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Abstract: Herein, oxygen-doped hierarchical porous carbon (OHPC) is successfully fabricated derived
from industrial-waste lignin. The as-obtained OHPC is endowed with not only high specific surface
area and favorable pore size distribution for accessible ion diffusion and surface charge storage, but
also high surface oxygen content (10.78%) for redox pseudocapacitance contributions. With these
multiple advantages, the OHCP electrode demonstrates a high specific capacitance of 258 F g−1 at
0.5 A g−1 based on a three-electrode configuration, with a calculated pseudocapacitance contribution
up to 19%. Furthermore, the assembled symmetric supercapacitor with OHPC also delivers an
extremely superior electrochemical performance with outstanding rate capability, impressive cyclic
stability (97.5% capacitance retention over 10,000 times under 2 A g−1), and a high energy density
of 9.27 Wh kg−1 at 25 W kg−1. This work provides fresh insights into the high-value utilization of
bio-waste lignin and promises great potential in the development of high-performance electrode
materials for energy storage.

Keywords: bio-waste lignin; hierarchical porous carbon; heteroatoms doping; supercapacitors; high
electrochemical performance

1. Introduction

The continual increase in portable devices and electric vehicles propels the rapid devel-
opment in energy storage devices [1–3]. As one of the promising systems, supercapacitors
have attracted significant attention owing to their extremely high power density and long
cycle lifespan [4–6]. Generally, the energy is electrostatically stored in supercapacitors by ac-
cumulating charges on the electrode surface [7–9]. The characteristics of electrode materials,
therefore, directly dictate the electrochemical performance of supercapacitors [10]. Porous
carbon materials are regarded as the most promising electrode candidates owing to their
high specific surface area (SSA), superior electronic conductivities, and excellent structure
stabilities [11–13]. Unfortunately, conventional porous carbon is expensive. The reported
cost of carbon materials is as high as between EUR 10–20 per kg−1, which is the most
expensive component in supercapacitors and, thus, restricts their large-scale application in
the future [14]. In this regard, to achieve sustainable development and market competition
advantage for supercapacitors, low-cost synthesis strategies for porous carbon electrodes
are a critical priority.

Thanks to the sustainability, easy availability, and low-cost of renewable biomass
resources, they have gradually captured attention as alternative options [15–18]. Note-
worthily, these biomasses are always rich in heteroatoms, such as oxygen, nitrogen, sulfur,
and other elements, that make them promising precursors of self-doped carbonaceous
materials [19–21]. Actually, heteroatom-doping can not only intensify the conductivity and
surface wettability of porous carbon, but also provide additional pseudocapacitance to
increase the energy density of supercapacitors [22–24]. Numerous biomass materials and
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their derivatives, such as bamboo, ginkgo leaf, shrimp shells, cellulose, chitosan, lignin,
etc., have been designed to prepare porous carbon [25–29]. Lignin is a kind of complicated
aromatic polymer and natural biological macromolecule, inferior only to cellulose. Despite
its high reserves, only a very small amount of lignin has been high-value utilized for the
production of functional materials and chemicals. Most lignin resources are commonly
regarded as wastes or pollutants of pulp-making and biorefinery [30,31]. In addition, from
the aspect of chemical structure, lignin chemically contains a higher carbon content (up to
60 wt%) compared to the polysaccharide or holocellulose fraction, as well as abundant
oxygen-containing moieties (such as hydroxyl and carboxyl groups), rendering it an ad-
vanced source for oxygen-doped porous carbon materials [32,33]. Therefore, the utilization
of commercially discarded lignin to prepare high-value porous carbon is of great signifi-
cance for sustainable development and circular economy. Nevertheless, the 3D amorphous
branches of lignin can easily induce intermolecular crosslinking interactions and form a
compact stacked structure to a considerable extent, resulting in unfavorable porosity texture
and low surface area during the direct process of carbonization [34,35]. Until now, some
effective strategies, such as microwave-assisted and bacterial activation methods, have been
previously reported to prepare the porous carbon with high SSA. However, these manipu-
lations are always complicated and high-cost, preventing large-scale application [36,37].
Moreover, different from the organosolv lignin that usually has a high β-O-4 content, in-
dustrial lignin is highly condensed and crosslinked with strong C–C bonds among most
of lignin monomers [38]. Such structural characteristics always lead to relatively poor
concentration of oxygen heteroatoms in lignin-derived carbon materials, bringing about
insufficient pseudocapacitance contribution and unsatisfactory capacitance [39–41].

In this contribution, through a facile two-step method, a high content oxygen-doped
hierarchical porous carbon material (OHPC) from commercial bio-waste lignin was suc-
cessfully fabricated. The as-obtained OHPC not only showed a hierarchical porous struc-
ture with an interconnected network and high SSA of 1289.7 m2 g−1, but also a high
concentration of O heteroatoms (up to 10.78%), contributing to wettability between the
electrode/electrolyte interface and pseudocapacitance behaviors. Consequently, the OHPC
exhibited a high specific capacitance of 258 F g−1 at 0.5 A g−1 on a three-electrode con-
figuration, with a high pseudocapacitance contribution up to 19%. As for the symmetric
supercapacitor, the specific gravimetric capacitance of 250 F g−1 at 0.5 A g−1 with only
2.5% fading after 10,000 cycles and superior cycling durability of 97.5% capacitance re-
tention over 10,000 cycles was demonstrated. More specifically, a high energy density of
9.27 Wh kg−1 at 25 W kg−1 was also achieved.

2. Materials and Methods
2.1. Chemical

The lignin used in this work was obtained from Longlive Biotechnology Co., Ltd.,
Dezhou, China. Potassium hydroxide (KOH) was purchased from Shanghai Macklin
Biochemical Co., Ltd. Both the hydrochloric acid (HCl) and phosphoric acid (H3PO4) were
purchased from Beijing Chemical Works. The Super-P and PTFE were purchased from
Shenzhen Kejing Star Technology Co., Ltd., Yuncheng, China. All reagents were used as
received without further purification.

2.2. Preparations of OHPCs

Before the preparation of OHPCs, the lignin precursor was successively purified with
0.1 M HCl and deionized water, and then was dried in an oven (ZXRD-A5110, Shanghai
Zhicheng Analytical Instrument Manufacturing Co., Ltd., Shanghai, China) at 60 ◦C for 24 h.
Afterwards, the OHPCs were synthesized through a two-step activation method. Firstly,
6 g of lignin was infiltrated in 15 g of 20 wt% H3PO4 solution for 12 h, then the mixture was
dried at 100 ◦C for 24 h and annealed in a muffle furnace (SX2-4-10, Tianjin Zhonghuan
Experiment Electric Furnace Co., Ltd., Tianjin, China) at 400 ◦C for 1 h in air atmosphere
to obtain H3PO4-assisted pre-carbonized intermediate char products. Subsequently, the
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intermediate products were washed by 1 M HCl (100 ◦C) and hot water (70–80 ◦C) several
times until neutral pH. After drying at 100 ◦C for 12 h, the dried char was immersed into
30 wt% KOH solution with a 2:1 ratio of KOH to carbon, respectively, and was subsequently
burned at 700 ◦C for 1 h in a tube furnace (Tianjin Zhonghuan Experiment Electric Furnace
Co., Ltd., Tianjin, China). Finally, the collected materials were rinsed with 1 M HCl solution
and then deionized water, followed by thorough drying at 100 ◦C for 24 h.

2.3. Material Characterizations

The morphologies of the samples were investigated by a field emission scanning elec-
tron microscope (FESEM, Hitachi SU8010, Hitachi Ltd., Tokyo, Japan). The microstructures
of the samples were explored by X-ray powder diffraction (XRD, Bruker D8 ADVANCE
at a scan rate of 5 o min−1, Bruker, Ettlingen, Germany) and Raman scattering (HORIBA
EVOLUTION, with 532 nm wavelength incident laser light and a power of 12 mW, Mont-
pellier, France). The pore structure of the samples was characterized by N2 adsorption
isotherms using the Quantachrome Autosorb iQ system. The SSA was calculated from
the Brunauer–Emmett–Teller (BET) plot of the nitrogen adsorption isotherm. The pore
size distribution was determined by the Nonlocal Density Functional Theory (NLDFT)
method. The chemical composition and chemical state of the surface were investigated by
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI, Thermo Fisher Scientific,
Waltham, MA, USA) with an Al Kα radiation source.

2.4. Electrochemical Characterizations

The electrochemical measurements were conducted in three-electrode and two-electrode
configurations in 6 M KOH. To prepare the working electrode, the OHPC active material
(80 wt%), Super-p (10 wt%), and PTFE (10 wt%) were mixed to form a homogeneous slurry.
The slurry was coated onto the surface of nickel foam and then dried at 100 ◦C for 4 h.
Then, the as-prepared electrode disks were compacted at 10 MPa with a tablet machine
and dried at 100 ◦C for 12 h. The active material loading was from 1.5–2.0 mg cm−2. In
the three-electrode system, the OHPC electrode was used as the working electrode, and
the platinum foil and Hg/HgO electrode were used as the counter electrode and reference
electrode, respectively. In the symmetric cell, two OHPC electrodes with the same mass
loading and size were separated by a piece of filter paper. The cyclic voltammetry (CV), gal-
vanostatic charge–discharge (GCD), and electrical impedance spectroscopy (EIS) tests were
carried out on a CHI760E working station. The working voltages for both GCD and CV
measurements were recorded between −1 and 0 V in a three-electrode system and between
0 and 1 V in the two-electrode system, respectively. The EIS measurements were carried
out with open-circuit potential under a frequency between 100 kHz and 10 mHz with an
amplitude of 5 mV, and the impedance data was fitted by using ZSimpWin software.

The gravimetric capacitances were calculated according to the discharge curves of
GCD based on the following equation:

Cg =
nI∆t
m∆V

(1)

where Cg is the gravimetric capacitance, F g−1, I is the discharge current, A, m is mass
of active materials, and g, ∆t (s) and ∆V (V) is the discharge time and potential change
within ∆t after IR drop, respectively. n is the coefficient number in which n = 1 for the
three-electrode system and n = 2 for symmetrical cells.

The energy density E (Wh kg−1) and power density P (W kg−1) of the symmetric
devices based on two electrodes are calculated by the following equation:

Eg = Ccell∆V2 /
(2× 3.6) =

Cg∆V2 /
(4× 2× 3.6) (2)

Pg = 3600Eg
/

∆t (3)
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The volumetric capacitance was determined by Equation (2) as follows:

Cv = Cgρ (4)

ρ = 1
/
(Vtotal + 1/ρcarbon)

(5)

where Cv is the specific volumetric capacitance, F cm−3; ρ is the density of OHPC-T materi-
als, g cm−3; ρcarbon is the true density of carbon materials and the value is 2 g cm−3 [42];
Vtotal is the total pore volume of OHPC, cm3 g−1.

The capacitance of the cell is dependent on the frequency C(ω) which can be evaluated
in the impedance spectrum and defined as follows:

C = C′(ω)− jC′′(ω) (6)

C′(ω) = −Z′′(ω)
/
(ω|Z(ω)|)2 (7)

C′′ (ω) = Z′(ω)
/
(ω|Z(ω)|)2 (8)

where the ω is angular frequency and calculated by ω = 2πf; C′ (ω) represents the real
part of C (ω); C′ ′ (ω) is the virtual part corresponding to the loss of energy dissipation
and frequency; Z (ω) is the complex impedance of the cell in which Z′ (ω) and -Z′ ′ (ω)
represent its real and imaginary part, respectively.

3. Results

The OHPC sample was synthetized using a facile two-step approach comprising of
low-temperature H3PO4 pre-activation and KOH activation, and the detailed prepara-
tion strategy is analyzed in Figure S1. The surface morphology of the lignin precursor
and as-prepared OHPC were characterized by SEM images. As shown in Figure S2, the
lignin precursor exhibited a typical bulk structure composed of agglomerated particles.
After activation, the as-obtained OHPC displayed loose and rough morphologies with
an interconnected porous network (Figure 1a). Such special porous features can offer not
only available active sites for charge storage but also accessible channels for ion transport,
rendering excellent energy storage capability.
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To further gain insight into the textural properties of OHPC samples, N2 adsorption–
desorption measurements were performed. The isotherm presented a typical I isotherm
with H4 hysteresis loop (0.48≤ P/P0≤ 0.98), suggesting that the OHPC was endowed with
a hierarchical micro-mesoporous structure (Figure 1b). Remarkably, close observation in
pore size distributions (Figure 1c) showed distinctly bimodal peaks from 1–2 nm and from
2–5 nm, respectively, which belonged to micropores and mesopores, further confirming
the hierarchical porous properties of the OHPC. The specific BET surface area of the
OHPC was calculated to be as large as 1289.7 m2 g−1. The hierarchical porous structure
with high SSA would offer sufficient contact area between the electrode and electrolyte,
ensuring high availability of active sites, thus, attaining the OHPC as advanced electrodes
for supercapacitors to enhance the power characteristics.

The XRD pattern of the OHPC sample (Figure 1d) depicted two diffraction peaks
located at approximately 19◦ and 43◦, respectively, which can be assigned to the (002) and
(100) crystalline planes of graphite carbon, indicating the successful fabrication of the OHPC
with some graphitization features [43,44]. Raman spectrum (Figure 1e) indicated that the
OHPC displayed two broader peaks. The G band located at 1580 cm−1 corresponded
to a graphitic characteristic, and the D band at approximately 1350 cm−1 belonged to a
disordered and defective graphitic structure. The intensity ratio of the G band to D band
(IG/ID) represented the graphitization degree of the carbon materials. The IG/ID value for
OHPC was demonstrated to be 1.07, suggesting the relatively high degree of graphitization,
which can help fast electronic transfer behaviors during cycling.

Further investigations on surface element composition and bonding characteristics
of OHPC were conducted by XPS. As expected, the survey spectrum of OHPC veri-
fied the co-existence of C and O elements with a high concentration of O dopants as
high as 10.78% (Figure S3 and Table S1), indicating the successful doping of the O het-
eroatom into lignin-derived OHPC. The high-resolution C 1s spectrum (Figure S4) could
be deconvoluted into five peaks as follows: C=C–C (284.75 eV), C–O (285.65 eV), C=O
(286.60 eV), O–C=O (287.85 eV), and π–π* interaction (289.40 eV). The O1s spectrum
(Figure 1f) showed three peaks located at 531.8 eV, 533.4 eV, and 536.3 eV, respectively, corre-
sponding to C=O bonds, bridge-bonded oxygen (C–O in C–O–H, C–O–C), and ester groups
(O–C=O) [45]. These oxygen-functionalization groups not only promote the hydrophilic
property of the OHPC electrode in aqueous electrolytes, but also contribute to pseudocapac-
itance behaviors during charge/discharge cycling based on the following redox reactions
(Equations (9)–(11)) [46], consequently increasing capacitance performance. Notably, con-
sidering the basic electrolyte (6M KOH) used in this work, Equations (9) and (10) actually
represent a quasi-reversible and irreversible property, while Equation (11) contributes the
main pseudocapacitive characteristics.

> C−OH 
> C = O + H+ + e− (9)

> COOH 
> −COO− + H+ + e− (10)

> C = O + e− 
> −C−O− (11)

The electrochemical performances of the OHPC electrode were evaluated in a super-
capacitor with a three-electrode system. Figure 2a presents the CV curve of OHPC at a
scan rate of 5 mV s−1, which possessed quasi-rectangular shapes with Faradaic peaks
between −1 and −0.2 V, ascribing to pseudocapacitance contribution generated by oxygen-
containing functional groups, which was consistent with the XPS results aforementioned.
The rate-dependent CV curves of OHPC at sweep rates varied from 5 to 200 mV s−1,
recorded in Figure S5(a). All the CV curves retained quasi-rectangular shapes with only
slightly broadened humps even at a high rate of 200 mV s−1, which further demonstrated
the superior capacitance behavior and rate performance of the as-prepared OHPC electrode.
Furthermore, the excellent capacitive behavior can also be reflected by the relationship
between the peak current response (i) and the sweep rate (v) (in Figure S6), which shows
that the parameter b-value is close to 1, indicative of the fast near-surface activities [47–49].
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Notably, the impedance spectrum in Figure 2b exhibits a nearly vertical line, further demon-
strating the ideal surface-controlled capacitive behaviors. At the high frequency region, the
semicircle is correlated with the charge transfer process at the electrode/electrolyte interface
and the resistance arising from the Faradaic redox [50,51]. The value of charge transfer
resistance (Rct) for OHPC was determined to be only 0.72 Ω, respectively, suggesting the
fast charge transfer kinetics of OHPC electrodes.
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Figure 2. Electrochemical performance of OHPC electrodes tested in a three-electrode configuration.
(a) CV curve at 5 mV s−1; (b) Nyquist plots (inset magnified 0–5 Ω region); (c) GCD curves at
0.5 A g−1; (d,e) Gravimetric and volumetric rate performance from 0.5 to 50 A g−1; (f) Gravimetric
capacitance of OHPC vs. T1/2 using the capacitance from 0.5 to 50 A g−1, and the dashed diagonal
line represents the extrapolation of the infinite sweep rate (T→ 0).

Figure 2c depicts the GCD plots of OHPC performance at 0.5 A g−1, of which the
symmetric curves with weak deviation from a triangular shape are clearly identified, veri-
fying the contribution of pseudocapacitance attributed to the oxygen-containing functional
groups. The GCD profiles of OHPC at different rates (from 10 A g−1 to 50 A g−1) exhibited
highly linear symmetry, which demonstrates the OHPC electrode had excellent electro-
chemical reversibility (Figure S5b). The gravimetric capacitance properties and volumetric
capacitance derived from the GCD curves are shown in Figure 2d,e. The OHPC offered a
high gravimetric specific capacitance of 258 F g−1 and volumetric capacitance of 232 F cm−3

at 0.5 A g−1, with 80% gravimetric capacitive retention even at 50 A g−1. For comparison,
the capacitance performance of the porous carbon electrode by direct KOH activation of
lignin at 700 ◦C is also measured in Figure S7. Evidently, the supercapacitor assembled from
porous carbon generated by the direct activation of lignin showed a poor electrochemical
performance. For example, the lignin-derived porous carbon electrode showed an initial
specific capacitance of 207 F g−1 at 0.5 A g−1, which was only 0.8-fold of that achieved
for the OHPC electrode. The significant improvement in capacitance characteristics of
the OHPC electrode is mainly attributed to the synergistic effects of high surface area,
favourable pore size distribution, and functionalized oxygen-doped species, effectively
affording accessible charge transfer paths and ion diffusion channels, available active sites
for charge storage, high pseudocapacitance contribution and good wettability at the elec-
trode/electrolyte interface. Notably, such high capacitance properties with excellent rate
capability of OHPC is also more superior than those previously reported works of lignin-
derived carbon-based electrodes, as shown in Table S2, further successfully demonstrating
the validity of the as-obtained OHPC as an electrode in supercapacitors [36,37,52–63].
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To further investigate the properties of the charge storage process, the electrochemical
kinetics of OHPC was analyzed. It is known that the capacitance (C) can be calculated by
Equation (12) [60,64]:

C = k1 + k2T1/2 (12)

where T is the discharge time derived from GCD tests, s. k1 and k2T1/2 correspond to the
current contribution from surface capacitive effect (classically attributed to double-layer
capacitance: T→ 0) and diffusion-limited component dominated by the charge/discharge
rate (T→∞), respectively. Figure 2f plots the relationship of the discharge time and specific
capacitance of OHPC between 0.5 and 50 A g−1. The k2T1/2 term represents the long-T data,
which extrapolates to k1 at the T1/2 = 0 intercept. Apparently, double-layer capacitance
contributing to a gravimetric capacitance is calculated to be 208 F g−1, with a ratio of
approximately 81%. That means the OHPC showed a high pseudocapacitance contribution
to capacitance of up to 19%, further demonstrating its superiority as an advanced electrode
in supercapacitors.

To investigate the practical applicability of the OHPC electrode, a symmetric superca-
pacitor configuration was fabricated, and the corresponding electrochemical performances
are shown in Figure 3. The symmetrical supercapacitor based on OHPC (OHPC//OHPC)
was assembled into a CR2032 coin cell. Figure 3a illustrates the comparative CV curves
of OHPC//OHPC at different scan rates, of which the quasi-rectangular shapes without
apparent distortion were clearly observed even at a high scan rate of 200 mV s−1. The
GCD curves (Figure 3b,c) cycled at varied current densities from 0.5 to 50 A g−1 are nearly
triangular-shaped and symmetrical, suggesting the ideal capacitive behavior of the OHPC
electrode. The rate performances achieved at different current densities are shown in
Figure 3d, giving an impressive electrode capacitance of 250 F g−1 at the current density
of 0.5 A g−1. Even at 50 A g−1, the capacitance could still achieve 200 F g−1 with a high
capacitance retention of 79.8%. All these results were consistent with those obtained in the
three-electrode system, successfully demonstrating the reliability of the versatile fabrication
process in this article.

Batteries 2022, 8, x FOR PEER REVIEW  8  of  12 
 

 

Figure 3. Electrochemical performance of OHPC//OHPC supercapacitors. (a) CV curves at the scan 

rate from 5 to 200 mV s−1; (b,c) GCD curves from 0.5 A g−1 to 50 A g−1; (d) Rate performance tested 

from 0.5 to 50 A g−1; (e) Ragone plot; (f) Cyclic stability and columbic efficiency after 10,000 cycles 

at 2 A g−1. 

The Ragone plot in Figure 3e illustrates that the as‐fabricated OHPC//OHPC config‐

uration delivered a high gravimetric energy density of 9.27 Wh kg−1 at a gravimetric power 

density of 25 W kg−1 and retained 3.06 Wh kg−1 even at 8345 W kg−1, having a slight ad‐

vantage to most of the lignin‐derived carbon‐based symmetric supercapacitors with a 6 

M  KOH  electrolyte,  especially  considering  the  economic  benefits  (Table  S2) 

[37,52,53,58,60,62]. For example, the best reported energy density by other works is 13.5 

Wh kg−1 for ordered mesoporous carbons from organosolv lignin, only 31% higher than 

our current results [57]. Unfortunately, the extraction of organosolv lignin generally re‐

quires quantities of organic solvent under high temperature and pressure conditions, in‐

ducing  significant  increase  in  cost.  In addition,  the excellent performance was also  re‐

flected by the cyclic stability testing in Figure 3f, which indicates that the capacitance re‐

tention can still be kept as high as 97.5% even after 10,000 successive cycles with a high 

Coulombic efficiency of approximately 100%, demonstrating its exceptional cycling sta‐

bility. 

The EIS measurement of OHPC//OHPC was conducted to further investigate the ca‐

pacitance performance. From the Bode phase diagram (Figure 4a), the phase degree could 

achieve 86.4°, suggesting that the OHPC exhibited a good capacitive characteristic. The 

evolution of normalized C′  (ω) and C′′  (ω) versus  frequencies  is revealed  in Figure 4b. 

When the normalized C′ (ω) achieved 0.5, the operating frequency (ƒ0) and relaxation time 

constant (τ0 = 1/ƒ0) could be obtained. Actually, the τ0 is a quantitative parameter used to 

evaluate the charge and discharge rate of devices. As presented in Figure 4b, the cell had 

an operating frequency of 0.36 Hz, corresponding to a short τ0 of 2.78 s, successfully indi‐

cating the fast response of OHPC//OHPC devices [65].   

 

Figure 3. Electrochemical performance of OHPC//OHPC supercapacitors. (a) CV curves at the scan rate
from 5 to 200 mV s−1; (b,c) GCD curves from 0.5 A g−1 to 50 A g−1; (d) Rate performance tested from 0.5
to 50 A g−1; (e) Ragone plot; (f) Cyclic stability and columbic efficiency after 10,000 cycles at 2 A g−1.

The Ragone plot in Figure 3e illustrates that the as-fabricated OHPC//OHPC configu-
ration delivered a high gravimetric energy density of 9.27 Wh kg−1 at a gravimetric power
density of 25 W kg−1 and retained 3.06 Wh kg−1 even at 8345 W kg−1, having a slight ad-
vantage to most of the lignin-derived carbon-based symmetric supercapacitors with a 6 M
KOH electrolyte, especially considering the economic benefits (Table S2) [37,52,53,58,60,62].
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For example, the best reported energy density by other works is 13.5 Wh kg−1 for ordered
mesoporous carbons from organosolv lignin, only 31% higher than our current results [57].
Unfortunately, the extraction of organosolv lignin generally requires quantities of organic
solvent under high temperature and pressure conditions, inducing significant increase in
cost. In addition, the excellent performance was also reflected by the cyclic stability testing
in Figure 3f, which indicates that the capacitance retention can still be kept as high as 97.5%
even after 10,000 successive cycles with a high Coulombic efficiency of approximately 100%,
demonstrating its exceptional cycling stability.

The EIS measurement of OHPC//OHPC was conducted to further investigate the
capacitance performance. From the Bode phase diagram (Figure 4a), the phase degree
could achieve 86.4◦, suggesting that the OHPC exhibited a good capacitive characteristic.
The evolution of normalized C′ (ω) and C′ ′ (ω) versus frequencies is revealed in Figure 4b.
When the normalized C′ (ω) achieved 0.5, the operating frequency (ƒ0) and relaxation time
constant (τ0 = 1/ƒ0) could be obtained. Actually, the τ0 is a quantitative parameter used
to evaluate the charge and discharge rate of devices. As presented in Figure 4b, the cell
had an operating frequency of 0.36 Hz, corresponding to a short τ0 of 2.78 s, successfully
indicating the fast response of OHPC//OHPC devices [65].
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Based on the above discussions, the primary attributes regarding high performance
OHPC can be concluded. Firstly, it has flexible tunability. By adjusting the reaction parame-
ters, such as the amounts of reactants, the calcination temperatures, and the type of pre-
cursors, the properties of the resulting carbon material can be easily tuned, which directly
determines the electrochemical performance of the supercapacitors (Figures S8 and S9).
Secondly, it has social and economic benefits. Approximately 50 million tons of industrial
lignin are produced each year from the boiling waste of the pulp and paper industry and the
residues from the preparation of fuel ethanol. Of these, more than 95% of lignin is burned
after concentration or discarded directly, causing environmental pollution and resource
wastage [66]. The application of bio-waste lignin as a high-value electrode material for
supercapacitors is important for harmonizing the sustainable development path of the
environment, economy, and society.

4. Conclusions

The utilization of industrial lignin as a feedstock to prepare high-value chemicals or
products for energy storage renders great significance in environmental sustainability and
economic viability. However, the high-branched structure of lignin leaves its derived carbon
materials with insufficient porous properties and low SSA, leading to poor compatibility
with energy storage devices. In this work, an advanced self-doped OHPC electrode derived
from bio-waste lignin has been synthetized for supercapacitors. The resultant OHPC has a
hierarchical interconnected porous architecture, large SSA, and a high content of oxygen,
which not only provides available ion diffusion channels and abundant active sites but also
favors high pseudocapacitance contributions (up to 19%). All these favorable advantages
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benefit the OHPC with excellent capacitance properties and rate performances in both
three-electrode and two-electrode systems. In particular, the symmetric supercapacitor
delivers an extremely superior capacitance performance with outstanding rate capability
(79.8% retention at high current density of 50 A g−1) and impressive cycling stability (97.5%
capacitance retention over 10,000 cycles). This study opens an effective path to convert
abundant, sustainable, and renewable bio-waste lignin into advanced hierarchical porous
carbon as high-performance electrode material for supercapacitors.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/batteries8120286/s1. Figure S1: Schematic representation of
the synthetic strategy of lignin-derived OHPC; Figure S2: SEM image of the raw lignin particles;
Figure S3: XPS survey spectrum of OHPC. Figure S4: High-resolution C1s XPS spectrum of OHPC
material; Figure S5: (a) The rate-dependent CV curves of OHPC at scan rates varying from 5 to
200 mV s−1, (b) The GCD profiles of OHPC at different rates from 10 A g−1 to 50 A g−1; Figure S6:
b-value determination of the anodic peak current density shows that this value is approximately 1;
Figure S7: The capacitance performance of the porous carbon electrode by direct KOH activation of
lignin at 700 ◦C; Figure S8: The SEM images of lignin-derived hierarchical porous carbon calcinated
at different temperatures (a) 800 ◦C and (b) 900 ◦C; Figure S9: The gravimetric rate performance
of lignin-derived hierarchical porous carbon calcinated at 800 ◦C and 900 ◦C from 0.5 to 50 A g−1;
Table S1: The element concentration of OHPC sample; Table S2: Comparison of electrochemical
performances for the lignin-based carbon materials.
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