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Abstract

:

The copper-based metal-organic framework (HKUST-1) exhibits interesting properties, such as high porosity and large specific surface area, which are useful as electrode materials for supercapattery. Herein, the HKUST-1 was synthesized through a facile hydrothermal method and exhibited a typical octahedral structure with a specific surface area of 1015.02 m2 g−1, which was calculated using the Barrett–Joyner–Halenda (BJH) method. From the three-electrode analysis, the HKUST-1 demonstrated a specific capacity of 126.2 C g−1 in 1 M LiOH. The structural fingerprint of the HKUST-1 was confirmed with Fourier-transform infrared spectroscopy, Raman spectroscopy, and X-ray diffraction spectroscopy. A supercapattery device, i.e., the HKUST-1//N-doped graphene, revealed a maximum specific power of 300 W kg−1 and a specific energy of 2.61 W h kg−1 at 1 A g−1 with 57% capacitance retention during continuous charging–discharging, even after 10,000 cycles. The HKUST-1 also demonstrated a low charge transfer resistance and a low equivalent series resistance of 7.86 Ω and 0.87 Ω, respectively, verifying its good conductivity. The prominent supercapattery performance of the HKUST-1//N-doped graphene suggested that the HKUST-1 is a promising positive electrode for supercapattery.
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1. Introduction


Global warming, climate change, the greenhouse effect, and the emission of carbon dioxide are among the environmental issues that have become highly controversial topics worldwide nowadays. Many countries have taken preventive measures in order to minimize the effect of fossil fuels, i.e., petrol, diesel, and charcoal consumption, on the environment and human health. Green technology and net-zero carbon emission campaigns are part of the effort to establish a low carbon footprint. Green technologies, for instance, hybrid electric cars, solar energy, smart buildings, and wastewater treatment, have been developed to address the environmental and health problems related to pollutants. Therefore, effective energy-storing devices are urgently needed to store these sustainable and renewable energies in order to be utilized by consumers. There are a lot of available energy storage devices in the market such as batteries, supercapacitors, hydrogen energy storage, and fuel cells. Among them, supercapacitors and batteries are the most widely used by consumers in their daily lives. However, the performance of supercapacitors and batteries as single devices is not sufficient to meet the energy needed, as the world’s population and technology keep growing rapidly every year. Thus, many researchers have been considering integrating two devices into a single novel device that can have both merits of the combined devices.



Supercapatteries are new and novel emerging energy-storing devices that bridge the void between the electrochemical performances of supercapacitors and batteries. Supercapacitors accumulate charges via electrostatic interactions known as electrical double-layer capacitors and redox reactions, i.e., pseudocapacitors or both, depending on the types of materials used as the electrode materials. The materials that are used for electrical double-layer capacitors are materials like carbonaceous materials such as graphene derivatives, carbon nanotubes, and carbon nanofibers. The large specific surface areas and good mechanical strength of carbonaceous materials allow them to possess long life cycles and high specific power with low specific energy. Batteries that utilize battery-type materials, for instance, metal-organic frameworks and metal oxides store charges via Faradaic redox reactions, exhibit high specific energy and low specific power and poor life cycles. Supercapatteries are a combination of supercapacitors and batteries. The negative electrodes of the supercapatteries are made up of capacitor-type materials and the positive electrodes are fabricated from battery-type materials that allow the supercapatteries to exhibit higher specific power, greater specific energy, and longer life cycles in comparison to batteries and supercapacitors.



Metal-organic frameworks are types of materials that are fabricated by assembling organic ligands with metal centers and are widely used in energy storage applications like batteries, supercapacitors, and supercapatteries. Metal-organic frameworks are always preferred due to their large specific surface area and highly porous structure, which permits easy transportation of electrolyte ions, allowing the metal-organic frameworks to demonstrate high specific energy and high specific capacity for supercapattery [1,2]. The Hong Kong University of Science and Technology (HKUST-1), also known as MOF-199, is a copper-based metal-organic framework in which the copper atoms are coordinated by oxygen from trimesic acid linkers and water molecules. The HKUST-1 is one of the widely used metal-organic frameworks due to its high specific surface area, large pore volume, and excellent thermal stability. One of the most intriguing metal-organic frameworks that is usually used as an electrode for supercapattery is nickel phosphate (VSB-5). A composite of VSB-5 and reduced graphene oxide (rGO) (VSB-5/rGO) displayed a uniform meso-microporous structure with a specific surface area of 247.8 m2 g−1 that helps to maximize the electroactive area for electrochemical reactions. The composite unveiled a high specific capacity (117.3 mAh g−1) with high specific energy (80.5 Wh kg−1) [3]. As a device, the activated carbon//VSB-5/reduced graphene oxide, exhibited a maximum specific capacity of 86.8 mAh g−1, and was able to retain 88% capacity retention, even after 5000 cycles.



Iqbal et al. [2] reported a cobalt metal-organic framework-based composite, i.e., a cobalt metal-organic framework/polyaniline (cobalt metal-organic framework/PANI), that exhibits specific capacity, specific energy, and specific power of 104 C g−1, 23.2 W h kg−1 and 1600 W kg−1, respectively. The composite coexists in a well-blended structure with a three-dimensional structure consisting of various morphology, i.e., squares, rods, and rectangles, which synergistically enhance the supercapattteries’ performance of the composite. The cobalt metal-organic framework/PANI revealed an IV-type isotherm curve, revealing its mesoporous structure with a specific surface area of 156.59 cm2 g−1. Ramasubbu et al. [4] revealed that a composite of cobalt metal-organic framework and titanium oxide (TiO2) prepared via the sol–gel method revealed a high specific capacity of 111.2 C g−1 with 93% capacity retention, even after 5000 charge–discharge cycles. This excellent electrochemical performance is due to the impressive morphology of the composite in which the well-interconnected network structure of the TiO2 increases the specific surface area (289 m2 g−1) and porosity (pore volume = 0.29 cm2 g−1 and pore diameter = 4.32 nm). However, the composite illustrated a low specific energy of 0.4 Wh kg−1, which was mainly due to a small pore volume of the composite (0.29 cm2 g−1).



A single and novel manganese-based metal-organic framework known as UPMOF-4 was solvothermally synthesized, with 1,2,4-triazole and N, N′-dimethylacetamide as the ligand and solvent, respectively. The UPMOF-4 demonstrated a specific capacity as high as 203.1 C g−1 in 1 M potassium hydroxide. The UPMOF-4 showed a battery-type characteristic, verified by Dunn’s method, in which the b value is 0.502, and distinct redox peaks and plateaus were observed in the cyclic voltammetry and galvanostatic charge–discharge curves, respectively. As a device, the UPMOF-4//activated carbon displayed a superior specific energy of 32.97 Wh kg−1 and a specific power of 543 W kg−1. As a result of the presence of an abundant porous structure and remarkable structural stability, the UPMOF-4 possesses excellent cycling stability and 78.2% capacity retention for 10,000 cycles [5]. Another novel single manganese-based MOF identified as UPMOF-5, was synthesized by Raman et al. [6]. The unique morphology, which was uniformly stacked, provided a large surface area of 1724 m2 g−1 with a pore diameter and pore volume of 1.10 nm and 0.573 cm2 g−1, respectively. In a three-electrode system in which the electrolyte used was 1 M potassium hydroxide, the UPMOF-5 established a specific capacity of 160.17 C g−1. As a device, the UPMOF-5//activated carbon exhibits specific capacity, specific energy, and a specific power of 132.40 C g−1, 24.77 Wh kg−1, and 538.91 W kg−1. In addition, the device exhibits 70.3% capacitance retention after 10,000 cycles.



In this work, a copper-based metal-organic framework, identified as the HKUST-1, was prepared via a facile hydrothermal method. The HKUST-1 was introduced as a positive electrode for supercapattery due to the positive traits of the HKUST-1, such as its large specific surface area and the presence of abundant mesopores, which are beneficial in charge storage and allow for the easy transportation of charges between the electrolyte and electrode region. In order to further evaluate the real application of the HKUST-1, the battery-type HKUST-1 was assembled with N-doped graphene, a capacitive-type negative electrode. The integration of the HKUST-1 and N-doped graphene in a single device synergistically enhances the device’s electrochemical performance. This is attributable to the good redox activity of the HKUST-1, as well as its large specific surface area, complemented by the good mechanical strength and high conductivity of the N-doped graphene. Thus, the HKUST-1 is a highly promising candidate for the positive electrode for the next generation of high-performance supercapattery devices.




2. Materials and Methods


2.1. Materials


Carbon mesoporous, polytetrafluoroethylene (PTFE), and trimesic acid were obtained from Sigma Aldrich (St. Louis, MA, USA). Acetone (99.5%) and hydrochloric acid (HCl) (95%) were acquired from Bendosen (Holtålen, Norway) and R&M Chemicals (Chandigarh, India), respectively. Ethanol (95%), lithium hydroxide (LiOH), and copper nitrate trihydrate Cu(NO3)2·3H2O were obtained from HmbG (Denton, TX, USA) and Merck KgaA (Darmstadt, Germany), respectively. Nickel foam was purchased from Goodfellow (San Angelo, TX, USA), whereas graphene oxide was obtained from Graphenea SA (Boston, MA, USA). Throughout the experiment, a Millipore system of deionized water (18.2 MΩ.cm) was used for the preparation of the solution.




2.2. Synthesis of the HKUST-1


Trimesic acid (0.42 g) was dissolved completely in ethanol (12 mL), and copper nitrate Cu(NO3)2 (0.875 g) was fully dissolved in deionized water (12 mL). The Cu(NO3)2 solution was then added into the trimesic acid solution and stirred for 1 hour before being subjected to hydrothermal. The hydrothermal was carried out at 120 °C for 16 h, followed by the drying of the HKUST-1 in the oven at 90 °C for 2 h.




2.3. Synthesis of N-Doped Graphene


An aqueous solution of graphene oxide (1 mg mL−1) was prepared and sonicated for 30 min to exfoliate the graphene layers. A total of 20 mg mL−1 of urea, which acts as a nitrogen source, was added into the graphene oxide solution and stirred for another 30 min. The mixture was sealed in a stainless-steel autoclave and subjected to a hydrothermal process for 12 h at 180 °C. The product that was in a hydrogel form was then filtered and washed a few times using deionized water to remove impurities and unreacted chemicals. The hydrogel was then freeze-dried in order to maintain the structure of the N-doped graphene.




2.4. Characterization


A field-emission scanning electron microscope (FESEM) (JEOL JSM 7600F, Pleasanton, CA, USA) was utilized to observe the surface morphology of the HKUST-1. The structural fingerprint of the HKUST-1 was analyzed using a Raman spectrometer (WITec GmbH, Ulm, Germany) with a 532 nm excitation laser. In order to determine the functional groups of the samples, Fourier-transform infrared spectroscopy (FTIR) (Shimadzu, Kyoto, Japan) was conducted in a wavelength range of 4000–500 cm−1. The phase identification and crystallography of the sample were studied in the scanning range of 5–60° using an X-ray diffractometer (XRD) (Shimadzu 6000, Kyoto, Japan) with Cu Kα as the X-ray source (λ = 1.54 Å). The surface area, pore volume, and pore diameter of the HKUST-1 were investigated from the N2 adsorption–desorption isotherm (MicroActive for Tristar II, Micromeritics, GA, USA).




2.5. Electrochemical Analyses


The electrochemical analyses were investigated in 1 M LiOH using an electrochemical analyzer (PGSTAT204, Metrohm Autolab, Utrecht, THE Netherlands) utilizing the HKUST-1 on nickel foam as a working electrode, platinum (Pt) wire as a counter electrode, and Ag/AgCl as a reference electrode. The nickel foam (1 cm2) was subsequently washed with acetone, HCl, and deionized water before drying overnight at 60 °C. The working electrode was fabricated by forming a homogenous slurry mixture of 80% active materials, 10% carbon mesoporous, and 10% PTFE in ethanol coated on the nickel foam. The mass loading of the active material was 28 mg/cm2. The cyclic voltammetry was performed at various scan rates from 0 to 0.6 V. The specific capacity, Cs (C g−1), was determined from cyclic voltammetry curves using Equation (1) [2]:


   C s  =   ∫ I d V   ν m    



(1)




where ν (V s−1) is the scan rate, m (g) is the mass of active materials, and    ∫   V i     V f    I V d ν   is the area of the CV curve.



Galvanostatic charge–discharge was carried out at different current densities (1 to 5 A/g) at the same potential window as cyclic voltammetry (0 to 0.6 V). From the galvanostatic charge–discharge curves, Cs was calculated using Equation (2) [7]:


   C s  =   I Δ t  m   



(2)




where I is current (A), Δt is discharging time (s), and m is the mass of the active materials (g).



In order to study the resistivity of the HKUST-1, electrochemical impedance spectroscopy was performed from 0.1 Hz to 100 kHz with an AC amplitude of 5 mV at an open circuit potential.




2.6. Supercapattery Assembly and Electrochemical Measurement


The electrochemical measurement of the supercapattery device of the HKUST-//N-doped graphene (HKUST-1//NDG) was performed using a potentiostat. A gel polymer electrolyte, PVA-LiOH, was used as the electrolyte for the HKUST-1//NDG. This gel polymer electrolyte was prepared by dissolving 1 g PVA in 10 mL of deionized water and agitated at 80 °C until the solution turned clear. Then, 1 g of LiOH was added to the clear solution, and stirring continued for a few hours. In order to fabricate the device, a filter paper soaked in PVA/LiOH was sandwiched between the HKUST-1 and N-doped graphene. The specific energy (E) and specific power (P) of the HKUST-1//NDG were obtained from the galvanostatic charge–discharge curves using Equation (3) [8] and Equation (4) [8], respectively:


  E =    C s  × Δ V   2 × 3.6    



(3)






  P =   E × 3600   Δ t    



(4)




where Δt is discharging time (s) and ΔV is the potential window (V).





3. Results and Discussion


3.1. Physicochemical Characterizations


The surface morphology of the HKUST-1 is shown in Figure 1a. The HKUST-1 displays a typical octahedral structure. The N2 adsorption–desorption isotherm of the HKUST-1 (1b) illustrates type IV with a hysteresis loop (P/Pο = 0.5 to 1.0), indicating the presence of mesopores in the material, which is consistent with the average pore size (2.64 nm) calculated using the Barrett–Joyner–Halenda (BJH) method [9]. The HKUST-1 exhibits a BET-specific surface area of 1015.02 m2 g−1 with a specific pore volume of 0.53 cm−1 g−1, which indicates that the HKUST-1 offers an abundance of pores with a large specific surface area, which is beneficial for maximizing the electrochemical reaction.



The Raman spectrum (Figure 2a) shows a peak of Cu-Cu at 190 cm−1 and a peak at 290 cm−1 due to the O-Cu-O bond stretching vibration modes, whereas the Cu-O stretching vibration bonds that predominantly indicate the carboxylate bridges can be observed at 500 cm−1. The peaks observed at 730 and 815 cm−1 indicate the carbonyl group (CO) and C-H bending vibration modes, respectively. The stretching mode of C=C of benzene can be observed at 1000 cm−1, and the bond of vibration mode and linked stretching for the carboxylate group are related to both peaks at 1465 cm−1 and 1535 cm−1, respectively [10]. Figure 2b shows the FTIR spectrum of the HKUST-1, which displays a broad peak that is centralized at 3300 cm−1 and manifests the presence of hydroxyl groups. The CO-OH bond and C-OH bond are determined at 1625 cm−1 and 1125 cm−1, respectively. The carboxyl group is found at 1460 cm−1 and 1375 cm−1 for both symmetric and asymmetric stretching vibration, respectively. The bending and stretching of Cu-O is noticed at 745 cm−1 [11]. The crystallinity and the chemical phase of the HKUST-1 were determined via XRD. The diffraction peaks (Figure 2c) are observed at 7.1°, 9.5°, 11.7°, 13.4°, 14.7°, 17.6°, 19.1°, 19.9°, 20.9°, 23.2°, 23.7°, 26.0°, 27.6°, 28.5°, and 29.7° [12], indicating that the HKUST-1 has a microporous crystal framework [12]. The presence of sharp and obvious peaks below 20° indicates the successful formation of the HKUST-1, while the remaining peak can be allocated to Cu2O (JCPDS: 5-0667) and CuO (JCPDS: 45-0937). The XRD pattern of the HKUST-1 is consistent with the XRD pattern of the simulated HKUST-1, proving that the pure HKUST-1 is formed [12,13].




3.2. Electrochemical Characterization


The cyclic voltammetry of the HKUST-1 was performed in a three-electrode system at a potential window of 0–0.6 V at various scan rates, with 1 M LiOH as the electrolyte. Figure 3a depicts the cyclic voltammetry curves of the HKUST-1 with obvious pairs (0.45 and 0.25 V) of redox peaks at all scan rates due to the redox Faradaic reaction, verifying its battery-type property [14]. The cyclic voltammetry curves maintain their battery-type shape and the peak current increases as the scan rate increases, indicating the rapid rate of the mobile ion transports in the HKUST-1 [15]. The specific capacity of the HKUST-1 was calculated using Equation (1). The specific capacity of the HKUST-1 electrode at 1 mV s−1 is 126.2 C g−1; whereas, at 5 mV s−1, the specific capacity of the HKUST-1 is 62.7 C g−1. Figure 3b shows the plot of the specific capacity of the HKUST-1 at different scan rates. The specific capacity gradually decreases as the scan rates increase due to the slow diffusion process of ions accessing the inner surface electrode at high scan rates [16].



The mechanism of charge storage of the HKUST-1 was studied to confirm whether it is a diffusion-controlled or a non-diffusive process by analyzing the cyclic voltammetry curves at different scan rates using Equation (5), which is known as Power’s law [17]:


  i = a  ν b   



(5)




where i is the cathodic current peak (A) and ν is the scan rate (V s−1), whereas a and b are variable parameters. The b value can determine the charge-storing mechanism of the HKUST-1. Therefore, the graph of the log cathodic peak current vs. the log scan rate was plotted in Figure 3c to obtain the b value. The obtained b value (0.52) is near 0.5, implying that the HKUST-1 possesses a diffusion-controlled charge storage mechanism and confirming the battery-type property of the HKUST-1 [18,19].



The electrochemical performance of the HKUST-1 was further analyzed by galvanostatic charge–discharge via a three-electrode system in 1 M LiOH. The measurement was carried out at current densities between 1 and 5 A g−1 within 0–0.6 V. The charge–discharge curves of the HKUST-1 (Figure 4a) display a plateau at 0.2 V, showing a Faradaic redox reaction occurring in the system, which indicates that the HKUST-1 is a battery-type material [20]. The discharging time increases at low current densities as the ions in the electrolyte obtain sufficient time to interact with the electrode’s material [21]. The specific capacity of the HKUST-1 was calculated for each current density in Equation (2), and the maximum specific capacity obtained is 15.7 C g−1 as a result of the large surface area together with the high pores volume of the HKUST-1.



Electrochemical impedance spectroscopy measurement of the HKUST-1 was also performed in a three-electrode system in 1 M LiOH to further determine the resistivity of the HKUST-1. At the high-frequency region of the Nyquist plot (Figure 4b), the diameter of the semicircle indicates the interfacial charge transfer resistance between the HKUST-1 electrode’s surface and electrolyte ions [22], whereas the intersection on the x-axis refers to the equivalent series resistance, which includes the intrinsic resistance of the HKUST-1, interfacial resistance between 1 M LiOH and the HKUST-1, and resistance between nickel foam and the HKUST-1. On the other hand, at the lower frequency region, Warburg impedance (W) can be demonstrated from the straight line [23]. The equivalent series resistance value for the HKUST-1 is 0.08 Ω, while the charge transfer resistance value for the HKUST-1 is 2.62 Ω. These indicate that the HKUST-1 exhibits high conductivity and low charge transfer resistance [15].




3.3. Electrochemical Performance of Assembled Supercapattery


Figure 5a shows the cyclic voltammetry curves of the HKUST-1 and N-doped graphene in a three-electrode configuration at 1 mV/s in 1 M LiOH. The operating potential window for the battery-type HKUST-1 is 0–0.6 V, whereas the operating window for the capacitive N-doped graphene is −0.6–0 V, which suggests that the supercapattery device can be operated between 0 and 1.2 V [24]. The cyclic voltammetry analysis of the HKUST-1//N-doped graphene at different scan rates from 0 to 1.2 V was carried out using PVA/LiOH gel as an electrolyte. The cyclic voltammetry curves (Figure 5b) illustrate both contributions from capacitive and battery-type behavior at all scan rates, which are confirmed by the calculated b-value (0.41) of the HKUST-1//N-doped graphene. In addition, the shape of the cyclic voltammetry curves is maintained, even at high scan rates, indicating its good rate capability. Galvanostatic charge–discharge analysis of the HKUST-1//N-doped graphene was also carried out from 0 to 1.2 V at various current densities, as shown in Figure 5c. The curves reveal a plateau observed at ~1.0 V during the discharging curve, indicating that the HKUST-1 possesses a battery-type charge storage mechanism, whereas a linear curve is observed during the charging curve between 0.8 and 0.2 V, implying the capacitive nature of the N-doped graphene [25]. The specific energy and the specific power of the HKUST-1//N-doped graphene were calculated using Equations (3) and (4), respectively. The specific energy and specific power of the device are 2.61 Wh kg−1 and 600 W kg−1 at 1 A g−1. Figure 5d illustrates the Ragone plot of the HKUST-1//N-doped graphene, which shows that the specific power increases as the specific energy decreases.



The resistivity of the HKUST-1//N-doped graphene was studied via electrochemical impedance spectroscopy at an open circuit potential with a frequency of 0.1–100 kHz (amplitude, 5 mV). The Nyquist plot (Figure 5e) shows a semicircle at the high-frequency region, and the charge transfer resistance and equivalent series resistance values for the device are 7.86 Ω and 0.87 Ω, respectively. These values indicate that the device has excellent conductivity and exhibits low equivalent series resistance, which is due to the large surface area and mesoporous structure of the HKUST-1 that provides efficient transportation of electrolyte ions. The equivalent circuit of the HKUST-1//NDG is displayed in the inset Figure 5e. The equivalent circuit consists of ESR, Rct, constant phase elements (CPEs), and Warburg (W) elements. Furthermore, the cycle stability of the device was analyzed by galvanostatic charge–discharge measurements at 0.2 A g−1 for 10,000 cycles, as depicted in Figure 5f. It can be observed that the capacity retention decreases are attributable to the low structural stability of the HKUST-1 after repeated charging–discharging cycles. It is well known that metal-organic framework has low structural stability due to the collapsing of its framework after repeated and continuous charging–discharging cycles. However, with the presence of the high mechanical stability of N-doped graphene, the device is able to retain 57% after continuous 10,000 charging–discharging cycles. The device exhibits decent cycling retention on account of the synergistic effect between both the HKUST-1 and the N-doped graphene [26].





4. Conclusions


A battery-type copper-based metal-organic framework, the HKUST-1, was prepared via the hydrothermal method, and its electrochemical performance for a supercapattery in 1 M LiOH was successfully evaluated. The prepared HKUST-1 displayed an octahedral structure with a large specific surface area and pore volume. The HKUST-1 also showed high crystallinity and diffraction peaks, which were similar to the simulated HKUST-1. The HKUST-1 demonstrated a specific capacity of 15.7 C g−1, as well as good conductivity, due to the high pore volumes (0.53 cm−1 g−1) and large specific surface area (1015.02 m2 g−1) of the HKUST-1. A supercapattery device with a total potential window of 1.2 V consisting of the HKUST-1 was a positive electrode, and N-doped graphene was a negative electrode; they exhibited 2.61 Wh kg−1 and 300 W kg−1 of specific energy and specific power, respectively, at 1 A/g, with a capacity retention of 57% after 10,000 cycles. These significant findings indicated that the HKUST-1 displayed a promising positive electrode material for supercapattery devices.
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Figure 1. (a) FESEM image of the HKUST-1 and (b) the N2 adsorption–desorption isotherm of the HKUST-1. 
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Figure 2. (a) Raman spectrum, (b) Fourier-transform infrared spectrum, and (c) X-ray diffraction pattern of the HKUST-1. 
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Figure 3. (a) Cyclic voltammetry curves of the HKUST-1 at different scan rates in 1 M LiOH, (b) specific capacity vs. scan rate, and (c) log peak current against log scan rate. 
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Figure 4. (a) Galvanostatic charge–discharge curves of the HKUST-1 at various current densities (1–5 A/g) and (b) Nyquist plots of the HKUST-1 in 1 M LiOH. 
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Figure 5. (a) Cyclic voltammetry curve of the HKUST-1 and N-doped graphene, respectively, at 1 mV/s via three-electrode configuration in 1 M LiOH, (b) cyclic voltammetry curves of the HKUST-1//N-doped graphene measured at diverse scan rates, (c) galvanostatic charge–discharge curves of the HKUST-1//N-doped graphene assessed at various current densities, (d) Ragone plot of the HKUST-1//N-doped graphene, (f) Nyquist plot of the HKUST-1//N-doped graphene (inset: equivalent circuit of the HKUST-1//NDG), and (e) cycling stability of the HKUST-1//N-doped graphene supercapattery for 10,000 cycles. 






Figure 5. (a) Cyclic voltammetry curve of the HKUST-1 and N-doped graphene, respectively, at 1 mV/s via three-electrode configuration in 1 M LiOH, (b) cyclic voltammetry curves of the HKUST-1//N-doped graphene measured at diverse scan rates, (c) galvanostatic charge–discharge curves of the HKUST-1//N-doped graphene assessed at various current densities, (d) Ragone plot of the HKUST-1//N-doped graphene, (f) Nyquist plot of the HKUST-1//N-doped graphene (inset: equivalent circuit of the HKUST-1//NDG), and (e) cycling stability of the HKUST-1//N-doped graphene supercapattery for 10,000 cycles.



[image: Energies 16 07072 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Raman intensity (a.u)

(a)

190

290

500

730

815

1000

§

1465

535

-——r 77—
0 200 400 600 800 1000 1200 1400 1600

Raman shift (cm=1)

Intensity (a.u)

Transmittance (%)

105

(b)

100

95 -
3300
90

85 1625 ;

1460
80

75
1375

745

70 . 1 . 1 . 1 L 1 * 1 N I !
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm=1)

e EXPERIMENTAL
s SIMULATED

20 25

20(%)

30 35 40





nav.xhtml


  energies-16-07072


  
    		
      energies-16-07072
    


  




  





media/file2.png
Volume adsorbed (cm3/g)

70

60 - (b)

50
40-
30+
20]

104§
/-

—s— Adsorption
Desorption

02 04 06 08
Relative pressure (P/P )

1.0





media/file5.jpg
Current density (A/g)

12 "
@ — (b)
o8 5 g
= d S
9 [merivy =
00 8w
" % w
&
08 w0
%2 o0 oz o4 o5 08 IR
Potential (V) vs Ag/AGC! Scan rate (mVis)
s
©
8
<
5
£ b-0s2
818
40
@ oz o4 o5 o8

log scan rate (mVis)






media/file3.jpg
(@

Transmittance (%)

()

13

o 40 & 80 1000 1200 1900 1600
Raman shift (cm)

nensty (0)

Wavenumber (em)






media/file1.jpg
—— Adsorption
Desorption

g 3

Volume adsorbed (cm’/g)
8

60 02 04 08 08 10
Relative pressure (P/P,)






media/file7.jpg
R

W

w(®)

s
0

.z

L)

10Bv/BY s (A) eRUSIOg

zZ©)

Time (s)





media/file10.png
Potential (V)

_le (Q)

0.6

(a) ——HKUST-1
S 04- ——NDG
<
& a2
w
[ o=t
[}
S 0.0
c
o
S5 -0.2
@)
_04 I I Ll 1 T T 1
08 -06 -04 -02 00 02 04 06
Potential (V) vs Ag/AgCI
1.6
(C) — 1 Alg
1.4 —2 Alg
—3 Alg
1.0 il
0.8
0.6
0.4
0.2
0.0I T T T 4 T 4 T i T b T b T i T o
@l e | 122 | gl 1| 26 | 12411280118 2lllI3e
Time (s)
60
1 (e) = Exp
504 Fitted

0.8

Current density (A/g)

0.8

0.6

0.4 -

0.2+

0.0 -+

-0.2

Specific energy (W h/kg)

Specific capacity retention (%)

3.0

R
0.4

T T T T T
0.6 0.8 1.0

Potential (V)

2.5+

2.0

| ——

0

T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500

Specific power (W/kg)

%0 900 .29 11, 999"
2099 9990% 00

1 ()

T T T
4000 6000 8000

Number of cycles

T
2000 10,000





media/file9.jpg
Potential (V)

-z

@
o2
oo,

Current density (Ag)

—hKUST-1
— oG

Potentil (V) vs Ag/AgC!

Porenr )

©

RS
Time (5)

‘Specifc energy (W hkg)

s

@

o 1000 1500 20 7500 300 3500
Specifc power (Wikg)

oS vany





media/file0.png





media/file8.png
Potential (V) vs Ag/AgCl

0.0

20

40

60
Time (s)

80

100

120

7" (Q)

14
12-
10-
8-
6-
4]
5]

|(b)






media/file6.png
Current density (A/g)

1.2 140
; (a) —— 1 mV/s - (b)
—2 mV/s —
87 a3 mV/s o 1207
g4 MV/s 9
0.4- —+=SmVis 2 100-
O
©
Q.
0.0- T 80-
O
=
-0.4- g 60-
Q.
n
'0-8 1 ' I | | ‘40 ' I ! 1 4 | ' I !
-0.2 0.0 0.2 0.4 0.6 0.8 0 1 2 3 4 5
Potential (V) vs Ag/AgCI Scan rate (mV/s)
15
| (c)
-1.6