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Abstract Potassium ion hybrid capacitors (PIHC) have

promising applications in medium and large-scale energy

storage systems due to their high energy/power density,

abundant potassium resource and low cost. However, the

slow kinetics of battery-type anodes originating from the

large-size K? results in a mismatch between the two

electrodes, rendering the modest energy density of PIHC.

Herein, we first develop an electrospinning strategy to

successfully synthesize fibrous precursor by using the

HNO3 pre-oxidized low-softening-point coal pitch as the

low-cost raw material. With further carbonization or KOH

activation, the two types of carbon nanofibers (CNF) are

fabricated as anode and cathode materials, respectively,

towards the dual-carbon PIHC devices. Thanks to its three-

dimensional interconnected porous conducting network

and large layer spacing, the resulted CNF anode material is

endowed with high reversible capacities, excellent rate and

long cycle stability. Meanwhile, the activated CNF cathode

with a large surface area of 2169 m2�g-1 exhibits excellent

capacitive performance. A PIHC constructed with the two

fibrous electrodes delivers an energy density of

110.0 Wh�kg-1 at 200.0 W kg-1, along with a capacitance

retention of 83.5% after 10,000 cycles at 1.0 A�g-1. The

contribution here provides a cost-efficiency avenue and

platform for advanced dual-carbon PIHC.
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1 Introduction

As an emerging electrochemical energy storage system,

metal ion (Li?, Na?, K?, etc.) hybrid capacitors combined

with the advantages of ion batteries and supercapacitors are

expected to meet the medium and large-scale energy

storage needs [1]. Among these, potassium ion hybrid

capacitors (PIHC) are particularly valued for the following

advantages. Firstly, metallic potassium is highly abundant

and widely distributed in the earth’s crust [2]. Secondly,

among various metal/metal ion pairs, the redox potential of

K/K? is the closest to that of Li/Li?, which ensures the

high energy density and high operating voltage of PIHC.

Thirdly, K? has the lowest ion–solvent interaction energy

and higher ionic conductivity in the electrolyte compared

to other alkali ions (e.g., Li?, Na?) [3]. In addition, the

weaker Lewis acidity of K? results in a smaller Stokes

radius of the solvated ion, which facilitates the rapid dif-

fusion of K? across the electrolyte/electrode interface in

the electrolyte, resulting in a higher power density of the

potassium-ion-based energy storage devices [4]. In view of

the large radius of the K? (0.138 nm) [5], the large K?

storage will cause rapid volume expansion and inevitably

severe electrochemical pulverization [5, 6]. Moreover, the

gap from the innate kinetic mismatch between anode and

cathode involved in the sluggish diffusion kinetics of
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battery-type electrode materials during insertion/disinser-

tion is widened, and the above behavior severely hinders

the performance of PIHC in terms of rate behavior and

long-cycle stability.

To date, a variety of materials such as carbon [7, 8],

alloy-based [9], organic compounds [10, 11], and MXene-

based materials [12] have been used as the anodes for K?

storage. Among these anode materials, carbon materials are

considered as the most promising candidates due to their

low cost, excellent physical/chemical stability, high elec-

trical conductivity and ease of mass production [13]. Coal

pitch is an excellent precursor for carbon materials, and its

derived soft carbon has adjustable layer spacing. Numerous

studies have been reported to prepare pitch-derived soft

carbon materials for applications towards K? storage

[13–15]. Moreover, the rate performance of these soft

carbon-based anodes can be promoted by adjusting the

morphological structure and porosity, especially, carbon

nanofibers (CNF) prepared by electrostatic spinning

method have received much attention [16]. If coal pitch

was combined with electrostatic spinning, the combination

of macroscopic and microscopic effects would be more

favorable to the rapid K? transport and storage. It is known

that the coal pitch is a thermoplastic organic material,

which will soften at high temperatures [17]. The oxidation

process in air plays an important role in maintaining the

morphological structure and chemical properties of ther-

moplastic organics [18]. However, the low softening point

of coal pitch (* 180 �C) makes it difficult for coal pitch-

based fibers to be stabilized in air. It has become the key

issue of how to properly address the stability of coal pitch-

based fibers. Unfortunately, there are few relevant studies

for this, let alone their applications in PIHC.

In the work, we successfully prepared the coal pitch/

polystyrene (PS) fibrous precursor with an electrostatic

spinning process from the commercially available low-

softening-point coal pitch raw material, which was pre-

oxidized with the HNO3. Then, the porous CNF (PCNF)

obtained with simple carbonization and activated PCNF

(aPCNF) fabricated with KOH activation were utilized as

the anode and cathode materials for the PIHC, respec-

tively. Herein, the reasonable layer spacing, micro/meso-

porous synergy and surface pseudocapacitance-dominated

storage properties lead to high K? storage performance as

well as long cycle stability of the PCNF. In particular, the

PIHC constructed with aPCNF cathode and PCNF anode

achieved high energy/power density and superior cycle

stability. Furthermore, this study provides an opportunity

to develop a dual-carbon PIHC using low-cost coal

chemical waste, thus providing a ‘‘waste to treasure’’

strategy.

2 Experimental

2.1 Synthesis of PCNF

The coal pitch/PS fibers were prepared through the fol-

lowed process. Briefly, the low-softening-point coal pitch

was pre-oxidized using a suitable concentration of HNO3

for 12 h and then washed to neutral using deionized water

and dried in an oven at 60 �C to obtain pre-oxidized coal

pitch (denoted as H-pitch). 1.2 g PS was dissolved in a

mixture of N, N-dimethylformamide (DMF) and N-methyl-

2-pyrrolidone (NMP) at a volume ratio of 1:1 under soni-

cation. 2.4 g (or 0.6, or 1.2 g) H-pitch was added to the

above clear solution and stirred overnight. Then, the mixed

solution was injected into a syringe. In the electrospinning

process, a voltage of 20 kV and a spinning speed of

0.6 ml�h-1 were set, receiving the spun fibers by using the

aluminum foil at a distance of 20 cm from the needle. After

dried overnight in an oven at 60 �C, the electrospun fibers

were stabilized in a muffle furnace at 230 �C for 3 h. The

resulting product was further annealed at 900 �C for 2 h at

a slope of 5 �C�min-1 to give the PCNF. The carbon yield

of the PCNF was * 57.1%.

2.2 Synthesis of aPCNF

The electrospun fibers were pre-oxidized at 230 �C in air at

a heating rate of 1 �C�min-1 for 3 h and then annealed at

600 �C at a slope of 5 �C�min-1 for 2 h to obtain the

sample (designed as PCNF-600). Subsequently, the PCNF-

600 was ground to a powder and added into a 1.0 mol�L-1

KOH solution with a PCNF-600: KOH mass of 1:3 and

stirred for 24 h. The mixture was dried to remove the

water. Afterwards, the dried PCNF-600/KOH mixture was

activated at 900 �C for 3 h in Ar atmosphere. The excess

KOH activator by-products in the product were neutralized

with 1.0 mol�L-1 HCl. The product was then washed with

deionized water to pH = 7.0 and dried overnight in a

vacuum oven at 80 �C to obtain the aPCNF. The yield of

the aPCNF was * 12.3%.

2.3 Material characterizations

The obtained samples were characterized by X-ray

diffraction (XRD, Rigaku Ultima IV powder X-ray

diffractometer with Cu Ka radiation, k = 0.154056 nm).

Morphologies and microstructures of the products were

characterized with field-emission scanning electron

microscopy (FESEM, JEOL-6300F), transmission electron

microscopy (TEM), scanning TEM (STEM), high-resolu-

tion TEM (HRTEM, JEM-2100) equipped with energy-
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dispersive X-ray spectroscopy (EDS). Micromeritics ASAP

2020 apparatus was used to analyze nitrogen sorption

isotherms. Raman spectra were collected using 532 nm

excitation on a LAB RAM HR spectrometer. Fourier

transform infrared (FT-IR) spectra were performed by

using Nicolet iS50 spectrometer with a KBr pellet in the

range from 400 to 4000 cm-1.

2.4 Electrochemical measurements

The anodes were prepared by evenly mixing the elec-

troactive material PCNF, acetylene black, and polyvinyli-

dene fluoride (PVDF) binder with a weight ratio of 7:2:1 in

NMP. Then, the slurry was coated onto a Cu foil, and dried

in a vacuum oven at 80 �C for 12 h. The anodes with a

diameter of 12 mm were obtained using a punch machine

and the mass loading in each electrode

was * 1.2 mg�cm-2. Using the metallic K as the counter/

reference electrode, and glass fiber filter (Whatman GF/F)

and 0.8 mol�L-1 KPF6 dissolved in the ethylene carbonate/

dimethyl carbonate mixture (by 1:1 in volume ratio) were

used as the separator and electrolyte, respectively. For

fabrication of the cathode, PVDF, acetylene black and

aPCNF (1:2:7 in weight ratio) in the NMP were mixed, and

coated on a fresh Al foil. After dried in vacuum at a

temperature of 110 �C, the aPCNF cathode was used to

fabricate half-cell configurations and/or full devices in

glove box. In order to enhance the stability and minimize

the irreversible capacity during the first cycle, the PCNF

anode was pre-activated before assembly. To be specific,

the PCNF electrode was directly contacted with the

metallic potassium in the electrolyte under an extra pres-

sure from glass plates. The weight ratio of the cathode to

anode is designed as 3.0 for charge balance. The total mass

load of the two electrodes is 3.2–4.0 mg. Both the elec-

trolyte and separator in devices were identical to those

applied for the assembly of half cells above. All the elec-

trochemical properties were evaluated by coin cells

(CR2032) assembled in an Ar-filled glove box (both O2 and

H2O\ 0.1 9 10–6). Charge–discharge measurements were

conducted on a Land CT2001A battery tester. Cyclic

voltammetry (CV) curves and electrochemical impedance

were recorded with an electrochemical workstation

(Ivium). The energy density (E, Wh�kg-1) and power

density (P, W.kg-1) of PIHC were calculated by the fol-

lowing Equations (1–3) [19]:

P ¼ DV � i=m ð1Þ
E ¼ P� t=3600 ð2Þ
DV ¼ ðVmax þ VminÞ=2 ð3Þ

where i, t, m, Vmax, and Vmin were the discharge current

(A), discharge time (s), total mass of electroactive

materials in both anode and cathode (kg), voltage at the

beginning of discharge (V), and voltage at the end of dis-

charging (V), respectively.

3 Results and discussion

3.1 Preparation and characterization of samples

Firstly, we used HNO3 pre-oxidation method to treat the

low-softening-point pitch raw material. Figure S1a, b

shows the digital photos before and after the pre-oxidation

treatment, respectively. The original coal pitch shows a

light brownish-yellow color, while after the HNO3 treat-

ment, the H-pitch turns black in color. The granularity of

the powder increases significantly. FT-IR was performed to

detect changes in the chemical structure of the coal pitch

obtained before and after pre-oxidation. Compared to the

original coal pitch, the H-pitch exhibited some significant

changes, as shown in Fig. S1c. The peaks near 798, 1350

and 1580 cm-1, which are associated with the –C–N–H or

C–H bending planes of the aromatic ring and the –C–H and

C–N, aromatic C=C deformations, turn out to be more

distinct, and the two new bonds near 1359 and 1528 cm-1

are attributed to the –NO2 feature, suggesting that the

HNO3 pretreatment undergoes the polymerization and

condensation reactions introducing new –NO2 groups.

[18, 20].

Schematic diagrams for the synthesis of PCNF and

aPCNF samples are shown in Scheme 1. Firstly, in order to

explore suitable ratios of spinning solutions, we prepared

nanofibers by electrospinning technique from a mixture of

H-pitch and PS in different mass ratios (H-pitch: PS = 1:2,

1:1, 2:1) and named them NF-0.5, NF-1 and NF-2,

respectively. As shown in Fig. S2a–c, the fibrous protofil-

aments consist of long, straight, disordered fibrils, indi-

cating the successful preparation of fibrous structures. The

air pre-oxidation plays an important role in stabilizing the

structure of fibers, especially for thermoplastic organics

such as coal pitch [18]. The structure of NF-0.5 collapsed

after pre-oxidation and the fiber morphology disappeared

(Fig. S2d). This is related to the inability of the very low

molecular weight and discontinuous coal pitch to form an

effective oxidative cross-linked structure to inhibit the

brittle fracture of PS during heat treatment, resulting in the

failure to maintain fiber morphology. NF-1 keeps partially

the fiber morphology, while NF-2 well remains the fibrous

morphology (Fig. S2e, f). It should be ascribed to the fact

that the enough coal pitch molecules in NF-2 can cross-link

and polymerize with each other during the pre-oxidation

stage to ensure the fiber morphology. The fibers prepared

from the H-pitch can retain stability in the subsequent air

pre-oxidation, no serious fusion and binding of fibers
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caused by melting of coal pitch during heating occurred,

indicating that the melting behavior of coal pitch fibers

during air stabilization could be solved by pretreating coal

pitch feedstock with HNO3 [21]. Interestingly, when the

pre-oxidation of electrospun fibers in air is completed, the

cross-linked structure with an ‘‘X-shape’’ is formed par-

tially at the junction points between some fibers, which is

produced by the cross-linked polymerization between the

coal pitch molecules in contact with each other during the

pre-oxidation stage [22]. Subsequently, PCNF is achieved

by simple carbonization of NF-2, while aPCNF was

obtained by activating the PCNF-600 with KOH for pore

formation.

FESEM and HRTEM measurements were performed to

study the microstructure of PCNF and aPCNF samples. As

shown in Fig. 1a, after carbonization, PCNF maintains a

perfect fiber morphology with diameters mostly in the

range of 500–700 nm, and they are randomly stacked to

form a three-dimensional (3D) nonwoven network. Further

magnified image (Fig. 1b) depicts apparent elongated

pores, which are produced by the pyrolysis of PS at high

temperatures [23]. TEM studies can provide more detailed

information about the pore structure (Fig. 1c, d). TEM

images of the obtained PCNF show numerous nanochan-

nels along the PCNF fiber direction with a diameter range

of 20–30 nm. The rich pore structure not only increases the

specific surface area (SSA) of the material, but also pro-

vides more channels for rapid ion transport. The HRTEM

image in Fig. 1e shows obvious lattice stripes corre-

sponding to the (002) crystal plane of carbon with a crystal

interlayer distance around 0.366 nm, which is much larger

than the graphite crystal plane spacing, favoring the

Scheme 1 Synthetic schematic for PCNF and aPCNF

Fig. 1 Morphology characterizations of PCNF: a, b FESEM images; c, d TEM images; e HRTEM image; f STEM image; g–
i corresponding EDS mapping images
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insertion/extraction of K? [24]. It should also be noted that

the graphitized microcrystals appear in the areas marked in

red in the image due to the highly aromatic nature of coal

pitch and the tendency to graphitize [25]. It will greatly

improve the electrical conductivity and enhance the elec-

tron transfer rate of the electrode material, which is bene-

ficial to the rate performance. In addition, the

corresponding EDS mapping images of the elemental dis-

tributions (Fig. 1f–i) reveal that HNO3 as well as pre-oxi-

dation allows the doping of N, O in the fiber matrix. As

shown in Fig. S3a, b, both PCNF-600 and aPCNF maintain

the 3D fiber morphology. Subsequent TEM images of

aPCNF (Fig. S3c, d) further confirm the existence of a

multi-channel structure, and the stability of the structure

may facilitate the construction of PIHC devices with long

cycling performance. Further HRTEM image evidences

that after KOH activation, the obtained aPCNF exhibits a

large number of disordered structures inside due to the

etching effect of KOH on the carbon material, meanwhile,

the carbon layer spacing also reached 0.401 nm [6]. Cor-

responding EDS mapping images (Fig. S3f–i) demonstrate

that N, O are still doped in the carbon fiber matrix after

activation.

The phase structures of PCNF and aPCNF were char-

acterized using XRD. As shown in Fig. 2a, PCNF shows

two broad diffraction peaks centered near 24.2� and 43.4�
that can be attributed to (002) and (101) diffraction of

carbon, indicating the presence of amorphous carbon

material [25]. It is noteworthy that a sharp crystal peak

appears at 26.3�, which corresponds to the (002) crystal

plane of graphite, in accordance with the TEM observa-

tions [25]. Figure S4a shows XRD pattern of aPCNF with

two broad peaks centered near 22� (002) and 43.4� (101)

clearly pointing to the amorphous carbon material. Mean-

while, the interlayer distance of PCNF and aPCNF is 0.36

and 0.40 nm, respectively, which is higher than that of

graphite, as derived from Bragg’s law. The increased

interlayer distance of the material can be attributed to the

doping of heteroatoms such as N, O through HNO3 treat-

ment and pre-oxidation and the activation of KOH. Raman

spectra of the PCNF are shown in Fig. 2b, with two strong

characteristic peaks at 1359 and 1603 cm-1, corresponding

to D-band (disordered carbon and/or defect-containing

graphite structure) and G-band (E2g phonon of sp2 bonded

carbon), respectively [26]. The fitted peak area ratio (ID/IG)

of the D-band and G-band is used to indicate the degree of

graphitization of the material, and the ID/IG value of 1.36

for the PCNF indicates that the material contains more

defects. Typically, more defects in the PCNF can provide

more active sites for K? storage, while the presence of

graphite microcrystals provides high electrical conductivity

for electron transfer.

Figures 2c, S4b reveal the N2 adsorption–desorption

isotherm curves and pore size distributions (built-in plots)

Fig. 2 a XRD pattern, b Raman spectra, and c N2 adsorption–desorption isotherms and (inset) pore size distribution plot (log
differential pore volume versus diameter (dV/dlgD) being obtained from mesoporous size analysis based on modified Kelvin equation
proposed by Barrett, Joyner and Halenda (BJH)); d XPS survey spectrum, high resolution e C 1s and f N 1s spectra of PCNF
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of PCNF and aPCNF, and it can be seen that PCNF exhibits

combined characteristics of Types I and IV isotherms [27],

whereas aPCNF presents Type I characteristics of iso-

therms [6]. It can be seen that both two have stratified

pores, most of which are microporous and mesoporous.

The mesopores of both materials are related to the channels

formed after PS pyrolysis [28]. The activation of KOH

provides a large number of micropores for aPCNF, and it is

generally believed that their main reaction

(2C ? 6KOH ? 2K ? 3H2 ? 2K2CO3) is involved at

high temperatures. After that H2O and CO2 generated from

the intermediate products further react with C to form a

large number of pores, which significantly increases the

SSA of aPCNF (2169 m2�g-1), much larger than that of

PCNF (63 m2�g-1) [29]. Also, the metal K formed at high

temperature tends to expand the carbon layer spacing of the

material, which is verified by XRD analysis above. The

combination of mesopores and micropores effectively

reduces the ion migration resistance, shortens the ion

migration distance, accelerates charge storage, and pro-

motes the K? insertion/extraction.

The surface chemical state of PCNF was analyzed using

XPS, and the results were well fitted using XPSPEAK41

software, as shown in Fig. 2d–f. Figure 2d clearly reveals

the coexistence of C, N and O, indicating the effective

doping of N, O after HNO3 treatment as well as pre-oxi-

dation, which helps to increase the specific capacities of the

PCNF electrode. More specifically, the doping of O atoms

increases the wettability of carbon material and facilitates

the increase of the effective SSA for charge storage [30].

For the C species, the high-resolution C 1s spectrum

(Fig. 2e) is fitted to four peaks at * 284.7, * 285.3, *
286.3 and * 288.8 eV, attributed to graphitic C–C, C–O/

C–N, C=O, and O–C=O chemical bonds, respectively [31].

The spectra in N 1s (Fig. 2f) are reasonably well fitted to

pyridine N (i.e., N-6, * 398.4 eV), pyrrole N (i.e.,

N-5, * 400.9 eV), and graphite N (i.e., N-Q, * 402.3

eV), respectively [6]. The total doping N was estimated to

be * 2.8 at%. More specifically, N-6 (* 0.8 at%) and

N-5 (* 1.7 at%) are associated with defects and active

sites that enhance the surface-controlled pseudocapacitance

contribution, promote K? diffusion and increase the K?

storage capacity, especially at high charge/discharge rates.

The N-Q (* 0.3 at%) facilitates the fast electron transfer

in PCNF, thus improving the multiplicative performance

[6].

3.2 Electrochemical evaluation of PCNF anode

The electrochemical properties of PCNF were investigated

in half cells with potassium metal as the counter electrode.

To gain insight into the electrochemical behavior of the

PCNF electrode, CV was measured at a scan rate of

0.1 mV�s-1 o of 0.01–3.00 V (vs. K/K?). The specific

electrochemical response in the initial three CV cycles is

shown in Fig. 3a. In the first discharge cycle, a broad peak

starting at 0.92 V can be observed and then disappears in

the subsequent cycles, which always corresponds to the

irreversible reaction of K? with functional groups on the

PCNF surface and the formation of the solid electrolyte

interface (SEI) [32]. In addition, the sharp cathodic peak at

0.02 V is attributed to the insertion of K? into the carbon

layer, and the oxidation peak at 0.27 V reveals the

extraction of K? [32]. After the first cycle, the CV curves

are kept well, indicating the good reversibility and stability

of PCNF towards K? storage.

The selected charge/discharge plots (0.1 A�g-1) of the

PCNF are shown in Fig. 3b. In the initial discharge/charge

process, the specific capacities of the PCNF are estimated

as * 851.5 and * 267.2 mAh�g-1, respectively, corre-

sponding to a Coulomb efficiency (CE) value of * 30.9%.

The low CE value here should be attributed to the forma-

tion of the SEI layer and the irreversible reaction of K?

with the functional groups on the PCNF surface, as evi-

denced by the above CV curves. In addition, the charge/

discharge plots of the third cycle almost overlap with those

of the second cycle, indicating that the PCNF has good

reversibility during the cycle. Figure 3c shows the rate

performance of the PCNF electrode, where the rate per-

formance of the material was further evaluated in the

current density range of 0.2–10.0 A�g-1 after an initial 10

activation cycles at a current density of 0.1 A�g-1. The

discharge capacities of the PCNF were estimated to

be *227.6, * 201.2, * 179.8, * 157.5, * 126.0 and *
74.7 mAh�g-1 at different current densities of 0.2, 0.5, 1.0, 2.0,

5.0, and 10.0 A�g-1, respectively. When the current density re-

changes back to 0.1 A�g-1, the discharge capacity recovers to

221.2 mAh�g-1 once again, indicating its superb electro-

chemical reversibility and stability. The excellent rate perfor-

mance is superior to that previously reported for other carbon

anodes [15, 33–36], as shown in Fig. 3d.

To further analyze the storage behaviors of K? in PCNF

electrodes, CV measurements were performed at various

scan rates from 0.3 to 2.3 mV�s-1. As shown in Figs. 3e,

S5a–c. The capacitive effect is qualitatively calculated

according to the relationship between the current (i) and

scanning rate (v) measured from CV curves: i = avb, in

which both a and b are constants. Generally, the a value of

0.5 represents a typical diffusion control process, while the

b value extracted from the slope of the lgi vs. lgv plot is 1.0

for the capacitance-based process [37]. Figure S5b shows

the lgi versus lgv curves for the cathode and anode peaks.

The b value of 0.93 for both the cathode and anode peaks

reveals that the K?-storage behaviors of the PCNF anode

stems from the synergistic contributions of the diffusion-

controlled intercalation and pseudocapacitive processes
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driven by the surface/interface, where the latter dominates

the charge storage properties of the PCNF here [37]. The

pseudocapacitive contributions at different scanning rates

can be distinguished by the equation i = k1v ? k2v
1/2,

where k1v and k2v
1/2 represent the current fractions from

the capacitance effect and the diffusion control part,

respectively [8]. Impressively, the capacitive storage con-

tribution to the total specific capacity increases from 69.5%

(0.3 mV�s-1) to an impressive value of 93.8%

(2.3 mV�s-1). As the scanning rate increases, the capaci-

tance contribution is enhanced accordingly, which again

proves that the storage mechanism of PCNF anodes mainly

involves surface capacitance processes. This will be

favorable to the rate capacity and cyclic stability of the

electrodes at high current density [8]. To further analyze

the behavior of PCNF in kinetics, we performed electro-

chemical impedance tests on the newly assembled half

cells, and the results are shown in Fig. S5d. The electro-

chemical impedance profile consists of a half circle and a

diagonal line. The semicircle in the high-frequency region

represents the charge transfer resistance between the elec-

trolyte and the electrode material, and the diagonal line in

the low-frequency region represents the ion diffusion

resistance [14]. We observe from Fig. S5d that the charge

transfer resistance (Rct) of the PCNF is 546.8 X. Similarly,

the slope in the low frequency region is significantly

greater than 45�, and the higher slope corresponds to a

faster ion transport rate in the electrode [14]. It can be

concluded that the multi-channel fibrous structure brings a

larger contact area between the active substance and the

electrolyte while accelerating the K? transport rate. Fig-

ure 3f shows the cycling performance and corresponding

CE data of the PCNF electrode at a high current density of

1.0 A�g-1 after activation for 5 cycles at 0.1 A�g-1. The

PCNF electrode maintains a discharge capacity of * 140

mAh�g-1 and a high CE of * 100% after 1000 cycles. The

rational pore structure, 3D conductive network, and large

layer spacing endow the PCNF anode with excellent rate

and cycling performance for efficient K? storage.

3.3 Electrochemical evaluation of aPCNF
electrode

Compared with commercially available activated carbon

(AC), the use of cathodes and anodes derived from a single

precursor source can solve the problem of material mis-

match between battery-type anodes and capacitor-type

cathodes. We obtained aPCNF using KOH activation pore-

making treatment. The electrochemical properties of the

aPCNF samples were tested in a half-cell configuration

within a voltage window of 2.0–4.0 V. Compared with

PCNF, aPCNF has a large SSA, coupled with an abundant

micro/mesoporous structure due to the activation of KOH.

The open porous structure allows efficient access of elec-

trolyte ions to the active surface of the electrode material

and provides more active sites/defects to facilitate the

adsorption and transport of electrolyte ions during rapid

charge/discharge. As shown in Fig. S6a, b, the CV profiles

Fig. 3 a Initial three CV curves (0.1 mV�s-1), b galvanostatic charge–discharge curves at 0.1 A�g-1, c rate capacities, d rate
performance comparison with latest reported carbon-based anodes, e CV curve (1.8 mV�s-1) with pseudocapacitive contribution (red
region), and f long-time cycling properties at 1.0 A�g-1 of PCNF anode
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under different scan rates have no obvious redox peaks, and

the corresponding charge/discharge curves are almost

straight lines, showing the typical capacitive feature of the

aPCNF [6]. Figure. S6c shows the specific capacity of the

aPCNF electrode as a function of current density. At a

current density of 0.1 A�g-1, the specific capacity of

aPCNF electrode reaches 62.8 mAh�g-1, and even at a

high current density of 1.0 A�g-1, a specific capacity of

51.8 mAh�g-1 is still achieved, significantly higher than

that of AC electrode. This indicates that aPCNF is an ideal

capacitive cathode material for PIHC.

3.4 Electrochemical properties of PCNF//aPCNF
PIHC

The excellent electrochemical properties of PCNF and

aPCNF electrodes in terms of capacity, rate performance

and long-cycle stability are well suited for their application

in PIHC. We use pre-activated PCNF as a high-power

anode and aPCNF as a high-energy cathode to construct the

PIHC devices. The mass ratio of PCNF to aPCNF was

reasonably fixed at 1.0: 3.0 to meet the capacity matching

of the two related electrodes [38, 39]. The electrochemical

performance of PIHC was tested in the voltage range of

0.01–4.00 V [40, 41]. Figure 4a shows CV curves of the

assembled PIHC at different scan rates (5.0–50.0 mV�s-1).

It can be seen that all CV curves show a slightly deviated

rectangular shape at different scan rates, which remains

well with scan rates increasing. Meanwhile, the approxi-

mately symmetric triangles of the constant-current charge/

discharge plots (Fig. 4b) confirm the characteristic capac-

itive properties of the device in the current density range

from 0.1 to 5.0 A�g-1 [42]. As shown in Fig. 4c, the

specific capacitances are * 61.9, * 60.9, * 57.6, * 52.1,

* 46.5, * 39.1 and * 24.4 F�g-1 at different current

densities of 0.05, 0.10, 0.20, 0.50, 1.00, 2.00 and 5.00

Fig. 4 Electrochemical performance of PCNF//aPCNF PIHC: a CV curves at different scan rates, b charge–discharge plots at
0.1–5.0 A�g-1, c rate performance, d Ragone plots compared with other PIHCs, e self-discharge plot, f leakage current plot, and
g long-term cycling performance at 1.0 A�g-1
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A�g-1, respectively. When the current density returns to

0.05 A�g-1, the specific capacitance reverts to * 54.1

F�g-1, showing anomalous electrochemical reversibility

and fast kinetic behavior. To further illustrate the high

energy and high-power characteristics, Ragone plots are

profiled as shown in Fig. 4d. Specifically, the device can

deliver an energy density of up to 110.0 Wh�kg-1 at a

power density output of 200.0 W�kg-1. Even at extremely

high-power densities of 10,000 W�kg-1, the device is able

to maintain an impressive energy density of 45.0 Wh�kg-1.

The PIHC device based on the all-carbon electrodes shows

more competitive electrochemical performance compared

to other reported devices [5, 43–46], as summarized in

Fig. 4d. Figure 4e shows the self-discharge profile of the

whole PIHC device. Apparently, after fully charged to

4.0 V at a current density of 0.1 A�g-1, the open-circuit

voltage of the device drops by 0.81 V after 20 h, which

corresponds to a voltage loss of only * 20.2%. More

strikingly, after 10,000 consecutive charge/discharge

cycles, the capacity retention is estimated at 83.5% (i.e.,

1.65% capacity loss per cycle), as well as a high CE value

of * 100% during the test. In addition, the leakage current

of the PIHC is only 6 lA (Fig. 4f). Figure 4g shows the

long cycle characteristics of the PIHC with a current den-

sity of 1.0 A�g-1. The extremely low self-discharge allows

for effective energy storage and excellent long-cycle sta-

bility. These outstanding results prove its broad practical

application prospects.

4 Conclusion

In conclusion, in the contribution, we used HNO3 pre-

treated coal pitch as raw material to prepare coal pitch

derived CNFs precursors using a facile electrostatic spin-

ning technique. Then fibrous carbon materials synthesized

by carbonization and KOH activation treatments of the

precursors were used to fabricate a high-performance dual-

carbon PIHC as anode and cathode electrode, respectively.

Benefiting from the rational micro/mesoporous structure,

continuous 3D conductive network, graphical microcrys-

tals, and the dominant surface pseudocapacitance contri-

bution conferred excellent rate and cycling performance of

the PCNF. Meanwhile, the aPCNF cathode exhibited a high

SSA of 2169 m2�g-1. The rich aperture structure with

continuous electron transfer path rendered the aPCNF with

excellent capacitive performance. Taking advantage of the

PCNF anode and aPCNF cathode, the constructed PCNF//

aPCNF PIHC devices exhibited superb energy density

(* 110.0 Wh�kg-1 at 200.0 W�kg-1), attractive capaci-

tance retention (* 83.5% capacity retention after 10,000

cycles at 1.0 A�g-1), small leakage current (* 6 lA), and
moderate self-discharge capability (* 20.2% voltage loss

after 20 h). The similar electrochemical rate behaviors of

the unique dual-carbon electrodes overcome the kinetic

mismatch towards the advanced PIHC, providing a new

way to prepare high-performance ionic capacitors for the

practical applications.
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