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Abstract: One of the global problems is environmental pollution by different biowaste. To solve the 

problem, biowaste must be recycled. Waste-free technology is also a way of saving exhaustible raw 

materials. Research on electrochemical energy sources is currently the most dynamically developing 

area of off-grid energy. Electrochemical capacitors can operate for a long time without changing 

performance, they have smaller dimensions, high mechanical strength, and a wide operating tem-

perature range. These properties are effective energy-saving devices. Therefore, supercapacitors are 

widely used in various industries. This review discussed the methods of obtaining and the charac-

teristics of biowaste-derived activated carbon and carbon–manganese oxide (AC-MnO2)-based su-

percapacitor electrodes. 
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1. Introduction 

Currently, there is a growing demand for various energy storage devices, which 

drives research to develop energy storage systems with a high efficiency at lower costs 

[1,2]. Compared to other energy storage devices, supercapacitors can possess a fast 

charge/discharge feature, long cycling life, excellent reversibility, high power density, and 

wide temperature range operation. Due to these characteristics, supercapacitors are 

widely used in consumer electronics that require a burst of power density. It can also be 

utilized as power supplies for portable devices such as notebooks, smartphones, and com-

puters [2,3].  

Supercapacitors, known as electrochemical capacitors (ECs) or ultracapacitors, are a 

new electrochemical energy storage system that stores energy by charge accumulation [4]. 

Supercapacitors are classified into electric double-layer capacitors (EDLC) that are based 

on non-faradic processes—pseudocapacitors (PC), that are based on faradic processes, 

and hybrid capacitors (HC), which combines two types of the above charge storage mech-

anism. Supercapacitors can also be categorized into two types according to the arrange-

ment of electrodes: symmetric capacitors have both anodes and cathodes identical to each 

other, and asymmetric capacitors are made of two different materials [5]. 
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The choice of raw materials affects the supercapacitor type and the desired electro-

chemical characteristics.  

Figure 1 below classifies the type of supercapacitor according to the electrode mate-

rials. Recently, scientists have paid more attention to obtaining electrode materials from 

non-conventional raw materials. The use of non-conventional raw materials can simulta-

neously reduce the cost and environmental pollution.  

 

Figure 1. Different classes and subclasses of supercapacitors based on the electrode materials. 

As shown in Figure 1, carbon materials, metal oxides, conductive polymers, and var-

ious composite materials are used as electrode materials. Different types of carbon mate-

rials (such as graphite, graphene, and carbon nanotube) have been applied as a superca-

pacitor electrode material due to its extraordinary properties, such as high electrochemical 

stability and high electrical conductivity [6,7]. However, these electrode materials have 

their disadvantages. For instance, graphene sheets have a high specific surface area, effec-

tive charge storage transport properties, and a wide potential window. They quickly form 

irreversible agglomerates and restack to their graphite structure, and the determination 

of intrinsic capacitance becomes very difficult [8]. Despite the superior mechanical and 

electrical properties of carbon nanotubes (CNTs), one of the main challenges in applica-

tions is their difficulty forming homogeneous dispersion, which weakens the electrode’s 

mechanical, electrical, and chemical properties. Applying these materials is hindered by 

the prevailing time-consuming and energy-wasting procedures. Because of this, it is pref-

erable to use biowaste-derived carbon materials since they are easily accessible, renewa-

ble, and sustainable [7]. Among the above carbon materials, activated carbon (AC) is a 

popular commercial supercapacitor electrode material due to its low cost, high specific 

surface area, high electrochemical stability, and high electrical conductivity [6]. 

The specific capacitance and energy density of EDLCs cannot compete with pseudo-

capacitors, owing to their inherent electrostatic surface charging mechanism. Therefore, 

an effective way to prepare high-performance composite electrode materials is combining 

various functional carbon materials and typical metal oxides or conductive polymers [9]. 

To date, transition metal oxides have displayed pseudocapacitive behavior with high spe-

cific capacitance and multiple oxidation states that make them advantageous for superca-

pacitor applications [10]. Commonly used transition metal oxides are Fe2O3, MnO2, ZnO, 

NiCo layered double hydroxides, CoAl layered double hydroxides, and Co3O4; in addi-

tion, their composites have been widely studied [11]. Manganese dioxide (MnO2) is an 

excellent pseudocapacitive electrode material among other advanced transition metal ox-
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ides due to the electrochemical abilities, varied range of potentials, natural wide occur-

rence, environmentally benign property, and theoretical capacitance value (1380 F/g) 

[12,13]. MnOx can have a higher capacitance than carbon materials because it possesses 

faradaic or pseudocapacitance, resulting from fast redox reactions occurring at the inter-

face between metal oxides and electrolytes, in addition to the double-layer capacitance. 

However, the low electrical conductivity, strong agglomeration, and poor cycle life of 

metal oxides limit their use in high-capacity storage devices. The use of hybrid active ma-

terials consisting of a metal oxide and a carbon host is a promising approach to solve these 

problems [14]. Therefore, this article will consider activated carbon synthesized from bio-

waste and carbon–manganese oxide composite materials. 

This article reviewed the types, the obtaining methods of biowaste-derived activated 

carbon and its composite based on MnO2, considered the influence of different crystal 

structures of MnO2 on the structure of activated carbon which affects the supercapacitor 

performance, and briefly described the characteristics of commercial supercapacitors. This 

article is a brief review about biowaste-derived activated carbon and its composite based 

on MnO2, and we hope to help students and scientists who are well versed in this topic. 

2. Raw Materials 

The raw material is essential for obtaining high-quality electrodes. To synthesize ac-

tivated carbon, the carbon content must be high in the raw material because it will affect 

the yield of the product. It is also crucial to choose raw materials with low impurities or 

easily removable impurities. The raw material composition should not contain any toxic 

compounds for safety reasons. 

Two types of raw materials are used to obtain activated carbon: non-conventional 

and conventional activated carbon. Traditional raw materials include wood, peat, bitumi-

nous coal, lignite, petroleum coke, and pitch [15–22]. Table 1 lists characteristics of some 

carbon-based supercapacitor electrodes from fossil fuels, such as, petroleum, coke, coal, 

and pitch. Despite the high quality of the obtained carbon, the non-conventional raw ma-

terials have some disadvantages, namely, the decreasing availability of fossil fuels, the 

growing global energy demand, and increased awareness of the environmental impacts 

of fossil fuel combustion [22]. Therefore, scientists have recently obtained electrode mate-

rials from renewable raw materials, mainly waste [23].  

To not recycle household waste pollutes the environment and is still an actual prob-

lem. In addition to industrial pollution, the environment is also polluted by wood prod-

ucts [24]. To tackle this issue and save non-renewable resources, it is essential to use dif-

ferent types of waste. 

Table 1. Fossil fuels obtained activated carbons for supercapacitor electrodes. 

Raw Material 
SBET 

(m2/g) 

Current Density 

(A/g) 

Specific Capacitance 

(F/g) 
Types of Test Cells Reference 

Petroleum coke 2964 0.05 220 
Two-electrode cell with 

symmetrical electrodes. 
[25] 

Coal 1032 0.5 108 

Three-electrode cell with Hg/HgO as 

the reference electrode, AC as the 

working 
[26] 

Pitch 3145 0.05 272 

electrode and platinum plate as the 

counter electrode. 

Two-electrode cell with 

symmetrical electrodes. 

[27] 
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Non-Conventional Biowaste Raw Materials 

Recently, renewable biowaste-derived activated carbons have attracted significant 

attention due to their interesting characteristics of naturally porous or hierarchical struc-

tured and heteroatom doping [28]. This biowaste-derived activated carbon has reduced 

electrochemical properties compared to carbon fibers, commercial activated carbon, 

CNTs, etc. However, their major advantage is low cost, ease of production, environmental 

friendliness, and the presence of their inherent functional groups and heteroatoms, which 

makes them a suitable substitute for carbonaceous materials derived from fossil fuels. Bio-

waste-derived activated carbon has been identified as a suitable electrode for energy stor-

age devices due to its required pore size, large specific surface area, low equivalent series 

resistance, and high stability [29]. 

Non-conventional raw materials are very diverse, and most of them could be easily 

found in daily lives, such as food waste (coconut shell [30], pecan nutshell waste [31], 

ginkgo shells [32], onion peel [33], pomelo peel [34], garlic peel [35], orange peel [36], etc.), 

animal waste (crab shell [37], pork bone [38], blackfish bone [38], eel bone [38], fish bladder 

[39], etc.), plant waste (Couroupita guianansis [40], Elm flower [41], kapok flower [42], 

hemp stem [43], pine cones [4], banana leaves [44], etc.). Figure 2 illustrates the types of 

biowaste-derived activated carbon. Notably, the raw material types increase yearly due 

to the demand for activated carbon-based supercapacitors. 

 Currently, scientists also synthesize activated carbon for the supercapacitor not only 

from biowaste, for instance, Coca-Cola waste [45], tires [46], tobacco waste [47], plastic 

bags, and other industrial wastes [48]. Due to the pandemic, the amount of used masks 

has increased, and scientists in China synthesize carbon from the covers for the superca-

pacitor electrodes [49]. 

 

Figure 2. The types of biowaste-derived activated carbon. 

The properties of biowaste determine the properties of the derived activated carbon, 

and consequently, the supercapacitor electrode characteristics. Therefore, choosing the 

proper biowaste organ/tissues is also essential. Biowaste generally consists of organic sub-

stances (saccharides, vitamins, fatty acids) and other elements (H, O, N and S). Besides C, 

O, H, S, and N, some minerals, such as Ca, K, Mg, Na, and Si, may also be contained in 



Inorganics 2022, 10, 160 5 of 20 
 

 

the biowaste. The thermal pyrolysis or carbonization process decomposes large quantities 

of organic matter into H2O and CO2 and forms pores. Other elements can also be removed 

by thermal conversion to some extent. Therefore, activation is used to obtain porous car-

bon with a high carbon concentration [50]. The composition may also vary according to 

the raw material location (country, etc.). For instance, biowaste from saline–alkali land is 

rich in mineral elements such as, Ca, K, Mg, Na, and Si [6, 50]. 

The raw material is usually pre-treated before carbonation. The biowaste pre-treat-

ment depends on the type of raw material. Currently, there are several types of raw ma-

terial pretreatment. It includes physical pretreatment (coarse size reduction, chipping, 

shredding, grinding, milling), biological pretreatment (the action of fungi capable of pro-

ducing enzymes that can degrade lignin, hemicellulose, and polyphenols), chemical pre-

treatment (with acids, alkali, organic solvents, and ionic liquids), and physicochemical 

pretreatment (use of conditions and compounds that affect the physical and chemical 

properties of biowaste) [51]. In order to make homogeneous and reproducible carbons, 

the precursors need to be pre-treated through careful grinding and purification [23]. 

Table 2 lists characteristics of some carbon-based supercapacitor electrodes from bio-

waste.  

Table 2. Biowaste-derived activated carbon and AC-based electrodes for supercapacitor. 

Raw Material 
SBET 

(m2/g) 

Current 

Density 

(A/g) 

Specific 

Capacitance 

(F/g) 

Types of Test Cells Reference 

Plant waste      

Sugarcane 

bagasse 
725 0.2 265 

Three-electrode cell (working (AC), 

reference (saturated calomel electrode), a 

counter (Pt wire). 

[52] 

Elm flower 2048.6 20 216 
Two-electrode cell with 

symmetrical electrodes. 
[41] 

Kapok flower 1904.1 1 286.8 

Three-electrode cell (counter (Pt wire), 

reference electrode (Ag/AgCl), working 

(AC) cell. 

[42] 

Sakura petals 1433.8 0.2 265.8 

Three-electrode working (AC), counter (Pt 

sheet), reference (a saturated calomel 

electrode).  

[53] 

Lignin 1425 10 mV/s 140.9 
Three-electrode cell (working (AC), counter 

(Pt), and references (Ag/AgCl)). 
[54] 

Food waste      

Garlic peel 3325.2 1 424.42 
Two-electrode cell with 

symmetrical electrodes. 
[35] 

Onion peel 3150 0.5 169 
Three-electrode cell (working (AC), counter 

(glassy carbon), and references (Ag/AgCl)).  
[33] 

Pomelo peel 1582 0.5 180 

Three-electrode cell (reference (Hg/HgO), a 

counter (graphite sheet), working (porous 

carbon)).  

[34] 

Orange peel 1391 0.5 407 

Three-electrode cell (working (porous 

carbon), counter (Pt strip), and reference 

(saturated calomel electrode). 

[36] 

Animal waste      

Crab shell 3442 0.2 280.6 
Two-electrode cell with 

symmetrical electrodes. 
[37] 
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Pork bone 1260 0.5 263 

Three-electrode cell (working (AC), counter 

(Pt foil), reference (saturated calomel 

electrode)). 

[38] 

Blackfish bone 1202 0.5 302 

Three-electrode cell (working (AC), counter 

(Pt foil), reference (saturated calomel 

electrode)).  

[38] 

Eel bone 1163 0.5 264 

Three-electrode cell (working (AC), counter 

(Pt foil), reference (saturated calomel 

electrode)). 

[38] 

By comparing Tables 1 and 2, we can observe that biowaste materials are excellent 

for a supercapacitor, and by using biowaste materials, we can even obtain a supercapaci-

tor with a comparatively higher capacity than with fossil fuels that have obtained acti-

vated carbon [25–27,55]. Depending on the method of obtaining them (such as tempera-

ture, activation time, activation type, activating agents etc.), different types of biocarbon 

behave differently as supercapacitors. 

3. Electrode Materials 

3.1. Biowaste-Derived Activated Carbon 

Activated carbon is the most used material for EDLC electrodes with moderate cost 

that have a complex porous structure comprising micropores (smaller than 2 nm), meso-

pores (in the range of 2–50 nm), and macropores larger than 50 nm, leading to the high 

specific surface area. AC shows physicochemical properties based on raw materials and 

activation methods, which strongly influence its surface area, porous structure, and pore 

size distribution [56]. Generally, porous carbon is produced by a two-step process: car-

bonization followed by activation. In the first step, carbon precursors are heated to tem-

peratures between 400 °C and 1000 °C in an inert gas atmosphere. Low porosity carbons 

can be obtained after the carbonization process. Further, an activation process is used to 

increase the porosity of carbon materials. Usually, three methods can be used in the acti-

vation process: physical activation, chemical activation, and physicochemical activation. 

Oxidizing gases such as CO2, O2, air, or H2O are used in physical activation at high tem-

peratures (up to 900 °C) by reacting with the carbon atom to obtain porous carbon. The 

physical activation process can be considered partial gasification of the carbon precursor 

matrix [57]. The physicochemical activation process involves the chemical impregnation 

of carbon precursors with activating agents, followed by a physical activation step under 

an oxidizing gas atmosphere. The process is complex and has excessive energy consump-

tion. Of these three methods, chemical activation is considered the most perspective 

method for producing ACs with excellent performance [58]. 

3.1.1. Physical Activation 

Physical activation consists of carbonization at a low temperature in an inert atmos-

phere and activation at a high temperature using an activating reagent [59]. The carboni-

zation process removes non-carbon elements such as hydrogen and oxygen, and leads to 

a carbon skeleton (char) with a rudimentary pore structure. The carbonization tempera-

ture, heating rate, and soaking time are the main experimental parameters determining 

the yield of the process. The incipient porosity of the carbonized material becomes blocked 

by the tar produced in the thermal process. Therefore, the activation process is necessary 

to remove the tar blocking the pores and improve the specific surface area or pore volume. 

This is carried out by a reaction with oxidizing reactants (carbon dioxide, steam, and mix-

tures of them are the most frequently employed) at temperatures ranging from 800 °C to 

1000 °C [58,60]. The process involves the interaction of steam, gas, or a mixture of steam 

and gas (activating agent) with carbonized carbon [61]. The choice of activating agent also 
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depends on the precursor material because different materials require a different activat-

ing agent to obtain a high surface area. The development of a porous structure is the pri-

mary purpose of the activating agent, and this is usually achieved by a controlled com-

bustion of carbon and the elimination of volatile matters. The degree of carbon burnout is 

strongly dependent on the temperature and duration of activation time. Other experi-

mental parameters such as the gas flow rate and the type of furnace ultimately determine 

the quality of the activated carbon [59]. It has been experimentally verified that physical 

activation can be carried out in one step by combining carbonization and activation. The 

two-step process (carbonization and activation) can be simplified by carbonizing the raw 

material under a stream of N2 and replacing the N2 with an oxidizing gas (steam/CO2) 

after carbonization; this is conducted without cooling the product, and only reaching the 

desired activation temperature. This process is cheaper and faster than the two-step phys-

ical activation [61]. Table 3 presents the characteristics of biowaste-derived activated car-

bon obtained by physical activation.  

Some factors are affecting the rate of gasification carbon with oxidizing gases. They 

are the reaction temperature, the partial pressure of the reacting gas, hydrogen and carbon 

monoxide that inhibit gasification reactions, inorganic compounds in carbon acting as 

positive oxidation catalysts, and the structure of the carbon source [62].  

Table 3. Physical activation of various biowaste. Adapted with permission from Ref. [61]. 2019, 

Ayinla, R.T. and etc. 

Raw Mterial Agent 
Temperature 

(°C) 
BET (m2/g) 

VMicro 

(m3/g) 
Reference 

Barley straw CO2 800 789 0.3268 [63] 

Palm shell CO2 850 1653 0.8900 [64] 

Coconut shell steam 900 1194 0.4460 [65] 

Artrocarpus waste steam  750 917 0.4800 [66] 

Acorn shell CO2/steam 600 1799 0.9270 [67] 

Based on Table 3, we can see that by using a combination of activators [67], the ma-

terial achieves the largest surface area (1799 m2/g) and micropore volume (0.9270 cm3/g), 

while the smallest micropore volume (0.3268 cm3/g) and surface area (789 m2/g) is 

achieved by the activation with CO2 [63], which is not preferable for the electrochemical 

performance of the supercapacitor. Based on this table, we suppose that the activator mix-

ture is more suitable for creating an electrode because a large specific surface area and 

micropore volume are important for the supercapacitor.  

Physical activation is an inexpensive method to produce activated carbon. It is con-

sidered an environmentally friendly approach because it does not contain chemical 

agents. However, the main disadvantages of the process are the long activation time and 

high energy consumption. The activated carbons also show low adsorption capacity [68].  

3.1.2. Chemical Activation 

Chemical activation is the most used and promising method due to the low heating 

temperature, short processing time, high carbon yield, well-controlled porosity, and high 

specific surface area of AC [58]. Chemical activation is usually used for cellulose materials, 

such as biomass resources. In the chemical activation to prepare activated carbon, the raw 

material was activated with activating agents at high temperatures [68].  

The raw material is crushed and milled, then mixed with a concentrated solution of 

a dehydrating agent. The mixture is dried and heat-treated under an inert atmosphere at 

temperatures between 400 °C and 700 °C [60]. The resulting activated carbons need to be 

washed with acid and/or water to lower the ash content further and remove the activated 
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carbon’s residual chemicals [69]. Then, the product is separated from the slurry, dried, 

and conditioned according to its application [60]. 

According to the acid-basic theory and activation mechanism, activating agents can 

be classified into four types: alkaline (KOH [70], NaOH [71], K2CO3 [72], K2SiO3 [73]), 

acidic (H3PO4 [74], H3PO3 [75], H2SO4 [76], C3H9O4P [77]), neutral (ZnCl2 [78], KCl [79]), 

and self-activating agents [58]. It is important to note that there are only three activating 

agents (K3C6H5O7 [80], C6H11KO7 [81]) based on the activation mechanism. The activating 

agents’ role is to degrade the cellulosic material by thermal treatment. The dehydrating 

agents inhibit the formation of tar and other by-products [60]. The activation temperature 

also depends on the type of activating agent. An excessively high activation temperature 

can reduce carbon yield and specific surface area, and an excessively low activation tem-

perature may result in a poor porous structure. The optimal activation temperature using 

acid activation agents is generally in the range of 400–500 °C. The optimal activation tem-

perature using alkaline and self-activating agents is generally in the range of 750–850 °C 

[58]. Table 4 presents the characteristics of biowaste-derived activated carbon obtained by 

chemical activation.  

The inert gases protect the carbon precursor’s burnout and transfer the resulting py-

rolysis gases outside the furnace [58]. The porosity of activated carbon is also affected by 

the activation atmosphere; the use of an oxidant atmosphere instead of an inert atmos-

phere produces activated carbon with a larger surface area and an increased mesopore 

volume due to the expansion of pores during activation [82].  

The conventional method of chemical activation has the following disadvantages: se-

vere corrosion of the reactor, small pore size, destruction of the pore structure, and envi-

ronmental impact. Scientists develop new methods to solve these problems. According to 

the different activation mechanisms, these new methods are molten salt, degradable salt, 

and the oxidizing salt method. Molten salt etching techniques use corrosive molten chem-

ical agents (CuCl2, NiCl2, NaCl, KCl, FeCl3) to react with carbon to create porous structures 

at high temperatures. The different salts decompose, and thus, the decomposition gases 

can etch the carbon to form pores. Salts such as Zn(NO3)2, NaNO3, MgCO3, K3PO4, 

NaH2PO4 are used in the decomposition etching method. The oxidative salt etching 

method can also achieve the pore engineering of carbon materials. Oxidative activators 

such as HNO3, KMnO4, KNO3, and Mn(NO3)2 have been used to obtain porous carbon by 

oxidation of carbon at room temperature or high annealing temperatures [83]. 

Table 4. Chemical activation of various biowaste. 

Raw 

Material 
Agent 

Activation 

Temperature 

(°C) 

SBET (m2/g) VMicro (cm3/g) Reference 

 Alkaline 

Apricot shell NaOH 700 2335.00 0.797 [84] 

Rice husk NaOH 800 2682.00 1.011 [85] 

Rice straw KOH 800 1917.00 0.730 [86] 

 Acidic 

Walnut 

shells 
H3PO4 400 2095.00 0.520 [87] 

Sunflower 

oil cake 
H2SO4 600 240.02 0.111 [88] 

 Neutral 

Date pits FeCl3 700 780.00 0.468 [89] 

Pine-fruit 

residue 
ZnCl2 500 774.20 0.305 [90] 
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Based on Table 4, the most excellent activators are alkaline [84–86] because the car-

bons result in a large specific surface area and the volume of micropores. We suppose that 

the least suitable activators are the neutral agents [89, 90]; activation with acid [87, 88] is 

also great for creating electrode material but requires the right obtaining approach. By 

comparing Tables 3 and 4, it can be concluded that chemical activation is preferable to 

develop a comparatively high-quality activated carbon from biowaste for the supercapac-

itor. 

Based on Tables 3 and 4, it can be concluded that the activation method affects the 

porosity and specific surface area; according to the authors, chemical activation and acti-

vator mixture are better suited to obtain AC, since a large specific surface area and mi-

cropore volume are reached by activation. 

It should be mentioned that the surface functional groups of activated carbon can 

also affect the performance of the supercapacitor, which may depend on the method of 

obtaining AC, the electrolyte used, etc. For example, scientists in [91] work modified the 

AC by (NH4)2S2O8 oxidation; their results indicate that the oxygen functional groups, es-

pecially carboxyl and carbonyl groups, improved the wettability of the pore surfaces, in-

creased the electrolyte diffusion rate into the electrode, and increased the specific capaci-

tance by an additional pseudo-capacitance in a 6 mol/L KOH aqueous electrolyte; excess 

oxygen content blocked the pores, leading to poor electrochemical performance, but an-

nealing at 300 °C in an inert atmosphere increased the specific capacitance and improved 

the rate performance in a 6 mol/L KOH aqueous electrolyte. However, organic electrolyte 

oxygen functional groups reduced the specific capacitance. In [92], scientists obtained the 

activated carbon from argan seed shells by KOH activation. AC induced oxygen and ni-

trogen groups on the surface and the experimental findings show that nitrogen-enriched 

activated carbons exhibited the highest capacitance and retention of 355 F/g at 125 mA/g 

and 93% at 1 A/g, respectively, compared to oxygen-doped activated carbons. Results 

show that surface carboxyl functionalities in oxygen-enriched activated carbons prevent 

electrolyte diffusion into the porous network, while the existence of nitrogen groups can 

produce micro-mesoporosity and excellent pseudo capacitance properties [93]. Functional 

groups are claimed as the most responsible for performance degradation and ageing of 

activated carbon in organic electrolytes. These functionalities (mainly carboxylic, lactone, 

or phenolic groups) are thought to be harmful in organic electrolytes but beneficial in 

aqueous-based electrolytes, where they can provide an extra capacitance through a pseu-

docapacitive mechanism; however, scientists proved that the functionalities on the surface 

of activated carbon contribute to the capacitance through pseudo-redox reactions in the 

organic electrolytes and can also be beneficial for inhibiting the potential shift of AC [94]. 

Based on the above, we can conclude that activation methods and types of electrolyte can 

affect the performance and efficiency of the supercapacitor, since one sample can show 

different characteristics in organic- and aqueous-based electrolytes due to the functional 

groups. 

3.2. AC-MnO2 Composites 

There are several crystallographic structures of MnO2, such as α, β, γ, ε, and δ forms, 

depending on the way a MnO6 octahedral interlinks with another. The polymorphism of 

MnO2 can be controlled by the synthesis conditions. Since capacitive properties are due to 

the intercalation/deintercalation of protons or cations in MnO2, only specific crystallo-

graphic structures can be helpful for capacitance studies. Devarai et al. reported that the 

particular capacitance measured for MnO2 decreases in the following order α ≈ δ > γ > λ > 

β [95]. 

Research has shown that the chain or tunnel structure of MnO2 with a large two-

dimensional tunnel structure facilitates electron transfer, providing a relatively high ca-

pacitance value [9]. The large surface area of δ-MnO2 with a layered or sheet-like structure 

is more favorable for cation intercalation/deintercalation than an amorphous structure. 
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The three-dimensional hinge structure of λ-MnO2 can provide more active sites for im-

proved electrochemical properties. However, MnO2 has disadvantages such as low con-

ductivity, poor ion diffusion constant, and poor structural stability. Therefore, a high re-

versible capacitance, structural stability, and fast cation diffusion at high charge/discharge 

rates should be improved, and deterioration volume expansion can be avoided [96, 97].  

The combination of coal and manganese oxide shows a synergistic effect by combin-

ing the double layer capacitance and the redox capacitance. The high specific surface area 

of carbon substrates provides a large number of anchoring sites for the loading of MnO2 

and increases the contact interfaces between MnO2 and the electrolyte. It should be noted 

the porous carbon with well-ordered pore channels provides a fast electrolyte transfer 

throughout the composite electrode, facilitating a smooth access of electrolyte ions to the 

active MnO2 during the charge/discharge process. An important factor is the loading con-

tent of MnO2 [98]. 

After modification by δ-MnO2, many aggregated manganese dioxide blocks on the 

surface of activated carbon were observed, and surface area, total pore volume, and aver-

age pore size were decreased (Figure 3a) [99].  

 

Figure 3. Scheme of AC/MnO2-based composite types: (a) δ-MnO2-modified activated carbon. This 

figure is reprinted from [99], with permission from Elsevier B.V., 2022; (b) amorphous MnO2-mod-

ified activated carbon. This figure is reprinted from [95], with permission from Elsevier, 2022; (c) γ-

MnO2 (10 wt.%)-modified activated carbon. This figure is reprinted from [100], with permission 

from corresponding author Prof. Xiaolan Song; (d) γ-MnO2 (50 wt.%)-modified activated carbon. 

This figure is reprinted from [101], with permission from the corresponding author, Prof. Xiaolan 

Song. This figure was created by using the Canva application. 

The surface of non-modified activated carbon was rough and irregular, and large 

numbers of pores and carbonaceous blocks were observed. The amorphous nanostruc-

tures of MnO2 were evenly spread over the activated carbon. Nanostructures did not ex-

hibit any particular shape, and their sizes were very different. The bigger particles were 

completely interspersed with smaller particles (Figure 3b) [100]. As shown in Figure 3, the 

composite structure was also dependent on the manganese oxide concentration/content. 

The composite structure was dependent of MnO2 concentrations/contents. Figure 3c 

shows the composite with low MnO2 content; here, there was only a small amount of γ-

MnO2 deposited on the surface of rice husk-derived activated carbon with well-developed 
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porosity. With the increment of γ-MnO2 content, it began to deposit in pores and when 

the γ-MnO2 content was too high (such as 50 wt.%), it would block pores, thus, potentially 

reducing composite quality (Figure 3d) [101]. 

3.3. Methods of Obtaining AC-MnO2 Composites 

There are different methods to prepare composites, for example: precipitation meth-

ods such as chemical co-precipitation [96] (indirect, direct, acid-assisted grafting oxida-

tion, etc.), in situ precipitation, and electrodeposition (anodic [102] or cathodic). Table 5 

presents the performance of biowaste-derived AC-MnO2-based supercapacitor electrodes. 

Table 5. Biowaste-derived AC and MnO2 composite-based electrodes for the supercapacitor. 

The Raw Material of 

AC 

Current 

Density 

Specific 

Capacitance 
Types of Test Cells Reference 

Banana peel 10 A/g 70 F/g 

Three-electrode cell (counter (Pt wire), 

reference (a saturated calomel), working 

(composite)).  

[103] 

Bamboo 1 A/g 221.45 F/g 

Three-electrode cell (counter (Pt plate), 

reference (a saturated calomel), working 

(composite). 

[104] 

Faidherbia albida shell 1 A/g 426.66 F/g 
Three-electrode cell (counter (Pt wire), 

reference (Ag/AgCl), working (composite). 
[105] 

Rice husk 0.2 A/g 977.4 C/g 
Two-electrode cell with 

symmetrical electrode). 
[106] 

Rice husk 0.5 A/g 210.3 F/g 

Three-electrode cell (counter (Pt plate), 

reference (saturated calomel), working 

(composite). 

[107] 

Wheat bran 1 A/g 258 F/g 
Three-electrode cell (counter (Pt foil), 

reference (Ag/AgCl), working (composite). 
[108] 

Lignin 10 mV/s 345.3 F/g 
Three-electrode cell (working (composite), 

counter (Pt), and references (Ag/AgCl)). 
[54] 

Corncob - 1281.3 mF/cm2 

Three-electrode cell (working (composite), 

counter (Pt plate), and references 

(Ag/AgCl)). 

[109] 

In the indirect co-precipitation method, AB was first mixed with the solution of 

HNO3 and Mn(NO3)2·4H2O. After the reaction, the mixture was vacuum filtered and 

washed to remove unreacted Mn(II) cations. The impregnated AB was then mixed with 

KMnO4 in deionized water. The nanocomposite was then separated from the mixture, 

rinsed, and dried [96]. 

In the acid-assisted grafting oxidation co-precipitation method, AB was first acid-

activated by a mixture of pure acid and water and was stirred. After sonicating the sus-

pension, the mixture was heated in an oven. The filtered sample was washed and dried. 

The AB-MnO2 nanocomposite was then synthesized following the direct co-precipitation 

method [96].  

Tianfu fabricated MnO2 and decorated the bamboo-based activated carbon by an in 

situ preparation method. To prepare a certain amount of AC, MnO2 was dispersed in an 

aqueous solution under ultrasonication and heated in an oil bath in an autoclave, then the 

product was centrifuged, washed, and dried [104]. 

Yuan prepared the composite by an in situ precipitation method. A certain amount 

of surface-modified rice husk-derived activated carbon and MnSO4 were dispersed in 

propyl alcohol through ultrasonication, then the liquid was heated. Afterwards, KMnO4 
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dissolved in deionized water and was added to the mixture. The product was obtained by 

filtration and dried in an oven [107]. 

From the study of Adorna J. et al. [96], coconut shell-derived activated biochar (AB) 

was hydrothermally synthesized and then was coupled with manganese dioxide (MnO2) 

from different co-precipitation methods to form nanocomposites. For the direct prepara-

tion of AB-MnO2 nanocomposites, AB was combined with the solution of acid and 

Mn(Ac)2·4H2O; the mixture was stirred under a water bath. After the reaction, KMnO4 was 

then added dropwise. The sample was vacuum filtered, rinsed, and dried. 

In [54], to obtain the composite material, the ratio of lignin and surfactant (Pluronic 

F-127) was 120 wt.%, and the Mn(NO3)2·4H2O content was varied to obtain 5, 10, and 20 

wt.% Mn in porous carbon. The material and lignin with a Pluronic of 120% and manga-

nese oxide of 20% were surface oxidized using 15% v/v of H2O2. 

In [103], the banana peel-derived carbon/MnO2 was synthesized by a hydrothermal 

method. A 3D porous carbon was immersed into the KMnO4 solution (a certain amount 

of KMnO4 and urea were dissolved into 60 mL of deionized water), then the mixture was 

maintained at 120 °C in the autoclave for 12 h. The sample was washed and dried. 

In [106], the hydrothermal method was used in order to obtain AC and MnO2 com-

posite based on rice husk. To obtain a certain amount of MnO2·H2O and KClO3, they were 

dispersed in deionized water, then AC was added into the solution and was ultrasonically 

treated. Afterwards, the sample in the autoclave was heated, and the obtained product 

was washed and dried. 

Kong [108] obtained the composite by an in situ hydrothermal method. Wheat bran-

derived AC was added into the 0.03 mol L−1 KMnO4 solution. After stirred for 1 h, the 

mixture in the autoclave was heated, then the composite was washed, filtered, and dried. 

In [109], the composite was prepared by anodic electrodeposition. It was achieved by 

using a Pt plate as a counter electrode and Ag/AgCl electrode as a reference electrode. 

Before electrodeposition, the AC electrode was soaked in the electrolyte containing 0.1 M 

of Mn(CH3COO)2 and 0.1 M of Na2SO4 for one night. A constant current (1 mA/cm2) was 

applied to ensure the growth of MnO2 nanosheets on the AC membrane. After the as-

prepared samples were rinsed gently by the water, they were vacuum dried at 60 °C to 

obtain the electrodes. 

In [102], manganese dioxide (MnO2) was deposited on the AC electrode by the anodic 

electrodeposition method using a potentiostat with a three-electrode cell. The pre-treated 

AC electrode was oxidized in manganese acetate solutions in a typical electrodeposition 

synthesis.  

Cathodic electrodeposition was carried out at negative potentials. The deposition re-

actions occurring at the cathode surface can be realized via two paths: the first one is based 

on electrolytes containing Mn2+—the electrochemical processes of this path include water 

electrolysis, electrochemical reduction of oxygen, deposition of Mn(OH)2, and formation 

of MnO2. In the initial stage, a negative potential induces the electrolysis of water at the 

cathode surface, resulting in the formation of hydrogen gas and hydroxyl ions (Equation 

(1)); simultaneously, the electrochemical reduction of oxygen contributes to the formation 

of hydroxyl ions (Equation (2)). The hydroxyl ions increases the pH value in the vicinity 

of cathode, which then leads to the precipitation of Mn hydroxide (Mn(OH)2) (Equation 

(3)). The final formation of MnO2 can be obtained through three routes, as follows: (1) the 

metastable Mn(OH)2 is readily oxidized to MnO2 in the presence of oxygen (Equation (4)); 

(2) Mn(OH)2 can be electrochemically oxidized into MnO2 or Mn3O4 solids (Equation (5)); 

and (3) thermal annealing of Mn(OH)2 in the air at an elevated temperature results in the 

conversion of MnO2 via dehydration and oxidation (Equation (4)). 

2H2O + 2e−→H2 + 2OH−   (1) 

O2 + 2H2O + 4e−→4OH−  (2) 
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Mn2 + +2OH−→Mn(OH)2  (3) 

2Mn(OH)2 + O2→MnO2 + H2O  (4) 

Mn(OH)2 + 2OH−→MnO2/Mn3O4 + 2H2O + 2e−  (5) 

Another cathodic electrodeposition path is based on reducing Mn7+ species from 

(MnO4)− ions in the solution on the cathode surface, according to reaction (Equation (6)) 

[110]. 

(MnO4)− + 2H2O + 3e−→MnO2 + 4OH−    (6) 

The shape of the nanostructures can be controlled by tuning the deposition parame-

ters. The problem associated with the anodic oxidation and dissolution of inexpensive 

metal substrates can be avoided by using this technique [98]. 

Figure 4 shows the preparation scheme of biowaste-derived AC/MnO2-based com-

posite for supercapacitor electrodes. The biowaste is dried (depending on the type), 

washed with water or other solutions to remove dirt, and dried to remove moisture. Then, 

the waste is ground, sieved, and carbonized. The carbon is physically or chemically acti-

vated, neutralized, and dried; depending on the method or material, the raw materials 

may be activated in one step. Depending on the method, a composite is created, washed, 

and the moisture is removed. To create an electrode, slurry is prepared, and depending 

on the method of application, supercapacitor electrodes are made. 

 

Figure 4. Scheme of preparation of biowaste-derived AC/MnO2-based composite for supercapacitor 

electrodes. This figure was created by using the Canva application. 

In [105], electrodes based on Faidherbia albida fruit shell-derived AC and its compo-

site with MnO2 were obtained. It was found that the hybrid electrode quasitriangular-like 

shapes had a longer charge-discharge time, which is explained by the smooth redox reac-

tion of electroactive MnO2 electrolyte solution, which indicates a positive effect of pseu-

docapacitance material (MnO2) on specific capacitance. The hybrid composite has a larger 

symmetrical area under the CV curve for MnO2/FAFSC. The MnO2/FAFSC hybrid elec-

trode showed a longer discharge time than the FAFSC electrode. The MnO2-based elec-

trode could conduct a reversible electrochemical reaction in neutral and alkaline electro-

lyte solutions. In summary, MnO2 improves the specific capacitance, which provides a 

strong synergistic effect and good mechanical reliability to enhance the overall electro-

chemical performance of the supercapacitor electrode (see Figure 5). 
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Figure 5. (a) FAFSC and MnO2/FAFCS CV curves at a constant scan rate of 10 mV s−1; (b) GCD curves 

at a constant current density of 6 mA cm−2 for the FAFSC and MnO2/FAFSC working electrodes; (c) 

the capacitance retention of the FAFSC and MnO2/FAFSC composite electrodes at a current density 

of 40 mA cm−2 over 3000 cycles; (d) the specific capacitance of FAFSC and MnO2/FAFSC at different 

scan rates. This figure is reprinted from [105], with permission from Elsevier B.V., 2022. 

4. The Performance of Supercapacitors 

The performance of supercapacitors is evaluated on the basis of acceptably high en-

ergy densities (>10 Wh kg), substantially greater power density, fast charge discharge pro-

cess (within seconds), excellent cycle stability (more than 100 times of batteries), low self-

discharging, safe operation, and low cost [2]. Advanced electrical double-layer capacitors 

(EDLCs) contain organic electrolytes that operate at 2.7 V, and reach energy densities 

around 5–8 Wh/kg or 7–10 Wh/L. A commercial corporation offers a 48 V ultra-capacitor 

module with 1,000,000 duty cycles or a ten-year DC life and 48 V DC working voltage, 

and the modules are engineered explicitly for hybrid bus and construction equipment to 

provide cost-effective solutions. Currently, the industry leaders in SC production are Cel-

lergy, Ioxus, Maxwell Technologies, Murata Manufacturing, Nanoramic Laboratories, 

Nec Tokin, Nippon Chemi-Con, and Panasonic. Supercapacitor devices from these man-

ufacturers have capacitance in the range of 1200–5000 F, low direct current (DC) equiva-

lent series resistance (ESR) values of less than one mΩ, short-circuit current in the range 

of 600–2400 A, and per cell energy-storage capabilities in the range of 0.6–3 Wh [111].  

Nippon Chemi-Con uses activated carbon with a large specific surface area of around 

2000 m2/g for the electrodes, and the raw materials of the activated carbon include pitch, 

resin, and natural plant materials.  

After the literature review, we can say that currently activated carbon composite su-

percapacitors are not yet widely used commercially, while activated carbon supercapaci-

tors, including from biowaste, are in high demand in the commercial sector. 

Owing to the two different working mechanisms, EDLCs have a higher cyclic stabil-

ity or performance. Since an electrode chemical reaction is involved in pseudocapacitors, 



Inorganics 2022, 10, 160 15 of 20 
 

 

irreversible components will accumulate during cycling, leading to deteriorating perfor-

mance; therefore, the cycling stability of porous carbon will be higher than composites 

(Table 6) [112]. 

Table 6. Cycling stability of activated carbon and AC-MnO2 composite. 

Material Capacitance Retention, % Reference 

Rice husk-derived carbon 98.5 (after 5000 charge–discharge cycles) [107] 

Rice husk-derived carbon/MnO2 80.2 (after 5000 charge–discharge cycles) [107] 

Bamboo-based activated carbon 99.98 (after 1000 charge–discharge cycles) [104] 

Bamboo-based activated carbon/MnO2 89.29 (after 1000 charge–discharge cycles) [104] 

SCs have the following advantages: long cycle life, high specific power, quick charge 

and discharge, and a wide operating temperature range, but the disadvantages may in-

clude low energy density, high dielectric absorption, price, and high self-discharge [10, 

111]. 

Due to the advantages of supercapacitors, they are used in the public sector, in auto-

mobiles and transportation equipment, in the defense and military industries, in comput-

ers and memory backup chips, in medicine and industry, and in power grids for power 

quality control and battery monitoring [113]. 

5. Conclusions 

To set aside non-renewable raw materials and reduce pollution, different biomass 

types have been considered as raw materials. The characteristics of electrodes depend on 

many factors, such as type of biowaste, synthesis techniques, and electrode materials. 

Therefore, in this review, the biowaste types, the obtaining methods of activated carbon, 

and the carbon–manganese oxide composite were considered. In addition, the character-

istics of activated carbon obtained by chemical and physical activation were also com-

pared, and the comparatively highest result was obtained by chemical activation. In ad-

dition, the characteristics of activated carbon obtained with different chemical activating 

agents were considered and compared, and the most effective activating agents were 

found to be alkalis and acids. To improve the electrochemical performance of supercapac-

itor electrodes, the carbon–manganese oxide composite methods were considered, and 

the characteristics were analyzed. They showed a fast charge–discharge feature, long cy-

cling life, excellent reversibility, high power density, and wide operating temperature 

ranges. 
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