable potentials. 

Moreover, the origin of the fast and smooth metal-ion storage is also revealed by carefully designed 

consecutive CV measurements. Overall, considering the facile preparation strategy, unique structure, 

application flexibility and in-depth mechanism investigations, this work will deepen the 

fundamental understandings and boost the commercialization of high-efficient energy storage 

devices like potassium-ion/sodium-ion batteries, zinc-ion batteries/capacitors and aluminum-ion 

batteries. 
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1. Introduction 

Lithium-ion batteries (LIBs), as the representative secondary battery systems, have been 

triumphantly used in electric vehicles, portable electronics, and smart grids1, 2. However, with the 

development of technologies, the dependence on LIBs has led to the rising cost and reducing 

availability of lithium resources in the crust3. Therefore, it is urgent to find alternatives to LIBs. 

Sodium-ion batteries (SIBs) have become the focus of attention because of their earth-abundant 

inherence and similar electrochemical properties to LIBs4, 5. Nevertheless, sodium ions are difficult 

to be reversibly inserted into the graphite anode, limiting its commercialization prospect. 

Potassium-ion batteries (PIBs), rooting in competitive crust reserves (~15000 ppm) and 

feasible K-ion insertion/extraction in commercial graphite electrode, are attracting enormous 

attentions. Besides, the redox potential of K+/K (-2.93V) is lower than that of Na+/Na (-2.71V), and 

close to Li+/Li (-3.04 V), indicating that PIBs can work within a high voltage platform and deliver 

a high energy density6, 7. In addition, in organic solvent electrolytes, such as propylene carbonate 

(PC), K+/K (-2.88 V) exhibits the lowest redox potential compared to Li+/Li (-2.79 V) and Na+/Na 

(-2.56 V)8, 9. Despite a larger ionic radius of K-ion, owing the weak Lewis acidity of K-ion, the 

radius of solvated K-ion is the smallest as compared to Li-ion and Na-ion, which leads to higher 

ionic conductivity and greater mobility in the electrolyte10. Meanwhile, the formation enthalpy of 

KC8 (-27.5 kJ mol-1) is lower than that of LiC6 (-16.5 kJ mol-1)11, which means that K ions are easier 

to insert into graphite. Above all, the K-ion transportation in the electrolyte is a kinetic-favorable 

process. However, the diffusion rate of K-ion in the interior of the electrode is still significantly 

restricted by its large ionic radius (1.38 Å vs. 1.02 Å of Na-ion and 0.76 Å of Li-ion), which will 

induce severe volume expansion and structure collapse of the electrode material during repeat 

potassiation/de-potassiation processes12. For example, the formation of KC8 compound endures a 

~61% volume expansion, which is six times of the lithiated graphite (LiC6)13. To overcome this 

obstacle, adjusting the interlayer distance and decreasing the K-ion diffusion distances of carbons 

could effectively ameliorate the volume expansion and avoid the structural collapse2, 14, 15.  

In addition to PIBs with promising prospect. So far, many kinds of rechargeable Zn-ion energy 

storage devices, such as Zn-ion capacitors, Zn-ion batteries and Zn-air batteries, have been widely 

studied owing to their high safety based on the aqueous electrolyte16-18. Among them, aqueous Zn-

ion hybrid supercapacitor (ZHS) is a newly-emerged energy storage device, which is usually 

composed of zinc metal anode and carbon-based cathode. ZHS is considered as one of the most 

attractive energy storage devices by combining the merits of batteries and supercapacitors19-22. For 

instance, Zhang et al.21 studied the use of hierarchically porous carbon as cathode in ZHS, which 

displayed a high energy density of 107.3 Wh kg-1 and a superb power density of 24.9 kW kg-1. 

Herein, calcium gluconate was firstly introduced as a carbon source for constructing ultrathin 

hierarchically porous carbon nanosheets with a facile in situ template method. The specific surface 
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area and porosity of carbon materials can be precisely tuned by adjusting the calcination 

temperatures. The as-obtained Ca-900 electrode exhibits superior K-ion storage performance 

including high reversible capacity (430.7 mAh g-1), high rate capability (5.0 A g-1) and ultra-long 

cycling stability (4000 cycles at 1.0 A g-1). The superiority and universality of the Ca-900 electrode 

is further verified in zinc-ion hybrid supercapacitor, which delivers high energy density (134.5 Wh 

kg-1) and power density (9.3 kW kg-1) as well as a high capacitance retention (~90.9%) over 4000 

cycles. Moreover, to excavate the origin of the excellent electrochemical performance, a carefully 

designed consecutive CV measurement was introduced. The predominant capacitive behaviors, 

rooting in the high specific surface area and highly developed porous structure, are confirmed the 

main contribution of the unprecedent electrochemical performance. Overall, this work may open a 

new window for understanding the metal-ion storage behaviors with carbonaceous electrode 

materials. 
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2. Experimental Section 

2.1 Preparation of Ca-x materials: Ultrathin porous carbon nanosheets are prepared by using 

calcium gluconate (Ca(C6H11O7)2) as the carbon source followed by a carbonization treatment and 

an acid etching process. Specifically, a certain amount of calcium gluconate powder (5.0 g) is 

weighed and placed evenly in a quartz boat, which is subsequently transferred to the tube furnace 

and pyrolyzed at selected temperatures (600, 700, 800, 900 and 1000 ℃, holding for 1h) with a 

temperature ramp rate of 5 ℃ min-1 under Ar flow protection (100 mL min-1). After natural cooling, 

the precursors can be obtained (denoted as Ca-x-P, x stands for the carbonization temperature). 

Afterwards, the precursors are washed for three times with diluted hydrochloric acid (~1.2 mol/L), 

deionized water and anhydrous ethanol, respectively. After a vacuum drying process at 70 ℃ for 

10 h followed by a soft grinding process in the mortar, the ultrathin porous carbon materials are 

collected and denoted as Ca-x. 

2.2 Structural characterization: X-Ray Diffraction (XRD) analysis was performed on a Rigaku 

Miniflex 600 X-ray diffractometer with Cu Kα radiation (λ=1.5406Å) at a scan rate of 5°/min. 

Morphological and microstructural characterizations were conducted on Scanning electronic 

microscope (SEM, Phenom Pro and JEOL JSM-7610F) and Transmission electronic microscope 

(TEM, JEOL JEM-2100). The specific surface area and pore structure information were collected 

by N2 adsorption isotherm at -196 ℃ on a Micromeritics ASAP 2020 analyzer. The samples were 

dried and degassed at 200 ℃ for 8 hours before testing. Raman spectra were collected on a 

Rennishaw inVia confocal Raman spectrometer using a 633 nm laser as the excitation source. 

2.3 Electrochemical measurement 

Potassium-ion batteries: Electrode materials are prepared by mixing 80 wt% active material (as-

prepared Ca-x), 10 wt% super P and 10 wt% polyvinylidene fluoride (PVDF) in the NMP (N-

methyl-2-pyrrolidone) solvent under magnetic stirring to form a uniform slurry. Afterward, the 

slurry is coated onto a copper foil followed by a vacuum drying process (100 ℃ for 10 h) to 

evaporate the solvent. After natural cooling, the dried foil is cut into circular electrodes with a 

diameter of 12 mm. K-ion cell is assembled in an argon-filled glovebox using CR2032-type coin 

cells with K-metal foil as the counter electrode. A whatman GF/D glass fiber filter is applied as the 

separator. The electrolyte is 0.8 M KPF6 dissolved in ethylene carbonate and diethyl carbonate 

(EC/DEC=1:1 by volume). The electrochemical measurements are evaluated within a voltage range 

of 0.01~3.0 V using a LAND-CT2001A multichannel galvanostat (Wuhan, China) at 25°C. Cyclic 

voltammetry (CV) is acquired on a CHI 660E electrochemical workstation. 

Zinc-ion capacitors: The electrode is prepared by mixing active material, conductive material 

carbon (super P) and polytetrafluoroethylene (PTFE) in the mass proportion of 85:10:5 with NMP 

as solvent followed by magnetic stirring to form a homogeneous slurry. The slurry is evenly smeared 

on the cleaned carbon paper followed by a vacuum drying process at 100 ℃ for 10 h. After natural 
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cooling, the dried carbon paper is cut into circular electrodes with a diameter of 12 mm. Zinc foil is 

applied as the counter electrode, commercial filter paper is used as the separator, and the electrolyte 

is 1.0 M zinc sulfate (ZnSO4) dissolved in deionized water. All capacitors are assembled with 

CR2032-type coin cells. The electrochemical performance is evaluated on LAND-CT2001A 

multichannel galvanostat within the voltage range of 0~1.8 V, and the CV test results are obtained 

by a CHI660E electrochemical workstation. 

  



 7 / 16 
 

3.Results and discussion 

3.1 Morphological and microstructural analyses 

The synthetic process of the ultra-thin carbon nanosheets is illustrated in Fig. 1. Calcium 

gluconate was introduced as the carbon source. By controlling the calcination temperatures, various 

kinds of Ca-based hard template can be in situ generated. Followed by an acid etching process, the 

template can be easily removed and porous carbon nanosheets can be obtained. TEM observations 

were conducted to reveal the morphological evolutions. As shown in Fig. 1 and Fig. S1, after the 

calcination treatment, evenly distributed nanoparticles can be clearly distinguished on the ultrathin 

carbon nanosheets, which vanish after the acid etching process and ultrathin carbon nanosheets with 

uniformly distributed nanosized pores can be obtained. 

 

Fig.1 Schematic illustrations of the synthetic process. (a) SEM images of calcium gluconate. (b) TEM image of Ca-

900-P and (c) Ca-900. 

The TEM images of Ca-x exhibit a translucent characteristic (Fig. 1c and S1), indicating an 

ultrathin feature. The SEM images further verify this morphology (Fig. 2a-b and S2), the obtained 

Ca-x at various temperatures all exhibit an ultrathin thickness in the range of 20~30 nm (Fig. 2c), 

which will significantly shorten the diffusion lengths of tested metal ions and indicate a fast 

transport kinetics. XRD was further employed to track the phase transformations. As depicted in 

Fig. 2d, the in situ generated template can be determined as CaCO3 (PDF#47-1743) under pyrolyzed 

temperatures below 800℃, which further decomposes into CaO (PDF#48-1467) and CO2 at higher 

temperatures. The detected Ca(OH)2 (PDF#44-1481) signals at high temperatures (800-1000℃) 

should be ascribed to the moisture sensitive feature of CaO. Except the template virtue of the Ca-

based nanoparticles, the released CO2 gas can also play a vital role in creating micropores by etching 

the carbon matrix, which will be verified and discussed in Fig. 3. The involved reactions are 

summarized as follows: 

CaCO3 → CaO + CO2                            (1) 
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CO2 + C → CO                               (2) 

The EDS result is displayed in Fig. S3, the increasing C/O ratio (Ca-600 is 6.11 and Ca-900 is 

9.91) at higher temperature indicates the decomposition of oxygen-containing groups, which will 

benefit the electronic conductivity. At this point, Ca-x obtained at relatively high temperature will 

exhibit better battery performance. XRD patterns after the acid etching process were displayed in 

Fig. 2e. The obtained Ca-x all exhibit a broad peak at ~22.8° and a weak peak at ~44°, corresponding 

to the (002) and (101) crystal indexes of graphite. The broad peak indicates a relatively amorphous 

structure of the porous carbon nanosheets. Besides, the lower angel shifted (002) peak compared 

with the standard pattern (PDF#75-1621) means an enlarged interlayer spacing, which can be 

determined by the Bragg equation23: 

𝟐𝒅𝒔𝒊𝒏𝜽 = 𝝀                              (3) 

And the interlayer spacing can be obtained by the deformation: 

𝒅 =
𝝀

𝟐𝒔𝒊𝒏𝜽
                                (4) 

Herein, λ is the wave length of the Cu Kα radiation (=1.5406 Å). Therefore, the interlayer 

spacing of the obtained Ca-x is calculated to be ~0.39 nm, higher than graphite (~0.34 nm). The 

expanded lamellar spacing is conducive to the rapid diffusion of metal ions, especially for K ions 

with larger ionic radius. Hence an enhanced rate capability can be expected.  

 

Fig.2 Morphological and structural characterizations. (a-b) SEM images of Ca-900. (c) A survey of the thickness of 

Ca-x. XRD patterns of (d) precursors Ca-x-P and (e) obtained carbon nanosheets Ca-x. (f) Raman spectra of Ca-x. 

Moreover, Raman spectra were collected to grasp a better understanding of the carbon structure. 

As shown in Fig. 2f, two obvious peaks near 1322 cm-1 and 1586 cm-1 can be observed, 

corresponding to the characteristic D band and G band of graphite. D band represents the defect or 

disorder degree, while G band reflects the in-plane stretching vibration of the sp2 hybrid structure. 

Therefore, the ID/IG ratio can interpret the degree of graphitization or disorder. Specifically, the 
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calculated ratios increase with higher carbonization temperature (from 0.74 of Ca-600 to 0.95 of 

Ca-1000), indicating a more disorder/defective structure, which will provide sufficient accessible 

sites and diffusion pathways for the fast diffusion of metal ions. 

 
Fig.3 Pore structure evaluations. (a) Nitrogen adsorption–desorption isotherms. (b) Pore size distributions. (c) Pore 

volume contribution ratios of micropores, mesopores and macropores. (d) Schematic diagram of K-ion diffusion 

kinetics in the hierarchically porous ultrathin carbon nanosheets. 

In the case of carbonaceous materials, a high disorder degree is always associated with a well 

developed porous structure24. As plotted in Fig 3a. the N2 adsorption-desportion curves of Ca-x all 

exhibit a combination of type I (uptake at the low P/P0 region, characteristic of micropores) and type 

IV (hysterisis loop at the low P/P0 region, characteristic of mesopores) isotherms. Besides, the uplift 

of the curve at high P/P0 region corresponds to the existencce of macropores and this morphology 

has been clearly distinguished by SEM and TEM results (Fig. 1, Fig. S1 and Fig. 2a-b). Therefore, 

all of the Ca-x samples exhibit hierarchically porous structures with high specific surface areas 

(192.02, 270.02, 835.46, 955.08 and 1414.93 m2 g-1 for Ca-600, Ca-700, Ca-800, Ca-900 and Ca-

1000, respectively). Among them, the hysteresis loop area of Ca-900 is the largest, which indicates 

abundant existence of mesopores. This structure provides sufficient channels and spaces for the 

diffusion of metal ions and alleviation of the volume expansion, which further contributes to 

enhanced rate performance and cycling stability 25, 26. 

The unique porous structure is further dissected by the results of pore size distributions. As 

plotted in Fig. 3b, the hierarchically porous structure is solidified with peaks centered at the whole 

region of 0.4~100 nm. Specifically, Ca-900 shows the strongest peak centered at ~10 nm, which is 

in accordance with the results of Fig. 3a. Besides, Ca-x samples obtained at high temperatures (≧ 
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800℃) exhibit stronger peaks centered at micropore and mesopore region, which should originate 

from the decomposition process of CaCO3 at high temperatures. The in situ generated CO2 gas is a 

very effective pore-forming agent (similar as KOH) by etching the carbon matrix (see formula 2), 

which is conducive to create pores, especially micropores. Moreover, the higher the temperature, 

the higher the pore-making activity of CO2, which is consistent with the results of Raman spectra. 

Abundant micropores serve as defective sites and express a higher ID/IG value. Furthermore, the 

pore volume of Ca-x is concluded in Fig. 3c, consistently, Ca-900 exhibits the highest pore volume 

(1.08 cm3 g-1) and highest proportion of mesopores (80.3%), indentifying its highly developed 

porous structure. 

Briefly speaking, the facilely prepared Ca-x samples with ultrathin hierarchically porous 

structure exhibit great potentials for large-sized K-ion storage (Fig. 3d), the reasons can be 

concluded as follows: i) High specific surface areas (SSA) can guarantee sufficient contact between 

the electrolyte and electrode surface; ii) Highly developed porous structure can provide sufficient 

and broad K-ion diffusion channels, thus enabling fast and stable K-ion diffusion. iii) Abundant 

micropores alongwith high SSA can serve as extra sites for capacitive K-ion adsorption, improving 

the reversible specifica capacities. iV) Ultrathin characteristic shortens the diffusion lengths and 

ensures fast K-ion transport kinetics. 

3.2 Electrochemical performance 

The cycling performance of Ca-x based PIBs was firstly evaluated (Fig. 4a). After being cycled 

at 100 mA g-1 for 100 cycles, Ca-900 electrode delivers the highest capacity of 235.4 mAh g-1, while 

the rest electrodes can only maintain capacities lower than 200 mAh g-1. Simultaneously, it can be 

observed that the coulombic efficiencies of all samples in the initial cycles are relatively low and 

gradually increase to 100% in the following cycles. This phenomenon can be attributed to the large 

SSA which consumes more electrolyte to form a stable SEI (solid electrolyte interface) layer on the 

electrode surface. In view of the unique ultrathin and porous structure of Ca-x, the rate capability 

was then investigated. As depicted in Fig. 4b, Ca-900 electrode delivers higher capacities than the 

rest electrodes at all current densities. The specific values of reversible capacities at each current 

density are concluded in Fig. 4c. Particularly, Ca-900 electrode can release a high capacity of 430.7 

mAh g-1, while the rest electrodes can only deliver capacities below 400 mAh g-1. Besides, Ca-900 

electrode can suffer fast potassiation/de-potassiation shock and maintain a relatively high capacity 

of 154.8 mAh g-1 at ultrahigh current density of 5.0 A g-1, corresponding to the highest capacity 

retention ratio of 35.8% among all the Ca-x electrodes. When the current density is set back to 0.05 

mA g-1, the reversible capacity of Ca-900 electrode can also recover to 383.7 mAh g-1 (89.1% 

retention), further verifying the superior electrode stability of Ca-900 at high current densities, while 

the rest electrodes suffer sever structural deformation and gradually lose the electrochemical activity. 

Intrigued by the excellent rate capability of Ca-900 electrode, the long-term cycling stability 
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was evaluated at high current density of 1.0 A g-1. As shown in Fig. 4d, Ca-900 electrode delivers a 

capacity retention ratio of 81.2% after 4000 cycles, corresponding to a capacity loss ratio of 0.0047% 

per cycle, outmatching most of the reported carbon electrodes27. 

 
Fig.4 Electrochemical performance of Ca-x electrodes in PIBs. (a) Cycling performance. (b) Rate capability at 

various current densities. (c) Capacity retention ratios at various current densities. (d) Long-term cycling stability at 

1.0 A g-1 (the electrode was preactivated at 0.05A g-1 for 3 cycles). 

To track the origin of the superior rate capability, consecutive CV measurements were 

conducted at various scan rates of 0.1 to 1.0 mV s-1
 (Fig. 5a and Fig. S4). The corresponding 

relationship between peak current and scan rate can be obtained by these curves: 𝒊 = 𝒂𝒗𝒃, where a 

and b are adjustable constants. The b value can be obtained from the slope by plotting log (i) vs. log 

(v)28, 29. Specifically, when b value is approaching 0.5, the tested electrode is dominated by the 

battery behavior (relatively sluggish), corresponding to the diffusion process. When b value is close 

to 1.0, capacitive behavior predominates alongwith the adsorption process (kinetic favorable)30. The 

calculated b values are concluded in Fig. 5b and Fig. S4, it can be observed that b value varies at 

different potassiation depths. To parse this phenomenon, the calculated b values at various potentials 

are concluded in Fig. 5c, and we come to a preliminary conjecture that capacitive K-ion storage 

process mainly takes place within the potential range of 0.4~2.0 V (vs. K/K+) with higher b values. 

Moreover, the mixed behaviors were quantified by the following equations: 𝒊 = 𝒌𝟏𝒗 + 𝒌𝟐√𝒗 . 
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Herein, k1 and k2 are constants, 𝒌𝟏𝒗 stands for the capacitive contribution, while 𝒌𝟐√𝒗 represents 

the contribution of diffusion-controlled behavior. As plotted in Fig. 5d and Fig. S4, the red part 

represents the capacitive contribution, which dominates the total capacity (66.02% for Ca-900, 

higher than the rest electrodes). Specially, the red part occupies a higher ratio in the region higher 

than 0.4 V, consistent with the variation tendency of b values. Moreover, the capacitive contribution 

ratios of all Ca-x samples are concluded in Fig. 5e, Ca-900 electrode is the highest at all scan rates, 

which is also consistent with its best electrochemical performance.  

 
Fig.5 Kinetic evaluations of Ca-x electrodes in PIBs. (a) CV curves of Ca-900 electrode at various scan rates. (b) b 

values of Ca-900 electrode determined at various potassiation depths. (c) b values of all Ca-x electrodes. (d) Sketch 

of the capacitive contribution at 1.0 mV s-1. (e) Capacitive contribution ratios of Ca-x electrodes at various scan rates. 

Zinc-ion hybrid supercapacitors (ZHSs) have received extensive attentions owing to the rich 

zinc sources, low cost, and high safety22, 31. The negative electrode material for ZHSs is usually a 

carbon-based material with a high specific surface area32, 33. Therefore, our carefully designed Ca-

900 with unique ultrathin hierarchically porous structure shows great potential in ZHSs. 

CV measurements were firstly conducted at different scan rates (5.0 mV s-1~200 mV s-1) to 

investigate the Zn-ion storage behavior. As shown in Fig. 6a, weak redox peaks can be observed, 
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representing the pseudo-capacitive behavior. Similarly, the b values can be extracted from the CV 

curves at various potentials (Fig. 6b), which are undoubtedly higher than that of PIBs, indicating 

the capacitive inherence of ZHSs34. The contribution of capacitive behavior was plotted in Fig. 6c, 

unlike the plot of PIBs, the red part distributed evenly within the tested potential range, further 

confirming the capacitive nature of ZHSs. Besides, Ca-900 electrode delivers high capacitive 

contribution ratios at all scan rates, especially at a superhigh scan rate of 200 mV s-1 (Fig. 6d). 

Consequently, Ca-900 electrode exhibits a good rate capability with a high capacity retention ratio 

of ~40% at 2.0 A g-1. (Fig. 6e and Fig. S5). Besides, when current density returns to 0.1 A g-1, the 

capacity is just slightly lower than the initial cycles, indicating a high reversibility. To study the 

practical prospect, the energy density and power density were calculated and concluded as Ragone 

plot in Fig. 6f. When power density is 1.8 kW kg-1, a high energy density of 134.5 Wh kg-1 is 

achieved. When power density increases to 9.3 kW kg-1, the power density is still as high as 98.6 

Wh kg-1. Compared with reported carbon-based ZHSs, such as HNPC//Zn35, AC//AC36, 

Graphene//Graphene37, MPCs//Zn38, RuO2·H2O//Zn22, MDC//Zn39, a-MEGO//Zn40, HPC//Zn41 and 

HSC//Zn19, our Ca-900 electrode shows the best overall electrochemical performance. Moreover, 

Ca-900 electrode also exhibits superior cycling stability at a high current density of 1.0 A g-1 with a 

neglectable capacity loss ratio of 0.0023% per cycle, further solidifying the effectiveness of the 

ultrathin porous structure in capacitive energy storage systems (Fig. 6g). 

 

Fig.6 Electrochemical performance of Ca-900//Zn in Zn-ion capacitors. (a) CV curves at various scan rates. (b) b 

values at various scan rates. (c) Sketch of capacitive contribution at 10 mV s-1. (d) Capacitive contribution ratios at 

various scan rates. (e) Rate performance at various current densities. (f) Ragone plots. (g) Long-term cycling 
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performance. 

4. Conclusion 

In summary, we propose a facile preparation strategy for constructing ultrathin porous carbon 

materials by direct pyrolyzing calcium gluconate. The obtained carbons show ultrathin 

characteristic (thickness of 20~30 nm) and hierarchically porous structure (high SSA of 955.08 m2 

g-1 and pore volume of 1.08 cm3 g-1). Therefore, the as-prepared Ca-900 electrode delivers excellent 

electrochemical performance in PIBs with high reversible capacity (430.7 mAh g-1), excellent rate 

capability (158.4 mAh g-1 at 5.0 A g-1) and ultra-stable cycling performance (over 4000 cycles at 1.0 

A g-1). In virtue of the carefully designed consecutive CV measurements, it is confirmed that the 

unique porous structure contributes to predominant capacitive metal-ion storage, thus resulting in 

the significantly improved battery performance. Moreover, we dissect the mixed behaviors at 

various potassiation depths and we draw a conclusion that capacitive behavior dominates in the 

range of 0.4~2.0 V with carbon-based anode materials. Furthermore, Ca-900 electrode also exhibits 

remarkable Zn-ion storage capability with a capacity retention ratio of ~90.9% after 4000 cycles at 

1.0 A g-1. Considering the facile preparation strategy, unique microstructure, outstanding 

electrochemical performance and in-depth mechanism investigations, we believe this work will 

strength the fundamental understandings of porous carbons and boost the development of carbon-

based energy storage devices like K-ion/Na-ion/Li-ion batteries/capacitors, Al-ion batteries, Zn-ion 

capacitors and Dual-ion capacitors, etc. 
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