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A B S T R A C T   

Pore structure properties such as specific surface area, pore volume, and pore size distribution are important 
considerations when using nanoporous carbons as electrochemical energy storage and H2 storage materials. In 
this work, the Quenched Solid Density Functional Theory (QSDFT) analysis is employed to study the nanopore 
structure of hierarchical porous carbon (HPC) materials derived from bamboo chopsticks (BCS) by adopting a 
few-step chemical activation method. The effect of carbonization temperature (600–800 ◦C) and inorganic 
activator ratio on the surface chemistry and properties of HPC materials are investigated along with the way this 
influences the energy storage and H2 storage performances. The as-prepared materials exhibit high surface area 
(1439–1940 m2 g− 1) and porosity, which is achieved even with a low KOH:BCS ratio. The supercapacitor (SC) 
HPC material processed at 800 ◦C and a KOH:BCS of 2:1, showed a good capacitive performance of 360 F g− 1 at a 
current density of 0.5 A g− 1 and exhibited a superior rate characteristic along with excellent electrochemical 
stability. A symmetrical SC reached a specific energy of over 75.3 Wh kg− 1 and a specific power of 375 W kg− 1 in 
an organic electrolyte. Furthermore, pouch cell type SC devices are fabricated to light LEDs. The hydrogen 
uptake of all the HPC samples is above 2 wt% (at 77 K and 1 bar) with the highest being 2.3 wt% for the sample 
processed at 700 ◦C due to its higher micropore volume. This study proposes a feasible low-cost method to 
convert waste biomass and exploit the desired hierarchical porous carbon material for multifunctional storage 
applications.   

1. Introduction 

There has been growing interest in waste management systems for 
the sustainable development of energy production and storage appli
cation [1,2]. In this sense, reduction, reuse, and recycling are three 
elementary building blocks to accelerate the sustainable development 
goals and attain a fossil-fuel free civilization [3]. Solid waste materials 
(biomass) can be recycled into biochar, which could be used in energy 
storage applications as sustainable resources for renewable energy ap
plications [4]. The growing need for renewable energy sources has 
sparked a lot of research interest recently in energy storage technologies 
due to contemporary civilization development [5,6]. Researchers are 

especially relying on supercapacitors (SCs) due to their high-power 
density, fast charge-discharge capability, and cyclic stability [7]. SCs 
may be divided into two types based on their operating mechanisms: 
pseudo-capacitors (PCs), that employ faradaic processes to store charge 
on the electrode, and electrochemical double layer capacitors (EDLCs) 
which use reversible ion electrosorption at the surface or inside pores to 
store charge [7,8]. On the other hand, hydrogen (H2) gas is the ideal 
energy carrier for long-term energy storage applications and the most 
promising alternative solution to fossil fuels due to its higher gravimetric 
energy density and environmentally friendly nature [9,10]. Hydrogen 
can be stored in multiple ways such as in compressed or liquefied form, 
incorporated in metal hydrides via chemical storage or stored in porous 
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adsorbents through a solid-state physisorption process [11]. A plethora 
of nanoporous materials have been proposed for H2 storage since they 
have high H2 uptake, reversible charge/release behavior and fast ki
netics while drastically minimizing the occupied H2 volume needed 
[8,11]. 

To fulfill the requirement of both SCs and hydrogen adsorption 
characteristics, nanoporous carbon materials have been synthesized 
with tuned characteristics such as large specific surface area (SSA), 
specific pore volume (SPV), pore size distribution (PSD) and good ion/ 
gas sorption behavior [11–13]. The nitrogen adsorption at 77 K char
acterization technique is widely used to evaluate the pore structure 
properties of nanoporous carbons by measuring the adsorption of ni
trogen gas on the carbon surface [14,15]. The adsorption data are nor
mally analyzed using isotherm models such as the 
Brunauer–Emmett–Teller (BET) method [16]. Despite its widespread 
use, the classical BET method may not be applicable for microporous 
materials [17]. Therefore, in this work, we have analyzed the pore 
structure properties of nanoporous carbons by the Quenched Solid 
Density Functional Theory (QSDFT) model, which considers the ener
getic and geometrical heterogeneities of nanoporous carbon surfaces 
[12,18]. The biomass derived activated carbon (AC) structure’s graph
itization degree, surface wettability and its surface functionalization can 
be tailored through various contemporary pyrolysis techniques methods 
[19–22]. Moreover, the hierarchical porosity (a combination of micro, 
meso or macropores) is believed to enhance the energy storage perfor
mance (specific capacitance, energy, and power densities) and H2 up
take of porous carbon electrodes [23–25]. The electrochemical 
characteristics of electrode materials are significantly influenced by the 
carbon’s hierarchical pore structure. The accumulation of electrical 
charge at the electrode/electrolyte interface is the primary mechanism 
for the charge storage in porous carbons with significant micropores 
(<2 nm), which offer high surface area and hence yields significant 
specific capacitance and a substantial energy density [26,27]. Further
more, the large ion-transport pathways are favored by the superior 
mesopores (250 nm) and a certain quantity of macropores (>50 nm), 
which shorten the transmission distances, ensuring high-rate capability 
and high-power density of supercapacitors [26,28]. Modern research 
has focused on increasing the energy density of AC electrodes without 
losing their inherent high-power density and long cycle life, since many 
AC electrode materials have low energy density in symmetric super
capacitors (SSC), which limits their potential practical applications 
[29,30]. The energy density of SSC is determined not only by the elec
trodes used but also the electrolyte utilized, since the aqueous electro
lyte suffers from low operational voltage due to water decomposition 
[30,31]. Even though a neutral aqueous electrolyte was initially used in 
this study with the potential window maximum of 2.0 V for a full cell, it 
was further increased beyond 2.0 V in symmetric supercapacitors with 
an organic electrolyte with improved cell voltage and the energy density 
(E = 0.5 CV2) [29,32]. 

With all these comprehensive considerations in mind, choosing raw 
materials and their activation is the crucial factor to achieve high SSA 
and bimodal porosity [4,21]. Disposed bamboo wooden chopsticks can 
be used as raw material for biochar due to its abundant natural source, 
cheap availablity and high yield through put of carbon [30,31,33,34]. In 
this study, mandarin bamboo chop sticks (BCS) have been successfully 
converted into hierarchical porous activated carbon (HPC) through a 
simple and cost-effective activation process. The influence of chemical 
activator inorganic salt and activation temperature for the tuning of the 
structure, morphology and PSD have been investigated. Additionally, 
the SSA, SPV and PSD were analyzed by the QSDFT technique. The 
highest specific capacitance of 360 F g− 1 has been achieved by the HPC 
processed at 800 ◦C with an energy density of 75.3 W h kg− 1 at 375 W 
kg− 1 for a symmetrical SC in an organic electrolyte. In addition, HPC 
processed at 700 ◦C shows the largest gravimetric hydrogen uptake of 
2.3 wt% at 1 bar and 77 K. 

2. Experimental section 

2.1. Materials & preparation of HPCs 

KOH, hydrochloric acid (HCl), poly-vinylidene fluoride (PVDF) and 
N-methyl-2-pyrrolidinone were purchased from Sigma Aldrich and 
carbon cloth (CC) was received from MTI Corporation, South Korea. All 
reagents were of analytical grade and used as received without further 
purification. The BCS were gathered from local restaurants (Busan City, 
South Korea). The preparation process schematic for HPC is demon
strated in Scheme 1. The raw sticks were cut into smaller sticks, rinsed 
repetitively in double distilled (DD) water, and dried overnight in an air- 
dry oven at 100 ◦C. In a mortar, the dry wood was then ground into a fine 
powder. In the next step, it was pre‑carbonized in a muffle furnace at 
300 ◦C for 4 h and subsequently the pre‑carbonized samples were mixed 
with KOH flakes at a mass ratio of 1:1. The mixture was transferred to an 
alumina crucible and carbonized in a tubular furnace to 600 ◦C, 700 ◦C, 
and 800 ◦C at a rate of 3 ◦C min− 1 for 4 h under an N2 atmosphere. The 
activated samples were then washed with 10 % HCl and DD water until 
they reach a neutral pH. After that, the samples were dried overnight at 
100 ◦C. These ACs are marked as HPC-600, HPC-700 HPC-800 and HPC- 
800(2), where the first number represents the activation temperature 
and (n) the mass ratio of KOH to the raw carbon material (see Table TS1 
in SI). 

2.2. Physicochemical characterization 

The morphologies of the samples were characterized by field- 
emission scanning electron microscopy (FE-SEM, S-2400, Hitachi) 
under 20 kV and using high-resolution transmission electron microscopy 
(HRTEM, JEOL 3010, 200 kV). The structures, composition, and 
elemental analysis were performed by XRD (Rigaku, Powder XRD 
measurement), Raman (XperRam 200 (Nano Base, Korea) and XPS 
(ESCALab 250). The low-pressure (0–1 bar) gas adsorption and 
desorption isotherms were recorded at 77 K using an Anton Paar 
QuantaTech Autosorb-iQ3 manometric gas sorption analyzer and ultra- 
pure (99.999 %) N2 and H2 as adsorbates. Prior to the gas sorption 
measurements, carbon powder samples of ~40 mg were degassed under 
high vacuum (10− 6 mbar) at 250 ◦C for 24 h with the aim to remove 
physisorbed species from their external surface and internal pore 
structure. The SSA was calculated by applying the multipoint BET 
method, following the BET consistency criteria (ISO 9277:2010) for the 
N2 adsorption data in the relative pressures (P/P0) between 0.005 and 
0.15, as well as the QSDFT method using the N2‑carbon adsorption 
transition kernel at 77 K for slit and cylindrical pores. The total pore 
volume (TPV), micropore volume, PSD and mean pore size were also 
estimated using the QSDFT method. The ASiQWin software provided by 
Anton-Paar QuantaTec was used for QSDFT analysis. The contact angle 
(CA) of water and electrolytes were measured with a contact angle in
strument (DSA100 KRUSS). The XRD, XPS, and FESEM at the Korea 
Basic Science Institute (KBSI-Busan). 

2.3. Electrochemical characterization 

All electrochemical measurements were carried out using a biologic 
electrochemical workstation (Biologic SP150). The electrochemical 
behavior of all HPC electrode materials were characterized by conven
tional three electrode configurations with 6 M KOH electrolyte, whereas 
two-electrode coin cell SSC were assembled with 1 M LiPF6 organic 
electrolyte for the electrochemical measurements, including galvano
static charge/discharge (GCD), cyclic voltammetry (CV), electro
chemical impedance spectroscopy (EIS) and cyclic longevity. The 
electrode preparation, electrochemical measurement methodologies 
and electrochemical calculations are given in the Supplementary In
formation (SI) [35]. 
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3. Results and discussion 

3.1. Material characterization 

3.1.1. Gas sorption and material structure analysis 
The N2 adsorption− desorption measurements were used to evaluate 

the pore structure characteristics of the carbon samples at different 
activation steps (Fig. 1). Fig. 1a shows the nitrogen adsorp
tion–desorption isotherms recorded at 77 K for the HPC materials. All 
carbons demonstrate combined Type I and Type IV isotherms, according 

to the IUPAC classification [36], which describe microporous (pore sizes 
below 2 nm) and mesoporous (pore sizes between 2 and 50 nm) mate
rials, respectively [37]. The enhanced N2 adsorption behavior at lower 
relative pressures is clearly attributed to dominant microporosity, while 
the characteristic Type H4 hysteresis loop formed between the adsorp
tion and desorption branches at higher relative pressures is related to 
capillary N2 condensation due to mesoporosity [37,38]. The character
istic “step-down” at the closure point of the hysteresis loop implies that 
the desorption mechanism involves cavitation induced N2 evaporation 
from the mesopores via spontaneous formation of vapor bubbles in the 

Scheme 1. Schematic of the synthesis and fabrication of the HPC nanosheets derived from bio-wastes.  

Fig. 1. (a) N2 adsorption/desorption isotherms, (b) PSD curves, (c) SPV with different ranges of pore size (d) powder XRD patterns, (e) Raman spectra and (f) 
comparison of ID/IG ratio for the HPC at various temperatures. 
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condensed N2 [39]. All the isotherms do not reach a clear saturation 
plateau at the maximum relative pressure because of N2 condensation in 
macropores (pore sizes beyond 50 nm) and/or adsorption onto external 
surfaces. The Fig. 1b and c depict the differential PSD analysis and the 
cumulative pore volume as a function of the pore size, respectively, as 
derived by the QSDFT method. In Fig. 1b, HCP-600 shows a distinctive 
maximum at ~0.65 nm followed by two very broad/low-intensity peaks 
centered at 4.3 and ~9 nm, thus revealing the presence of ultra- 
micropores and mesopores, while HCP-700 has a four-modal distribu
tion at ~0.65, ~0.8, ~1.1 and ~2.3 nm, thus highlighting mainly the 
presence of ultra-micropores and super-micropores [40]. The samples 
activated at 800 ◦C (HPC-800 and HPC-800(2)) demonstrate compara
ble peak maxima at ~0.85, ~1.15, ~2.3 and ~3.2 nm, as observed in 
Fig. 1b, thus indicating the existence of super-micropores and small 
mesopores [18,39]. However, these samples exhibit the highest cumu
lative pore volumes for pore sizes below 35 nm, as evidenced in Fig. 1c. 
The pore structure properties of the activated carbon materials, 
including SSA, SPV, micropore volume and average pore width, are also 
summarized in Table 1. The HPC-800 and HPC-800(2) samples exhibit 
the highest surface area and pore volume values and the largest mean 
pore widths among all studied carbons, as derived by the BET and 
QSDFT methods. However, HPC-700 combines the highest micropore 
volume fraction (72 %) and the smallest mean pore width (0.75 nm) 
among all studied samples. It should be noted that the absolute micro
pore volume of HCP-700 is comparable to the micropore volumes of the 
samples activated at 800 ◦C, despite its lower total pore volume. In 
addition, the lowest surface area and pore volume sample, HPC-600, 
demonstrates the second highest micropore volume fraction (58 %) 
and the second smallest mean pore width (0.85 nm). Hence, both HPC- 
700 and HPC-600 have a higher relative micropore content compared to 
the samples activated at 800 ◦C where the contribution of mesopores 
seems to be more significant. 

The XRD patterns (Fig. 1d) provide further information on the phase 
structure of the HPC samples. All HPC materials display a broad 
diffraction peak at around 2θ = 23.7◦ and a weak diffraction peak at 
around 44.1◦, indicating the turbostratic form of the carbonaceous 
material [28,41]. The broad diffraction peaks indicate the amorphous 
and porous nature of the HPC materials [27]. To learn more about the 
graphitic structure of the HPC materials, Raman spectra were collected 
and analyzed (Fig. 1e). Characteristic peaks observed at around 
1340–1350 cm− 1 (D-band) and 1582–1590 cm− 1 (G band) is attributed 
to the defective sp3 carbon crystallites and the vibration of sp2 carbon 
graphitic structure, respectively [41]. The relative intensity ratio of the 
D-band to the G-band (ID/IG) are extensively adopted to evaluate the 
graphitization degree of HPC materials. The calculated ID/IG values for 
HPC-600, HPC-700, HPC-800, and HPC-800(2) were 0.94, 1.02, 1.07 

and 1.13, respectively. Fig. 1f indicates that the obtained carbon ma
terials treated at higher activation temperatures possess a lower 
graphitization degree and higher amount of crystal defects [41]. The 
higher ID/IG value for HPC-800(2) signifies the higher degree of carbon 
material disorder with high porosity. The defects in hierarchical porous 
carbons can improve wettability, i.e., are greatly beneficial for the 
improvement of electrolyte ion adsorption [42]. 

3.1.2. Morphological studies 
The pre‑carbonized BCS display a sheet-like graphitic carbon struc

ture with a smooth surface having only macropores as illustrated in 
Fig. S1a. Fig. 2 depicts the microstructure evolution in KOH activated 
HPCs materials. After pyrolysis (Fig. 2a), a substantial number of tiny 
pores emerged at the surface/edges of the carbon skeleton in HPC-600 
due to the thermal decomposition/reaction of intercalated metallic po
tassium over the surface/edges of graphitic carbon [42,43]. An increase 
in annealing temperature (HPC-700, HPC-800), i.e., a prolonged 
continuous activation process, resulted in interconnected hierarchical 
porous carbon sheets with honeycomb-like structure [44]. The addition 
of KOH salt (HPC-800(2)) also catalyzes the porous formation as shown 
in Fig. 2d, since a thick sheet-like structure has been preserved with 
hierarchical porosity. 

The HRTEM images of the HPCs processed at different temperatures 
(Fig. 3(a–d)) further confirm the hierarchical porous sheet-like structure 
of the HPCs. From the HRTEM image shown in Fig. 3a, one can see that a 
small number of pores are present at the surface of the carbon skeleton, 
indicating that the sample is moderately porous. With an increase in 
carbonization temperature (700 ◦C), HPC-700 (Fig. 3b) showed a hier
archical porous sheet structure with the additional white spots (see 
Fig. 3f) on the carbon surface, which clearly indicates dominant 
microporosity [41,42]. Further increasing the temperature (HPC-800), 
there is also the formation of disorderness in the edges of carbon layers 
along with the large amounts of white spots (micropores) on the hier
archical porous carbon sheets (Fig. 3f), which suggests that abundant 
macropores and mesopores exist in the activated carbon. It is ascribed 
that the intercalated metallic K compounds (KOH activation) easily react 
with graphitic layers in carbon structure at a specific temperature, a high 
degree of porous disordered structure [45,46]. 

Even after doubling the activating agent, the honeycomb-like hier
archical porous sheet-like structure (Fig. 3d) is still preserved in HPC- 
800(2). Also, HPC-800(2) (Fig. 3h) showed an interconnected network 
diverging into two distinct regions, one with visible graphitic ribbons in 
the surface of the edge’s region (see red circles), indicating a higher 
degree of graphitization, as well as an abundance of homogeneous 
amorphous micropores (see blue circles) and a certain amount of 
irregular mesopores on the surface of carbon [42,47]. This is consistent 
with the gas sorption results. The HRTEM EDAX maps of the HPC 
samples shown in Fig. S2(a–d), demonstrate the uniform distribution of 
C, O, N and a small amount of K within the samples. The incorporation of 
O and N on the carbon samples indicates the successful incorporation of 
high-density oxygenated functional groups, which are helpful for 
increasing the wettability of the carbon electrodes [48,49]. According to 
morphological studies, these hierarchical pores are connected by meso- 
and micropores that are embedded in the walls of the macropores. This 
porous structure allows the electrolyte to permeate the bulk particles 
and create three-dimensional channels for the efficient transportation of 
cations, which is useful for effective EDLC storage [47]. This is due to the 
removal of metallic K+ and its derivatives from the carbon skeleton 
which are helpful for the formation of supplementary micropores and in 
turn helpful for the enhanced physisorption of H2 molecules via weak 
van der Waals interactions on the surface of the pores [50]. 

3.1.3. Elemental composition and chemical state of the HPC 
XPS analysis was carried out to identify and quantify the surface 

composition of the HPCs. After activation and carbonization, only the 
presence of C1s, O1s and a trace amount of N1s could be observed in the 

Table 1 
Summary of pore structure properties deduced from N2 adsorption data recorded 
at 77 K.  

Sample SBET 

(m2/ 
g) 

SQSDFT 

(m2/ 
g) 

VQSDFT 

(cm3/ 
g) 

VQSDFT 

(MP) 

(cm3/g) 

VQSDFT 

(MP)/VQSDFT 

(%) 

d50- 

QSDFT 

(nm) 

HPC-600  1218  1439  0.69  0.40  58  0.85 
HPC-700  1564  1723  0.73  0.53  72  0.75 
HPC-800  1747  1813  0.99  0.52  52  1.41 
HPC-800 

(2)  
2147  1940  1.06  0.53  50  2 

SBET: Brunauer-Emmet-Teller (BET) area, SQSDFT: cumulative surface area for 
pores smaller than 33 nm in width calculated by the Quenched Solid Density 
Functional Theory (QSDFT) method for slit and cylindrical pores, VQSDFT: cu
mulative pore volume for pores smaller than 33 nm in width derived by the 
QSDFT method, VQSDFT(MP): cumulative micropore volume derived by the 
QSDFT method, VQSDFT(MP)/VQSDFT: percentage of micropore volume to total 
pore volume ((VQSDFT(MP)/VQSDFT) × 100 %), d50-QSDFT: volume-weighted me
dian of the pore width as derived by the cumulative pore volume. 
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studied materials (Fig. S3 and Table TS3). The deconvoluted C1s and 
O1s XPS spectra are shown in Fig. 4. The high-resolution C 1s spectrum 
(Fig. 4a) was deconvoluted into five peaks and it shows a major peak at 

284.5 eV, revealing the presence of hybridized sp3 C–C/sp2 C––C 
graphitic carbon, belonging to the carbon skeleton of the material 
[50,51]. The presence of other peaks such as C–OH/C–H (285.8 eV), 

Fig. 2. Evolution of BCS derived HPC: FE-SEM images of the as-synthesized (a) HPC-600, (b) HPC-700, (c) HPC-800 and (d) HPC-800(2).  

Fig. 3. HRTEM images of BCS derived HPCs at different pyrolysis temperatures, (a) HPC-600, (b) HPC-700, (c) HPC-800, (d) HPC-800-2 and (e, f, g, h) higher 
magnification images of respective HPCs. 
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C–O–C (287.4 eV), O–C––O (288.6 eV) and a satellite peak of π–π* 
(291.6 eV) in the higher-binding energy region indicates the formation 
of abundant conjugated systems during the annealing process [42,50]. 
The O 1s XPS spectra (Fig. 4b) shows three peaks located at 531.53 eV, 
532.54 eV and 533.63 eV attributable to the C––O, C–O–C and C–OH 
functional groups [50,52]. A sizable number of oxygen functional 
groups have formed on the surface of the HPCs after carbonization and 
activation [48,53]. As the pyrolysis temperature increased (see 
Table TS4), the ratio of functional groups containing oxygen increased, 
indicating that the HPCs were oxidized during the KOH activation 
process [42,50]. As a result of the oxygen functional groups favoring the 
electrode material’s wettability, the electrolyte ions distribute at the 
surface of the active material quickly, improving the performance and 
high-rate capability of electrode materials [42,54]. 

The wettability of HPCs and pre‑carbonized BCS was evaluated by 
contact angle measurements (Fig. S4). The measurements clearly show 
the hydrophobicity of the pre‑carbonized-BCS (~125.3◦) electrode and 
the contact angles in all HPCs are substantially changed into hydrophilic 
nature, displaying significantly reduced contact angles of 88.3◦, 73.2◦, 
64.1◦ and 57.7◦ for HPC-600, HPC-700, HPC-800, and HPC-800(2), 
respectively (Fig. S4). The decrease in the contact angles clearly dem
onstrates that the affinity of the electrode material towards the elec
trolyte improved significantly after activation and high temperature 
carbonization [42,55]. The superior wettability of the carbon material 
with the electrolyte promotes the rapid charge transfer from the bulk 
phase to the electrode/electrolyte interface, which is beneficial to its 
electro-sorption performance [53,56]. 

3.1.4. Electrochemical behavior of HPC 
The electrochemical capacitive performance of HPC electrodes was 

assessed using a 6 M KOH aqueous electrolyte and is presented in Fig. 5. 
The HPC electrodes were initially quantified by CV (Fig. 5a) at a scan 
rate of 20 mV s− 1, which displays a relatively rectangular shape without 
redox peaks evidently reflecting their excellent double layer capacitance 
(EDLC) [46,57]. The HPC-800(2) has the largest integrated area of the 
CV curve, indicating the highest specific capacitance [41,50]. In addi
tion, quasi-rectangular CV curves were observed and preserved even at 
higher scan rate of 500 mV s− 1 for the HPC-800(2) material as shown in 
Fig. 5b, indicating the EDLC behavior with fast discharge/charge ki
netics [57]. In Fig. 5c, the relationship between the scan rate vs. 
discharge current density at mid voltage (0.5 V) at different scan rates 
(2–500 mV s− 1) is shown to comprehend the diffusion process. All HPC 
electrodes display linear current characteristics, which suggest 
improved ion transport into porous HPCs [42,58], among them the HPC- 
800(2) material evidently displays linear and superior discharge current 

behavior with improved rate capability at high rate due to better elec
trolyte ion diffusion and sorption behavior [42,59]. 

Galvanostatic charge/discharge (GCD) tests were further carried out 
to determine the capacitive behaviors of the HPCs. The GCD profiles 
(Fig. 5d) of the electrodes at a current rate of 0.5 A g− 1 exhibit nearly 
isosceles triangles and reaffirm the EDLC behavior [41,60]. Among the 
electrodes, HPC-800(2) showed an extended charge/discharge due to its 
higher porosity/pore volume. The GCD curves (Fig. 5e) of HPC-800(2) at 
various current densities maintained the symmetric triangular shapes 
even at a very high current density (5 A g− 1), which implies that the 
HPCs possess an outstanding electrochemical reversibility and EDLC 
nature [42,51]. The GCD tests (rate capability) of all HPCs at different 
current densities are plotted in Fig. 5f and clearly show that HPC-800(2) 
has the highest CSC capacitance value (calculated by GCD by Eq. 1 in SI) 
of 359.4 F g− 1 at 0.5 A g− 1. Even at a rate of 5 A g− 1, an intriguing 
capacitance value of up to 207 F g− 1 was observed and clearly showed 
superfast rate behavior (84.2 % retention) mainly due to the multilevel 
meso-porosity of HPC-800(2), which facilitates a faster ion transfer 
pathway than other carbon electrodes [42,61]. Moreover, it should be 
noted that (from Fig. S5) comparatively HPC-600 has a lower specific 
capacitance and retention rate (124.4 F g− 1 and 69.7 %). When the 
activation temperature and KOH ratio was increased, a far superior 
capacitance and rate capability was achieved due to the large SSA and 
pore volume which can boost the ion electrosorption behavior [25,61]. 
The hierarchical porous structure with a high meso-/macropore volume 
helps for sufficient ion transportation and nano-sized sheet-like struc
tures serve as short diffusion pathways to reach the adsorption sites 
(micropores) [46]. Also from Fig. S5, it is also worth emphasizing that 
the relationship between the capacitive and rate performance is linear to 
surface area and porosity, which is because all the pores and surface 
areas of the materials are effective in charge transmission and storage. 

Electrochemical impedance spectra (in KOH electrolyte) were 
collected to gain insights into the electrochemical storage behaviors of 
HPC electrodes. Nyquist plots (insets: magnified view of the high- 
frequency region) of HPC electrodes are compared in Fig. 5g. All elec
trodes show steep linear curves in the low-frequency region (with an 
angle approximately 90◦) and perfect EDLC capacitive behavior [51,62]. 
Furthermore, the length of the Warburg line distinguishes the resistance 
of electrolyte diffusion at the electrode-electrolyte interface, namely the 
Warburg resistance (Zw) [42,51]. Among the HPC electrodes, HPC-800 
(2) has a low Warburg tail compared to the other HPC electrodes rela
tive to the real axis, indicating that the electrode promotes rapid ion 
transport [42]. The inset of Fig. 5g shows the semicircle in the inter
mediate to high frequency region which is related to interfacial charge 
transfer resistance (Rct). Additionally, the equivalent circuit was fitted 
by the Randles method (inset Fig. 5g). As seen in Table TS5, HPC-600 
electrode exhibits the largest equivalent series resistance ((Rs) > 1.7 
Ω) due to its low meso/micropores, resulting in an ESR increase [57]. 
The HPC-800(2) electrode exhibits a negligible Rct = 0.07 Ω, and series 
resistance (Rs) which is lower than that of the other HPC electrodes, 
clearly implying their typical capacitive characteristics [59,63]. In 
addition, the Bode plot (Fig. 5h) clearly shows that the low frequency 
phase angle for all HPC electrodes is approaching 90◦, indicating the 
double layer charge storage property [42,58]. Furthermore, the phase 
angle is lowered with increasing activation temperature, which proves 
high capacitive behavior owing to short diffusion pathways of the 
electrolyte ions to the electrodes [42]. According to the EIS analyses, 
low Rct, Rs and Warburg impedance are attributed to the favorable hi
erarchical porous structure as well as the cohesive influence of sub
stantial defect sites, higher graphitization degree, excellent porous 
channel with improvement of electronic conductivity and wettability, 
which can endow the HPC-800(2) material with enhanced polarization 
and rapid electrolyte ion/charge transportation [51,64]. Furthermore, 
the cyclability was investigated by continuous GCD process (5 A g− 1) for 
all HPC electrodes. The electrode HPC-800(2) retained 94.3 % cyclic 
stability with minimal capacitance loss, whereas other HPC electrodes 

Fig. 4. High-resolution HPC XPS spectra of (a) C1s, and (b) O1s at different 
temperatures. 

A.R. Selvaraj et al.                                                                                                                                                                                                                             



Journal of Energy Storage 92 (2024) 112085

7

(see Table TS6) retained much lesser than the initial capacitance after 
6000 cycles. The high electronic conductivity and improved wettability 
of HPC-800(2) electrode demonstrated improved cyclic stability. The 
synthesized HPC-800(2) electrode showed enhanced specific capaci
tance, long cyclic life and rate capability values compared to that of 
many recent biomasses derived porous carbons (Table TS7) due to the 
synergistic effect of outstanding SSA and porosity, the sheet-like hier
archical pore structure ranging from macropore to mesopore and 
micropore along with the abundant high oxygen content on the surface, 
making it a promising candidate in charge storage applications. 

3.1.5. Fabrication of organic symmetric supercapacitor (SSC) device 
To further validate the advantages of HPC-800(2) electrochemical 

performance in real-time applications, the coin cell SSC was assembled 
with 1 M LiPF6 organic electrolyte. To confirm the operating voltage 
range of this device, the CV at a scan rate of 20 mVs− 1 (Fig. 6a) and GCD 
(Fig. 6b) at a current density of 1 A g− 1 were initially assessed at various 
voltage ranges from 1.5 to 3.0 V at room temperature. Both rectangular 
shaped CV curves and symmetrical isosceles shaped charge discharge 
profiles were observed, suggesting ideal double layer behavior and 

outstanding reversibility across the entire potential window (0–3.0 V) 
[65,66]. Furthermore, the good rectangular shape can be seen in the CV 
curve (Fig. 6c) of the fabricated symmetric SCs at increased sweep rates 
(2 to 200 mV s− 1) reaffirms the robustness of the electrodes. As the 
sweep rate increases, the current obtained is also enhanced without 
apparent deformation, illustrating the outstanding rate capability of the 
electrode materials and the synergistic effects of the high SSA and the 
hierarchical porous structure [27]. In Fig. 6d, the GCD curves at 
different specific currents (2 mA to 20 mA) demonstrated a symmetric/ 
linear behavior over entire specific currents, thus confirming a good 
capacitive reversibility, which is characteristic of electrical double layer 
capacitance [65,67]. The long-term stability (Fig. 6e) of the HPC-800(2) 
coin cell SC was assessed using repeated GCD testing (at 5.0 A g− 1). Even 
after 10,000 cycles, the capacitance retention is 89.4 %, demonstrating 
robust energy storage stability. As seen from Fig. 6f, Nyquist plots of coin 
cell has very low Rs = 4.7 Ω due to the intrinsic resistance of carbons and 
the charge transfer process at the carbon electrode-organic electrolyte 
interfaces [65]. In addition, a straight line is observed at the low fre
quency region at an angle ~45◦ relative to the real axis related to 
Warburg resistance (W) caused by the semi-ionic diffusion-controlled 

Fig. 5. Electrochemical performance of HPCs in a three-electrode system: (a) comparative CV curves at 20 mV s− 1, (b) CV curves of HPC-800(2) at diversified scan 
rates, (c) discharge current density vs. scan rate, (d) comparative GCD curves of HPC, (e) GCD curves of HPC-800(2) at current density between 0.5 and 5 A⋅g− 1, (f) 
comparison of gravimetric specific capacitances of different HPCs, (g) Nyquist plots (inset: high-frequency region), (h) Bode plots of phase angle and impedance 
versus frequency and (i) cyclic stability of HPC electrodes. 
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process [67]. To evaluate the overall performance, the energy and 
power densities of coin cell SSC were calculated and presented on the 
Ragone plot in Fig. S6a. HPC exhibited a maximum power density (375 
W kg− 1) along with a maximum energy density (75.3 Wh kg− 1) than 
those of other reported carbon materials, as summarized in Table TS8. 
This implies that the carbon material having a high SSA with optimized 
hierarchical pore structure and PSD improves the ability of the carbon 
electrode material to accept electrolyte ions and enhances the devel
opment of high-performance EDLCs [61]. To estimate the real-time 
practical applications of the symmetric pouch cell, the supercapacitor 
device was fabricated with both positive and negative electrodes coated 
on a stainless steel (Fig. S6b). Furthermore, it is seen that the series 
connected pouch cell supercapacitors can power a LED (see Fig. S6c, d & 
Video S1), indicating a cost-effective energy storage technology. 

3.1.6. H2 storage studies 
Besides the electrochemical energy storage performance of the HPC 

materials, their H2 storage capability was also studied. Low-pressure 
(0–1 bar) H2 adsorption− desorption isotherms were collected at 77 K 
to evaluate the H2 storage performance of the carbon samples at 
different activation steps (Fig. 7a). All samples demonstrate a fully 
reversible H2 adsorption–desorption behavior, characteristic of the H2 
physisorption mechanism at super-critical temperatures. The HPC-700 
showed the highest H2 uptake at 1 bar (i.e., 2.3 wt% or ~11.6 mmol/ 
g), followed by HPC-800(2) and HCP-800 (i.e., ~2.2 wt% or ~11.2 
mmol/g for both) and HPC-600 (i.e., ~2 wt% or ~9.9 mmol/g). This is 
most likely because HPC-700 combines the highest micropore volume 
fraction (72 % of the total pore volume) and the smallest mean pore 
width (0.75 nm) among all samples, as determined by gas sorption 
analysis and observed in Fig. 7b and c. It should be noted that pores of 
sub-nanometer sizes/widths act as “strong” adsorption sites for molec
ular H2 due to the overlapping potential fields of the opposite pore walls 
[68]. The H2 storage capacities of the activated carbon materials, 
expressed in different units, are also summarized in Table TS9. The 
gravimetric H2 uptake values presented in this work (i.e., 2–2.3 wt% at 
77 K and ~1 bar) are comparable to those of other bamboo-derived 

carbons reported in the literature [69–73]. 

4. Conclusion 

In summary, we have demonstrated a one-step synthetic strategy for 
the synthesis of hierarchical porous carbon with high surface areas (up 
to 2000 m2 g− 1), large pore volumes (1.06 cm3 g− 1) and porosity inside 
the micropore-mesopore range for high energy density supercapacitors 
and hydrogen adsorption. Furthermore, the QSDFT method was used to 
investigate the micro- and mesoporosity, surface area and pore volume 
that are principally responsible for the ion electrosorption (super
capacitors) and hydrogen physisorption (hydrogen storage). The higher 
activation/carbonization temperature applied HPC-800(2) electrode 
exhibits a larger surface area, a tunable pore structure and improved 
surface wettability, and hence shows enhanced specific capacitance 
(360 F g− 1 at 0.5 A g− 1), excellent rate capacity and cycling stability. 
Additionally, HPC-700 exhibits the largest hydrogen storage capacity of 
~2.3 wt% due to its high proportion of micropores (82.7 %) and smallest 
pore width (0.75 nm). Finally, we assembled symmetrical SCs from HPC- 
800(2), which delivered an energy density as high as 75.3 Wh kg− 1 at a 
gravimetric power density of 375 W kg− 1. As consumed bamboo chop
sticks are broadly and readily available all over the world, their 
collection through effective waste management systems may provide a 
new precursor for efficient hierarchical porous carbon materials, which 
are of great significance for their multifunctional applications. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2024.112085. 
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