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Abstract

:

In this work, nitrogen-doped activated carbon was produced from waste coffee powder using a two-step chemical activation process. Nitrogen doping was achieved by treating the coffee powder with melamine, prior to chemical activation. The produced nitrogen-doped carbon resulted in a very high surface area of 1824 m2/g and maintained a high graphitic phase as confirmed by Raman spectroscopy. The elemental composition of the obtained coffee-derived carbon was analyzed using X-ray photoelectron spectroscopy (XPS). The supercapacitor electrodes were fabricated using coffee-waste-derived carbon and analyzed using a three-electrode cell testing system. It was observed that nitrogen-doping improved the electrochemical performance of the carbon and therefore the charge storage capacity. The nitrogen-doped coffee carbon showed a high specific capacitance of 148 F/g at a current density of 0.5 A/g. The symmetrical coin cell device was fabricated using coffee-derived carbon electrodes to analyze its real-time performance. The device showed the highest specific capacitance of 74 F/g at a current density of 1 A/g. The highest energy and power density for the device was calculated to be 12.8 and 6.64 kW/kg, respectively. The stability test of the device resulted in capacitance retention of 97% after 10,000 cycles while maintaining its coulombic efficiency of 100%. These results indicate that the synthesized nitrogen-doped coffee carbon electrode could be used as a high-performance supercapacitor electrode for energy storage applications, and at the same time manage the waste generated by using coffee.
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1. Introduction


Since 1200 B.C., coffee has acquired an important place in human society, owing to its aroma and taste [1,2,3]. More than half of the American population drinks coffee every day, predicting an average consumption of about 5 kg per year, close to that of the European community [4]. In 2019, the world′s coffee production is forecast to reach a peak value of 174.5 million bags of 60 kg, much higher than previous years, according to the statistics of the U.S. Department of Agriculture [5,6]. Owing to its considerable demand, the resulting waste of coffee grinds could be substantial [7]. Apart from being a rich source of caffeine, it includes several different chemicals such as vitamins, carbohydrates, lipids, minerals, alkaloids, phenolic, and nitrogen-rich compounds [4]. Hence, this affluent source of bio-carbon waste could serve as an exciting precursor to produce activated carbon for energy applications at a cheaper price.



Some reports have been observed utilizing coffee waste to develop activated carbon for supercapacitor applications. For example, Rufford et al. synthesized a nanoporous activated carbon electrode from waste coffee beans using ZnCl2 activation [8]. Using a similar technique, Jisha et al. used coffee shells to obtain activated carbon for supercapacitor applications [9]. Phosphorous and nitrogen co-doped activated carbon from spent coffee grounds was synthesized using ammonium polyphosphate via microwave-assisted synthesis [10]. In our previous studies, we have reported facile production of bio-waste-derived activated carbons using KOH activation, for supercapacitor applications [11,12,13,14,15,16]. Utilizing the KOH activation technique, we have demonstrated varied pore size distribution, control over the surface area of activated carbons and a resulting promising charge storage performance of the device.



Electric double-layer capacitors have attracted attention due to faster charging and discharging capabilities, long cyclic performance and relatively high power densities [12,15,16,17]. In order to achieve higher performance, the conductive specific surface area and pore size distribution are important characteristics for the porous carbon material, which further corresponds to the mobility of the charges within the pores [18]. Ideally, carbon has lower conductivity due to the limited number of electrons in the density of states [19]. Furthermore, during the chemical activation process, the conductivity of carbon can be greatly influenced due to induced porosity and may result in inferior charge storage performance. This can be observed by a reduced graphitic phase of carbon with increasing chemical activation, as reported by previous studies [10,20,21,22]. However, the conductivity of carbon-based materials can be improved by doping with elements such as nitrogen and phosphorus, which can significantly improve the density of states for carbon [23]. Owing to a higher nitrogen content, melamine is a widely used precursor for nitrogen doping and providing n-type behavior to carbon [24]. Thus, with an improved conductive nature of activated carbon, higher charge storage performance could be achieved.



In this study, we have synthesized nitrogen-doped activated carbon using the waste coffee powder by the KOH chemical activation process. Prior to chemical activation, the coffee powder was doped with nitrogen using melamine. The resulting carbon has a high specific surface area (1824 m2/g) along with improved nitrogen content. The quality of the graphitic phase of carbon was analyzed using Raman spectroscopy. Furthermore, the supercapacitor electrodes were fabricated using coffee-derived carbons to analyze the charge storage capacity. The electrochemical performance of the synthesized electrodes was analyzed using a three-electrode system and two-electrode system. The symmetrical coin cell device showed the highest energy and power density of 12.8 and 6.64 kW/kg, respectively. Moreover, the device maintained 97% of its initial capacitance even after 10,000 cycles, with 100% coulombic efficiency. The results suggest promising applicability of waste coffee in high-performance supercapacitor.




2. Experimental Section


2.1. Synthesis of Activated Carbonized Coffee Powder


Coffee was purchased from a local Walmart. After use, the dry ground coffee powder was calcined at 800 °C for 2 h with a ramp rate of 5 °C/min under a nitrogen atmosphere in a tube furnace to produce unactivated coffee powders (CP-UA). Nitrogen-doped coffee powder (CP-N) was prepared by mixing 1:1 ratio of dry coffee powder and melamine in de-ionized (DI) water. For this, the mixture was sonicated for 60 min and then dried in an oven. The obtained powder was ground and calcined at 800 °C for two hours (5 °C/min) under a nitrogen atmosphere. Finally, the powder was washed with DI water several times and dried in the oven. The nitrogen-doped coffee powders were chemically activated using KOH as a chemical activating agent. For this CP-N and KOH were mixed in 1:1 ratio and heated at 800 °C for two hours (5 °C /min) under a nitrogen atmosphere. After cooling to room temperature, the product was washed with 1 M HCl solution and DI water. Then, the product was dried at 70 °C for 12 h and named CP-NA. The percentage yield of CP-UA, CP-N, and CP-NA was 57%, 56%, and 39%, respectively.




2.2. Structural Characterization


Structural characterization of the carbonized coffee was performed using X-ray diffraction (XRD), Raman spectroscopy (Horiba Scientific, Piscataway, NJ, USA) and scanning electron microscopy (SEM). The XRD spectra of the samples were taken using Shimadzu X-ray diffractometer (Columbia, MD, USA) using the 2θ scan with CuKα1 (λ = 1.5406 Å) radiation. Raman studies were carried out using excitation source of 532 nm wavelength to determine the fingerprint of all the carbons. Scanning electron microscopy (JEOL, JSM-840A, Akishima, Japan) was used to characterize the porous morphology of carbons. The chemical state and composition of the prepared coffee-based carbons were studied using X-ray photoelectron spectroscopy (Thermo Scientific Kα XPS system, Waltham, MA, USA). The X-ray power of 75 W at 12 kV was used for the experiment with a spot size of 400 mm2. The surface area was determined by the Brunauer-Emmett-Teller (BET) adsorption method (ASAP 2020 Models, Micrometrics, Norcross, GA, USA). A coffee sample was first degassed for 24 h at a holding temperature of 90 °C, following which the analysis for nitrogen adsorption was done at liquid nitrogen temperature (−196 °C).




2.3. Electrochemical Characterization


Electrochemical characterizations of the carbonized coffee and supercapacitor device were performed using a Versastat 4-500 electrochemical workstation (Princeton Applied Research, Oak Ridge, TN, USA). For electrochemical measurements, the three-electrode system consisting of a platinum wire as a counter electrode, saturated calomel as a reference electrode, and carbonized coffee on nickel foam as a working electrode, was used. The working electrode was prepared by mixing 80 wt. % of the carbonized coffee, 10 wt. % of acetylene black and 10 wt. % of polyvinylidene difluoride (PVdF) in the presence of N-methyl pyrrolidinone (NMP). After mixing, the paste was applied onto pre-cleaned nickel foam and dried at 60 °C under vacuum for 10 h. The mass was measured by weighing the nickel foam before and after electrode preparation using an analytical balance (Mettler Toledo, MS105DU, Columbus, OH, USA, 0.01 mg of resolution). The loading of the active materials on the nickel foam was about 1.4 mg/cm2. All the electrochemical measurements were performed in an aqueous solution of 3 M KOH. The three-electrode system allows extracting information about the electrode acting as a cathode and anode, however, it is also important to study the performance of the materials in the two-electrode configuration as practical devices are made in the two-electrode configuration. For this, we have fabricated symmetrical coin cells using coffee-derived carbon as the anode and cathode.





3. Results and Discussion


The detailed schematic of nitrogen-doped coffee-derived activated carbon is shown in Figure 1. The structural quality of the synthesized carbon samples was analyzed using X-ray diffraction and Raman spectroscopy. XRD patterns of the unactivated coffee carbon, unactivated nitrogen-doped coffee carbon, and KOH-activated nitrogen-doped coffee carbon was given in Figure S1 (in Supplementary Materials). The presence of the graphitic phase of carbon can be observed by sharp peaks around 24° and 44° corresponding to (002) and (100) planes, respectively. This could be beneficial for efficient charge transfer in supercapacitors, due to conducting nature of graphitic carbon. The presence of the disordered phase in the synthesized samples was estimated using Raman spectroscopy. Figure S2 (in Supplementary Materials) shows the Raman spectra of all the synthesized samples. The peaks at 1355 and 1592 cm−1 are represented as the D band and the G band, respectively, which are the characteristic Raman peaks for carbon materials. The presence of disorders in the coffee-derived carbons were measured by calculating the ID/IG ratio [25]. The ID/IG ratio of CP-UA, CP-N, and CP-NA sample was calculated as 1.06, 1.16, and 0.98, respectively. The decrease in the disorders after nitrogen doping and activation (CP-NA) indicates an increase in the graphitic structure after chemical activation of coffee. This could be due to increased nitrogen content within the carbon resulting in improved graphitic structure even after activation, as observed in previous reports [11,26]. The graphitization ratio of CP-NA was much higher than that of previously reported N, P co-doped activated coffee and ZnCl2 activated coffee shell samples [9,10]. This improvement could be due to efficient nitrogen doping using melamine and activation using KOH.



The surface morphology of coffee-derived carbons was examined using scanning electron microscopy. As observed in Figure 2, the SEM images of the activated coffee-derived carbon show improved porosity in structure resulting in a higher surface area as compared to the unactivated sample. The effect of pre-carbonization, nitrogen doping, and activation, on the surface area and porosity of the carbon were analyzed using nitrogen adsorption/desorption isotherm (Figure 3a). There was no porosity observed in the CP-UA carbon, whereas, a slight improvement in porosity was observed in CP-N. Upon activation with KOH, a significant increase in porosity and surface area was observed. As the coffee carbon reacts with KOH, the reaction proceeds as following [11]:


6KOH + 2C → 2K + 3H2 + 2K2CO3



(1)







The chemically-activating agent KOH reacts with carbon to form potassium carbonate, which can be easily decomposed and washed away using 1 M HCl to obtain a highly porous carbon structure [12,20]. Such carbon is a type I isotherm, where a significant amount of nitrogen adsorption occurred at relatively low pressure followed by almost constant nitrogen adsorption at high pressures. Type I isotherms show the characteristic behavior materials with a microporous structure [11]. The surface area of CP-UA, CP-N, CP-NA was observed to be 0.66, 60, and 1824 m2/g, respectively. The pore size distribution (PSD) of these samples were examined using Barrett-Joyner-Halenda (BJH) plots (Figure 3b). The PSD plot for nitrogen-doped activated coffee-derived carbon displayed a bimodal distribution of micropores and mesopores with maximum pores of the diameter of 2 nm. The t-plot microporous volume of CP-UA, CP-N, CP-NA was estimated to be 0.01, 0.025, and 0.529 cm3/g, respectively.



XPS was used to further characterize the samples to determine their elemental composition and oxidation states. The C 1s spectra of all the samples are given in Figure 4a. The Gaussian fitted C 1s spectra of the samples show the presence of several peaks. The peak around 284.4 eV relates to graphitic carbon (sp2 carbon). The other peaks are related to sp3 carbon, C–N bonding, and C–O bonding [27]. The O 1s spectra of all the samples show the presence of peaks around 531.0, 532.5, 533.3 and 534.4 eV which corresponds to O=C, O–C, HO–C, and O–N, respectively (Figure 4b). The N 1s XPS spectra of all the samples show peaks around 397.8, 399.5, 401.1, and 403.8 eV corresponding to pyridinic, pyrrolic, graphitic, and pyridine N oxide species, respectively (Figure 4c). The relative atomic percentage of N 1s was observed to be 1.73%, 10.18% and 2.8% for CP-UA, CP-N, and CP-NA, respectively. Table S1 (in Supplementary Materials) show the atomic content of coffee-derived carbons and percentage of various nitrogen species.



The electrochemical performance of all the coffee-derived carbons was studied using cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) measurements. Figure 5a shows CV curves of all the three samples at 10 mV/s in 3 M KOH electrolyte. The curves for CP-UA and CP-N present a slightly deviated behavior as compared to the ideal rectangular shape. While CP-NA shows an almost ideal rectangular shape with significantly increased area under the curve, indicating its improved charge storage performance. This increase can be correlated to the increased surface area of the sample. After performing the CV test at decreasing scan rates for CP-NA, it was observed that the curves were close to a rectangle shape. This suggests that charge particles get sufficient time at lower scan rates, to intercalate themselves within the pores of carbon (Figure 5b). This can be correlated to a steady increase in capacitance with decreasing scan rates from Figure S3 (in Supplementary Materials). Specific capacitance (C) from the CV data was calculated using the following expression:


  C     F / g   =    A  ∆  V    ×       ∂ v   ∂ t     × m    



(1)




where A is the area under the CV curve,     ∂ v   ∂ t     is the scan rate,   ∆ V   is potential window and m is the mass of the coffee-derived carbons. The maximum specific capacitance of 150 F/g was achieved for CP-NA at 1 mV/s, with only 61% of reduction in capacity, at the higher scan rate. After activation of the nitrogen-doped coffee electrode, the specific capacitance increased 150%, suggesting that the activation method is valid.



The galvanostatic charge-discharge behavior of all the carbons can be observed from Figure 6a. The carbon samples were charged with a potential window of 0.9 V at a sweeping current of 5 A/g. The CD curve of CP-NA carbon shows higher discharge time as compared to CP-UA and CP-N, suggesting higher charge storage capacity. The triangular shape of the CD curves for all the samples suggests an electric double layer-type capacitive behavior (Figure S4a in Supplementary Materials). With decreasing current density, the discharge time increases, suggesting enough time was available for the absorption and desorption process over the electrode′s surface. The discharge time is directly related to the specific capacitance (C) of the electrode through the following equation:


  C     F / g   =     I × ∆ t   ∆ V × m    



(2)




where I is the discharge current (A), Δt is the discharge time (s), ΔV is the potential window (V), and m is the mass (g) of the coffee-derived carbons. The highest specific capacitance of 148.5 F/g was calculated for CP-NA sample at 0.5 A/g and given in Figure 6b. The volumetric capacitance (in F/cm3) of the electrodes was also calculated (Figure S5 in Supplementary Materials). The highest volumetric capacitance of 51.6 F/cm3 was observed for CP-NA sample at a current density of 0.5 A/g. Only a ~27% decrease in volumetric capacitance was observed on increasing the current density from 0.5 to 20 A/g. The resistivity of the samples was calculated using iR drops from galvanostatic charge-discharge measurements. The resistivity of CP-UA, CP-N, and CP-NA was observed to be 0.073, 0.22, and 1.8 Ohm/cm2, respectively. It can be observed that CP-NA maintains 86.6% retention of initial capacitance upon increasing the current density to 10 A/g, suggesting higher rate capability as compared to previous results. For example, about 25% retention was observed for ZnCl2-activated coffee carbon by Rufford et al., as the current density was increased from 0.5 to 10 A/g [8]. Higher rate capability can be correlated to higher surface area and graphitization of carbon upon nitrogen doping by melamine. Similar behavior was observed in the previous report where nitrogen-doped activated carbon sheets were synthesized using glucose as a carbon source via melamine-assisted chemical blowing and sequent KOH-activation method [28]. The capacitance retention was observed to be 81.1% at a current density of 10 A/g. The higher capacitance value of CP-NA suggests its promising applicability in energy storage device applications.



The energy and power density of the synthesized electrodes can be outlined using the Ragone plot (Figure S4b in Supplementary Materials). The energy density (E) and power density (P) of the coffee-derived carbons were calculated using the expressions given below:


  E     W h / k g   =   C ×   ∆  V 2    7.2    



(3)






  P     W / k g   =     E × 3600  t   



(4)




where C is the specific capacitance of the electrode determined using charge-discharge measurements, ΔV is the potential window (V), and t is the discharge time (s). The maximum energy and power density of CP-NA were calculated to be 16.3 and 5545 W/kg, respectively. The obtained values were comparable to previously reported values. For example, mesoporous carbon using activated peanut shell showed a decrease in energy density from 6.18 to 0.83 Wh/kg as the current density increased from 0.05 to 20 A/g [29]. Liu et al. used one-step calcium chloride activation for sugar cane bagasse carbon along with urea, for the preparation of nitrogen-rich porous carbons [30]. A power density of 4892.5 W/kg was observed at an energy density of 4.58 Wh/kg. For the electrodes synthesized by chemical activation of coconut shells using ZnCl2, a respective energy and power density of 7.6 and 4.5 kW/kg were observed [31]. A variation in specific capacitance as a function of coffee-derived carbon loading on the electrode was studied (Figure S6 in Supplementary Materials). The specific capacitance was observed to be increasing with the increase in the loading mass, reaching a maximum and then started decreasing with further increases in the loading mass. As observed in Figure S6 (in Supplementary Materials), when the mass loading was increased from 2.9 to 12.37 mg/cm2, the specific capacitance increased from 137 to 177 F/g at a current density of 5 A/g. Our results suggest that optimum loading of the active material on the electrode is desired to achieve higher charge storage capacity.



The coin cell was fabricated using CP-NA electrodes as a supercapacitor device. Cyclic voltammetry and galvanostatic charge-discharge tests were performed based on the weight of the material and area of the electrode in 6 M KOH. The symmetry of CV curves at higher scan rates indicate uniform absorption and desorption even at higher scan rates (Figure S7a,b in Supplementary Materials). A specific capacitance of 32.1 F/g was observed at 300 mV/s, which increased to 71.3 F/g at 2 mV/s, shown in Figure S7c (in Supplementary Materials). The galvanostatic charge-discharge curves show symmetrical triangular shapes, suggesting the electric double-layer type of charge storage [12]. The charge storage capacity increases with decreasing current density and increasing discharge time (Figure S8a,b in Supplementary Materials). The highest specific capacitance of 74 F/g was observed at a current density of 1 A/g and about 72% retention was observed as the current was increased to 10 A/g, suggesting high rate performance of the CP-NA carbon using a two-electrode system (Figure S8c in Supplementary Materials). The obtained capacitance value for the supercapacitor device is comparable to other derived activated carbon-based materials such as coffee, banana, tire, and jute, as given in Table 1. The improved performance can be correlated to the high surface area and nitrogen doping in the carbon structure, resulting in improved capacitive performance. A small concentration of nitrogen can induce a charged state within the carbon structure and improve charge transfer properties, thereby resulting in high capacitance values [32]. In addition, the nitrogen doping created structural defects in the carbon, which serves as active sites for storing charges [33]. The energy and power density of the supercapacitor device can be demonstrated in the Ragone plot (Figure 7a). The obtained energy and power densities were comparable to a three-electrode study performed in this study. The highest energy and power density for the device was analyzed to be 12.8 and 6643 W/kg, respectively, which is among the best reports (Table S2 in Supplementary Materials). The stability of the CP-NA supercapacitor device was performed using galvanostatic charge-discharge test for 10,000 cycles (Figure 7b). The stability test showed capacitance retention of 97% and coulombic efficiency of 100%, suggesting long term stability of activated nitrogen doped coffee carbon electrodes to be used for supercapacitor application. The study was further extended by connecting two devices in series and compared with a single device (Figure 7c). The operating voltage can be doubled by coupling the two-singular device in series. Similarly, several devices can be coupled in series to form a battery of cells and satisfy the higher voltages needed for real-time applications.




4. Conclusions


It can be concluded from this work that nitrogen-doped activated carbon can be synthesized from waste coffee using a two-step chemical activation process. Nitrogen doping can be achieved by pre-treatment of the coffee powder with melamine, before the activation step. The synthesized carbon results in a very high surface area of 1824 m2/g and shows a higher graphitic phase of carbon, as confirmed by Raman spectroscopy. XPS analysis showed the elemental composition and oxidation states of N-doped coffee carbon with a higher nitrogen content. The supercapacitor electrodes fabricated using N-doped coffee carbon showed a high specific capacitance of 148 F/g at a current density of 0.5 A/g. The symmetrical coin cells fabricated using these electrodes showed a highest energy and power density of 12.8 and 6.64 kW/kg, respectively. Moreover, the device maintains stable performance with capacitance retention of 97% after 10,000 cycles and a coulombic efficiency of 100%. These results suggest the promising applicability of synthesized N-doped coffee carbon electrodes for high-performance supercapacitors.
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Figure 1. Schematic of nitrogen-doped coffee-derived activated carbon. 
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Figure 2. Scanning electron microscopy (SEM) images of the carbonized coffee (a) unactivated coffee powders (CP-UA); (b) nitrogen-doped coffee powder (CP-N) and (c) activated nitrogen-doped coffee powder (CP-NA) at high and low magnifications. 
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Figure 3. (a) Nitrogen adsorption–desorption isotherms and (b) Barrett-Joyner-Halenda (BJH) pore size distributions of coffee-derived carbons. 
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Figure 4. (a) X-ray photoelectron spectroscopy (XPS) core level spectra of C 1s for CP-UA, CP-N, and CP-NA; (b) XPS core level spectra of O 1s for CP-UA, CP-N, and CP-NA; (c) XPS core level spectra of N 1s for CP-UA, CP-N, and CP-NA. 
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Figure 5. (a) Cyclic voltammogram at 10 mV/s, and (b) specific capacitance versus scan rate for all the samples. 
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Figure 6. (a) Charge-discharge characteristics at 5 A/g, and (b) specific capacitance versus applied current for all the samples. 
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Figure 7. (a) Ragone plot; (b) stability curves for the CP-NA symmetrical supercapacitor device, and (c) galvanostatic charge–discharge for single and two cells in series using CP-NA electrodes. 
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Table 1. Comparison of specific capacitance and capacitance retention of waste coffee-derived carbon-based supercapacitor device and other reports.
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	Device
	Activation Method
	Electrolyte
	Specific

Capacitance

of Device
	Cyclic

Stability
	Capacitance

Retention
	Ref.





	Waste Coffee

-derived Carbon
	Melamine and KOH
	3 M KOH
	74 F/g @ 1A/g
	10,000
	97%
	This work



	Coffee bean derived phosphorus carbon
	(1:2 ratio)

H3PO4
	1 M H2SO4
	33–35 F/g @ 1A/g
	10,000
	~82%
	[34]



	Waste Coffee Ground Carbon
	(1:1 ratio) ZnCl2
	1 M TEABF4 in acetonitrile (AN)
	~50 F/g @ 1A/g
	-
	-
	[8]



	Coconut Shell Carbon
	Steam
	6 M KOH
	~100 F/g @ 1A/g
	3000
	61.29%
	[18]



	Banana Fiber
	10% ZnCl2
	1 M Na2SO4
	74 F/g @

0.5 A/g
	500
	87.83%
	[35]



	Waste tyre derived carbon
	1:9 H3PO4
	6 M KOH
	49 F/g @ 1 A/g
	1000
	97%
	[36]



	Jute fiber derived carbon
	(1:1 ratio) KOH
	3 M KOH
	51 F/g @

1 mV/s
	5000
	100%
	[15]
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