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Introduction

Oxygen-rich hierarchical porous carbon
nanosheets derived from the KOH/KNO5
co-activation treatment of soybean straw
for high-performance supercapacitorsy

Yunxuan Li,® Chuixiong Kong,?® Zurong Du, 2 *°° Ju Zhang,® Xuan Qin,”
Jiwei Zhang,® Chulin Li,° Yang Jin® and Shenggao Wang () *@

It is attractive to transform waste biomass into active carbon materials for energy storage via green
chemical methods. In this study, we successfully prepared porous carbon nanosheets (PCNs) for
carbon-based supercapacitors with a hierarchical porous structure and abundant oxygen-containing
functional groups via a novel KOH/KNOs co-activation method as an alternative to the common single
KOH activation method, adopting soybean straw (SS) as a precursor. PCNs were obtained via a mild
two-step conversion method with a high specific surface area of 1658.8 m? g%, a large mesopore and
macropore ratio of 34.61%, and a considerable oxygen content of 16.77 at%, mainly consisting of
hydrophilic carbonyl, carboxyl, and N-O functional groups compared to that in the single KOH activated
sample, and are also outstanding for SS-based carbon nanomaterials. In a three-electrode system, the
PCN electrode exhibited a high specific capacitance of 438 F g1 at a current density of 1 A g~2, as well
as an excellent capacitance retention of 91.32% when the current density increased to 20 A g%
Moreover, the symmetrical supercapacitor based on the PCN electrode provided a large energy density
of 16.09 W h kg™t at a power density of 249.55 W kg™, and a significant energy density of 9.39 W h kg~*
was achieved at a relatively high power density of 9141 W kg™, In addition, the PCN-based supercapacitor
exhibited excellent stability with 96.6% initial capacitance retention after 14 000 cycles at a large current
density of 10 A g~% Therefore, the novel KOH/KNO3 co-activation method can not only improve the
specific surface area and the porosity of SS-derived active carbon materials, but also implant abundant
oxygen-containing functional groups for superior charge storage. Our work provides a compact co-
activation method for the high-valued utilization of waste biomass resources.

routes to alleviate these two crises. In the case of electrical
energy storage, supercapacitors have the unique advantages of

Nowadays, the shortage of fossil fuels and environmental
pollution are the two major challenges facing the world.
Accordingly, the search for new renewable energy sources and
exploiting advanced energy storage techniques are important
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large power density, short charging time, long cycle life and an
environment-friendly nature, thereby receiving widespread
research interest in recent years." Currently, commercial super-
capacitors are mainly constructed based on carbon-based elec-
tric double-layer capacitance (EDLC) to provide a large power
density and excellent cycling stability.> However, such a device
generally exhibits a low energy density, mainly, owing to its lack
of sufficient charge storage sites, making it difficult to meet the
increasingly high electric energy demand of electronic devices.
In this case, by introducing heteroatoms such as N, O, P, and S,
or their compounds into the carbon lattice of existing high-
power-density carbon electrode materials, active functional
groups can be constructed to provide supplemental pseudoca-
pacitance sites for reversible redox reactions.’>”” Among them,
in the case of the oxygen heteroatom, it is easy to introduce
abundant C-O (hydroxyl and ether) and C—O (quinone,
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carbonyl and ester)-type functional groups considering the
high affinity between the C atom and O atom.® Active redox
functional groups and hydrophilic moieties can be injected by
suitably manipulating doping conditions, simultaneously
boosting charge storage capacitance and electrode wett-
ability.”"® Nevertheless, the achievement of high-performed
supercapacitors with a high energy density, while effectively
balancing ion transport and electron migration is still a huge
challenge.'! Alternatively, besides a large specific surface area,
the rational pore size distribution on the surface of the elec-
trode material is equally significant for achieving a large
capacitance performance as possible.’>'® The pores of carbon
materials can be categorized into micropore (<2 nm), meso-
pore (2-50 nm), and macropore (>50 nm) according to their
diameter. For their functions, micropores are the main charge
storage sites, mesopores can offer fast ion transport channels,
and macropores create additional buffering space for ion
transport."* In the ideal situation, hierarchical porous carbon
materials with a uniform pore size distribution are desirable,
which can promote the charge storage capacitance without
sacrificing the ion transport and interface contact.

Waste lignocellulose resources are naturally abundant, and
thus their rational utilization can not only save living space but
also provide added value. In recent years, the conversion of
biomass into carbon nanomaterials with a large specific surface
area for electrical energy storage via simple chemical treatment
has received significant attention because of is high compat-
ibility with the concept of green chemistry, typically involving
three steps of “pyrolysis-carbonization-activation”."™” More-
over, the natural texture of biomass can be utilized as a
template to replicate the target product, resulting in the for-
mation of a well-organized structure.'® With the advancement
of synthetic techniques, a two-step or even one-step conversion
method has been successfully developed recently to construct
the target products with a shorter treatment period, reduced
preparation cost, and improved utilization rate of raw
materials.'®' Soybean is a major source of vegetable protein
and planted widely around the globe. It is noteworthy that a
large amount of waste lignocelluloses is produced during the
harvesting of this crop, such as bean shell, straw and root.****
Also, among them, soybean straw (SS) has a distinct framework
including honeycomb-like epidermis, leaf vein, and fibrous
tissue, which can promote the formation of well-structured
carbonized products, and therefore the rational utilization of
SS during soybean harvesting is not only beneficial for environ-
mental protection, but also brings significant economic
benefits. In this respect, researchers have reported several
high-efficient three-step conversion methods for the utilization
of waste SS resources. For example, Xu et al. prepared a porous-
interlinked N/O co-doped nanographite sheet employing a
“nickel salt co-hydrothermal treatment-carbonization-activation”
process.>* The use of Ni(NO;), as a transition metal salt for the
co-hydrothermal pyrolysis of SS can significantly improve the
graphitization of the product and introduce abundant N/O func-
tional groups and pores, meanwhile maintaining a high specific
surface area. As a result, the supercapacitor fabricated with the
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obtained NNiSSC nanographite sheet exhibited an excellent spe-
cific capacitance of 407 F g~* at a current density of 0.5 A g%,
good capacitance retention of 78.62% when loaded at 20 A g *,
high energy density of 36.11 W h kg™ ' at a power density of
517.8 W kg™', and good stability with 87.5% capacitance
retention after 10 000 cycles. Recently, Jiao et al. proposed an
advanced “liquid phase transformation-hydrothermal carboni-
zation-activation” method to process the SS precursor.>® The
liquid phase transformation of SS in the initial stage can
efficiently break the tight-binding covalent networks attached
to the solid-state precursor, resulting in an enhancement in the
subsequent activation step and promotion of the N/O co-doping
level for the obtained layered porous carbon nanoflowers.
Regarding its benefits, the symmetric supercapacitor provided
a high specific capacitance of 220 F g~ ' at a current density of
0.5 A g7', a large energy density of 11.24 W h kg™ ' at a power
density of 400 W kg™', and excellent cycle stability with a
capacitance retention rate of 99.2% after 10000 cycles. The
above-mentioned works indicate that it is highly feasible to
construct superior porous carbon materials as supercapacitor
electrodes adopting rich SS derived from soybean harvesting.
Nevertheless, the three reaction steps are still tedious from the
viewpoint of green chemistry, which is disadvantageous to
shorten the handling period and reduce the cost for industrial
mass production. Therefore, it is still a significant challenge to
finely manipulate the pore size distribution and heteroatom
doping level of SS-based porous carbon electrode materials
through cost-effective, green and time-saving processing tech-
niques, and further for application as superior supercapacitors
with efficiently balanced energy density, specific capacitance,
rate performance, and cycle stability.

As a common inorganic salt, KNO; has been commonly
employed as an oxidant or a pore-forming reagent during the
pretreatment period of various biomass precursors.’®>® The
critical roles of KNOj; in these works are summarized as follows:
(1) after heating, KNO; is strongly oxidative to suppress the
dense stacking of the precursor due to cyclization, facilitating
the sufficient penetration of the following activation reagent,
which is beneficial for the formation of an ordered porous
texture. (2) At high temperature, KNOj; easily undergoes violent
redox reactions with amorphous carbon, leading to significant
volume expansion of the precursor in a short time, which can
greatly elevate the specific surface area of the obtained product.
Due to these characteristics, biomass-derived carbon materials
with KNO; pretreatment commonly exhibit a superior capaci-
tance performance compared to that without KNO; pretreat-
ment. Nevertheless, there are few works reporting the use of
KNO; as a post-treatment reagent in the activation step to date
to the best of our knowledge.”*' It can be reasonably pre-
dicted that the texture, heteroatom content, and the resulting
relevant electrochemical performance of the obtained carbon
materials will be greatly adjusted when employing KOH/KNO3
as a co-activator instead of single KOH because of the potential
oxidative doping, violent volume expansion and enhanced
etching effect. Moreover, the addition of suitable KNO; to
KOH as a co-activator does not require additional reaction
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steps or treatment process, and therefore it is simple, and
meanwhile highly efficient, fully matching with the concept
of green chemistry. Due to these considerations, we attempted
to exploit a compact KOH/KNO; co-activation method adopting
widespread SS as the biomass precursor in this work. Employ-
ing a two-step process consisting of a carbonization reaction
and gentle co-activated treatment at 800 °C, desirable porous
carbon nanosheets (PCNs) were obtained with a large specific
surface area (1658.8 m* g~ '), abundant hierarchical pore struc-
tures (mesopore and macropore ratio of 34.61%), and high
oxygen doping level (16.77%). Notably, the doped oxygen ele-
ment mainly consisted of hydrophilic carbonyl, carboxyl, and
N-O functional groups, which promoted the electrode kinetics
and ion migration rate in the aqueous electrolyte, meanwhile
offering beneficial pseudocapacitance activity for greater
charge storage.”'' Therefore, our work provides a useful
KOH/KNOj; co-activation method for the simple preparation
of superior biomass-derived porous carbon materials with
suitable hierarchical porous textures and high oxygen doping
contents.

Experimental
Materials

Soybean straw (SS) was collected from a suburban area in
Wuhan, China. KOH (99.9%) and KNO; (99.9%) were purchased
from Sinopharm Chemical Reagent Co., China. All chemical
reagents and raw materials were used as received without any
treatment unless otherwise specified.

Preparation of SS-derived PCNs

The SS (10 g) was pulverized, and then carbonized under an
argon atmosphere at a temperature of 600 °C for 3 h to obtain
the carbonized product (labeled as SSC) with the weight of
2.7 g. Following this step, SSC (2 g) was further grounded and
mixed evenly with KOH and KNO; in ionized water at
the weight ratios of 1:2:0, 1:2:0.5, 1:2:0.6, and 1:2:0.7,
respectively. The mixture was dried at 80 °C after reacting for
6 h, and then heated at a temperature of 800 °C for 3 h in a
tubular furnace under an argon atmosphere. The resulting
power was washed with 20 wt% HCI and deionized water until
to neutrality, and then dried at 80 °C overnight to obtain the
final products, which were labeled as SSC2-X (where X = 0, 0.5,
0.6, and 0.7 represent the weight ratio of SSC to KNOj;, and
2 represents the mass ratio of SSC to KOH).

Material characterization

The morphology of the sample was characterized using a JSM-
7100F field emission scanning electron microscope (FE-SEM) at
the accelerating voltage of 5 kV and JEM-2010 transmission
electron microscope (TEM) at the accelerating voltage of
200 kV. The element content of the sample was collected with
an XPS-VG Multilab2000 X-ray photoelectron spectrometer.
The Raman spectra of the sample were recorded with a
LABRAM-HR Laser Raman spectrometer at a wavelength of
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532 nm. The specific surface area and pore size distribution
of the sample were analyzed using an Autosorb-iQ analyzer
via N, adsorption-desorption isotherms measured at room
temperature.

Electrochemical measurement

In the three-electrode system, the working electrode was made
as follows: the ink was firstly prepared by mixing 5 mg of SSC2-
X (X =0, 0.5, 0.6, and 0.7), 40 pL of Nafion solution (DuPont,
China) with a resin solid content of 5 wt%, 400 L of deionized
water, and 400 pL of ethanol. Then, the working electrode was
prepared by dropping the ink onto a glassy carbon electrode
with a diameter of 3 mm. In a 6 M KOH solution, the electro-
chemical performance of the sample was tested using the three-
electrode system with Pt foil as the counter electrode and
Hg/HgO electrode as the reference electrode. The voltage win-
dows for cyclic voltammetry and galvanostatic charge-
discharge (GCD) testing were —1 to 0 V, while the frequency
range for electrochemical impedance spectroscopy was 10> Hz
to 10> kHz with an amplitude of 5 mV. A CHI760E electro-
chemical workstation (Chenhua, China) was used for the
electrochemical performance measurements.

The specific capacitance (C, F g~ ") of the working electrode
was calculated using the GCD curve and eqn (1), as follows:

I-At
= 1
m-AV M

where I (A) is the discharge current, At (s) is the discharge time,
AV (V) is the potential window, and m (g) is the total mass of
active substance on the working electrode.

In the two-electrode system, the symmetrical supercapacitor
was made as follows: the biomass product, acetylene black,
and PVDF binder were evenly mixed and ground in a mortar
with the weight ratio of 8:1: 1. Then, an appropriate amount of
NMP solution was added into the mortar and stirred thor-
oughly to achieve a homogeneous slurry. After that, the slurry
was uniformly coated on a foam nickel sheet (1 x 1 cm?) as the
supporting substrate and dried in an oven at 80 °C for 8 h for
use as the working electrode of the symmetrical supercapacitor.
The volume density of the active materials in each electrode
was about 703.5 mg cm . At last, the symmetrical super-
capacitor was fabricated by placing the two foam nickel sheets
with the same coatings on the two sides of a fibrous filter
paper as the electrode separator. The button-shaped cell was
assembled by adding 6 M KOH as the electrolyte, packing with
a pair of 2032 stainless steel shells and pressing for 3 s at a
pressure of 6 MPa.

The specific capacitance (C;, F g ') of the symmetrical
supercapacitor was using the GCD curve and eqn (2), as
follows:*

I-At
s — 2
¢ m-AV 2)

where m (g) is the total mass of active substance in both
electrodes, I (A) is the discharge current, At (s) is the discharge
time, and AV (V) is the voltage window. The energy density

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(E, W h kg™ ") and power density (P, W kg™ ') of the symmetric
supercapacitor were determined using eqn (3) and (4), as
follows:

Cs - AV?2
T 2x36 ()
E x 3600
p=—""" 4
A7 (4)

where C; (F g7') is the specific capacitance obtained from
eqn (2), AV (V) is the voltage window during the discharge
period, and At (s) is the discharge time.

Results and discussion
Morphology and pore structure

As shown in Scheme 1, a gentle two-step “carbonization-
activation” method was employed to prepare porous carbon
materials. The carbonized sample SSC (Fig. S1(a) and (b), ESI{)
exhibited a close-stacked structure with intact macropore chan-
nels, which is probably caused by the natural templates within
the SS.” To improve the electrochemical activity of the carbo-
nized product, chemical activation was further conducted.
In general, the typical three-step treatment method was adopted
for the biomass SS precursor with independent pyrolysis, carbo-
nization and activation steps. Because of the shortened reaction
steps in this work without the pyrolysis procedure, the strong
oxidative KNO; was introduced in the activation step for the
purpose of strengthening the etching and activating effects.
As calculated, the weight yield of the samples involving the two
reaction steps was 16.74%, 14.58%, 13.50% and 12.96%, respec-
tively. The reduced yield of the co-activated samples was caused by
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Fig. 1 (a) and (c) FE-SEM images of the SSC2-0 sample; (b) and (d) FE-
SEM images of the SSC2-0.6 sample; (e) TEM image of the SSC2-0 sample;
(f) TEM image of the SSC2-0.6 sample.

additional etching due to the introduction of KNO;. As can be
observed in Fig. 1(a) and (b), the SSC2-0 sample activated with
single KOH partially retained the compact texture inherent in the
carbonized product; moreover, there were many protruding gra-
phite sheets and a few irregular pore structures attached on its
surface, which can be attributed to the concurrent catalysis and
etching processes by KOH.'®'® In comparison, the SSC2-0.6

& Carbonization

600°C, 3h

g Eéﬂ o
Carbonized Soybean |

Soybean Straw (SS) Stalk (SSC)

Scheme 1 Synthesis routes of the samples in this work.
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sample prepared with KOH/KNO; co-activation showed a fluffy
lamellar structure with interconnected pores. Therefore, the addi-
tion of KNO; could significantly alter the morphology of the
resultant activated carbon product. The reason for this is similar
with previous works adopting KNO; as a pretreating reagent.
KNO; reacts violently with unstable amorphous carbon after heat
absorption, thus releasing a large amount of gas quickly for the
huge volume expansion of the carbon lattice.>® Subsequently,
the released K ions and oxidizing gases strongly etched the
carbon framework at high temperature, and moreover the etching
effect was promoted with an increase in the content of KNO;.
To investigate the influence of the addition of KNO; on the
appearance of the carbonized product, co-activators with varying
mass ratios of Mgom : Mxno, = 1:0.5, 1:0.6, and 1:0.7 were used,
and the corresponding sarhples were labeled as SSC2-0.5, SSC2-
0.6, and SSC2-0.7, respectively. Both the density and the size of
pores on the surface of the fluffy porous carbon materials were
significantly enhanced with an increase in the content of KNO;
from 1:0.5 to 1:0.6 (Fig. Si(c) and (d), ESIY), respectively.
However, with a further increase in the KNO; content to 1:0.7,
the amount of micropores decreased significantly, while the
macropore size further expanded (Fig. S1(e) and (f) in the ESIY),
respectively, which is likely due to the apparent pore collapse
caused by excessive etching, as verified by the following BET
analysis (Table 1). Therefore, the optimal KOH/KNO; ratio in this
study was 1:0.6. Moreover, it is obvious from the TEM imaging
(Fig. 1(e) and (f)) that the SSC2-0.6 sample was composed of thin
and textured nanosheets with size-dispersed nanoscale pores.
Comparatively, the SSC2-0 sample was tight and lacked pores.
The above-mentioned analysis indicates that the KOH/KNO; co-
activation is an effective method to prepare PCNs with abundant
hierarchical porous structures.

The specific surface area and pore characteristics of the
samples were investigated by N, adsorption-desorption iso-
therms. The carbonized sample SSC exhibited low N, adsorp-
tion and a type II adsorption-desorption isotherm (Fig. S2,
ESIt), implying the retained macropores in the initial SS
precursor. In contrast, the KOH-activated sample (SSC2-0)
showed completely different N, adsorption-desorption proper-
ties (Fig. 2(a)). The total N, adsorption amount not only
increased significantly, but also the adsorption-desorption
isotherm shifted to type IV, indicating the formation of abun-
dant superficial micropores and mesopores. Moreover, the
isotherm exhibited a type H4 hysteresis loop at relatively high

Table 1 Pore distribution characteristics of the samples
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Fig. 2 (a) N, adsorption—desorption isotherms. (b) Pore size distributions

of the samples.

pressures (0.4 < P/P, < 0.99), indicating the presence of
hierarchically porous structures.'>*? Similar to SSC2-0 acti-
vated with single KOH, the samples co-activated with KOH/
KNO; (SSC2-X (X = 0.5, 0.6, and 0.7)) also exhibited a hierarch-
ical porous structure with type IV adsorption-desorption isotherm
and type H4 hysteresis loop. Differently, the N, adsorption
amount at all the tested pressures increased remarkably after
co-activation, and among them SSC2-0.6 showed the largest
increment of more than 1.5 times because of its suitable KNO;
content. However, with a further increase in the KNO; content
(mxomn : Mxno, = 1:0.7), the total N, adsorption amount signifi-
cantly decreased, indicating probable pore collapse because of
the excessive KNOj3, which is consistent with the morphology
feature of the SEM image (Fig. S1(d), ESIT). Adopting the DFT
model, the pore size distribution of the activated/co-activated
samples was calculated. The varying trends of the samples are
plotted in Fig. 2(b), and the calculated specific surface areas are
listed in Table 1. Compared to single KOH activation (SSC2-0),
the KOH/KNOj; co-activated samples (SSC2-X (X = 0.5, 0.6, and
0.7)) showed a significant increase in specific surface area, pore
volume, and ratio of mesopores and macropores, implying the
effective morphology regulating role of KNO,;.>”?® 1t is note-
worthy that SSC2-0.6 prepared with the optimal ratio of myo
Mxno, = 1: 0.6 in this work provided the largest specific surface
area of 1658.80 m> g ', total pore volume of 0.84 cm® g%,
considerable mesopore and macropore volume of 0.29 cm?® g™,
and average pore size of 2.02 nm, which are all outstanding for
soybean biomass-derived carbon electrodes (as summarized in
Table 2). Therefore, the KOH/KNO; co-activation is superior
to single KOH activation in terms of improving specific sur-
face area and porosity for target carbon electrode materials.

Pore volume (cm® g™ ")

Sample SBETa (mz gil) V'l‘otb Vo nmc Va >2 nmd V<o nm/ Vot (%) Vi =2 nm/VTot (%) Davee (nm)
SSC2-0 1158.43 0.55 0.45 0.10 81.79 18.21 1.89
S$SC2-0.5 1456.17 0.70 0.53 0.17 75.68 24.32 1.93
SSC2-0.6 1658.80 0.84 0.55 0.29 65.39 34.61 2.02
S$SC2-0.7 1643.26 0.77 0.62 0.15 80.88 19.12 1.87

“ The specific surface area is calculated from the BET method. ” The total pore volume is obtained at P/P, = 0.99. © The micropore volume is
calculated from the DFT method. ¢ The mesopore and macropore volume of V,,~,nm is calculated from Vo, — Vi< 2nm- ¢ The average pore size is

calculated by the BET method.
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It is expected that the optimized structure can offer rich charge
storage sites, and at the same time, favorable ion transport
channels and buffering regions for supercapacitors.*?

Microstructure and surface chemical property

Fig. 3(a) shows the Raman spectra of the samples prepared with
different activator ratios (SSC2-X (X = 0, 0.5, 0.6, 0.7)). All the
samples exhibited two distinct peaks at approximately
1350 cm™ " and 1600 cm ™, corresponding to the D-band and
G-band of obtained carbon materials, respectively. In general,
the D-band is caused by the breathing modes of sp® carbon
atoms within the rings, which directly verifies the presence
of defective carbon. Alternatively, the G-band originates from
the stretching vibrations of the sp® carbon atom pairs, which
represents the degree of graphitization of the carbon
lattice.***> As a result, the higher intensity ratio of the
D-band to G-band (Ip/Ig), the larger the degree of defects. The
calculated Ip/I; for the four samples is 0.96, 1.34, 1.44, and
1.53, respectively. The degree of surface defects increased
significantly with the introduction of KNO; and continuously
improved with the accumulation of KNO;. This is consistent
with the results of the BET analysis, which suggests that
KNO; not only caused significant volume expansion in the
co-activated products but also introduced abundant pores as
defects. Moreover, no obvious 2D-band peak was observed at
about 2700 cm™" in the Raman spectra of the samples, imply-
ing that the prepared carbon materials were mainly defect-
enriched few-layered PCNs. This structural feature is beneficial
to achieve a high specific surface area and provide abundant
active sites for charge storage. In addition, the X-ray diffraction
(XRD) patterns of the samples (Fig. 3(b)) exhibit a broad (002)
peak together with faint (100) and (101) peaks, indicating the
amorphous feature of the obtained carbon materials. In com-
parison to the SSC2-0 sample, the (002) peaks of the three
co-activated samples shifted slightly towards lower 26 angles
(26.1° vs. 25.0°% 23.9°, and 22.7°), reflecting an enlarged inter-
layer distance in the graphite structure. Applying the Bragg
equation (2d,, sin 6 = nl) to the XRD spectra, the average (002)
interlayer distances for SSC2-0, SSC2-0.5, SSC2-0.6, and SSC2-
0.7 were calculated to be 0.34 nm, 0.36 nm, 0.37 nm, and
0.39 nm, respectively.'>*> The larger interlayer distances of the
three co-activated samples are attributed to the abundant
nucleation sites because of the explosive effect of the KNO;
reagent,®®*® and the loose structure caused by the large
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Fig. 3 (a) Raman spectra and (b) XRD patterns.
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interlayer distance probably contributed to the higher capaci-
tance performance.

XPS measurement was employed to further investigate the
effect of different KNO; contents on the chemical composition
and functional groups attached to the surface of the samples.
As shown in Fig. S3 (ESIt), all the samples exhibited intense
emitting peaks at approximately 284 eV and 532 eV, corres-
ponding to the C and O elements, respectively. Additionally,
a weak N characteristic peak was detected at about 400 eV. The
elemental contents of the samples are also summarized in
Table S1 (ESIt), which indicate that the O content was con-
tinuously enhanced with an increase in the content of KNO;,
implying the significant oxidative doping effect of KNOj;. In the
case of SSC2-0.6 with the highest specific surface area and total
pore volume, its O and N contents remained as high as
16.77 at% and 2.35 at%, respectively. To deeply understand
the doping role of KNOj3, the full spectra of C 1s and O 1s were
further analyzed. Fig. 4(a) and (c) depict the deconvoluted C 1s
spectra and relevant statistical diagrams of the C-containing
functional groups. The spectra could be split into four types of
functional groups including sp*-C, sp>-C, C=0, and 0O-C=O0,
corresponding to the peaks located at 283.98 eV, 284.80 eV,
286.11 eV, and 288.76 eV, respectively.>*® Among them, sp>-C
and sp>-C individually indicate basal plane carbon and defec-
tive carbon, respectively, while C=O refers to carbonyl, ketone,
or aldehyde; and O-C=—O0 represents carboxyl, carboxylic anhy-
dride, or ester.”'® Compared to SSC2-0, the three co-activated
samples (SSC2-X (X = 0.5, 0.6, and 0.7)) exhibited significantly
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increased sp*>-C, C=0 and O-C=O0 contents together with a
remarkable reduction in sp>-C moieties, which can be attrib-
uted to the breaking of the chemical bond in the carbon lattice
caused by the rapid volume explosion and strong oxidative
etching effect originating from KNO;. This explanation can also
be supported by continuously decreased sp>-C moieties accom-
panied with the addition of KNO; and the above-mentioned
Raman spectra analysis. Furthermore, the high-resolution O 1s
spectra (Fig. 4(b) and (d)) indicate that a conversion process
occurred from the carbon-oxygen single bonds into carbon-
oxygen double bonds due to their strong oxidation by KNO;.*”
In addition, the introduction of N-O functional groups origi-
nated from both the self-doping of SS and KNO; doping. The
previous investigations suggested that quinone-type C—O
bonds and N-O functional groups can provide effective pseu-
docapacitance in alkaline electrolyte due to their relatively high
redox activity in comparison to other O-containing functional
groups.®"°

Based on the above-mentioned analysis, the possible bene-
fits of the KOH/KNO; co-activation as an alternatively to single
KOH activation can be summarized as follows: (1) the rapid
volume expansion of the precursor in the initial activation stage
caused by the explosive KNOj3, allowing the uniform distribu-
tion of the activators to create a well-ordered hierarchical porous
structure with more pores, and simultaneously enhanced meso-
pore and macropore ratio, resulting in abundant charge storage
sites, meanwhile accelerating the ion transfer kinetics. (2) The
strong oxidative doping effects of KNO; promote the production
of quinone-type C—O0 and N-O functional groups for reversible
charge storage, as well as hydrophilic carboxyl and ester func-
tional groups to reduce the electrode/electrolyte interface resis-
tance. The role of the KNO; was further verified via the following
electrochemical performance measurements.

Electrochemical performance in three-electrode system

The CV curves of the activated/co-activated samples (SSC2-X
(X=0, 0.5, 0.6, and 0.7)) in 6 M KOH electrolyte are shown in
Fig. 5(a). All the curves exhibited a quasi-rectangular shape at a
large scanning rate of 100 mV s~ ', reflecting their good EDLC
behavior.*® Moreover, two broad potential peaks appeared in
the range of —1 V to —0.5 V, suggesting concurrent pseudoca-
pacitance behavior caused by the abundant oxygen-containing
functional groups in the defective sites of the graphitic plane.*®
The integral area of the CV curve can represent the amount of
stored charge,”® and it is clear that the retained charges of the
KOH/KNO; co-activated samples (SSC2-X (X = 0.5, 0.6, and 0.7))
were much higher than that of the sample with single KOH
activation (SSC2-0), and the highest charge capacitance was
achieved for the SSC2-0.6 with the integral area of 360.0 C g™,
which can be attributed to its largest specific surface area,
optimal pore distribution, and abundant oxygen-containing
functional groups. Therefore, the addition of KNO; can simul-
taneously contribute both the EDLC and the pseudocapaci-
tance.’’ The GCD curves of the samples at a current density
of 1 A g~ " are shown in Fig. 5(b), and all curves exhibit highly
symmetrical isosceles triangle shapes, indicating their excellent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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charge-discharge reversibility.*> According to the GCD curves,
the specific capacitance, C, of the SSC2-X samples (X = 0, 0.5,
0.6, and 0.7) is 234, 362, 438, and 412 F g~ ', respectively,
apparently demonstrating that the C; of the KOH/KNO; co-
activated samples is much higher than that of the single KOH
activated sample (SSC2-0). With the addition of KNOj, the
increased specific surface area created abundant active sites
and the expanded porosity provided sufficient ion diffuse and
buffered spaces, thereby promoting the specific capacitance.*?
However, the excessive KNO; in SSC2-0.7 caused over-etching
toward the graphitic planes, leading to their undesirable
pore collapse, thus suppressing the specific surface area and
porosity (Table 1), reducing the number of active sites and
accumulative ion traps.** Moreover, suitable oxygen-containing
functional groups on the surface can promote the desolvation
process of ions through solvent adsorption effect as well, while
excessive oxygen-containing functional groups (SSC2-0.7) may
block the pore channels, leading to an increase in ion transport
resistance.®*> Consequently, It can be reasonably predicted
that SSC2-0.6 has the optimal amount of oxygen-containing
functional groups with the oxygen elemental ratio of 16.77 at%.
We further investigated the charge-discharge rate performance
of the samples (SSC2-X (X = 0, 0.5, 0.6, and 0.7)), and the
specific capacitance at different current densities ranging from
1Ag'to20Ag"isshown in Fig. 5(c). At a high current
density of 20 A g~', the capacitance retention rates of the
samples are 89.74%, 96.69%), 91.32%, and 92.23%, respectively;
and among them, the SSC2-0.6 also maintained the highest
specific capacitance of 400 F g ', verifying its superior hier-
archical pore structure and rational distribution of oxygen-
containing functional groups. Moreover, the CV curves of the
SSC2-0.6 sample at different scanning rates (Fig. 5(d)) main-
tained a quasi-rectangular shape and the GCD curves at differ-
ent current densities (Fig. 5(e)) kept a similar isosceles triangle
at different current densities, demonstrating its excellent rate
performance. Fig. 5(f) records the capacitance retaining rates of
the SSC2-0.6 sample under continuous GCD cycles compared
to the first cycle, where the rate was maintained at 93.18%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(410 F g~ ") after 2000 cycles and the GCD curve approximately
kept the same shape as the first cycle (the inset of Fig. 5(f)),
suggesting its good GCD stability.”>*® Therefore, the working
electrode fabricated with the SSC2-0.6 sample exhibited an
excellent electrochemical performance involving specific capa-
citance, rate performance, and cycle stability due to its suitable
KNO; content.

To investigate the electrochemical kinetic behavior of the
obtained electrode materials, their AC impedance spectra were
measured in the frequency range of 10> Hz to 10° kHz at the
potential amplitude of 5 mV. As shown in the Nyquist plots
(Fig. 6(a) and (b)) of the samples, the linear curves in the low-
frequency region represents the Warburg impedance (Z,,) deter-
mined by the mass transfer process, while the semi-circular
curves in the high-frequency region is the charge transfer
resistance (R.), which is related to the superficial functional
groups and as well as internal structural characteristics. It is
obvious that the KNO3;/KOH co-activated samples have linear
slopes close to 90° in the low-frequency region, which is very
different from the SSC2-0 sample with a slope approaching 45°,
implying its better EDLC behavior due to the co-activation
treatment. The measured resistance spectra were further fitted
into the equivalent circuits using the Zview software, as shown
in the inset of Fig. 6(b), and the values of the fitted R, Zy
and R (the ionic resistance of electrolyte) are summarized in
Table S3 (ESIT). The results indicate that the R, for the samples
is 10.73 Q, 4.13 Q, 3.40 Q, and 3.84 Q, respectively, demonstrat-
ing a significant reduction in R after the addition of KNO; as
the activator to create abundant pore channels for ion diffusion
and buffering, resulting in an accelerated charge transfer rate.
Additionally, the R of the co-activated samples (3.19-3.63 Q)
was also significantly reduced compared to that of SSC2-0
(4.57 Q), reflecting the largely suppressed ion contact resistance
between the electrode surface and electrolyte interface, which
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can be attributed to the favorable electrolyte permeation due to
the accumulation of hydrophilic oxygen-containing functional
groups.® Comprehensively, the working electrode fabricated
with SSC2-0.6 exhibited a superior electrode kinetic process
including mass transfer, charge diffusion and electrolyte trans-
port due to the optimization of its hierarchical pore structure
and weakened ion transfer impedance. Furthermore, the diffu-
sion kinetics of the electrode can be described by the diffusion
coefficient, D, which was calculated using eqn (5) and (6), as
follows:>"

RT?
T 2424 C2FA 2 (5)
1
Z' =R+ Rcr +ow™2 (6)

where R is the thermodynamic constant, T is the thermo-
dynamic temperature, A is the effective area of the electrode,
n is the number of electrons, C is the ion concentration, F is the
Faraday constant, ¢ is the Warburg factor, and o is the angular
frequency in the low-frequency region. According to eqn (5) and (6),
the Warburg factor ¢ is the reverse of the diffusion coefficient D.
The Warburg factors of the samples were calculated via linear
fitting (Fig. 6(c)), which showed that SSC2-0.6 has the lowest ¢
value (11.51), corresponding to the largest D among the sam-
ples. This result is consistent with the impedance analysis,
indicating the excellent hierarchical porous structure of the
SSC2-0.6.

To inspect the ion transfer kinetics of the electrode, the
relationship between frequency and phase angle was estab-
lished (Fig. 6(c)) to obtain the Bode plots (Fig. 6(d)). It can be
observed that at the low limit of 10~> Hz, the phase angles of all
the samples were below 90° (76.6°-78.1°), suggesting dominant
pseudocapacitance behavior. The characteristic frequency at
the 45° phase angle reflects the transition speed of the elec-
trode from resistive behavior to capacitive behavior.*” Thus, the
response time, 7,, can be calculated using the formula 7, = 1/f;,
where a low response time represents a fast ion transfer rate.*®
The 7, of the four samples is 0.23 s, 0.09 s, 0.11 s, and 0.14 s,
respectively, indicating a significantly reduced response time of
the co-activated samples due to their abundant hierarchical
pore structure and large specific surface area, which allows the
electrolyte to quickly access the electrode surface. Therefore,
the electrode fabricated with the SSC2-0.6 sample has a bene-
ficial diffusion coefficient and low response time, providing a
fast kinetic route for electrolyte ions.

To verify the charge storage mechanism of the samples,
their electrochemical behaviors were investigated using Dunn’s
power law equation. In general, there are two charge storage
mechanisms in the working electrode, i.e., one is capacitance-
controlled static adsorption—-desorption process of electrolyte
ions on the surface of the electrode, which corresponds to
EDLC behavior; the other is a diffusion-controlled redox reac-
tion process occurring at the electrode/electrolyte interface,
corresponding to pseudocapacitance behavior.*® By fitting the
CV curves of the working electrode at different scanning rates,
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the charge storage behavior was analyzed using eqn (7) and (8),
as follows:*

i=a’ (7)

logi=loga + blogv (8)

where a and b are variable parameters, and v is the scanning
rate. Thus, the slope of the curve of logi vs. logv can be used to
calculate the b value. Typically, when b = 1, it indicates that the
energy storage is mainly capacitive; when b = 0.5, dominant
diffusive behavior is implied; and when b is between 0.5 and 1,
it suggests that the charge storage is a mixed kinetic-controlled
process.” According to the calculation, the b values for all
samples are between 0.5 and 1 (Fig. 7(a)-(c)), demonstrating
that the charge storage is double controlled by both capacitance
and diffusive processes. Moreover, the dominant capacitance
process is deduced because the b value is closer to 1. Specifi-
cally, the equation from Dunn and colleagues was employed to
calculate the proportion of capacitance behavior (k;v) and
diffusion behavior (k,»*/?) involving the total stored charges,
as follows:*’

1
i(V) =kiv+ k2 (9)

where k; and k, are variable parameters. The ratios of the EDLC
(capacitive) to the pseudocapacitance (diffusive) contribution
in the total stored charges at different scanning rates are
plotted in Fig. 7(d)-(f). The portion of diffusion-determining
capacitance decreased with an increase in the scan rate, imply-
ing the faster charge transfer rate of the EDLC process. For the
three samples at the same scanning rate, the portion of the
pseudocapacitance improved with an increase in the heteroa-
tom content, which is consistent with the trend of KNOj;
content and resultant oxygen atom doping level due to the
close contribution of reactive oxygen-containing functional
groups containing quinone-type C—O bonds and N-O moi-
eties. Specifically, the absolute values of EDLC capacitance for
the three co-activated samples at the same scanning speed of
50 mV s~ ' are 280.2 F ¢~ !, 302.2 F ¢ ' and 282.5 F g ', while
that of the pseudocapacitance are 55.7 F ¢, 70.7 F g~ and
79.1 F g~ ', respectively. The results imply that about 20% of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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total stored charges for the co-activated samples originated
from the pseudocapacitance behaviour. Given that the EDLC is
mainly dominated by the porosity, while the pseudocapacitance
is mainly determined by the amount of active oxygen-
containing functional groups, as analyzed above (Fig. 2 and
4(c) and (d)), the SSC2-0.6 sample possessed a higher pseudo-
capacitance ratio at various scanning rates compared to the
SSC2-0.5 sample because of its relatively large reactive oxygen
content. Therefore, comprehensively considering the porosity
and active oxygen-containing functional groups, the SSC2-0.6
sample obtained with moderate KOH/KNO; activation provided
the largest specific capacitance.

Electrochemical performance in symmetric supercapacitor

To verify the practical application of the co-activated samples, a
symmetric supercapacitor with two-electrode system was fabri-
cated using foam nickel as the electrode substrate and 6 M
KOH as the electrolyte. Considering the collective impacts of
the electrode material and the electrolyte stability, the potential
window of —1 V to 0 V was applied on the working electrode as
commonly adopted in previous works.>*">> Different from the
three-electrode system with a negative potential window input
on the working electrode in relation to the counter electrode,
the absolute value of the potential difference between the
positive electrode and the negative electrode was recorded as
the potential window in the two-electrode system with a sym-
metric supercapacitor device.”> As shown in Fig. S4(a) (ESIY),
the CV curves of the symmetric supercapacitors fabricated with
the three co-activated samples SSC2-X (X = 0.5, 0.6 and 0.7)
at the scan rate of 100 mV s ' exhibited a quasi-rectangular
shape, suggesting nearly ideal charge-discharge behavior as
the three-electrode systems. The small hump at the potential of
0.2 V is probably caused by the pseudocapacitance, as analyzed
above. The GCD curves at a current density of 1 A g~ ' also
showed a symmetrical triangular shape (Fig. S4(b), ESIY),
demonstrating excellent charge-discharge reversibility. Accord-
ing to the discharge curves, the specific capacitances of the
three supercapacitors are 82.3 Fg~*,104.7 Fg ' and 87.8 Fg ™/,
respectively, which are consistent with the trend in the three-
electrode testing and indicate the presence of beneficial hier-
archical pore structures and oxygen-containing functional
groups in the co-activated samples. Due to its superior perfor-
mance among the three samples, the supercapacitor fabricated
with SSC2-0.6 was further investigated. The CV curves of the
sample at wide scanning rates (5-500 mV s~ ') are shown in Fig.
S4(c) (ESIT), where it is noteworthy that even at an ultra-high
scanning rate of 200 mV s~ ', the curve could still maintain an
approximately rectangular shape and only had slight distortion
with a further increase in the scanning rate to 500 mV s~ *. This
testing suggests the excellent capacitance retention capacity of
SSC2-0.6 to offer fast ion migration even at ultra-high scan
rates. Fig. 8(a) depicts the GCD curves of SSC2-0.6 at wide
current densities from 0.5 A g ' to 20 A g !, and it can be
observed that the curve maintained a high linearity and sym-
metrical triangular shape with a capacitance retention rate of
85.58% at the large current density of 20 A g ', further

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Capacitive properties of the symmetric supercapacitor with the
SSC2-0.6 electrode: (a) CV curves at different scan rates; (b) GCD curves of
at different current densities; (c) the stability of capacitance retention with
14000 cycles at a current density of 10 A g~ (the inset is the GCD curves
of the first 6 cycles and the last 6 cycles before and after continuous
cycling); (d) the Nyquist plot (the inset shows the corresponding equivalent
circuit model); (e) the Bode plot.

demonstrating its excellent rate performance. In addition, it
exhibited a relatively large specific capacitance at all the tested
current densities (Fig. 8(b)), which is consistent with the three-
electrode testing results. The capacitance retention of the
supercapacitor under continuous GCD cycling is depicted in
Fig. 8(c), which demonstrates that after 14 000 cycles at a large
current density of 10 A g~ ', the supercapacitor still had a high
capacitance retention rate of 96.94%; meanwhile, with a nearly
ideal Coulombic efficiency of 100% and a highly symmetrical
triangular shape (the inset of Fig. 8(c)), suggesting its excellent
cycling stability. The Nyquist plot and the corresponding
equivalent circuit model (the inset) of the supercapacitor
fabricated with SSC2-0.6 are shown in Fig. 8(d). It also exhibits
a small semi-circle with a low R of 2.05 Q and R of 0.24 Q in
the high-frequency region, while a straight line with the slope
close to 90° in the low-frequency region, with a Z, of 1.67 Q,
implying favorable EDLC behavior with fast ion migration
similar that in the three-electrode system. Furthermore, the
Bode plot of the supercapacitor (Fig. 8(e)) indicates that the
calculated f; is 1.84 Hz at a phase angle of 45°, which corre-
sponds to the relaxation time of 0.54 s. The short relaxation
time suggests that the supercapacitor has a rapid kinetic
response characteristic.

Energy density is a key performance parameter for electro-
chemical supercapacitors, which has become a bottleneck
limiting their development at present. Fig. 9 shows the Ragone
plots of the symmetric supercapacitors in alkaline KOH electrolyte
fabricated with SSC2-0.6 and other soybean biomass-derived
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Fig. 9 Ragone plots of the symmetric supercapacitor fabricated with the
SSC2-0.6 electrode in this work and the other soybean biomass-derived
carbon electrode materials reported in the literature.

carbon electrode materials reported in the last three years. The
supercapacitor fabricated in this work exhibited a high energy
density of 14.89 W h kg™ " at a power density of 249.44 W kg %;
even at a large power density of 9313.04 W kg™, it could provide
an outstanding energy density of 11.90 W h kg™ '. Compared to
the other biomass-based carbon materials without transition
metal atoms (Table 2), large specific capacitance, excellent energy
density and good cycle stability of SSC2-0.6 can be attributed to its
large specific surface area, high mesopore and macropore ratio
and abundant oxygen-containing functional groups, indicating
the advantage of the KOH/KNO; co-activation method proposed
in this work.

Conclusions

In this work, we reported a novel KOH/KNO; co-activation
method to treat waste biomass of soybean straw. The hierarch-
ical porous nanosheets were obtained with a large specific
surface area of 1658.8 m”> g~ ', high mesopore and macropore
ratio of 34.61% and considerable oxygen doping content of
16.77 at%. The critical role of KNO; was also verified. Structu-
rally, it could improve the specific surface area, increase the
mesopore and macropore ratio and promote the uniform
etching of the activator. Compositionally, it could introduce
abundant quinone-like C—=0 and C-N functional groups with
high pseudocapacitive activity, as well as hydrophilic carbonyl
and ester groups for efficient ion transport. Due to these
advantages, the obtained electrode material exhibited a signifi-
cant specific capacitance of 438 F g~ * at the scanning rate of
1 A s~ ' and capacitance retention rate of 91.32% at the current
density of 20 A g ' in a three-electrode system. Moreover, the
symmetric supercapacitor provided a high energy density of
14.89 W h kg ™" at a power density of 249.44 W kg™ ', an energy
density of 11.90 W h kg™ " even at an ultrahigh power density of
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9313.04 W kg™, and excellent stability with the capacitance
retention rate of 96.94% after 14 000 cycles. This work provides
a compact KOH/KNO; co-activation method as an alternative to
the common single KOH activation method to effectively trans-
form waste biomass resources into high-value electrode materi-
als for supercapacitors.
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