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e-step strategy for highly
graphitized capacitive carbons with hierarchical
micro–meso–macro porosity

Huili Liu, Suisui Su, Heng Wang, Miaomiao Wang, Shouren Zhang,
Binbin Chang * and Baocheng Yang*

Large micropore surface area, superior electrical conductivity and suitable pore size are simultaneously

desired characteristics for high-performance capacitive carbons. However, these desired features tend to

be mutually competing, and are generally difficult to integrate into a single carbon. Considering this

challenge, we developed a sustainable, less time-demanding, pollution-free strategy to construct highly

graphitized porous carbon (GPC) by one-step heat-treatment. This approach achieves the need of the

abovementioned characteristics for capacitive carbons, wherein potassium ferrate works as both an

activating agent and graphitization catalyst to achieve synchronous hierarchical porosity and

graphitization of wasted natural wood, and the resultant carbon materials possess a large micropore

surface area of 870.4 m2 g�1, a highly graphitic carbon skeleton and a well-interconnected micro–

meso–macropore structure. The assembled GPC-based symmetrical capacitors exhibited a satisfactory

capacitive performance in different aqueous electrolytes (H2SO4, KOH and Na2SO4), including high

specific capacitance, prominent rate capability, satisfactory energy density and good cycle stability.

Meanwhile, we compared the contributions of porosity and the graphitized structure to capacitive

performance, and porosity was dominant in determining capacitance and the graphitized skeleton had

a positive effect in enhancing the capacitive performance. In addition, we established the relationship

between the structure of GPC and electrochemical capacitive performance in different aqueous

electrolytes, providing a valuable reference for GPC-based supercapacitors in different practical

applications. More importantly, this strategy holds great promise to sustainably convert biowaste to high-

added-value capacitive carbons for advanced energy storage applications in the future.
1. Introduction

Carbon-based electric double-layer capacitors (EDLCs), as
a sustainable and efficient energy storage device, have drawn
extensive attention owing to their unique advantages, including
fast charge–discharge, high power density, simple principle,
long cycle life and environmental friendliness.1–5 Energy storage
of EDLCs arises from the pure electrostatic charge accumula-
tion on the surface of electrodes. Based on such a charge storage
mechanism, the surface properties and pore structure play
a vital role in determining the electrochemical capacitive
performance of carbon-based EDLCs. Increasing the surface
area and tailoring the pore size of capacitive carbon materials
have been demonstrated to be valid strategies to enhance the
capacitance.6,7 Meanwhile, a certain amount of mesopores and
macropores is benecial for the transfer of electrolyte ions,8,9
sites and Applications, Institute of

nghe Science and Technology College,
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–1407
resulting in the improvement of capacitive performance, espe-
cially rate capability. In principle, it has been certied that
porous carbons with abundant supermicropores are the best
option for high-performance EDLCs, which is attributed to the
matched size of the electrolyte ions (0.7–1.0 nm).10,11 Conse-
quently, microporous carbons with an optimized pore structure
and a suitable proportion of mesopores and macropores are
promising electrodes for high-efficiency carbon-based EDLCs.

On the other hand, superior electrical conductivity is also
essential for carbon electrodes to enhance their capacitive
performance, which can ensure rapid and efficient electron
transport.12–14 Construction of a graphitic skeleton is oen used
to enhance the electrical conductivity. According to the above
theoretical analysis, hierarchically porous graphitic carbons are
ideal candidates for high-performance carbon-based EDLCs
owing to their unique features of combining good conductivity
and superior porosity as well as suitable proportions of meso/
macropores. Currently, porous graphitic carbons are synthe-
sized by means of template methods, chemical/physical acti-
vation methods combining high-temperature treatment or
catalytic graphitization.15–18 Unfortunately, these strategies are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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usually time-consuming and involve high-energy-consumption;
meanwhile they need expensive templates and a combination of
multiple activating agents, which is a two-step or multi-step
process, seriously limiting their large-scale utilization and
further development. Moreover, the superior microporosity
usually lowers the electronic conductivity, and thus these
desired characteristics are incompatible and even tend to be
mutually competing in a single carbon material.8,19 Hence, it is
signicantly desirable to develop a simple and effective
approach for graphitic porous carbons with hierarchical micro–
meso–macro porosity to offer multiple synergistic effects of the
above-mentioned benecial features for the best electro-
chemical capacitive performance.

Electrolytes are another key component of carbon-based
EDLCs, which also have a great effect on the electrochemical
performance of capacitors, especially in practical applica-
tions.20,21 Consequently, the adopted electrolytes and carbon
electrode materials mainly determine the overall electro-
chemical performance of capacitors. In order to provide a valu-
able reference for meeting the different demands of carbon-
based EDLCs in practical applications, it is essential to estab-
lish the relationship between the structure of graphitized hier-
archical porous carbons and their capacitive performance in
different electrolytes.

To address these issues, we developed a simple one-step
strategy by utilizing potassium ferrate (K2FeO4) to achieve the
synchronous activation and graphitization of wasted natural
wood for the preparation of graphitized porous carbon (GPC).
K2FeO4 functions as both a porogen and graphitization catalyst
to convert waste wood into high value-added capacitive carbon
materials. The whole process is simple, sustainable, low-energy
consuming and pollution-free without the addition of any toxic
substance. The resultant GPC exhibited improved porosity of
high-density micropores and well-proportioned meso/
macropores, a multiscale pore size and a high graphitization
degree, showing well balanced incompatible features in a single
porous carbon. Beneting from the well-interconnected
conductive network and suitable multiscale pore sizes, the
GPCmaterial presented a prominent electrochemical capacitive
performance, including large specic capacitance, satisfactory
energy density and superior cycle stability. Meanwhile, we
analyzed the nature behind the difference in the electro-
chemical capacitive properties of the GPC electrode in various
aqueous electrolytes, and established the relationship between
the structure of GPC and its electrochemical capacitive perfor-
mance in different electrolytes, which would give a valuable
reference for its potential practical application in different
system GPC-based EDLCs. Importantly, our proposed approach
shows great potential to achieve sustainable and large-scale
utilization of biowaste for the production of high-value-added
porous carbon electrodes in future energy storage applications.

2. Experimental section
2.1 Preparation of materials

Waste wood was collected and cut into pieces, washed repeat-
edly with deionized water, and then immersed in ethanol for
© 2022 The Author(s). Published by the Royal Society of Chemistry
12 h. Subsequently, the materials were washed thoroughly with
deionized water and dried at 80 �C overnight. The dried waste
woodmaterials were then pre-carbonized at 400 �C for 2 h under
an argon atmosphere with a ramp rate of 5 �C min�1. The ob-
tained dark solid product was ground to powder and denoted as
wood carbon (WC). 3 g of WC powder was dispersed in 60 mL of
K2FeO4 aqueous solution (0.1 M) under continuous stirring for
8 h, and the solution was evaporated to dryness on a rotary
evaporator. Then, the obtained mixture was heat-treated at
900 �C for 2 h in an argon atmosphere with a heating rate of
5 �C min�1. The carbonized sample was washed with diluted
hydrochloric acid to remove residual inorganic impurities and
further washed with deionized water to neutrality. Finally, the
products were dried at 80 �C overnight to obtain graphitized
porous carbon, which was denoted as GPC.

For comparison, 3.0 g of WC powder was respectively
dispersed in 60 mL of KOH aqueous solution (0.2 M) and FeCl3
solution (0.1 M) with continuous stirring for 8 h, and the
solution was evaporated to dryness on a rotary evaporator. A
subsequent process was carried out under the same experi-
mental conditions as described above. The obtained samples
were collected, washed and dried at 80 �C, and named PC and
GC, respectively.

2.2 Characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker D8
diffractometer using Cu Ka radiation (l ¼ 0.15418 nm) as an X-
ray source. Nitrogen adsorption–desorption isotherms were
obtained at �196 �C using a Micromeritics ASAP 2020HD88
analyzer. Before adsorption, the samples were out-gassed at
200 �C for 12 h. The specic surface area (SBET) was evaluated
using the Brunauer–Emmett–Teller (BET) method, the pore size
distributions were calculated using the density functional
theory (DFT) method, and the micropores were analyzed using
the t-plot method. The morphology was observed on a FEI
Tecnai G2 20 transmission electron microscope (TEM) with an
accelerating voltage of 200 kV and on a scanning electron
microscope (SEM, Quanta 250 FEG). Fourier transform infrared
spectroscopy (FTIR) spectra of the sample in KBr pellet were
recorded on a Thermo scientic Nicolet IS5 spectrometer.
Raman spectra were recorded on a Raman spectrometer
(WITEC Spectra Pro 2300I) with a 532 nm laser. The conduc-
tivity of materials was tested by using a four-point probe (RST-
9). X-ray photoelectron spectra (XPS) were obtained on a VG
ESCALAB MK II X-ray photoelectron spectrometer with an
excitation source of Mg Ka (1253.6 eV).

2.3 Electrochemical measurements

The working electrodes were prepared by mixing the active
material, carbon black and polytetrauoroethylene (PTFE)
binder with a weight ratio of 8 : 1 : 1. Then, the as-prepared
slurry was coated on one side of nickel foam (1 cm � 1 cm) or
carbon paper (1 cm � 1 cm), and dried at 80 �C in a vacuum
overnight. Aer pressing it under 10 MPa for 60 s, the working
electrode was obtained. The mass of active material loading in
each working electrode was about 3–5 mg cm�2. In a three-
Nanoscale Adv., 2022, 4, 1394–1407 | 1395
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electrode test, platinum foil and a Hg/HgO electrode were
employed as counter and reference electrodes, respectively. All
measurements including cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spec-
troscopy (EIS) were performed on a CHI 760E electrochemical
workstation at room temperature using H2SO4 (1 M), KOH (6 M)
and Na2SO4 (0.5 M) as electrolytes. The EIS measurements were
conducted in the frequency range of 10�2 to 105 Hz at the open
circuit voltage. The gravimetric specic capacitance, Csp (F g�1)
was calculated according to the following equation:

Csp ¼ IDt

mDV
(1)

where I (A) is the constant current, Dt (s) refers to the discharge
time, m (g) represents the mass of active materials in the
working electrode, and DV (V) expresses the potential range
excluding the IR drop during the discharge process.
2.4 Fabrication of symmetric supercapacitors

A symmetric supercapacitor was assembled from two nearly
identical working electrodes using glass bre as the separator,
wherein H2SO4 (1 M), KOH (6 M) and Na2SO4 (0.5 M) were used
as electrolytes. The electrochemical behaviors of the symmet-
rical supercapacitors were assessed by the similar electro-
chemical technology described in the three-electrode system.
The gravimetric specic capacitance, Csp (F g�1) for a single
electrode was calculated from each galvanostatic charge–
discharge curve according to the following equation:

Csp ¼ 4IDt

mDV
(2)

where I (A) is the constant current,Dt is the discharge time (s),m
(g) is the total mass of both electrodes, and DV (V) is the voltage
change.

The energy density (E, W h kg�1) was estimated by using the
following formula:

E ¼ 1

8
CspV

2 (3)

The power density (P, W kg�1) was calculated using the
following equation:

P ¼ E

t
(4)

where Csp (F g�1) is the specic capacitance of a single elec-
trode, V (V) is the voltage change during the discharge process,
and t (s) is the discharge time.
3. Results and discussion
3.1 The formation mechanism of the GPC material

Scheme 1 schematically illustrates the fabrication process of
graphitized porous carbon via a one-step heat-treated route,
wherein K2FeO4 was employed as an activating agent (K) and
catalyst (Fe species) to achieve synchronous carbonization,
pore-formation and graphitization of waste wood. During the
1396 | Nanoscale Adv., 2022, 4, 1394–1407
impregnation process, K2FeO4 was hydrolyzed into KOH and
Fe(OH)3, according to eqn (5):

4K2FeO4 + 10H2O / 8KOH + 4Fe(OH)3 + 3O2 (5)

In the following heat-treatment, KOH functions as a chem-
ical activating agent to react with carbon, leading to abundant
hierarchical pores. Fe species work as a graphitization catalyst
to produce the graphitic carbon skeleton. But, these reaction
processes did not proceed in a sequential order.22,23

With respect to the KOH activation, the reactions began with
solid–solid reactions and then solid–liquid reactions, which
involve the reduction of K compounds, the oxidation of C and
other reactions among various active intermediates.24 The detailed
reaction equations of KOH activation are listed as follows:

6KOH + 2C / 2K + 3H2 + 2K2O3

K2Co3 + 2C / 2K + 3CO

K2Co3 / K2O + CO2

CO2 + C / 2CO

K2O + C / 2K + CO

For graphitization, amorphous Fe species (Fe(OH)3) were
rst transformed into Fe2O3 at �400 �C, and then further
reduced to Fe3O4 by C or reductive gases (H2 and CO) at elevated
temperatures of 500–700 �C.25 Fe3O4 was nally reduced to
metallic Fe, which worked as a catalyst for the conversion of
amorphous carbon into graphitic carbon.26 The related reac-
tions of Fe catalytic graphitization are described using the
following equations:

Fe(OH3) / FeO(OH) / Fe2O3

3Fe2O3 + (C, H2, CO) / 2Fe3O4 + (H2O, CO, CO2)

Fe3O4 + 4(C, H2, CO) / 3Fe + 4(H2O, CO, CO2)

Additionally, the voids remaining aer the removal of
potassium compounds and Fe species could contribute some
additional mesopores and even macropores, resulting in the
interconnected micro–meso–macro hierarchical porosity in the
internal structure of GPC.

To verify the reasonability of the above proposed K2FeO4

activation process, the XRD pattern of the intermediate was
recorded. Aer heat-treatment at 900 �C and before acid
washing, the characteristic diffraction peaks of K2CO3, K2O and
metallic K can be observed (Fig. 1a), manifesting the occurrence
of the KOH activation. The strong diffraction peaks at 2q ¼
44.6�, 64.9� and 82.3� are assigned to metallic Fe (JCPDS no. 06-
0696), suggesting the existence of a graphitization catalyst,
which should be from the reduction of Fe3+ by carbon or
reductive gases in the heat-treatment process. Moreover, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the preparation of graphitized hierarchical porous carbon via a one-step strategy.
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distinct diffraction peak at a 2q value of 26.4� corresponds to
typical (002) reection of graphitic carbon, revealing the
occurrence of Fe catalyzed graphitization for the wood carbon
skeleton. Based on such XRD results, the above proposed
K2FeO4 activation mechanism with synchronous pore-
formation and skeleton graphitization is reasonable.
3.2 Structure and morphology characterization

The crystallographic structure and graphitization degree of all
the as-obtained samples were further characterized by XRD and
Fig. 1 Characterization of the resultant materials. (a) The XRD pattern of
Raman spectra of PC, GC and GPC. (d) The FTIR spectra of WC, PC, GC

© 2022 The Author(s). Published by the Royal Society of Chemistry
Raman spectroscopy. The characteristic diffraction peaks of K
or Fe metal salt/oxide cannot be found in all the XRD patterns of
the samples (Fig. 1b), indicating that these intermediate phases
have been completely removed by acid washing. The XRD
pattern of PC shows two weak hump-like diffraction peaks at 2q
angles range of 20–30 and 40–50�, suggesting the typical
amorphous carbon framework.27 For the GC sample, a weak
peak of graphitic carbon (002) could be found, suggesting an
enhanced graphitization degree, which should result from the
destruction of the inherent structure by FeCl3 catalyzed graph-
itization. For GPC, a sharp and strong diffraction peak of
GPC before acid washing. (b) The XRD patterns of PC, GC and GPC. (c)
and GPC samples.

Nanoscale Adv., 2022, 4, 1394–1407 | 1397
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graphitic carbon (002) plane centered at 2q ¼ 26.4� can be
clearly observed, indicative of a nearly perfect graphitized
carbon framework,28 which should be attributed to the syner-
gistic effect of KOH activation and Fe catalytic graphitization on
the carbon skeleton. Based on such XRD results, good crystal-
linity can be achieved in the one-pot synthesized GPC. Raman
spectra were analyzed to further identify the graphitic structure
of PC, GC and GPC samples (Fig. 1c). Two obvious peaks at
�1340 and�1590 cm�1 can be found for all the samples, which
correspond to the D- and G-band, respectively. The D-band is
related to the disordered structure caused by carbon lattice
defects, and the G-band reects the ordered sp2-bonded
graphitic carbon structure.29 Noticeably, an additional peak
located at around 2680 cm�1 in the GPC sample is dened as
the G0-band, which is a typical symbol of highly ordered
graphitic carbon lattices.30 Furthermore, the ratio of the relative
intensity of D- and G-bands (ID/IG) is usually used to evaluate the
degree of crystallization or defect density of carbonmaterials. In
general, the narrower G-band and the lower ID/IG value reect
a higher graphitization degree. The ID/IG values of PC, GC and
GPC are 1.24, 1.12 and 0.91, respectively, suggesting a higher
and higher graphitization degree. In addition, GPC shows nar-
rower D and G-bands and an intense G0-band than those of PC
and GC, which conrms the conversion of the amorphous
carbon skeleton of WC into graphitic carbon. Such results are
consistent with the XRD analysis result. The conductivity of GPC
is 6.8 S cm�1, which is much higher than those of PC
(2.6 S cm�1) and GC (1.8 S cm�1). Such superior conductivity of
GPC should be attributed to its higher graphitization degree,
resulting in an improved electronic conductivity.
Fig. 2 XPS analysis. (a) The survey spectra. (b) C and O contents. (c) T
resolution O 1s spectrum of the GPC sample.

1398 | Nanoscale Adv., 2022, 4, 1394–1407
FTIR spectra were recorded to analyze the surface functional
groups of waste wood and reveal the change of surface chemical
properties (Fig. 1d). For the biomass precursor ofWC, the bands
at 1100–1500 cm�1 are related to the C–O–C stretching vibra-
tions.31 The absorption bands located at 1550–1600 cm�1

correspond to the C]C and C]O stretching vibrations.32 The
absorption band at �2850 cm�1 is ascribed to the C–H
stretching vibration, and the broad absorption band at 3000–
3500 cm�1 is caused by the –OH stretching vibration from
adsorbed H2O.33 Such results suggest that the carbon precursor
possesses abundant oxygen- and hydrogen-containing func-
tional groups assigned to lignin and hemicellulose, which
favors the chemical activation generating rich porosity. Obvi-
ously, PC, GC and GPC samples present a similar and simple
FTIR spectrum with only weak absorption peaks of C–O and C]
C. The absorption bands of oxygen- and hydrogen-containing
groups (such as C]O, C–O, C–H and –OH) obviously weaken
and even disappear, which should be attributed to the etching
by KOH activation and the Fe catalyst on the carbon skeleton,
resulting in the decomposition of these components.

The chemical composition of the surface of the as-prepared
materials was further determined by XPS analysis. XPS survey
spectra (Fig. 2a) suggest that only C and O remained in GC, PC
and GPC samples. Fitting the spectra to each element suggests
that the resultant samples contain primarily carbon with
a content of 83.41–91.87 at% and a small amount of oxygen with
a content of 8.13–16.59 at% (Fig. 2b). The gradually decreased
content of oxygen in GC, PC and GPC should have resulted from
the different etching degrees of KOH and FeCl3. Meanwhile, the
suitable surface oxygen content contributes to the improvement
he high-resolution C 1s spectrum of the GPC sample. (d) The high-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the electrochemical properties of carbonaceous materials.34

The deconvolution of the C 1s spectrum reveals that the as-
prepared carbon materials are composed of four types of
carbon atoms. Taking the spectrum of C 1s of the GPC spectrum
as an example, the high-resolution C 1s spectrum (Fig. 2c) could
be deconvoluted into one sharp peak at 284.2 eV corresponding
to graphitic C–C .35 The other three peaks at 284.6, 285.7 and
289.5 eV are assigned to C–O, C]O and O–C]O, respectively.36

The O 1s spectrum could be tted into three peaks positioned at
531.6, 533.8 and 535.9 eV (Fig. 2d), which represents oxygen
atoms in C]O, C–O and –O–C]O, respectively.37 As a result,
the relatively high oxygen content is benecial to improve the
surface hydrophilicity of carbon materials, enabling good
accessibility of the electrolyte, resulting in an improved elec-
trochemical capacitive storage capacity in aqueous electrolytes.
Fig. 3 Structure and morphology characterization. (a) SEM image of WC
TEM image of GPC. (f) High-resolution TEM image of GPC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
The evolution of the microstructure and morphology was
revealed by SEM and TEM. The original WC precursor sample
shows a regular microchannel structure arrayed in parallel with
an average tube diameter of�5–6 mm, and the surface is smooth
with few pores (Fig. 3a). Aer only KOH activation, the PC
sample basically retains the aligned microchannel structure
inherited from the WC precursor (Fig. 3b). But some tubular
fragments can be observed in the PC sample, which should be
caused by KOH etching. The thickness of the channel walls is
around 1 mm and abundant tiny pores are present on the walls,
which is attributed to the KOH activation, resulting in the
formation of pores. For only the FeCl3 catalyst, the original
regular microchannel microstructure of WC has been greatly
damaged; the GC sample shows an irregular honeycomb-like
block structure with numerous surface macroscopic pores of
�1 mm (Fig. 3c), which should be attributed to the corrosion of
. (b) SEM image of PC. (c) SEM image of GC. (d) SEM image of GPC. (e)
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FeCl3 during the graphitization. Aer one-step synchronous
carbonization and graphitization using K2FeO4, GPC displays
an irregular particle shape with an interconnected hierarchical
framework (Fig. 3d), which should be ascribed to the synergistic
effect of KOH activation and Fe catalytic graphitization.
Compared to the GC sample, the surface of GPC is rough and
uffy with plenty of nanopores. The continuous hierarchical
pores of GPC can be further observed in the TEM image
(Fig. 3e), and the interconnected micropores and small meso-
pores are discernible. In the high-resolution TEM image
(Fig. 3f), the carbon skeleton of GPC is composed of an amor-
phous carbon structure and a short graphite layer with
a distinct lattice distance of 0.338 nm, suggesting a consider-
ably high degree of graphitization. Such a highly graphitized
carbon framework favors the enhancement of conductivity and
the improvement of charge transfer kinetics, resulting in
superior electrochemical capacitive storage capacity.

N2 adsorption–desorption measurements were performed to
investigate the porosity of the PC, GC and GPC samples. GC and
PC samples both exhibit a typical type I isotherm of the
microporous structure (Fig. 4a), and the sharp adsorption
inection at low relative pressure manifests a prominent
microporosity. Noticeably, the PC sample has a higher N2

adsorption amount than that of the GC sample, meaning
a larger micropore surface area, which should have resulted
from the further KOH activation. The GPC sample exhibits
a typical type I adsorption isotherm with a sharp adsorption
inection at a low relative pressure of <0.01 and a type IV
isotherm with a H3 type hysteresis loop in the relative pressure
range of 0.45–0.85 as well as an enhanced adsorbed amount at
a high relative pressure of 0.9–1.0, indicative of the coexistence
of micro–meso–macro hierarchical pores.38 The hierarchical
porosity can be further conrmed by the pore size distribution
(Fig. 4b). Obviously, GC and PC samples both have a hierar-
chical micropore size, and the micropores of GC are mainly
centered at 0.68 and 1.37 nm, and those of PC are mainly
centered at 0.51–1.27 nm. The GPC sample exhibits a hierar-
chical porous structure with narrow ultramicropores of
0.58 nm, supermicropores of 1.19–1.69, mesopores of 2.63 and
larger mesopores of 5–20 nm as well as the multiscale macro-
pores. The detailed pore textural parameters of GC, PC and GPC
samples are summarized in Table 1. It is easy to nd that the
activating agent KOH and the FeCl3 catalyst have a signicant
inuence on the structural characteristics of materials. When
Fig. 4 Pore structure characterization. (a) N2 adsorption–desorption iso

1400 | Nanoscale Adv., 2022, 4, 1394–1407
only the FeCl3 catalyst is used, GC shows a low surface area and
a small micropore volume. However, when only the activating
agent KOH is used, the PC sample exhibits a higher surface area
and a larger micropore volume, which validates that KOH is
indeed an efficient activating agent to create a developed
microporous structure. Due to the simultaneous activation and
catalytic graphitization of K2FeO4, the GPC sample shows a high
BET surface area with a suitable proportion of micro/
mesoporosity and a unique micro–meso–macro hierarchical
pore size.

Different from other highly corrosive activators, K2FeO4 is
a relatively mild activating agent/catalyst, which can afford
a high yield of porous graphitized carbon with a large surface
area and a superior hierarchical porosity. Based on the above
characterization results, the GPC sample exhibits some unique
structural features: (i) the large accessible surface area could
provide a large number of electroactive sites for ion accumula-
tion and energy storage; (ii) the well-interconnected hierar-
chical porosity composed of appropriate micro–meso–macro
pore size distribution promotes electrolyte penetration and
shortens the ion diffusion distance; (iii) highly graphitized
carbon skeleton ensures outstanding electrical conductivity for
ion transport and rapid electron transfer. Beneting from these
advantageous characteristics, GPC is expected to be a promising
electrode material for advanced EDLC storage devices.
3.3 Electrochemical capacitive storage capacity

To evaluate the advantages of GC, PC and GPC samples as
electrodes for supercapacitors, the electrochemical capacitive
performance of a single electrode was rst investigated in
various electrolytes by using a three-electrode system. The CV
curves of GC, PC and GPC materials at a scan rate of 50 mV s�1

in H2SO4, KOH and Na2SO4 aqueous electrolytes are displayed
in Fig. 5a–c, respectively. Obviously, the CV curves of all the
carbon electrodes present a quasi-rectangular shape with
a slight deformation in the three different aqueous electrolytes,
demonstrating a dominant EDLC nature with a limited pseu-
docapacitive behavior from the surface functional groups.39 The
area of the encircled CV curve reects the capacitance value,
and the larger CV area means a higher specic capacitance, and
thus GPC shows a better capacitive capacity than PC and GC. In
H2SO4 electrolyte, the CV curves, especially for the GPC sample,
show a set of broad redox peaks at around 0.5/0.2 V, which
therms and (b) pore size distribution of GC, PC and GPC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Pore textural properties of PC, GC and GPC samples

Sample SBET (m2 g�1) Smicro (m
2 g�1) Smeso (m

2 g�1) Vtotal (cm
3 g�1) ID/IG

GC 630.1 619.9 10.2 0.27 1.12
PC 1575.8 1551.5 24.3 0.64 1.24
GPC 1257.7 870.4 387.3 0.89 0.91
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indicates the existence of pseudocapacitive behavior from the
oxidation/reduction of surface oxygen-containing groups (such
as quinone groups). In KOH electrolyte, a slight hump peak
appears at around�0.8 V in all the CV curves, which could arise
from the pseudocapacitance related to the surface rich oxygen-
containing species.40 Similarly, a small tuber at around �0.2 V
appears on the CV curves in neutral Na2SO4 electrolyte, which is
related to the pseudo-faradaic reaction of surface quinone-like
groups (C]O).41 In addition, the CV curves of the GC sample
in the three electrolytes are the smallest and distorted, meaning
a poor capacitive capacity, which should have resulted from the
poor porosity and high surface oxygen content, hindering ion
transport. The GCD proles of GC, PC and GPC samples at
1 A g�1 in H2SO4, KOH and Na2SO4 electrolytes are plotted in
Fig. 5d–f, respectively. All the GCD curves exhibit a symmetric
Fig. 5 Electrochemical capacitive behaviors of GC, PC and GPC in differe
in (a) 1 M H2SO4, (c) 6 M KOH and (e) 0.5 M Na2SO4. GCD profiles at 1 A g
1 M H2SO4, (h) 6 M KOH and (i) 0.5 M Na2SO4 electrolytes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
triangular shape, indicating an ideal EDLC feature and good
electrochemical reversibility.42 Noticeably, the GCD curves in
H2SO4 electrolyte present a slightly obvious distortion with
a tailing drag in the low potential region, which could be
ascribed to the relatively more pseudocapacitance contribution
from the surface oxygen-containing groups. Moreover, the GCP
electrode shows the smallest IR drop in all three electrolytes,
meaning the lowest internal resistance and fast electron trans-
fer rate, which should be due to its highly graphitized carbon
skeleton with a prominent hierarchical porosity. Since the
discharge time represents the capacitance value, a longer
discharge time corresponds to a larger specic capacitance
value. As a result, the GPC sample exhibits the largest specic
capacitance value, which is consistent with the result of the CV
curves. The GPC electrode can achieve 354.8, 323.9 and 188.7 F
nt electrolytes using a three-electrode system: CV curves at 50 mV s�1

�1 in (b) 1 M H2SO4, (d) 6 M KOH and (f) 0.5 M Na2SO4. EIS analysis in (g)

Nanoscale Adv., 2022, 4, 1394–1407 | 1401
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g�1 in H2SO4, KOH and Na2SO4 aqueous electrolytes at 1 A g�1,
respectively, which are comparable and even higher than those
of many previously reported biomass-derived porous carbon
electrodes.43–46 Based on the capacitive performance of GC, PC
and GPC in different electrolytes, the PC electrode exhibits
a higher capacitance value than that of the GC electrode,
demonstrating that a superior porosity, especially a high
microporosity, plays a crucial role in the capacitive performance
of the material. Compared to the PC electrode, the GPC elec-
trode shows better capacitive properties in spite of its decreased
microporosity, which suggests that a highly graphitized carbon
skeleton and a hierarchical porosity can promote the capacitive
performance of the electrode. The remarkable capacitive
performance of GPC should be ascribed to the following
reasons: (i) its relatively large surface area provides more elec-
troactive sites for ion accumulation and energy storage; (ii) its
suitable proportion of micro/mesopores offers a more acces-
sible surface area, improving the utilization rate of surface
active sites; (iii) the well-interconnected hierarchical micro–
meso–macropore size facilitates efficient ion diffusion; (iv) its
nearly-perfect graphitized skeleton provides high electrical
conductivity, favoring rapid electron transport.

EIS analysis was employed to further investigate the elec-
trochemical capacitive performance of GC, PC and GPC elec-
trodes in the three aqueous electrolytes (Fig. 5g–i). All of the
Nyquist plots display a semicircle in the high frequency region
and an almost vertical line in the low frequency region,
implying a typical EDLC feature.47 The high frequency semi-
circle stands for the charge transfer resistance (Rct) of the
electrodes. It is clear that the Rct values of carbon electrodes in
H2SO4 and KOH electrolytes are much smaller than that in
Na2SO4, manifesting a more efficient ionic diffusion and
smaller ion transport kinetics as well as a lower steric
hindrance, which favors a better capacitive capacity. Further-
more, the IR drop values in Na2SO4 are slightly higher than
those in H2SO4 and KOH electrolytes, suggesting a higher
equivalent series resistance value, which is consistent with the
results of EIS analysis.

With respect to GC, PC and GPC electrodes, it can be clearly
found that their capacitance values in H2SO4 and KOH are
much higher than those in Na2SO4, which should be related to
the size of solvated electrolyte ions.48 The size of solvated H+ and
K+ ions is smaller than that of solvated Na+ (Table 2),49,50 which
endows the higher ions acceptability by the pores in H2SO4 and
KOH electrolytes, enabling better electrochemical capacitive
storage performance. Based on the above capacitive results and
related references,49 the adsorption of different electrolyte ions
on GPC with hierarchical pores is simulated (Fig. 6a). The
macropores can serve as electrolyte ions reservoirs and transfer
Table 2 The size of bare and solvated ions

H+ Na+ K+ SO4
2� OH�

Bare ion radius (nm) 0.115 0.095 0.133 0.290 0.176
Solvated ion radius (nm) 0.280 0.358 0.331 0.379 0.300

1402 | Nanoscale Adv., 2022, 4, 1394–1407
avenues, favoring electrolyte ions into the interior pores of GPC.
Mesopores promote the accessibility of electrolyte ions by
providing a wider transfer pathway for fast diffusion and
migration of electrolyte ions, which favors high capacitance
retention at fast charge–discharge rates. Micropores are the
major ion adsorption sites for ion accumulation, which bring
dominant contributions to capacitance. However, most micro-
pores of small size would limit the supply of electrolyte ions
with relatively large size, resulting in a limited enhancement of
capacitance. The interconnected hierarchical pores with the
spatial distribution of macropores, mesopores and micropores
greatly facilitate the accessibility of GPC to electrolyte ions and
the fast diffusion of numerous electrolyte ions. The electro-
chemical capacitive performance of carbon-based EDLCs
depends not only on the effective pores and surfaces properties
of porous carbons, but also on the match between the pore size
of porous carbons and the size of electrolyte ions. It can be
noted that different electrolyte ions can match different sized
pores and surfaces of porous carbons, and act as adsorption
sites for cations and anions, as presented in Fig. 6b–d. Solvated
H+ and K+ with a smaller size can reach smaller size pores of
GPC, and thus GPC has higher utilization for pores and surfaces
in H2SO4 and KOH electrolytes, leading to higher capacitance
values. The rate capability is more dependent on the capacity
match between positive and negative electrodes, including the
ion size and ionic conductivity. As a result, the GPC electrode
exhibits a satisfactory rate capability in KOH and Na2SO4

electrolytes.
To further evaluate the effect of electrolytes on the practical

capacitive performance of the GPC electrode for supercapacitor
application, a symmetric supercapacitor cell was assembled,
which is schematically illustrated in Fig. 7a. Two-electrode tests
of the assembled GPC-based symmetric supercapacitors were
performed in H2SO4, KOH and Na2SO4 electrolytes. Fig. 7b
depicts CV curves of the symmetrical capacitor at various scan
rates in H2SO4. A good symmetric CV curve can be observed
when the scan rate increases from 5 to 50 mV s�1, indicating
a good ion reversible adsorption–desorption process during
charge and discharge. A set of anodic and cathodic peaks are
centered at 0.25/0.55 V, which are caused by the faradaic
process of oxidation/reduction of quinone groups at the surface
of the GPC material. Such results are consistent with the anal-
ysis results of the three-electrode test. Fig. 7c shows the GCD
proles of the assembled GPC-based symmetric super-
capacitors at various current densities ranging from 0.5 to
8 A g�1 in H2SO4. All the GCD curves display a relatively
symmetrical triangular shape with slight deformation, sug-
gesting good capacitive performance and electrochemical
reversibility. The slight deformation at low voltage could be
related to the surface redox reaction, further conrming the
existence of pseudocapacitance. With the increase of current
density from 0.5 to 8 A g�1,�31.6% of capacitance retention can
be obtained in H2SO4 (Fig. 7d), indicative of a relatively low rate
capability, which could have resulted from the poor faradaic
reaction of surface groups at high current density. The CV
curves of the assembled GPC-based symmetric supercapacitor
exhibit a typical rectangular shape in KOH electrolyte (Fig. 7e).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Diagram of electrolyte ion diffusion and adsorption in the hierarchical pores of GPC. Diagram of different solvated ions residing in
hierarchical pores of GPC: (b) H2SO4; (c) KOH; (d) Na2SO4.

Fig. 7 (a) Schematic illustration of the GPC-based symmetric supercapacitor. Electrochemical capacitive behaviors of the GPC-based
symmetric capacitor in 0.5 M H2SO4: (b) CV curves at various scan rates; (c) GCD profiles at various current densities; (d) capacitances vs. various
current densities. Electrochemical capacitive behaviors of the GPC-based symmetric capacitor in 6 M KOH: (e) CV curves at different scan rates;
(f) GCD curves at different current densities; (g) rate capability; electrochemical capacitive behaviors of the GPC-based symmetric capacitor in
0.5 M Na2SO4: (h) CV curves with different operating voltage windows at 50 mV s�1; (i) CV curves at different scan rates; (j) GCD curves at
different current densities; (k) rate capability; (l) Nyquist plot in various electrolytes.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 1394–1407 | 1403
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With the increase of the scan rate from 20 to 200 mV s�1, the CV
curves still maintain the good rectangle-like shape, indicating
superior transportability of electrons and ions as well as a good
rate performance. The GCD curves display a symmetrical
triangular shape with no obvious IR drops (Fig. 7f). Even when
the current density increases to 10 A g�1, the GCD curve is
linearly symmetric, meaning an excellent reversible charge–
discharge behavior. The specic capacitance values of the GPC-
based symmetrical capacitor in KOH electrolyte at various
current densities are summarized in Fig. 7g. A high capacitance
value of 275.8 F g�1 at 0.5 A g�1 is achieved, and a satisfactory
capacitance of 174.6 F g�1 is still retained at even 10 A g�1 with
a capacitance retention of �64%, suggesting a satisfactory rate
capability, which is in line with the CV results.

A high operating voltage is vital for high energy density of
supercapacitors in practical applications. Neutral electrolytes
can withstand a higher operating voltage than acidic and alka-
line electrolytes by reducing the possibility of inducing the
water hydrolysis reaction because of either the hydrogen
evolution reaction or oxygen evolution reaction.21 Therefore, we
employed a neutral Na2SO4 solution as electrolyte to assemble
a GPC-based symmetric capacitor. As expected, the GPC elec-
trode can withstand a voltage of 1.6 V or higher in the Na2SO4

electrolyte without a signicant distortion of the anodic current
(Fig. 7h). A voltage window of 0–1.6 V was chosen to assess the
overall electrochemical capacitive performance of the GPC-
based symmetric capacitor in Na2SO4 electrolyte. With the
increase of the scan rate from 10 to 100 mV s�1, the CV curves
still maintain a good quasi-rectangular shape with no signi-
cant distortion (Fig. 7i), indicating superior rate capability.
Meanwhile, the GCD proles at various current densities from
0.2 to 5 A g�1 maintain a symmetric triangular shape (Fig. 7j),
manifesting its excellent electrochemical reversibility. Based on
the GCD curves, the GPC-based symmetric capacitor delivers
a capacitance value of 176 F g�1 at 0.2 A g�1, and importantly, it
still achieves a capacitance 112 F g�1 at 5 A g�1 with a capaci-
tance retention of �64% (Fig. 7k). Obviously, the capacitance
retention in Na2SO4 is signicantly higher than those in the
acidic and alkaline electrolytes at 5 A g�1. As solvated Na+ and
SO4

2� cannot enter smaller sized micropores, the ion adsorp-
tion sites need to be provided by mesopores and larger micro-
pores. As a result, the ion transport distances of solvated Na+

and SO4
2� are greatly shortened, and thus greatly increase pore

accessibility and accelerate the ion diffusion process. The high
mesoporosity ratio of the GPC electrode is very favorable for its
rate performance in Na2SO4 electrolyte.

EIS analysis was also carried out to evaluate the capacitive
behavior of the GPC-based symmetric capacitor in aqueous
electrolytes in a two-electrode system. The Nyquist plots of the
GPC electrode in various electrolytes are almost perpendicular
to the real axis in the low frequency region with a semicircle in
the high frequency region (Fig. 7l), suggesting an ideal EDLC
behavior. The order of the semicircular radius is as follows:
KOH < H2SO4 < Na2SO4, indicating lower Rct values in the KOH
and H2SO4 electrolytes than that in the Na2SO4 electrolyte,
which is consistent with the result of the three-electrode test. A
typical 45� slope can be clearly observed in the Nyquist plot of
1404 | Nanoscale Adv., 2022, 4, 1394–1407
the GPC electrode in the Na2SO4 electrolyte, which represents
Warburg resistance, manifesting that the adsorption process of
ions is limited by electrolyte diffusion. The above results
demonstrate that the GPC electrode has better electronic
conductivity in KOH and H2SO4 electrolytes than in Na2SO4

electrolyte.
The Ragone plots of the GPC-based symmetric super-

capacitors in different electrolytes are shown in Fig. 8a. The
highest energy densities obtained for GPC-based symmetric
supercapacitors in H2SO4 and KOH electrolytes are 7.7 and
9.7 W h kg�1, respectively. Such relatively low energy density
should be related to the small operating voltage. Obviously, the
GPC-based symmetric supercapacitor can deliver a high energy
density of 16.3 W h kg�1 at a power density of 161.9 W kg�1 in
neutral Na2SO4 electrolyte, which is nearly 2-fold higher than
those in H2SO4 and KOH electrolytes. Importantly, the energy
density of the GPC-based symmetric supercapacitor still
remains as high as 9.6 W h kg�1 at 3760 W kg�1 in Na2SO4,
which is superior to most of porous carbons.51–54 Such satis-
factory energy density should be beneted from its widened
working voltage as high as 1.6 V. Moreover, the cycling stability
of GPC-based symmetric supercapacitors in various aqueous
electrolytes was tested in a two-electrode system (Fig. 8b). The
results show that the assembled GPC-based symmetric super-
capacitors are excellently stable in the three aqueous electro-
lytes, and the 94.8, 93.2 and 92.1% capacitance retentions are
respectively obtained aer consecutive 10 000 charge–discharge
cycles at a current density of 1 A g�1 in KOH, H2SO4 and Na2SO4

electrolytes. As an application demonstration, we assembled
GPC-based symmetrical devices in series in Na2SO4 electrolyte
which power a LED bulb brightly (Fig. 8c) and sustain a lit LED
for about 80 s (Fig. 8d).
3.4 The effect of electrolytes on the electrochemical
capacitive properties of the GPC electrode

Considering the different requirements for symmetric capaci-
tors in practical applications, we compared the effect of elec-
trolytes on electrochemical capacitive behaviors of the GPC
electrode in the following six aspects: capacitance, rate capa-
bility, energy density, conductivity, cycle stability and operating
voltage. As displayed in Fig. 8e, the electrochemical capacitive
performance is better and better from inside to outside. The
outer region represents better performance. The capacitance
values of the GPC-based symmetric capacitor in KOH and
H2SO4 electrolytes are dominant, mainly beneting from the
smaller size of solvated H+ and K+ ions. The lowest capacitance
of the GPC electrode was observed in Na2SO4, which is because
of the less effective pores and surface caused by the large size of
solvated Na+ and SO4

2� ions. However, the rate capability of the
GPC electrode in Na2SO4 is satisfactory, which is mainly a result
of the shorter ion transport distances of Na+ and SO4

2� ions to
the surface of the GPC electrode. The rate capability of the GPC-
based symmetric capacitor in KOH is also good owing to the
small steric hindrance and fast ion mobility rate of K+ and OH�

ions. Furthermore, as a compensation of the low capacitance of
the GPC-based symmetric capacitor, a higher energy density is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Ragone plots of the GPC-based symmetric supercapacitor in different electrolytes. (b) The cycle stability of the GPC electrode at
1 A g�1 in different electrolytes. (c and d) The photograph of a LED lamp powered by the two symmetric capacitors in series. (e) The comparison
of the electrochemical performance of the GPC electrode in different electrolytes.
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achieved in Na2SO4 electrolyte, which should be due to its
higher working voltage of 1.6 V. The GPC-based symmetric
capacitor has better conductivity in KOH and H2SO4 than in
Na2SO4, which should be a result of the higher ionic conduc-
tivity of H+ and OH� in H2SO4 and KOH electrolytes. With
respect to cycle stability, the GPC-based symmetric capacitor is
relatively stable in the three electrolytes, especially in KOH,
beneting from its interconnected hierarchical porosity for the
effective transfer of charges/electrons in pores.

Based on the above analysis, it is believed that H2SO4 elec-
trolyte is suitable for small capacitors with a high capacitance
and a long cycle life. If a high energy density and a large working
voltage are required for aqueous symmetric capacitors, Na2SO4

electrolyte can be considered to be a better selection. The GPC
electrode shows good overall electrochemical performance in
KOH, and has wide applications in aqueous supercapacitors. If
a high-capacitance, low-resistance and long-life aqueous
supercapacitor is required, KOH electrolyte is the rst choice.
© 2022 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In summary, we report a simple, sustainable and effective one-
step strategy to construct highly graphitized porous carbon with
a high proportion of micropores, an ideal graphitic skeleton
and well-interconnected micro–meso–macropore size distribu-
tion. In this synthesis, K2FeO4 acts as both an activating agent
and graphitization catalyst to achieve the synchronous hierar-
chical pore-formation and graphitization. Beneting from the
unique structural features combining high micropore surface
area, superior conductivity and multiscale pore size distribu-
tion, the resultant GPC material presents an outstanding elec-
trochemical capacitive performance in various aqueous
electrolytes. Meanwhile, we established the relationship
between the structure of GPC and electrochemical capacitive
performance in different aqueous electrolytes, which would
provide a valuable reference for GPC-based supercapacitors in
different practical applications. We believe that our proposed
strategy can provide a new direction for large-scale utilization
Nanoscale Adv., 2022, 4, 1394–1407 | 1405
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and conversion of biomass to engineer highly capacitive
carbons in high-performance energy storage applications.
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