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ABSTRACT:  

The O-N-S co-doped hierarchical porous carbons is prepared by direct pyrolysis of kraft lignin 

which is the byproduct from papermaking black liquor. The proposed preparation method is 

extremely facile, green-environmental, and low-cost without any additional activating agent, 

additives or templates. The kraft lignin-derived carbon materials possess large specific surface 

areas (338−1307 m2 g−1), hierarchical porous structure and abundant multi-heteroatoms co-

doping (9.84−19.91 wt%). Benefiting from above synergistic advantages, the as-fabricated 

symmetric supercapacitor in aqueous electrolyte delivers a high specific capacitance of 244.5 F 

g−1 at 0.2 A g−1, excellent rate-capability (81.8% retention of initial capacitance at 40.0 A g−1), 

and outstanding cycling stability (91.6% retention over 10000 cycles). Importantly, this device in 

aqueous electrolyte delivers an energy density of 8.5 W h kg−1 at a power density of 100 W kg−1. 

Furthermore, a remarkable energy density of 66.8 W h kg−1 at a power density of 1.75 kW kg−1 

has been achieved and 32.2 W h kg−1 is still maintained even at an ultrahigh power density of 

40.0 kW kg−1 when ionic liquid serves as electrolyte. This study demonstrates the successful 

conversion of low-valued natural biomass derivative into sustainable high-performance 

supercapacitor electrode materials with a simple, low-cost, and green-environmental production 

process. 
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1. Introduction  

Owing to steadily increasing environmental and energy crises causing by the sharp depletion 

of non-renewable fossil fuels, it is imperative to develop the high-performance energy storage 

systems such as supercapacitors and Li-ion batteries to satisfy the ever-growing demands for 

sustainable energy [1, 2]. As a primary and promising energy source, supercapacitors have 

gained enormous attention due to their outstanding attributes of higher power-delivery capability 

(10 kW kg−1), faster charge–discharging rate (within second), and longer life stability (>105) than 

lithium-ion batteries [3-5]. As a type of primary and prospective electrode material, carbon 

materials including porous carbons (PCs) [6], activated carbons (ACs) [7], carbon nanotubes 

(CNTs) [8], carbon aerogels [9] and graphene [10] have shown the convincing merits of 

adjustable porosity, high specific surface area, non-toxicity, favorable physicochemical stability, 

and superior electronic conductivity [11, 12]. Encouragingly, carbon materials deriving from 

abundant, renewable and low-cost natural biomass instead of coal and fossil oil show more 

promising and practical value, especially from the sustainable, environmental and economic 

perspective.  

However, the relatively low energy density of natural biomass-based carbon materials cannot 

make them keep up with the demands of practical applications [13]. To improve the 

electrochemical performance of supercapacitors based on the biomass-derived carbon materials, 

a typical and useful strategy is to produce the carbon-based electrode materials with the desirable 

features such as (i) hierarchical porous structure with the combination of abundant micro-, meso-

, and macropores. Generally, the micropores and mesopores are beneficial for achieving high 

ion-accessible surface area, guaranteeing a large specific capacitance; the mesopores and 

macropores provide channels for ion rapidly-shuttling back and forth, resulting in a high rate 
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capability, (ii) 3 D interconnected skeleton with excellent conductivity that renders the excellent 

electron pathways, and (iii) high-level heteroatom doping (N, O, P, or S) that improves 

wettability and conductivity as well as provides pseudocapacitance via Faradaic reactions. In this 

regard, most of hierarchical porous carbons (HPCs) were accessible by hard-/soft-template or 

non-template methods [12]. However, the template methods require expensive templates 

(ordered mesoscopic silica [14], ice templating [15], ice templating alongside the colloidal silica 

and physical activation [16], etc.) and the complex follow-up treatment are usually time-wasting 

and environmentally hazardous. As for non-template method, physical/thermal (CO2 [17] or 

water steam [18, 19]) and chemical activations (KOH [20], NaOH [21], H3PO4 [22, 23], K2CO3 

[24], etc.) are necessary, leading to the high cost. To realize heteroatom doping into carbon 

skeleton, extra additives such as melamine [25], thiourea [26], polyphosphoric acid [27], and 

sulphur [28] are used, which further adds the production costs. Therefore, it is a big challenge to 

achieve the 3 D heteroatom-doped HPCs derived from natural biomass via a simple, cost-

effective, and environmentally friendly method.  

Lignin, the most abundant renewable aromatic compounds of plant biomass on earth [29], is 

primarily isolated as the byproduct of biorefinery and pulping and papermaking industry, and 

possesses attractive features such as inexpensive cost, high carbon content, biodegradability, 

good thermal stability [30, 31]. Kraft lignin, the main component recovered from the sulfate 

pulping black liquor which contains not only kraft lignin but also NaOH, Na2S, Na2SO4, Na2CO3 

and a small amount of other substances [30, 32]. However, the underutilization of the industrial 

lignin leads to a great deal of lignin directly burned off or even discharged into water resource as 

a waste, which causes serious environmental pollution and resource waste. Currently, increasing 

attention has been devoted for the preparation of high-performance carbon electrode materials 
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from various lignin such as enzymatic hydrolysis lignin [33], kraft lignin [34, 35], ethanol-

extracted lignin and diluted alkali lignin [35], steam explosion lignin [36, 37], and sodium 

lignosulfonate [38, 39]. However, to our best knowledge, the preparation processes of the lignin-

derived carbons are usually complex such as hydrothermal carbonization-KOH activation, 

pyrolysis-KOH activation, etc, time-consuming with tedious processes, high-cost with additional 

additives (e.g. activation agents, template agents, and heteroatom-contained agents) or relatively 

simple but the obtained carbon materials feature with general electrochemical performance [1, 

33-41]. Therefore, it is imperative to develop useful utilization approaches to convert the mass-

produced industrial lignin into value-added and high-performance carbon materials by a rather 

simple, low-cost, and eco-environmental approach.  

In this work, we prepare the O, N, S co-doped hierarchical porous carbons (ONS-HPCs) with 

high electrochemical performances via an extremely simple, green-environmental, and low-cost 

method that is the direct self-activated pyrolysis of the kraft lignin. No activation steps, template 

agents or other additional additives were employed and only one step was adopted in the 

preparation process. The morphology, structure, and chemical information of the produced 

carbon materials have been systematically investigated. Impressively, the ONS-HPCs show high 

specific capacitance, excellent rate-capability, and outstanding cycling stability under both three-

electrode (6 M KOH) and two-electrode (6 M KOH and EMIM BF4) system. Remarkably, a 

superior energy density has been achieved when ionic liquid is used as electrolyte. The 

successful preparation of ONS-HPCs not only turns the low-valued natural biomass derivative 

into high-valued materials but also provides a great potential advanced electrode material for 

energy storage device via an awesomely simple, environmental friendly, and low-cost production 

route.  
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2. Experimental 

2.1 Materials 

The kraft lignin, alkaline, was purchased from Wuhan East China Chemical co. LTD, China. 

The hydrochloric acid was bought from Chengdu Kelon Chemical Reagent Factory, China. 

Ultrapure water was used throughout the experiments. 

2.2 Preparation of lignin-derived 3 D ONS-HPCs 

The kraft lignin was directly carbonized in a tubular furnace with temperature firstly increasing 

from room temperature to 400 °C for 1 h with a heating rate of 2 °C min−1, then followed by a 

sequentially increasing to the target temperature (600−900 °C) for 1 h with a heating rate of 4 °C 

min−1 under N2 atmosphere. After the high-temperature treatment, the obtained black solid 

product was fully grinded and thoroughly washed with 1 mol L−1 HCl solution to remove any 

inorganic salts and further washed with ultrapure water until PH was neutral, and finally dried at 

105 °C for 12 h. Depending on the target temperature, the samples are named L-X, where L is 

the lignin and X means the target temperature. The preparation of each lignin-derived ONS-

HPCs sample was repeated three times. 

2.3 Materials characterization 

The scanning electron microscopy (SEM, JEOL JSM-7001F), transmission electron 

microscopy (TEM, FEI Tecnai G2 F20), and energy dispersive spectroscopy (EDS) were used to 

obtain the information about the morphology features and element distribution of samples. The 

X-ray powder diffraction patterns were recorded by using a PANalytical X’Pert Powder 

diffractometer with Cu Kα radiation between 5 and 80°. Raman scattering spectra were obtained 

by Horiba800 Raman spectrometer with wavelength of source laser being 514 nm. The Fourier-
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Transform Infrared (FTIR, Thermo Fisher Nicolet iS10) was conducted to get the information 

about functional groups of kraft lignin. The elemental analyser (EURO EA3000 Elemental 

Analyzer) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi) were 

carried out to obtain the element content and surface chemical composition of samples. N2 (77K) 

adsorption/desorption isotherms were measured with the help of Quantachrome 2SI-MP-9 

surface area and pore size analyzer. The specific surface area and pore size distributions of 

samples were evaluated according to the Brunauer-Emmett-Teller (BET) method and quenched 

solid density functional theory (QSDFT). The electrical conductivity of the samples were 

measured by the RTS-9 double electric four-point probe tester. 

2.4 Electrochemical measurements 

The electrochemical measurements were firstly conducted in a three-electrode system with 

Hg/HgO as the reference electrode and Pt foil as the counter electrode in 6 M KOH at room 

temperature. For the preparation of working electrode, the ONS-HPCs, acetylene black, and 

polytetrafluoroethylene (PTFE) in a weight ratio of 8 : 1 : 1 were well blended in ethanol and 

then dried in an oven at 80 °C to remove the ethanol. After that, the mixture was rolled into 

80−100 µm thickness film and punched into a disk-like film with 12 mm diameter. Followed by 

dried at 120 °C for 8 h, the electrode was pressed onto nickel foam as current collector. Each 

working electrode has the area of 1.13 cm2 with mass loading of 2.5−5.6 mg. To investigate the 

electrochemical performance of the lignin-based ONS-HPCs as two symmetrical electrodes, a 

two-electrode configuration was adopted. The CR2032 coin-type symmetric supercapacitors 

were assembled with two identical lignin-based ONS-HPCs working electrodes separated by 

cellulose film in 6 M KOH and EMIM BF4, respectively.  
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The electrochemical characterization investigation such as cyclic voltammetry (CV), 

galvanostatic charging−discharging (GCD), and electrochemical impedance spectroscopy (EIS) 

techniques were conducted on a CHI660E electrochemical working station (Shanghai Chenhua 

Instrument, Inc., China). The cycling stability was measured by an Arbin MSTAT4 

electrochemical workstation. The calculation formulas of specific capacitance (C, F g−1), energy 

density (E, W h kg−1), and power density (P, W kg−1) are provided in the Supplementary 

Information.  
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3. Results and Discussion 

3.1 Material characterization 

The alkaline kraft lignin, brown color, and its morphology is provide in the Figure S1a. It 

uniformly contains the carbon, oxygen, and nitrogen elements which mainly come from the kraft 

lignin itself as well as the sodium, sulphur and the microelements chlorine and potassium that 

mainly from the impurities such as NaCl, KCl, and Na2CO3·Na2SO4 which should be recycled 

from the black liquor but still left in the kraft lignin (Figures S1b-c). Surprisingly, the existed 

impurities play an important role in the pore generation of hierarchical porous carbons. The 

schematic illustration of kraft lignin converting into ONS-HPCs is displayed in Figure 1. During 

the heat-treatment of kraft lignin, the carbonization of kraft lignin produces the char and the 

Na2SO4 can react with the carbon and simultaneously decomposed to form Na2CO3 which could 

act as activation agent and also react with carbon at high-temperature, resulting in the generation 

of hierarchical pore structure [38]. Meanwhile, the NaCl and KCl can also work as templates to 

further develop the porous structure in lignin-derived carbon materials. More than that, the 

produced gases from oxygen-containing functional groups of kraft lignin (Figure S1d and Table 

S1) under high-temperature such as H2O and CO2 which are well known activating agents for 

carbons probably induce a substantial co-activation for the carbon materials and further promote 

the generation of pores [19, 21, 42]. 
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Figure 1. Schematic illustration of the direct conversion of kraft lignin into the O-N-S co-doped 

hierarchical porous carbons (ONS-HPCs). 

As shown in Figures 2a−d, all lignin-derived ONS-HPCs samples exhibit three-dimensional 

frameworks with numerous interconnected macropores and thin pore walls. Furthermore, the 

oxygen, nitrogen and sulfur elements are successfully and uniformly doped into the entire carbon 

structure, as reflected by the elemental mappings images of L-700 (Figures 2e−h). In addition to 

macropores, the Transmission Electron Microscopy (TEM) and high-resolution TEM (HRTEM) 

images indicate that all ONS-HPCs samples possess the some cross-link mesopores ranging from 

about 20−50 nm (Figures 2i−l) and plentiful micropores with sizes less than 2 nm (Figures 

2m−p) within the sheet-like microstructure. The opened 3D hierarchical porous structures 

contain macropores, mesopores, and micropores, being highly conductive to the ions fast transfer 

and diffusion and thus enhance the electrochemical performance. In addition, the HRTEM 

analysis of L-900 shows that the typical sheet contains not only amorphous carbon structure but 

also the range-ordered graphitic region featuring with obvious lattice fringes with lattice spacing 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

of 0.35 nm, in agreement with the d-spacing of (002) plane of graphitic carbon [43]. The 

formation of graphitic region is favorable for the electrical conductivity of L-900, as 

demonstrated by the measured highest electrical conductivity of 33.3 S m−1 of L-900 in Table 

S3.  

 

Figure 2. The microstructure characterization of the as-prepared three-dimensional ONS-HPCs: 

SEM images of the ONS-HPCs obtained at (a) 600, (b) 700, (c) 800, and (d) 900 °C; the (e-h) 

EDS elemental mappings of L-700; TEM and HRTEM images of (i, m) L-600, (j, n) L-700, (k, 

o), L-800, and (l, p) L-900.  

The structure characteristics of the ONS-HPCs samples were also further determined by X-ray 

diffraction (XRD) and Raman spectroscopy. Two broad peaks (002) and (100) located 

approximately at 22.6º and 43.5º are observed for L-600, L-700, L-800, and L-900 in Figure 3a, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

implying their amorphous carbon structure. However, the diffraction peak of graphite located at 

26.4º starts to emerge when the temperature elevates to 900 ºC, implying the partial graphitized 

of L-900, which is agreement with the result of HRTEM. In addition, a large enhancement in the 

intensity of small-angle region of L-700, L-800 and L-900 is also observed, indicative of the 

presence of plentiful micropores [13, 44, 45]. The Raman spectra of all ONS-HPCs samples are 

displayed in Figure 3b. All the samples exhibit two distinct bands 1350 and 1595 cm−1, 

corresponding to D band rising from defects and disorder of carbon material and the G band 

associated with the ordered graphite sp2 C−C bond in-plane vibrations, respectively [5]. The 

intensity ratio ID/IG is regarded as the indicator of the structural defects of carbon materials, and a 

smaller value suggests less defects and higher degree of graphitization in carbon materials. The 

intensity ratio ID/IG calculated according to the integrated areas of the D-band and G-band 

(Figure. S2) are to be 3.15, 2.88, 2.67, and 2.39 for L-600, L-700, L-800 and L-900, respectively. 

Obviously, the intensity ratio ID/IG decreases with the temperature increasing, implying the 

gradually deceased structural defects and more graphitic structure in these carbon materials.  

The pore structure properties of the ONS-HPCs samples were studied by N2 adsorption-

desorption measurements (Figures 3c-d). All curves exhibit the typical IV type isotherms 

according to the IUPAC classification. The steep N2 uptake at P/P0 < 0.2, a hysteresis loop at 

P/P0 in the range of 0.45−0.9, and the sudden enhancement at P/P0 > 0.9 can be observed, 

demonstrating the co-existence of micropores, mesopores, and macropores in these samples. 

These results are consistent with electron microscope analysis, namely, all lignin-derived carbon 

materials possess the hierarchical pore structure with the coexistence of micropores, mesopores, 

and macropores. Furthermore, the pore size distribution in Figure 3d presents that the micropores 

with size ranging from 0.61 to 2.0 nm account for the larger part of the pore volume than the 
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mesopores ranging from 2.0‒5.0 nm in these samples. The specific surface area (SSA) (Table 

S2) is only 338 m2 g−1 for L-600, and dramatically enhanced from 1269 m2 g−1 (L-700) to a 

highest value of 1307 m2 g−1 (L-800), but abruptly dropped to 1084 m2 g−1 when the HPCs are 

prepared at 900 ºC. The decrease of SSA at 900 ºC is attributed to that the higher temperature 

merges and reconstructs some micropores and mesopores, collapses some small branches, 

resulting in the decrease of SSA. The change trend of pore volume is similar to the SSA (Table 

S2). For an ideal electrode material, such a hierarchical porous structure with large SSA is 

desirable, since the high SSA could provide lots of active sites for the formation of double 

electrode layer and the hierarchical porous structure possesses the macropores that served as ion-

buffering accommodation can supply electrolyte ion, and mesopores acted as ion-highways that 

minimize ion-diffusion distance during the quick charging/discharging process, ensuring the high 

rate performance and power density, and the ample micropores that endow a large ion-accessible 

surface area for charge reservoirs, guaranteeing the large specific capacitance and energy 

density. 
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Figure 3. The structure and porosity characterizations of the as-prepared three-dimensional 

ONS-HPCs: (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption-desorption isotherms, and 

(d) pore size distribution curves determined by QSDFT of L-600, L-700, L-800, and L-900. 

The element contents of lignin-derived ONS-HPCs samples are listed in Table S2. The carbon, 

oxygen, nitrogen, and sulfur contents of these samples are 80.13−90.1%, 5.63−13.21%, 

1.91−3.98%, and 0.96−2.72%, respectively. Notably, the total contents of the functionalized 

heteroatoms doped in ONS-HPCs decrease from 19.91% to 9.84 %with elevating the pyrolysis 

temperature from 600 ºC to 900 ºC (Table S2). Among them, the oxygen and nitrogen contents 

decrease along with the pyrolysis temperature increasing since the oxygen and nitrogen-

containing functionalities are unstable and decomposed under higher temperature. As for sulfur 

element, its content firstly decreases with temperature gradually increasing to 800 ºC but then 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

suddenly increases when temperature rises to 900 ºC, resulting in the higher sulfur content of L-

900 than that of L-700 and L-800. This is attributed to that the sulfur-containing functional 

groups in kraft lignin undergo the thermochemical sulfate reduction and thermal decomposition 

of sulfides under high temperature, leading to the formation of H2S [46, 47]. The H2S 

decomposes into hydrogen and sulfur when temperature ≥ 800 ºC, then the sulfur reacts with 

carbon to form C-S [48]. However, the H2S conversion at 800 ºC is extremely low which can be 

ignored, while the conversion remarkably increases when temperature is 900 ºC [48]. Thus, more 

sulfur forms at 900 ºC and reacts with carbon, resulting in the sulfur element retained in the L-

900. The surface chemical components of the kraft lignin and its derived ONS-HPCs samples 

were characterized by X-ray photoelectron spectroscopy (XPS) and the obtained element 

contents are also summarized in Table S2. As shown in Figure 4a, the kraft lignin contains many 

elements mainly concentrating on carbon, oxygen, nitrogen, sulfur, and sodium elements 

(microelements chlorine and potassium are not obvious). The elements like sodium, potassium, 

and chlorine are eliminated during the washing process, while the oxygen, nitrogen, and sulfur 

are doped into the carbon skeleton of ONS-HPCs. And these heteroatoms content detected by 

XPS shows similar change rule with those measured by elemental analyzer. To figure out the 

detailed chemical states of the doped-heteroatoms in ONS-HPCs, the high resolution XPS 

spectrum of each element is necessary. As exhibits in Figures 4b and S3, the high resolution of C 

1s XPS spectra could be fitted into five individual peaks located at around 283.6−283.8, 284.7, 

285.6−285.9, 288.0−288.4, and 290.1−291.1 eV, corresponding to the C-S, C-C/C=C, C-N/C-O, 

O-C=O, and COOR binding, respectively [20, 49, 50]. The O 1s spectra (Figures 4c and S3) 

could be further resolved into four different peaks, which clearly reveals the existence of 

oxygen-containing functional groups including C=O (530.4−530.6 eV), C-OH and/or C-O-C 
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(531.5−532.1 eV), O=C-O (532.8−533.6 eV), and chemisorbed oxygen (O=C-OH carboxylic 

groups) or absorbed water (535.0−535.5 eV) [7, 49, 51]. The N 1s spectra (Figures 4d and S3) 

was deconvoluted into four peaks with binding energies centered at around 398.2−398.6, 

399.1−400.1, 401.2−401.7, and 402.8−403.1 eV, assigning to pyridinic-N (N-6), pyrrolic and/or 

pyridonic-N (N-5), quaternary-N (N-Q), and oxidized-N (N-X), respectively [52-54]. As 

pyrolysis temperature increases to 900 ºC, the N 1s high-resolution spectrum only could be fitted 

into two peaks, assigning to N-5 and N-Q (Figure S3). In the S 2p XPS spectra (Figures 4e and 

S3), three deconvoluted peaks are obtained, revealing the presence of C-S bond located at 

163.2−164.0 and 164.3−165.2 eV and the oxidized sulfur moieties (-SOn-) centered at around 

167.8−168.7eV [20, 55]. Accordingly, based on the above results, the possible locations of N, O, 

and S-containing functional groups on the carbon network is presented in Figure 4f. These doped 

heteroatoms could enhance the wettability and electrochemical activity of the ONS-HPCs as well 

as providing extra pseudocapacitance contribution [26, 56]. These results definitively 

demonstrate that the natural biomass derivative kraft lignin have been successfully converted 

into functionalized HPCs with O-N-S co-doping. Owing to the distinctive features such as 

hierarchical pore structure, high specific area, high-level heteroatom doping, and 3D framework, 

it is expected that these carbon materials could have a great potential in electrode materials. 
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Figure 4. Surface composition analysis of as-prepared ONS-HPCs: (a) XPS survey spectra of the 

kraft lignin and ONS-HPCs obtained at different temperatures; the high-resolution of (b) C 1s, 

(c) O 1s, (d) N 1s, and (e) S 2p XPS spectra of L-700; (f) Possible locations for heteroatoms O, 

N, and S incorporation into the carbon skeleton. 

3.2 Electrochemical performance 
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The in-depth insight into the electrochemical properties of as-prepared lignin-derived ONS-

HPCs is necessary to exploit their electrochemical applications. As shown in Figure 5a, the 

cyclic voltammetry (CV) curves of L-600, L-700, L-800, and L-900 at the scan rate of 10 mV s−1 

in 6 M KOH aqueous electrolyte obviously present a mildly distorted rectangular CV curves with 

a broad hump, revealing the capacitive performance accompanied by pseudocapacitance 

characteristics attributed to the existence of heteroatoms-containing functional groups [45, 56]. 

Especially, this hump gradually weakens with the increase of pyrolysis temperature, ascribing to 

the decreased number of heteroatoms. Obviously, the CV curve closed area of L-700 is the 

largest, indicative of its highest gravimetric specific capacitance, even though that the L-700 

does not possess the largest specific surface area or the most doping-heteroatoms (Table S2). 

This result should be originated from the optimum synergistic effect between electric double-

layer capacitor of specific surface area and faradaic pseudocapacitance of heteroatoms-

containing functional groups, making L-700 possess the highest specific capacitance. The CV 

curves of these four carbon samples at different scan rates are provided in Figure S4. It can be 

seen that CV curve of L-700 still maintains the similar rectangular profile at 200 mV s−1, 

indicating its superior rate capability. As for the carbon materials obtained at higher temperature, 

the CV curves of L-800 and L-900 show the rectangular-like shape with minor deviation even at 

a larger scan rate of 400 mV s−1, suggesting that higher temperature is beneficial for enhancing 

the rate handling ability of carbon materials with improved electric conductivity. Besides, all 

galvanostatic charging−discharging (GCD) profiles of the ONS-HPCs samples at 0.5 A g−1 

exhibit imperfectly symmetrical triangular shape with non-linear characteristics, attributing to 

the Faradic reaction induced by heteroatoms-containing functional groups (Figure 5b). 

Furthermore, the L-700 electrode presents the highest specific capacitance of 300.5 F g−1 at 0.5 
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A g−1, which is much higher than 252 F g−1 of L-600, 243.6 F g−1 of L-800, and 184 F g−1 of L-

900 (Figure 5c). Notably, even at an ultrahigh current density of 60 A g−1, the specific 

capacitance of L-700 still can be achieved as high as 243 F g−1 with 80.9 % retention of initial 

capacitance (the detailed calculations based on Figure S5), further implying its excellent rate 

property. As exhibited in Figure 5d, the L-700 electrode still retains 95.5% of its initial 

capacitance at the current density of 10 A g−1 after 10000 cycles, indicating the outstanding 

electrochemical durability. Strikingly, such the high electrochemical performance of L-700 is 

superior to or comparable to that of previously reported lignin-derived or other biomass-based 

carbon materials even prepared with additional activating agents (Table S4). 

Furthermore, the electrochemical impedance spectroscopy (EIS) measurement with a 

frequency of 100 kHz to 0.01 Hz was carried out to investigate the resistance and capacitive 

behavior of the as-prepared ONS-HPCs. As shown in Figure 5e, the Nyquist plots of the four 

samples exhibit the nearly vertical line at low frequencies, implying the nearly ideal capacitive 

performance. Among them, L-700 electrode has the steepest line, indicating the best capacitive 

behavior in the low frequency region. The ESR values of the L-600, L- 700, L-800, and L-900 

are 0.44, 0.45, 0.51, and 0.56 Ω, respectively. Except L-600, the semi-circle diameters of L-700, 

L-800, and L-900 are very small, meaning the low charge transfer resistance of these three 

carbon materials. From the bode phase diagrams (Figure 5f), the phase angle of L-700 is ~83.5º, 

closely to an ideal capacitor with phase angle of 90º, which is also larger than 80.5º of L-600, 

81.4º of L-800, and 80.3º of L-900, further demonstrating the best capacitive performance of L-

700. The relaxation time constants τ0 that determined by τ0 = 1/ƒ0 at a phase angle of -45º can be 

used to evaluate how fast an electrode can be discharged [57]. The L-900 has a τ0 value of 1.58 s, 

smaller than 5.85 s of L-600, 3.12 s of L-700, and 1.82 s of L-800, implying that L-900 is able to 
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achieve the best rate capability at larger charge–discharge current density. Apparently, owing to 

their relatively low ion-diffusion resistance, ESR, Rct and excellent capacitive performance, the 

L-700, L-800, and L-900 are more accessible for the achievement of high electrochemical 

performance. 
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Figure 5. Electrochemical performances of the lignin-derived ONS-HPCs samples measured in a 

three-electrode system in 6 M KOH: (a) CV curves at the scan rate of 10 mV s−1; (b) GCD 

profiles at the current density of 0.5 A g−1; (c) specific capacitances versus current densities; (d) 

cycling performance of the L-700 at 10 A g−1; (e) the Nyquist plots and (f) the bode phase 

diagrams of the ONS-HPCs samples. 

Due to the superior electrochemical performance of the lignin-derived ONS-HPCs in three-

electrode, it is necessary to investigate their practical performance. Hence, the symmetric 

supercapacitors were assembled with two identical ONS-HPCs-based electrodes in 6 M KOH 

aqueous electrolyte. The CV and GCD curves of the ONS-HPCs based symmetric 

supercapacitors except the L-600 based supercapacitors show the rectangle-like and approximate 

isosceles triangle shapes even at a rather high scan rate and current density, implying their 

predominant electric double-layer capacitor behavior and excellent rate performance (Figures. 

6a, b and S6). The L-700//L-700 symmetric supercapacitor has none of the unpredictability of 

the largest current response and closed area, indicative of its highest specific capacitance (Figure 

6c). The specific capacitance of L-700-based supercapacitor is 244.5 F g−1 at 0.2 A g−1 and still 

maintains 200 F g−1 even at a high current density of 40.0 A g−1, with 81.8% retention of its 

initial capacitance, suggesting the ultrahigh rate capability (Figure 6d). Furthermore, the specific 

capacitance of L-700//L-700 symmetric supercapacitor is better than that of previously reported 

symmetric supercapacitors assembled with the lignin-derived or other natural biomass-based 

carbon materials, as listed in Table S5. After 10000 cycles at 5.0 A g−1, this device only presents 

8.4% capacitance decay in comparison with its initial value, revealing the outstanding cycling 

performance (Figure 6e). The Ragone plot shows that the L-700//L-700 symmetric 

supercapacitor delivers a maximum energy density of 8.5 W h kg−1 at a power density of 100 W 
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kg−1. Surprisingly, the energy density of 4.6 W h kg−1 is still maintained even at the high power 

density of 16.4 kW kg−1 (Figure 6f). Such excellent output performance is better than that of 

many biomass-derived carbon-based symmetric supercapacitors previously reported [51, 57-61]. 

The results demonstrates that the L-700 based symmetric supercapacitor can deliver high energy 

density with less sacrificing the power density in 6 M KOH.  
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Figure 6. Electrochemical performances of the ONS-HPCs-based electrodes in a two-electrode 

system in 6 M KOH: (a) CV curves of L-700 based supercapacitor; (b) GCD profiles of L-700 

based supercapacitor; (c) A comparison of the CV curves at 10 mV s−1; (d) the specific 

capacitances calculated at different current densities; (e) the cycling performance and (f) the 

Ragone plot of the L-700 based supercapacitor. 

Except for aqueous electrolyte, the ionic liquid EMIM BF4 electrolyte which is conductive to 

obtain high operating voltage and enhance energy density was employed to test and verify the 

energy storage applications of ONS-HPCs. We selectively used three samples (L-700, L-800, 

and L-900) to develop the ONS-HPCs-based symmetric supercapacitors in EMIM BF4. Their CV 

curves at 50 mV s−1 and GCD profiles at 1.0 A g−1 are shown in Figures. 7a and b. Interestingly, 

unlike in 6 M KOH aqueous electrolyte, it is the L-900 has the largest closed area and longest 

discharge time, demonstrating the best specific capacitance of L-900. In addition, compared with 

the L-700 and L-800 based supercapacitors, the CV curve of L-900 based symmetric 

supercapacitors at scan rate of 500 mV s−1 still maintains the similar shape with that at small 

scan rates, revealing the fast ion transportation in the highly interconnected structure and 

excellent rate performance (Figure S7). The specific capacitances of these ONS-HPCs calculated 

based on the GCD profiles (Figure S7) are shown in Figure 7c. The L-900 shows a high 

gravimetric specifc capacitance of 157 F g−1 at 1.0 A g−1, higher than not only 134 F g−1 of L-700 

and 148 F g−1 of L-800 but also that of many reported biomass-derived carbon-based 

supercapacitors (Table S5). Impressively, the L-900 based supercapacitor still holds the specific 

capacitance of 130.0 F g−1 at 30 A g−1 with 82.8% retention, and its excellent rate capability is 

much better than that of L-700 (54.7 % retention) and L-800 (63.0 % retention) based 

supercapacitors. The better electrochemical performance of L-900 based supercapacitor could be 
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probably explained by its higher efficient use of specific surface area and better electron 

conductivity from partical graphitized region of L-900. The pore sizes (i.e., average pore width) 

of L-700 and L-800 are both 0.723 nm which is smaller than EMIM+ size (0.79 nm of EMIM+ 

and 0.48 nm of BF4
−) [62, 63], leading to a limited accessibility of these small pores to the large 

cations and then the decrease of specific capacitance [62]. While the pore size of L-900 is 0.795 

nm that being close to the ion size, this larger size can make the electrolyte ions be able to be 

adsorbed into the inside pores and adequately access the pore surface without constraints which 

is beneficial to make the full use of the specific surface area and then increase the 

electrochemical performance of carbon materials [64] and larger pore size decreases the ionic 

resistance and produces a more capacitive behaviour [65]. Furthermore, the pore volumes of the 

L-700, L-800 and L-900 are 0.598, 0.668, and 0.610 cm3 g−1 respectively (Table S2) and the 

ratios of pores lower than 0.79 nm for L-700, L-800 and L-900 are 38.67, 28.0, and 20.6% 

respectively, meaning that more small free space of L-700 and L-800 can’t be effectively 

accessible for large cations in comparison with L-900. More than that, compared with L-700 and 

L-800, the defunctionalized surface of L-900 makes it equally favourable for EMIM+ and BF4
− to 

shuttle back and forth in pores [65]. In addition to these, the outstanding electron conductivity of 

L-900 with partial graphitized structure can improve the rate performance. But compared with in 

KOH aqueous solution, the ONS-HPCs-based supercapacitors in EMIM BF4 display the relative 

low specific capacitance which could be probably attributed to the large ion size, high viscosity 

and low ion conductivity of EMIM BF4 (15.5 mS cm−1 of EMIM BF4 vs. 600 mS cm−1 of KOH 

aqueous solution) [11, 66]. After 10000 cycles at 5 A g−1, the L-900 based symmetric 

supercapacitor still retains 88.5% of its initial capacitance, presenting its excellent cycling ability 

(Figure. 7d). The Ragone plot (Figure. 7e) presents that the L-900 based supercapacitor 
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possesses a high energy density of 66.8 W h kg−1 at a power density of 1.75 kW kg−1, and still 

maintains 32.2 W h kg−1 even at an ultrahigh power density of 40.0 kW kg−1, which is much 

better than that of reported carbon-based supercapacitors [24, 57, 67-71]. To examine its 

practical prospects, as shown in Figure.7f, an as-fabricated CR2032 coin-type L-900 based 

symmetric supercapacitor can light up lots of 3 V green LEDs. Therefore, this work suggestes 

the large potential of lignin-derived ONS-HPCs as advanced electrode materials for promising 

energy-storage devices. 
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Figure 7. Electrochemical performances of ONS-HPCs-based symmetric supercapacitors in 

EMIM BF4: (a) A comparison of the CV curves at 50 mV s−1; (b) GCD profiles at 1.0 A g−1; (c) 

the specific capacitances calculated at different current densities of L-700, L-800, and L-900 
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based supercapacitors; (d) the long-term cycle ability of L-900 based supercapacitor; (e) the 

Ragone plot of the L-900 based supercapacitor; and (f) photograph of green LEDs lit by one L-

900 based device. 

Such excellent electrochemical performance of the lignin-derived ONS-HPCs samples with 

high specific capacitance, excellent rate capability and remarkable cycling durability should be 

mainly ascribed to the following reasons: (i) the raw material alkaline kraft lignin with uniform 

distribution of self-doping elements provides a superior base for the production of desirable 

carbon materials; (ii) the abundant micro-, meso-, and macropores in the hierarchical porous 

structure with high surface area can provide not only lots of charge accumulation for the high 

capacitance but also the ion channels for the effective ion rapidly-shuttling back and forth; (iii) 

the 3 D interconnected skeleton with excellent electron conductivity benefits the electron 

pathways, greatly enhancing the rate capability; (iv) the abundant heteroatoms (N, O, and S) 

incorporation effectively improves the hydrophilia of the ONS-HPCs and provides the extra 

pseudocapacitance via redox reactions; and (v) the synergistic effect between pore structure and 

doped heteroatoms could make the as-obtained ONS-HPCs exploit their advantages to the full in 

different electrolytes. Therefore, this work fully demonstrates the large potential of natural 

biomass-derived ONS-HPCs for promising energy-storage devices and also enlightens us that it 

can easily realize the large-scaled production of the sustainable carbon materials for high-

performance energy conversion and storage devices via a rather simple, green-environmentally, 

and low-budget approach. 
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4. Conclusions 

In this work, we employed an environmentally friendly, extremely simple, and low-cost self-

activation process to successfully prepare the O, N, and S co-doped hierarchical porous carbons 

(ONS-HPCs) by direct pyrolysis of the natural biomass derivative kraft lignin, the byproduct 

from papermaking black liquor. The impurities existed in kraft ligin such as NaCl, KCl and 

Na2CO3·Na2SO4 and the pyrolysis gases play an important role in the generation of ONS-HPCs. 

The 3 D highly interconnected ONS-HPCs feature high specific surface areas (338−1307 m2 g−1) 

with abundant macro-, meso- and micropores and plentiful oxygen, nitrogen, and sulfur uniform 

doping (9.84−19.91 wt%). When assembled into a symmetric supercapacitor in 6 M KOH, the 

ONS-HPCs-based electrode delivers a high specific capacitance of 244.5 F g−1 at 0.2 A g−1, 

excellent rate capability of remaining 81.8% of initial value even at 40.0 A g−1 and superior 

cycling performance with only 8.4% capacitance decay after 10000 cycles. The device delivers a 

high energy density of 8.5 W h kg−1 at a power density of 100 W kg−1. Significantly, the energy 

density increases to 66.8 W h kg−1 at a power density of 1.75 kW kg−1 when EMIM BF4 works as 

electroyte in device, and still holds 32.2 W h kg−1 even at an ultrahigh power density of 40.0 kW 

kg−1, which is much better than that of many reported carbon-based supercapacitors. This work 

fully demonstrates the successful conversion of the natural biomass derivative kraft lignin into 

the sustainable and high-performance electrode materials via a green and simple way and also 

develops a valuable utilization way for kraft lignin and a good raw material for the high-

performance electrode material. But, it still needs further research and endeavour to explore the 

large-scaled electrode production for high-performance energy conversion and storage devices 

and to prepare preferable electrode material from the kraft lignin via a simple, green-

environmentally and low-budget approach.  
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