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Abstract

:

Activated carbon (AC) was synthesized with various weight ratios of manganese dioxide (MO) through a simple hydrothermal approach. The electrochemical performance of the synthesized activated carbon/MnO2 composites was investigated. The effect of the activated carbon/MnO2 (AM) ratio on the electrochemical properties of the activated carbon/MnO2 composites and the pore structure was also examined. The results show that the specific capacitance of the activated carbon material has been improved after the addition of MO. The as-synthesized composite material exhibits specific capacitance of 60.3 F g−1 at 1 A g−1, as well as stable cycle performance and 99.6% capacitance retention over 5000 cycles.
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1. Introduction


With global warming and a worsening environment, the use of renewable energy sources is becoming increasingly important [1,2]. In order to use renewable energy effectively, flexible and scalable energy storage solutions must be adopted for energy storage [3,4]. Electrochemical energy storage (EES) devices are particularly suitable for portable electronic equipment or hybrid electric vehicles. Among different kind of EES devices, supercapacitors (SCs) have the characteristics of a long cycling life and high power density, and have broad application prospects in many fields [5]. Generally, SCs can be classified into two types: electric double layer capacitors (EDLCs) and pseudocapacitors [6,7]. The capacitance of EDLCs mainly depends on the adsorption of anions and cations on or near the electrode/electrolyte interface, which is mainly related to the surface area of the electrode material. Porous carbon, such as in activated carbon [8,9], carbon nanotubes [10,11], carbon nanofibers [12,13] and graphene [14,15], is a commonly used electrode material for EDLCs. This kind of carbon material has a high specific surface area and good conductivity, which can improve higher specific capacitance. Although graphene and carbon nanotubes have better conductivity and surface area than other carbons, activated carbon has become an ideal electrode material for EDLCs, and is used on a large scale for commercialized supercapacitors due to its easy processing and lower cost, adjustable surface area, relatively inert electrochemical properties, adjustable porosity and electrocatalytically active sites for reactions. However, the energy density of carbon-based materials is relatively low, and the volume energy density particularly needs to be further improved [16,17,18].



Generally, there are two main solutions to improve the performance of AC material. First, the physical or chemical activation of activated carbon can be used to control pore characteristics and increase surface area, thereby increasing the specific capacitance [19]. Physical activation leads to a more concentrated pore size distribution, while chemical activation can increase the bulk density and thus increase the adsorption capacity [20,21]. The second is to combine the carbon material with metal oxide or a conductive polymer to enhance the capacitance performance through the synergy effect of EDLC and the pseudocapacitors [22]. For instance, Cao et al. [23] synthesized NiO/activated carbon composites and obtained a specific capacitance of 214.48 F g−1 at 40 mA g−1 in a 1 M KOH aqueous solution. Kim et al. [24] prepared activated carbon nanotube/CuO composites to obtain enhanced specific capacitance. In addition, 2D metal carbides and nitrides (MXenes) are also a very promising supercapacitor material. Due to the surface termination of MXenes being able to be adjusted, as well as incorporated into activated carbon/MnO2 materials, there are many reports using MXenes to enhance specific capacitance [25,26,27]. The specific capacitance of the prepared composite electrode combines a double layer of capacitance and pseudocapacitance; this kind of combination greatly improves the electrochemical performance of composite materials.



Herein, we prepared activated carbon/manganese dioxide (AC/MO) composites with various weight ratios of manganese dioxide (MO). The electrochemical performance of the synthesized composites with different weight ratios of MO was investigated. Furthermore, the influence of MO content on the pore characteristics of AC was also studied. The as-synthesized AC/MO composites showed more enhanced electrochemical performance than both the pure MO and AC, and it is a promising alternative carbon material for the application of SCs.




2. Results and Discussion


2.1. Structural Properties


The chemical states data of the AM composites were collected by XPS. The XPS spectrum of Figure 1a indicates the existence of Mn, O and C, and the peak intensity of Mn2p and O1s increases with the increase of MO content (Table 1). When spin energy was used to separate 11.6 eV, characteristic peaks of Mn2p1/2 (653.8 eV) and Mn2p3/2 (642.2 eV) appeared, indicating that MO was successfully coated on the AM1 composites [28,29]. The O1s XPS spectrum of AC, AM1 is shown in Figure 1c. The characteristic peaks at 531.9 eV and 534.8 eV belong to the characteristic peaks of C=O (531.9 eV) of AC and H2O (534.8 eV), respectively. In addition, there are three peaks concentrated at 529.9, 531.4 and 533.4 eV, which corresponds to the Mn–O–Mn bond, Mn–O–H bond and H–O–H bond of MO [30,31].



The morphology and structure of AC, AM1 composites can be further investigated by SEM. AC has a smooth surface and a size of approximately 10–170 μm in shape, shown as irregular pieces in Figure 2a. In addition, Figure 2b also has an irregular shape; a magnified SEM image of the sample in Figure 2b indicates MnO2 as a sphere nanostructure particle. The cross-sectional SEM and energy dispersive X-ray spectroscopy (EDS) mapping images of the AM0.1, AM1 and AM3 composites are shown in Figure 2c. The EDS mapping images of the composites is also shown in Figure 2c, which indicates that the samples consisted of C and Mn. The Mn peaks of AM1 and AM3 were more distinct than that of AM0.1. The Mn content in the AC material increases with the addition of MO [32,33].



The surface and pore information of the prepared composites were measured by the nitrogen adsorption-desorption method. The specific surface areas of AC, MO and AM composites were calculated by utilizing the BET equation. Figure 3a shows the nitrogen adsorption/desorption isotherms of AC, MO and AM composites at 77 K. All samples showed typical IUPAC type isotherms [34]. The results at the relative pressure of P·P0−1 = 0.1 provide proof of the existence of variously sized microporous structures. Figure 3b shows the pore size distribution of the samples, indicating that the pores in the samples were micropores (<2 nm) and mesopores (<50 nm) [35]. The porous information of the as-prepared samples, which is calculated from BET, is summarized in Table 2. The specific surface area of pure AC was 1844 m2 g−1, while the BET surface areas of AM0.1, AM0.5, AM1, AM2 and AM3 were calculated to be 1505, 1569, 1479, 1172 and 1017 m2 g−1, respectively. The total volumes of AM0.1, AM0.5, AM1, AM2 and AM3 were calculated to be 1.047, 1.099, 1.047, 0.817 and 0.708 cm3 g−1, respectively. In summary, since the injected MO blocked the pore structure, the specific surface area and micropore volume of the composites decreased with the increase of MO content.




2.2. Electrochemical Performance of AM Composites


The electrochemical properties of AC, MO and AM composites for electrochemical capacitor application are calculated and shown in Figure 4. Figure 4a shows the galvanostatic charge-discharge (GCD) curves of AC, MO and AM composites at 1 A g−1. The specific capacitance of the as-prepared electrodes was calculated according to Equation (1)


   C m  =   I   × t   Δ   V   × m    



(1)




where Cm is the specific capacitance [F g−1], I is the charge/discharge current, t is the charge/discharge time,   Δ V   is the potential window and m is the mass of active material [36,37]. The highest obtained specific capacitance, obtained with AM1, was 60.3 F g−1 at 1 A g−1. The high specific capacitance results in the proper combination of AC and MO components. The comparison of the specific capacitance of this work with that of other literature was shown in Table 3.



Figure 4b indicates the GCD curves of the AM1 electrode at various current densities (1, 2, 3, 4 and 5 A g−1). The specific capacitance of the AM1 electrode decreases with the increase of the discharge current density. This is mainly because the electrolyte ions diffuse slowly at high current densities, and cannot penetrate the active material sufficiently [41]. Figure 4c shows the CV curves of the as-prepared composites electrodes at 100 mV s−1. The CV curve of AC presents a relatively regular rectangle, and the potential of each terminal does not show a rapid current response to the potential inversion, indicating that the AC material has largely maintained the characteristics of EDLCs. Moreover, the rectangular area of the CV curve of the AM composite was greatly improved by the redox transition of MO between the semiconductor state and the conduction state, thereby improving the redox capacitance. The area of the CV curve increased from AM0.1 to AM1, but with the higher MO concentrations in AM2 and AM3, this area gradually decreased. The AM1 electrode gave rise to the largest CV curve area among the examined electrodes, as AM1 has good conductivity and can provide an electron transfer path. Therefore, compared with other sample electrodes, the AM1 electrode has lower resistance and more ideal supercapacitor characteristics.



To investigate the EDLC behavior of the AM1 composite electrode in more detail, the CV curves at various scan rates (10, 25, 100 and 200 mV s−1) were tested. Figure 4d indicates that the CV curve of AM1 shows an approximately symmetrical rectangle shape. This shows that AM1 has good pseudocapacitive and EDLC behavior. Figure 4e summarizes the specific capacitance of the AC and AM composite electrodes at various current densities. The AM composite electrode shows an enhanced area capacitance with increasing MO content, with the increase of the scan rate ranging from 1 to 5 mV s−1. The capacitance of the AM1 electrode was 60.3 F g−1 at a current density of 1 A g−1, which was higher than that of AC and the other AM composites. The retained capacitances of the AC, AM0.1, AM0.5, AM1, AM2 and AM3 composite electrodes were 9.29%, 12.75%, 13.4%, 10.6%, 11.1% and 10.5% from 1 to 5 A g−1, attributed to the relatively slow faradic reactions. Furthermore, the cycling performance of the AM1 was investigated at 100 mV s−1 (Figure 4f). AM1 exhibited a stable cycling performance, and maintained a 99.6% capacity retention rate after 5000 cycles. Notably, the CV curves were still symmetric after 5000 cycles, indicating no significant structural changes of the AM1 electrode during the CV processes.





3. Chemicals and Synthesis


3.1. Chemicals and Composites Synthesis


Activated carbon (AC; LG Co. Seoul, South Korea), manganese dioxide (MnO2, ≥90%, Sigma–Aldrich Co. Seoul, South Korea), 0.5 g of AC and 0.1 g of MO (AC:MO (mass ratio) = 5:0.1, 5:0.5, 5:1, 5:2 and 5:3) were distributed uniformly in 50 mL of deionized water at 25 °C. Secondly, the mixture was transferred to a Teflon stainless-steel autoclave and reacted at 120 °C for 4 h. Finally, the as-synthesized AM precursor was washed with deionized water several times, and then dried overnight under a vacuum at 80 °C. The as-synthesized AM was then annealed at 400 °C for 1 h under N2 atmosphere. The as-prepared composites are denoted as AM0.1, AM0.5, AM1, AM2 and AM3, according to the manganese dioxide content.




3.2. Structural Characterizations


X-ray photoelectron spectroscopy (XPS, Thermo Scientific, Waltham, MA, United States) data were used to test the surface chemical composition of the sample. Scanning electron microscopy (SEM, Model SU8010, Hitachi Co., Ltd., Tokyo, Japan) with energy dispersive X-ray spectroscopy (EDS) mapping was used to analyze the prepared composites. N2 adsorption/desorption isotherms were collected by a gas adsorption analyzer (BEL, BELSORP-max, Tokyo, Japan). The element composition of the composites was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Piscataway, NJ, United States).




3.3. Electrode Preparation and Electrochemical Measurements


The active material, carbon black and polyvinylidene difluoride (PVDF) are mixed in a weight ratio of 8:1:1 to prepare a working electrode slurry, with NMP acting as the solvent. The prepared working electrode slurry is evenly coated on nickel foam through the drop-casting method, and dried at 60 °C for 12 h. The as-prepared AC and AM composite electrodes were studied in Na2SO4 electrolyte (1 mol L−1). The three-electrode system was assembled with a platinum wire as the counter electrode, and an Ag/AgCl electrode as the reference electrode to test the electrochemical performance of the as-prepared materials. CV curves were obtained at various scan rates (10, 25, 100 and 200 mV s−1) at a potential window of −0.2–0.8 V. GCD curves were tested at various current densities from 1 to 5 A g−1 within the same potential window.





4. Conclusions


In summary, AM composites with various mass ratios of MO were synthesized by the facile hydrothermal method. The AM composite electrodes exhibited higher specific capacitance than pure AC or MO electrodes. The effect of MnO2 on the electrochemical performance was evaluated by varying the AC:MO ratio. In a certain range, the addition of MnO2 improved the electrochemical performance of activated carbon, but with the increase of MnO2 addition, the excess porosity of MnO2 will cause a decrease of porosity, which will cause a decrease of the electrochemical performance of AM composites. The optimal ratio of AM composite is an AC:MO ratio of 1:1 (weight ratio). The electrochemical performance data indicated that the AM composites exhibit a good specific capacitance (60.3 F g−1) and rate performance. Furthermore, the AM composite electrodes exhibited significantly improved cycling stability.
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Figure 1. X-ray photoelectron spectroscopy spectra of AC, MO and AM composites: (a) survey scan; (b) Mn2p spectrum; and (c) O spectrum of AM1 composites. 
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Figure 2. Scanning electron microscopy (SEM) images for (a) AC; (b) AM1 composites; and (c) Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) mapping of AM0.1, AM1, and AM3 composites: (c-a, c-d and c-g) SEM images, (c-b, c-e and c-h) C distribution and (c-e, c-f and c-i) Mn distribution. 
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Figure 3. (a) N2 adsorption/desorption isotherms (solid symbols represent desorption isotherms, and hollow symbols represent adsorption isotherms); and (b) pore size distributions of AC, MO and the AM composites. 
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Figure 4. (a) Galvanostatic charge/discharge curves of the prepared composites at 1 A g−1; (b) galvanostatic charge/discharge curves of the AM1 composite electrodes at different current densities (1−5 A g−1); (c) cyclic voltammograms of the prepared samples at a scan rate of 100 mV s−1; (d) cyclic voltammograms of the AM1 composite electrodes at different scan rates; (e) comparison of the specific capacitances of AC, MO and AM composites; and (f) cycling performance of AM1 composite electrodes at 100 mV s−1 for 5000 cycles. 
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Table 1. Elemental properties of the as-synthesized samples.
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Sample

	
X-ray Photoelectron Spectroscopy (at. %)

	
ICP-OES (at. %)




	
C

	
O

	
Mn

	
Mn






	
AC

	
81.34

	
18.66

	
-

	
-




	
MO

	
-

	
74.85

	
25.10

	
28.61




	
AM 0.1

	
85.34

	
13.45

	
1.15

	
2.17




	
AM 0.5

	
82.45

	
15.26

	
3.00

	
4.69




	
AM 1

	
71.73

	
24.53

	
3.75

	
7.96




	
AM 2

	
71.19

	
23.40

	
5.41

	
9.13




	
AM 3

	
63.22

	
28.85

	
7.93

	
12.37
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Table 2. The porous parameter of the as-synthesized samples.
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	Samples
	a SBET

(m2 g−1)
	b Vtotal

(cm3 g−1)
	c Vmeso

(cm3 g−1)
	d Vmicro

(cm3 g−1)
	e Dp

(nm)





	AC
	1844
	1.316
	0.526
	0.790
	3.8



	AM 0.1
	1805
	1.047
	0.419
	0.628
	3.7



	AM 0.5
	1569
	1.099
	0.427
	0.672
	3.6



	AM 1
	1479
	1.047
	0.419
	0.628
	3.6



	AM 2
	1172
	0.817
	0.276
	0.541
	3.5



	AM 3
	1017
	0.708
	0.239
	0.469
	3.4



	MO
	4
	0.002
	0.002
	0.000
	28.1
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Table 3. Comparison of the specific capacitance of this work with that of other literature.
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	Sample
	Specific Capacitance (F g−1)
	Ref.





	MnO2/Activated carbon
	62.4 (0.1 A g−1)
	[38]



	LiMn2O4/Activated carbon
	48 (1 A g−1)
	[39]



	ZnCl2 treated activated carbon
	74 (0.5 A g−1)
	[40]



	Activated carbon/MnO2
	60.3 (1 A g−1)
	This work
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