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S1 Electrochemical measurements
The gravimetric (Cg, F g−1), volumetric (Cv, F cm−3) and areal (Ca, μF cm−2) specific capacitance of a single 

electrode was calculated from the discharge curves according to the following equations:1, 2

                                            (1)
𝐶𝑔=

2𝐼∆𝑡
𝑚∆𝑉

                                            (2)𝐶𝑣= 𝐶𝑔𝜌

                                   (3)
𝜌=

1
𝑉𝑡𝑜𝑡𝑎𝑙+ (1/𝜌𝑐𝑎𝑟𝑏𝑜𝑛)

                                          (4)
𝐶𝑎=

100 × 𝐶𝑔
𝑆𝐵𝐸𝑇

where I (A) is the constant discharge current, Δt (s) is the discharge time, m (g) is the mass of the active material 
in a single electrode, ΔV (V) is the potential change in discharge, ρ (g cm−3) is the particle density of the carbon 
sample, Vtotal (cm3 g−1) is the total pore volume of the carbon sample measured by N2 isotherms, ρcarbon (2 g cm−3) is 
the true density of carbon, and SBET (m2 g−1) is the specific surface area of the carbon sample obtained from the BET 
method.

The gravimetric/volumetric energy density (Eg, Wh kg−1; Ev, Wh L−1) and power density (Pg, W kg−1; Pv, W L−1) 
of the two-electrode symmetric supercapacitors were also calculated according to equation (5 – 8):

                                         (5)
𝐸𝑔=

𝐶𝑔∆𝑉
2

8 × 3.6

                                       (6)
𝑃𝑔=

3600 × 𝐸𝑔
∆𝑡

                                          (7)𝐸𝑣= 𝐸𝑔𝜌

                                           (8)𝑃𝑣= 𝑃𝑔𝜌

where Cg (F g−1) represents the gravimetric specific capacitance of a single electrode obtained from equation (1), 
ΔV (V) is the potential change in discharge, Δt (s) is the discharge time, and ρ (g cm−3) is the particle density of the 
carbon sample.



Table S1 Elemental analysis of SLS from EDS and ICP-AES.
EDS ICP-AES

Nonmetal element (wt.%) Metal element (wt.%) Metal element (wt.%)Sample

C O S Cl Na K Mg Ca Na K Mg Ca

SLS 41.85 42.04 4.17 1.33 9.01 1.38 - - 13.35 3.23 0.07 0.24



Fig. S1 (a-b) SEM images at different magnifications of the product by carbonization of SLS at 800 ℃ for 1h (before 
washing).

(a) (b)



Fig. S2 SEM images of (a-b) HPCSLS-600-1, (c-d) HPCSLS-700-1, (e-f) HPCSLS-900-1 and (g-h) HPCSLS-1000-1 
at different magnifications.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Fig. S3 (a) Nitrogen adsorption-desorption isotherms and (b) DFT pore size distributions of the HPCSLS-700-Y 
samples. (c) Nitrogen adsorption-desorption isotherms and (d) DFT pore size distributions of the HPCSLS-800-Y 
samples.

(a) (b)

(c) (d)



Table S2 Textural properties, surface elemental contents and electrochemical performances of HPCSLS-700-Y and 
HPCSLS-800-Y.

N2 adsorption-desorption XPS

SSA (m2 g−1) Pore volume (cm3 g−1) Elemental content (at.%)Sample

SBET
a Smicro

b Sext
c Vtotal

d Vmicro
e Vmeso

f C N O S

Cg
g

(F g−1)

Cv
g

(F cm−3)

Ca
g

(μF cm−2)

HPCSLS-700-2 1006 832 174 0.61 0.33 0.06 92.04 1.60 6.10 0.26 201 181 20.0

HPCSLS-700-4 884 610 274 0.59 0.26 0.08 92.63 1.32 5.80 0.24 172 158 19.5

HPCSLS-800-2 1028 805 223 0.61 0.33 0.07 91.71 0.99 7.05 0.26 161 145 15.7

HPCSLS-800-4 1164 921 244 0.66 0.39 0.08 93.59 0.87 5.32 0.21 149 128 12.8

a: Specific surface area (SBET) calculated by BET method.

b, c: Specific micropore area (Smicro) and specific external surface area (Sext) calculated by t-plot method.

d: Total pore volume (Vtotal) determined at a relative pressure (P/P0) of 0.97.

e, f: Micropore volume (Vmicro) and mesopore volume (Vmeso) calculated by DFT model.

g: The Cg, Cv and Ca values calculated from discharge curves at a current density of 0.05 A g−1.
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Fig. S4 C 1s XPS spectra of (a) HPCSLS-600-1, (b) HPCSLS-800-1, (c) HPCSLS-900-1 and (d) HPCSLS-1000-1.
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Fig. S5 (a) O 1s and (b) N 1s XPS spectra of the HPCSLS-X-1 samples.



Table S3 Surface C, O and N configurations of HPCSLS-X-1 by XPS.
C configurationa (at.%) O configurationb (at.%) N configurationc (at.%)

Sample
C-I C-II C-III C-IV O-I O-II O-III N-6 N-5 N-Q N-X

HPCSLS-600-1 80.68 13.14 3.01 3.17 11.45 59.25 29.30 18.05 48.58 20.04 13.33

HPCSLS-700-1 81.09 10.04 6.04 2.83 8.45 58.76 32.79 22.48 38.08 26.03 13.41

HPCSLS-800-1 81.40 10.91 6.13 1.56 6.52 59.36 34.12 11.76 43.46 35.49 9.29

HPCSLS-900-1 82.38 7.65 6.20 3.77 5.14 62.82 32.04 10.47 51.12 25.28 13.13

HPCSLS-1000-1 83.80 7.16 6.54 2.49 5.54 59.52 34.94 13.10 48.67 29.65 8.58

a: C sp2 and sp3 (C-I), C−O (C-II), C=O (C-III) and O−C=O (C-IV).

b: C=O (O-I), C−OH and/or C−O−C (O-II), −COOH (O-III).

c: Pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary-N (N-Q), N-oxides group (N-X).



0.0 0.2 0.4 0.6 0.8 1.0

-5

0

5

C
ur

re
nt

 d
en

si
ty

 (A
 g

-1
)

Potential (V)

                             20 mV s-1

 5 mV s-1     50 mV s-1

 10 mV s-1   100 mV s-1

0.0 0.2 0.4 0.6 0.8 1.0
-10

-5

0

5

C
ur

re
nt

 d
en

si
ty

 (A
 g

-1
)

Potential (V)

                             20 mV s-1

 5 mV s-1     50 mV s-1

 10 mV s-1   100 mV s-1

0.0 0.2 0.4 0.6 0.8 1.0

-5

0

5

C
ur

re
nt

 d
en

si
ty

 (A
 g

-1
)

Potential (V)

                             20 mV s-1

 5 mV s-1     50 mV s-1

 10 mV s-1   100 mV s-1

0.0 0.2 0.4 0.6 0.8 1.0

-5

0

5
C

ur
re

nt
 d

en
si

ty
 (A

 g
-1
)

Potential (V)

                             20 mV s-1

 5 mV s-1     50 mV s-1

 10 mV s-1   100 mV s-1

Fig. S6 CV curves tested at 5 – 100 mV s−1 of (a) HPCSLS-600-1, (b) HPCSLS-800-1, (c) HPCSLS-900-1 and (d) 
HPCSLS-1000-1.
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Fig. S7 CV curves tested at a scan rate of 1 mV s−1 of (a) HPCSLS-700-Y and (b) HPCSLS-800-Y. Charge-discharge 
rate performance of (c) HPCSLS-700-Y and (d) HPCSLS-800-Y.
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Table S4 Equivalent series resistance (ESR), charge transfer resistance (Rct), and diffusion resistance (Rd) of 
HPCSLS-X-1 obtained from the equivalent circuit model fitting.

Resistance (Ω)
Sample

Resr Rct Rd

HPCSLS-600-1 1.323 0.403 0.722

HPCSLS-700-1 1.042 0.226 0.692

HPCSLS-800-1 0.681 0.081 0.659

HPCSLS-900-1 0.605 0.063 0.529

HPCSLS-1000-1 0.469 0.030 0.420
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Fig. S8 XPS spectra of HPCSLS-700-1 based electrodes before and after long-term cycling test.



Table S5 Performance comparison of lignin/biomass based porous carbons for supercapacitor application reported in 
the literatures.

Precursor Preparation Electrolyte Test condition
Cg

(F g−1)

Cv

(F cm−3)

Ca

(μF cm−2)
Refs.

Lignin Hard templating + electro-oxidation 1 M H2SO4 0.05 A g−1 249 149 29 3

Lignin Physical activation 1 M H2SO4 10 mV s−1 201 214 20.0 4

Lignin Hard-soft templating 6 M KOH 0.1 A g−1 208.4 153.2 26.0 5

Lignin Chemical activation 6 M KOH 0.5 A g−1 268 205 18.6 6

Kraft lignin Soft templating + physical activation 6 M KOH 1 mV s−1 102.3 83.2 16.4 7

Kraft lignin Without activation and templating 1 M H2SO4 0.5 A g−1 91 NA 8.3 8

Alkali lignin Polymer blending 6 M KOH 0.4 A g−1 64 81 11 9

Alkali lignin Chemical activation 1 M H2SO4 0.05 A g−1 165.0 162.6 18.2 10

Alkali lignin Chemical activation 6 M KOH 0.2 A g−1 286.7 89.5 7.6 11

Alkali lignin Chemical activation 6 M KOH 10 mV s−1 240 - 17.1 12

Solvent lignin Chemical activation + N-doped 6 M KOH 0.1 A g−1 248 NA 11.0 13

Solvent lignin Chemical activation + N-doped 6 M KOH 20 mV s−1 333 NA 14.7 14

Solvent lignin Chemical activation + N-doped 6 M KOH 0.1 A g−1 273 126 8.7 15

Lignin-derived byproduct Chemical activation 6 M KOH 1 A g−1 312 NA 14.1 16

Calcium lignosulfonate Without activation and templating 6 M KOH 1 mA cm−2 182 137 13.4 17

Lignosulfonate Hard templating + chemical activation 6 M KOH 0.25 A g−1 286 265 33.4 18

Fruit stone Chemical activation + P-doped 1 M H2SO4 0.05 A g−1 131 112 10.4 19

Wood sawdust Chemical activation 6 M KOH 0.5 A g−1 225 118 9.8 20

Shells of broad beans Chemical activation + N, S dual doped 6 M KOH 0.5 A g−1 202 229 30.8 21

Cashmere Chemical activation + N, O dual doped 6 M KOH 0.5 A g−1 144 83 10.6 22

Cellulose Chemical activation 6 M KOH 0.1 A g−1 253 135 13.4 23

Loblolly pine Chemical activation 6 M KOH 20 mV s−1 74 80 7.7 24

Waste Coca Cola® Chemical activation + O, N, S co-doped 6 M KOH 1 A g−1 352.7 256.9 17.7 25

Rice straw Chemical activation 6 M KOH 0.5 A g−1 269 151 10.2 26

Cattail biomass Physical activation 6 M KOH 0.5 A g−1 126.5 152.4 28.7 27

Sodium lignosulfonate

(HPCSLS-700-1)
Without activation and templating 7 M KOH

0.05 A g−1

0.4 A g−1

247

227

240

220

27.4

25.1
This work
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