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Abstract: Biomass materials with representative morphologies and compositions were employed to
study the activation effect of KHCO3. As the activation time increased from 1 to 3 h, the products
derived from puffed rice and pleurotus eryngii achieved a hierarchical porous structure, while the
products derived from cotton still presented a microporous structure. In the electrochemical test of a
three-electrode system, the specific capacitance of these products was 352, 319, and 216 F g1, respec-
tively. In the two-electrode system, the PR-2-based symmetric supercapacitor presented with a specific
capacitance of 280.7 F g1 at 0.5 A g1, and the energy density of 14.03 Wh kg~! at 150.04 W kg !
and an energy density retention of 73.7% was at an even higher power density of 8380.4 W kg~.
After 10,000 cycles of charging and discharging at 5 A g, the specific capacitance retention of the
supercapacitor reached 108.8%. Based on the experimental analysis, a likely mechanism for the forma-
tion of pores was proposed. The results indicate that biomass materials with soft layered or a network
structure are the best candidates to obtain a hierarchical porous structure by KHCOj3 activation.

Keywords: biomass; hierarchical porous carbon; KHCOj3 activation; supercapacitor

1. Introduction

To face the energy challenges of modern society, it is urgent to vigorously develop
renewable energy sources and storage devices. As a promising candidate technology,
supercapacitors have received wide attention because of their great application value in
the fields of electric vehicles, power systems, and consumer electronics [1,2].

Based on different energy storage mechanisms, supercapacitors are generally divided
into two categories: electrochemical double-layer capacitors and pseudocapacitors. The
former mainly uses carbon materials as electrodes, while the latter mainly uses transition
metal oxides and conductive polymers as electrodes. In general, metal oxides are often
hampered by the serious aggregation of nanoparticles and low electron transport, resulting
in their poor specific capacitance in practical applications [3]. The conductivity of these
polymers is excellent; however, significant expansion and contraction during charging
and discharging can reduce the mechanical properties and cycling stability of the con-
ductive polymer [4]. By comparison, carbon materials have always been the most widely
studied and applied electrode materials, with the advantages of abundant raw materials,
stable chemical properties, high specific surface area, and environmental friendliness. Car-
bon materials that are commonly used for the electrode mainly include activated carbon,
graphene, and carbon nanotubes. Compared to graphene and carbon nanotubes, biomass
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material is one of the most popular carbon precursors due to its high porosity, low cost,
and renewability.

As shown by vast amounts of research, the three-dimensional (3D) hierarchical porous
structure of biomass-derived carbon electrode materials can be beneficial in improving the
electrochemical properties of supercapacitors [5-7]. Generally, macropores (>50 nm) are
usually distributed on the surface of the carbon material, which acts as ion reservoirs for
storing huge amounts of electrolyte ions. The mesopores (2~50 nm) provide expressways
for the transport of electrolyte ions. In addition, the existence of micropores (<2 nm) can
significantly improve the adsorption capacity of carbon materials and form more electrical
double layers [8].

Chemical activation is one of the common methods to prepare 3D hierarchical porous
carbon materials [9-11]. Compared to obtaining microporous structures through KOH
activation, the decomposition of KHCO3 during the activation process leaves abundant
macropores in carbon materials, which facilitate the formation of hierarchically porous
structures that are rich in macropores, mesopores, and micropores, resulting in an im-
provement in the electrochemical properties of supercapacitors. In addition, from a safety
perspective, KHCOj3 is not as corrosive as KOH and is more environmentally friendly. Some
scholars have employed KHCOj3 [12-14] as a substitute for KOH and obtained an excellent
activation effect. The activation process of KHCOj3 can be divided into two aspects. On
the one hand, the CO, and water vapor released by the thermal decomposition of KHCOs3
forms a honeycomb structure in the carbon material. On the other hand, decomposition
products further produce abundant mesopores and micropores during high-temperature
activation, resulting in 3D hierarchical porous carbon materials [15,16].

Among the thousands of biomass materials, how to quickly select the optimum carbon
precursor and achieve the desired performance is a cumbersome task. In this work, to study
the impact of KHCOj3 activation on different biomass materials, various representative
biomass materials with typical morphology and composition (Table 1) were adopted to
prepare porous carbon materials through a one-step activation method by using KHCOj3
as the activation agent (Figure 1). The sample derived from puffed rice (PR-2) exhibited a
maximum specific capacitance of 352 F g~ in the three-electrode system due to its high
specific surface area and hierarchical porous structure. In the two-electrode system, the
PR-2-based symmetric supercapacitor presented a specific capacitance of 280.7 F g~ at
0.5 A g~! and an energy density of 14.03 Wh kg ! at 150.04 W kg !, with an energy density
retention of 73.7% even at the higher power density of 8380.4 W kg~!. After 10,000 cycles of
charging and discharging at 5 A g~ !, the specific capacitance retention of the supercapacitor
reached 108.8%. Based on the experimental analysis, a likely mechanism for the formation
of pores was established for these biomass materials. The results indicate that biomass
materials with a soft layered or network structure are the best candidates to obtain a 3D
hierarchical porous structure.
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Figure 1. A schematic diagram illustrating the preparation of porous activated carbon.
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Table 1. Various biomass materials with different morphologies and compositions.

Biomass Morphology Main Constituent
Cotton slender strip cellulose
Puffed rice ! scaly layer starch !
Pleurotus eryngii 3D network protein and dietary fiber

! The preparation of puffed rice popped from paddies was stated in our previous work [17].

2. Materials and Methods
2.1. Material Synthesis

The porous carbon materials were prepared by a one-step activation method. Typically,
the washed biomass materials were mixed with KHCOj in a mass ratio of 1:3 before they
were stirred fully with moderate deionized water. Typically, 5 g of biomass, 15 g of KHCO3,
and 100 mL of deionized water were mixed. After the mixture dried at 80 °C, it was
ground to fine powder by a high-speed ball crusher. Subsequently, the powder was put
into a tubular furnace at 900 °C in a nitrogen atmosphere for x (x = 1, 2, 3) hours and
was then naturally cooled to room temperature. Afterward, the product was neutralized
with a sufficient 1 M HCI solution and filtered until neutral with excessive deionized
water. Finally, the product was placed into a vacuum oven to dry at 80 °C for 48 h. In this
work, cotton, puffed rice and pleurotus eryngii were used as the carbon precursor, and
corresponding samples were named CT-x, PR-x, and PE-x, respectively, where x (x = 1, 2, 3)
is the activation hours.

2.2. Material Characterizations

The morphologies of the samples were acquired on a Hitachi SU8010 scanning electron
microscopy (SEM) system. A Bruker D8 ADVANCE diffractometer was employed to
analyze X-ray diffraction (XRD) patterns. The specific surface areas (SSA) and pore size
distribution (PSD) were analyzed on a Micromeritics ASAP 2460 instrument.

2.3. Electrochemical Testing

To fabricate the working electrode, the as-prepared carbon materials were mixed with
carbon black and polyvinylidene fluoride according to a mass ratio of 8:1:1. Then, the
appropriate N-methyl-2-pyrrolidone solvent was injected into the mixture and stirred
sufficiently with a magnetic stirrer for 6~8 h until uniform was obtained. Afterward, the
mixed slurry was evenly coated on foam nickel with a brush and thoroughly dried at 80 °C
under vacuum conditions. Then, the electrode was compressed with a tablet press machine
to ensure close contact between the electrode material and the foam nickel. A platinum
sheet was employed as a counter electrode, whereas an Hg/HgO electrode served as a
reference electrode. Furthermore, in the two-electrode system, two pieces of PR-2 electrodes
were used to assemble the symmetric supercapacitor. All the electrochemical measure-
ments of the as-prepared materials were conducted on a Metrohm Autolab PGSTAT302N
electrochemical workstation with 6 M KOH aqueous as the electrolyte.

The specific capacitance could be calculated from CV curves [18,19]:

. 2 Idv :
T moAV @
In this equation, m represents the mass of active materials on the electrode, v is the
voltage scan rate, AV represents the potential variation region, and f‘}? IdV could be
obtained from the area enclosed by CV curves.
The specific capacitance calculated from GCD curves used the following equation [20,21]:

Cg=k x I x At/(m x AV) )
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where k is a constant in a three-electrode system, and the value of k is set to 1, while in a
two-electrode system, k is taken as 2. I and At represent the discharge current and time,
respectively, while m is the active mass on each electrode and AV is the potential change
during the discharge process.

The energy density (E) and power density (P) for the symmetric two-electrode system
were calculated by [17,22]:

2
P=— @)

where C is the specific capacitance obtained from a two-electrode system, V is the discharge
voltage range, and At is the discharge time.

3. Results

SEM images of cotton, puffed rice, pleurotus eryngii, and their activated samples are
shown in Figure 2. The cotton exhibited a slender strip structure, while the puffed rice and
pleurotus eryngii presented a scaly layer and 3D network structure, respectively. Moreover,
all the activated samples (Figure 2d-1) presented an interlaced 3D honeycomb structure,
which could be attributed to the escaping gases from the KHCO3 decomposition and
volatile components in raw materials during the activation process [23]. These macropores
acted as ion reservoirs to shorten the diffusion distance of the electrolyte ions [24,25].

Figure 2. SEM images of (a) Cotton, (b) Puffed rice, (c) Pleurotus eryngii, (d) CT-1, (e) CT-2, (f) CT-3
(g) PR-1, (h) PR-2, (i) PR-3 (j) PE-1, (k) PE-2 and (1) PE-3.

The XRD patterns of all the samples are displayed in Figure 3. It can be seen that all
patterns exhibited similar shapes with two board peaks (~25° and 43°), which indicated
their amorphous structure and low degree of graphitization [26]. In addition, as the
activation time increased, slight fluctuations could be observed in the strength of the two
diffraction peaks. In general, the lower the intensity of the diffraction peak, the stronger
the etching effect of KHCO3, resulting in a reduction in the degree of graphitization [27].
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Figure 3. XRD patterns of (a) CTs, (b) PRs and (c) PEs.

The nitrogen adsorption—desorption measurements were applied to investigate the
SSA and PSD in all the samples. The isotherms of CTs are shown in Figure 4a. The three
isotherms presented characteristic type I isotherms [28] with conspicuous adsorption in
the low-pressure region. Moreover, more and more adsorptions could be observed when
the activation time increased from 1 h to 3 h, which indicated that more micropores were
generated over time [29,30]. However, in the high-pressure region, tiny hysteresis loops
implied the existence of a small number of mesopores in these three samples. In addition,
the PSD curves of CTs (Figure 4b) also exhibited that the micropores and mesopores
increased with the extension of the activation time. Thus, increasing the activation time
was beneficial in improving the porosity of carbon materials derived from cotton.

The adsorption—desorption isotherms and PSD curves of PRs are shown in Figure 4c,d,
respectively. The typical type I isotherm of PR-1 illustrates its microporous structure, while
the isotherm of PR-2 possesses the characteristics of type IV with an obvious hysteresis
loop [31]. The results show that more micropores and mesopores were produced when the
activation time increased to 2 h [32]. Nevertheless, when increasing the activation time to
3 h, the isotherm of PR-3 decreased, as well as the hysteresis loop. This could be caused by
the collapse of the pore structure due to an excessive activation time. A similar conclusion
could be obtained from the PSD curves in Figure 4d.

Figure 4e shows the adsorption—desorption isotherms of PEs. In the high relative
pressure zone, with the activation time increasing from 1 h to 3 h, the isotherms increased
gradually, and the hysteresis loops became larger and larger. Combining the traits of the
PSD curves (Figure 4f), it was easy to find out that the content of mesopores in these three
samples was: PE-1< PE-2 < PE-3.
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Figure 4. (a) The adsorption-desorption isotherms and (b) The PSD curves of CTs. (c) The adsorption—
desorption isotherms and (d) The PSD curves of PRs. (e) The adsorption-desorption isotherms and

(f) The PSD curves of PEs.

The pore structural parameters of the CTs, PRs, and PEs samples are summarized in
Table 2. To facilitate the comparison and analysis, the histogram of a specific surface area
and line chart for the proportion of micropores in all the samples is given in Figure 5. The
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CTs prepared from cotton were mainly microporous, and the proportion of the micropore
was basically unchanged. Unlike CTs, PRs, and PEs obtained the lowest proportion of
micropores when activated for 2 h and 3 h, respectively, suggesting the generation of
massive mesopores and the hierarchical porous structure of PR-2 and PE-3.

Table 2. The pore structural parameters of all samples.

Sample SBET (m?2 gfl) Smicro (m? gil) Viotal (em?® gil) Viicro (em® gil)
CT-1 603.3 574.1 0.3198 0.2663
CT-2 1246.1 1178.8 0.6588 0.5378
CT-3 1498.2 1361.7 0.8257 0.6459
PR-1 1706.2 1605.5 0.8737 0.6912
PR-2 2035.6 1163.8 1.4166 0.5816
PR-3 1503.6 1208.2 0.9787 0.6200
PE-1 1788.7 17129 0.8429 0.7420
PE-2 2079.5 1766.6 1.1640 0.8488
PE-3 2002.2 1227.7 1.2963 0.6036
(‘il 4000 (QIOO
] S L Gt B, -
2 I cT 7 ST .
o o RN IR
s g o] .
8 2000 €
g G 40
@ 5 --u-- CT
e 1000+ £ 5] e PR
8 g | -4-PE
(%) 0- Q 9 . . .
1 2 3 1

2
Activation time(h) Activation time(h)

Figure 5. (a) The histogram of specific surface area and (b) Line chart for the proportion of micropores
in all the samples.

To sum up, the highly specific surface area could be attributed to the activation effect
of KHCOj3. According to a relevant report [23], KHCO3; would completely decompose at
around 200 °C, releasing CO, and water vapor (Equation (5)) while leaving a large number
of macropores in the carbon materials when these gases escaped. As the temperature
further rises, the carbon material is etched in the redox reactions shown in Equations (6)—(9)
and then removes K and K compounds by neutralization with hydrochloric acid and excess
deionized water, thus forming a rich porous structure.

2KHCO3; — K,CO3 + CO, + H,O ®)
K,CO3— K,0 + CO, (6)
K,CO;3 + 2C — 2K + 3CO @)
K,0 + C — 2K + CO ®)

CO, +C —2CO 9

However, the activation effect of KHCOj varies significantly among different carbon
precursors. Based on the above observations, the disparate activation performance could
be due to the structure and components of the biomass carbon precursors. Firstly, the
main component of cotton was cellulose (~94%). Its solid structure of cellulose might not
be easily etched onto the mesopores by KHCOs activation. In contrast, the pores in the
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carbon materials derived from puffed rice and pleurotus eryngii, which had a soft layered
or network structure, were easier to expand the micropores to mesopores with a prolonged
activation time. Secondly, as mentioned above, the activation time of PR-2 was shorter
than that of PE-3 when the carbon materials obtained a generous amount of mesopores.
One possible reason was that the layered structure of PR-2 was conducive to the lateral
expansion of micropores to form mesopores, while pores in the 3D network structure of
PE-3 expanded horizontally and vertically at the same time. A diagrammatic sketch of the
likely mechanism for the formation of pores is shown in Figure 6.

)

soft layered structure

7 micropore
d— —

'

mesopore

solid strip structure \ /  soft network structure

Figure 6. Diagrammatic sketch of the likely mechanism for the formation of pores.

To explore the electrochemical behavior of all the samples, the CV test was carried out
at 50 mV s~ 1. All the CV curves presented in Figure 7a demonstrated their double-layer
signatures [33,34]. According to the area surrounded by CV curves, CT-3, PR-2, and PE-3
obtained the highest specific capacity among their respective carbon precursors, which
could be related to their high specific surface area. By comparison, it was evident that
the specific capacity of these three samples was: PR-2 > PE-3 > CT-3. Therefore, in the
following study, the electrochemical properties of CT-3, PR-2, and PE-3 are discussed.

Figure 7b shows the GCD curves of CT-3, PR-2, and PE-3. The approximate symmetri-
cal profiles once again indicated their double-layer capacitive behavior [35,36]. Figure 7c
displays the specific capacitance of three samples at 1-20 A g~ 1. The specific capacitance
of CT-3, PR-2, and PE-3 at1 A g_1 was 216, 352, and 319 F g_l, respectively. When the
current density increased by 20 times, the specific capacitance remained at 65.3%, 77.3%,
and 70.5%, respectively. The differences in the specific capacitance and rate performance of
these three samples were mainly attributed to their specific surface area and pore structure.
Compared with CT-3, PR-2, and PE-3 possessed not only a highly specific surface area but
also plentiful mesopores and macropores; thus, the electrolyte ions could shuttle freely
during the charge—discharge course, even at a high current density. This resulted in more
excellent capacitance performance. Moreover, the electrochemical property of PR-2 was
compared with reported biomass-derived porous carbon materials. As seen from Table 3,
PR-2 exhibited a performance that was comparable to or better than others, as well as a
quite efficient and competitive preparation method.
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Figure 7. The electrochemical properties of samples: (a) CV curves of CT, PR and PE at 50 mV-s~L;
(b) GCD curves of CT-3, PR-2 and PE-3 at 1 A g~1; (c) Specific capacitances of CT-3, PR-2 and PE-3
at 1-20 A g~ 1; (d) Nyquist diagrams of CT-3, PR-2 and PE-3 where the inset window displays the
equivalent circuit as well as a magnified drawing at high frequency; (e) The phase diagram of CT-3,
PR-2 and PE-3.
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Table 3. Electrochemical properties of reported biomass-derived porous carbon materials.
Measurement
. . 2 51 -1

Biomass Preparation Method Sger (m* g~ 1) CFg1 Condition Ref.
Lotus seedpods ~ KOH activation and plasma modified 2514.2 332.1 05A g*1 [37]
Albizia flowers Carbonization and KOH activation 2757.6 390 1A g_1 [38]
Sakura Carbonization and KOH activation 1433.8 265.8 02Ag™! [39]
Soybean pods Pyrolysis and KOH activation 1807.6 366.1 1Ag™! [40]
Bean worms KOH activation 1967.1 313.8 1A g*1 [41]
kapok flower Carbonization and KOH activation 1904.1 286.8 1A g{1 [42]

PR-2 KHCOj3 activation 2035.6 352 1A g_1 This work

The Nyquist plots of CT-3, PR-2, and PE-3 are shown in Figure 7d. Additionally, the
corresponding equivalent circuit [43] and a locally enlarged view are inserted in Figure 7d.
Due to the absence of frequency effects in an ideal capacitor, the corresponding Nyquist
curve is a vertical straight line. Therefore, as shown in Figure 7d, all samples displayed
nearly perfect capacitive properties with a steep and straight shape in the low-frequency
region. At high frequency, the intersection of the curve and the horizontal axis denoted
that the three samples revealed roughly equal equivalent serial resistance (~0.7 (3) [44]. In
addition, semicircles could be observed in the high-frequency region, which was linked to
the charge transfer impedance. The maximum semicircle diameter of CT-3 presented the
largest charge transfer resistance due to its microporous structure. In the phase diagram
(Figure 7e), the frequency corresponding to the curve at a phase angle of —45° was called
characteristic frequency, which reflected the transport speed of the ions [45]. From the Bode
plot, the characteristic frequency of CT-3 was 2.8 Hz, while PR-2 and PE-3 had almost the
same characteristic frequency (3.9 Hz). Therefore, compared with CT-3, PR-2 and PE-3
demonstrated a much stronger charge-discharge capability and more excellent frequency
response, further confirming the superiority of the 3D hierarchical structure [46,47].

As the optimal as-prepared sample, the PR-2-based symmetric supercapacitor was
tested in a two-electrode system to evaluate the electrochemical behaviors practically.
Figure 8a shows the CV curves of the supercapacitor at 50 mV s~1. When the voltage win-
dow increased from 1 V to 1.2 V, the shape of the CV curves remained basically unchanged.
However, a significant deformation occurred at the point of voltage conversion when the
voltage window increased to 1.3 V. Therefore, 0-1.2 V was used as the voltage window for
the symmetric supercapacitor. As shown in Figure 8b, the quasi-rectangular shape of all CV
curves revealed the emblematic features of double-layer capacitors, the specific capacitance
was calculated as 248 F g’1 for a scan rate of 5 mV s~ 1. Meanwhile, the quasi-symmetric
triangle shape of all the GCD curves (Figure 8c) represented good electrochemical behavior
with high reversibility. The specific capacitance from GCD curves decreased from 280.7 to
206.9 F g~ ! when the current density increased from 0.5 to 20 A g~ ! (Figure 8d), indicating
excellent rate performance.

The cycle life test was applied to study the cyclability of the supercapacitor. As shown
in Figure 8e, after 10,000 cycles at 5 A g~*, the high-capacity retention of the supercapacitor
reached 108.8%. From the illustration in Figure 8e, it can be seen that there was a significant
improvement between the 1st and 2500th cycles, while GCD curves basically overlapped
in the 2500th, 5000th, and 10,000th cycles, demonstrating excellent cycle stability. It was
not difficult to speculate that the cycling of charge and discharge improved the wettability
of the electrode material, making it easier for electrolyte ions to penetrate deeper into the
electrode material, thus forming more double-layer capacitors.

In addition, as shown by the Ragone plot in Figure 8f, the PR-2-based symmetric su-
percapacitor exhibited an energy density of 14.03 Wh kg~ ! at 150.04 W kg~! and an energy
density retention of 73.7% even at the power density, which was as high as 8380.4 W kg~!
and presented a much better performance than some previous examples in the litera-
ture [37,40,41] that also used the 6 M KOH aqueous solution as an electrolyte. The gap
between the PR-2-based and albizia flowers-based [38] supercapacitor was principal be-
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cause the latter was assembled in a 1 M NapSO4 aqueous solution with a potential window

of 1.8 V.
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Figure 8. The electrochemical properties of a PR-2-based symmetric supercapacitor: (a) CV curves
with different potential windows; (b) CV curves at 5-100 mV s71; (c) GCD curves at 0.5-20 A g’1 ;
(d) The specific capacitance at 0.5-20 A g_1 ; (e) Cyclability test at 5 A g_l, where the illustration
shows the GCD curves of the 1st, 2500th, 5000th and 10,000th cycle; (f) Ragone plots of PR-2 compared
with previous reported symmetric supercapacitors [37,38,40,41].
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4. Conclusions

In summary, various biomass materials were used to study the activation effect of
KHCO;3 by a one-step activation method. As the activation time increased from 1 to 3 h,
PR-2, PE-3, and CT-3 obtained the highest specific capacity (352, 319, and 216 F g1, respec-
tively) among their respective carbon precursors due to their high specific surface area. The
PR-2-based symmetric supercapacitor presented a specific capacitance of 280.7 F g~! at a
current density of 0.5 A g~ ! and an energy density of 14.03 Wh kg ! at 150.04 W kg !, with
the energy density still retaining 73.7% even at a higher power density of 8380.4 W kg 1.
After 10,000 cycles of charging and discharging at 5 A g1, the specific capacitance reten-
tion of the supercapacitor reached 108.8%. Based on the experimental analysis, it could be
clearly seen that the biomass with a soft layered or network structure had the best prospect
of obtaining a 3D hierarchical porous structure. The mechanism for the formation of these
pores was proposed for different kinds of biomass materials. It provided guidance for the
selection of biomass materials to obtain a better electrochemical performance and other 3D
hierarchical porous structure-related device applications.
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