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A B S T R A C T

The development of sustainable, low-cost electrode materials from biowaste is critical for advanced energy 
storage. Herein, we report a green and scalable one-step co-pyrolysis strategy for synthesizing high-performance 
porous carbon from waste coffee grounds (CF) as the precursor and orange peels (OP) as a natural activating 
agent. Through systematic optimization of parameters—including pyrolysis temperature, CF: OP mass ratio, and 
coffee roast level—an optimal synthesis route was established. The optimized material (CFOP), prepared at 800 
◦C with a 1: 1 mass ratio of light-roast CF and OP, exhibited a high specific capacitance of 275.3 F/g at a current 
density of 1 A/g. Structural analysis confirmed that the synergistic in-situ activation of OP and residual potas
sium generated a hierarchical porous architecture with improved graphitization and electrical conductivity, both 
essential for enhanced electrochemical performance. Kinetic studies revealed a diffusion-dominated pseudoca
pacitive storage mechanism. Furthermore, the CFOP electrode demonstrated excellent long-term cycling sta
bility, maintaining 63.27 % of its initial capacitance after 5000 cycles with a high coulombic efficiency of 
97.29 %. This work presents a facile route to convert agricultural waste into a valuable electrode material, 
highlighting its significant potential for practical energy storage applications.

1. Introduction

The rapid evolution of technology, while significantly enhancing 
daily life, has precipitated critical challenges related to the accelerated 
depletion of fossil fuels and consequent environmental degradation [1, 
2]. The finite nature and inequitable global distribution of these re
sources underscore the need to develop renewable energy sources and 
corresponding energy storage solutions [3,4]. Consequently, mitigating 
environmental pollution and addressing the escalating energy crisis 
have become paramount scientific and societal objectives [5,6]. To 
harness intermittent renewable energy sources effectively, the devel
opment of efficient energy storage devices and systems is indispensable 
[7,8]. Among various energy storage technologies, supercapacitors, also 
known as electrochemical capacitors, have attracted considerable 
attention [9]. They occupy a unique niche between conventional bat
teries and dielectric capacitors, offering a compelling combination of 
high power density, rapid charge/discharge kinetics, exceptional 
cycling stability, and inherent safety [10,11]. However, a primary lim
itation of supercapacitors is their comparatively lower energy density 

relative to batteries [12,13]. A central challenge in the field is the 
strategic design and selection of advanced materials to fabricate 
high-performance supercapacitors that concurrently exhibit high energy 
and power densities [14,15]. Enhancing these key performance metrics 
is crucial for expanding their utility, enabling their deployment as 
standalone power sources or in hybrid configurations with batteries to 
broaden their application scope [16,17].

To address the growing demand for high-performance electrode 
materials, numerous synthesis strategies have been explored for pro
ducing porous carbon [18]. Globally, the development of hierarchical 
porous carbons (HPCs) has become a focal point for high-performance 
supercapacitors due to their ability to facilitate rapid ion transport 
and provide accessible active sites [19,20]. Current-state-of-the-art 
HPCs derived from various synthetic and biomass precursors typically 
exhibit specific capacitances of 150–250 F/g in aqueous electrolytes 
[21–23]. However, achieving these high-performance metrics often 
necessitates complex synthesis routes. Template-assisted synthesis, 
which employs sacrificial scaffolds such as silica or metal oxides, enables 
precise control over pore architecture; however, it introduces additional 
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processing steps and increases production cost [24]. Meanwhile, several 
advanced fabrication techniques—including thermal plasma carbon
ization, microwave-assisted pyrolysis, and electrochemical activa
tion—have emerged as efficient alternatives, offering rapid heating rates 
and improved kinetic control [25,26]. Despite these advances, the sus
tainable and scalable production of porous carbon remains a key chal
lenge [27].

In this context, valorizing abundant biomass waste as a carbon pre
cursor offers an attractive pathway, providing environmental benefits, 
reduced reliance on hazardous chemicals, and economic feasibility for 
large-scale manufacturing [28–30]. For instance, spent coffee grounds 
(CF), a significant byproduct of global coffee consumption, are a rich 
source of caffeine, proteins, minerals, and other value-added organic 
compounds, imparting them with diverse chemical functionalities 
[31–33]. Through thermochemical treatments, such as carbonization 
and subsequent activation, these precursors can be converted into 
porous biochar, which exhibits a highly developed porous structure and 
substantially enhanced electrochemical properties, making it suitable 
for energy storage applications [34,35]. Similarly, orange peels (OP), a 
prevalent byproduct of the citrus industry, are another promising 
feedstock [36]. Its composition, rich in cellulose, hemicellulose, pectin, 
and various mineral elements, including nitrogen, makes it an abundant 
and low-cost resource [37]. Notably, carbon derived from orange peel 
can not only improve charge storage capacity in electrochemical devices 
but also serve as a green activating agent, potentially replacing con
ventional, often harsh chemical activators [38,39]. Leveraging the 
unique physicochemical characteristics of these waste-derived pre
cursors, the resulting carbon materials are being extensively explored 
for applications in supercapacitors, dye adsorption, and biofuel pro
duction, thus offering significant environmental and economic advan
tages [40,41].

Biochar, the solid product obtained from the pyrolysis or thermal 
treatment of biomass, has emerged as a promising functional material 
[42,43]. It is distinguished by several advantageous characteristics, 
including its eco-friendly nature, low production cost, high specific 
surface area, and a well-developed porous network [44]. The inherent 
physical properties and diverse chemical composition of the precursor 
biomass, which often contains various microstructures and heteroatoms, 
facilitate the in-situ doping of the resulting biochar [45,46]. This 
self-doping introduces heteroatoms into the carbon lattice, generating 
additional active sites for ion adsorption and enhancing the electrode 
surface’s electrolyte wettability [47,48]. Despite these merits, the 
intrinsic hydrophobicity and the prevalence of micropores in pristine 
biochar can limit the efficient transport of electrolyte ions, thereby 
constraining electrochemical performance [49,50]. To address this 
challenge, significant research efforts are directed towards tailoring the 
pore structure. The implementation of optimized carbonization and 
activation methodologies is crucial for engineering a hierarchical porous 
architecture, which effectively facilitates rapid ion diffusion and trans
port, ultimately enhancing the material’s capacitive performance [20, 
51].

Therefore, the primary objective of this study is to develop a green, 
scalable, and cost-effective route for synthesizing high-performance 
electrode materials by exploiting the synergistic interaction between 
two abundant biowastes. The novelty of this work lies in the strategic 
use of orange peels (OP) not merely as a carbon source, but as a natural, 
in-situ activating agent for spent coffee grounds (CF) via a one-step co- 
pyrolysis process. This approach eliminates the need for corrosive 
chemical activators while simultaneously inducing a hierarchical porous 
architecture. Specifically, we aim to optimize the synthesis parameter
s—including pyrolysis temperature and precursor mass ratio—to maxi
mize electrochemical performance. Furthermore, this study seeks to 
elucidate the underlying charge-storage mechanism and to demonstrate 
the practical viability of the optimized CFOP materials through rigorous 
kinetic analysis and long-term stability testing.

2. Experimental

2.1. Chemicals and materials

Spent coffee grounds and orange peels were collected from local 
coffee shops and supermarkets. These biomass precursors were thor
oughly washed with deionized (DI) water, oven-dried, and subsequently 
ground into fine powders for subsequent use. Commercial carbon black 
was obtained from Cabot Corporation and used as received. Poly
vinylidene fluoride (PVDF, –(C₂H₂F₂)ₙ–, 100 %) was supplied by Scien
tific Polymer Products, Inc., while 1-methyl-2-pyrrolidone (NMP, 
C₅H₉NO, 99.5 %) was purchased from Echo Chemical Co., Ltd. Potas
sium hydroxide (KOH, 85 %) and hydrochloric acid (HCl, 37 wt% 
aqueous solution) were provided by Showa Chemical Co., Ltd. and 
Aencore, respectively. Acetone (CH₃COCH₃, 99 %) and ethanol 
(C₂H₅OH, 95 %) were obtained from Jingming Chemical Co., Ltd. All 
chemical reagents were of analytical grade and used without further 
purification. Deionized water was used throughout all solution 
preparations.

2.2. Preparation of coffee grounds and orange peels

The waste coffee grounds and orange peels underwent a systematic 
pre-treatment process. The coffee grounds were thoroughly washed 
multiple times with deionized (DI) water and filtered to eliminate re
sidual impurities. For the orange peels, fresh oranges were rinsed with 
DI water, and the outer colored layer (flavedo) was carefully separated. 
Both the purified coffee grounds and collected flavedo were dried in a 
convection oven at 75 ◦C for 12 h. The dried materials were then sub
jected to a two-stage grinding process: initially pulverized using a 
mortar and pestle, followed by further milling with a manual grinder to 
obtain fine, homogeneous powders. The resulting precursor powders 
were stored in a desiccator for subsequent use.

2.3. Synthesis of coffee ground and orange peel-derived carbon (CFOP)

The as-prepared coffee ground and orange peel powders, as detailed 
in Section 2.1, were thoroughly mixed at a 1:1 mass ratio to obtain a 
homogeneous precursor blend. This mixture was then carbonized in a 
tubular furnace. The sample was heated from room temperature to 
800 ◦C at a constant rate of 5 ◦C/min under a continuous nitrogen (N₂) 
flow to ensure an inert atmosphere. Upon reaching the target tempera
ture, the sample was maintained at different pyrolysis temperatures for 
2 h. Thermogravimetric analysis (Figure S1) was utilized to characterize 
the thermal decomposition behavior of CFOP materials during high- 
temperature pyrolysis, thereby informing the selection of appropriate 
thermal annealing temperatures. Specifically, pyrolysis temperatures of 
400, 600, and 800 ◦C were chosen to systematically investigate the 
impact of increasing carbonization severity and to ensure adequate 
removal of residual organic matter [52]. Following the heat treatment, 
the furnace was allowed to cool naturally to ambient temperature. The 
resulting product was thoroughly washed with deionized water and 
ethanol, separated by centrifugation, and subsequently dried at 70 ◦C for 
2 h. The resulting black carbonaceous solid was collected and designated 
as CFOP.

2.4. Materials characterization

The microstructural characteristics of the materials were investi
gated using field-emission scanning electron microscopy (FE-SEM, 
Hitachi S-4800) and transmission electron microscopy (TEM, JEOL JEM- 
2100F). Elemental composition and spatial distribution were analyzed 
through energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments 
X-MAX). Molecular structure identification was performed using a 
multi-functional micro-Raman spectrometer (MRI series). Additionally, 
the crystallinity and phase structure of the samples were examined using 
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X-ray diffraction (XRD, Bruker D2 Phaser).

2.5. Electrochemical measurements

Prior to electrochemical testing, nickel foam substrates underwent a 
sequential cleaning process. The substrates were ultrasonicated for 
10 min each in hydrochloric acid, acetone, ethanol, and deionized (DI) 
water to remove surface impurities, followed by drying in an oven at 
75 ◦C overnight. The electrode slurry was prepared by thoroughly 
mixing the active material (CFOP), carbon black, and polyvinylidene 
fluoride (PVDF) in a weight ratio of 8:1:1. An appropriate amount of N- 
methyl-2-pyrrolidone (NMP) was added to obtain a uniform slurry, 
which was subsequently sonicated for 30 min. A volume of 75 μL of the 
resulting slurry was then drop-cast onto the cleaned nickel foam and 
dried at 50 ◦C overnight, following procedures reported in the literature 
[15]. Electrochemical measurements were performed using a special
ized electrochemical workstation (Zahner Zennium), equipped with 
high-precision impedance and potentiostatic/galvanostatic modules 
suitable for three-electrode analysis. The prepared CFOP electrode 
served as the working electrode, a saturated calomel electrode (SCE) as 
the reference, and a platinum foil as the counter electrode. All tests were 
conducted in an aqueous 3 M KOH electrolyte.

3. Results and discussion

3.1. Optimization of biomass precursor carbonization

To establish a foundation for the development of advanced electrode 
materials, the carbonization behaviors of the individual biomass pre
cursors—waste coffee grounds (CF) and orange peel (OP)—were sys
tematically investigated. This initial investigation was essential for 

understanding the intrinsic properties of the biomass precursors and 
determining the optimal pyrolysis temperature based on the relationship 
between their evolving microstructure and electrochemical perfor
mance. The morphological changes with increasing carbonization tem
perature were first examined by field-emission scanning electron 
microscopy (FESEM). As shown in Fig. 1, the coffee grounds exhibited 
notable structural consolidation upon thermal treatment. With 
increasing pyrolysis temperature from 400 ◦C to 800 ◦C, the initially 
porous framework gradually transformed into a denser and less porous 
matrix. In particular, the sample carbonized at 800 ◦C (800CF) displayed 
the most compact morphology. Such densification is typically attributed 
to the thermal shrinkage and fusion of carbonaceous matter during 
pyrolysis. However, excessive compactness may hinder electrolyte ion 
diffusion by forming tortuous transport pathways, thereby reducing the 
accessibility of electrochemically active sites and ultimately impairing 
overall performance [53,54]. In sharp contrast, the orange peel (OP) 
precursor exhibited an opposing morphological trend, as shown in 
Fig. 2. Increasing the carbonization temperature led to the volatilization 
of organic constituents, resulting in gas evolution that generated a 
progressively more intricate and well-developed porous structure. This 
effect was most pronounced in the OP-800 sample, which exhibited a 
highly porous architecture that facilitated efficient electrolyte infiltra
tion and an enlarged electrode–electrolyte interface. To further inves
tigate structural transformations at the atomic level, Raman 
spectroscopy was performed (Figures S2 and S3). For both CF and OP 
samples, the intensity ratio of the D band (~1348 cm⁻¹, indicative of 
structural disorder and defects) to the G band (~1591 cm⁻¹, corre
sponding to the in-plane vibrations of sp²-hybridized graphitic carbon) 
increased with rising pyrolysis temperature. Specifically, the ID/IG ratios 
for CF-400, CF-600, and CF-800 were 0.452, 0.666, and 0.808, respec
tively. Those for OP-400, OP-600, and OP-800 were 0.471, 0.608, and 

Fig. 1. The FESEM images of coffee grounds (CF) before and after carbonization at various temperatures: (a) raw coffee grounds; (b) CF-400 (400 ◦C); (c) CF-600 
(600 ◦C); (d) CF-800 (800 ◦C).
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0.762, respectively. This increasing trend suggests that higher carbon
ization temperatures within this range promoted the fragmentation of 
extended sp2 domains and the formation of additional edge sites and 
lattice defects, rather than enhancing graphitization [55,56]. Although 
indicative of disorder, such structural defects can be advantageous, as 
they provide abundant electrochemically active sites favorable for 
charge storage.

To assess the electrochemical characteristics of the CF prepared at 
different temperatures, cyclic voltammetry (CV) was employed, as 
illustrated in Fig. 3a-b. The CV profiles for all CF samples exhibit 
prominent redox peaks, indicating that charge storage is primarily 
governed by a diffusion-controlled pseudocapacitive mechanism rather 
than by electric double-layer capacitance (EDLC). Notably, the CF-600 
electrode exhibited the largest integrated CV area (Fig. 3a), achieving 
a peak specific capacitance of 219.7 F/g at a scan rate of 5 mV/s. This 
performance notably exceeds that of the CF-800 (178.2 F/g) and CF-400 
(106.4 F/g) samples. These findings are corroborated by galvanostatic 
charge–discharge (GCD) analysis (Fig. 3b), which shows characteristic 
Faradaic potential plateaus. Consistent with the CV data, the CF-600 
sample demonstrated the most prolonged discharge duration, resulting 
in a specific capacitance of 141.8 F/g at a current density of 1 A/g. The 
inferior performance of the CF-800 sample is attributed to its highly 
densified microstructure, which restricts electrolyte infiltration, as well 
as a high concentration of defects that likely impedes efficient electron 
transport.

A parallel evaluation was conducted for the orange peel-derived 
carbons (OP), with the verified data presented in Fig. 3c and 3d. 
Similar to the CF series, the CV curves for the OP samples (Fig. 3c) 
display distinct redox peaks, confirming a dominant battery-type charge 
storage behavior. Among these, the OP-800 electrode exhibited the 
largest CV area, yielding a specific capacitance of 197.7 F/g at 5 mV/s, 

which significantly outperforms both OP-400 (128.6 F/g) and OP-600 
(105.9 F/g). This trend is further validated by the GCD profiles 
(Fig. 3d), which show non-linear Faradaic plateaus consistent with 
pseudocapacitance. Consequently, OP-800 achieved the highest specific 
capacitance of 135.4 F/g at 1 A/g. This enhanced electrochemical per
formance is ascribed to the superior porosity developed at 800 ◦C, which 
effectively increases the abundance of accessible active sites and opti
mizes ion-diffusion pathways.

3.2. Development and optimization of green-activated carbon (CFOP)

Predicated on preliminary studies identifying orange peel (OP) as a 
potent natural activating agent, a green, in-situ activation strategy was 
developed to synthesize a composite carbon material. The primary 
objective was to exploit the synergistic interactions between coffee 
grounds (CF) and orange peel during co-pyrolysis to engineer a hierar
chical carbon architecture with enhanced electrochemical performance. 
To validate this synthesis protocol, the efficacy of a one-step co-pyrolysis 
strategy (yielding CFOP at 800 ◦C) was rigorously compared against a 
conventional two-step sequence involving the pre-carbonization of CF 
followed by OP activation (designated as 600ACCOP).

Electrochemical evaluation (Fig. 4) definitively demonstrated the 
superiority of the one-step strategy. The CFOP electrode displayed a 
substantially expanded CV curve area (Fig. 4a) a prolonged discharge 
duration in GCD tests (Fig. 4b), yielding a remarkable specific capaci
tance of 275.3 F/g at 1 A/g—approximately double that of the 
600ACCOP sample (138.4 F/g). Electrochemical Impedance Spectros
copy (EIS) analysis (Fig. 4c) indicated that while both samples possess 
low equivalent series resistances (Rs of 0.92 Ω for CFOP and 0.76 Ω for 
600ACCOP), confirming high intrinsic conductivity, the CFOP electrode 
exhibited a markedly reduced charge-transfer resistance (Rct) [57–59]. 

Fig. 2. The FESEM images of orange peels (OP) before and after carbonization at different temperatures: (a) raw orange peels; (b) OP-400 (400 ◦C); (c) OP-600 
(600 ◦C); (d) OP-800 (800 ◦C).
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This diminished Rct indicates significantly more facile Faradaic reaction 
kinetics at the electrode-electrolyte interface. This outcome underscores 
the vital role of synergistic interfacial interactions occurring during the 
simultaneous thermal decomposition of the biomass precursors, facili
tating the formation of a highly integrated, electrochemically active 
carbon network that is unattainable via sequential processing.

Upon establishing the one-step co-carbonization process as the 
optimal synthesis pathway, the critical influence of activation temper
ature on the material’s properties was systematically investigated. As 
illustrated in Fig. 5, elevating the pyrolysis temperature from 400 ◦C to 
800 ◦C resulted in a monotonic enhancement in electrochemical per
formance. Notably, the sample synthesized at 800 ◦C demonstrated su
perior electrochemical behavior, exhibiting the most substantial 
integrated CV curve area (Fig. 5a), the most prolonged GCD plateau 
(Fig. 5b), and a peak specific capacitance of 275.3 F/g at a current 
density of 1 A/g. EIS further elucidated the kinetic benefits of high- 
temperature treatment (Fig. 5c). While the Rs varied-measuring 1.11 
Ω, 1.27 Ω, and 0.90 Ω for 400 ◦C, 600 ◦C, and 800 ◦C respectively-the 
800 ◦C sample distinctly achieved the lowest resistance. Moreover, the 
Rct was minimized at 800 ◦C, indicating optimized charge-transfer ki
netics and highly facile Faradaic reactions at the electrode-electrolyte 
interface. This significant performance boost is ascribed to the more 
complete pyrolysis and effective in-situ activation at elevated temper
atures, which yields a highly developed porous architecture alongside 
an enhanced degree of graphitization.

Following the determination of the optimal pyrolysis temperature, 
the synthesis protocol was further fine-tuned by systematically evalu
ating both the precursor mass ratio and the coffee roast level. The 

investigation initially focused on the mass ratio of CF to OP at 800 ◦C. 
Electrochemical characterization, as depicted in Fig. 6a and 6b, 
conclusively identified the 1:1 mass ratio as the optimal composition. 
This specific ratio exhibited the most extensive CV area (Fig. 6a), the 
most prolonged GCD profile (Fig. 6b), yielding a peak specific capaci
tance of 275.3 F/g at 1 A/g, significantly outperforming both the 2:1 
and 1:2 ratios. The enhanced electrochemical behavior of the 1:1 ratio is 
ascribed to an optimal balance of activating species during pyrolysis. 
Conversely, a 2:1 CF: OP ratio likely provides insufficient activating 
agents for adequate pore generation, whereas a 1:2 ratio tends to induce 
excessive etching, resulting in the collapse and structural degradation of 
the carbon framework.

Subsequently, the impact of the coffee roast level on the electro
chemical properties was rigorously evaluated. As illustrated in Fig. 6c 
and 6d, the electrode derived from light-roast coffee grounds (desig
nated as CFOP(L)) exhibited significantly superior electrochemical 
performance relative to its dark-roast counterpart (CFOP(D)). Specif
ically, the CFOP(L) electrode displayed a substantially expanded CV area 
(Fig. 6c) and a more prolonged GCD plateau (Fig. 6d), achieving a 
specific capacitance of 275.3 F/g at 1 A/g. This value is more than 
threefold higher than the 80.8 F/g observed for CFOP(D). This distinct 
performance disparity is attributed to intrinsic compositional variations: 
light-roast beans preserve a higher concentration of volatile organic 
compounds, such as hemicellulose and lipids. These components 
actively promote pore formation during activation, facilitating the 
development of a hierarchical porous network [60]. Based on these 
optimization studies, the ideal synthesis parameters were established as 
the one-step co-pyrolysis of light-roast coffee grounds and orange peel at 

Fig. 3. Electrochemical performance of CF samples carbonized at different temperatures with 3 M KOH as the electrolyte: (a) CV curves at a scan rate of 5 mV/s from 
− 0.2 V to 0.8 V and (b) GCD curves at a current density of 1 A/g. Electrochemical performance of OP samples carbonized at different temperatures with 3 M KOH as 
the electrolyte: (c) CV curves at a scan rate of 5 mV/s from − 0.2 V to 0.8 V and (d) GCD curves at a current density of 1 A/g.
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a 1:1 mass ratio at 800 ◦C. The optimized composite, denoted hereafter 
as CFOP, was consequently selected for the detailed structural and 
electrochemical characterizations presented in the following sections.

3.3. Characterization of the optimized CFOP materials

To elucidate the structural origins of the significantly enhanced 
electrochemical performance of an orange peel-activated carbon com
posite (CFOP), a detailed characterization was conducted against its 
unactivated counterpart (CF), prepared under their respective optimal 
conditions (CFOP: 1:1 mass ratio at 800 ◦C; CF: at 600 ◦C). FESEM 
revealed that the activation process induced a more developed porous 
microstructure in CFOP (Fig. 7a). Brunauer-Emmett-Teller (BET) anal
ysis (Figure S4a) revealed that both materials displayed a characteristic 
type IV isotherm with a hysteresis loop, confirming the presence of 
mesopores. A significant increase in the specific surface area was 
observed following activation, rising from 78.5 m2g− 1 (CF) to 
116.4 m2g− 1 (CFOP). The pore size distribution (Figure S4b) confirmed 
a hierarchical porous architecture (micropores, mesopores, and macro
pores), with the average pore diameter decreasing from 19.8 nm (CF) to 
13.5 nm (CFOP) upon activation [61]. Complementing the surface 
morphology analysis, X-ray diffraction (XRD) was conducted to provide 
deeper structural insights (Fig. 7b). Both samples exhibited broad 
diffraction features characteristic of amorphous carbon, with peaks 
centered at 2θ ≈ 23.9◦, 43.0◦, and 62.0◦, which correspond to the (201), 
(304), and (227) planes of hexagonal carbon (JCPDS No. 20-0258), 
along with a weaker peak at 29.5◦. Crucially, the CFOP sample dis
played a distinct intensification of the diffraction peaks at 2θ ≈ 23.9◦

and 29.5◦, indicating a higher degree of structural ordering and the 
development of graphitic domains. Collectively, these results conclu
sively demonstrate that orange peel acts as an effective in-situ activating 
agent, yielding synergistic improvements by simultaneously enhancing 
the material’s specific surface area and crystalline order. These com
bined physical and structural merits ensure abundant active sites, 
facilitating more efficient charge transport and directly accounting for 
the superior electrochemical performance of the CFOP materials.

To comprehensively investigate the microstructure and elemental 
composition of the optimized CFOP materials, field-emission trans
mission electron microscopy (FETEM) was employed, as depicted in 
Fig. 8. The low-magnification FETEM image (Fig. 8a) reveals a uniform 
and interconnected morphology that corroborates the FESEM observa
tions, indicating the formation of a robust, well-organized carbon 
framework. As shown in Fig. 8b, the selected-area electron diffraction 
(SAED) pattern displays well-defined concentric rings, confirming the 
material’s polycrystalline nature. These rings are indexed to the (201), 
(203), (304), and (227) planes of the hexagonal carbon phase (JCPDS 
No. 20–0258), which aligns with the crystallographic features identified 
in the XRD analysis. For further detail, the indexed diffraction rings, 
corresponding D-spacing values, and crystal plane assignments are 
summarized in Table S1. High-resolution TEM (HRTEM) analysis 
(Fig. 8c) further unveils well-defined lattice fringes embedded within an 
amorphous matrix. The measured interplanar spacings of 0.303 nm, 
0.210 nm, and 0.150 nm correspond to the (201), (203), and (304) 
planes of the hexagonal carbon phase, providing direct nanoscale evi
dence of the crystalline domains formed during activation. The 
elemental composition and spatial distribution were assessed via 

Fig. 4. Electrochemical performance of carbon materials derived from coffee grounds and orange peels prepared via different synthesis routes with 3 M KOH as the 
electrolyte: (a) CV curves at a scan rate of 5 mV/s from − 0.2 V to 0.8 V; (b) GCD curves at a current density of 1 A/g; (c) Nyquist plots.
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energy-dispersive X-ray spectroscopy (EDS). The elemental mapping 
(Fig. 8d) confirms a homogeneous distribution of carbon (C), oxygen 
(O), and potassium (K) throughout the matrix. The corresponding EDS 
spectrum (Fig. 8e) also detects nitrogen (N), originating from the 
intrinsic nitrogen-containing organic compounds in the biomass pre
cursors. Quantitative analysis determines the average atomic composi
tion of the CFOP materials to be C (66.4 at%), O (29.7 at%), N (2.8 at%), 
and K (1.1 at%). Notably, the presence of potassium—primarily derived 
from the coffee grounds—is of particular significance. Residual potas
sium acts as an in-situ activating agent during pyrolysis, catalyzing 
carbon etching and facilitating the development of porous structures. 
Consequently, the retention of trace K in the final product likely con
tributes to the hierarchical porosity observed in CFOP, thereby 
enhancing electrolyte accessibility and boosting electrochemical per
formance [62].

X-ray photoelectron spectroscopy (XPS) was used to determine the 
elemental composition and chemical bonding states of the optimized 
CFOP materials. The survey spectrum (Fig. 9a) confirmed the incorpo
ration of C, K, N, and O within the composite. High-resolution spectra 
were subjected to Gaussian curve fitting to elucidate specific chemical 
configurations (Fig. 9b-d). The C 1 s spectrum (Fig. 9b) resolved into two 
primary components at 284.7 eV and 289.4 eV, corresponding to C––C 
sp2 bonds and C––O groups, respectively [63]. Simultaneously, the K 2p 
spectrum showed characteristic spin-orbit doublets, K 2p3/2 and K 2p1/2, 
at 292.9 eV and 295.5 eV, respectively [64,65]. Analysis of the N 1 s 
spectrum (Fig. 9c) revealed the presence of pyridinic N (399.8 eV) and 
pyrrolic N (404.1 eV), functionalities that enhance electrochemical 
performance by acting as catalytically active sites [66,67]. The O 1 s 

spectrum (Fig. 9d) was fitted to three distinct states: C––O (529.8 eV), 
O–H or C–O–C (531.3 eV), and O–C––O (533.0 eV) [68–70]. This 
detailed XPS characterization conclusively validates the successful 
synthesis of the CFOP materials, reinforcing the compositional and 
structural findings established from prior XRD and EDS analyses.

3.4. Electrochemical evaluation of the optimized CFOP materials

A comprehensive electrochemical evaluation was conducted to 
determine the charge storage performance of the optimized CFOP 
electrode, as summarized in Fig. 10. The rate capability was initially 
assessed via CV across a range of scan rates, depicted in Fig. 10a. As the 
scan rate increased, the anodic and cathodic peaks displayed a pro
gressive shift toward more positive and negative potentials, respec
tively. This behavior is intrinsic to battery-type electrodes and is 
predominantly ascribed to enhanced electrode polarization at elevated 
scan rates [71]. Despite this anticipated peak shift, the CV profiles 
maintained well-defined shapes with negligible distortion even at the 
highest scan rate. This stability indicates that the CFOP electrode pos
sesses low internal resistance, facilitating efficient ion diffusion and 
charge transport throughout the porous carbon framework [72]. 
Quantitative analysis revealed that the specific capacitances, derived 
from the CV curves at 5, 10, 20, 50, 80, and 100 mV/s, were 376.9, 
340.9, 286.3, 187.2, 148.7, and 131.5 F/g, respectively. These results 
substantiate the material’s excellent rate capability.

The GCD profiles recorded at various current densities are depicted 
in Fig. 10b. The highly symmetrical nature of the charge and discharge 
curves signifies the excellent electrochemical reversibility and high 

Fig. 5. Electrochemical performance of CFOP samples prepared at different activation temperatures with 3 M KOH as the electrolyte: (a) CV curves at a scan rate of 
5 mV/s from − 0.2 V to 0.8 V; (b) GCD curves at a current density of 1 A/g; (c) Nyquist plots.
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Fig. 6. Electrochemical performance of CFOP samples prepared with different coffee ground to orange peel mass ratios with 3 M KOH as the electrolyte: (a) CV 
curves at a scan rate of 5 mV/s from − 0.2 V to 0.8 V and (b) GCD curves at a current density of 1 A/g. Electrochemical performance of CFOP samples derived from 
coffee grounds with different roast levels with 3 M KOH as the electrolyte: (c) CV curves at a scan rate of 5 mV/s from − 0.2 V to 0.8 V and (d) GCD curves at a current 
density of 1 A/g.

Fig. 7. The (a) FESEM images and (b) XRD patterns of pre-activated (CF) and activated (CFOP) materials.
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coulombic efficiency of the CFOP electrode [72]. As summarized in 
Fig. 10c, an increase in current density corresponds to a progressive 
reduction in specific capacitance. This behavior is characteristic of 
battery-type materials and is principally ascribed to two factors: (i) the 
comparatively sluggish kinetics of the Faradaic ion inter
calation/deintercalation processes, and (ii) the elevated diffusion 
resistance of electrolyte ions at higher rates, which restricts the full 
utilization of the active material volume [73]. Specifically, the calcu
lated specific capacitances at current densities of 1, 2, 5, 8, and 10 A/g 
were 275.3, 111.5, 29.5, 12.9, and 8.1 F/g, respectively, underscoring 
the rate-dependent characteristics of the charge storage mechanism. To 
contextualize these results, Table S2 provides a comparative overview of 
reported supercapacitor electrode materials. While the majority of cited 
studies rely on conventional chemical activation methods, the CFOP 
materials developed in this work distinguishes itself by utilizing orange 
peel (OP) as a natural activating agent. Unlike harsh chemical activa
tion, the OP-based approach is significantly more environmentally 
benign and mitigates the risk of severe structural degradation or 
corrosion of the carbon framework. Moreover, the CFOP materials 
exhibit specific capacitance values superior to most comparable samples 
listed. This confirms that our synthesis strategy not only achieves 

exceptional electrochemical performance but also successfully syner
gizes environmental sustainability with economic viability.

Fig. 10d illustrates the coulombic efficiency of the CFOP electrode as 
a function of current density. The recorded efficiencies were 92.6 %, 
95.0 %, 98.1 %, 97.8 %, and 98.5 % at current densities of 1, 2, 5, 8, and 
10 A/g, respectively. The relatively suppressed efficiency observed at 
1 A/g is primarily ascribed to the incipient formation of a solid- 
electrolyte interphase (SEI) on the electrode surface. This phenome
non entails irreversible parasitic reactions that consume charge during 
the initial cycling stages, consequently lowering the initial efficiency. 
However, the establishment of a robust SEI layer is ultimately beneficial; 
it effectively passivates the electrode surface and inhibits further elec
trolyte decomposition, thereby augmenting long-term cycling stability 
and extending electrode lifespan [74]. The consistently high coulombic 
efficiencies achieved at elevated current densities attest to the superior 
electrochemical reversibility and structural stability of the CFOP elec
trode under dynamic operating conditions.

To further elucidate the charge-storage mechanism of the optimized 
CFOP electrode, a detailed kinetic analysis was performed using CV data 
obtained at various scan rates. The purpose of this analysis is to deter
mine whether the electrochemical behavior is primarily governed by 

Fig. 8. (a) FETEM images, (b) SAED pattern, (c) HRTEM image, (d) EDS mapping images, and (e) EDS spectrum of CFOP materials.
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diffusion-controlled Faradaic reactions or by surface-controlled capaci
tive processes, thereby providing a deeper understanding of the factors 
influencing the electrode’s performance [75]. Initially, the relationship 
between the peak current (i) and the square root of the scan rate (ν1/2) 
was examined. As shown in Fig. 11a, the anodic and cathodic peak 
currents exhibit strong linearity with ν1/2 (R2 = 0.999), confirming that 
diffusion-controlled kinetics play a dominant role in the reaction pro
cess. To more precisely quantify the kinetic contributions, the depen
dence of peak current on scan rate was further analyzed using the 
power-law relationship shown in Eq. (1), converted into its logarith
mic form in Eq. (2). 

i = aνb                                                                                          (1)

log(i) = log(a) + blog(ν)                                                                (2)

where i is the peak current, ν is the scan rate, and a and b are 
adjustable constants. The b-value, determined from the slope of the log 
(i) vs. log(ν) plot, is indicative of the charge storage mechanism. A b- 
value of 0.5 signifies a purely diffusion-controlled process (battery-like), 
while a b-value of 1.0 indicates a surface-controlled capacitive process. 
A value between 0.5 and 1.0 suggests a hybrid mechanism involving 
both processes [76–78]. Fig. 11b displays the linear fit of log(i) versus 
log(ν). From the slopes, the b-values for the anodic and cathodic peaks 
were calculated to be 0.59 and 0.54, respectively. As both values are 
close to 0.5, this confirms that the energy storage in the CFOP electrode 
is predominantly diffusion-controlled, with a minor contribution from 

surface capacitance. To quantitatively separate the diffusion-controlled 
and capacitive contributions, the current response (i) at a specific po
tential (V) was further analyzed using Eq. (3), which can be rearranged 
to the linear form in Eq. (4) [76–78]: 

i(V) = k1ν + k2ν1/2                                                                        (3)

i(V)/ν1/2 = k1ν1/2 + k2                                                                   (4)

Where k1ν represents the current from surface-capacitive effects and 
k2ν1/2 represents the current from diffusion-controlled intercalation 
processes. By obtaining the values of k1 and k2 from the plot of i/ν1/2 vs. 
ν1/2, the fractional contribution of each process can be calculated. The 
calculated contribution ratios at various scan rates are depicted in 
Fig. 11c and 11d. At a low scan rate of 5 mV/s, the diffusion-controlled 
process accounts for 95 % of the total charge storage. As the scan rate 
increases, the diffusion-controlled contribution systematically de
creases, reaching 80 % at 100 mV/s. Correspondingly, the surface- 
capacitive contribution increases from 5 % to 20 %. This trend is 
attributed to the fact that at higher scan rates, electrolyte ions have 
insufficient time to diffuse into the bulk of the electrode material to 
undergo Faradaic reactions. Consequently, the faster, non-diffusion- 
limited surface capacitive processes become more prominent [77].

To assess the long-term durability and practical applicability of the 
optimized CFOP materials, its cycling stability and coulombic efficiency 
were evaluated over 5000 consecutive galvanostatic charge–discharge 
(GCD) cycles at a current density of 1 A/g. The corresponding 

Fig. 9. (a) XPS survey spectrum of the optimized CFOP materials. The high-resolution XPS spectra of (b) C 1 s and K 2p, (c) N 1 s, and (d) O 1 s in the optimized 
CFOP materials.
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performance data are presented in Fig. 12. As shown, the CFOP electrode 
exhibits a gradual decrease in specific capacitance over prolonged 
cycling, a typical behavior for diffusion-dominated pseudocapacitive 
materials. This decline is primarily due to mechanical stress and struc
tural degradation caused by repeated ion insertion and extraction during 
redox reactions. Specifically, the main degradation mechanism is iden
tified as the mechanical failure and detachment of the active material 
from the current collector. Observation of the post-cycling FESEM image 
(Figure S5) reveals noticeable areas where the CFOP active material has 
peeled off from the nickel foam substrate, confirming that the loss of 
physical contact and subsequent detachment of the electrode material is 
a major contributors to the capacitance decay and reduced cyclic per
formance. Interestingly, a notable increase in capacitance is observed 
during the initial ~200 cycles, with retention exceeding 100 %. This 
phenomenon is commonly ascribed to an electrochemical activation 
process, wherein progressive electrolyte infiltration into the porous 
structure enhances the accessibility of electroactive sites that were 
initially unavailable. Moreover, a slight recovery in capacitance reten
tion is evident toward the end of the cycling test, potentially due to 
partial exfoliation of the electrode surface. This mechanical alteration 
may expose fresh active interfaces, thereby facilitating renewed elec
trochemical activity. After 5000 cycles, the CFOP electrode retains 
63.27 % of its initial specific capacitance, demonstrating commendable 
structural resilience. Additionally, the coulombic efficiency remains 
consistently high throughout the test, with a final value of 97.29 %, 
indicating excellent electrochemical reversibility. These results collec
tively confirm that CFOP possesses promising long-term cycling stability 

and is a viable candidate for practical energy storage applications.

4. Conclusions

In conclusion, this study successfully established a highly effective, 
green, and scalable one-step co-pyrolysis strategy for synthesizing hi
erarchical porous carbon (CFOP) from two abundant biowaste streams: 
waste coffee grounds (precursor) and orange peels (natural activator). 
The synergistic in-situ activation, driven by both the residual potassium 
from the coffee grounds and the volatile organic compounds from the 
orange peels, was critical in engineering the resulting superior electrode 
material. The optimized CFOP, prepared at 800 ◦C with a 1:1 mass ratio 
of light-roast components, demonstrated exceptional electrochemical 
performance in a three-electrode configuration, achieving a high spe
cific capacitance of 275.3 F/g at 1 A/g. In addition, the electrode 
showed remarkable long-term stability, retaining 63.27 % of its original 
capacitance after 5000 charge–discharge cycles, with a consistently high 
coulombic efficiency of 97.29 %. Structural analysis confirmed 
enhanced graphitization, while kinetic analysis explicitly verified a 
diffusion-dominated pseudocapacitive storage mechanism. This finding 
is significant as it confirms the material’s potential beyond traditional 
double-layer capacitance and establishes it as a viable pseudocapaci
tive/hybrid material. The primary significance of this work lies in 
providing a genuine waste-to-wealth pathway, offering a highly efficient 
and environmentally benign method to convert high-volume food waste 
into a high-value functional material for energy storage. For industrial 
commercialization, future research must focus on quantitative 

Fig. 10. Electrochemical characterization of the optimized CFOP electrode with 3 M KOH as the electrolyte: (a) CV curves at various scan rates from − 0.2 V to 0.8 V; 
(b) GCD curves at different current densities; (c) Comparison of specific capacitance values at varying current densities; (d) Coulombic efficiency as a function of 
current density.
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optimization of production yield and a complete techno-economic 
analysis to address challenges related to feedstock variability and 
continuous process control for large-scale manufacturing.
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