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Abstract 21 

To achieve the coordination of energy density and power density, the metal oxide 22 

(MnO2) that induce pseudo-capacitance in 3D porous carbon can build high energy 23 

density and specific capacitance at high-power density. Here we have showed the 24 

synthetization of a composites (JSPCC-MnO2) with a specific capacitance of 310.6 F/g, 25 

an energy density of 111.8 Wh/kg, and a power density of 223.3 W/kg. The percentage 26 

of pseudo-capacitance caused by the element Mn is 23.05%, the pseudo-capacitance 27 

process of the JSPCC-MnO2 has involved reversible charge transfer from Mn (II) to 28 

Mn (IV) to achieve high specific capacitance and energy density via multiple charge 29 

transfer dynamics. And the 3D micro-meso-macro porous structure has provided the 30 

electrolyte sufficient active sites and smooth ion migration channels. Atomic-scale 31 

information has been provided by classical molecular dynamics. In polarized states, the 32 

non-polar water molecular layer is at a higher energy level, and the electrostatic 33 

adsorption force between carbon atom and K ion is higher than the hydrophobic force 34 

of carbon. The doping MnO2 has disturbed the density distribution in the local region, 35 

changed the ordered structure, and made the doping sites form defects. Green, 36 

affordable and renewable biomass has been used as the precursor achieving the high 37 

energy density of the carbon-based electrode. 38 

Keywords: Composite Materials, Graded Porous Carbon, High Energy Density, MnO2, 39 

Molecular Dynamics  40 
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1. Introduction 41 

In recent decades, contemporary society has developed quickly, which has led to 42 

excessive energy consumption and the depletion of fossil fuels [1]. In addition, it has 43 

put the sustainability of human health and life, as well as the environment, water, air, 44 

and other significant pollutants, in grave danger [2, 3]. As a result, the progression of 45 

renewable, clean energy sources such as solar, wind, nuclear, biomass, etc., is only 46 

around the corner [4, 5]. Given that power systems constitute the foundation of 47 

contemporary industrial civilization, the clean energy sources stated above should not 48 

be used as the input energy in their pure form. Energy conversion and storage 49 

technology is an essential and crucial link in the process of transforming energy. 50 

Electrochemical energy storage systems are considered as the most efficient and 51 

practical technology for some applications, including lithium-ion batteries, 52 

supercapacitor, and fuel cell. Supercapacitors are frequently applied in high power 53 

applications, resulting from the outstanding power density, efficiency, and cycle 54 

stability [6]. 55 

Double-layer capacitance and pseudo-capacitance are the two primary categories 56 

into which the charge storage mechanism of supercapacitors is split [6]. The reversible 57 

adsorption and desorption of electrolyte ions at the interface between the electrode 58 

surface and the electrolyte solution produces the double-layer capacitance. A high 59 

charge-discharge rate, which results in a higher power density, was characterized the 60 

physical process, which involves un-redox. The Faraday electron transfer (redox 61 
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reaction) between the electrolyte and ions on the electrode surface or in the bulk phase, 62 

whose electrochemical characteristics are approximating that of the battery behavior, 63 

which can charge and discharge continuously and determine the energy density of the 64 

electrode material, is the basis for the charge storage mechanism of pseudo-capacitors. 65 

Carbon-based materials are usually favored for high-performance electrode for 66 

supercapacitors due to their variety of benefits, including high specific surface area, 67 

superior electron transport characteristics, tunable pore size distribution, and their 68 

ability to be heteroatom doped [7]. Biomass feedstocks often come from a variety of 69 

species sources and may be seen as a precursor to carbon compounds with unique 70 

structures and characteristics [8]. In terms of microstructure, biomass materials 71 

possessed an abundance of self-sourced porous hierarchical structures and hetero-72 

atomic species (O, N, S, P, and B, etc.), which can reduce the ion transport distance and 73 

produce more active sites while also improving the surface wettability of carbon 74 

materials [2]. The higher power density of carbon-based electrode materials is a result 75 

of the plentiful porous characteristics, which offer enough active sites for ion adsorption 76 

and desorption (mainly double-layer capacitors). On the other hand, this also highlights 77 

the extraordinarily poor energy density of carbon-based electrode materials. Since the 78 

power density of the supercapacitor must constantly be guaranteed, studies always 79 

focus on how to increase the energy density. To boost the energy density of capacitors 80 

by using the pseudo-capacitor mechanism, it is significant to produce hybrid electrode 81 

materials (double-layer capacitors and pseudo-capacitors) [2, 6, 9]. 82 
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Nowadays, metal oxides, conductive polymers, and other materials are often 83 

employed to provide pseudo-capacitive characteristics [10, 11]. Pseudo-capacitive 84 

materials should have multiple oxidation valences in order to offer a broad voltage 85 

range and high energy density [12]. Theoretically, manganese has numerous oxidation 86 

states (+1, +2, +3, +4, +5, +6, and +7), MnO2 is consequently regarded as a promising 87 

pseudo-capacitive electrode material and is frequently applied in the field of power 88 

battery and energy storage [2]. Moreover, MnO2 is in possession of high theoretical 89 

specific capacitance (1100~1380 F/g). Although the actual specific capacitance of 90 

MnO2 was only 100~150 F/g in the early research. On account of the Faraday reaction 91 

and redox of nanosized manganese oxides across various valences, newly discovered 92 

MnO2 nanostructured materials have a mass specific capacitance of 250–500 F/g [13, 93 

14]. It is generally known that the MnO2 has a very varied crystal structure with diverse 94 

configurations. MnO2 crystal structures of various configurations are stacked and 95 

blended to form different pore sizes. In electrochemistry, the specific capacitance of a 96 

MnO2 electrode decreases sharply along with the increase of the load. Therefore, the 97 

specific capacitance of carbon-based electrode materials can be increased by doping the 98 

MnO2 pseudo-capacitive element into carbon materials. 99 

Therefore, MnO2 was chosen as a pseudo-capacitive material to be combined with 100 

porous carbon derived from biomass to synthesize composites with high mass specific 101 

capacitance and energy density with the aim to drastically improve the power density. 102 

Furthermore, in order to demonstrate the advantages of this method, the electrochemical 103 
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properties of porous carbon prepared by ZnCl2 were compared. The pseudo-capacitive 104 

behavior of MnO2 promotes surface adsorption of electrolyte ions and rapidly reversible 105 

redox. In addition, the transport of electrolyte ions is simulated by Molecular dynamics 106 

in the charge-discharge process. The developed electrode materials exhibit excellent 107 

electrochemical performance and considerable energy storage properties in a three-108 

electrode system using aqueous solutions as electrolytes. 109 

2. Materials and Methods 110 

2.1 Materials 111 

The conductive carbon black (BP2000, CARBOT, American) was pre-dried at 112 

105 °C for 12 h. 60% PTFE (D21C, DAIKIN, Japan) emulsion was diluted to 10% with 113 

deionized water. The nickel foam (Changde Liyuan New Materials Co., Ltd., China) 114 

was cut into 18*18 mm2 rectangular slices, which were then sonicated in anhydrous 115 

ethanol for 30 min and dried for 12 h, whose weight is reported as m1. The chemical 116 

reagents used in this experiment are of analytical grade. 117 

2.2 Experimental Methods 118 

2.2.1 Pretreatment of biomass raw materials 119 

The crushed jujube shell (JS, China) was washed repeatedly with deionized water 120 

to eliminate impurities. It was immersed in 1.0 M H2SO4 for 12 h, and then rinsed with 121 

deionized water until neutral. The pretreated jujube shell (PJS) carbon powder was 122 

obtained by heating at a rate of 5 °C/min to 400 °C in a tube furnace with nitrogen 123 

atmosphere for 2 h. 124 



 

7 

 

2.2.2 Preparation of porous carbon composite 125 

PJS was carbonized and activated in one-step by doping metal compounds to 126 

prepare Jujube Shell Porous Carbon Composite (JSPCC). In order to improve the 127 

pseudo-capacitance, the mixed supercapacitor composite is developed. MnO2 is 128 

preferred as the doping pseudo-capacitive material because it has numerous oxidation 129 

states, which is required of the doping element. In addition, the difference was also 130 

examined by comparison with an activator (ZnCl2) that is frequently employed in this 131 

field. The detailed process is as follows: PJS and metal compounds (MnO2 or ZnCl2) 132 

were mixed in deionized water as a mass ratio of 1:2, and subjected to ultrasonic 133 

treatment for 2 h while being stirred, and then dried at 105 °C. The mixture was 134 

transferred into a tube furnace with nitrogen gas atmosphere, and the heating procedure 135 

was set at 5 °C/min to 1000 °C for 120 min. The resultant mixture is submerged in an 136 

excess of 2 M HCl solution and agitated for 8 h to eliminate extra metal compounds 137 

and promote porosity. The carbon material is washed to neutral with deionized water, 138 

dried at 105 °C, and finally put through 200 mesh sieves. The porous carbon composites 139 

were marked as JSPCC-MnO2 and JSPCC-ZnCl2. In order to emphasize the superiority 140 

of the composite performance, the porous carbon material without doping the metal 141 

compounds was utilized as the control group, named as JSPCC-Control. 142 

2.3 Electrochemical Measurements 143 

The active substance, conductive carbon black and PTFE (mass ratio 8:1:1) were 144 

added into agate mortar along with anhydrous ethanol. Afterwards, the thin carbon film 145 
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with a guaranteed active load of 5~6 mg/cm2 was made by a repeatedly folding roller 146 

on a glass plate. The dispersion uniformity and bulk density of the composite material 147 

can be improved by repeatedly folding and rolling with the intention of lessening the 148 

pulverization phenomenon. After drying at 105 °C, the carbon film of 15*15 mm2 was 149 

sliced and coated over the prepared nickel foam for 60 s under the pressure of 20 MPa, 150 

and its weight was measured as m2. Therefore, the weight of the active substance in the 151 

electrode is m = (m2-m1) * 80%. The prepared electrode plate is designed for testing 152 

the three-electrode system. 153 

The electrochemical performance of the electrode in the three-electrode system 154 

was investigated utilizing the constructed electrode as the working electrode, the 155 

platinum electrode as the counter electrode, and the mercury oxide electrode as the 156 

reference electrode. 1 M KOH was chosen as the aqueous electrolyte. The cyclic 157 

voltammetry (CV) and galvanostatic charge/discharge (GCD) were measured using an 158 

electrochemical workstation (PGSTAT 302N, Autolab, Switzerland). 159 

In the three-electrode system, the mass specific capacitance (C, F/g) is calculated 160 

based on GCD curve, 161 

I tC
m V
⋅∆

=
⋅∆

 (1) 

I: discharge current (A), t∆  : discharge time (s), m: the mass of the active 162 

substance in a single electrode (g), V∆  : the potential that removes IR drop in the 163 

discharge process (V). 164 

The energy density (E, Wh/kg) and the power density (P, W/kg) refer to the 165 
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following formula respectively: 166 

𝐸𝐸 =
1
2
⋅ 𝐶𝐶 ⋅ 𝛥𝛥𝑉𝑉2

1
3.6

 (2) 

𝑃𝑃 = 1000 ⋅
𝐸𝐸
𝑡𝑡

 (3) 

The pseudo-capacitance was measured from the CV curve, whereby the pseudo-167 

capacitance was calculated by fitting two constants (k1 and k2) at each potential in 168 

accordance with the formulae [15]. In general, the specific capacitance consists of rate 169 

independent component k1 and diffusion effect component k2 [16]. The peak current of 170 

the pseudo-capacitive effect is a function of v (I1 = k1v, v is the scan rate, mV/s.). The 171 

peak current induced by the diffusion effect varies with v1/2(I2 = k2 v1/2). 172 

1
2

1 2( ) kI V v k v= ⋅ + ⋅  (4) 

1 1
2 2

1 2( ) / kI V v v k= ⋅ +  (5) 

2.4 Structural Characterizations 173 

The weightlessness in the N2 atmosphere was detected using a thermogravimetric 174 

analyzer (TG, Nicolet Is10, Neicher, Germany) at the same temperature as in section 175 

2.2. The surface morphology and microstructure of the samples were obtained using a 176 

Scanning Electron Microscope (SEM, Quanta 250, FEI, American) performed at 20.0 177 

kV and Transmission Electron Microscope (TEM, Tecnai G2 F20, FEI, American) 178 

equipped with accelerated voltage of 200 kV, which are all equipped with energy 179 

dispersive X-ray spectroscopy (EDS, Quanta 250, FEI, American) for the purpose of 180 

detecting the element distribution. The X-ray diffraction spectrometer (XRD, XRD-181 

6100, Shimadzu, Japan) scans at 5 o/min in the range of 5 ~ 90o with Cu Kα radiation to 182 
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identify the crystal structure. Al Kα is utilized as the excitation source for the X-ray 183 

photoelectron spectrometer (XPS, Nexsa, Thermo Fisher, American), which is used to 184 

calibrate the valence states and charge distribution of the elements. The defect degree 185 

of carbon materials is analyzed by the laser confocal Raman spectrometer (Raman, 186 

LabRAM HR Evolution, HORIBA JobinYvon, France) scanning in the range of 187 

100~3000 cm-1 at the excitation wavelength of He-Ne laser 633. To further ascertain 188 

the bonding state and chemical groups in the 4000-400 cm-1 range, porous carbon 189 

materials are subjected to the Fourier-transform infrared spectroscopy (FT-IR, ALPHA 190 

II, BRUKER, Germany). Nitrogen adsorption-bending analyzer (JW-BK 300C, JWGB, 191 

China) is selected to calculate the specific surface area and pore size distribution of 192 

porous carbon materials at 77 K. In this work, the classic Molecular Dynamics (MD) 193 

process was performed using the open-source package, GROMACS. The simulation 194 

system is based on the constant charge method to simulate the charge and discharge 195 

process of electrode materials to obtain atomic scale information. The simulation 196 

system consists of two identical nanochannels with positive and negative electrodes, 197 

which are composed of two segments of carbon nanotubes with diameter of around 25 198 

Å that are separated by carbon spherical cavity with diameter of 50 Å in the middle. 199 

Moreover, MnO2 nanoparticles with diameter of around 5 Å were placed in the 200 

nanochannel for comparison. Details can be found in the supplementary materials. 201 
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3. Results and Discussion 202 

3.1 Formation mechanism of composite 203 

The synthetic process of several porous carbon materials was addressed according 204 

to the results from TG (Fig. S 1). Due to the breakdown of volatile organic components 205 

and the fact that the temperature was over 160 °C while the JS was being pre-treated, 206 

the thermogravimetric loss persisted until 400 °C (Fig. S 1 a). Both JSPCC-Control and 207 

JSPCC-MnO2 displayed a comparable thermal weightlessness during the carbonization 208 

phase, which is sustained across a broad temperature range (300-700 °C). The quick 209 

weight loss process of JSPCC-ZnCl2 happened within a small temperature range (500-210 

600 °C), demonstrating how significantly different the carbonization process of JSPCC-211 

ZnCl2 and JSPCC-MnO2 are from one to another. Because of the solubility and gel-212 

dissolving properties of zinc chloride on cellulose, ZnCl2 can permeate the raw material 213 

during the carbonization process. At the same time, additional carbon is retained as a 214 

result of the catalytic dehydration of ZnCl2, which results in the release of hydrogen 215 

and oxygen as water. Nevertheless, the JSPCC-MnO2 is accompanied by a multi-216 

valence shift in Mn during the pyrolysis. 217 

MnO2 + C=MnO + CO (6) 

MnO2 + CO=MnO + CO2 (7) 

MnO2 + C=Mn2O3 + CO (8) 

3.2 Electrochemical activity 218 

Fig. 1 a and b artistically illustrate present the synthesis process of Mn-based 219 
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carbon composite and the transition process from organic macromolecules to inorganic 220 

carbon molecules, as well as the charging and discharging mechanism of Mn-based 221 

carbon electrodes. The energy storage process of this composite electrodes mainly 222 

includes two categories: double layer capacitor of physical adsorbing and 223 

pseudocapacitance provided by redox reaction. Two mechanisms of Mn-assisted charge 224 

storage are proposed in the pseudocapacitance process [17]. The first mechanism is that 225 

protons (H+) and/or alkali metal cations (K+) are embedded into the bulk phase of the 226 

composite by reduction reaction and then removed by oxidation reaction; The second 227 

one is the adsorption process of cation (K+) on the surface of the Mn-base composite 228 

(Fig. 1 b). This vividly reveals the principle of excellent electrochemical performance 229 

of manganese containing composites. Fig. 1 c and d describe the electrochemical 230 

properties (mass specific capacitance, energy density and power density) of the porous 231 

carbon materials prepared in this study by using MnO2 as pore-forming agent and 232 

inducing pseudo-capacitance, compared with the porous carbon materials prepared by 233 

traditional pore-forming agent (ZnCl2). JSPCC-MnO2 had a mass specific capacitance 234 

(310.6 F/g) than is 73% greater than JSPCC-ZnCl2 (179.4 F/g) at the current density of 235 

1 A/g, which is significantly superior than the specific capacitance of the majority of 236 

biomass-based porous carbon materials [6]. Meanwhile, the excellent information on 237 

the electrochemical properties of JSPCC-MnO2 are provided in Table 2 compared with 238 

that of the latest carbon-based electrodes. It is worth noting that the energy density of 239 

the porous carbon composite material JSPCC-MnO2 was as high as 111.8 Wh/kg at 1 240 
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A/g, which is greatly higher than that of traditional carbon-based capacitors [18]. Even 241 

porous organic polymers are significantly less energy density than JSPCC-MnO2 [19]. 242 

On account of that the specific capacitance mechanism offered by carbon-based 243 

materials is primarily the double-layer capacitance formed by ion-diffusion, the energy 244 

storage in the form of physical adsorption exhibits a rapid electron transfer rate, which 245 

formed the characteristics of optimal balance between high power density and low 246 

energy density of carbon-based capacitors [16, 20]. Carbon materials doped with 247 

multivalent valent ions Mn induced pseudo-capacitance characteristics that improve the 248 

low energy density. As a typical metal oxide, MnO2 exhibits the performances of high 249 

pseudo-capacitance and wide voltage range. Biomass-based activated carbon was 250 

combined with MnO2 to build nanocomposites via hydrothermal process to achieve a 251 

specific capacitance of 340 F/g. Meanwhile, the electrode material is created for 252 

growing MnO2 on the surface of a carbon material doped with nitrogen demonstrate an 253 

energy density of 29.24 Wh/kg at a power density of 485 W/kg [21]. Mixed 254 

supercapacitor systems generally lose power density while gaining energy density [6, 255 

22], and is also inevitable within this study. However, the power density of JSPCC-256 

MnO2 (223.3 W/kg) is still marginally greater than that of JSPCC-ZnCl2 (195.8 W/kg) 257 

at the current density of 1 A/g, demonstrating that the fundamental performance is 258 

maintained even with a lower power density. Although the Mn doping improved the 259 

pseudo-capacitance of carbon materials, the double-layer capacitance still 260 

predominates. The pseudo-capacitance is only 23.05%, as seen in Fig. 2d. Furthermore, 261 
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JSPCC-MnO2 showed a power density of over 1000 W/kg and sustained an energy 262 

density of 52.3 Wh/kg at a current density of 5 A/g. Therefore, the current density can 263 

be modified to coordinate the energy density and power density to meet the actual 264 

requirements. 265 

In a three-electrode system, the electrochemical performances of JSPCC-MnO2, 266 

JSPCC-ZnCl2 and JSPCC-Control electrodes were measured such as CV (Fig. 2 a, b, 267 

and c) and GCD (Fig. 2 g, h). Different scanning speeds (5~200 mV/s) were used to 268 

examine the CV curves of the JSPCC-MnO2, JSPCC-ZnCl2, and JSPCC-Control 269 

electrodes in the voltage ranges of -1.1~0.5 V, -1.1~0.4 V, and -0.2~0.2 V, respectively 270 

(Fig. 2 a, b, and c). It can be concluded that the CV profiles of JSPCC-Control and 271 

JSPCC-ZnCl2 are approximately rectangular and generally symmetrical, and no 272 

noticeable redox peaks are detected, indicating the dominant electrochemical double-273 

layer capacitance and the limited pseudo-capacitance (Fig. 2 b and c). Even at higher 274 

scanning speeds, JSPCC-Control and JSPCC-ZnCl2 electrodes nevertheless maintain 275 

an excellent near rectangular shape, especially JSPCC-Control, in that the large pore 276 

size distribution, low specific surface area, and smooth charge transfer of JSPCC-277 

Control. The porous carbon material JSPCC-ZnCl2 formed by pore-forming agent is 278 

mainly microporous, which prevents electrolyte from smoothly reaching the carbon 279 

surface under the condition of high scanning speed [18, 23]. Mn ions contribute to the 280 

pseudo-capacitance in the presence of electrochemical double-layer capacitance, which 281 

was specifically given by JSPCC-MnO2 [24]. It can be found that there is an obvious 282 
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pseudo-capacitance feature (the redox potential peak) in the CV curve of JSPCC-MnO2. 283 

The fundamental near-rectangular shape and the typical hump features of the CV curve 284 

are also maintained. These properties are brought about by the double-layer capacitance 285 

and the pseudo-capacitance, respectively [25]. The pseudo-capacitive curve (Fig. 2 d) 286 

fitted with CV data revealed that the pseudo-capacitance of JSPCC-MnO2 electrode 287 

was indispensable position. The contribution rate of pseudo-capacitance was 23.05 %, 288 

which was much higher than that of JSPCC-ZnCl2 (1.76%), which also explained the 289 

high energy density of JSPCC-MnO2 electrode (Fig. 1 c). By analyzing the relationship 290 

between the contribution rate of pseudo-capacitance and scanning rate (Fig. 2 f), the 291 

contribution rate of pseudo-capacitance steadily rose with the increase of scanning 292 

speed, whereas the double-layer capacitance displayed the reverse pattern. This is 293 

mostly in that the high scanning rate makes it difficult for electrolyte ions to effectively 294 

bond to the surface of carbon materials.  295 

The mixed capacitance of the JSPCC-MnO2 electrode caused the GCD curve to 296 

not be symmetrical and approximates linear independence in the charging and 297 

discharging process (Fig. 2 g). And its specific capacitance of 310.6 F/g is obtained at 298 

1A/g. The GCD curve of the JSPCC-ZnCl2 electrode shows well triangular symmetry 299 

and an approximate linear correlation (Fig. 2 h), whose specific capacitance is 179.4 300 

F/g at 1A/g, proving its good charge-discharge reversibility. When the current density 301 

is 0.5, 1, 2, 5, 8, and 10 A/g, the specific capacitance of JSPCC-MnO2 electrode is 276.4, 302 

310.6, 261.4, 147.2, 172.0, and 156.2 F/g, whereas that of JSPCC-ZnCl2 electrode 303 
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corresponds to 227.6, 179.4, 191.0, 170.7, 157.4, and 152.8 F/g (Fig. 1). Particularly, 304 

the specific capacitance of JSPCC-MnO2 is obviously superior to that of JSPCC-ZnCl2, 305 

especially at low scanning rate, which results in the low scanning rate, that guarantees 306 

Mn ions have sufficient time to undergo redox and contribute to the pseudo-capacitance 307 

[26]. The rate performance of JSPCC-MnO2 is 50.3% at 10 A/g based on the specific 308 

capacitance of 1A/g, whereas that of the JSPCC-ZnCl2 reaches 85.2% on account of its 309 

double-layer capacitance. The first derivative of voltage (V) versus time (s) during the 310 

discharge stage of the GCD curve at 0.5 A/g was determined to further study the 311 

intricate mechanism of the pseudo-capacitive (Fig. 2 j and k). For an ideal double-layer 312 

capacitor, the voltage and time should be a perfect linear function, meaning that the first 313 

derivative of the voltage over time should be constant. Therefore, the pseudo-314 

capacitance behavior of the electrode material can be reflected as mentioned by the 315 

fluctuation of the first derivative of the voltage to the time. The capacitive behavior of 316 

JSPCC-MnO2 may be separated into four stages from Fig. 2 j. Phases I, II, and III are 317 

obviously generated by the multivalent migration of Mn ions, which results in the 318 

change of the corresponding voltage change rate. Consequently, we considered that 319 

these three stages as mixed capacitance behaviors (pseudo-capacitance and double-320 

layer capacitance). It has been deduced that the redox within Mn (III) and Mn (IV) is 321 

the primary energy storage mechanism [27]. Phase IV was determined to be a single 322 

double-layer capacitive behavior because the first derivative of Phase IV voltage is 323 

approximately constant. The JSPCC-ZnCl2 discharge process may be split into two 324 
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phases depending on the voltage change rate. Phase I was brought on by the redox of 325 

the residual Zn ions and double-layer capacitance. The pseudo-capacitance process of 326 

Zn ions differs from that of JSPCC-MnO2 for that Zn ions are metal ions with a single 327 

valence. Phase II of the JSPCC-ZnCl2 performed similarly to Phase IV of the JSPCC-328 

MnO2. According to the fitting results of the pseudo-capacitance parameter (Fig. 2 j 329 

andk), the pseudo-capacitance accounted for 23.05 % in JSPCC-MnO2 and only 1.76 % 330 

in JSPCC-ZnCl2, with the pseudo-capacitance caused by multivalent Mn ions being 331 

significantly higher than that contributed by monovalent Zn ions. Fig. 2 i reflects the 332 

electrochemical impedance spectrum information and equivalent circuit diagram of 333 

electrode materials to describe the electron/ion transport process and electrochemical 334 

capacitance behavior. In the low frequency region, the imaginary component of the 335 

Nyquist curve shows a sharp upward trend indicating the low ion diffusion resistance 336 

[18]. At high frequencies, both JSPCC-MnO2 and JSPCC-ZnCl2 exhibit low ohmic 337 

resistance (<1 Ω). JSPCC-MnO2 shows a rapid rise in the imaginary component at 338 

higher frequencies than JSPCC-ZnCl2, indicating a faster ion diffusion rate and 339 

improved chemical kinetics [28]. The two composites (JSPCC-MnO2 and JSPCC-340 

ZnCl2) were assembled as symmetrical capacitor devices to test the cyclic stability (Fig. 341 

2 l), showing consistent traces of cyclic stability. The retention rate of specific 342 

capacitance fluctuates in a narrow range. After 10000 cycles, the specific capacitance 343 

retention rate is still above 99%. Therefore, MnO2 is an excellent substance to induce 344 

pseudo-capacitance. 345 
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3.3 Morphological and structural characterization 346 

The surface morphology and microstructure of raw materials and porous carbon 347 

composites were recorded by SEM and TEM (Fig. 3 and Fig. 4). According to SEM, 348 

the JS has a large granular and comparatively round edges, and following processing, 349 

the surface morphology shifts to a relatively flat and sharp edge (Fig. 3 a and Fig. S 2 350 

a). The surface morphology from the pretreatment step is mostly retained during the 351 

carbonization process (Fig. 3 b, c, and e). JSPCC-MnO2 shown relatively regular 352 

distribution in the size of the particles due to the actions of MnO2, while the JSPCC-353 

ZnCl2 and JSPCC-Control exhibit the contrary. It is found that there are significant 354 

amounts of C and O elements and relatively little N element on the carbon surface from 355 

EDS distribution overview (Fig. S 3). The distribution of Mn and Zn on the surface of 356 

JSPCC-MnO2 and JSPCC-ZnCl2, respectively, is observed (Fig. 3 d and f). And the 357 

distribution density of Mn is significantly greater than that of Zn indicating that 358 

abundant Mn can fully induce pseudo-capacitance, which is consistent with the ratio of 359 

pseudo-capacitance of JSPCC-MnO2 composite being higher than that of JSPCC-ZnCl2 360 

(Fig. 2). The nano-scale structure information was obtained by TEM to further observe 361 

the microstructure of porous carbon composites (Fig. 4, and Fig. S 2 b). After 362 

processing, the pore structure of JS progressively changed from being flatter to being 363 

denser at the nanoscale (Fig. 4 a, Fig. 5 b and Fig. S 2 b). The structure of JSPCC-364 

Control is comparable to that of the PJS, indicating that the JS does not spontaneously 365 

transform into a porous structure at high temperatures. The porous structure, notably in 366 
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JSPCC-ZnCl2, can be improved by active pore-forming agents, which shows a nano-367 

scale porous structure and interconnected pores (Fig. 4 d), providing sufficient physical 368 

conditions for the excellent double layer capacitance of JSPCC-ZnCl2 electrode. 369 

Although the sufficient porosity of JSPCC-ZnCl2 is not found in TEM image of JSPCC-370 

MnO2, the detected crystal structure is conducive to improve the conductivity of carbon 371 

materials and the rate of charge transfer (Fig. 4 c). We believe that the crystal structure 372 

detected in the carbon material is primarily provided by the metal oxides of manganese 373 

and a small amount of graphitized carbon, since some researchers have confirmed that 374 

MnO2 carries the effect of reducing the graphite temperature of carbon materials and 375 

promoting the conversion of non-fixed carbon to graphitic carbon [2]. A lattice stripe 376 

of d = 0.286 nm corresponding to the graphite plane (002) is shown in the high-377 

resolution TEM image (Fig. 4 c). Moreover, the nano grade distribution of doped metal 378 

components (Mn and Zn) from TEM images is comparable to that of SEM (Fig. 4 e and 379 

f). Therefore, the plentiful Mn element with the characteristics of induced pseudo-380 

capacitance in JSPCC-MnO2 electrode materials provided a guarantee for excellent 381 

energy density.  382 

The pore characteristics of carbon materials were assessed by the nitrogen 383 

adsorption-desorption method at 77 K (Fig. 5 and Table 1). Similar adsorption-384 

desorption isotherms (type I) with the H4 of the hysteresis loop were observed for 385 

JSPCC-ZnCl2 and JSPCC-MnO2. The type I isotherm has obvious adsorption inflexion 386 

and well-developed adsorption-desorption platform in the low pressure region, 387 
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indicating abundant micropore structure (Fig. 5 a). Meanwhile, the H4 hysteresis loop 388 

matched a narrow fissure hole. However, the greater pore capacity of JSPCC-ZnCl2 is 389 

demonstrated by the fact that its adsorption volume is significantly bigger than that of 390 

JSPCC-MnO2. In addition, JSPCC-ZnCl2 exhibited higher specific surface area (1142.0 391 

m2/g) and total pore volume (0.74 cm3/g) compared with 386.7 m2/g and 0.25 cm3/g of 392 

JSPCC-MnO2, which is consistent with the relationship between pore volume and pore 393 

size distribution (Fig. 5 b and Table 1). The specific surface area of JSPCC-ZnCl2 is 394 

significantly higher than that of JSPCC-MnO2, which theoretically allow for the 395 

provision of more active sites on the electrode. However, the specific capacitance of 396 

JSPCC-ZnCl2 shows the reverse trend. This may be due to the fact that the most 397 

common pore size of JSPCC-ZnCl2 is smaller than that of JSPCC-MnO2, and that the 398 

narrow pores make it more difficult for electrolyte ions to smoothly reach the pore 399 

surface, ultimately resulting in a significant portion of the specific surface area not 400 

functioning. Microporous electrode materials result in degraded electrochemical 401 

properties, particularly at high current densities, in that narrow pores and intricate pores 402 

hinder the transport and storage of electrolyte ions [23]. 403 

The graphitization and carbon defect degree of porous carbon composites were 404 

analyzed by XRD and Raman (Fig. 5 c and d). The XRD patterns of porous carbon 405 

composites (JSPCC-Control, JSPCC-MnO2, and JSPCC-ZnCl2) revealed two broad 406 

diffraction peaks at 2 θ values of 24.6° and 44.1°, corresponding to the (002) plane and 407 

(101) plane of non-fixed carbon (Fig. 5 c), which implies that porous carbon composite 408 



 

21 

 

materials are mainly non-fixed carbon. The JS and PJS samples only showed 409 

amorphous carbon in (002) plane, possibly as a result of the high temperature 410 

carbonization destroying the amorphous carbon structure in (002) plane and causing the 411 

composite to change into amorphous carbon in (101) plane (Fig. 5 c, Fig. S 4 a). The 412 

XRD patterns of all the porous carbon composites show a broad diffraction peak 413 

denoting a lower degree of graphitization. The graphitizatized structure of porous 414 

carbon materials is also illustrated by the Raman spectra (Fig. 5 d and Fig. S 4 b). The 415 

main distinctive peaks of three porous carbon composite materials are the D band (1350 416 

cm-1) and G band (1580 cm-1), which, respectively, reflect the defect site or disorderly 417 

sp2 hybrid carbon atom and in-plane oscillations of sp2-bonded heteroatoms [18]. The 418 

relative strength ratio (ID/IG) of D-band and G-band is usually used to reflect the 419 

graphitization degree or defect degree of porous carbon materials [29]. A lower ID/IG 420 

values were associated with higher graphitization degree, whereas a higher ID/IG value 421 

indicated a higher degree of defects. The ID/IG values of JSPCC-Control, JSPCC-MnO2, 422 

and JSPCC-ZnCl2 are 3.04, 2.59, and 3.45, respectively, revealing the lower degree of 423 

graphite, which was consistent with the results of XRD. The relatively low ID/IG value 424 

of JSPCC-MnO2 demonstrated that doping MnO2 to porous carbon materials can 425 

increased the graphitization degree. In addition to the public characteristics peak, 426 

JSPCC-MnO2 shows an exclusive diffraction peak located at 642.8 cm-1. There is a 427 

strong linear positive correlation between peak strength and manganese content. The 428 

Mn-O vibration and dual-chain vibration formed by Mn-O octagonal are responsible 429 
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for the strong peak at 642.8 cm-1, showing the tetragonal structure and high crystallinity, 430 

which again prove the successful synthesis of porous carbon composites that induce 431 

pseudo-capacitive properties and explain the high energy density of JSPCC-MnO2 432 

electrode materials. The surface chemical properties of JS and porous carbon 433 

composites were analyzed, FT-IR showed the distribution of functional groups on the 434 

surface of carbon materials (Fig. S 4 c and Fig. S 5). The number of stretching vibration 435 

peaks of JS was more than that of porous carbon materials, which suggested that there 436 

were abundant functional groups on the surface of the raw material. The vibration of 437 

O-H is responsible for the strong peaks at 3450 cm-1 and 1600 cm-1. The peak of JSPCC-438 

MnO2 at 546 cm-1 is attributed to the vibrations of Mn-O. 439 

In order to comprehend the elemental composition and chemical bonding state of 440 

porous carbon composites, more thorough information was supplied by XPS (Fig. 5 e 441 

~i). It can be shown that majority of the elements in porous carbon composites, as 442 

depicted in Fig. 5 e, are C and O elements. The large fraction of pseudo-capacitance in 443 

JSPCC-MnO2 can be attributed to the Mn element, which was presented in JSPCC-444 

MnO2 in addition to the C and O components. C 1s XPS spectrum was fitted by Gauss-445 

Lorenz fitting method to provide detailed separated peak information (Fig. 5 f~i and 446 

Fig. S 4 d). The peak strength of sp2-C is plainly higher than that of other C-447 

configurations, which reflects the transition from amorphous carbon to graphitized 448 

carbon during carbonization. JSPCC-ZnCl2 shows 6 C-configurations including sp2-C, 449 

sp3-C, C-O, C=O, O=C-O, and π-π*, whereas JSPCC-MnO2 material only possesses 4 450 
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C-structures type (sp2-C, sp3-C, C-O, O = C-O), this may be the cause of their variation. 451 

JSPCC-MnO2 is rich in Mn element, so the same curve fitting method was used to fit 452 

the peak of Mn-2p (Fig. 5 i). Three valence states of Mn ions (+2, +3, and +4) can be 453 

obtained, and the multi-valence state of Mn element is an important factor in the high 454 

pseudo-capacitance of JSPCC-MnO2. Moreover, the primary process of energy storage 455 

is the redox reaction between Mn (III) and Mn (IV) [27], and the abundance of Mn (IV) 456 

in JSPCC-MnO2 is conducive to increase the energy storage capacity of pseudo-457 

capacitor. 458 

3.4 Molecular dynamics simulations 459 

Classical molecular dynamics simulations are performed to analyze the migration 460 

process of ions in the zero potential state and polarization state from the atomic scale. 461 

Fig. 6 describes the number density distribution of electrolyte ions in a one-dimensional 462 

direction (axial direction). It can be found that the anions and cations are evenly 463 

distributed in the system regardless of whether MnO2 is doped or not under zero voltage 464 

conditions. Moreover, the number density distribution of OH ions is slightly higher than 465 

that of K ions, which may be because the OH ions are supplied by both KOH and water. 466 

From the visible distribution of model ions, there is a large gap between the electrolyte 467 

ions and the carbon network surface due to the existence of a hydration layer, while the 468 

gap between the electrolyte ions and the carbon surface at the activated sites of doping 469 

MnO2 is shortened. Furthermore, the doped MnO2 perturbs the number density 470 

distribution of anions and cations in the doped local regions, that is, the number density 471 
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increases obviously at the MnO2-doped sites (Fig. 6 b). The doping of MnO2 changed 472 

the flat and ordered structure of the carbon network and made the doping sites form 473 

defect characteristics, which contributed to the increase of ion adsorption [30]. This 474 

phenomenon explains from the atomic scale that the specific capacitance of MnO2 475 

composites is higher than that of undoped MnO2 composites. When the system is 476 

polarized, the anions and cations migrate rapidly from the electrolyte to the surface of 477 

the electrode, and a large number of anti-ions are accumulated on the surface of the 478 

electrode (Fig. 6 b and d). Meanwhile, the anion (OH-) and carbon surface formed a 479 

uniform thickness gap of the hydration layer, mainly because the more orderly 480 

arrangement of the non-polar water molecules makes the carbon surface a higher energy 481 

level [31]. The cation (K+) is closely attached to the carbon surface since that the 482 

hydrophobic force of the carbon atom is less than the adsorption force of the opposite 483 

charge between the carbon atom and K ion. Although MnO2 particles occupy a certain 484 

physical space in the pores, it has no effect on the ion electrostatic adsorption on the 485 

carbon surface. Fig. 7 shows the two-dimensional distribution of electrolyte ions in the 486 

radial direction. In the zero-voltage state, K and OH ions are uniformly distributed in 487 

the two-dimensional direction without MnO2-doping (Fig. 7 A-b and A-e). MnO2 488 

breaks the consistent distribution of anions and cations, and there are obvious highlights 489 

at the doping sites in the radial direction (Fig. 7 B-b and B-e), which indicates that the 490 

number density of ions at the doping sites is much higher than that at other places. In 491 

the polarized state, K+ formed distinct bright rings at the negative pole and OH- at the 492 
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positive pole, illustrating the aggregation of hetero-charges (Fig. 7 A-a, A-f, B-a, and 493 

B-f). The results are consistent with the one-dimensional density distribution of ions. 494 

The migration process of molecules can be observed intuitively according to the 495 

Mean Square Displacement (MSD), MnO2 does not affect the migration behavior of 496 

ions, and the two models show the same ion migration process (Fig. S 9). However, the 497 

polarization behavior of the electrode shows an obvious limitation on the migration of 498 

ions, especially K+ and OH-. Due to the electrostatic interaction, the electrolyte ions are 499 

bound to the surface of the carbon material, which limits the range of activity. This also 500 

explains the phenomenon of multi-layer anti-ions on the inner surface of the pore in the 501 

one-and two-dimensional directions. The diffusion coefficient (Table 3) is obtained 502 

from the MSD, and it is observed that K+ and OH- have very low diffusion coefficients 503 

in the polarized state whether or not doped MnO2. Doping-MnO2 at zero potential 504 

slightly limits the ion diffusion behavior. The Radial distribution function is used to 505 

describe the spatial relationship between atoms and the Order of matter (Fig. 8 and Fig. 506 

S 8). According to the RDF of zero potential, C-K, C-OH, and C-water show a short-507 

range disorder state (Fig. 8 b and e). When the electrode is polarized, K+ is mainly 508 

distributed on the surface of the negative electrode. The RDF shows that there is a 509 

strong peak of K distribution at near r = 2.975 Å, and with the increase of r, the intensity 510 

of g(r) gradually converges to 1. The results show that the K-ion distribution on the 511 

negative carbon surface is near-range ordered (Fig. 8 a, d, and g). However, the radial 512 

distribution of OH and water molecules on the cathode surface can be ignored. In the 513 
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positive electrode, the RDF of C-OH shows two obvious strong peaks near r=2.975 Å 514 

and r=5.625 Å as r increases. And C-K presents a short-range disorder (Fig. 8 c, f, and 515 

g). The migration process of different ions on the electrode surface is directly related to 516 

the capacitive behavior. The atomic behavior process of anions and cations is explained 517 

from the microscopic scale by molecular dynamics simulation. 518 

4. Conclusion 519 

3D micro-meso-macro porous carbon was synthesized from jujube shell biomass 520 

by thermochemical conversion in inert gas atmosphere. In the synthetic process, doping 521 

with metal oxides (MnO2) can successfully induce the pseudo-capacitance of porous 522 

carbon composite to improve the energy density and mass specific capacitance. In the 523 

present study, JSPCC-MnO2 composite was synthesized with the mass specific 524 

capacitance of 310.6 F/g and energy density of 111.8 Wh/kg at 1 A/g, even under the 525 

power density condition of 223.3 W/kg. The pseudo-capacitance induced by Mn 526 

element in JSPCC-MnO2 composite is 23.05%, and the ratio of pseudo-capacitance 527 

ensures the dominant position of the double-layer capacitance, which is beneficial to 528 

maintaining the power density of the composite. Moreover, the unique pseudo-529 

capacitance process of the JSPCC-MnO2 composite involved complete reversible 530 

charge transfer from Mn (II) to Mn (IV), which achieves high specific capacitance and 531 

energy density via multiple charge transfer dynamics. Additionally, the porous structure, 532 

mainly 2 nm in diameter, provides sufficient active sites and smooth ion migration 533 

channels for the electrolyte. The molecular dynamics simulation observed that, in the 534 
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polarized state, the anions (OH-) formed a uniform hydrate gap with the carbon surface, 535 

while the cations (K+) were closely attached to the carbon surface, resulting from that 536 

the non-polar water molecular layer is at a higher energy level, and the electrostatic 537 

adsorption force between carbon atom and K ion is higher than the hydrophobic force 538 

of carbon atom. The doping of MnO2 disturbs the density distribution in the doping 539 

local region, changes the flat and ordered structure of the carbon network, and makes 540 

the doping sites form defects, which increases the ion adsorption capacity. This method 541 

realizes the high energy density of carbon-based electrode materials and promotes the 542 

further development of biomass porous carbon electrode materials. 543 
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Table 620 

Table 1 Adsorption parameters of porous carbon composites from N2 adsorption 621 

isotherms. 622 

Index JSPCC-MnO2 JSPCC-ZnCl2 

Isotherm type I I 

Hysteresis loop H4 H4 

BET surface area (m2/g) 386.7 1142.0 

t-method external surface area (m2/g) 67.4 466.8 

Total pore volume (cm3/g) 0.25 0.74 

Micropore volume (cm3/g, D<2 nm) 0.13 0.30 

average pore diameter (nm) 2.59 2.58 

Most probable pore diameter (nm, dV/dD) 2.29 2.11 

The related parameters were calculated from the N2 adsorption isotherms. Pore 623 

diameter is calculated by the BJH method. 624 

  625 
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Table 2 Comparison of electrochemical performances (specific capacitance (C), 626 

energy density (E), and power density (P)). 627 

Electrode 
Current 
Density 

C 
(F/g) 

E 
(Wh/kg) 

P 
(W/kg) 

Electrolyte 

JSPCC-MnO2 1 A/g 310.6 111.8 223.3 1 M KOH 

Bamboo char [18] 0.5 A/g 222.0 6.68 100.2 6 M KOH 

Enzymolysis-Treated 
Wooden carbon [32] 

1-30 
mA/cm2 

235-
328 

10.97 26.33 6 M KOH 

MXene-knotted CNT 
composite[33] 

1-20 A/g 130 59 9.6 
Organic 

electrolyte 
N/O doping Core-shell 
porous carbon spheres 

[34] 
0.5-8 A/g 212 31.6 550 6 M KOH 

628 
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Table 3 Diffusion coefficient of multi-ions in different states 629 

Category Potential state Ions Linear fitting equation R2 Diffusion coefficient (D, 10^-5 cm2/s) 

Free-MnO2 

Zero-potential 

water y=0.01395x+9.58013 0.999 2.325 

K+ y=0.00846x+8.21872 0.999 1.41 

OH- y=0.00647x+10.21182 0.997 1.078333 

Polarized 

water y=0.00794x+6.04065 0.999 1.323333 

K+ y=0.00172x+1.60828 0.999 0.286667 

OH- y=0.00103x+1.10466 0.999 0.171667 

Doping-MnO2 

Zero-potential 

water y=0.01355x+9.03382 0.999 2.258333 

K+ y=0.00795x+9.71359 0.997 1.325 

OH- y=0.00619x+10.6875 0.987 1.031667 

Polarized 

water y=0.00794x+5.9619 0.999 1.323333 

K+ y=0.00172x+1.58718 0.999 0.286667 

OH- y=0.00103x+1.09019 0.998 0.171667 

630 
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Figures 631 

 632 

Fig. 1 Artistic views of the composite material preparation process (a); Schematic 633 

illustration of the charge storage processes of Mn-doped carbon-based composite 634 

electrodes in a redox (b); and Electrochemical performance parameters (c). The mass 635 

specific capacitance (F/g), energy density (Wh/kg) and power density (W/kg) at 636 

gradient current density (0.5, 1, 2, 5, 8, 10, and 15 A/g) from GCD curve.  637 
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 638 

Fig. 2 Overview of electrochemical properties of composites. The CV curves and the 639 

pseudo-capacitive contribution with the increasing of scanning rates (5, 10, 20, 50, 100, 640 

200 mV/s). a: CV curves of JSPCC-MnO2; b: the pseudo-capacitance vs total 641 

capacitance profile of JSPCC-MnO2 at 5 mV/s; c: curve of JSPCC-ZnCl2; d: the 642 

pseudo-capacitance vs total capacitance profile of JSPCC-ZnCl2 at 5 mV/s; e: curves 643 

of JSPCC-Control; f: the pseudo-capacitive contribution at different scanning rates; 644 

GCD, EIS (k) and cyclic stability (l) of electrode materials. GCD curves of electrode 645 

materials at gradient current densities and the first derivative of the discharge voltage 646 

to time at 0.5 A/g (g and h: JSPCC-MnO2, i and j: JSPCC-ZnCl2).  647 
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 648 

Fig. 3 Surface morphology and element distribution of porous carbon composites from 649 

SEM. a: JS; b: JSPCC-Control; c and d: JSPCC-MnO2; e and f: JSPCC-ZnCl2. 650 

 651 

  652 
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 653 

Fig. 4 TEM morphology and element distribution of porous carbon composites (Mn or 654 

Zn element). a: JS; b: JSPCC-Control; c and e: JSPCC-MnO2; d and f: JSPCC-ZnCl2. 655 

  656 
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 657 

Fig. 5 Physicochemical properties of porous carbon composites. N2 adsorption-658 

desorption isotherm (a), pore size distribution of porous carbon composites (b), XRD 659 

(c), Raman (d), XPS survey spectra (e), Mn2p (i), and high-resolution C1s spectrum (f: 660 

JSPCC-Control; g: JSPCC-ZnCl2; h: JSPCC-MnO2).  661 
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 662 

Fig. 6 The one-dimensional distribution of electrolyte ions in the nanoscale at the zero-663 

potential state and the polarization state. a and b: Free-MnO2 (a: Zero potential state, b: 664 

Polarized state). c and d: Doping-MnO2 (c: Zero potential state, d: Polarized state).  665 
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 666 

Fig. 7 The two-dimensional distributions of anions (OH-) and cations (K+) in the 667 

nanoscale at the zero-potential and polarization states. A: Free-MnO2; B: Doping MnO2. 668 

a, b, and c represent the two-dimensional distribution of cations (K+) in negative, zero 669 

potential and positive states, respectively. d, e, and f represent the two-dimensional of 670 

anions (OH-) in negative, zero potential and positive states, respectively.  671 
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 672 

Fig. 8 The RDF diagram of C-K, C-OH, and C-water at zero-potential and polarization 673 

states. a, b, and c represent negative, zero potential and positive states at Free-MnO2. d, 674 

e, and f represent negative, zero potential and positive states at Doping-MnO2. g refers 675 

to the peak position and corresponding intensity of the RDF diagram of C-K, C-OH, 676 

and C-water under different conditions  677 
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