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Abstract. The development of sustainable electrode materials from abundant biomass waste is important for advancing environmentally responsible electrochemical energy-storage technologies while reducing dependence on conventional carbon precursors. In this study, coffee-pulp-derived carbon quantum dots (CQDs) were synthesized via a one-step hydrothermal method and evaluated as electrode additives for electrical double-layer capacitors (EDLCs) applications. SEM analysis confirmed a porous and fragmented morphology favourable for electrolyte access. Electrochemical evaluation of the CQD-based electrodes exhibited nearly rectangular cyclic voltammetry (CV) profiles, achieving a maximum specific capacitance of 133 F/g at 5 mV/s. Galvanostatic charge-discharge (GCD) measurements yielded a specific capacitance of 51.5 F/g, an energy density of 10.3 Wh/kg, and a power density of 309.8 W/kg at a current density of 0.5 A/g. These findings demonstrate the potential of coffee pulp as a viable and sustainable precursor for producing CQDs with promising electrochemical energy-storage performance.
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Introduction

Electric double‑layer capacitors (EDLCs) are a key class of energy storage devices because they deliver very fast charge-discharge cycles and excellent long-term stability. Unlike batteries that rely on faradaic redox reactions, EDLCs store energy electrostatically at the electrode-electrolyte interface, enabling high power density and long cycle life for applications such as regenerative braking, grid stabilization, and short‑term buffering [1-4]. Electrode material properties with high accessible surface area, good electrical conductivity, and an appropriate pore network are therefore decisive for EDLC performance [5-7]. Carbon materials (activated carbon, graphene, carbon nanotubes) remain dominant choices because of their tunable morphology and chemical stability, but they can be costly or require complex processing to achieve optimal pore architectures [8,9].
Nanostructured carbons, particularly carbon quantum dots (CQDs), offer a complementary route to improve EDLC electrodes. CQDs combine sp²/sp³ carbon cores with abundant surface functional groups (–COOH, –OH, –NH₂, etc.), quantum confinement effects, and high surface-to-volume ratios; these features can enhance wettability, provide redox‑active sites, and facilitate ion transport when integrated into composite electrodes [10-14]. This study focuses on coffee‑pulp CQDs and compares device performance under identical conditions to our prior spent‑coffee‑groundwork, contributing data that may help clarify precursor‑dependent effects.
Coffee processing generates large volumes of by‑products (pulp, husk, spent grounds) that are attractive, low‑cost precursors for CQDs [15-17]. Coffee pulp’s distinct biochemical makeup consist of cellulose, hemicellulose, lignin, sugars and phenolics can steer hydrothermal carbonization toward different core sizes, defect densities, and surface oxygenation patterns, which in turn affect porosity, conductivity, and pseudocapacitive behaviour [18,19]. This work synthesizes CQDs from Coffea arabica coffee pulp via a one‑step hydrothermal route followed by dialysis, freeze‑drying and evaluates them as 0.5 wt.% additives in activated‑carbon electrodes assembled with a PVA‑based gel polymer electrolyte. SEM‑EDX confirms a porous, fragmented morphology with substantial oxygen content, while electrochemical testing (cyclic voltammetry at 5-100 mV/s and galvanostatic charge-discharge at 0.5 A/g) assesses capacitive behaviour and rate response. By comparing these results with prior spent‑coffee‑ground benchmarks under identical device conditions [20], the study aims to clarify which precursor‑derived features most strongly influence EDLC performance and to identify practical directions for optimizing biomass‑derived CQDs for scalable, polymer‑electrolyte supercapacitors.
Materials and Methodology
Coffee pulp (Coffea arabica) was obtained commercially. Electrode components: activated carbon, carbon black (Super P), poly(vinylidene fluoride) (PVdF, Mw ~534,000 g/mol, Sigma Aldrich), 1-methyl-2-pyrrolidone (NMP, Supelco), and battery-grade aluminium foil (0.25 mm), were used as received.

Preparation of biomass-derived CQDs
Coffee pulp was pulverized and milled to a fine powder, then hydrothermally treated in an autoclave at 200 °C for 4 h, following the procedure of Arora, G. et al. [20]. The resulting suspension was dialyzed for 48 h, washed, filtered, and freeze-dried to yield brown CQD powder (Fig. 1). Synthesis was repeated to confirm reproducibility. 
[image: A blue arrow pointing to a cylinder

Description automatically generated]
Fig. 1. Synthesis of CQD from Coffea arabica coffee pulps 
Fabrication of EDLCs
Electrodes were prepared as previously reported [21]. In brief, 10 wt.% PVDF was dissolved in NMP at 60 °C, followed by addition of 80 wt.% activated carbon, 5 wt.% carbon black, and 5 wt.% synthesized CQDs. The slurry was stirred at 60 °C for 24 h, coated onto aluminium foil, and then dried at 120 °C for 4 h. EDLC cells were assembled by sandwiching a PVA-based gel polymer electrolyte film between two identical electrodes. 
Characterizations
SEM-EDX (Hitachi S-3400N, 15 kV) was used to examine CQDs morphology and elemental composition. Cyclic voltammetry (CV) (ZIVE SPI potentiostat) was performed at 5, 30, 50, and 100 mV/s to assess capacitive behaviour and rate capability, with specific capacitance calculated from Eqn. 1 [22]:
	(1)
where  represents the area under the CV curve, m is the mass of the active electrode material,  is the potential window (in V), and s is the scan rate (in V/s). Galvanostatic charge-discharge (GCD) measurements gave specific capacitance, Csp from the linear portions of the charge-discharge plots as estimated from Eqn. 2:
	(2)
where i is the constant current, Δt/ΔV is the gradient from the linear parts of the charge-discharge curves, and m is the mass of the active electrode material. The energy density (Ed) and power density (Pd) of the device were then calculated using Eqn. 3: 

 						(3)

where V is the operating window voltage and ESR is the equivalent series resistance that was determined from ESR=Vd/i (Vd and i are the voltage drop from GCD and applied current, respectively).
Results and Discussions
The morphology analysis of the CQDs is shown in Fig. 2. From Fig. 2(a-b), a highly porous, fragmented structure with irregular and well-defined edges is observed, indicating significant carbonization and a high surface area beneficial for energy storage [23]. EDX (Fig. 2c) confirms 53.5% carbon, 44.4% oxygen, and 2.2% nitrogen. Based on the findings of our previous study [20], the physical characteristics of the synthesized CQDs are expected to be comparable to those reported previously [20]. Nevertheless, the presence and morphology of the CQDs will be further confirmed using TEM analysis in future work.
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Fig. 2. Morphological study using SEM-EDX: (a) image at 500x magnification, (b) image at 3000x magnification, and (c) corresponding EDX spectrum showing elemental composition of CQDs.
[bookmark: _Hlk235189298][bookmark: _Hlk235189344]Fig. 3(a) shows CV curves of the assembled EDLCs at 5-100 mV/s with typical EDLC shape. There are no observable Faradaic peaks, confirming the electrolyte stability without redox reactions [24]. Using Eqn. (1), specific capacitance (Csp) reached a maximum of 133 F/g at 5 mV/s and decreased progressively with increasing scan rate (Fig. 3b). This trend is consistent with diffusion-limited ion access at higher rates [25,26]. Minor deviation from ideal rectangular CV shape reflects electrode porosity and internal resistance, in line with de Levie's penetration-depth concept [27]. For comparison, our earlier PVA-based EDLC system reached only 0.75 F/g (reference electrode) and 3.66 F/g (spent-coffee-ground CQD electrode) at 5 mV/s [20,21].
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Fig. 3. Electrochemical studies of EDLC: (a) CV responses at various scan rate (b) specific capacitance (Csp) at different scan rate (mV/s).
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Fig. 4. GCD plot of EDLC with CQD-added electrodes.
The galvanostatic charge-discharge (GCD) profile for the assembled EDLC composed of CQD derived from coffee pulps is presented in Fig. 4. GCD measurements at current density of 0.5 A/g gave a Csp of 51.5 F/g, an energy density (Ed) of 10.3 Wh/kg, and a power density (Pd) of 309.8 W/kg. This nearly doubles our previous result (Ed = 4.3 Wh/kg, Pd = 130 W/kg)[20], confirming that CQD incorporation enhances charge storage. Notably, despite literature suggesting coffee pulp's richer surface functionality should outperform spent grounds, our spent-coffee-ground CQDs achieved higher capacitance (Csp = 97.5 F/g). This outcome likely reflects the differences in lignin/ cellulose content and carbonization behavior between different precursors. Coffee pulp nonetheless remains a promising, underexploited feedstock with room for optimization. 
The discrepancies in Csp values obtained from CV and GCD arise from the inherent differences in the measurement techniques. CV is strongly dependent on the applied potential scan rate, where higher sweep rates limit ion diffusion into micropores and reduce the apparent capacitance, while lower sweep rates allow more complete ion transport and yield higher values. In contrast, GCD is performed under constant current density, and the calculation of Csp explicitly considers the IR drop, thereby providing a more realistic evaluation of device performance under practical operating conditions. Although the two techniques yield different capacitance values, both are complementary: CV highlights ion diffusion behaviour and rate capability at varying scan rates, whereas GCD reflects charge storage and resistive effects under constant current operation, thus together offering a comprehensive understanding of the electrochemical behaviour of supercapacitors [28].
The SEM images reveal a rough and fragmented electrode morphology with visible voids and irregular surface features. These structural characteristics may facilitate electrolyte penetration and increase the accessibility of electrochemically active surfaces, which is beneficial for charge storage in EDLCs. Similar morphological features have been associated with improved electrochemical performance in our previous studies using spent coffee grounds-derived materials [29-31]. However, the present study does not include BET analysis; therefore, the relationship between the observed surface morphology, pore characteristics, and electrochemical performance cannot be quantitatively established. Future work will include BET characterization to provide quantitative information on the specific surface area and pore structure and to further clarify their contribution to the observed charge-storage performance.
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Fig. 5. Ragone plot of the previously reported energy density and power density across biomass derived carbon electrodes in EDLC systems. Blue circular markers represent the authors’ earlier work (spent coffee grounds CQDs with the same polymer electrolyte systems), while the red circular marker corresponds to the present work. The black circular markers represent biomass-derived CQDs with aqueous electrolytes and biomass-derived activated carbon (AC) with polymer electrolytes.
Because most reported hydrothermal biomass-derived CQD-based EDLC studies use aqueous electrolytes, direct comparison with our polymer-electrolyte system is limited. To contextualize the electrochemical performance, Fig. 5 presents a Ragone plot benchmarking the coffee-pulp-derived CQD electrodes developed in this work against spent-coffee-ground-derived CQD electrodes from our previous studies [32,20,21], biomass-derived CQD electrodes using aqueous electrolytes, and biomass-derived activated carbon (AC) electrodes using solid polymer electrolytes. The use of comparable electrode configurations and electrolyte environments provides a basis for evaluating the effect of CQD incorporation on EDLC performance. Although the aqueous-electrolyte CQD systems and solid polymer-electrolyte AC systems exhibit higher performance, as indicated by the black circular markers, they have certain limitations, including safety and stability concerns associated with aqueous electrolytes such as KOH and H2SO4) [33,34] and the relatively complex activation processes required for producing AC [35-38]. In contrast, the hydrothermal synthesis of CQD offers a greener and milder route without the need for toxic reagents [39-41]. Importantly, the present study demonstrates a marked improvement over our previous work using spent coffee grounds, achieving higher energy and power densities under the same polymer-electrolyte framework. Therefore, the proposed approach provides a potentially safer and greener pathway for biomass-derived EDLC electrodes compared with conventional aqueous-electrolyte and activated carbon systems.
Conclusion
Coffee-pulp-derived CQDs, synthesized hydrothermally, were demonstrated as effective EDLC electrode materials. SEM-EDX confirmed a porous, carbon-rich, fragmented morphology. Electrochemical testing gave a maximum specific capacitance of 133 F/g (CV, 5 mV/s) and 51.5 F/g (GCD), with an energy density of 10.3 Wh/kg and power density of 309.8 W/kg. These results nearly double our previous spent-coffee-ground result. These results nearly double our previous spent‑coffee‑ground benchmark, underscoring the promise of coffee pulp as a sustainable CQD precursor for energy storage. Nonetheless, the present study did not include pore‑size/BET analysis or long‑term cycling data, which are essential to establish structure–property correlations and lifetime stability. A key take‑home message is that future optimization should focus on tailoring pore size distribution, enhancing accessible surface area, and validating ion transport pathways through BET and TEM analyses, alongside durability testing. These parameters will be critical to surpass the performance of spent coffee grounds and fully unlock the potential of coffee‑pulp‑derived CQDs for practical supercapacitor applications.
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