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Anodes with Ultra‑High Heteroatom Doping 
Through a Supermolecule‑Mediated Strategy 
for Potassium‑Ion Hybrid Capacitors
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HIGHLIGHTS

• The N/S co-doped lignin-derived porous carbon (NSLPCs) with ultra-high heteroatom doping was prepared through a novel supra-
molecule-mediated pyrolysis strategy.

• Covalently bonded graphitic carbon/amorphous carbon intermediates induce the formation of high heteroatom doping.

• The high heteroatom doping of NSLPC could provide abundant defective active sites for the adsorption of  K+.

ABSTRACT Amorphous carbons are promising anodes for high-rate 
potassium-ion batteries. Most low-temperature annealed amorphous carbons 
display unsatisfactory capacities. Heteroatom-induced defect engineering of 
amorphous carbons could enhance their reversible capacities. Nevertheless, 
most lignocellulose biomasses lack heteroatoms, making it a challenge to 
design highly heteroatom-doped carbons (> 10 at%). Herein, we report a new 
preparation strategy for amorphous carbon anodes. Nitrogen/sulfur co-doped 
lignin-derived porous carbons (NSLPC) with ultra-high nitrogen doping levels 
(21.6 at% of N and 0.8 at% of S) from renewable lignin biomacromolecule 
precursors were prepared through a supramolecule-mediated pyrolysis strat-
egy. This supermolecule/lignin composite decomposes forming a covalently 
bonded graphitic carbon/amorphous carbon intermediate product, which 
induces the formation of high heteroatom doping in the obtained NSLPC. 
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This unique pyrolysis chemistry and high heteroatom doping of 
NSLPC enable abundant defective active sites for the adsorption 
of  K+ and improved kinetics. The NSLPC anode delivered a high 
reversible capacity of 419 mAh  g‒1 and superior cycling stability 
(capacity retention of 96.6% at 1 A  g‒1 for 1000 cycles). Potassium-
ion hybrid capacitors assembled by NSLPC anode exhibited excel-
lent cycling stability (91% capacity retention for 2000 cycles) and a 
high energy density of 71 Wh  kg–1 at a power density of 92 W  kg–1. 

KEYWORDS Defect; Heteroatom; Active sites; Supramolecule; 
Potassium-ion hybrid capacitors

1 Introduction

Lithium-ion batteries (LIBs) have been playing an indispen-
sable role in hand-held electronics, electric vehicles, and 
electrical energy storage since their invention in 1991 [1–3]. 
However, considering much more abundant resources of 
potassium (1.5 wt%) than lithium (0.0017 wt%) in the earth 
crust [4, 5], potassium-ion batteries (PIB) family ushers in 
a more promising future in the field of next-generation elec-
trochemical energy storage [6]. Potassium-ion hybrid capaci-
tors (PIHCs) [7], in particular, combine the advantages of 
high power density of capacitors and high energy density of 
rechargeable batteries [8, 9]. Benefiting from the merits of 
high conductivity, low cost, and abundant precursors, carbon 
is inescapably regarded as one of the most promising anode 
materials for the preparation of PIHC [10, 11]. However, 
commercial graphite anode exhibits moderate electrochemi-
cal performance (278 mAh  g–1) [12, 13], inferior rate capa-
bility, and poor cycling stability due to significant volume 
expansion variation (61%) and low diffusion coefficient of 
 K+ [14–16]. Therefore, high-rate carbon anodes with rapid 
 K+ storage capabilities and high capacities need to be ration-
ally designed for PIHC.

Low-temperature pyrolyzed amorphous carbons with 
large interlayer spacing (> 3.7 Å) could provide excellent 
rate performance for the anodes of PIHCs due to their tun-
able structure (large layer spacing, abundant defects, and 
rich pores) and abundant adsorption active sites [4]. The 
excellent potassium storage performance of amorphous 
carbon is mainly ascribed to the adsorption/desorption of 
 K+ in the defect sites [17, 18], which is different from the 
(de)intercalation mechanism of graphite [19–21]. However, 
most amorphous carbons show low capacities because of 
the presence of cross-linked  sp3 linkage in carbon skeletons. 

Heteroatom doping is commonly used to break these cross-
links and induce heteroatom-induced or carbon-vacancy 
defects [22]. Therefore, in order to enhance the capacity and 
rate performance of amorphous carbon anodes, it is of great 
importance to increase their edge defect sites and layer spac-
ing. Hard carbons treated at high temperature (> 1000 °C) 
display limited capacities (< 300 mAh  g‒1) and inferior rate 
capabilities due to their relatively small interlayer spac-
ing, cross-linked graphene lattices and low defect density 
[23]. Meanwhile, hard carbons show poor potassium stor-
age performances due to the intercalation mechanism of  K+ 
stored in the low potential range. Therefore, low-tempera-
ture pyrolyzed amorphous carbons with mainly adsorption 
mechanism are usually investigated as the anodes for PIHCs. 
Heteroatom doping (N, S, O, B, etc.) [24, 25] could induce 
abundant defect sites in the amorphous carbon skeleton to 
enhance their capacities and rate capability [17, 26].

Primary biomass (rice husk, wood, vegetable, etc.) [3, 
27] and its components (lignin [28, 29], cellulose [30], etc.) 
have been extensively studied as the precursors for prepar-
ing amorphous carbons anodes. However, amorphous carbon 
anodes prepared with primary biomass or its constituents 
have low nitrogen doping levels (< 10 at%), which results in 
the inability to achieve high capacities and high-rate capa-
bilities [31–34].

The commonly used heteroatom doping strategies include 
the carbonization of biomass or biomolecules through 
chemical grafting, direct mixing, and covalent bonding with 
doping agents [35, 36]. Yang et al. [37] prepared  SiO2@
lignin amine urea–formaldehyde resin with 6.03 at% nitro-
gen doping level by chemically grafting lignin with urea. 
Yang et al. [38] fabricated three-dimensional porous car-
bon with 5.73 at% nitrogen doping by mixing bagasse and 
urea. The intrinsic reason for low nitrogen doping levels in 
the obtained amorphous carbons is the difficulty in bonding 
heteroatoms at the molecular level to carbon skeleton dur-
ing pyrolysis.

Based on the discussion above, we propose a supermol-
ecule-mediated method to prepare ultra-high N/S-doped 
lignin-derived porous carbon materials by homogene-
ously mixing biomolecule with nitrogen doping agents 
at the molecular level to achieve high heteroatom dop-
ing level and excellent potassium storage performance. 
Lignin, one of the abundant renewable biomolecules, was 
selected as an example to demonstrate our general strategy 
for preparing highly N-doped carbon anodes using general 
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biomasses. The nitrogen/sulfur-containing supermolecule 
could form a molecule-level dispersed state with lignin, 
which induces the high doping efficiency of heteroatoms. 
The supermolecule could form a  C3N4 intermediate cova-
lently bonded with carbon skeleton formed from lignin. 
Notably, the obtained carbon shows an ultra-high N atom 
doping level (21.6 wt%) and a high edge nitrogen doping 
level (18.3 at% of pyridinic-N and pyrrolic-N dopants). 
Meanwhile, a large number of defects in NSLPCs are 
formed, which is attributed to the rapid liberation of inter-
mediate gases  (CS2,  NH3, CO,  CO2) and the decompo-
sition of nitrogen-containing molecular fragments. The 
unique defect-rich structure with abundant edge defects 
adsorbs large amounts of  K+, thus improving potassium-
ion storage performance. We provide a general synthesis 
methodology to achieve high heteroatom doping in amor-
phous carbons using general biomass constitutes.

2  Experimental Methods

2.1  Preparation of NSLPCs

At room temperature, 0.1 mol melamine (MA) was put 
into 100 mL of deionized water and stirred vigorously, 
which was noted as solution A. 2  g sodium lignosul-
fonate (LS) was introduced into solution A and stirred 
until completely dissolved, which was noted as solution 
B. Then 0.1 mol trithiocyanuric acid (TCA) was added 
to the mixed solution B and stirred for 12 h, which was 
noted as solution C. Finally, solution C was transferred 
to a hydrothermal reactor and reacted at 100 °C for 12 h 
to obtain the precursor. The N/S co-doped lignin-derived 
porous carbons (NSLPCs) were obtained by calcination of 
the prepared precursors at temperatures of 700–1000 °C 
(protocol: room temperature to 550 °C hold for 1 h and 
the temperature was increased to 700–1000 °C hold for 
2 h) in  N2 atmosphere with a flow rate of 60 sccm under a 
heat-ramping rate of 5 °C  min−1. For comparison, LS was 
calcined in a nitrogen atmosphere from room temperature 
to 700 °C and annealed for 2 h. The obtained products 
were named LPCs, where s is the annealing temperature. 
The carbon samples were obtained finally through HCl 
acid etching, washed with deionized water, and dried in 
an air-flow oven.

2.2  Materials Characterization

Thermogravimetric analysis coupled with mass spectrom-
etry and IR spectra (TGA–DSC-MS-FTIR) was performed 
using a NETZSCH simultaneous thermal analyzer (STA 449 
F3, Germany) together with a NETZSCH mass spectrometer 
(QMS 403, Germany) and a NETZSCH FTIR spectrometer 
(Nicolet iS20, Germany) at a heating ramp of 10 °C  min–1 in 
Ar atmosphere. The microstructure of NSLPCs was exam-
ined by a Talos F200S FE-TEM (FEI Thermo Scientific, 
USA). Field emission scanning electron microscopy (FE-
SEM) images were acquired on a SU8220 scanning elec-
tron microscope (HITACHI, Japan). X-ray photoelectron 
spectroscopy (XPS) analysis was conducted on an ESCA 
lab 250Xi photoelectron spectrometer (Thermo Fisher Sci-
entific, USA). The vacancy defect structure of NSLPCs was 
evaluated by an EMXplus-10/12 electron paramagnetic res-
onance (Bruker, Germany). XRD patterns were collected 
on a D8 Advance X-ray diffractometer (Bruker, Germany) 
with Cu Kα radiation (λ = 1.5406 Å). The specific surface 
area and pore textures of carbon samples were analyzed by 
an ASAP 2460  N2 adsorption/desorption isotherm analyzer 
(Micromeritics, USA) at 77 K. Raman spectra were tested by 
a Lab RAM HR micro-Raman spectrometer (HORIBA Jobin 
Yvon, France) using a 532 nm laser with a filter of 3%. The 
Fourier transform infrared spectroscopy (FTIR) of samples 
was collected on an IS50R Fourier spectrometer (Thermo 
Fisher Scientific, USA).

2.3  Electrode Preparation and Electrochemical 
Measurements

2.3.1  Fabrication of NSLPCs Electrodes

The working electrodes of the half-cells were prepared by 
mixing active materials (NSLPCs, LPC-700), conductive 
carbon black, and sodium carboxymethylcellulose (2 wt%) 
(CMC) on copper foil with a mass ratio of 8:1:1. The mass 
load of active materials on each working electrode was about 
0.8 mg  cm–2. The electrochemical performance was tested in 
a 2032-coin cell with K metal as the counter electrode and 
glass fiber (GF/B, Whatman) as the separator. 3 M potas-
sium bis(fluorosulfonyl)imide (KFSI) in ethylene glycol 
dimethyl ether (DME) solvent was used as the electrolyte.
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2.3.2  Electrochemical Measurements

The galvanostatic charge/discharge and galvanostatic inter-
mittent titration technique (GITT) tests were conducted in 
the voltage range of 0.01–3.00 V using a Neware battery 
test system (Neware, Shenzhen, China). Cyclic voltamme-
try (CV) curves were measured by a VMP3 electrochemi-
cal workstation (Bio-logic, France). The electrochemical 
performance of NSLPC-700//AC (YP-50F) potassium-ion 
hybrid capacitors (PIHCs) in the voltage range of 0.01–3.6 V 
was explored. The mass load of the NSLPC-700 anode was 
approximately 0.8–1 mg  cm–2 and that of the active material 
of AC was approximately 1.4–2 mg  cm–2. The mass ratio of 
negative to positive electrodes was approximately 1:1.5–3. 
The NSLPC-700 and YP-50F electrodes were pre-cycled 
for five cycles (50 mA  g–1) prior to the assembly of PIHCs.

3  Results and Discussion

3.1  Synthesis Mechanism of NSLPC

A molecular simulation method was used to study the inter-
actions between MA + TCA (MA and TCA, respectively, 
represent melamine and trithiocyanuric acid) and sodium 
lignosulfonate (LS). The independent gradient model based 
on Hirshfeld partition (IGMH) was used to describe elec-
tron density gradient across the supermolecules and plot-
ted to unveil noncovalent interactions. The blue peaks and 
isosurfaces (Fig. 1a) among molecules exhibited strong 
hydrogen bonding (N‧‧‧H-N and N‧‧‧H–S) [39, 40] inter-
actions between MA and TCA as well as between them-
selves, accompanied by an energy of − 225.3 kcal  mole−1 
(Fig. 1d). The green region indicates that van der Waals 
(VDW) interactions including π-π stacking also contributed 
to the assembly of MA + TCA. The interaction between MA 
and TCA was weakened by LS indicated by fewer peaks in 
Fig. 1b and a smaller isosurface area in Fig. 1e. Interestingly, 

Fig. 1  a‑c Scatter graph and d‑f isosurface (value = 0.01 electrons/Bohr.3) of independent gradient model based on Hirshfeld partition (IGMH) 
for unveiling the interaction between MA and TCA with/without the interference of LS model molecule, respectively (MA + TCA assembly in 
(d) CPK model, C-gray, N-blue, H-white, S-yellow; MA + TCA + LS assembly in (e, f) licorice model, MA-blue, TCA-green)
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their interaction was weakened by LS to − 194.6 kcal  mol−1 
(Fig. 1c, f) due to the strong interaction between LS and 
MA + TCA (− 105.7 kcal  mol−1), resulting in the formation 
of supermolecule/lignin precursors.

The melamine thiocyanurate supermolecule/lignin precur-
sor (supermolecule was formed by the interactions of hydro-
gen bonds [39, 40]) was obtained by a pyrolysis carboniza-
tion strategy with sodium lignosulfonate (LS), melamine 
(MA) and trithiocyanuric acid (TCA) supermolecule [22]. 
Afterward, the precursor (supermolecule/LS) was pre-car-
bonized at 550 °C for 1 h and then heated up to 700–1000 °C 
for 2 h to obtain carbon products (Fig. 2a). The final N/S-
doped lignin-derived porous carbons (NSLPCs) were then 
obtained by dilute HCl acid and water washing (where car-
bon materials were denoted as NSLPC-X at the annealing 

temperatures of X °C). The SEM images of NSLPC-700 are 
displayed in Fig. 2b, c, which exhibits a nanosheet structure 
formed due to the good dispersion effect of supermolecule. 
Similarly, NSLPC-800, NSLPC-900, and NSLPC-1000 also 
showed nanosheet structures (Fig. S1a-f). Notably, NSLPC-
700 showed a porous and short-range ordered structure with 
an average interlayer spacing of ~ 3.87 Å (Fig. 2d, e). The 
C/N/O/S elements were uniformly distributed on the skel-
etons of NSLPC-700 and NSLPC-800 (Figs. 2f and S1g).

To further explore the pyrolysis mechanism of the super-
molecule/LS precursor, we studied the structural evolution 
during the transformation from precursor molecules to 
NSLPCs by thermogravimetric analysis coupled with mass 
spectrometry and IR spectra (TGA-MS and TGA-FTIR). 
The FTIR curves of both TCA + MA and TCA + MA + LS 

Fig. 2  a Schematic illustrating the preparation of NSLPCs. b SEM image of NSLPC-700. (c‑e) TEM images of NSLPC-700. f EDS elemental 
mapping of NSLPC-700
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precursors are shown in Fig. 3a. The infrared absorption 
peaks near 900 and 1370  cm‒1 corresponded to the triazine 
ring. Meanwhile, the infrared absorption peaks of C-S (~ 490 
and 704  cm‒1) [41], N–H (~ 760  cm‒1), C-N (~ 1200  cm‒1), 
and C = N (~ 1650  cm‒1) bonds were clearly observed. The 
enhanced absorption peaks near 1615, 1495, and 1410  cm–1 
(phenylpropane monomer) [42] proved that LS had been 
successfully assembled in the as-synthesized supermolecule. 
Notably, the color gradually changed from bright yellow to 
dark yellow in the preparation process of the precursors, 
further confirming the introduction of LS (Figs. S2 and S3). 
Meanwhile, the FTIR spectra (Fig. S4) and X-ray diffraction 
(XRD) spectra (Fig. S5a) of TCA and MA were different, 

which reveals that the introduction of LS resulted in a sig-
nificant change in the XRD peaks from 25° to 30°, confirm-
ing the existence of their interaction and the formation of a 
novel lignin/supramolecule precursor (Fig. S5b).

The pyrolysis process of TCA + MA + LS (Fig. 3b) was 
divided into three stages (25–335 °C, 335–665 °C, and 
665–1000 °C). In the first stage, weight loss (67%) was 
mainly attributed to the decomposition of TCA and MA, 
resulting in the formation of fragments (N–H, C = N, -CH2-, 
etc.) and gaseous molecules  (CO2,  H2O, etc.), accompanied 
by the gradual loss of -C-S- bonds (Fig. S6a, b). In the sec-
ond stage, the weight loss (25%) was mainly caused by the 
formation of  C3N4 intermediate products (Fig. 3c) covalently 

Fig. 3  a FTIR spectra of TCA + MA and TCA + MA + LS. b TGA curves of TCA + MA and TCA + MA + LS. c XRD patterns of NSLPC-550 
and NSLPC-600. d FTIR spectra of NSLPC-550, NSLPC-600, NSLPC-700, NSLPC-800, NSLPC-900, NSLPC-1000. e TGA-FTIR spectra. f 
TGA-MS spectra of the TCA + MA + LS along with the carbonization temperature. g Pyrolysis reaction mechanism
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bonded with carbon skeleton derived from lignin, accompa-
nied by volatilized fragments (C = N, -NH2, CNH, N–H, and 
 CNH2) (Fig. 3d) and molecules  (NH3,  CO2,  CS2) (The IR 
absorption peaks of  CO2 and  CS2 were observed near 2250 
and 1510  cm–1, respectively [43].) (Figs. 3e-f, S6c-d, S7a-b 
and S8). In the third stage, weight loss was attributed to the 
volatilized fragments such as C-N, C-NC, C = N (Fig. S9), 
CNH,  CNH2,  NCNH2 (Fig. 3e, f), and  CO2 (Fig. S6e-h). 
Meanwhile, C-N (~ 1200  cm–1), N–H (~ 760  cm–1), and C-S 
(~ 490 and 704  cm–1) bonds in NSLPC-700, NSLPC-800, 
NSLPC-900, and NSLPC-1000 slightly cracked (Fig. 3d). 
For this reason, the carbonization of lignin and decomposi-
tion of small amounts of nitrogen-containing molecules and 
gases led to a weight loss of 3% in this stage.

Notably, supermolecular precursors experienced morpho-
logical change from irregular blocks (Fig. S10) to nanosheets 
(Fig. S11) from 550 to 700 °C (Fig. 3g). This was caused 
by the decomposition reaction of  C3N4 and molecular frag-
ments and gases (Fig. S12) that endowed superb edge nitro-
gen doping (pyridinic-N and pyrrolic-N) configurations and 
abundant edge defect adsorption sites for  K+. The pyrolysis 
mechanism of TCA + MA (Fig. 3b) was similar to that of 
TCA + MA + LS, but no carbonaceous material was formed 
at 1000 °C. Therefore, the introduction of TCA + MA in 
the carbonization process would induce the formation of 
nanosheet morphology and abundant defects.

3.2  Physicochemical Characterizations of NSLPC

The X-ray diffraction patterns (XRD) of NSLPC-700, 
NSLPC-800, NSLPC-900, and NSLPC-1000 are shown in 
Fig. 4a. The broad diffraction peaks near 22.4° and 43° (002 
and 100 plane) indicate that NSLPCs were all highly disor-
dered carbon materials [15, 44]. Particularly, NSLPC-700 
still exhibited a weak diffraction peak near 26° belonging to 
 C3N4 [45]. Some fragments of NSLPC-700 were observed 
to be derived from  C3N4, resulting in high nitrogen dop-
ing. Thus, our preliminary speculation is that NSLPC-700 
contained some fragments from  C3N4 after being doped 
with nitrogen. The Raman spectra are shown in Fig. 4b. 
Two characteristic diffraction peaks were observed near 
1380  cm–1 (D band) and 1589  cm–1 (G band), the former 
of which was ascribed to sp3 hybridized carbon  (A1g vibra-
tional model) and the latter to the ordered sp2 hybridized 
carbon (E2g vibrational model) [46, 47]. The intensity ratio 

of ID/IG gradually decreased with the increase in the pyroly-
sis temperature (ID/IG values for NSLPCs were 1.19, 1.15, 
1.04, and 0.91, respectively). NSLPC-700 had the highest 
ID/IG value, indicating its highest degree of defects. The 
Brunauer–Emmett–Teller (BET) surface areas and pore size 
distribution of NSLPCs were evaluated by nitrogen adsorp-
tion/desorption isotherms [48–50]. As shown in Fig. 4c, the 
 N2 adsorption/desorption isotherms of NSLPCs showed a 
sharp increase under low adsorption pressure (P/P0 < 0.01), 
indicating that NSLPCs contained plenty of micropores. 
The H3-type hysteresis loop under medium adsorption 
pressure (0.45 < P/P0 < 0.9) and the dramatic rise under high 
adsorption pressure (0.9 < P/P0 < 1) indicate the presence of 
mesopores and macropores [48]. The pore size of NSLPCs 
was mainly distributed in the range of micropores (0–2 nm) 
and mesopores (2–50 nm) (Fig. 4d) [31, 51]. Meanwhile, 
the specific surface areas (SSAs) of NSLPC-700, NSLPC-
800, NSLPC-900, and NSLPC-1000 were 229, 362, 322, 
and 589  cm2  g–1, respectively (Table S1). NSLPC-700 was 
also enriched with micropores (0.7–2 nm) and mesopores 
(2–10 nm), which provides efficient diffusion channels for 
 K+. The surface composition and chemical environments 
of NSLPCs were further analyzed by X-ray photoelectron 
spectrum (XPS). C, N, O, and S elements were identified 
in NSLPCs (Fig. S13). The atomic ratios of N elements for 
NSLPC-700, NSLPC-800, NSLPC-900, and NSLPC-1000 
were 21.6, 17.0, 7.2, and 2.4 at%, respectively. Meanwhile, 
the atomic percentages of S elements were 0.8, 0.6, 0.6, 
and 1.2 at%, respectively (Table S2). The NSLPC doped 
with high contents of N and S elements could improve the 
storage performance of  K+ since these heteroatoms were 
able to induce abundant edge defect sites. The high-reso-
lution XPS spectra of C, N, O, and S elements in NSLPCs 
were further analyzed. The C 1 s spectra were fitted into 
five peaks corresponding to C = C/C–C (~ 284.8 eV), C-N 
(~ 286.1 eV), C-S (~ 287.4 eV), C = O (~ 289.1 eV), and 
O-C = O (~ 291.3 eV). The O 1 s were divided into three 
bonding configurations: C = O (~ 531.4 eV), C–OH/C–O–C 
(~ 532.3 eV), and − COOH/H2O (~ 534.0 eV). The N 1 s 
XPS spectra were deconvoluted into three distinct parts, 
namely pyridinic-N (~ 398.2 eV), pyrrolic-N (~ 399.5 eV), 
graphitic-N (~ 400.4 eV), and oxidized-N (~ 402.2 eV). 
The S 2p was divided into three types, namely C–S–C 
(~ 163.8  eV), C–SOX–C (X = 2–4, ~ 164.9  eV), -SOX-, 
(~ 167.4/168.7 eV) (Tables S3 and S4). The high-resolu-
tion XPS spectra of N and S elements of NSLPC-700 are 
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shown in Fig. 4e, f, respectively. NSLPC-700 contained 
a significant amount of pyridinic and pyrrolic nitrogen 
dopants, along with sulfur dopants in the form of C–S–C 
and C–SOX–C. The existence of pyridinic and pyrrolic nitro-
gen dopants created a large number of edge-type defects 
[22], increasing the adsorption ability of  K+ and improving 
the storage performance of potassium ions. The C-S-C and 
C-SOX-C bonds also induced edge defects and improved 
wettability as well as electrochemical performance [43, 52, 
53]. The detailed analysis of high-resolution XPS spectra 
of other C/N/O/S elements in NSLPC-700, NSLPC-800, 
NSLPC-900, and NSLPC-1000 are shown in Figs. S14-S16. 

The doping on the edge of NSLPC-700 reached 18.3 at%, 
which indicates its high ability to adsorb  K+ (Fig. 4g) [4]. 
Therefore, combining high-edge defects and highly disor-
dered structures, we propose a “defect in disorder” terminol-
ogy to describe the importance of creating defect structures 
in amorphous carbons for storing  K+. The edge nitrogen 
doping effect of NSLPCs was further investigated by elec-
tron paramagnetic resonance spectroscopy (EPR) (Fig. 4h). 
The EPR spectra of NSLPC-700, NSLPC-800, NSLPC-900, 
and NSLPC-1000 exhibited classical Lorentzian signal lines 
centered at g = 2.0032. NSLPC-700 exhibited a narrower 
line width (36.5 G) than NSLPC-800, NSLPC-900, and 

Fig. 4  a XRD patterns. b Raman spectra. c  N2 adsorption/desorption isotherms, and d pore size distribution of the NSLPCs. High-resolution e 
N 1 s and f S 2p XPS spectra of the NSLPC-700. g XPS survey calculated the elemental contents of the pyridinic-N and pyrrolic-N. h EPR spec-
tra of NSLPCs. i Schematic illustrating a heteroatom-doping configuration in NSLPC
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NSLPC-1000 (451.4, 1465.1, and 1832.5 G, respectively), 
indicating that the unpaired electrons of NSLPC-700 were 
more localized. The localized unpaired electrons of NSLPC-
700 indicate that NSLPC-700 experienced abundant edge 
nitrogen doping (Fig. 4i) [54]. The unique ultra-high edge-
nitrogen-doped structure of NSLPC-700 agrees well with the 
XPS and Raman results. Therefore, the proposed “defect in 
disorder” terminology facilitates the understanding of edge 
effects in amorphous carbons for efficient storage of  K+.

3.3  Potassium‑ion Storage Performance

The NSLPCs with different degrees of defects were further 
used as anodes to store  K+. The formation of cathodic peak 
in the cyclic voltammetry (CV) curve near 1.2 V was mainly 
attributed to the emergence of solid electrolyte interface 

(SEI) (Fig. 5a) [61]. After the first cycle, the CV curves 
well overlapped with each other, which demonstrates its 
superior reversibility. The galvanostatic charge–discharge 
(GCD) curves of the NSLPC-700 anode at 1, 5, 20, 50, and 
100 cycles were highly overlapping (Fig. 5b), indicating 
its excellent reversibility. The reversible capacities of the 
NSLPC-700, NSLPC-800, NSLPC-900, and NSLPC-1000 
anodes at 0.05 A  g–1 were initially evaluated (Fig. S17) to 
be 419, 302, 254, and 276 mAh  g–1, respectively. Notably, 
the NSLPC-700 anode demonstrated excellent rate per-
formance, with capacities being 419, 362, 329, 278, 246, 
207, and 117 mAh  g–1 at the current densities of 0.05, 0.1, 
0.2, 0.5, 1, 2, and 5 A  g–1, respectively (Fig. 5c). Its revers-
ible capacity reached 418 mAh  g–1 when current density 
was reduced to 0.05 A  g–1. This was mainly attributed to 
the unique “defect in disorder” structure that substantially 

Fig. 5  a CV curves of the NSLPC-700 anode at a scan rate of 0.1 mV  s−1. b GCD curves of NSLPC-700 at 0.05 A  g−1. c Rate performances of 
NSLPCs. d GCD curves at different current densities. e GCD cycling performances of NSLPCs at 0.05 A  g−1 over 100 cycles. f Long-term GCD 
cycling performance of NSLPC-700 at 1 A  g−1 over 1000 cycles. g Long-term cycling performance of NSLPC-700 at 2 A  g−1 over 1500 cycles. 
h Specific capacities of the NSLPC-700 compared with the recently reported amorphous carbon anodes
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enhanced the ability to adsorb  K+. It was also observed that 
the capacity tended to decay as current density was increased 
from 0.05 to 5 A  g–1 (Fig. 5d). The long-term cycling tests of 
NSLPC-700, NSLPC-800, NSLPC-900, and NSLPC-1000 
anodes at 0.05 A  g–1 are shown in Fig. 5e. The NSLPC-
700 anode had the best capacity retention of 93.6% and a 
reversible capacity of 402 mAh  g–1 after 100 cycles, while 
the NSLPC-800, NSLPC-900, and NSLPC-1000 anodes 
showed capacity retentions of 89.8%, 89.3%, and 82.3% 
at 0.05 A  g–1, respectively. Meanwhile, the unique “defect 
in disorder” structure enabled the NSLPC-700 anode to 
achieve a high initial coulomb efficiency (ICE) of 48% (com-
pared with 21% for NSLPC-800, 30% for NSLPC-900, and 
25% for NSLPC-1000), which was superior to previously 
reported heteroatom-doped carbon anodes (Table S5). The 
capacity retention of the NSLPC-700 anode was 96.6% and 
95.4% after 1000 and 1500 cycles at 1 and 2 A  g–1, respec-
tively (Fig. 5f, g). Meanwhile, the NSLPC-800, NSLPC-900, 
and NSLPC-1000 anodes also showed well-overlapped CV 
curves in the potassium-ion half-cells (Figs. S18a, c, S21a, b 
and S23a, b) and excellent cycling stability at 1 and 2 A  g‒1 
(Figs. S18b, S19, S20, S21c-d, S22, and S23c).

The  K+ storage electrochemical performance of NSLPC-
700 was superior to that of other NSLPC samples due to its 
most abundant edge defects. Interestingly, the blank control 
sample of lignin-derived porous carbon (LPC-700) showed 
a lumpy morphology (Fig. S24). In contrast, NSLPC-700, 
NSLPC-800, NSLPC-900, and NSLPC-1000 all showed 
nanosheets arising from the decomposition of covalently 
bonded  C3N4 in the carbon skeleton. This preferential 
decomposition not only induced abundant nitrogen doping 
but also promoted the formation of the nanosheet morphol-
ogy with abundant mesopores, which was conducive to the 
diffusion of  K+.

LPC-700 is also an amorphous carbon with an  ID/IG 
value of 1.06 (Fig. S25). The low degree of edge defects 
and lumpy structure resulted in the inferior potassium-
ion storage in the LPC-700 anode (131 mAh  g–1) (Fig. 
S26). Hence, NSLPC-700 exhibited high capacity and 
high-rate capability. The potassium-ion storage perfor-
mance of NSLPC-600 (28 mAh  g–1) was also much poorer 
than that of NSLPC-700 as it was incompletely carbon-
ized at 600 °C (Fig. S27a, b). The incomplete carboniza-
tion of NSLPC-600 also suggested a significant fraction 
of  C3N4 in the carbon skeleton (the appearance of  C3N4 
sharp diffraction peak near 26° (Fig. 3c)), leading to the 

poor electronic conductivity of NSLPC-600. Notably, 
potassium-ion half-cells assembled by the NSLPC-700 
anode showed superior performance to that in other stud-
ies (Fig. 5h and Table S6). Therefore, “defect in disorder” 
strategy proposed in this study for designing NSLPC-
700 could give rise to both high capacities and high-rate 
capabilities.

3.4  Potassium Storage Mechanisms

To further understand the charge storage kinetics of host, 
the potassium-ion storage ability of the NSLPC-700 anode 
was further characterized by CV, galvanostatic intermittent 
titration technique (GITT), and theoretical calculations. As 
displayed in Fig. 6a, the shape of the CV curve was basi-
cally constant with the continuous increase in scan rate, 
indicating the good stability of NSLPC-700. The source of 
capacity was quantitatively separated into two sections, i.e., 
diffusion-controlled intercalation process and surface capac-
itance-controlled process [7]. The capacitance-controlled 
contributions of NSLPC-700, NSLPC-800, NSLPC-900, 
and NSLPC-1000 were achieved at 81.0%, 80.8%, 84.2%, 
and 80.0% at a scan rate of 1.2 mV  s–1, respectively (Figs. 6b 
and S28a-c). The surficial capacitance control capacity con-
tribution of NSLPC-700, NSLPC-800, NSLPC-900, and 
NSLPC-1000 anodes gradually increased with the increase 
in scan rate. Their capacitance contributions to capacitance-
controlled process at a scan rate of 2 mV  s–1 reached 85.2%, 
85.4%, 88.0%, and 88.8%, respectively (Figs. 6c and S28d, 
f). Interestingly, the NSLPC-700 anode with the best potas-
sium storage performance did not demonstrate the most 
capacitance-controlled capacity contribution because a diffu-
sion-controlled process was caused by the adsorption of  K+ 
on their cross-linked carbon skeleton structure. The b value 
was calculated to indicate the potassium-ion storage mecha-
nism of NSLPCs. While b = 1 means the diffusion-controlled 
process, the surface capacitance-controlled process should 
possess a b value of 0.5 [26]. The b values fitted to the anode 
and cathode peaks of the NSLPC-700 anode were 0.783 and 
0.749, respectively (Fig. 6d). We further evaluated the  K+ 
diffusion in NSLPCs using the Galvanostatic Intermittent 
Titration Technique (GITT) (Fig. S29) [62]. The  K+ diffu-
sion coefficient of the NSLPC-700 anode was the highest 
in both potassiation and depotassiation processes (Fig. 6e).
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Fig. 6  a CV curves of the NSLPC-700 anode at different scan rates. b Capacitive contributions of NSLPC-700 anode at a scan rate of 
1.2 mV  s−1. c Capacitive contributions of NSLPCs anode as a function of scan rate. d Comparison of b values of NSLPC samples. e  K+ diffu-
sion coefficient of NSLPCs obtained via the GITT technique during depotassiation and potassiation processes. Front views of optimized models 
with a single K adsorbed on the f N-doped, g N/S-doped defective graphene sheet and their corresponding j binding energy (ΔE). h, i Calculated 
difference charge density of K adsorbed onto different structures. k Density of states (DOS) of the N-doped, N/S-doped graphene
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To further analyze the synergistic effect of the co-doping 
of N and S on the adsorption of  K+, we systematically ana-
lyzed the differential charge adsorption models and the den-
sity of states (DOS) for N-doped and N/S co-doped defective 
graphene using density functional theory (DFT) [63]. The 
density of states for blank C/N/S elements is shown in Fig. 
S30a, b. The models of N-doped graphene and N/S-doped 
graphene with potassium adsorbed are shown in Fig. 6f, g, 
while their adsorption energies were calculated to be 3.74 
and 3.0 eV, respectively (Fig. 6j). Paradoxically, the adsorp-
tion energy was even lower than that of N doping after N/S 
doping, which was different from the results obtained in 
most recent reports [41, 52], indicating that S doping did 
not contribute to the adsorption of  K+. S dopants (C-S-C) 
created specific defect sites, which was also a prerequisite 
for the formation of edge defects in amorphous carbons. It 
has recently been reported that S doping can enhance the 
performance of potassium-ion storage by improving the wet-
tability of the electrode surface [43, 52, 53].

Whichever dopant is applied, the carbon-vacancy defects 
are crucial for the storage of  K+, which is in accordance 
with our previous study [31]. The above results prove that 
abundant edge defects could significantly provide adsorption 
sites. Therefore, S dopants and edge nitrogen dopants play 
similarly important roles in creating defect sites.

Meanwhile, the same conclusion was obtained for the 
differential charges of N-doping and N/S doping, that is, 
N/S doping did not effectively promote the adsorption of  K+ 
(the electron did not lead to a significant change for N/S co-
doping) (Fig. 6h, i). The co-doping of N/S elements did not 
increase significantly at the Fermi energy level, indicating 
that S doping did not improve the conductivity of the carbon 
material (Fig. 6k). Nevertheless, different doping configu-
rations contributed to the storage of  K+ through different 
chemical bonding or specific adsorptions. Therefore, we 
further explored the  K+ adsorption mechanism of NSLPCs 
with a “defect in disorder” structure during potassium stor-
age using ex situ XPS and Raman techniques.

The GCD curves of NSLPC-700 anode at different charge 
and discharge states (pristine, 1.5, 0.01, 1.5, 3 V) are shown 
in Fig. S31a. The NSLPC-700 anode contained C/N/O/S/K 
elements at different states (Fig. S31b). The high-resolution 
N 1s spectra of NSLPC-700 are shown in Fig. 7a, where 
pyridinic-N (398.2 eV) and pyrrolic-N (399.7 eV) witnessed 
blueshift phenomenon as the potential decreased, resulting 
from the fact that “defect in disorder” structure adsorbs a 

large amount of reduced  K+ on these sites at low potentials 
[43]. As the potential gradually increased to 3 V, the redshift 
phenomenon occurred again, and the binding energy was 
reduced to its initial values at 398.2 and 399.7 eV, respec-
tively [64]. Notably, the high-resolution S 2p spectra showed 
the same phenomenon as the N 1s one (Fig. 7b). There was 
a slight blueshift and redshift with decreased and increased 
potentials. The high-resolution S 2p and N 1s XPS spec-
tra differed in that S 2p adsorbed  K+ forming Thiosulfate/-
K2SX at 0.01 V [65]. The above phenomena demonstrate that 
“defects in disorder” structure could reversibly adsorb large 
amounts of  K+ through chemical bonding with sulfur and 
nitrogen dopants, thus improving potassium storage kinetics. 
Meanwhile, the XPS high-resolution spectra of K 2p and C 
1s shown in Figs. S32 and 7c demonstrate that the NSLPC-
700 anode was highly reversible. The ex situ Raman spec-
tra of the NSLPC-700 anode are shown in Fig. 7d, where 
the values of ID/IG decreased and then increased with the 
change of potential (from 1.20, 1.17, 1.14, 1.16 to 1.19) 
and it was attributed to the “defects in disorder” structure in 
the NSLPC-700 anode which could adsorb a large amount 
of  K+ at low potentials, thus occupying a large number of 
edge defect sites and resulting in the decrease in the defect 
degree and the ID/IG value. Simultaneously, as the potential 
increased,  K+ ions were desorbed, and ID/IG increased to the 
value almost the same as that at the initial potential, which 
provided more evidence that the potassium storage process 
was highly reversible. Notably, the intensity of the G-peak 
shifted from strong to weak with the change in potential 
and thiophene/-K2SX emerged in the XPS spectrum (S 2p), 
proving that a small amount of  K+ were desorbed in the 
intercalation/deintercalation reaction [66]. The NSLPC-
700 anode occupied defect sites after the adsorption of  K+ 
at low potentials, which restricted the vibration of the  A1g 
vibrational mode dominated by sp2 hybridization and thus 
reduced degree of defect. However, the vibrational mode 
(E2g) of short-range ordered graphitic domain structure near 
the large mesoporous pores could be obtained by intercala-
tion chemistry (Fig. 7e) [67]. Therefore, the NSLPC-700 
anode with an abundant “defect in disorder” structure was 
more beneficial for  K+ adsorption and provided the most 
excellent potassium storage kinetics.

Based on the above systematic studies, we can attrib-
ute the superior potassium storage performance of the 
NSLPC-700 anode to the following perspectives: (i) 
NSLPC-700 has the highest nitrogen doping level of 
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21.6 at%, forming a “defect in disorder” structure, which 
provides abundant active sites for  K+ and thus improves 
potassium storage kinetics; (ii) The appropriate SSAs and 
rich mesoporous structure of NSLPC-700 provides an 
efficient diffusion pathway for  K+, while the nanosheet 
structure of NSLPC-700 shortens the  K+ diffusion distance 
and thus improves the potassium-ion storage kinetics. (iii) 
Based on the theoretical calculations, the co-doping of 
N/S cannot effectively enhance the adsorption energy of 
 K+ compared with nitrogen doping only, but can improve 
the electrochemical performance of potassium storage by 
improving the wettability between the electrode and the 
electrolyte.

We assembled a potassium-ion hybrid capacitor (PIHC) 
using pre-activated NSLPC-700 and commercial activated 
carbon (YP-50F) as the anode and cathode, respectively, 
with 3 M KFSI in DME as the electrolyte (NSLPC-700//
YP-50F) (Fig. 8a). As shown in Fig. S33a, CV tests for the 
anode and cathode electrodes were carried out in the voltage 
window of 0.01–3 V and 1.5–3.6 V, respectively [73]. The 
CV curves of the assembled PIHC in the voltage window 
of 0.01–3.6 V are displayed in Fig. S34. As can be seen 
from Fig. S34, its CV curve exhibits a rectangular-like shape 
(1 mV  s–1), indicating a typical excellent electrochemical 
capacitor behavior. Meanwhile, the YP-50F cathode exhibits 
excellent rate performance (45 mAh  g–1 specific capacity at 

Fig. 7  Potassium-ion storage mechanism study of the NSLPC-700. Ex situ XPS a N 1s, b S 2p and c C 1s spectra of NSLPC-700 anode d Ex 
situ Raman spectra of NSLPC-700 anode. e Schematic illustrating the potassium-ion storage in amorphous defect-rich carbons
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0.1 A  g–1) (Fig. S33b). Notably, the assembled PIHC pos-
sesses a reversible specific capacity (Fig. 8b) of 39 mAh 
 g–1 at a current density of 0.05 A  g–1 (calculated from the 
total mass of the anode and cathode). Meanwhile, the GCD 
curves indicate excellent electrochemical capacitor behav-
ior (Fig. 8c). The PIHC still has a Coulombic efficiency of 
100% and a capacity retention of 91% (Fig. 8d) after 2000 
cycles at 1 A  g–1. Moreover, it maintains a capacity reten-
tion rate of 89% at 0.2 A  g–1 over 100 cycles (Fig. S35). 
The high reversible specific capacity and excellent cycling 
stability of the PIHC originate from “defect in disorder” 
structure in the NSLPC-700, which can efficiently adsorb 
large amounts of  K+ and thus improve potassium-ion stor-
age performance. Notably, the PIHC delivers a high energy 
density of 71 Wh  kg–1 (91 W  kg–1) and a high power density 
of 12,875 W  kg–1 (Fig. 8e). Meanwhile, it is also superior 
to other PIHC and sodium ion hybrid capacitors (SIHCs) 
(Fig. 8e). To illustrate the potential of PIHC for application, 
a 3 V LED lamp was powered by connecting two-coin cells 
in series (Fig. 8f). Thus, we prepared NSLPC-700 porous 
carbon, which shows great potential for practical applica-
tions. In summary, the NSLPCs with a “defect in disorder” 

structure provide a new idea for the preparation of high-
performance carbon anode materials for electrochemical 
energy storage devices.

4  Conclusion

Highly heteroatom-doped carbon anodes with excellent 
electrochemical performance were prepared using a new 
supermolecule-mediated strategy from general biomass 
precursors. Based on this novel method, we achieved a car-
bonaceous material with 21.6 at% of ultra-high nitrogen 
atom doping (18.3 at% edge nitrogen doping). The ultra-
high nitrogen doping originates from the cleavage of the 
intermediate  C3N4 product covalently bonded within the 
carbon skeleton. Due to the well-dispersed state of lignin 
by constructing supermolecules, the obtained carbon showed 
nanosheet morphologies. Notably, this carbon anode showed 
a high content of edge defects and a unique structure exhib-
iting remarkable potassium-ion storage performance. This 
general strategy could be developed to synthesize other 
highly doped carbons from general biomasses.

Fig. 8  The performance of PIHC. a Schematic illustrating the configuration of the PIHC (NSLPC-700//YP-50F) device. b Rate performance, 
and c GCD curves at different current densities. d Long-term cycle performance at 1 A  g−1. e Ragone curves of the NSLPC-700//YP-50F PIHC 
compared with other PIHC reported recently. f A digital photograph showing an LED bulb is powered by the NSLPC-700//YP-50F PIHC
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