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General abstract 

The long-term massive consuming of fossil fuel has induced serious issues, 

which are energy shortage, environmental pollution, greenhouse gases and a 

series of other negative effects. The solution to restrict the aftermath is to 

develop renewable energy sources and devices or technologies. 

Supercapacitors (SC) have been a promising energy storage device due to the 

attractive merits complementing those of batteries, which expose short 

longevity and low power density. Many factors can determine the 

electrochemical performance of supercapacitors. For example, the properties 

of electrode materials can lead to distinct charge storage mechanisms. The 

varieties of electrolyte cause electrochemical ions reactions at/in the electrodes. 

To optimize the SC device, the electrode materials must be designed with the 

applicable structures and coupled with suitable electrolytes to facilitate the 

electron transport and ions diffusion. In this thesis, we initially focused on the 

preparation, construction and modification of 2D MnO2-based materials, in 

which a hydrothermal-method for the preparation of δ typed MnO2 was 

proceeded and then modified by introduction of copper ions. The resultant 

sample, which exposes more active sites, coupling with the intercalated copper 

cations, boosts the specific capacitance performance for the prepared 

electrodes. As well, the growth mechanism of 2D δ-MnO2 was studied by 

adjusting the reaction time, revealing an architecture development process 

while the obtained electrodes all show an enhanced cycling stability during 

upon charge-discharge processes. However, the intrinsic drawbacks of 

manganese dioxide, such as low conductivity and ions diffusion, resulted in 

such a poor capacitance. Whereupon, we introduced the battery-type layered 

double hydroxide (LDH). As expected, cyclability was fairly limited because of 

the intrinsic flaws of LDH structures but a high capacity was measured on 

account of the involved redox reactions. By implementing a delamination 

operation before mixing with MnO2 powder composite based on LDH layers 
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wrapping MnO2 particles was synthesized. As electrode material, it showed a 

high capacity like LDH but also kept a good cycling stability like MnO2 in 

supercapacitors. However, the contribution to the capacitance performance of 

δ-MnO2 was. To overcome this limit, we employed and exerted the inherent 

property of MXene as the substrate to boost the conductivity of MnO2, therefore 

generating a composite, in which MnO2 was embedding MXene layers. Thanks 

to the synergistic effects, the resulting MnO2eMXene composite showed an 

enhanced capacitance and attractive rate capability accompanying with fair 

cycling stability. Additionally, exfoliated 2D titanium carbide (Ti3C2)/MXene is 

known to suffer the restacking issues after the usual filtration process, thus 

impeding the ions to connect the inner active sites. Hence, we carried out a 

templated procedure to produce both expanded MXene and MXene foam. The 

MXene with expanded interlayers provides more available space for ion 

transport/diffusion towards active sites, thus improving the capability of charge 

storage. The MXene foam showing a 3D porous framework offers not only an 

increased interlayer space but also macropores in through the layers to 

facilitate the ions diffusion/transport and access to more active sites, leading to 

the upgraded capacitance performance for supercapacitors. 

We also studied carbon-based materials as the electrodes for supercapacitors. 

Initially, the graphene oxide was reduced, after filtration, then obtaining a dark 

graphene film. As the electrode, the freestanding graphene film has a good 

capacitive performance including capacitance, rate capability and lifespan. 

Operated with a hydrogel, with an expanded porous framework, it exhibits 

upgraded performance that depended on the temperature at which self-

supported graphene films were prepared Furthermore, we coupled MXene with 

graphene to form a freestanding composite film. It was found that the composite 

shows a decreased capacitance, but still keeps a great rate capability. 

In the end, capacitive carbon cloth were incorporated with battery-like organic 

salts, aiming to explore new electrochemical behaviors, for supercapacitor-
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battery hybrid devices. Generally, 3D carbon cloth displays electrical double-

layer electrochemical kinetics, which restricts the energy density because of 

limited accessible area. Hence, to break this barrier, battery-like redox reactions, 

from organic salts absorbed at carbon cloth surface, contributes to promote the 

capacitance/ty performance. However, the drawback of poor life-span was 

imported as well from organic molecules. When coating the modified carbon 

cloth with MXene layers, it strongly improves the stability and the customized 

cracks among MXene created a favorable path for ions diffusion, thereby 

boosting the capacitance and showing the improved cycling performance.  
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Chapter 1 Introduction 

Energy has been an essential and key element of development in the modern 

world.1 The consuming of energy in Figure 1.1 (phones, laptops and power 

tools) in modern society is constantly increasing, and urgently the current 

energy system market cannot satisfy the consumption of demand. The primary 

energy supply is still on the dominant position (see Figure 1.2), and leads to 

sustained detrimental pollution of the environment. The worse situation is that 

traditional energy storage systems cannot effectively use the energy power, 

also aggravating the bad pollution problems. Thus, new and eco-friendly 

energy-storage devices are urgently needed to solve this puzzle. Electrical 

energy storage devices, such as batteries and supercapacitors (SC), have been 

among the popular candidates because of the attractive properties, low carbon 

dioxide emissions, good power density and energy density. 

 

Figure 1.1 The energy consuming in a broad range of applications.2 
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Figure 1.2 World total primary energy supply (TPES) by fuel.3 

 

Supercapacitors (SCs), also called electrochemical capacitors, have been 

studied for many years. Compared with batteries, SCs deliver advantages of 

fast recharging or discharging (in seconds or less), long-term cycle stability and 

high-power density. The history of SCs was started by H.I. Becher, who 

established the early supercapacitor device in 1957. Then Robert A. Rightmire 

declared the patent for the SCs invention and D. Boos transformed the concept 

into technology. Afterwards, the new pages are spread by researchers all over 

the world and some significant related adventures are depicted in Figure 1.3. 

However, the prevailing SCs is also undergoing some flaws. In the light of the 

classic Ragone plot (see Figure 1.4), the energy density of SC is lower than 

batteries, which has hindered and limited the development of SC devices. One 

of the solution to improve the energy density is to find improved electrode 

materials for SCs. Superior electrode materials are able to provide a larger 

potential window and greater capacitance value, thus resulting in gaining 

greater energy density. So far, many electrode materials have been studied, 

such as carbon-based materials, oxides, hydroxides, and polymers. And 
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various dimensional materials, from 1D to 3D, have been smartly designed or 

engineered as electrodes to be applied in SCs. 

 

Figure 1.3 Timeline showing the important phases in supercapacitor 

development.4 

 

Figure 1.4 Ragone plot (specific power against specific energy) of various 

electrical energy storage devices.5 
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1.1 Energy storage mechanisms  

Supercapacitors and batteries, as advanced technical devices, show different 

electrochemical energy-storage mechanisms, which lead to different charge-

storage properties.5 In Batteries, lithium ions are first intercalated and 

accompanied with redox reaction in the bulk electrode materials. Due to slow 

diffusion-controlled intercalation and phase change, batteries have a high 

energy density but need slower current rates and longer recharge time. For SCs, 

generally, there are two concepts of capacitor.  In the light of charge-storage 

mechanisms, one  is electrical double-layer capacitors (termed EDLCs), which 

are charged by electrochemical double layer effect at material surface (Figure 

1.5 A and B), where the ions adsorption is reversible, and the other one is 

pseudocapacitors, which are charged by fast surface redox reactions (Figure 

1.5 C), or following rapid sub-surface intercalation processes (Figure 1.5 D).6 

The detailed mechanism difference (phase change, redox reaction, 

intercalation…) between batteries and supercapacitors are shown in Figure 1.6.  

 

Figure 1.5 Schematic diagram of different mechanism of energy storage.6 
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Figure 1.6 Faradaic and capacitive energy storage.7 

 

1.1.1 EDLCs 

The electrical double layered models imply a strong involvement of the 

electrode/electrolyte interface, including electrochemical adsorption/desorption 

of cations and anions at the interface (Figure 1.7). For the Helmholtz model, the 

polarization of electrode surface induces the separation and diffusion of ions 

through the electrolyte, thus leading to a structured condensed charge layer, 

which is called electrical double layers (EDLs). Here is the defined equation of 

Helmholtz’ layer in electrical capacitors:  

CH =Ɛ0·Ɛr·S/d                                                                                                   (1) 
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Where Ɛ0 is the vacuum permittivity, Ɛr is the relative permittivity of the dielectric 

electrolyte, S is the specific surface area of the electrode, and d is the effective 

thickness of the double layer. Because of ion diffusion in solution and 

interaction between the dipole moment of the solvent and the electrode, Gouy 

and Chapman presented the diffusion layer model of EDLs, which is shown in 

Figure 7(b). Because of the limitation of the Gouy-Chapman model in highly 

charged double layers, Stern united Helmholtz with Gouy-Chapman models, in 

Figure 1.7c, presenting the accumulation of ions close to electrode surface 

(inner layer) and the hydrodynamic motion of ionic species in the diffuse layer 

(outer layer). However, it is not properly expected that the current carbon-based 

electrode materials work with the same mechanism in supercapacitors. For 

instance, carbon nanomaterials have structural and chemical irregularities on 

the surface, at which the electroactive species are adsorbed by chemical 

interaction.8  

 

Figure 1.7 The evolution of electrical double-layer model of (a) Helmholtz, (b) 

Gouy-Chapman and (c) Stern.9 
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1.1.2 Pseudocapacitors 

Depending on double layer charging rule, EDLCs are limited by their specific 

surface area. Furthermore, the furnished active sites in EDLCs are not easily 

exposed at the surface. In battery electrodes, the deep active sites are 

accessible within the lattice structure, thus resulting in the diffusion-controlled 

situation and delaying the charging time10. Pseudocapacitors, with the similar 

active sites like batteries, can store energy via the fast and reversible redox 

reaction of metal ions on the surface or in the bulk near the surface of a solid 

electrode, accompanying by the charge across the double layer11. Although the 

electrochemical energy-storage process is similar to batteries, the clear 

difference is that pseudocapacitors behavior is not controlled by ion diffusion 

within the crystalline structure of active material.11 In theory, the kinetic 

difference can be distinguished by cyclic voltammetric analysis according to this 

equation12,13: 

𝑖 = 𝑎𝜈𝑏                                                                                                              (2)  

where 𝑖 is the current (A), 𝜈 is the scan rate (mV s-1), a and b are adjustable 

parameters. When the b value is 0.5, it implies a battery’ behavior with a 

diffusion controlled faradic intercalation process. In contrast, the capacitive 

behavior without diffusion control can be recognized by the proportional 

correlation between current and scan rate. In the case of b value equal to 0.5, 

the correlation between current and sweep rate can be represented as follows14:  

  𝑖 = 𝑛𝐹𝐴𝐶∗𝐷1/2𝜈1/2(𝛼𝑛𝐹/𝑅𝑇)1/2𝜋1/2𝜒(𝑏𝑡)                                                                     (3)  

in which 𝑛 stands for the number of electrons involved in the electrode reaction; 

𝐹  is the Faraday constant; 𝐴 is the surface area; 𝐶∗  stands for the surface 

concentration; 𝐷 stands for the chemical diffusion coefficient;𝛼 stands for the 

transfer coefficient; 𝑅 is the molar gas constant; 𝑇 is the temperature, and the 
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function (𝑏𝑡) is the normalized current. In another case of b value equaling to 

1, the relationship can be described as15: 

𝑖 = 𝐶𝑑𝐴𝜈                                                                                                                                (4)  

where 𝐶𝑑  stands for the capacitance and 𝐴  represents the surface area. 

Besides, the CV and galvanostatic charge-discharge measurements can 

exhibit the apparent difference of capacitive/battery’ behavior. In the Figure 1.6, 

it shows a rectangle shape for electric double layer capacitor or that with a small 

redox peak for pseudocapacitor in cyclic voltammetry curves. For the batteries, 

it reveals the sharp redox peaks in CV curves and clear potential plateau in 

discharge process.  

1.2 The construction of supercapacitor 

Generally, energy storage device is basically composed of the connecting-

feature electrolytes and two electrodes, which are separated by an ion-

permeable separator. The separator is essentially a membrane that separates 

the electrons to prohibit the electronic conductance but enable the cross 

movement of electrolyte ions. Various separators are used in actual devices, 

such as polymer or paper separators for organic electrolytes, glass fiber 

separators for aqueous electrolytes. In addition, the current collector, like 

aluminum foil, platinum disk and nickel foam, is also an important component 

to support the electrode and conduct electric current to power sources or 

electrical appliances.16 The specific constituted elements of supercapacitors 

are displayed in Figure 1.8.  
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Figure 1.8 Components of typical energy storage device.7 

 

1.3 The electrolyte 

In nowadays electrolytes, a wide stable working-potential range is a very crucial 

factor for supercapacitors, which can then access toa high energy density. 

Generally, electrolytes are sort in three main categories: aqueous electrolytes, 

organic electrolytes and ionic liquid (ILs). The electrochemical stability window 

and the ionic conductivity are the two main criteria to select which electrolyte is 

applied in a device. Devices with aqueous electrolytes can benefit from a higher 

ionic concentration and lower resistance, therefore showing greater 

capacitance and power values in comparison with organic electrolytes. 

Furthermore, they are simpler to prepare, unlike organic electrolytes, which 

should be process in special condition (like glove box). However, the low-cost 

and environment-friendly aqueous electrolytes, like KOH, Na2SO4 and H2SO4, 

exhibit a narrow working temperature range, high corrosion activity and low 

discharge voltage, which is limited by the decomposition voltage of water at 

1.23V. Breaking this limitation must be considered to increase the aqueous 

potential window.  
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1.4 Electrode materials 

Electrode materials play a vital role in improving the property for 

supercapacitors and show the dominant factor on self-discharge, cycling life, 

capacitance, resistance, etc. The goal of researches on electrode materials is 

to develop a storage device that can possess high energy and power density, 

good rate capability and good cycling stability. In the past few years, many 

materials with various morphologies, structures, pore sizes, etc. have been 

developed and engineered for supercapacitor electrodes.  

1.4.1 carbon-based materials  

Among these materials, carbon-based materials prevail in EDLCs due to low 

price, good electronic conductivity, ease of preparation, and high specific 

surface area. Carbon-based materials, like porous carbons, carbon nanofibers 

and graphene, are considered as electrode materials for industrialization  

1.4.1.1 Porous carbon 

Porous carbons are usually fabricated via first carbonization at high/proper 

temperatures and then crafted by following post-treatment activation 

procedures, thereby showing the high porosity, large specific surface area and 

excellent adsorption capacity. To improve the capacitance, as straightforward 

strategy is to increase its accessible specific surface area (ASSA) on which the 

charged ions are physically absorbed. Additionally, many excellent works also 

focus on the developing/creating or adjusting the porosity, the implementation 

of defects, heteroatom or functional groups, and even together in carbon-based 

materials. For instance, Huang 17 prepared a three dimensional hierarchical 

porous carbon from the micro-sheets PPy reagent that were treated by 

improved KOH activation procedure. By adjusting the reaction temperature, the 

obtained porous carbons displayed the evolution of porous structure, shown in 

Figure 1.9. In the optimal sample, the enhanced porous carbon material 
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exhibited a large specific surface area of 2870 m2 g-1, togetherwith a high N 

doping of 7.7 wt%. From these electrodes, a symmetric device, delivered a high 

specific capacitance (236 F g-1 at 2 A g-1) and a remarkable cycling stability (98% 

after 10k cycles). 

 

Figure 1.9 SEM images of porous carbon by annealing the slurry of PPy and 

KOH at various temperatures.17 

 

Li18 developed a graphene-like porous carbon from pretreated biomass, which 

was punched to generate holes by H2O2 reacting with oxidation functions on 

the surface with layers exfoliating process by using HAc (CH3COO−) (Figure 

1.10). In details, H2O2 can oxidize the cellulose/hemi-cellulose to generate 

mesoporous structure and in the meantime the HAc partially hydrolyzed the 

cellulose/hemi-cellulose on the surface to delaminate layers. The elaborated 

carbon, with upgraded porosity and large surface area, displayed an improved 

specific capacitance of 340 F g-1 at 0.5 A g-1 and possessed a great specific 

energy of 23 Wh kg-1, moreover, holding 98% of longevity after 10k charge-

discharge cycles.   
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Figure 1.10 The synthesis and mechanism porous active carbon.18 

 

In Zheng work19, a nitrogen-doped and ultrathin nano-sheets porous carbon 

was reported and constructed via a nice scalable condensation polymerization 

and followed one-step carbonization/activation operation (Figure 1.11). 

Assembled with a large surface area (2406 m2 g-1) of porous carbon, the 

symmetric device delivered an amazing energy density of 139 Wh kg-1. In 

addition, the porous carbon was applied in a flexible device, which presented a 

great volumetric energy (8.4 Wh L-1 at 24.9 W L-1) and it could still keep 80% 

retention when the power density reached 20-fold of original value. Again, with 

the outstanding cycling life of 96% after 10k cycles, it showed this enhanced 

porous carbon as promising and prospective electrode for supercapacitiors. 
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Figure 1.11 Synthesis of 2D hierarchical porous carbon nanosheets based on 

a one-step pyrolysis of 3D cross-linked polymeric framework. a) The 

condensation process that gives rise to the polymeric framework PDAA. b) 

Preparation of carbons from PDAA by carbonization and activation process with 

different ratios of KOH/PDAA. c) Schematic illustration showing the formation 

mechanism of samples.19 

 

Interestingly, porous carbons can also be used to restrict the restacking for 

other layered materials. For example, Wang20 intercalated/introduced a 2D 

ordered mesoporous carbon unit to rearrange the MXenes interlayer space, 

thereby solving the restacked issues of exfoliated MXenes layers and 

facilitating the ion diffusion and electron transfer at even high charge-discharge 

regimes (Figure 1.12).  
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Figure 1.12 Schematic diagram of the porous carbon-based composite.20 

 

Interestingly, the distinctive electrochemical mechanism in nanoporous carbon 

with high advanced capacitive performance triggered a deep exploration to 

understand/figure out the influence of the nanostructure on storage capabilities. 

Kaneko and colleagues21 applied an X-ray scattering experiments with hybrid 

reverse Monte Carlo (HRMC) analysis to disclose the desolvation process 

when ionic liquids with matching sized are confined in carbon nanopores 

(Figure 1.13). They directly prove the role of a superionic state in ionic liquids 

on the electrochemical behavior. In the case of 1-nm-pore bilayer confinement, 

the counter ions almost all invades the coordination shell, therefore leading to 

the preservation of Coulombic ordering. In another case of 0.7-nm-pore 

monolayer confinement, the molecular-mechanism breaks the alternating array 

structure of cations and anions, which can lead to closer-distance co-ions 

because of the reduced Coulombic repulsion. Thanks to the inoperativeness of 

repulsive force between co-ions, a satisfactorily dense population of con-ions 

was observed, leading to a great improvement of the capacitance with 

nanoporous carbons with matching ionic liquids.   
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Figure 1.13 Conceptual images of the structure of EMI–TFSI confined inside 

carbon nanopores with or without Coulombic ordering.21 

 

1.4.1.2 CNT 

Many CNT-based electrode research works have been applied in 

supercapacitors. Particularly, the highly ordered carbon nanotube (CNT) 

presents a well-aligned unique structure, excellent conductivity, low mass 

density, etc., which endows itself preeminent electrical and electrochemical 

capabilities for supercapacitors.22,23 Over the past decades, CNT has elicited 

many efforts to construct an improved electrode material that possesses the 

enhanced rate performance and energy density and eventually couple with 

various other pseudo-capacitive materials to develop an improved composites 

with high capacitance and long cycling lifetime.24 Here are some examples to 

better understand this carbon material. Lee et al.25 used a new technological 

gradient biscrolling way to fabricate CNT-based yarns allowing fast-ion-

transport (Figure 1.14). Using a metal wire as the current collector, the ~20 μm 

diameter-upscalable yarns delivered ~179 F cm-3 volumetric capacitance and 

exhibited a linear capacitance increase with scan rates, even reaching up to 80 

V s-1 with liquid electrolytes and 20 V s-1 with solid electrolytes. For a complete 

supercapacitor, 92% and 99% of cycling stability in 10k cycles were retained 

with winded and sewed electrodes, respectively. Therefore, this improved 



20 
 

technology is a promising application in structuring yarn electrodes for micro-

electronic devices. 

 

Figure 1.14 The biscrolling method, precursors and derived structures for 

PEDOT/MWNTyarns.25 

 

Choi, et al.26 reported a wearable yarn based on carbon nanotube –based, in 

which 90 wt% of pseudocapacitive MnO2 nanoparticles are trapped by a 

biscrolling approach. (Figure 1.15) When the flexible and stretchable yarn with 

solid-state PVA/LiCl electrolyte was assembled and packaged, the fabricated 

supercapacitor device led to 889 mF cm-2 (155 F cm-3) specific capacitance and 

35.8 μW cm-2 (5.41 mWh cm-3) energy density. 
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Figure 1.15 Fabrication scheme and images of biscrolled MnO2/CNT 

supercapacitor.26 

 

1.4.1.3 Graphene 

Graphene27, a two dimensional and hexagonal-lattice carbon monolayer28, has 

engaged enormous researches and applications in many fields, ranging from 

electronic devices29, biosensors, catalysts30, DNA sequencing, aerospace, 

batteries31, full/solar cells, supercapacitors32 and other energy-storage 

applications33, since Andre Geim and Konstantin Novoselov delaminated a 

single-atom-thick layered carbon in 200434. Thanks to the unique honeycomb-

like structure, it leads to the excellent physical/chemical properties, such as an 

impressive specific surface area, high electronic conductivity, good chemical 

and thermal stability and outstanding mechanical flexibility35,36,37. Generally, 

graphene is prepared by many methods, such as mechanical exfoliation, 

reduction of graphene oxide, liquid-phase exfoliation and so on, which are quite 

important for the physical/chemical properties in the applications. The summary 

of production methods is depicted in Figure 1.16. Here, we focus on the 

defective reduced graphene oxide, which is reduced from graphene oxide with 

oxygen-containing functional groups by chemical, thermal and electrochemical 
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processes. The graphene oxide is effortlessly coupled with other materials to 

construct/design enhanced composites because of the exiting of functionalities. 

Just like the Figure 1.17 showing, the active materials can be carefully 

encapsulated in graphene network, wrapped between the layers, anchored on 

the sheets, or trapped like a sandwich.  

 

Figure 1.16 Schematic of the most common graphene production methods.28

 

Figure 1.17 Schematic of the different structures of graphene composite 

electrode materials.28 



23 
 

 

Depending on the talented/versatile skills, numerous and remarkable graphene 

–based works have been developed for supercapacitors. For example, Kaner, 

et al.38 reported a smooth all-solid-state method, in which the graphene oxide 

was reduced to unstacked graphene films by the laser from a DVD drive (Figure 

1.18). The resulting graphene film, with a high conductivity (1738 S m-1) and an 

attractive surface area (1520 m2 g-1), as an electrode without binders and the 

current collector. The fabricated symmetric device presented an excellent 

energy density in aqueous electrolytes, organic electrolytes and ionic liquids, 

accompanying a high power density (Figure 1.19). The elegant simple 

manufacturing method using laser-scribed graphene films provides a promising 

route towards commercial applications for flexible electronics. 

 

Figure 1.18 Schematic illustration of the fabrication of laser-scribed graphene-

based device.38 
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Figure 1.19 Energy and power densities of graphene-based device compared 

with commercially available AC-EC, aluminum electrolytic capacitors, and a 

lithium thin-film battery.38 

 

Lee and colleagues39 developed a simple filtration approach to prepare a 

flexible RGO/MnO2 paper material without using any template. The obtained 

freestanding paper can keep its robust shape when it was bent in many ways 

(Figure 1.20). Thanks to the flexibility of prepared electrode material, the bent 

asymmetric supercapacitor device exhibited 35.1 μWh cm-2 areal energy at 

37.5 μW cm-2 areal power and display 3.8 mW cm-2 areal power (calculated at 

1000 mA g-1 current density) at 11.5 μWh cm-2 areal energy. (Figure 1.21)  

 

Figure 1.20 Morphology images of RGO/MnO2 freestanding paper material.39 
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Figure 1.21 Areal performance in a bent asymmetric device.39 

 

A pipe mold method is reported (Figure 1.22) and applied to build a flexible and 

conductive (4700 S m-1) hollow RGO/conducting polymer composite fibers, 

which can be shaped into knots, rolled up and woven into textiles (Figure 1. 23). 

As an electrode with poly(vinyl alcohol) PVA/H3PO4 gel electrolytes in a 

symmetric device, it showed an areal capacitance of 304.5 mF cm-2 at 0.08 mA 

cm-2, in the meantime, delivering an excellent 27.1 μWh cm-2 energy at 66.5 

μW cm-2 power densities. Interestingly, the cycling stability after bending 500 

times was 96% of the initial capacitance value.  
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Figure 1.22 Schematic formation and SEM images of Hollow 

Graphene/Conducting Polymer Fiber Electrode. 

 

Figure 1.23 Mechanical and electronic properties of Hollow 

Graphene/Conducting Polymer Fiber Electrode. 
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1.4.2 Pseudocapacitive materials 

In the carbon –based materials, as underlined above, charges are stored in the 

double layer that is limited by the electrolyte accessible surface area. As a result, 

the energy density lower than in batteries. Inspiringly, the Faradaic charge-

transfer behavior of ruthenium oxide (RuO2)40 paved the new path and provided 

a novel and fundamental understanding for pseudocapacitive mechanism in 

supercapacitors. During the energy storage process, the ruthenium can fast 

store charges by redox reactions on the surface.10 However, the cost of 

ruthenium oxide limits its development in practical applications.41 Consequently, 

more economic pseudocapacitive materials are needed. Since these primary 

works, more pseudocapacitive materials have been disclosed, such as MnO2-

based materials, specific nanosized transition metal oxides (like Co3O4), 

conductive polymers, and transition metal carbides/nitrides and so on. In this 

thesis, we concentrate on the construction of 2D pseudocapacitive materials. 
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1.4.2.1 2D δ-MnO2 

 

Figure 1.24 Crystallographic structures of α-MnO2, β-MnO2, γ-MnO2, δ-MnO2, 

and λ-MnO2.42 

 

Since the initial pseudocapacitive research of MnO2 was investigated in 

potassium chloride (KCl) electrolytes by Lee and Goodenough43, enormous 

progress has been achieved in MnO2 –based materials, disclosing a Faradaic 

reactions between the III and IV oxidation states of Mn ions. And there are 

various polymorphic forms built on different ways to arrange MnO6 octahedra 

They include α-MnO2, β-MnO2, γ-MnO2 showing an 1D channel, δ-MnO2 
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possessing 2D layers and spinel having 3D interconnecting channels (see 

Figure 1.24).42 In Figure 1.25, various crystallographic structures lead to 

different ionic conductivities, with a strong correlation with the capacitance 

performance.7 Thanks to the planar two-dimensional crystalline structure, the 

δ-MnO2 has attracted much attention and been widely applied in designing a 

performing supercapacitive device for energy storage. Additionally, the 

abundant and environmentally friendly δ-phase MnO2 can theoretically deliver 

up to 1370 F g-1 of capacitance over a voltage window of 0.8 V44. The charge 

storage involves a surface Faradaic reaction: MnO2 + C+ + e− ↔ MnOOC , 

where C is the electrolytic cation (H+, Li+, Na+ or K+)45. A clear understanding of 

the charge storage mechanism is needed for a better construction for MnO2-

based electrode materials. Various techniques are applied to evaluate 

structural changes during electrochemical processes occurring during charge 

and discharge, such as in situ Raman spectroscopy46, X-ray photoelectron 

spectroscopy47 and X-ray absorption spectroscopy (XAS)48. 

 

Figure 1.25 Capacitance of various crystallographic forms.7 

 

Chen et al. first probed the structure changes via in situ Raman spectroscopy 

when the model 2D MnO2 was cycling in 2M NaNO3 electrolytes, finding that 
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the smaller Na+ cations replaced the larger water molecules between the 

parallel layers from 0.7V to 0V, which results in the shrinkage of the interlayer 

spacing because of the less steric hindrance and enhanced electrostatic 

attractions. In addition, the intercalation/extraction of sodium cations is a 

reversible process occurring during reduction/oxidation. Furthermore, when 

other electrolytes were studied using the same procedure, a clear difference in 

band evolutions was displayed. A 0 V, the band positions were shown to 

depend on the nature of electrolytes, with the position of ν1 band in correlation 

with d-spacing and ν2 band position in correlation with d-spacing. The 

comparison of I(ν1)/I(ν2) values demonstrated the effect of the cation size on 

charge density and polarizability of the vibrational modes. Because of the 

influence of the cation size on the Jahn-Teller distortion, the band width is 

largest in KNO3 and smallest in LiNO3. Therefore, the in-situ Raman 

spectroscopy can deliver a direct and clear feedback between interlayer 

structure and cation size, providing a deep understanding of charge storage 

mechanism in pseudocapacitive two-dimensional MnO2.  

 

Figure 1.26 (a) The Raman spectroscopic evolution of MnO2 film in 2M NaNO3 

electrolytes.49 (b)  Raman spectra of MnO2 electrode at the potential 0 V. ν1 

represents the symmetric stretching vibration (Mn-O) of MnO6 groups and ν2 

represents the (Mn-O) stretching in the basal plane of MnO6 sheet.49 
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Chang et al.50 prepared three composites (MnO2/C-CNT, MnO2/RGO, and 

MnO2/ RGO-Au) with different charge/discharge behaviors (rate capability, 

stability) (Figure 1.27a). Then, atomic/electronic structure was studied and 

elucidated by in situ XAS at Mn K-edge measurement. In Figure 1.27 b, the 

intensity of pre-peak increased when the MnO2/C-CNT electrode was charged 

(0-0.8V), which can be explained by the increase in density of Mn 3d 

unoccupied states. However, a different irreversible effect in MnO2/RGO and 

MnO2/RGO-Au was observed: gradual increase was first observed at 0.8V and 

it kept increase tendency at 0.4V. This variation can be explained by the 

different structures shown in Figure 1.27 a. For MnO2/C-CNT composite, MnO2 

is deposited into the interior of the C-CNT network and some particles are 

isolated and not incorporated with C-CNT, while MnO2 is strongly coated on the 

outer surfaces of RGO/RGO-Au substrates. It causes narrower tunnels of 

MnO2/C-CNT and larger tunnels of MnO2/RGO-based materials are implied in 

the charge-discharge process. Therefore MnO2/RGO-based materials can 

withstand a larger volume changes without breaking chemical bonds during the 

electrochemical procedure. The quantified oxidation state of Mn versus energy 

position at set-up voltages is shown in Figure 1.27c. It implies a low 

electrochemical involvement of Mn active sites in MnO2/C-CNT (66%) and 

MnO2/RGO (34%). Accordingly, the thin surface layer includes three parts, 

which are an active MnO2 redox layer, an inactive MnO2 layer and a CNT/RGO 

layer. In light of the low mobilization ratio, plus the less sensitive 

electrochemical property in MnO2/RGO, proposing that the double-layer 

capacitive not pseudocapacitive behavior at 0.4V is the dominant contribution 

for supercapacitors, meantime any cations are not deintercalated from the 

interlayer space and the peak intensity keeps constant.  
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Figure 1.27 (a) Structure Schematic of MnO2/C-CNT, MnO2/RGO, and MnO2/ 

RGO-Au. (b) Pre-edge region of Mn K-edge XAS of samples at various 

potentials. (c) Oxidation states of Mn at various applied bias potentials during 

the redox reaction.50 

 

On the other hand, MnO2–based electrode materials have also received many 

efforts to improve the limited electrical conductivity and mechanical property 

These include the incorporation of other metal elements, depositing the MnO2 

layer on conductive material framework and designing MnO2-polymer 

composites. Liu et al.51 reported a nano MnO2(<2 nm) powder coated on 

mesoporous carbon fibers (termed PCF@MnO2, Figure 1.28a), which have a 

high mass loading (reaching 7 mg cm-2) and great fast charge transfer because 

of the mesoporous framework. The electrochemical properties of PCF@MnO2 

are displayed in the radar chart, showing a 1148 F g-1 of gravimetric 

capacitance and 3141 mF cm-2 of areal capacitance. Again, compared with the 

performance presented in Figure 1.28c, the capability of PCF@MnO2 

a 
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surpasses other previously reported MnO2-based electrode materials. This 

construction and synthesis method is adaptable to design other materials for 

supercapacitors. 

 

Figure 1.28 (a) Schematic illustration of the synthesis process. (b) The radar 

chart compares the six figure-of-merits. (c) Mass loading, gravimetric 

capacitance, and geometric areal capacitance of PCF-based electrodes in 

comparison with other reported electrodes.51 
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1.4.2.2 MXenes 

 

Figure 1.29 Timeline of MXene: from 2011 to 2017.52 

 

Two-dimensional transition metal carbides, nitrides and carbonitrides, termed 

MXenes (M represents transition metals and X represents carbon/nitrogen or 

both), were discovered in 2011. They show a metallic conductivity 

(∼6000−8000 S cm-1) and an hydrophilic property.53 In the original MAX phase 

from which they derive, A is an element layer like aluminum, which is selectively 

etched.  The timeline of related MXene evolution is shown in Figure 1.29.52 

There are many ways to prepare MXenes exhibiting different properties, such 

as flake sizes, qualities, or different termination groups. They can be applied in 

diverse fields, especially energy storage. Numerous MXene -based materials, 

such as intercalated MXenes, porous MXenes, actived MXenes and MXenes-

graphene/carbon fiber/polymer/MnO2 composite, have been schemed, 

structured and applied in supercapacitors. Here, we clarify some works about 

the mechanism of charge storage in MXenes. Wen and colleagues54 reported 

the distinct features of cyclic voltammetry curves in H2SO4 and KOH 

electrolytes: capacitance value is greater in acidic electrolytes. Moreover, the 
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rectangular shape can be maintained at high scan rates in KOH rather than 

H2SO4 electrolytes. This can be explained by the different diffusion properties 

of electrolytic cations. The result of ab initio molecular dynamics (AIMD) 

simulations are shown in Figure 1.30 and 1.31, and the summary is displayed 

in table1. It is consistent that water can reduce the activation barriers for 

hydrated protons/K+, therefore boosting the 3D movements of ions between the 

interlayer space. The distinction is that the K+ is located on one side of 

interlayer space, while the active sites on both sides can accommodate H and 

H1 (two opposite sides pointing to each other, see Figure 1.31a). As a result, 

the higher electrolyte concentration offers the MXenes in hydrated H+ to deliver 

a greater capacitance. However, the case of H2 with lower proton concentration, 

which is located on one side, is activated only at the high scan rates, thus 

leading to the distortion of the corresponding CV curves. Based on the 

mechanism investigation and discussion, the specific hopping route of ion 

diffusion between interlayers helps not only to improve the capacitance but also 

to maintain the capability for MXene-based supercapacitors. 

 

Figure 1.30 Structural configurations of K in the water-containing and water-

empty units denoted by K1 and K2 (a) and MSD of K projected along the c (b), 

a (c), and b (d) axes, respectively.54 
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Figure 1.31 Structural configuration (a) and MSD of the adsorbed hydrogen 

species projected along the c (b), a (c), and b (d) axes, respectively.54 

 

Table 1.1 Diffusion properties comparison of K ions and protons in the water-

empty and water-containing units.54 

 

Hu et al.55 studied the performance of MXene electrodes in three sulfate ion-

containing aqueous electrolytes with H+, NH4
+ and Mg2+ cations. The much 

higher capacitance in H2SO4 than in others, implies a distinct electrochemical 

process. In situ Raman spectroscopy technique was used to explore the in-

depth charge mechanisms. The results in Fgure 1.32 express the clear changes 
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(intensity or position) in the case of negatively charged electrode in H2SO4 

electrolytes. And the specific detail of band evolution from 530 to 770 cm-1 is 

exposed by Lorentzian fitting. From Figure 1.33a, there is an apparent band 

movement from 726 to 708 cm-1, combining with modes remaining at 630 and 

672 cm−1 in Ti3C2(OH)2. This demonstrates the transformation from Ti3C2O2 to 

Ti3C2O(OH) instead of Ti3C2(OH)2. As shown in Figure 1.33b, there is ion 

exchange between interlayers, in which the hydronium of the H2SO4 

electrolytes bond with the dangling-oxygen active sites, resulting in the 

reversible redox reactions and observed high-capacitance. Contrarily, the NH4+ 

and Mg2+ cations are just adsorbed at the material surface without any ion 

exchange. This exerts the electric-double-layer capacitive behavior what is 

lower than the pseudocapacitive contribution. Interestingly, the scenarios 

related to positive electrodes are invariable in Raman spectra, digging that 

SO42- anions are insignificant for electrochemical process.  

 

Figure 1.32 In situ Raman spectra of Ti3C2Tx MXene in H2SO4 and (NH4)2SO4 

electrolytes.55
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Figure 1.33 (a) Selected spectra and Lorentzian fits of bands of the negative 

electrode in H2SO4. The peak at 726 cm-1 and 708 cm-1 respectively represent 

out-of-plane vibrations of C atoms in Ti3C2O2 and that in Ti3C2O(OH). (b) The 

schematic of charge mechanisms in different electrolytes.55 

 

1.5 Electrochemical technology 

 

Figure 1.34 An illustration of key performance metrics, test methods, major 

affecting factors for the evaluation of SCs.56 



39 
 

There are various parameters to define the performance of supercapacitors, 

including capacitance, voltage window, cycling stability, energy density, power 

density, equivalent series resistance (RES) and so on. A variety of 

measurements have been developed and applied to evaluate various criteria: 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD)/ constant 

current charge-discharge (CCCD) and electrochemical impedance 

spectroscopy (EIS) tests. The detailed inter-correlation and related affecting 

factors are shown in Figure 1.34. It displays that the core parameters are 

specific capacitance, operation voltage/potential and equivalent series 

resistance. These parameters can be obtained from the corresponding test 

methods in white boxes. In this thesis, we focus on using regular 

electrochemical measurements for supercapacitors. 

1.5.1 Cyclic voltammetry 

In cyclic voltammetry (CV), the potential is linearly changed and the current 

response is monitored until returning to the initial potential to complete the cycle 

between positive and negative electrodes in a device, or between reference 

and working electrodes in a three-electrode configuration. The rate of potential 

change is the scan rate and the applied potential range is the operating 

potential/potential window. CV is a great technique to elucidate the surface and 

solution electrochemical reactions, including reaction mechanisms and 

electrochemical kinetics. For instance, the electric-double-layer capacitors with 

reversible ions adsorption at the interface possess a squared body CV curve, 

while batteries have a redox peak due to the Faradaic reactions in the bulk. The 

detailed differences were shown in Figure 1.6. Furthermore, we generally 

define the operating potential range by uninterruptedly adjusting the reverse 

potential in a three-electrode system. Additionally, the capacitance can be 

obtained in CV curves by corresponding equation (5): 
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𝐶𝑚 =
𝑄

2𝑚∆𝑉
=

∫ 𝐼(𝑉)𝑑𝑉
𝑉+

𝑉−

2𝑚𝑣∆𝑉
                                                                                               (5) 

where 𝐶𝑚  is gravimetric capacitance,  𝑄 is the total charge, 𝑣 is the applied 

scan rate, ∆𝑉 is the operating potential window. Similarly, the volumetric and 

areal capacitances are also calculated by the alike equations.  

1.5.2 Galvonastatic charge/discharge  

Galvonastatic charge/discharge (GCD) is the one most widely used and reliable 

test approaches to analyze and inspect the capacitive performance, in which a 

set-up constant current is applied and flows between the suitable potential limits, 

resulting in a plot of the potential (V) output with time (s). As with CVs, GCD 

measurements can also roughly distinguish the different electrochemical 

behaviors from the shape of potential output. The potential responses of EDLC 

and pseudocapacitive materials show a linear form during charge/discharge 

procedures. Interestingly, some pseudocapacitive electrode materials also 

display tiny slopy voltage plateau regions. However, a long and broad potential 

plateau is shown in the GCD profiles of batteries, meaning there are phase 

transformation during involved redox reactions. Details are also depicted in 

Figure 1.6. Moreover, the GCD technique is skillful to evaluate a series of 

performance parameters, such as capacitance, energy density, power density, 

cycling stability, energy efficiency, coulombic efficiency and equivalent series 

resistance. The gravimetric capacitance is attained by the followed equation (6): 

C =  
∆𝑄

𝑚∆𝑉
=

𝑖∆𝑡

𝑚∆𝑉
                                                                                                               (6) 

 

Where 𝑖 is the discharging current, ∆𝑉 is the operating potential window, ∆𝑡 is 

the discharging time, C𝑚 is the gravimetric capacitance and 𝑚 is the mass of 

active materials. Again, the volumetric and areal capacitances are obtained by 

the similar equations. 
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The energy and power densities are calculated from equations (7) and (8): 

E =  
1

2
𝐶∆𝑉2                                                                                                                              (7) 

P =
𝐸

3600∆𝑡
                                                                                                                              (8) 

RES is evaluated by analyzing the IR drop at the initial step of discharging curve 

in GCD measurements. According to the Ohm law, RES is calculated by the 

equation (9): 

R𝐸𝑆 =
∆𝑉

∆𝑖
                                                                                                                                  (9)  

where ∆𝑉 and ∆𝑖 represent the voltage and current of IR drop. 

The coulombic and energy efficiencies are acquired as follows: 

𝜂𝑐 =
𝑡𝐷

𝑡𝐶
                                                                                                                                    (10) 

𝜂𝑐 =
𝐸𝑖𝑛𝑡,𝐷

𝐸𝑖𝑛𝑡,𝐶
                                                                                                                              (11) 

where 𝑡𝐷 and 𝑡𝐶 are the discharging and charging time, 𝐸𝑖𝑛𝑡,𝐷 and 𝐸𝑖𝑛𝑡,𝐶 are the 

integral areas discharging and charging processes. 

1.5.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a frequency-based 

technique used to measure the impedance data of a system as a function of 

the modulation frequency by injecting a low-amplitude sinusoidal potential 

(usually 5 mV).56 The derived data are conventionally depicted in a Bode plot 

to exhibit the magnitude and phase responses with frequency or in a Nyquist 

plot to show the imaginary and real parts of the impedance.57 Basically, EIS is 

a meaningful and all-around technology to assess or explore the charge 

transfer, mass diffusion, capacitance performance and even studying charge 

storage mechanisms. The capacitance can be obtained from an equation (C =

1/(2πf|𝑍|) in the bode plot, it is apparent to inspect the capacitance decreases 
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b 

as the frequency increases.58 Here, we specifically demonstrate the popular 

Nyquist plot to describe EIS. As shown in the schematic diagram of Figure 

1.35a shown, the intercept of Nyquist plot with the real part at the high 

frequency region is the resistance RA, which is the equivalent series resistance 

(Res) that takes into account the bulk electrolyte, the electrode, and the contact 

resistance between the electrode and the current collector. The diameter RAB 

of the semicircle stands for charge transfer resistance. And the RBC is the 

equivalent distribution resistance at the intermedia frequency, which can be 

represented as equivalent series resistance plus an additional resistance that 

results from the charge redistribution processes in the electrode pores.57 The 

final vertical line at low frequency represents the dominant electric double-layer 

behavior.59 A distinct line direction can be used to differentiate the EDLC, 

pseudocapacitor, and battery behaviors. From Figure 1.35b, the EDLC shows 

a vertical line and pseudocapacitor displays an approximate 90o straight line 

with a small semicircle, while the battery offers a 45o straight line with a large 

semicircle.60 

 

Figure 1.35 (a) Schematic of Nyquist plot.59 (b) Typical Nyquist plots of ideal 

EDLCs, pseudocapacitors and batteries.60 

 

 

 

a 
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1.6 Objectives 

Since the discovery of graphene, and its shinning physical and chemical 

properties, two-dimensional (2D) materials can endow the unique structural and 

surface features for energy storage applications.61, 62 The purpose of this thesis 

is to  investigate the growth mechanism of 2D δ-MnO2 and modify its surface 

morphology by intercalated ions to improve the electrochemical capability. To 

prevent the restacking problems of hydroxides, MnO2 units can be used and 

keep the good stability property for the hydroxide@MnO2 composites. In 

addition, we also aim to solve the restacked issues of MXene layers and reveal 

the more active sites between the interlayers, thus improving the 

electrochemical property for corresponding supercapacitors. Finally, the 

MXene layer can be used as a conductive substrate to be loaded MnO2, as a 

result, increasing the conductivity and improving the electrochemical 

performance of MnO2 for supercapacitors. 
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Chapter 2 Cu ions modified and regulated MnO2 

impacting on the electrode supercapacitive behavior 

2.1 Abstract 

In the supercapacitor field, the overall requirements for enhanced energy/power 

densities, competitive overheads, durable cyclic longevity, and eco-friendliness 

have stimulated the research for new electrode materials. Pseudocapacitive 

transition metal oxides led to substantial improvement of energy storage device 

performance, but both their capacity and rate capability remain too limited, 

constraining the advance towards practical applications. Herein, a 

straightforward and competitive approach is specified to derive the layered 

birnessite δ-MnO2 functionalized by Cu2+ ions, intriguing as the supercapacitor 

electrode with a superior capacitance of 151 F g-1 at 2 A g-1 and 106 F g-1 at 10 

A g-1 (73% of initial value). The assembled asymmetric supercapacitor device 

exhibited a high energy density up to 22 Wh kg-1. Such features notably 

outscore the raw MnO2 specimen, explicitly connoting the effectiveness of 

doping Mn-based materials with Cu2+ ions for supercapacitive storage. The 

greater interlamellar distance and the peerless laminated configuration allow to 

withstand the volume shrinkage/swelling occurring during charge/discharge 

processes, contributing to a fair pseudo-capacitive effect with excellent capacity, 

good rate capability, and long cycling lifetime. While the Cu-modified δ-MnO2 

compound may be not the most cutting-edge electrode material in comparison 

with some other Mn-based oxides, we endeavor to showcase an ingenious 

alternative to afford a prospective substituent to explore high-performance 

energy storage materials. 

2.2 Introduction 

Burning coal, oil and natural gas are currently causing a series of environmental 

issues, especially greenhouse effect. The development and commercialization 
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of updated and greener energy storage technologies are in the state of being 

urgent.1 Supercapacitor (SC), 2 is an attractive energy device thanks to its high 

capacity, high power density, long cycling life, etc. compared with lithium ion 

batteries.3, 4, 5 For SC, the electrode material is a crucial and essential “territory”, 

and many promising materials have been engineered6-10. Furthermore, the 

morphology building/tuning is attracting the attention of many researchers11-13 

around the world thanks to enhance the electrochemical performance of 

electrode material.14 Generally, “good” electrode materials lead to “good” 

performance of the corresponding electrochemical supercapacitors.15 Based on 

this regulation, various transition metal oxides or –based materials, including 

manganese oxide16, ruthenium oxide17 and so on, have been explored as they 

are currently considered asimportant components for supercapacitor 

electrodes. Much interesting works so far have been focused on structuring and 

conceiving manganese dioxide –based materials as an electrode material for 

SC.18 In addition, 2D materials19, 20, 21 showing a layered morphology structure, 

like birnessite δ-MnO2,22 have opened up a promising prospect in the 

supercapacitive energy storage field due to their outstanding physical and 

chemical properties.23 There is no deny that two dimensional materials present  

stronger in-plane covalent bonding and weaker out-of-plane interactions,24 and 

therefore providing a feasible way to tune the chemical or physical features to 

obtain enhanced electrode material properties for application in energy storage 

devices.25, 26 On the basis of weaker out-of-plane27 interactions precondition, it 

is rather simple to implant some molecules, atoms or ions in between the layers. 

In the meantime, the structure or morphology of the host can be modified or 

altered following some self-intercalation procedures.28, 29 

In this paper, we initially fabricated the two-dimensional layered birnessite δ-

MnO2 through a simple hydrothermal method. In a second step, its bulk layered 

morphology was modified or regulated by using copper ions at various synthetic 

temperatures and concentrations. As the copper ion concentration was 
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changed, electronic structure of MnO2 material can be regulated by the ion 

potential energy, thereby causing interesting physical and chemical 

transformation phenomenon, such as charge density wave, anisotropic 

transport performance action. During the course of the present study, Xue and 

coworkers have assigned the effect of Cu2+ doping on the electrochemical 

performance of MnO2 electrode material. The electronic structure of the doped 

material shows copper contribution at the Fermi level narrowing the 

corresponding band-gap.30 As such, Cu doping improved the conductivity, ionic 

transport ability and electrochemical activity of the resulting MnO2 materials. We 

argue that the change of bulk layer thickness that we have observed by Cu 

doping could impact on the electrode performance as well.  Again, the resulting 

enlarged open surface morphology structure can expose more active sites and 

unsaturated defects, as a result, effectively improving the electrochemical 

performances. Equipped with this enhanced electrode material, the fabricated 

device exhibited excellent electrochemical performance with greater specific 

capacitance, good cycle stability and greater energy density. 

2.3 Experimental section 

MnO2 was first prepared by a hydrothermal method. In a typical procedure, 

0.2528 g KMnO4 and 0.0321 g MnSO4 were dispersed in 80 mL H2O following 

continuous stirring for 15 minutes at room temperature. Then, the solution was 

transferred into a 100 mL PTFE lined stainless steel autoclave. The sealed 

autoclave was kept into an oven at 160 oC for 12 h. And then, δ-MnO2 was 

obtained after filtering and drying. 

Preparation of Cu2+ modified δ- MnO2  

Especially, 50 mg δ-MnO2 was dispersed in a series of Cu2+ solutions (50 ml) 

of various concentrations: (0.5 M, 1 M, and 2 M) at 50 oC. The samples were 

respectively termed as M-0.5, M-1 and M-2. After filtering and drying, final 

materials were obtained. Besides, the preparation of the M-1 copper ions 
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modified MnO2 was also explored at various temperatures. The preparation 

process is described in the supporting part which is below this chapter. These 

samples were termed as M-30, M-50 and M-80 for the samples prepared at 30, 

50 and 80 oC, respectively. 

2.4 Characterizations 

The structural characteristics of material were analyzed by powder X-ray 

diffraction (XRD) using a Phillips X’Pert diffractometer with Cu Kα radiation 

(λ=1.5405Å). The morphology and elemental composition of prepared materials 

were evaluated by using a JEOL JSM-6300F scanning electron microscope 

(SEM) coupled energy dispersive X-ray (EDX). Transmission electron 

microscope (TEM) measurement was conducted on a MET 1200EX2 

instrument. 

2.5 Electrochemical measurements  

Electrochemical measurements in this work were performed at room 

temperature both in classical three electrode systems and two electrode setups. 

For three electrode system in 6 M KOH electrolyte, a platinum foil and 

Hg/HgO/OH- electrode were used as counter and reference electrode, 

respectively. When using 1 M Na2SO4 electrolyte, an Ag/AgCl reference 

electrode was used instead. The working electrode was prepared by mixing the 

active material, carbon black (Sigma Aldrich, USA) and Polytetrafluoroethylene 

(PTFE) (Sigma Aldrich, USA) with a mass ratio of 60/30/10. The mixed additives 

were stirred in a proper volume of ethanol, to obtain a homogeneous 

suspension. Then, the mixture was evaporated at 60 °C to get a slurry that was 

rolled and, when dry, pressed in between two stainless steel under 10 Mpa for 

a few tens of second. Finally, the resulting working electrode could be tested. 

For the two-electrode device in 1 M Na2SO4 electrolyte, pre-prepared 

composite films were used as positive electrode and activated carbon as 
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negative electrode. Electrochemical performance were evaluated through 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) (open circuit potential, 0.01-

100 kHz). Measurements were performed at room temperature by using a 

VMP3 multi-channel Bio-Logic electrochemical workstation. CV measurements 

were carried out at scan rates from 5 mV/s to 100 mV/s. The current density of 

GCD measurement ranged from 0.5 A g-1 or 1 A g-1 to 10 A g-1. The specific 

capacitance was calculated from GCD data. 

 

 

Figure 2.1 Schematic diagram of the preparation process of Cu ions modified 

δ- MnO2. 

 

The below related supporting information has been attached after reference. 

 

2.6 Results and discussion 
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Figure 2.2 XRD patterns of δ-MnO2, M-0.5, M-1 and M-2 samples. 

 

XRD patterns of as prepared MnO2, M-0.5, M-1 and M-2 samples are displayed 

in Figure 2.2. They all show the same features with characteristic peaks of 

birnessite δ-MnO2 (001), (002) and (111) at about 11.9°, 24.6°, and 36.9°, 

respectively. Whatever the concentration of copper solution, the patterns are 

characteristic of a poorly crystallized material. By increasing the copper ion 

concentration, the (001) peak, characteristic of the interlayer distance, slightly 

shifts towards larger diffraction angle. This suggests copper ions to be 

intercalated in between MnO2 interlayers, inducing a greater electrostatic 

attraction and a decrease in the interlayer distance. In addition, Figure S1 

shows the XRD patterns of as prepared δ-MnO2, M-30, M-50 and M-80 samples. 

Obviously, in the whole MnO2-based series, X-ray diffraction patterns show 

consistent peaks at the same degrees of about 11.8o, 24.6o and 36.9o (2θ), 

which are indexed as the δ-phase MnO2 diffraction planes (JCPDS 80-1098). 

However, while MnO2 was operated at 80 oC (M-80 sample), new diffraction 
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peaks appeared, characteristic of the promotion of at least one extra phase, 

implying that a new material was generated during the reaction process at this 

temperature. According to the pattern analysis and the comparison with 

databases, this multi-peaks substance is certainly recognized as CuxMnxOx. 

 

 

Figure 2.3 SEM images of δ-MnO2 (a), M-0.5 (b), M-1(c) and M-2 (d). 

 

 

Figure 2.4 The histogram of layer thickness of δ-MnO2, M-0.5, M-1 and M-2 

samples (a). And the principle scheme of different concentrations of Cu2+ 

modified MnO2 (b). 

a b 
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Figure 2.5 The element ratio of samples by EDX at different concentration. 

 

The usually observed cauliflower morphology of prepared materials, deriving 

from the layered structure of Birnessite (δ-MnO2), is exhibited by SEM imaging 

in Figure 2.3. It clearly shows the influences of copper ion solutions of various 

concentrations on the material morphology. Changes of average inter-flake 

thickness of the materials are observed. They are measured and shown in 

Figure 2.4 a. For pristine δ-MnO2, the average inter-flake thickness is about 26 

nm. After modification of δ-MnO2 during treatment with various concentrations 

of copper ion solutions, the geometry space changed. From the lowest to 

greatest Cu2+ concentrations, corresponding to M-0.5, M-1 and M-2, the 

distance/thickness between flakes is reaching 30 nm, 37nm and 19 nm, 

respectively. The formation principle scheme is displayed in Figure 2.4 b. In the 

detail, as more copper ions elements are intercalated in MnO2 units, the inter 

flake increases, progressively opening the surface morphology. When the 

concentration reached 2 M, the inter-flake thickness/distance decreased, thus 

resulting in a less open morphology. We proposed that this opening/closing 

behavior is associated to a “space effect”. As well known, the layered material 
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holds a specific space, and for every bulk layer, there is a certain space to 

extend, eventually. Therefore, as the layer grows unceasingly, when, there is 

not enough accessible room/space to spread, the disorder is introduced in the 

MnO2 layer. In consequence, just like in Figure 2.3 and Figure 2.4, the bulk 

layer was shrunken or even disappeared. As shown in Figure 2.4d, the layered 

morphology tends to close the available “door”. Furthermore, EDX analysis 

shown in Figure 2.5, suggests that, with the increase of Cu2+ concentration, the 

copper mass ratio in the material first increases (see M-0.5 and M-1) to finally 

decrease in M-2 material. This point can also be associated to the morphology 

changes accompanying copper ions reaching a critical concentration. The 

induced disorder disrupts the bulk layered framework, which blokes the 

available diffusion path for the copper ions between the layers. Also, as imaged 

by SEM, the morphologies of as prepared manganese dioxide, M-30, M-50 and 

M-80 are shown in Figure S2. Again, MnO2 prepared at various temperatures 

shows a cauliflower-like morphology structure. Interestingly, in the M-80 sample, 

together with cauliflower shapes, large sheets are clearly observed in Figure 

S2 (d). And as we discussed above (XRD results), MnO2 with a copper ions 

treatment at 80 oC comes out with extra diffraction peaks suggesting the 

generation of a phase material, which is consistent with SEM result. Further, 

same as EDX analysis, the ratio of copper element increases with the raise of 

reaction temperatures. Notably, the ratio of copper in M-80 material shows a 

dramatic increase (see Figure S3) in comparison with other samples, and the 

copper content is greater than that of manganese. 

Figure 2.6 shows TEM images of raw MnO2 (a) and M-1 (b) samples. As 

expected, MnO2 material displays a layered nano-structure. After introduction 

of copper ions, M-1 still keeps the layered birnessite structure, which is 

consistent with XRD result. 
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Figure 2.6 TEM images of pure MnO2 (a) and M-1 (b). 

 

2.7 Electrochemical performance 

Initially, Figure 2.7 (a) displays the comparison of CV curves of M-30, M-50 and 

M-80 –based electrodes at 5 mV s-1 in 6 M KOH. Both M-30 and M-50 samples 

shows the similar integral area in comparison with pure MnO2, revealing the 

best electrochemical properties in the series. Differently, after reaction 

temperature at 80 degrees celsius, the CV of M-80 electrode shows a similar 

or lower area compared with that of the raw MnO2 electrode. To further 

investigate the difference, the specific capacitance was calculated via 

galvanostatic charge-discharge (GCD) measurements. Correspondingly, the 

capacitance change is consistent with above result. First, for raw MnO2, the 

specific capacitance is 62 F g-1 at 0.5 A g-1. After copper ions insertion 

procedure, remarkably, M-30 and M-50 show specific capacitance values of 

152 F g-1 and 127 F g-1, respectively, at the same current density.M-50 still 

exceeds M-30 in capacitance performance at 4 A g-1. In accordance with what 

was analyzed via CV, M-80 sample behaves the same as that of raw MnO2. A 

reaction temperature was therefore considered to elaluate the effect of the Cu2+ 

concentration on the electrochemical performance.  
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Figure 2.7 Electrochemical performance of MnO2, M-30, M-50 and M-80 in 6 M 

KOH. (a) CV curves comparison of samples at 5 mV s-1 scan rate. (b) Specific 

capacitance comparison of samples at various current densities as measured 

in galvanostatic mode.  

 

Figure 2.8 Electrochemical performance of MnO2, M-0.5, M-1 and M-2 in 6 M 

KOH. (a) CV curves comparison of samples at 5 mV s-1 scan rate. (b) 

Galvanostatic charge-discharge (GCD) measurements of M-1 at various 

current densities. (c) Specific capacitance comparison of samples at various 

current densities. (d) The cycling stability of pure MnO2 and M-1 at 5 A g-1 current 

density. 
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The electrochemical properties of the MnO2 based electrode material after 

treatment with various concentration of copper ions at 50 °C (M-0.5, M-1 and 

M-2) are shown in Figure 2.8. According to CV and GCD, it is clear that the 

corresponding capacitance of the loaded electrodes firstly shows an increase 

trend from M-0.5 to M-1. When the copper concentration is up to 1 M, the 

greatest capacitance is obtained in the series. As the copper ion concentration 

reaches 2M, the integral area/capacitance decreases back to that of the M-0.5 

electrode. The detailed capacitance was also calculated and plotted as a 

function of the applied current density in Figure 2.8c. Compared with pure MnO2, 

the copper ions can definitely improve the capacitance performance for 

supercapacitors. Up to 1 M copper-ion concentration, the greater the 

concentration, the greater the capacitance. For a greater concentration, the 

capacitance dropped down. For instance, for raw MnO2 -based electrode, the 

capacitance is 62 F g-1 at 0.5 A g-1. The M-0.5 electrode capacitance is 89 F g-

1 at the same current density, while the M-1 electrode has a capacitance of 127 

F g-1. For M-2 electrode, however, the capacitance decreases down to 83 F g-

1, which is still greater than the raw MnO2 electrode. 

As mentioned above, the introduction of copper ions not only affects the 

material morphology but also increases the number of exposed active sites. 

The concentration difference can open up the sealed structure of MnO2 and 

leading to 3D meso/macro structure offering more electroactive sites. 

Additionally, the cycling stability of pure MnO2 and M-1 was tested for 5000 

cycles at a high current density of 5 A g-1 (Figure 2.8 (d)). As depicted, both 

electrodes display a fair cycle stability. Over the first 3000 cycles, about 89% of 

the original capacitance of raw MnO2 electrode is maintained, while that of M-1 

sustains about 84% of its initial value. However, during the next 2000 cycles, 

the raw MnO2 electrode holds 96% of its remaining capacitance, while M-1 

electrode shows an attractive 98% of capacitance retention. 
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Figure 2.9 Electrochemical performance of electrodes based on raw MnO2 and 

M-1 electrodes in 1 M Na2SO4. CV curves comparison of samples at 5 mV s-1 

scan rate (a) and 100 mV s-1 (b). Specific capacitance comparison at various 

current densities (c). Cycling stability at the high current density of 5 A g-1 (d). 

 

Then, the electrochemical behavior of raw MnO2 and M-1 electrodes in 1 M 

Na2SO4 electrolyte was also studied and shown in Figure 2.9. The CV curves 

of pure MnO2 at 5 mv s-1 presents roughly rectangular shape, but distorted at 

higher scan rate (100 mV s-1). However, M-1 preserves a more regular frame 

at the high scan rate, suggesting an advanced rate capability. This is confirmed 

by the rate curves in Figure 2.9c, which are plotted from GCD measurements. 

For raw MnO2 electrode, the capacitance value is 53 F g-1 at 1 A g-1. When the 

current density reaches to 10 A g-1, the capacitance fades down to 16 F g-1, 

which corresponds to 30% retention only. In contrast, the capacitance of M-1 

electrode is 151 F g-1 at 2A g-1 and 106 F g-1 at 10A g-1, revealing a remarkable 

73 % retention upon charge/discharge regime. Moreover, the cycling stability in 

Na2SO4 electrolyte was also tested. For M-1 sample, a 91 % retention is kept 

after 3000 cycles at a current density of 5 A g-1.  
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Figure 2.10 Electrochemical performance of pure MnO2 and M-1 in two-

electrode device in 1 M Na2SO4. (a) CV curves of M-1 at various scan rates. (b) 

Galvanostatic charge-discharge curves of M-1 at various current densities. (c) 

Nyquist plot of samples at frequencies from 100 kHz to 10 mHz. (d) Ragone 

plot (power density vs energy density). 

 

After measurements in a three-electrode setup, the property of asymmetric 

supercapacitors with actived carbon (AC) as negative electrode and MnO2 and 

M-1 as positive electrodes were evaluated in the 1 M Na2SO4 electrolytes. 

Figure 2.10 (a) shows the cyclic voltammograms of the M-1//AC devices, which 

was operated at various scan rates. The device delivers a large voltage range 

of 1.7 V in this aqueous electrolyte. Meanwhile, CVs kept a quite regular 

rectangular shape, even up to 100 mV s-1, suggesting a fair rate and power 

capabilities. Figure 2.10 (c) shows Nyquist plots of both MnO2//AC and M-1//AC 

devices. They look very similar and the slightly larger RC loop for M-1//AC 
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device in the high frequency range cannot be assigned to any performance 

discrepancy with raw MnO2-based device. Galvanostatic charge-discharge 

measurements were carried out to calculate the device energy and power 

densities, whose corresponding plots are displayed in Figure 2.10 (d). In the 

Ragone plot, compared with MnO2//AC, M-1 -based device produces a more 

attractive energy density, which is 22 Wh kg-1 at a power density of 450 W kg-1.  

2.8 Conclusion 

In summary, after preparing the layered birnessite δ-MnO2 material by a simple 

hydrothermal method. The resulting raw MnO2 with a cauliflower-like 

morphology was modified and tailored using copper ions solutions at various 

concentrations under specific temperatures. In the optimized conditions, the 

modified MnO2 shows an opened inter-flake frame offering more access to Mnn+ 

active sites and unsaturated defects. Moreover, trapped copper ions are 

suggested to provide some extra pseudocapacitance for enhanced device 

energy. As a result, the M-1 electrode disclosed a capacitance of 127 F g-1 at 

0.5 A g-1 in 6 M KOH electrolyte. This electrode delivered a capacitance of 151 

F g-1 at 2 A g-1 and 106 F g-1 at 10 A g-1 in 1 M Na2SO4 electrolyte, representing 

a 73 % remarkable rate capability. Equipped with M-1 electrode material and 

active carbon, a full cell delivered 22 Wh kg-1 energy density at 450 W kg-1. 
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Supporting information 

The preparation of copper ions modified MnO2 by various temperatures 

50 mg pre-prepared δ-MnO2 were dispersed into 50 mL, 1 M Cu2+ solution. 

Then the solution was heated at various temperatures (30 oC, 50 oC and 80 oC) 

and kept for 48h. Finally, the solution was filtrated, and dried to obtain the 

product powder. 

 

Figure S1 XRD patterns of δ-MnO2, M-30, M-50 and M-80 samples. 
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Figure S2 SEM images of δ-MnO2 (a), M-30 (b), M-50 (c) and M-80 (d) 

samples. 

 

Figure S3 The element ratio of sample by EDX at various temperatures. 
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Figure S4 HRTEM images of pure MnO2 (a) and M-1 (b). 

From HRTEM images, the interlayer spacing of lattice fringe is assigned to (001) 

plane of MnO2. By analyzing, the d-spacing of exposed MnO2 lattice plane is 

6.7 ± 0.6 Å. For M-1, the d-spacing is 7.3 ± 0.8 Å. The result can be explained 

by that the measurement of lattice spacing in HRTEM image has a big error. In 

the XRD analysis, the copper ion modified MnO2 had a slightly right shift. This 

slight shift resulted in the small value change of d-spacing. This small change 

cannot be detected in HRTEM images. 
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Chapter 3 Design and fabrication of LDH@MnO2 

composites for supercapacitors 

3.1 Abstract 

High performance electrode materials are critical for the next generation of 

supercapacitors as they have to show complementary characteristics leading 

nano-engineered multi-functional composite materials to be considered. In this 

paper, we successfully designed a LDH@MnO2 composite electrode material 

and synthesized it by using electrostatic interactions between exfoliated LDH 

and birnessite δ-MnO2 nanoparticles. The optimal composition takes 

advantages of both components as LDH shows a battery like behavior, storing 

larger quantities of charges but over a limited number of charge/discharge 

cycles while MnO2 displays a greater rate capability and cycle stability. 

Compared to an electrode based on pure MnO2, with capacitance at 50 F g-1 

and 15 F g-1 at current densities of 0.5 A g-1 and 10 A g-1, respectively, the 

composite showed up to 308 F g-1 and 107 F g-1 capacitances at the same 

regimes. Compared to a LDH -based electrode that kept only 42 % of its initial 

capacities, the composite displayed 96 % of capacity retention over 4000 cycles 

at 5 A g-1. A hybrid device with LDH/MnO2 composite as positive electrode 

together with an activated carbon negative electrode showed an energy density 

of 19 Wh kg-1 at 400 W Kg-1 power density and 7 Wh Kg-1 at 10 kW Kg-1.     

3.2 Introduction 

High power density, rapid charging/discharging and long cycle life are among 

the main characteristics of supercapacitors (SC)1,2,3,4. As in any other 

electrochemical systems, electrodes are critical components of an SC. As such, 

device performance strongly depends on those of the electrode materials5. 

Many works have been devoted to the elucidation of the charge-discharge 

mechanisms and the design of innovative supercapacitive (nanostructured) 

materials6. Many materials have been explored and designed as electrode for 

supercapacitors. Among them, the two dimensional (2D) materials7 such as 

graphene8, layered transition metal dichalcogenides9, layered double 

hydroxides10 and manganese dioxide (Birnessite type) impart and gain serious 
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attention due to their strong in-plane chemical bond and weak van der Waals 

or moderate electrostatic coupling between layers11, 12. The layered structure is 

usually easy to delaminate by physical or chemical method, thus leading to a 

remarkable evolution in their morphological and electronic properties13. 

Moreover, distinct 2D material layers can eventually be restacked to generate 

new hybrid materials with controlled characteristics and tailored properties14,15. 

Thanks to synergistic effects, prepared composites show improved behaviors. 

We have used this promising strategy to construct a composite material that 

integrates a layered double hydroxides (LDH) and layered δ-MnO2 within a 

single electrode material. LDHs15 with a general formula of [M2+
1-

xM3+
x(OH)2]x+[An−

x/n · mH2O]x−,  are composed of brucite-like M2+(OH)2 stacked 

layers in which some M2+ cations can be replaced by M3+ cations16, 17. The 

induced charge imbalance results in the intercalation of anions in between the 

layers to recover the neutrality of charge while stabilizing the layered structure18. 

Despite the electrostatic interaction between layers, LDH are easily 

delaminated. In the resulting suspension, solids are made of positively charged 

LDH layers, stabilized by solubilized cations. This state of charge of the LDH 

layers can provide a convenient path to the fabrication of composite materials 

by inducing electrostatic interactions with other materials bearing positive 

charges.19,20 Generally, as a battery electrode material, LDH shows attractive 

capacity and fair energy density performance21. But the inner structure of LDH 

is not stable during charge-discharge processes, leading to its reversible 

swelling inducing strong mechanical stress detrimental to its cyclability. 

especially at faster charging regimes.22 

MnO2 crystallizes as many different polymorphs including α-MnO2, β-MnO2 and 

δ-MnO2, showing various structural arrangements based on corner or edge -

sharing MnO6 octahedra. These can be developed through 1D tunnels (of 

various dimensions), 2D layers and more compact 3D structures. MnO2 

polymorphs have been reported as electrode materials for SC for many years23. 

Together with hydrated RuO2, MnO2 are often cited as reference 

pseudocapacitive materials.24,25,26 In the latter, the electrochemical 

performance, especially specific capacitance, has been shown to mostly 

depend on the cationic conductivity of the chosen polymorph, while power is 
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limited by the electronic conductivity of this oxide family.27 Two dimensional δ-

MnO2 has stimulated many promising works because of its particular stacked 

layer structure leading to attractive electrochemical performances28,29. This 2D 

structure features the most suited ionic conductivity in the MnO2 family allowing 

compensating cations involved in the charge/discharge mechanism to 

efficiently transfer in between the layers.30,31,32 Therefore, δ-MnO2, also known 

as Birnessite, shows the greatest capacitance and higher rate capability in the 

MnO2 series. However, despite advanced development in device fabrication 

and testing at lab scale 33 and even commercialization initiative,34δ-MnO2 

perspectives suffer from an intrinsic poor electronic conductivity35.  

Despite its limited electronic conductivity, MnO2 shows a way better power 

capability than any LDH -based battery electrode material and can be cycled 

over hundreds of thousand charge-discharge cycles. In contrast, LDH 

electrodes can achieve higher capacity (and should thus lead to devices with 

greater energy densities). The coupling of these two materials not only should 

deal with mentioned drawbacks, but should also take synergistically 

advantages of both LDH and MnO2 components, consequently attaining greater 

electrode performance. In the present work, we first prepared bulk LDH material 

by a co-precipitation method. Then, we investigated the effects of the 

hydrothermal reaction time on the resulting MnO2 powder morphology and 

structure. A LDH@MnO2 composite material was successfully fabricated by a 

facile reaction involving the electrostatic interactions between layered LDH and 

birnessite δ-MnO2. Some synergy effects were observed, especially when 

compared with pristine LDH electrode, including a great specific capacity 

coming from the LDH component, and improved rate capability and capacitance 

retention upon cycling from MnO2 part. 

3.3 Experimental section 

Chemicals and reagents: Manganese chloride (MnCl2) was purchased from 

Merck Schuchardt and nickel chloride (NiCl2), from Fluka. CoCl·6H2O, Sodium 

hydroxide (NaOH), potassium permanganate (KMnO4), 

hexamethylenetetramine (HMT), hydrochloric acid (HCl) and formamide were 
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purchased from Sigma-Aldrich. All reagents were used as received without 

further purification. 

Synthesis of nickel cobalt layered double hydroxide (LDH): NiCo-LDH material 

was prepared by a co-precipitation method. Typically, 1.25 mmol CoCl·6H2O, 

0.625 mmol NiCl2 and various quantities of HMT (2.81 mmol, 5.63 mmol and 

11.25 mmol) were dissolved in 250 ml H2O by vigorous stirring. The resulting 

solutions were heated under reflux at 95 oC for 5 h. Finally, pink and green 

products, depending on the HMT quantity in the pristine solution, were obtained 

after filtration and drying at 80 oC. Samples were referenced as HMT-1, HMT-

2 and HMT-3 for powders prepared from 2.81 mmol, 5.63 mmol and 11.25 

mmol HMT quantities, respectively. The detailed preparation process is 

described in Figure S1. 

Synthesis of MnO2 powders: MnO2 material was synthesized by a hydrothermal 

method. Typically, 1.66 mmol KMnO4 were dissolved in 70 ml H2O by stirring. 

Then, 1 ml 37 % HCl was added to the solution followed by stirring for 10 min 

in air. The solution was transferred into a stainless steel autoclave before being 

heated at 140 oC for a various duration (0.5h, 1h, 2h, 4h, and 8h). Samples are 

referred to the corresponding reaction time as M-0.5, M-1, M-2, M-4 and M-8. 

The detailed preparation process is described in Figure S2. 

Synthesis of LDH@MnO2 composite: The LDH@MnO2 composite was 

synthesized by a self-assembling method based on the electrostatic 

interactions between the positively -charged LDH exfoliated layers and globally 

negatively -charged MnO2 particles. Typically, 100 mg prepared HMT-3 and 

100 mg M-2 were dispersed into 250 mL formamide/H2O (1:1) solution. Then, 

the solutions were heated at 80 oC for 12 h under constant stirring in a sealed 

vial to get a homogeneous suspension. Various weight ratios of LDH and MnO2 

(2:3, 1:1 and 3:2) were used. 10 mL 0.5 M NaOH were added dropwise under 

constant stirring for 1 hour to disrupt the suspension equilibrium state.  Finally, 

the composite was obtained after filtration and drying at 80 oC. Resulting 

powders are referenced in the following as L@M-1, L@M-2 and L@M-

3depending on the LDH/MnO2 weight ratio at 2:3, 1:1 and 3:2, respectively. A 

scheme of the synthetic process is shown in Figure 3.1. 
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3.4 Characterization 

X-ray diffraction (XRD) measurements were performed using a Phillips X’Pert 

diffractometer with Cu Kα radiation (λ=1.5405Å). The morphology and inner 

structure were imaged using a JEOL JSM-6300F scanning electron microscope 

(SEM) and MET 1200EX2 transmission electron microscope (TEM). 

3.5 Electrochemical measurements 

Electrochemical experiments were conducted with a VMP3 multi-channel Bio-

Logic electrochemical workstation. The electrochemical performance was 

evaluated by cyclic voltammetry (CV) and galvanostatic charge/discharge 

(GCD) experiments. Experiments were performed in both three- and two-

electrode setups. For the three-electrode setup, the working electrode was 

composed of 60% of active materials, 30% of carbon black, and 10% of 

polytetrafluoroethylene (PTFE). The mixture was first dispersed in ethyl alcohol, 

and the resulting suspension was heated at 60oC to slowly form a slurry. The 

slurry was transferred on a smooth glass substrate, and carefully rolled as a 

film. After drying at 90oC, the film was cut as circle patches that were pressed 

onto a stainless steel mesh under 10 MPa. A 6 M KOH aqueous solution was 

used as electrolyte. A Hg/HgO electrode and a platinum foil were used as 

reference electrode and counter electrode, respectively. For the two-electrode 

device in 6 M KOH electrolyte, prepared materials were used as positive 

electrode, and active carbon as negative electrode. The negative mass of active 

carbon and positive electrode was balanced by using equation (1)36. Besides, 

the power density and energy density were evaluated by using equations (2)37 

and (3)38. 

m+/m- = ∆V- C- / ∆V+C+             (1) 

E = (C × ∆V2) / 7.2               (2) 

P = E × 3600 / t                   (3) 

Where C (F g-1) is the specific capacitance, ∆V is the voltage window, E (Wh 

kg-1) is the energy density, P (W kg-1) is the power density. 

The below related supporting information has been attached after reference. 
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3.6 Results and discussion 

 

Figure 3.1 Schematic diagram of the preparation process of LDH@MnO2 

hybrid material. 

 

Before the preparation of LDH@MnO2 composite, we first investigated the 

structure and morphology of pure LDH and MnO2 powders. LDHs were 

prepared by co-precipitating Co and Ni precursors using 

hexamethylenetetramine (HMT). Figure S3 shows the structural changes in 

HMT-1, HMT-2 and HMT-3 powders induced by the increase in the HMT 

content from 2.8 mmol, 5.6 mmol and 11.25 mmol in the pristine solution 

containing cobalt and nickel chlorides. In HMT-1 XRD pattern, diffraction peaks 

are characteristic of an hydrotalcite crystal structure39. As the HMT content was 

increased, the corresponding patterns show peaks of nickel hydroxide of 

increasing intensities, signifying that more nickel hydroxide stacked layer by 

layer which was triggered by more HMT.   For MnO2, Figure S4 evidences the 

structural changes occurred as the hydrothermal reaction time was increased. 

For 0.5h, 1 h and 2h long hydrothermal treatments, powder crystallinities were 

poor but δ-MnO2 was unambiguously identified. With the (001) peak at 12.08 

2θ getting more intense and shaper, the powder crystallinity obviously improved 

with reaction time. For longer time, after 4 h and 8 h reactions, α-MnO2 was 

obtained. The presence of some remaining δ-MnO2 traces after 4 hours of 

treatment cannot be excluded from XRD analysis, but after 8 hours this phase 

was fully converted and only α-MnO2 was recovered.  Composite materials 

were obtained by mixing the prepared LDH and MnO2 powders in a 

formamide/water solution. This highly polar medium is known to favor the 

exfoliation of layered materials including LDHs and δ-MnO2.15,40,41 The 
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composite synthetic approach is based on the electrostatic assembling of LDH 

and MnO2 layers of opposite charges. The XRD patterns of the prepared 

composites are shown in Figure 3.2. Whatever the LDH/MnO2 ratio at 2:3, 1:1 

or 3:2, patterns of the resulting L@M-1, L@M-2 and L@M-3 powders, 

respectively, all show diffraction peaks of both components, LDH and MnO2. As 

it could be anticipated for a simple physical mixture. However, the loss of 

crystallinity is indicative that some material structural transformations occurred 

when powders were in contact with the formamide/water solution, especially for 

the LDH component. For MnO2, the amorphization is obviously less marked. A 

first analysis attempt of the XRD patterns suggests that LDH is rather efficiently 

exfoliated as more or less individual but positively charged layers in the solution 

while MnO2 particles are mostly remaining in their pristine structural and 

morphological state, As negatively charged particles stabilized by cations at 

their surface, they electrostatically attract LDH layers that wrap the particles to 

form a LDH@MnO2 composite material (Figure 3.1). 

 

Figure 3.2 XRD patterns of pure LDH, MnO2 and LDH@MnO2 hybrid. 
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The texture and morphology of pure LDH and MnO2 were first imaged by SEM. 

The morphology changes when using various HMT contents are evidenced in 

Figure S5. For HMT-1 powder (from the lowest HMT content in the series), 

hexagonal shape platelets were obtained. As the HMT content is increased 

during the syntheses for HMT-2, HMT-3 and HMT-4 samples, pristine 

hexagonal platelets seemed to merge to form larger flat micro-structures. The 

evolution of MnO2 powder morphology when adjusting the reaction time was 

also investigated by SEM (Figure S6). For M-0.5 as well as for M-1, the powder 

morphologies displayed a layered spherical structure, sand-rose like, blurred 

by some surface floccules.  However, after 2 hours reaction, the distinct and 

clean layered structure of M-2 was evidenced. While the reaction time was 

extended to four hours and more, some lamellas were progressively converted 

as fiber-like structures. These results are consistent with the XRD pattern 

analysis which reveals the changes of the crystal structure (Figure S4 and 

corresponding comments above). The morphologies of L@M-1, L@M-2 and 

L@M-3 powders are shown in Figure 3.3. The sand-rose -like structure of 

manganese dioxide was well retained in the samples but particles were covered 

and wrapped by LDH layers. As shown in Figure 3.3c to 3.3f, there is not much 

difference between the composite morphologies despite an increase of the LDH 

loading. In addition, the detailed imaging of the material morphologies was 

carried out by transmission electron microscope (TEM) as shown in Figure S7. 

Figure S7a and S7b show the sand-rose morphology of M-2 sample holding a 

petal-like structure. The high resolution TEM image in Figure S7b displays 

lattice fringes characteristic of the layered structure of the prepared material. 

The measured interplanar spacing at 0.72 nm corresponds to the (001) crystal 

plane of δ-MnO2. Figure S7c shows large flat LDH layers. The inner morphology 

of L@M-2 composite is shown in Figure S7d and S7e. These micrographies 

confirm the presence of roughly spherical MnO2 particles are 

embedded/wrapped in/by LDH layers. Such a result reveals the intimate 

interaction between LDH and MnO2 components. 
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Figure 3.3 SEM images of HMT-3 (a), M-2 (b), L@M-1 (c), L@M-2 (d, e) and 

L@M-3 (f). 

 

Likewise, electrochemical characteristics of prepared pure MnO2 and LDH were 

first explored. Results are shown in Figure S8 and S9.  As expected, the 

rectangular shapes of CVs of MnO2 -based electrodes in Figure S8a are 

characteristic of a pseudocapacitive behavior. Specific capacitances were 

extracted from CV integration as well as from galvanostatic measurements 

(Figure S8b). Data are reported in Table S1, unambiguously show that 

capacitances decreased as the reaction time was increased. The greatest 

capacitance in the series was at 69 F g-1 for the electrode from M-0.5 material 

(at 0.5 A g-1), prepared after 30 minutes autoclaving. For the longest reaction 

time of 8 hours, the capacitance of M-8 was only 14 Fg-1 (at 0.5 A g-1). This 

capacitance ranking is fully consistent with the XRD phase analysis above (and 
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Figure S4) as the layered structure of δ-MnO2 (predominant phase in M-0.5 to 

M-2) is more favorable to charge storage than the tunneled α-MnO2 (found in 

M-4 and M-8). As expected for MnO2 -based electrodes, the capacitance 

retention upon scan rate is rather limited, especially for materials prepared after 

the shortest autoclaving time (M-0.5 to M-2) corresponding to δ-MnO2. For 

electrodes mostly incorporating α-MnO2 (M-4 and M-8), the capacitance 

retention is known to be better but capacitances are however the lowest in the 

series.27. On the electrode stability upon cycling, capacitance retention was, in 

contrast, found to weakly depend on the composition and therefore, on the 

autoclaving duration. As an example of the remarkable stability of MnO2 based 

electrodes, M-2 retained 98 % of its initial capacitance after 2000 cycles of 

charge-discharge at 5 A g-1 current density. On the over hand, LDH electrode 

materials (HMT series) show a typical Faradaic redox behavior (Figure S9a and 

S9b). Electrode capacity depends on the HMT quantity used to prepare the 

corresponding LDH electrode materials. The HMT-3 electrode exhibits the 

largest capacities in the series at 84 mAh g-1 (Table S2). However, as previously 

shown, capacities of prepared LDH electrodes quickly faded down with 

charge/discharge rate42,43. For example, at 8 A g-1, HMT-3 electrode retains 

only 1/10th of its capacity at 1 A g-1 and shows a neglectable capacity at 10 A 

g-1. The cycle stability of HMT-3 electrode at 5 A g-1 is shown in Figure S9d. 

Nothing surprising for such battery-like material, after 2000 charge-discharge 

cycles, the capacity faded down to 60 % compared to that at first cycle.  

Electrochemical results on L@M composite electrodes are shown in Figure 3.4. 

For ease of comparison, together with CVs and galvanostatic curves of L@M-

1, L@M-2 and L@M-3 those of HMT-3 and M-2 are also depicted. These can 

be commented in both terms of shape and intensity. L@M composite electrodes 

obviously show a complex Faradaic behavior, mostly battery-like. CVs in Figure 

3.4a show two oxidation peaks, one at about 0.3-0.35 V vs Hg/HgO, a second 

in the range from 0.45 to 0.5 V vs Hg/HgO. By comparison, they can tentatively 

be assigned to Ni2+/Co2+ (LDH) and Mn3+ (MnO2) oxidation, respectively. But 

for L@M-3 electrode, a single peak can be observed for Ni3+/Co3+ reduction 

below 0.2 V vs Hg/HgO. Another drastic difference when comparing the CV of 

the LDH -based electrode with those based on the L@M composite is about 

the voltage differences between oxidation and corresponding reduction peaks 
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of the LDH component. It is rather large for HMT-3 electrode at 0.34 V while 

strongly decreased when coupling LDH and MnO2 in the L@M composites, 

down to 0.12 V for the L@M-1 electrode. This decrease of the peak to peak 

separation suggets that energy barrier for the activation of the involved redox 

reaction decreases, so that Ni/Co electrochemical reactions are easier to be 

activated and to proceed in the composite material. Specific 

capacitances/capacities were also measured by galvanostatic charge-

discharge measurements at various charge/discharge current densities. 

Corresponding data are displayed in Figure 3.4c. The limited rate capability of 

LDH HMT-3 is confirmed as the capacity at 84 mAh g-1 at 0.5 A g-1 faded down 

to almost zero at 10 A g-1. When MnO2 is involved, either as pure M-2 electrode 

material or as part of the L@M composites, the capacitance/capacity retention 

is improved. Although, performances at low current densities are not as great 

as for HTM-3 -based electrode, these materials can sustain better rate 

capabilities. As such, for L@M-2 as well as L@M-3, measured capacities are 

greater than those for HTM-3 electrode for current densities at 7 A g-1 and 

above.  One would argue at this stage, that rate capabilities of the composites 

are arising from MnO2 component but, L@M-2 and L@M-3 composite 

behaviors are almost the same despite a greater MnO2 loading in the latter. In 

addition, the introduction of δ-MnO2 also provide the composite material 

electrode with enhanced cycle stability, especially for L@M-2 material. After 

2000 charge-discharge cycles, this L@M-2 -based electrode still holds 86 % of 

its initial capacity, while HMT-3 LDH-based electrode only retained 60 % of its 

capacity at first cycle. As such, L@M-2 composite is the most performing 

material in the series, either in terms of rate capability and capacity retention 

upon cycling.  
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Figure 3.4 Electrochemical characteristics of M-2, HMT-3, L@M-1, L@M-2 and 

L@M-3 electrodes with 6 M KOH electrolyte solution in three electrode system 

(a) Comparison of cyclic voltammetry curves (CV) of all samples at a scan rate 

of 5 mV s-1. (b) Galvanostatic charge-discharge (GCD) curves at a current 

density of 0.5 A g-1. (c) Specific capacity of all samples at various current 

densities; capacitance values are given for comparison purpose (d) Cycle 

stability of all electrode at a current density of 5A g-1 in 2000 cycles. 

 

Further electrochemical investigation of electrochemical performance was 

carried out in a two electrode system. It was built by using L@M-2 composite 

material as the positive electrode and activated carbon (AC) as the negative 

one. The results for the L@M-2//AC device are shown in Figure 3.5. CVs 

measured at scan rates from 5 to 100 mV s-1 in Figure 3.5a are characteristic 

of an asymmetric supercapacitor associating a AC double layer electrode 

material and a Faradaic redox material. The corresponding capacitance and 

equivalent series resistance (ESR from ohmic drop) were calculated from 

galvanostatic charge-discharge measurements (see Figure 3.5b). For 

comparison purpose, similar measurements were done on a HMT-3//AC hybrid 
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device built using a positive HMT-3 LDH positive battery-type electrode and an 

AC -based negative EDLC electrode. Therefore, corresponding Ragone plots 

were obtained. They are shown in Figure 3.5d. The energy density (based on 

whole weight of two electrodes) of of the L@M-2//AC device is 19 Wh kg-1. In 

contrast, the HMT-3//AC device, with a 48 Wh kg-1 energy density, takes 

advantage of the LDH battery behavior and performance. However, this 

attractive energy density drastically faded down at higher power. In contrast, 

L@M-2//AC device surpasses the HMT-3//AC device in terms of power. But the 

most severe discrepancy is about device capacitance retentions upon cycling. 

This is clearly evidenced in Figure 3.5c as the L@M-2//AC device retains 95 % 

of its initial capacitance while HMT-3//AC loose about 60% of it after 4000 

charge-discharge cycles. Characteristic of the poor cyclability of the LDH 

battery material most of the hybrid device capacitance loss arrises during the 

first 1000 cycles. 

 

Figure 3.5 Electrochemical characteristics of L@M-2 // AC device (a) Cyclic 

voltammetry curves at various scan rates. (b) Galvanostatic charge-discharge 

curves at various current densities. (c) Cycle stability at a current density of 5 

A g-1 in 4000 cycles. (d) Ragone plots of L@M-2 // AC and HMT-3//AC device. 
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3.7 Conclusion 

This work introduces an original and facile method to prepare LDH@MnO2 

nano-composites by taking advantage of electrostatic interactions between 

exfoliated LDH layers and δ-MnO2 birnessite spherical particles. As expected, 

LDH electrode has a limited rate capability and cycle stability because of its 

Faradaic battery-like behavior. In contrast, δ-MnO2 electrode shows better 

electrode performance on both sides. The designed LDH@MnO2 composite 

takes advantage of both components. Thanks to the interaction effect at the 

nanoscale, the L@M-2 composite used as electrode material, presented 

attractive electrochemical performance in a three electrode configuration 

including high specific capacitances upon charge-discharge rate and improved 

cycle stability. Furthermore, the hybrid supercapacitor device, L@M-2//AC, 

revealed fair cycle stability and power/energy densities, especially in 

comparison with a LDH-based device, HMT-3//AC.  

Acknowledgements 

Y. C. ZHU (NO. 201606240097) is supported by China Scholarship Council 

(CSC).  

This chapter is submitting as an article. 

  



87 
 

3.8 Reference 

1. Y. Wang, Y. Song and Y. Xia, Electrochemical capacitors: mechanism, 

materials, systems, characterization and applications, Chem. Soc. Rev., 2016, 

45, 5925. 

2. P. Jezowski, O. Crosnier, E. Deunf, P. Poizot, F. Béguin and T. Brousse, 

Safe and recyclable lithium-ion capacitors using sacrificial organic lithium salt, 

Nature Materials, 2018, 17, 167. 

3. S. Uppugalla, U. Male and P. Srinivasan, Design and synthesis of 

heteroatoms doped carbon/polyaniline hybrid material for high performance 

electrode in supercapacitor application, Electrochimica Acta, 2014, 146, 242. 

4. Z. Chen, etal., F. Wei, and Y. Lu, Design and Synthesis of Hierarchical 

Nanowire Composites for Electrochemical Energy Storage, Adv. Funct. Mater. 

2009, 19, 3420. 

5. X. Xia, etal., H. Zhang and H. J. Fan, A New Type of Porous Graphite Foams 

and Their Integrated Composites with Oxide/Polymer Core/Shell Nanowires for 

Supercapacitors: Structural Design, Fabrication, and Full Supercapacitor 

Demonstrations, Nano Lett. 2014, 14, 1651. 

6. X. Yu, S. Yun, etal., Emergent Pseudocapacitance of 2D Nanomaterials, Adv. 

Energy Mater. 2018, 1702930. 

7. X. Zhang, L. Hou, A. Ciesielski, and P. Samorì, 2D Materials Beyond 

Graphene for High-Performance Energy Storage Applications, Adv. Energy 

Mater. 2016, 1600671. 

8. R. Liu, Y. Zhang, Z. Ning and Y. Xu, A Catalytic Microwave Process for 

Superfast Preparation of High-Quality Reduced Graphene Oxide, Angew. 

Chem. Int. Ed. 2017, 56, 15677. 

9. R. Lv, etal., T. E. Mallouk and M. Terrones, Transition Metal Dichalcogenides 

and Beyond: Synthesis, Properties, and Applications of Single- and Few-Layer 

Nanosheets, Acc. Chem. Res. 2015, 48, 56. 



88 
 

10. H. Liang, etal., W. Fei and J. Feng, Hierarchical NiCo-LDH@NiOOH core-

shell heterostructure on carbon fiber cloth as battery-like electrode for 

supercapacitor, Journal of Power Sources, 2018, 378, 248. 

11. K. S. Novoselov, A. Mishchenko, A. Carvalho and A. H. Castro Neto, 2D 

materials and van der Waals heterostructures, Science, 2016, 353, 6298. 

12. R. Mas-Ballesté, C. Gomez-Navarro, J. Gomez-Herrero and F. Zamora, 2D 

materials: to graphene and beyond, Nanoscale, 2011, 3, 20. 

13. Q. Wang, K. Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, Electronics 

and optoelectronics of two-dimensional transition metal dichalcogenides, 

Nature Nanotechnology 2012, 7, 699. 

14. Y. Xue, Q. Zhang, W. Wang, H. Cao, Q. Yang, and L. Fu, Opening Two-

Dimensional Materials for Energy Conversion and Storage: A Concept, Adv. 

Energy Mater. 2017, 1602684. 

15. Quan, W.; Jiang, C.; Wang, S.; Li, Y.; Zhang, Z.; Tang, Z.; Favier, F. New 

Nanocomposite Material as Supercapacitor Electrode Prepared via Restacking 

of Ni-Mn LDH and MnO2 Nanosheets. Electrochim. Acta 2017, 247, 1072–1079. 

https://doi.org/10.1016/j.electacta.2017.07.010. 

15. L. Yu, J. Yang, B. Guan, Y. Lan and X. Wen, Hierarchical Hollow 

Nanoprisms Based on Ultrathin Ni-Fe Layered Double Hydroxide Nanosheets 

with Enhanced Electrocatalytic Activity towards Oxygen Evolution, Angew. 

Chem. Int. Ed. 2018, 57, 172. 

16. B.Wang, etal., Fa. Zhao and L. Liu, Two steps in situ structure fabrication 

of NieAl layered double hydroxide on Ni foam and its electrochemical 

performance for supercapacitors, Journal of Power Sources 246 (2014) 747. 

17. H. Chen, L. Hu, M. Chen, Y. Yan and L. Wu, Nickel–Cobalt Layered Double 

Hydroxide Nanosheets for High-performance Supercapacitor Electrode 

Materials, Adv. Funct. Mater. 2014, 24, 934. 

18. A. Forticaux, L. Dang, H. Liang and S. Jin, Controlled Synthesis of Layered 

Double Hydroxide Nanoplates Driven by Screw Dislocations, Nano Lett. 2015, 

15, 3403. 



89 
 

19. Acharya, H.; Srivastava, S. K.; Bhowmick, A. K. Synthesis of Partially 

Exfoliated EPDM/LDH Nanocomposites by Solution Intercalation: Structural 

Characterization and Properties. Compos. Sci. Technol. 2007, 67 (13), 2807–

2816. https://doi.org/10.1016/j.compscitech.2007.01.030. 

20. Kang, H.; Huang, G.; Ma, S.; Bai, Y.; Ma, H.; Li, Y.; Yang, X. Coassembly 

of Inorganic Macromolecule of Exfoliated LDH Nanosheets with Cellulose. J. 

Phys. Chem. C 2009, 113 (21), 9157–9163. https://doi.org/10.1021/jp900861k. 

21. P. Vialat, etal., E. Elkaim and F. Leroux, High-Performing Monometallic 

Cobalt Layered Double Hydroxide Supercapacitor with Defi ned Local Structure, 

Adv. Funct. Mater. 2014, 24, 4831. 

22. J. Xiao, L. Wan, S. Yang, F. Xiao and S. Wang, Design Hierarchical 

Electrodes with Highly Conductive NiCo2S4 Nanotube Arrays Grown on Carbon 

Fiber Paper for High-Performance Pseudocapacitors, Nano Lett. 2014, 14, 831. 

23. J. Yan, Q. Wang, T. Wei, and Z. Fan, Recent Advances in Design and 

Fabrication of Electrochemical Supercapacitors with High Energy Densities, 

Adv. Energy Mater. 2014, 4, 1300816. 

24. Choi, C.; Ashby, D. S.; Butts, D. M.; DeBlock, R. H.; Wei, Q.; Lau, J.; Dunn, 

B. Achieving High Energy Density and High Power Density with 

Pseudocapacitive Materials. Nat. Rev. Mater. 2020, 5 (1), 5–19. 

https://doi.org/10.1038/s41578-019-0142-z. 

25. Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive Oxide Materials for 

High-Rate Electrochemical Energy Storage. Energy Environ. Sci. 2014, 7 (5), 

1597–1614. https://doi.org/10.1039/c3ee44164d. 

26. Sun, J.; Wu, C.; Sun, X.; Hu, H.; Zhi, C.; Hou, L.; Yuan, C. Recent 

Progresses in High-Energy-Density All Pseudocapacitive-Electrode-Materials-

Based Asymmetric Supercapacitors. J. Mater. Chem. A 2017, 5 (20), 9443–

9464. https://doi.org/10.1039/c7ta00932a. 

27. Ghodbane, O.; Pascal, J. L.; Favier, F. Microstructural Effects on Charge-

Storage Properties in MnO 2-Based Electrochemical Supercapacitors. ACS 

Appl. Mater. Interfaces 2009, 1 (5), 1130–1139.  



90 
 

 

28. Gao, P.; Metz, P.; Hey, T.; Gong, Y.; Liu, D.; Edwards, D. D.; Howe, J. Y.; 

Huang, R.; Misture, S. T. The Critical Role of Point Defects in Improving the 

Specific Capacitance of δ-MnO2 Nanosheets. Nat. Commun. 2017, 8 (1), 

14559. https://doi.org/10.1038/ncomms14559. 

29. Wang, H.; Zhang, J.; Hang, X.; Zhang, X.; Xie, J.; Pan, B.; Xie, Y. Half-

Metallicity in Single-Layered Manganese Dioxide Nanosheets by Defect 

Engineering. Angew. Chemie - Int. Ed. 2015, 54 (4), 1195–1199. 

https://doi.org/10.1002/anie.201410031. 

30. Yeager, M.; Du, W.; Si, R.; Su, D.; Marinković, N.; Teng, X. Highly Efficient 

K 0.15MnO 2 Birnessite Nanosheets for Stable Pseudocapacitive Cathodes. J. 

Phys. Chem. C 2012, 116 (38), 20173–20181. 

https://doi.org/10.1021/jp304809r. 

31. Toupin, M.; Brousse, T.; Bélanger, D. Charge Storage Mechanism of MnO2 

Electrode Used in Aqueous Electrochemical Capacitor. Chem. Mater. 2004, 16 

(16), 3184–3190. https://doi.org/10.1021/cm049649j. 

32. Ghodbane, O.; Ataherian, F.; Wu, N.-L.; Favier, F. In Situ Crystallographic 

Investigations of Charge Storage Mechanisms in MnO2-Based Electrochemical 

Capacitors. J. Power Sources 2012, 206 (2012), 454–462. 

https://doi.org/10.1016/j.jpowsour.2012.01.103. 

33. Brousse, T.; Taberna, P.-L.; Crosnier, O.; Dugas, R.; Guillemet, P.; 

Scudeller, Y.; Zhou, Y.; Favier, F.; Bélanger, D.; Simon, P. Long-Term Cycling 

Behavior of Asymmetric Activated Carbon/MnO2 Aqueous Electrochemical 

Supercapacitor. J. Power Sources 2007, 173 (1), 633–641. 

https://doi.org/10.1016/j.jpowsour.2007.04.074. 

34. https://en.wikipedia.org/wiki/Aquion_Energy. 

35. Y. Liu, D. Yan, etal., P. Yan and Z. Geng, Design, hydrothermal synthesis 

and electrochemical properties of porous birnessite-type manganese dioxide 

nanosheets on graphene as a hybrid material for supercapacitors, Journal of 

Power Sources, 2013, 242, 78. 



91 
 

36 L. Li, Mi. Zhang, X. Zhang and Z. Zhang, New Ti3C2 aerogel as promising 

negative electrode materials for asymmetric supercapacitors, Journal of Power 

Sources, 2017, 364, 234. 

37. Y. Wang and Y. Xia, Recent Progress in Supercapacitors: From Materials 

Design to System Construction, Adv. Mater. 2013, 25, 5336. 

38. G. Zhu, etal., Z. Jin and J. Liu, Pine needle-derived microporous nitrogen-

doped carbon frameworks exhibit high performances in electrocatalytic 

hydrogen evolution reaction and supercapacitors, Nanoscale, 2017, 9, 1237. 

39. Yang, J. Yu, C. Hu, C. Wang, M. Li, S.; Huang, H. Bustillo, K. Han, X. Zhao, 

C. Guo, W. Zeng, Z. Zheng, H. Qiu, J., Surface-Confined Fabrication of 

Ultrathin Nickel Cobalt-Layered Double Hydroxide Nanosheets for High-

Performance Supercapacitors. Adv. Funct. Mater. 2018, 28 (44), 1–11. 

https://doi.org/10.1002/adfm.201803272. 

40. Ma, R. Liu, Z. Li, L. Iyi, N. Sasaki, T., Exfoliating Layered Double Hydroxides 

in Formamide: A Method to Obtain Positively Charged Nanosheets. J. Mater. 

Chem. 2006, 16 (39), 3809–3813. https://doi.org/10.1039/b605422f. 

41. Huang, S. Peng, H. T. Jiu, W. W. Yang, Z. Zhu, H. Tang, T. Liu, T., 

Assembling Exfoliated Layered Double Hydroxide (LDH) Nanosheet/Carbon 

Nanotube (CNT) Hybrids via Electrostatic Force and Fabricating Nylon 

Nanocomposites. J. Phys. Chem. B 2010, 114 (50), 16766–16772. 

https://doi.org/10.1021/jp1087256. 

42. A.D. Jagadale, G. Guan, X. Li, X. Du, X. Ma, X. Hao, A. Abudula, Ultrathin 

nanoflakes of cobalt-manganese layered double hydroxide with high 

reversibility for asymmetric supercapacitor, J. Power Sources. 306 (2016) 526–

534. https://doi.org/10.1016/j.jpowsour.2015.12.097. 

43. Y. Wang, H. Dou, J. Wang, B. Ding, Y. Xu, Z. Chang, X. Hao, Three-

dimensional porous MXene/layered double hydroxide composite for high 

performance supercapacitors, J. Power Sources. 327 (2016) 221–228. 

https://doi.org/10.1016/j.jpowsour.2016.07.062. 

  



92 
 

Supporting information 

 

Figure S1 Schematic diagram of preparation process of LDH. 

 

Figure S2 Schematic diagram of MnO2 fabrication process. 

 

   

Figure S3 XRD patterns of pure LDH material. 
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Figure S4 XRD patterns of pure MnO2. 

 

 

Figure S5 SEM images of HMT-1 (a), HMT-2 (b), HMT-3 (c) and HMT-4 (d). 
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Figure S6 SEM images of M-0.5 (a), M-1 (b), M-2 (c, d), M-4 (e) and M-8 (f). 
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Figure S7 TEM images of M-2 (a, b), HMT-3 (c) and L@M-2 (d-f) samples. 

 

Figure S8 Electrochemical characteristics of M-0.5, M-1, M-2, M-4 and M-8. (a) 

Comparison of cyclic voltammetry (CV) curves of all samples at a scan rate of 

5 mV s-1. (b) Galvanostatic charge-discharge (GCD) curves of samples at a 

current density of 0.5 A g-1. (c) Specific capacitance of samples at various 

current densities. (d) Cycle stability of M-5 at a current density of 5 A g-1 current 

density in 2000 cycles. Measurements were done in KOH 6M. 
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Table S1 Specific capacitances of extracted from CVs and galvanostatic 

measurements for electrodes fabricated from M-0.5, M-1, M-2, M-4 and M-8 

MnO2 materials. 

Capacitances in F g-1 M-

0.5 

M-1 M-2 M-4 M-8 

From cyclic voltammetry at 

5 mV s-1 

63 56 50 26 22 

From galvanostatic 

measurements at 0.5 A g-1 

69 60 41 20 14 

 

 

 

Figure S9 Electrochemical characteristics of HMT-1, HMT-2, HMT-3 and HMT-

4 samples. (a) Comparison of cyclic voltammetry (CV) curves at a same scan 

rate of 5 mV s-1. (b) Galvanostatic charge-discharge (GCD) curves at a current 

density of 0.5 A g-1. (c) Specific capacitance at various current densities. (d) 

Cycle stability of HMT-3 at 5 A g-1 current density in 2000 cycles. Measurements 

were done in KOH 6M. 
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Table S2 Specific capacitancies of extracted from CVs and galvanostatic 

measurements for electrodes fabricated from HMT-1, HMT-2, HMT-3 and HMT-

4 LDH materials. For ease of comparison corresponding capacitances are 

given in parenthesis 

Capacities HMT-1 HMT-2 HMT-3 HMT-4 

From cyclic 

voltamemtry at 

5 mV s-1 

21 mAh g-1 56 mAh g-1 85 mAh g-1 40 mAh g-1 

From 

galvanostatic 

measurements 

at 0.5 A g-1 

20 mAh g-1 

(176 F g-1) 

56 mAh g-1 (501 

F g-1) 

84 mAh g-1 

(756 F g-1) 

65 mAh g-1 

(581 F g-1) 
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Chapter 4 MnO2-MXene composite as electrode for 

supercapacitor 

4.1 Abstract 

A MnO2 - MXene composite material is reported, in which MnO2 particles have 

been grown onto Ti3C2 MXene layers. Thanks to its interconnected structure, it 

can not only boost the low electrical conductivity of MnO2, but also suppress 

the restacking of MXene flakes. As an electrode material in a three-electrode 

cell, the composite showed higher capacitance and better stability performance 

than raw MnO2 in both KOH and Na2SO4 aqueous electrolytes. Equipped with 

MnO2 – MXene composite material as positive and activated carbon as 

negative, an asymmetric device using Na2SO4 as electrolyte displayed an 

energy density of 20 Wh kg-1 at 500 W kg-1 power density. On the other hand, 

the device operated in KOH electrolyte showed an energy density of 16.8 Wh 

kg-1 at 400 W kg-1, and 11 Wh kg-1 at 8 kW kg-1. 

4.2 Introduction 

Supercapacitors (SCs)1, including electrochemical double-layer capacitors 

(EDLCs)2 and redox-based pseudocapacitors3, have been extensively studied 

as promising and efficient candidate for energy storage systems thanks to many 

attractive features that advantageously supplement those of batteries4. These 

include high power density, fast charge-discharge rate and long cycle life5,6. In 

contrast, their energy density is lower. Carbon-based EDLCs7 usually show 

high rate capability thanks to their electrostatic charge storage mechanism 

based on the reversible adsorption-desorption of electrolytic ions onto the large 

surface area of the electrode material during quick charge-discharge 

processes8. Various materials such as porous carbons9-14 and graphene15-17 

have been explored as electrode materials and more than 90% of the 

supercapacitors commercialized worldwide are activated carbon -based EDLC 

devices. On the other hand, oxide-based pseudocapacitive materials18 store 

the charge through fast and reversible redox reactions near the surface of the 

material, leading to attractive capacitances19,20. In comparison with EDLCs, 

energy density is greater thanks to the Faradaic contribution but because of the 
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kinetics of the involved redox reactions (intrinsically slower than 

electrosorption), power is less attractive. Many metal oxides such as RuO2
21-24 

and MnO2
25-27 have been confirmed as suitable pseudocapacitive electrode 

materials. The impact on the storage performance of both electronic and 

crystallographic structures of the oxides has been demonstrated.28-32. .As an 

example, storage performance, including rate capabilities, has been 

demonstrated to depend on the structure of the pseudocapacitive oxide. This 

is especially true with MnO2 polymorphs built on 1 to 3D structures, either on 

channeled, layered or compact arrangements allowing the more or less efficient 

solid-state diffusion of compensating cations involved in the charge storage 

mechanism.35-38 On the other hand, the poor intrinsic electronic conductivity of 

MnO2 limits its overall rate capability, which inhibits the electrode capacitance 

to reach the theoretical value at ~1380 F g-1.33,34 As such, improving the 

electronic conductivity of MnO2-based electrode materials remains a consistent 

strategy to reach greater performance, especially rate capability, and, 

consequently, greater device power.  

Recently, two-dimensional transition metal nitrides/carbides (MXenes)39,40 have 

been successfully prepared by etching of A layers from MAX phases, giving a 

few atoms thick layered extended family with a general formula Mn+1XnTx, 

where M represents a transition metal, X is C and/or N, and Tx stands for 

surface terminations41-43. Thanks to their high accessible surface areas 

promoted by a 2D structure as well as the high electrical conductivity of the 

carbide-core layer (~4,000 S.cm-1), MXene materials can achieve attractive 

electrochemical performance in aqueous electrolytes, with a capacitance 

beyond 250 F g-1 or 1,500 F.cm-3 44-50.  

Back in 2016, Rakhi et al has reported on the synthesis and electrochemical 

characterization of MnO2 nanowhiskers on MXene surfaces51. This is the ε form 

of MnO2, also known as MnO2 Ramsdelite, which was actually precipitated at 

the surface of exfoliated flakes of Ti3C2. The Ramsdelite structure is built on 

edge-sharing MnO6 octaedra in a 1x2 configuration forming channels in which 

alkali cations are stabilizing the structural arrangement, Therefore, its 1D 

structure provides ε-MnO2 with a fair ionic conductivity and, consequently, a 

pseudocapacitive behavior in neutral aqueous electrolytes with fair charge 
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storage capabilities when used as electrode material in a supercapacitor52. As 

such, these authors claimed up to 212 F g-1 capacitance (at 1 A g-1 current 

density) could be obtained with an electrode based on the prepared ε-

MnO2/Ti3C2 composite cycled in a 30wt% KOH electrolyte. Despite this 

attractive performance and the elegance of the synthetic approach, we think 

there is still room for improvement. This, especially by considering more 

performing MnO2 polymorphs to decorate the Ti3C2 MXene flakes. This could 

be MnO2 birnessite, or δ-MnO2, which has shown up to twice the capacitance, 

as electrode material, than that of Ramsdelite thanks to its more open 2D 

layered structure52. Rakhi et al choose to use a symmetric two electrode setup 

while an asymmetric device with an activated carbon negative electrode, for 

example, would have been more realistic to discuss power and energy densities. 

Moreover, they limited their study to a single KOH based electrolyte while MnO2, 

as a pseudocapacitive electrode material, is known to show enhanced 

electrochemical performance when operated in safer neutral sulfate or nitrate -

based aqueous electrolytes.53,54,55,56 Data in Table S1 and associated 

references are supporting these observations. With the objective to select a 

more performing MnO2 material to be incorporated in a nanocomposite with 

Ti3C2 MXene, we initially studied changes in the crystalline structure of MnO2 

and associated electrochemical performance, correlated with the preparation 

temperature. Interestingly, when increasing the temperature, a material based 

on layers (δ-MnO2) together with fibers (α-MnO2) was obtained, showing an 

attractive cooperative electrochemical behavior taking advantage of the greater 

capacitance from the δ phase and greater rate capability from the α phase. 

Furthermore, exfoliated MXene was used to prepare a composite material in 

which MnO2 particles were grown, at the selected temperature, on MXene 

layers providing an improved conductivity and preventing the restacking of 

MXenes flakes. Thanks to these advanced features, the MnO2eMXene (MeM) 

composite electrode was first evaluated in terms of specific capacitance, rate 

and cycling capabilities either in KOH and Na2SO4 electrolytes. The composite 

and activated carbon were used as positive and negative electrode, 

respectively, to fabricate an asymmetric device. Thanks to the large potential 

window of 2V in Na2SO4, AC//MeM-Na device showed attractive energy and 
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power densities. In KOH electrolyte, AC//MeM-K device showed slightly lower 

but fair energy and power performance. 

4.3 Materials and methods 

Preparation of Ti3C2 MXene suspension and film 

1 g LiF and 20 mL of 9 M HCl were mixed and stirred in a plastic bottle. After a 

few minutes, 1 g Ti3AlC2 grey powder was gradually added to the mixture. The 

etching process was kept at 35 oC for 24h under constant stirring. Accordingly, 

Ti3C2 MXene flakes were rinsed off by ultrapure water to rise the pH of the 

effluent up to about 6. After re-dispersing MXene flakes in 250 mL pure water, 

the flakes were exfoliated by sonication for one hour. The un-exfoliated Ti3C2 

material was removed away by centrifugation for 1 h. Finally, Ti3C2 MXene 

suspension was obtained. The MXene film was prepared by an easy one-step 

method. In more details, a given mass of MXene suspension in water was 

slowly filtered on a PTFE membrane under vacuum. The resulting Ti3C2 MXene 

film was dried in a glass tube under vacuum before storage and use. 

Preparation of MnO2 by co-precipitation 

0.1272 g MnCl2 and 0.24 g KMnO4 were respectively dispersed in ultra-pure 20 

mL H2O under constant stirring. Then the KMnO4 solution was added drop by 

drop to the MnCl2 solution (5 minutes duration operation). The resulting 

suspension was transferred in a laboratory reflux apparatus and heated at a 

120 oC setpoint temperature for 6 h. After filtration, collected brown MnO2 

powders were dried at 80 oC in air. Additionally, the effect of the co-precipitation 

temperature was investigated and syntheses were conducted at 30, 80, 140 °C 

setpoint temperatures. Corresponding samples are referred as M-30, M-80, M-

120 and M-140 depending on the temperature the powder was prepared. 

Preparation of MnO2eMXene 

20 mL of a mixture with 20.0 mg Ti3C2 MXene and 127.2 mg MnCl2 was first 

prepared. Using the procedure as described above for the preparation of raw 

MnO2, 20 mL KMnO4 solution was slowly added and the resulting suspension 

was kept at a temperature of 120 °C, for 6 h. This synthesis temperature was 
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chosen for reasons explained below. After drying, the MnO2eMXene composite 

material was obtained. 

4.4 XRD, SEM, TEM sampling and equipment 

X-ray diffraction patterns of the prepared materials were obtained using a 

Phillips X’Pert diffractometer with Cu Kα radiation (λ=1.5405Å) in a Bragg-

Brentano configuration. A JEOL JSM-6300F scanning electron microscope 

(SEM) was used to investigate the powder morphologies. Sampling was done 

on dry powders on carbon tape. The Energy-dispersive X-ray spectroscopy 

(EDX) and mapping in SEM was applied to analyze elemental compositions 

and distributions. Transmission electron microscopy (TEM) measurements 

were done using a JEOL 1200EX2 TEM instrument. Sampling was done on 

carbon-copper grids. 

4.5 Electrochemical characterization 

A VMP3 multi-channel Bio-Logic electrochemical workstation was used for all 

the electrochemical measurements done at controlled room temperature (23 °C) 

in a three-electrode configuration as well as in a Swagelok setup. Electrode 

discs were fabricated by first mixing the prepared materials (60%), acetylene 

black (30%) and PTFE (10%) in ethanol. The resulting paste was then rolled as 

a film, finally cut as 8 mm diameter round samples using a puncher tool. In the 

three-electrode setup, the working electrode was the synthesized materials, the 

reference electrodes were Hg/HgO (KOH) and Ag/AgCl (Na2SO4), and the 

counter electrode was a platinum foil. Gravimetric capacitances were 

normalized to the active material weight. The mass loadings of pure MnO2 are 

displayed in Table S2. The weight loadings of composite are 6.4 and 6.0 mg 

cm-2, respectively.  In the asymmetric device, a commercial activated carbon 

(PICA) was used as negative electrode. Electrode mass balancing was done 

by considering capacitances calculated from CVs done on individual electrodes 

in selected electrolytes. The electrode loading is at about 6.0 mg cm-2. 
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Figure 4.1 Schematic diagram of material preparations. 

The below related supporting information has been attached after reference. 

 

4.6 Results and discussion 

MnO2 powders were prepared by a co-precipitation method using Mn2+ and 

MnO4
-1 as reductant and oxidant, respectively (Figure 4.1, top). Depending on 

the synthesis temperature (from 80 to 140 °C), resulting MnO2 materials 

exhibited some discrepancies in their crystalline structure from δ to α phase, 

additionally following morphological changes from nano sheets to nano fibers. 

Furthermore, Ti3C2 MXene flakes were used as a template to grow MnO2 by 

the same co-precipitation method at a synthesis temperature of 120 °C, 

eventually resulting in a nanostructured MnO2eMXene composite (Figure 4.1, 

bottom).  

Structural changes in MnO2 powders induced by the preparation temperature 

have been evidenced by XRD measurements (Figure S1).  For MnO2-30 (black), 

MnO2-80 (grey) and MnO2-120 (blue) samples, corresponding to MnO2 
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powders prepared at 30, 80 and 120 °C, respectively, diffraction peaks are 

indexed and correspond to δ-MnO2 (Birnessite, JCPDS 109857,58). This 

manganese dioxide morphotype shows a layered structure built on 2D layers 

of edge-sharing [MnO6] octahedra. Whereas, a clear difference in the crystal 

structure is distinctly revealed in the XRD pattern of the MnO2-140 sample, 

prepared at 140 °C. It exhibits a series of new peaks as well as the absence of 

the (001) peak previously at 66.28 °2θ.  This pattern matches that of α-MnO2 

(Hollandite, JCPDS 44-0141) whose structure is built on 1D tunnels (2x2 edge-

sharing MnO6 octahedra). A closer look at the MnO2-120 XRD pattern also 

shows some extra peaks of lower intensity, especially at 56.21 °2θ which 

corresponds to the (600) diffraction peak of the α-type structure. This suggests 

a mixture, mostly made of δ-MnO2 and some α-MnO2, to be obtained at 120 °C.  

As the reaction temperature was increased, the powder morphologies evolved 

consistently with the structural changes pointed out by XRD analysis. The 

micro-morphology of prepared powders was studied by scanning electron 

microscope measurements. In Figure S2, the expected δ-MnO2 “sand rose” 

morphologies are clearly observed in MnO2-30 and MnO2-80. These roughly 

spherical particles are made of disordered aggregated MnO2 platelets. In 

contrast, at 140 °C, α-MnO2 nano-rods and needles are mostly observed, 

together with a few “sand rose” particles. Finally, as suggested by XRD analysis, 

MnO2-120 sample is confirmed as a mixture of both types of δ-MnO2 and α-

MnO2 nano-crystals. 

 

Figure 4.2 Electrochemical performances comparison of MnO2 with various 

reaction temperatures in 1 M KOH. (a) Cyclic voltammetry curves at 5 mV s-1 

scan rate. (b) Specific capacitances comparison at various current densities. 
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Electrodes based on the prepared MnO2 materials were tested in a three-

electrode setup in 1 M KOH electrolyte with the objective to evaluate the impact 

of their structure/morphology on their electrochemical behavior. Corresponding 

capacitances were calculated from cyclic voltammetry measurements at 5 mV 

s-1 scan rate from 0 to 0.6 V versus Hg/HgO reference electrode (Figure 4.2a). 

Capacitances are detailed in Table S1 but a direct observation of the CV areas 

allows to compare the various electrode material performance: MnO2-30 

electrode CV displays the largest area in the series and correspondingly, the 

greatest capacitance at 181 F g-1. As the synthesis temperature was increased, 

the capacitance of the resulting material decreased, and MnO2-140 showed the 

lowest capacitance in the series at 98 F g-1. This evolution is assigned to the 

structural characteristics of the prepared MnO2. δ-MnO2 2D structure has been 

shown to be highly favorable to the diffusion in between MnO2 layers of 

electrolytic cations involved in the charge storage mechanism. As such, 

corresponding capacitances are the greatest in the MnO2-based electrode 

material family52. In contrast, α-MnO2 built on more constraining 1D channels 

is less performing either in terms of ionic conductivity and capacitance. 

Measured electrode capacitances are actually related to the δ-MnO2/α-MnO2 

composition ratio. They decrease as the α-MnO2 content increases while 

increasing the synthesis temperature. Capacitances were measured at various 

charge-discharge rates by galvanostatic measurements (Figure 4.2b). Similarly, 

to CV measurements, it was found that, at a low current density such as 0.5 A 

g-1, MnO2-30 and MnO2-80 electrode materials, mostly composed of δ-MnO2, 

showed larger capacitances than α-MnO2-rich material such as MnO2-140. 

However, capacitances of MnO2-30 and MnO2-80 quickly decreased as the 

current density was increased. For example, the capacitance of MnO2-30 -

based electrode was 29 F g-1 and that of MnO2-80 was 14 F g-1 at 10 A g-1. The 

rate capabilities of these electrodes are as such, fairly limited. In contrast, while 

the capacitance of MnO2-140 was limited to 88 F g-1 at 0.5 A g-1, it was still 44 

F g-1 at 10 A g-1. Finally, not only could MnO2-120 electrode deliver a high 

capacitance of 196 F g-1 at 0.5 A g-1, but it also retained a 62 F g-1 capacitance 

at 10 A g-1. This latter electrode behavior can be explained by its specific 
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composition based on a mixture of δ- and α-MnO2. At low current density, δ-

MnO2 provides the electrode with its attractive low rate capacitance, while α-

MnO2 component favorably contributes to the capacitance at high current 

density. Thanks to this peculiar composition in the series, MnO2-120 electrode 

material offers the best compromise in terms of rate capabilities, with enhanced 

capacitances in a wider range of charge-discharge regimes. Because of these 

well balanced electrochemical properties, 120 °C synthesis temperature was 

chosen for the preparation of MnO2eMXene composite based on the 

precipitation of MnO2 at the surface of exfoliated Ti3C2 MXene flakes. Besides, 

interestingly, a broad peak is observed in cyclic volumetry of δ-MnO2 but not 

pure α-MnO2 measured in KOH electrolyte. The wide peak can be attributed to 

the existing of redox reaction during charging-discharging. Over redox process, 

the alkali cations are intercalated/extracted in the bulk of oxide particles, 

thereby following the reduction/oxidation of Mn crystal phase.52 As we 

mentioned above, the δ-MnO2 shows an open 2D layered crystal structure, 

while α-MnO2 has a 1D crystal channels. Various crystal forms of MnO2 lead to 

different electrochemical mechanisms.28 For α-MnO2, the distinct redox wave 

is not noticed in its cyclic volumetry result. It can be interpreted that the 

intercalation/extraction of alkali cations are limited by the narrow 1D channels 

nature. The charge mechanism occurred on its surface, on which alkali cations 

are adsorbed/desorbed during charging-discharging process.59 

X-ray diffraction (XRD) patterns of the prepared raw MnO2-120 and 

MnO2eMXene composite materials are depicted in Figure 4.3. As expected, 

MnO2 powder prepared at 120 °C corresponds to the above described mixture 

made of δ-MnO2 (mainly) and some α-MnO2. The XRD pattern of the Ti3C2 

MXene shows the usual features of restacked 2D materials with a series of 

diffraction peaks of decreasing intensity at greater diffraction angle. These 

correspond to the (002n) atomic layers of Ti3C2 MXene and are consistently 

measured at angles corresponding to the interlayer distance. The XRD pattern 

of the composite material obtained by precipitation of MnO2 in presence of 

exfoliated Ti3C2 MXene layers at 120 °C retains the characteristics of the poorly 

crystallized MnO2-120 material. Actually, only remain the main peaks from the 

pristine MnO2. In contrast, the intense 002 peak of the MXene component 
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almost completely vanishes. This is a proof that this synthetic method prevents 

exfoliated MXene layers to restack in the composite. This XRD analysis 

suggests that δ-MnO2 actually grows at the surface of Ti3C2 MXene layers. 

Moreover, a tendency of the MnO2 layers to grow parallel to those of MXene is 

supported by the greater intensity of the (006) peak, characteristic of a 

preferential orientation of the MnO2 layers in the composite. 

 

Figure 4.3 XRD patterns of MXene, δ-MnO2 and MnO2eMXene composite. 

 

Figure 4.4 SEM and TEM images of MnO2eMXene composite. 

 

When MXene flakes are introduced as substrates in the synthetic medium, Mn2+ 

cations are first adsorbed on negatively charged MXene layers60-62 by 
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electrostatic interact ions. Mn2+ adsorption is self-limited as it stops when all the 

Ti2C3 flake negative charges are counter-balanced. By reacting with MnO4
- 

anions at 120 °C, MnO2 particles gradually and uniformly grow on the flat 

MXene template. The resulting material morphology can be evidenced by SEM 

and TEM imaging. From SEM image in Figure 4.4a, it is difficult to assign any 

morphology difference between the composite and raw MnO2 (see Figure S2c 

for comparison with MnO2-120). Moreover, it was not possible to identify 

anything looking like the pristine Ti3C2 MXene flakes in the micrographies. At 

this stage, we argue this is because they are fully covered by MnO2 particles. 

TEM image in Figure 4.4b is more indicative as it shows a rather homogeneous 

thick layer of MnO2 grown at the surface of a microsized Ti3C2 MXene flake. 

The same morphology was found all over the analyzed sample and, either by 

SEM or TEM, it was not possible to identify any small or individual MnO2 

particles nor individual neither uncovered nor partially covered. Consistently, 

EDX mappings shown in Figure S6 demonstrates the homogeneous 

distribution of the various components Mn, O, Ti and C, all over the surface of 

the sample, characteristic of an intimate mixture of MnO2 and Ti3C2 MXene in 

the composite and confirming the preferential growth of MnO2 particles at the 

surface of MXene flakes. Consistently with the self-limited adsorption of Mn2+ 

cations at MXene surface, the same composition was found on every spots 

analyzed by EDX mapping. EDX analysis (Table S2) also evidenced the 

presence of K in the composite, as expected intercalated cations in between 

the layers of δ-MnO2. As suggested by the SEM images, MnO2 appears as the 

predominant component while Ti3C2, underneath the MnO2 thicker layer, is 

more difficult to accurately detect and analyze.  
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Figure 4.5 Electrochemical characteristics of MnO2eMXene composite and 

MnO2-120 -based electrodes in 1 M KOH electrolyte. (a) Cyclic voltammetry 

measurement at 5 mV s-1 scan rate. (b) Galvanostatic charge-discharge curves 

at 1 A g-1 current density. (c) Specific capacitance comparison at various 

current densities. (d) Cycling capability over 5k charge-discharge cycles at 5 A 

g-1. 

 

MnO2-120 and MnO2eMXene -based electrodes were used for electrochemical 

characterization in a three-electrode setup in KOH as well as in Na2SO4 

electrolytes. In 1M KOH, cyclic voltammograms measured at 5 mV s-1 between 

0 and 0.6 V versus Hg/HgO reference electrode in Figure 4.5a are characteristic 

of a pseudocapacitive electrode material. These CVs, but also the 

corresponding galvanostatic curves in the same potential range (Figure 4.5b), 

show that the composite displays a greater capacitance than MnO2-120 

electrode. However, both electrode materials have similar rate capabilities 
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(Figure 4.5c). As such, the composite can deliver a capacitance of 272 F g-1 at 

0.5 A g-1, fairly more than MnO2-120 at 196 F g-1 at the same current density, 

that decreases by 55 % down to 148 F g-1 at 5 A g-1. For MnO2-120 electrode, 

the capacity loss at 5 A g-1 is of 47 % at 94 F g-1. As anticipated, the 

MnO2eMXene -based electrode inherits the rate capability of MnO2-120 

demonstrated above. On the other hand, the composite capacitance at 5 A g-1 

is 133 F g-1 after 5k charge-discharge cycles, corresponding to 93% of its initial 

capacitance (Figure 4.5d). Conversely, the capacitance of MnO2-120 electrode 

at 83 F g-1 after the same electrochemical cycling program is characteristic of 

90% retention, about the same as the MnO2eMXene composite electrode. 

Electrochemical characteristics of the prepared electrode materials were also 

tested in sodium sulfate electrolyte. Results are shown in Figure 4.6. Here again, 

both MnO2-120 and MnO2eMXene -based electrode CVs show roughly 

rectangular shapes. Corresponding capacitances were calculated at various 

current densities by galvanostatic cycling. For MnO2-120 electrode, the 

capacitance is 114 F g-1 at 0.5 A g-1 but fades down to 8 F g-1 at 10 A g-1, 

demonstrating the poor rate performance (7%) usually observed for MnO2-

based electrodes in neutral electrolyte. Oppositely, at higher current, the 

electrode made of MnO2eMXene composite can hold almost 50% of its low 

current capacitance, delivering 165 F g-1 (0.5 A g-1) and 81 F g-1 (10 A g-1) 

(Figure 6c). In neutral electrolyte, the greater rate capabilities of MnO2eMXene 

can hardly be assigned to some α-MnO2 contribution as in KOH electrolyte for 

two reasons. Firstly, the rate capability of α-MnO2 has been shown to be very 

limited in Na2SO4 1M.63 Secondly, despite the same synthesis temperature, 

there is not much evidence of any needle in the SEM/TEM micrographies of 

MnO2eMXene composite or α-MnO2 diffraction peaks in its XRD pattern. The 

enhanced rate performance of MnO2eMXene should be assigned to the 

enhanced electronic conductivity thanks to the MXene component. The cycling 

capability over 5k cycles was evaluated at 5 A g-1 current density (Figure 6d). 

For both prepared electrode materials, there is not any noticeable capacitance 

fading, demonstrating the good stability of these pseudocapacitive materials 

upon cycling at this quite realistic regime (from 40 to 60 sec. for a complete 

charge discharge cycle). 
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Figure 4.6 Electrochemical characteristics of of MnO2eMXene composite and 

MnO2-120 -based electrodes in 1 M Na2SO4 electrolyte. (a) CV curves at 5 mV 

s-1 scan rate. (b) Galvanostatic charge discharge curves at 0.5 A g-1 current 

density. (c) Specific capacitance comparison at various current densities. (d) 

Cyclic stability after 5k charge-discharge cycles at 5 A g-1. 

 

Two-electrode asymmetric devices were assembled from an activated carbon 

(AC) used as negative electrode and MnO2eMXene composite (MeM) as 

positive electrode. Mass loadings were balanced based on capacitance values 

calculated from galvanostatic charge-discharge measurements at the same 

current density in corresponding electrolytes. They were tested in KOH as well 

as Na2SO4 electrolytes. From CV as well as from galvanostatic measurements 

(Figure 4.7a and 4.7b), the AC//MeM device was operated in a greater voltage 

window of 2.0 V in Na2SO4 electrolyte (AC//MeM-Na)64 while it was limited to 

1.6 V in KOH (AC//MeM-K). In contrast, the capacitance of the device (relative 

to the mass of both electrodes) is lower in Na2SO4 electrolyte (35 F g-1) than in 
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KOH (47 F g-1) and the difference is obviously assigned to the greater 

capacitance of the MnO2eMXene positive electrode in the latter electrolyte 

(Figure 4.5a and 4.6a: 272 F g-1 in KOH versus 165 F g-1 than in Na2SO4). This 

balance of both device capacitance and voltage leads to energy densities in the 

same range (Figure 4.7c). These were calculated from galvanostatic charge-

discharge data. The AC//MeM-Na device shows an energy density of 19.3 Wh 

kg-1 at 500 W kg-1, while the value decreased to 4.4 Wh kg-1 at 10k W kg-1. 

AC//MeM-K device presents 11 Wh kg-1 energy density at 8k W kg-1, although 

it showed 16.8 Wh kg-1 at 400 W kg-1, revealing an attractive energy-density 

retention at high power. The cycling stability was also evaluated for both 

devices (Figure 4.7d). After 10k charge-discharge cycles, capacitances of both 

devices operated in KOH and Na2SO4 electrolytes decreased to about 77% of 

their initial capacitance. Most of the loses occurred during the first 2k cycles. 

To assign the origin of these fadings, Ohmic drop as well as Coulombic and 

energy efficiencies were analyzed (Figure S3). In KOH electrolyte, the apparent 

decrease of specific capacitance during the first 2000 cycles can be assigned 

to the observed evident reduction of the energy efficiency. Then, the device 

suffered a normal gradual capacitive decay in extra cycles. On the other hand, 

there are also a visible fading of the energy efficiency over initial 1000 cycles 

when the device was operated in Na2SO4 electrolyte, though the capacitance 

fading is more limited. Additionally, it exhibits slight increase of ohmic drop over 

cycles in both applied electrolytes.  
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Figure 4.7 The electrochemical performance of AC//MeM-K and AC//MeM-Na 

devices in neutral (Na2SO4 1 M) and alkaline electrolytes (KOH 1 M). (a) Cyclic 

voltammetry test at 20 mV s-1. (b) galvanostatic charge discharge curve at 0,5 

A g-1. (b) Ragone plots for the full cell. Power and energy densities are 

normalized by the mass of both electrodes. (d) Cycling Longevity in 10k charge-

discharge cycles. 

 

4.7 Conclusion 

Two different MnO2 polymorphs and their mixtures were synthesized by 

adjusting the temperature of the co-precipitation reaction. According to XRD 

patterns and SEM images, below 80 °C, δ-MnO2 was obtained while α-MnO2 

was prepared at greater temperatures. This structural change was evidenced 

as the powder morphology evolved from δ-MnO2 nano-sheets to α-MnO2 nano-

fibers. Moreover, MnO2-120 sample prepared at 120 °C appeared as a mixture 

of δ and α phases with nano-sheets and fibers. As an electrode in a three-

electrode setup, MnO2-120 electrode not only exhibited a high capacitance (196 

F g-1 at 0.5 A g-1) just like δ-MnO2, but also held the rate performance of α-
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MnO2. Exfoliated Ti3C2 MXene layers with negative surface charges were 

introduced in the co-precipitation medium, allowing Mn2+ cations to adsorb 

while reacting at 120 °C with Mn7+ to give MnO2 sand-roses particles grown at 

the MXene layer surface. The resulting composite was characterized by X-ray 

powder diffraction and electron microscope measurements.  An MnO2eMXene 

-based electrode was initialy studied in a three-electrode cell, using KOH and 

Na2SO4 electrolytes. In KOH it delivered a capacitance performance of 272 F 

g-1 at 0.5 A g-1 and kept 93% of capacitance retention over 5k charge-discharge 

cycles at a current density as high as 5 A g-1. On the other hand, in Na2SO4 

electrolyte, MnO2eMXene electrode showed a 165 F g-1 capacitance at 0.5 A 

g-1and 81 F g-1 at 10 A g-1, implying a 50% of rate capability in this current range. 

In a second step, asymmetric devices built on MnO2eMXene (MeM) and 

commercial activated carbon in both electrolytes were fabricated and evaluated. 

Compared with the AC//MeM-K operated in KOH owning a 1.6 V working 

voltage window, AC//MeM-Na device takes benefit from a larger potential 

window of 2 V in Na2SO4, confirming the advantages of neutral electrolytes. 

As such, AC//MeM-Na displayed a 19.3 Wh kg-1 (500 W kg-1 power density) 

energy density while it was 16.8 Wh kg-1 at 400 W kg-1 for AC//MeM-K. In 

contrast, AC//MeM-Na showed a drastic energy-density fading at 4.4 Wh kg-1 

at 10 KW kg-1, while AC//MeM-K device kept a remarkable energy density of 11 

Wh kg-1 at a 8 KW kg-1 power density.  
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Supporting information 

Table S1 Comparison of electrochemical performance for Ti3C2, MnO2 and 

composite material -based electrodes 

material 
capacitan

ce 

Current 

density/

Scan 

rate 

Energy 
Types of 

electrolyte 
Ref 

MnO2eMXene 
272F g-1 

 

0.5 A g-

1 

17 Wh kg-1  

(400 W kg-1) 

And 11 Wh 

kg-1 (8 KW 

kg-1) 

 

1 M KOH 
This 

work 

MnO2eMXene 165 F g-1 0.5 A g-1 

20 Wh kg-

1(400 W kg-

1) 

1M Na2SO4 
This 

work 

ε-

MnO2/Ti2CTx_

Ar 

212 F g-1 1 A g-1 

14 Wh kg-

1(700 W kg-

1) 

30 wt% 

KOH 
1 

d-Ti3C2Tx film 

on NF 
140 F g-1 5 mV s-1 / 1M KOH 2 

Ti3C2Tx/RGO 154 F g-1 1 A g-1 / 2 M KOH 3 

TiO2-Ti3C2 143 F g−1 
5 mV 

s−1 
/ 6M KOH 4 

Ti3C2Tx 63 F g-1 5 mV s-1 / 1M KOH 5 

Ti3C2/ZnO 120 F g-1 2 mV s-1 / 1M KOH 6 

PANI@TiO2/Ti

3C2Tx 
109 F g-1 0.5 A g-1 / 1M KOH 7 

α-MnO2-G 90 F g-1 1 A g-1 / 1M Na2SO4 8 
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GrMnO2 310 F g-1 5 mV s-1 
9 Wh kg-1(3 

KW kg-1) 
1M Na2SO4 9 

MnO2/carbon 

nanotube 
/ / 

13 Wh kg-1 

(316 W kg-1) 

0.5M 

Na2SO4 
10 

CNT/MnO2 105 F g-1 1 A g-1 / 1M Na2SO4 11 

MnO2/CuO 148 F g-1 0.5 A g-1 / 1M Na2SO4 12 

MnO2 

nanosheets 
100 F g-1 0.5 A g-1 / 

0.5M 

Na2SO4 
13 

K0.15MnO2/P

EDOT 
91 F g-1 1 A g-1 15 Wh kg-1 

0.1M 

Na2SO4 
14 

MnO2/CNTs 201 F g-1 1 A g-1 
13 Wh kg-1 

(600 W kg-1) 
1M Na2SO4 15 

Carbon@MnO

2 
129 F g-1 0.5 A g-1 / 1M Na2SO4 16 

Graphite/PED

OT/MnO2 
158 F g-1 1 A g-1 

1 Wh kg-1 

(4.5 KW kg-1) 

0.5M 

Na2SO4 
17 

MnO2 

nanorods 
156 F g-1 2 A g-1 / 

4 M KOH 

with p-

phenylened

iamine 

18 

carbon 

nanofiber/grap

hene/MnO2 

225 F g-1 
1 mA 

cm-2 

15 Wh kg-1 

(583 W kg-1) 
6 M KOH 19 

CNTs@MXene 81 F g-1 5 A g-1 
3 Wh kg-1 

(311 W kg-1) 
6M KOH 20 

NiO@MnO2 

core/shell 
266 F g-1 0.5 A g-1 / 2M KOH 21 
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Figure S1 XRD patterns of as-prepared MnO2 samples. 

 

 

Figure S2 SEM images of MnO2-30 (a), MnO2-80 (b), MnO2-120 (c) and 

MnO2-140 (d). 
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Figure S3 The voltage drop in (a) KOH and (b) Na2SO4.  Coulombic and 

energy efficiency in (c) KOH and (d) Na2SO4. 

 

 

Figure S4 TEM (Transmission Electron microscopy) images of MnO2-120. 
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Samples 

MnO2-30 

 (6.0 mg cm-

2) 

MnO2-80 

(7.5 mg cm-

2) 

MnO2-120 

(7.5 mg cm-

2) 

MnO2-140 

(5.8 mg 

cm-2) 

Capacitance 

(F g-1) 
181 160 154 98 

 

Table S2 The detailed specific capacitances of samples at 5 mV s-1 in three 

electrode system; The capacitance calculation is based on active material 

mass which is displayed in the table. 

 

 

Figure S5 Energy Dispersive X-ray Spectroscopy (EDX) of MnO2eMXene. 

 

Element Mass% Atom% 

C 2.33 5.77 

O 30.62 57.04 

K 2.01 1.53 

Ti 4.61 2.87 

Mn 60.43 32.79 

Total: 100.00 100.00 

 

Table S2 The element composition analysis in MnO2eMXene. 
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Figure S6 SEM-EDX mapping of elemental distribution in MnO2eMXene. 

 

 

Figure S7 Nyquist plots of EIS.  
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Chapter 5 Modifications of MXene Layers for 

Supercapacitors 

5.1 Abstract 

The re-stacking of Ti3C2Tx-MXene layers has been prevented by using two 

different approaches: a facile hard templating method and a pore-forming 

approach. The expanded MXene obtained by using MgO nanoparticles as hard 

templates displayed an open morphology based on crumpled layers. The 

corresponding electrode material delivered 180 F g-1 of capacitance at 1 A g-1 

and maintained 99 % of its initial capacitance at 5 A g-1 over five thousand 

charge-discharge cycles. On the other hand, the MXene foam prepared after 

heating a MXene-urea composite at 550°C, showed numerous macropores on 

the surface layer and a complex open 3D inner-architecture. Thanks to this 

foamy porous structure, the binder-free electrode based on the resulting MXene 

foam displayed a great capacitance of 203 F g-1 at 5 A g-1 current density, 99 % 

of which was retained after five thousand cycles. In comparison, the pristine 

MXene –based electrode delivered 82 F g-1, only, in the same operating 

conditions. An asymmetric device built on a negative MXene foam electrode 

and a positive MnO2 electrode exhibited an attractive energy density of 16.5 

Wh kg-1 (or 10 Wh L-1) and 160 W kg-1 (or 8.5 kW L-1) power density. Altogether, 

the enhanced performances of these nano- engineered 2D materials are a clear 

demonstration of the efficiency of the chosen synthetic approaches to work out 

the re-stacking issue of MXene layers. 

5.2 Introduction 

In the wake of graphene1, other two dimensional materials2, such as, δ-MnO2 

3, 4, 5, MoS2
6, 7 and MXene8, 9, 10, have received a surge of interest from the 

material science community, as they offer, together with their unique “planar” 

physical peculiarities, an infinite number of surface chemistry opportunities, 

especially when compared with their carbonaceous flagship.11 These 

opportunities have been explored in many application fields including 

electrochemical energy storage.12-14 In the corresponding devices, both basal 

planes and defected edges are usually contributing to charge storage.15 As a 
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result, one can take profit of the strong in-plane covalent bonding and weak out-

of-plane Van der Waals interactions between layers16, to develop chemical 

strategies to provide or tune further active sites. These proceed by many 

chemical and physical methods including exfoliation17, intercalation18 and 

hybridization19. The main idea is to prevent the natural tendency of the 

individual 2D layers to restack to minimize the surface energy just as in the 

pristine material(s). By chemical engineering at the nanoscale, associating 

layers of 2D materials of different chemical compositions and physical 

properties offers wonderful opportunities to take advantage of resulting 

synergistic effects20. Potential combinations are unnumbered, imagination is 

probably the limit. As such, in the resulting composite, expanded, hybrid… 

materials, the opened 2D space between the layers can, for example, provide 

a “path” strongly suited for ion adsorption and transport. These characteristics 

have made 2D materials as very attractive electrode materials in batteries21 and 

supercapacitors22. Two different kinds of supercapacitors (SC), can be 

distinguished, on the basis of the corresponding charge storage mechanism: 

electrostatic interactions in electrical double layer capacitors (EDLCs), and fast 

redox reactions near the surface material in pseudocapacitors.23 With 2D 

materials, this classification remains as graphene is probably mostly EDLC type 

while exfoliated MnO2 birnessite is pseudocapacitive.24-29 Composites obtained 

by stacking of EDLC and pseudocapacitive, EDLC and battery type, or battery 

type and pseudocapative 2D materials have been recently reported.30-33 

However, the anisotropy of material properties could also be a critical drawback 

for 2D materials, especially in energy storage electrode materials. Although, 

both in-plane ionic and electronic conductivities can be remarkable, through-

plane conductivities can be fairly limited. Depending on the layer orientation 

toward the current collector surface, perpendicular or parallel, electrode overall 

performance can be down-graded. 

MXene34, as a remarkable 2D material, containing a conductive carbide core 

along with transition metal oxide-like surfaces and intercalated water 

molecules,35 triggered much attention and attracted worldwide researches in 

the field of energy storage and more specifically for supercapacitors.36-40 

MXene is prepared from the corresponding MAX phase by a chemical etching 
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method, usually using a fluorine-containing solution. MAX phases are layered 

ternary carbides and nitrides with the formula Mn+1AXn, where M is an early 

transition metal (such as Ti, V and Nb), A is an element from A-group (usually 

Al or Si) and X is carbon and/or nitrogen.8,41,42 Ti3C2Tx-MXene could be 

obtained by etching Ti3AlC2 in a mixture of LiF and HCl. Tx stands for the 

termination moieties at the layer surface. Their chemical nature depends on the 

etching process. They have a strong impact on the electrolyte/electrode 

interface especially through the hydrophilic/hydrophobic surface balance. 

Ti3C2Tx-MXene also shows up to ≈ 6700 S.cm-1 of metallic conductivity which 

is highly favorable to fast electron transfer.43-45 However, as for other 2D 

materials, the MXene flakes tend to restack during the preparation process, 

resulting in a drastic loss of the developed electroactive surface area, and 

hindering the electrolyte ion access into the electrode bulk15. To prevent this re-

stacking issue and simultaneously enhance the through-plane ionic 

conductivities, alternative methods based, for instance, on the modification of 

the layer morphology and texture have to be considered.  

In this study, exfoliated Ti3C2Tx-MXene was first prepared by a chemical etching 

method from Ti3AlC2 corresponding MAX phase. To prevent the re-stacking of 

the resulting individual layers, several routes were explored. First, nano-sized 

MgO particles were used as solid spacer. After removal of the particles 

adsorbed at the layer surface, electrolytic ions were able to be efficiently 

transported in between the layers of the resulting expanded MXene during the 

charge-discharge process. Therefore, prepared expanded MXene (EM) 

electrodes showed enhanced electrochemical performances when compared 

to regular MXene. Alternatively, urea was used as molecular spacer or template. 

After a thermal treatment under argon atmosphere, a Ti3C2Tx-MXene foam (MF) 

was obtained. The resulting MF electrode showed an attractive and seriously 

improved capacitance performance, especially at high rate. When associated 

to a MnO2 positive-electrode in an MF//MnO2 asymmetric device, an attractive 

energy density of 16.5 Wh kg-1 (or 10 Wh L-1) was obtained at 160 W kg-1 (or 

8.5 kW L-1) power density.  
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5.3 Experimental details 

Preparation of MXene-Ti3C2Tx suspension and pure MXene: 1 g LiF (Sigma, 

99.98%) and 20 ml 9 M HCl (Sigma, 37%) solution were mixed in a plastic 

beaker and stirred for a few of minutes. 1 g Ti3AlC2 powders was then slowly 

added to the solution. The reaction temperature was kept at 35 °C for 24 h 

under constant stirring. The resulting Ti3C2Tx flakes were washed with water 

and separated by centrifugation until the pH value was ~ 6. The flakes were 

dispersed in 250 ml H2O and treated by sonication for 1 h. Finally, the resulting 

Ti3C2Tx was recovered by a 1 h centrifuge step at 3500 rpm. The average size 

of resulting MXene flakes is centered at 0.2 and 2 µm (Figure S1). The pure 

MXene film was prepared by a simple vacuum filtration procedure on a PTFE 

membrane by using 3500 rpm rotating speed. 

Preparation of expanded MXene by hard templating method: 23.26 ml Ti3C2Tx 

MXene suspension (50 mg, 2.15 mg/ml) were dispersed in 26.74 ml, 200 mg 

MgO (Sigma, nanopowder ≤ 50 nm particle diameter) solution, and the solution 

was stirred for 24 h. During the filtration process, 40 ml, 3 M acetic acid (Sigma, 

99.8%) were slowly added to remove the MgO template. After washing three 

times with pure water, the film was dried at 50 °C under vacuum.  

 Preparation of the MXene foam and overlapped MXene foam: 23.26 ml Ti3C2Tx 

MXene suspension (50 mg, 2.15 mg.ml-1) was mixed with 23.26 ml urea (Sigma) 

solution (200 mg with or without 0.1 M HCl). The resulting solution was stirred 

for 2 h. A thick disk was obtained by vacuum filtration. After drying it at 50 °C 

under vacuum, the resulting film was placed in a porcelain crucible and treated 

at 550 °C for 2 hours under argon atmosphere. 

Preparation of MnO2: 0.1272 g MnCl2 (Merck Schuchardt, anhydrous) was 

dispersed in 20 mL H2O under continuous stirring. The same was done with 

0.24 g KMnO4 (Sigma, 99.0%). The KMnO4 solution was slowly added to MnCl2 

solution. The resulting mixture was heated at 100 oC and kept for 6 h at this 

temperature under constant stirring. After filtration and rinsing with water, the 

powder was obtained by drying at 80 oC overnight. From the XRD pattern, the 

prepared powder was assigned to δ-MnO2 (Figure S2). Corresponding SEM 

and TEM images are depicted in Figures S3 and S4, respectively. 



137 
 

Material characterization: The crystal phase and structure of the prepared 

material films were examined by X-ray diffraction (XRD) using a Phillips X’Pert 

diffractometer with Cu Kα radiation (λ=1.5405Å). Morphologies were imaged by 

using a JEOL JSM-6300F scanning electron microscope (SEM). The element 

composition was analyzed by Energy-dispersive X-ray spectroscopy (EDX) in 

SEM. The thermal decomposition of MF was followed by thermo-gravimetry 

coupled mass-spectrometry (TG-MS) under Ar from room temperature to 

800 °C (rate 5 °C/min). 

Electrochemical characterization: Electrochemical measurements were 

performed in three electrode systems, symmetric device and asymmetric at 

ambient temperature by using a VMP3 multi-channel Bio-Logic electrochemical 

workstation. In three-electrode system, platinum foil and Hg/HgO/OH- electrode 

were used as counter and reference electrode respectively. The working 

electrode was assembled by two clean nickel foam with sandwiched binder-

free MXene film in between two stainless steel under 10 Mpa for 30 seconds. 

Finally, the system was tested in 1 M KOH electrolyte. In the symmetric device, 

two identical working electrodes were prepared as follows. The electrode was 

prepared by mixing the active material, carbon black and 

Polytetrafluoroethylene (PTFE) with a mass ratio of 60/30/10. The mixture was 

dispersed in a proper volume of ethanol under constant stirring. Then, the 

mixture was evaporated at 60 °C to get a slurry. With the adapted behavior, the 

slurry was rolled and, when dry, pressed in between two stainless steel under 

10 Mpa for a few tens of second. Finally, the cut suitable film was assembled 

into the Swagelok device. For asymmetric device, MnO2 was used as a positive 

electrode. For individual electrodes, capacitances are relative to the mass of 

active material while for devices, they are relative to the cu;ulative mass of 

active materials in both electrodes. 

The below related supporting information has been attached after reference. 

5.4 Results and discussion 
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Figure 5.1 Synthesis scheme of the preparation of various forms of MXene, as 

re-stacked material after exfoliation (top), expanded MXene after re-stacking in 

presence of MgO nanoparticles (middle), and MXene foam from thermal 

treatment in presence of urea (bottom). 

 

The specific synthetic routes are depicted in Figure 5.1. A suspension of 

exfoliated MXene flakes was first prepared as described in the experimental 

section (see Experimental details below). In the present study, it was used as 

starting material for the preparation of other MXene-based materials. The 

drastic changes in the corresponding XRD patterns shown in Figure 5.2 are a 

crystallographic proof of the conversion of Ti3AlC2 MAX phase (Figure 5.2a) to 

MXene (Figure 5.2b). As usually observed for 2D materials, only the peak 

series characteristic of the layered structure of MXene, remains after 

conversion while the other peaks, especially around 39° 2, disappear. An inter-

layer distance of 11.15 Å was calculated for the prepared MXene from the 2 

position of the (002) diffraction peak at 7.87° 2. From Ti3AlC2 MAX phase 

(Figure 5.3a) to MXene (Figure 5.3b), the more open and disordered 2D 

morphology is also evidenced by looking at the corresponding SEM 

micrographies. 
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Figure 5.2 XRD patterns of Ti3AlC2 MAX phase (a), MXene (b), Expanded 

MXene (c), and Mxene Foam (d). 

 

To prevent the re-stacking of the MXene layers and eventually to get an even 

more open 2D structure, magnesium oxide was considered as a solid nano-

spacer (Figure 5.1, middle). Such a hard template has already been used for 

the preparation of carbons with hierarchical porosities including activated or 

doped carbons, graphene.46,47,48 It appears as suited for this purpose as it is 

easy to prepare and/or commercially available as nanoparticles that efficiently 

absorb material precursors, either in molecular, polymeric or solid states, 

through Van der Waals interactions and hydrogen bonds. Moreover, as such a 

template, it can be easily removed using a mild acidic post-treatment. MgO 

particles were first homogeneously dispersed in the suspension of Ti3C2Tx-

MXene flakes by ultrasonication and vigorous stirring. Once the composite 

suspension filtrated, MgO nanoparticles are randomly and uniformly distributed 

in between the MXene layers. Commercial MgO particles were actually chosen 

for their diameter below 50 nm to fit the MXene flake size distribution (at 0.2 

and 2 µm, Figure S1). This size ratio promoted a consistent 2D sandwich 

composite structure build on flakes large enough to cover “many” particles 

instead of a simple/single particle wrapping that would restrain the development 

of the targeted expanded framework. Afterwards, MgO particles were slowly 
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“digested” by gently pouring an acetic acid solution, and progressively washed 

away. The resulting film of expanded MXene was recovered after washing and 

drying. When comparing the XRD pattern of the expanded MXene as shown in 

Figure 5.2 with that of the exfoliated MXene used as precursor, the structural 

impact of the MgO hard templating is obvious: While the MXene layered 

structure remains, despite a severe amorphization of the material related to the 

loss of the long range order, a strong shift of the (002) peak towards lower 

angles is observed (Figure 5.2c). As such, the interlayer distance increases 

from 11.15 to 13.60 Å along the c-axis thanks to hard templating with MgO 

nanoparticles.  

 

Figure 5.3 Side views from SEM images of Ti3AlC2 MAX phase (a), Ti3C2Tx-

MXene (b), Expanded Ti3C2Tx-MXene (c, d) and Ti3C2Tx-Mxene foam (e, f). 
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SEM images in Figure 5.3 (c, d) show the side view of the prepared expanded 

MXene. The complex structure is built on large voids in between crumpled 

MXene layers. While voids are originating from the dissolution of MgO 

nanoparticles by acidic treatment, layer crumpling could be assigned to the 

mechanical stress induced by capillary forces during material drying. The 

resulting open 3D architecture, with interconnected channels and conductive 

walls, is anticipated to promote suitable ion diffusion and electronic percolation 

through the whole material volume.  

On the other hand, urea has been widely used as a reactant to synthesize N-

doped materials through a pyrolysis process, including nanostructured metal 

oxides49, carbides50, carbons51,52, etc. Although, such a doping is a 

conventional strategy in semiconductor processes, it has been more recently 

introduced in the synthesis of energy conversion and storage electrode 

materials, for oxygen reduction53, supercapacitors54 or LiS batteries55, leading 

to enhanced electrochemical performances and stability. After mixing the 

Ti3C2Tx-MXene with urea, a thick disk was obtained by vacuum filtration. The 

re-staking of MXene layers is prevented by urea molecules trapped in between. 

In such a slightly acidic medium, cationic protonated urea strongly absorbs at 

the negatively charged MXene flakes and the layers are efficiently kept apart 

when going to solid state. The resulting MXene@urea composite material was 

pyrolyzed at 550 °C under argon atmosphere. All synthetic details are given in 

the experimental part above. SEM micrographies of the pyrolized Mxene@urea 

composites are depicted in Figure 5.3e, 5.3f and Figure 5.4b to 5.4d. Although 

the side view (Figure 5.3e and 5.3f) is characteristic of the opening of the 

structure of the material induced by the synthetic process, the layered 

morphology of the pristine MXene (Figure 5.3b) is hardly identified in the 

resulting disordered honey-comb structure. Moreover, discrepancies in the top 

views in Figure 5.4 of MXene and the resulting material are spectacular. While 

MXene shows a flat and “plain” surface build on Ti3C2Tx layers (Figure 5.4a), 

the pyrolysis of MXene/urea composite obviously generate numerous macro-

pores through the layers, i.e. perpendicular to the surface (Figure 5.4b-4d). The 

resulting 3D structure based on a disordered self-assembling of exfoliated and 

porous layers displays a complex foam architecture. When comparing with the 
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pristine MXene, the (002) peaks of MXene Foam (MF) slightly shift towards 

greater 2 angles, suggesting a decrease of the inter-layer distance induced by 

the synthetic process (Figure 5.2d).  Such a shrinking can be assigned to the 

de-intercalation of H2O molecules during the thermal treatment, either free or 

solvating urea molecules, originally trapped in between the MXene layers. 

Moreover, during the process, MXene flakes are self-assembling as a foam 

structure by a pore-forming process that is confirmed by the appearance of a 

(110) peak at about 60.85° 2. This peak is characteristic of the ordering 

induced in the non-basal directions. Meantime, as confirmed by the (002n) 

peaks, some c-axis ordering remains.56 

 

 

Figure 5.4 The SEM images of pristine MXene (a) and MXene Foam (b-d) 

surface view. 

 

As already mentioned, many authors have reported on the use of urea to N-

dope various materials including carbons and carbides. To the best of our 

knowledge, any of these have mentioned such a drastic impact on the resulting 

material morphology, especially on pore generation. In the present case, the 

reactivity of urea towards Ti3C2Tx layers at 550 °C can be assigned to the pore 
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forming process and generation of the complex 3D foam structure. Surprisingly, 

it was not possible to demonstrate the presence of nitrogen as dopant in the 

resulting material by SEM-EDX (Figure S5 and S6 and Table S1). The TG-MS 

analysis performed on an MXene/urea composite up to 800 °C, confirms the 

thermal decomposition of urea as ammonia, carbon monoxide, carbon dioxide 

and nitrous oxides. The mechanism of formation of MXene foams involves 

these gases as generated CO2 etches the carbon from Ti3C2.2Tx–MXene (as 

calculated from EDX measurements in Table S1) to drill holes in the layers, 

resulting in a Ti3C1.7Tx-MXene foam. Generated gases, while confined during 

the thermal treatment, are suspected to induce mechanical deformations of the 

layers before to escape from the complex macroporous structure.  

 

Figure 5.5 Electrochemical characteristics of binder-free electrodes in three 

electrode configurations using 1 M KOH as electrolyte. (a) Comparison of CV 

curves of the prepared materials at 5 mV s-1 scan rate. (b) CV curves of MXene 

foam electrode at various scan rates. (c) Comparison of the specific 

capacitances of the prepared material as a function of the applied current 

densities. (d) Comparison of the capacity retention of pristine MXene, expanded 

MXene and MXene foam at 5 A g-1 over 5000 charge-discharge cycles. 



144 
 

Electrochemical performance of prepared electrode materials was investigated 

in three electrode configuration in 1M KOH electrolyte. In Figure 5.5a, the 

roughly rectangular shape of CVs at 5 mV s-1 demonstrates the 

pseudocapacitive behavior of prepared MXene-based materials. A similar 

behavior was also observed in 1M Na2SO4 neutral electrolyte while in 

acetonitrile organic electrolyte, the electrochemical activity was limited (Figure 

S7).  As demonstrated by the CVs of the MXene foam–based electrode in 

Figure 5.5b, this behavior remains at higher scan rate, up to 100 mV s-1 at least, 

as only slight distortions are observed. In the series, a quick comparison of the 

corresponding integral area at 5 mV s-1 scan rate suggests that the MXene 

foam -based electrode presents the greatest capacitance. This was confirmed 

by the galvanostatic charge-discharge measurements at 5 A g-1 (Figure S8a) 

used for specific capacitance calculations. The specific capacitance of pristine 

MXene is the lowest at 80 F g-1. For expanded MXene, capacitances is 112 F 

g-1. Finally, the greatest specific capacitance at 5 A g-1 was measured at 203 F 

g-1 (811 mF cm-2) for the MXene foam –based electrode. This enhancement 

can certainly be assigned to the progressive opening of the material structures 

in the series leading to a larger electrochemical interface and greater number 

of sites available for electrolytic ions involved in charge compensation. The 

improvement in the ion transport capabilities of the materials is also confirmed 

by the specific capacitance retention at higher scan rate (Figure 5.5b). In 

addition, the achieved capacitance of MXene foam in this paper exceeds other 

MXene-based supercapacitors. For instance, Zhao et al.57 prepared a 

composite, in which RGO plays a role of conductive “bridge” to link with Ti3C2Tx 

blocks, thus showing a specific capacitance of 154 F g-1 at 2 A g-1. Zhu and co-

workers58 decorated the TiO2 on the Ti3C2 layers by using a simple in situ 

hydrolysis and heat-treatment process. The synthesized composite revealed a 

high specific capacitance of 143 F g-1 at 5 mV s-1. Yang et al.59 deposited the 

binder-free Ti3C2 MXene/carbon nanotubes films onto graphite paper by the 

electrophoretic deposition method. The as-prepared electrode displayed 134 F 

g-1 at 1 A g-1. Shi et al.60 synthesized the MXene foam by using a thermal 

treatment method to restrain the restacking issue. The obtained MXene foam 

exhibited a high capacitance of 123 F g-1 at 5 mV s-1. Starting with pristine 

MXene electrode at 48 F g-1, specific capacitances at 20 A g-1 ranked about the 
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same as expanded MXene electrode shows 70 F g-1 and MXene foam a 

remarkable 125 F g-1 specific capacitances (Figure 5.5c and Figure S8b). 

Moreover, the observed asymmetry of the galvanostatic curves is characteristic 

of limited Coulombic efficiencies. This behavior is actually shared by many 

MXene-based electrode materials.61, 62, 63, 64 It is assigned to parasitic redox 

reactions, especially those involving the electrolyte and/or the MXene surface 

groups. The Faradaic origin of this (slow) phenomenon is supported by the 

improvement of the measured Coulombic efficiency as the scan rate (or current 

density) is increased. A more detailed analysis was done on the kinetics of the 

charge storage in the the various prepared Mxene-based electrode materials. 

First, the Log-Log current versus scan rate curves were plotted from CV data 

at various scan rates (Figure S9). b slopes were calculated at 1.06 (pure 

MXene), 0.99 (Expanded MXene) and 1.02 (MXene foam) and correspond to 

𝑖 = 𝑎𝑣𝑏 relationship65, 66, 67. Being close to 1, they suggest the charge storage 

mechanism in the corresponding materials to mostly proceed through fast 

surface-controlled processes, hardly limited by diffusion of electrolytic ions in 

the electrode bulk.   Second, the stronger contribution of the surface material 

was especially confirmed for the MXene foam electrode by separating 

capacitive (surface) versus diffusion-limited currents in the corresponding CVs 

operated at various scan rates (Figure S10). The corresponding capacitive ratio 

are reported as an histogramm in Figure S11. It should be noticed that it is 71% 

at 5 mV s-1, implying a significant capacitive/surface contribution to the overall 

measured capacitance, even at such a low scan rate. Furthermore, the 

capacitive contribution increases while raising the scan rate, signifying that, at 

high rates, MXene foam stores charges mostly through surface reactions in the 

EDL. 

Nyquist plots shown in Figure S12 confirm the similar behavior of the perpared 

electrodes at high frequency, especially in terms of charge transfert resistance, 

but the straigth and sharp increase of the imaginary part of the impedance (-Z’’) 

of the MF -based electrode in the low frequency range confirms this material 

attractive capacitive performance. On the other hand, the cycle stability was 

tested for 5000 cycles by galvanostatic charge-discharge measurements at 5 

A g-1 current density. The results are shown in Figure 5.5d for MXene–based 



146 
 

electrodes. A closer look at the charge-discharge curves reveals some 

measurement artefacts (Figure S13), especially between cycles #2000 and 

#3000, leading to calculation errors and overestimated corresponding 

capacitance values. Finally, the pristine MXene keeps 94 % of its initial specific 

capacitance, while expanded MXene and MXene foam show excellent 99 % 

capacitance retention. 

 

 

Figure 5.6 Schematic diagram of ion transport in different morphologies’ 

electrode materials in supercapacitor. 

 

The electrochemical performances of the prepared electrode materials can be 

rationalized by using Gogotsi statement on the various strategies to prevent 

nanosheet re-stacking to fully use the developed surface area and enhance the 

electrolytic ion diffusion and transport.15 As shown in Figure 5.6a, the flat layers 

of the pristine MXene are the less favorable material design in the series as 

nothing, in such a case, can prevent the natural trend of the layers to self-

assemble in a re-stacked structure. The diffusion of the electrolytic ions is 

hindered by the limited inter-layer space and most of the electrochemically 

active surface corresponds to the external surface of the material. Ion diffusion 

perpendicular to the layer surface is only possible along the edges of the 

MXene particle. As such, corresponding electrochemical performances, 

especially specific capacitance and rate capability, are fair but also leave many 

room for improvement. In contrast, the morphology of the expanded MXene is 

inherited by the shape and the size of the MgO particles used as hard template. 
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The open structure is promoted by the assembling of a composite made of 

exfoliated MXene layers wrapping MgO particles. After hard template removal 

in mild acidic conditions, its footprint remains, providing the assembled layers 

with a crumpled morphology and an enlarged interlayer space. The porosity 

generated in between the curved layers is obviously more favorable for in-plane 

fast ion transport and access to more active sites. As a consequence, both 

electrochemically active surface area and ion diffusion are greatly improved. So 

are the corresponding electrochemical performances. Unfortunately, diffusion 

through the plane is still limited to particle edges. This limitation can be 

overpassed by introducing porosity on the layers. The thermal decomposition 

of urea between or at MXene layers generate holes and promote a structure 

built on the assembly of curved porous layers. The resulting electrochemical 

performances of the prepared foam take advantage of this complexe 3D 

structure showing simultaneously large interlayer spaces and many connexions 

through the layers facilitating access of the electrolytic ions to the entire volume 

of the electrode.       

 

Figure 5.7 The electrochemical characteristic of symmetric MF//MF device. (a) 

CV curves at various scan rates. (b) Cycling performance over 8k cycles of 

charge discharge at 5 A g-1. 

 

The electrochemical performance of a symmetric device based on MXene foam 

–based electrodes (MF//MF) are shown in Figure 5.7 and Figure S14. The CV 

curves in KOH 1M at various scan rates are displayed in Figure 5.7(a). A decent 
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device rate capability is anticipated since, up to 300 mV s-1, distortions of the 

rectangular CV shape measured at low scan rate are very limited. Specific 

capacitance values were calculated from galvanostatic charging-discharging 

measurements at various current densities. Up to 20 A g-1 the signal kept the 

expected triangular shape with limited Ohmic drop (Figure S14a). Device 

energy and power densities were obtained from these measurements and 

reported in the Ragone plot shown in Figure S14b. With electrode loadings at 

about 3.5 mg cm-2, the energy density of symmetric MF//MF device is about 3.6 

Wh kg-1 at 350 W kg-1 of power density. When relative to the cumulative volume 

of MF in both electrodes, it translates as 2.5 Wh L-1 at 2.5 kW L-1. Although 

these performances are limited, the aim of these measurements, either in 3- 

and 2- electrode setups, is to highlight the specific behavior of MF electrode, 

notwithstanding the potential limitations by any other “counter” electrode 

material. The cycle stability of device was measured at 5 A.g-1 over 8000 

charge-discharge cycles. The calculated 87 % capacitance retention confirm 

the fair stability of the electrode materials when operated in the given conditions 

(Figure 5.7b). However, despite the promising electrochemical behavior of the 

electrode material, in such MF//MF symmetric device, the operating voltage is 

limited to 0.7 V with a severe impact on the available energy density, especially. 

To address this issue, an asymmetric device was considered. It was built on a 

MnO2 positive electrode (Figure S15) and a MF negative electrode. 

Electrochemical results in KOH 1M are summarized in Figure 5.8. In 

comparison with the symmetric MF//MF device, MF//MnO2 shows a great 

enhancement as a 1.6 V cell voltage was obtained. Both CV and galvanostatic 

series of curves are characteristic of the pseudocapacitive behavior of the 

electrode components but the signal distortions are characteristic of lower rate 

capabilities (Figure 5.8a and 5.8b). This was confirmed when calculating the 

device power density at 160 W Kg-1 or 8.5 kW L-1. In contrast the effect of the 

larger cell voltage is expressed by an enhanced energy density at 16.5 Wh kg-

1, 2 to 3 times greater than that of a C//C symmetric device based on activated 

carbon electrodes in aqueous electrolyte68. When considering the volume of 

active materials in both electrode, the volumetric energy density reached 10 

Wh L-1 (4 times greater than that of a C//C device). During the first 5000 charge-

discharge cycles, the device capacitance progressively increased to reach 
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more than 110% of the initial value at 25 F g-1 (Figure 5.8d). The observed 

capacitance increase over the first 5000 charge-discharge cycles can be 

assigned to a slow and progressive impregnation of both electrodes upon 

cycling. 

 

Figure 5.8 The electrochemical performance of asymmetric MF//MnO2 device. 

(a) CV curves at various scan rates. (b) Galvanostatic charge-discharge test at 

various current densities. (c) Charge-discharge cycling performance at 5 A g-1 

over 5k cycles. 

 

5.5 Conclusion 

To address the re-stacking issue of exfoliated MXene layers, we successfully 

prepared and engineered the expanded MXene and MXene foam materials by 

a hard template approach and a pore-forming method, respectively. As 

electrode materials, the binder-free MXene-based materials showed promising 
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electrochemical performances in KOH 1M, either in terms of specific 

capacitance, rate capability and long term cycling. When moving from MXene 

to expanded MXene and MXene foam, the observed great improvement was 

assigned to the increase of the developed electroactive area and ion transport 

capability promoted by the morphology opening with larger interlayer space and 

pores through the MXene layers.  MF was tested as electrode material in 

devices. Both symmetric MF//MF and asymmetric MF//MnO2 devices displayed 

attractive rate capability and excellent cycle stability. Moreover, MF//MnO2 

device exhibited a fair energy density of 16.5 Wh kg-1 and 10 Wh L-1. 
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Supporting information 

 

Figure S1   Ti3C2Tx flake size distribution after centrifuge step at 3 different 

rotating rates. from 3500 rpm to 5000 rpm, MXene colloidal solutions contain 

flakes with average size centered at 0.2 µm and 2 µm.1 

 

Figure S2 XRD pattern of prepared δ-MnO2. 
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Figure S3 SEM images of prepared MnO2. 

 

 

Figure S4 TEM images of prepared MnO2. 

 

 

 

Figure S5 SEM Energy-dispersive X-ray spectroscopy (EDX) of Pure MXene. 
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Figure S6 SEM Energy-dispersive X-ray spectroscopy (EDX) of MXene foam. 

 

Table S1 EDX analysis of prepared MXene and MXene foam 

Sample 

(mass %) 
C O F Al Cl Ti 

Pure 

MXene 
9.51 29.05 6.52 0.09 2.93 51.91 

MXene 

foam 
7.73 34.82 2.12 0.18 1.25 53.75 

 

Sample 

(atomic %) 
C O F Al Cl Ti 

Pure 

MXene 
19.22 44.07 8.33 0.08 2.01 26.3 

MXene 

foam 
15.70 52.94 2.77 0.16 0.87 27.42 
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Figure S7 The CV curves of MXene foam at 5 mV/s in various electrolytes. 

 

 

Figure S8 (a) Comparison of the galvanostatic charge-discharge (GCD) 

measurements of the prepared materials at 5 A.g-1 current density. (b) GCD 

measurements of MXene foam electrode at various current densities. 
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Figure S9 log/log current versus scan rate curves from CV data at various scan 

rates in 1 M Na2SO4. b slopes were calculated at 1.06 (pure MXene), 0.99 

(Expanded MXene) and 1.02 (MXene foam) and correspond to 𝑖 = 𝑎𝑣𝑏 

relationship 

 

A detailed analysis of the charge storage kinetics can be discussed from the 

cyclic voltammetry data of prepared electrode materials at various scan rates. 

It starts from the current-scan rate relationship in equation (1): 

𝑖 = 𝑎𝑣𝑏(1) 

where 𝑖  is the current response following the applied voltage, a and b are 

adjustable parameters. When the b value is 0.5, it indicates a diffusion-

controlled process. On the other hand, a b value at 1.0 implies a capacitive-

controlled process. By plotting log 𝑣  as the function with log 𝑖 , b value 

corresponds to the curve slope. In the present case, b values were found close 

to 1.0, suggesting the kinetics of the three prepared electrodes to correspond 

to fast surface-controlled processes. 
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Figure S10 Capacitive and diffusion limited currents in MXene foam electrode 

operated at various scan rates in Na2SO4 1M. 

 

Generally speaking, the total current can be divided into a capacitive 

contribution (𝑘1𝑣) and a diffusion contribution (𝑘2𝑣1 2⁄ ). The detailed relationship 

is shown in equation 2: 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣1 2⁄ (2) 
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where 𝑖 is the current at a fixed voltage, 𝑣 is the scan rate, and 𝑘1 and 𝑘2 are 

the suitable values at the given voltage. To calculate the values of 𝑘1 and 𝑘2, 

equation 2 can be transformed into equation 3: 

𝑖 (𝑉) 𝑣1 2⁄⁄ = 𝑘1𝑣1 2⁄ + 𝑘2(3) 

By plotting the the 𝑖 (𝑉) 𝑣1 2⁄⁄  vs 𝑣1 2⁄ , the 𝑘1 and 𝑘2 values can be achieved 

from the slopes and intercepts. Here, the separation of capacitive and diffusion 

currents for MXene foam are shown in Figure S10 and the capacitive 

contribution ratio at various scan rates in Figure S11. Relative contributions 

have been calculated by using an home-made fitting routine written in Python 

language. It is interestingly noticed that the capacitive ratio is 71% at low scan 

rate of 5 mV s-1, implying a significant capacitive/surface contribution to the 

overall measured capacitance. Furthermore, the capacitive contribution 

improves with the increases of scan rates, signifying that, at high rates, MXene 

foam stores charges mostly through surface reactions in the EDL. 

 

 

Figure S11  Capacitive contribution ratio of MXene foam at various scan 

rates. 
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Figure S12 Myquist plots for electrodes based on prepared MXene materials. 

Measurements done at OCV in 1 M KOH after 10 min of stabilization with a 5 

mV bias from 1000 Khz to 10 mHz. 

 

 

Figure S13 Galvanostatic charge-discharge cycling curves of MXene foam 

during 5000 cycles. 
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Figure S14 The electrochemical characteristic of symmetric MF//MF device. (a) 

Galvanostatic charge-discharge measurement at various current densities. (b) 

Ragone plot (energy density vs power density). 

 

Figure S15 Electrochemical characterization of prepared δ-MnO2 in 1M KOH. 

(a) CV curves. (b) GCD at 1A g-1. (c) Capacitance at various current density. (d) 

Cycling property in 5000 cycles. 

References 

1. Chem. Mater. 2017, 29, 7633−7644 



165 
 

Chapter 6 Freestanding graphene-based electrode 

materials for supercapacitors 

6.1 Introduction 

In recent years, graphene1-4 and the derived composites5-9 have been the 

prevailing 2D materials in electrochemical energy storage because of their 

outstanding properties, including high conductivity, theoretical specific surface 

area, excellent mechanical flexibility and great chemical/thermal stability.10-13 

Intense researches focus on the construction of freestanding films/hydrogels 

with self-assembled frameworks for supercapacitors.14-22 For example, Liu et 

al.23 applied a dipping and drying procedure to build the freestanding graphene-

based paper, in which the cellulose fiber (CF) can provide the conductive 

substrate for electron transport and the reduced graphene oxide (rGO) can 

boost the diffusion of electrolytes ions in the porous papers. Furthermore, the 

polyaniline (PANI) was polymerized on the surface of rGO/CF. The resulting 

composite with high flexible and foldable properties displayed enhanced 

performance with a greater capacitance and rate capability. Wu and co-

workers24 described a controlled method involving two consecutive self-

assembly processes to produce a three-dimensional porous 

polyaniline/reduced graphene oxide composite which exhibited a suitable 

microframework to improve the electrolyte diffusion and the electron transport, 

therefore showing a great capacitance (808 F g-1 at 53.33 A g-1) and excellent 

rate capability. Ma et al.25 prepared hydroxyl-group graphene hydrogels by 

using various concentrations of phosphoric acid, exhibiting a pseudocapacitive 

behavior in cyclic voltammetry measurements. Thanks to the interconnected 

porous structure, the hydrogel displayed a high gravimetric capacitance (260 F 

g-1), fair rate property (78% at 100 A g-1) and excellent cycling durability (100% 

retention over 10k cycles). In the present study, we first prepared a freestanding 

and flexible graphene film by a simple reduction approach. It was then used as 

a positive electrode in the three-electrode supercapacitor, revealing a good 

capacitance performance and nice rate capability. The prepared reduced 

graphene hydrogels were fabricated and modified by a hydrothermal method in 

presence of urea. The porous graphene hydrogel exhibited a greater 

capacitance thanks to a greater permeability. Alternatively, a reduced graphene 
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film was produced by evaporation followed by thermal reduction. Depending on 

the disparate thermal conditions, the film presented some  structural changes 

which have been verified by characteristic diffraction peaks displacement. 

When treated at 400 oC, the resulting electrode showed an enhanced 

capacitance and improved cycling longevity. The above preparation method 

was further applied to synthesize MXene-graphene composites. With 

increasing MXene ratio, the capacitance performance showed a downward 

tendency. 

6.2 The preparation of graphene film by the reduction method 

using hydrazine 

12.5 mg GO (purchased from XFNAN0 company) was dispersed in 50 ml H2O 

by ultrasonication for 2 hours. Then, the pH was adjusted to 10.5 by using 

ammonia, and 50 µl hydrazine was added as the reductant. The mixture was 

heated at 95 oC for 1h without stirring. Finally, the flexible graphene film was 

obtained by a simple filtration procedure. 

 

Figure 6.1 The optical photographs of graphene films. 

 

6.2.1 Electrochemical characterization 

The electrochemical performances were measured in a three electrode system 

in 1 M KOH electrolytes, and the results are depicted in Figure 6.2. Regarding 
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CV curves, rectangular shapes are kept even at greater scan rate (Figure 

6.2(a)). The capacitance was calculated from galvasnotic charge-discharge 

data at various current densities (Figure 6.2(b)), and the results are displayed 

in Figure 6.2 (c). At 0.5 A g-1 current density, the capacitance is 127 F g-1. 

With73 F g-1 at 20 A g-1, the capacitance is still able to keep 58 % of original 

value. 

 

Figure 6.2 Electrochemical characteristics of graphene film. (a) CV curves at 

various scan rates. (b) Galvanostatic charge-discharge measurements at 

various current densities. (c) Capacitance performance. (d) Nyquist plot. 

 

`6.3 The preparation of graphene hydrogels by a self-

assembled hydrothermal method 

30 mg GO was dispersed in 15 ml water under continuous ultrasonication 

treatment for 2 hours. Then, the brown solution with (H-1) or without (H-2), 900 

mg of urea was transferred in a 20 ml stainless lined autoclave. The equipment 

was heated at 180 oC for 12 h in an oven. After washing with pure water, the 

targeted hydrogel was obtained. 
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Figure 6.3 The photographs of graphene hydrogels without (left) or with (right) 

urea. 

 

6.3.1 Electrochemical characterization 

During the preparation process, it is found that the hydrogel without urea 

treatment (H-1) was settled at the bottom of glass bottle. In contrast, the 

hydrogel with urea treatment (H-2) was floating at the surface. This suggests 

that the introduction of urea triggers a more advanced reduction of GO and 

generates more pores in the graphene hydrogel. 

 

Figure 6.4 Electrochemical performance of graphene hydrogels. (a) CV 

curves at 5 mV/s. (b) Capacitance values at various current densities. 

The electrochemical result was shown in Figure 6.4. Because of the enhanced 

reduction degree and porous structure characteristics, the CV of the H-2 

electrode shows a larger integral area consistent with greater capacitance of H-

2 either at lower or greater current densities (Figure 6.4 b).  
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6.4 The preparations of graphene film and MXene-graphene 

composites by evaporation and subsequent thermal-treated 

reduction approach 

30 mg GO was dispersed in 15 ml H2O by ultra-sonication for 2 hours. The 

resulting brown dispersion solution was transferred in a preheated glass dish 

vessel. The temperature was controlled and stable at 60 oC. After water 

evaporation and drying, a brown-black film was easilly peeled off and stored.  

The film was cut in three slices of same size, which then were treated at Various 

temperatures of 200, 300 and 400 oC (termed as RGO-200, RGO-300 and 

RGO-400) for 1.5 h in a preheated oven under air atmosphere. Finally, the 

graphene film was successfully generated by this thermal reduction method. 

The MXene-graphene composite was prepared by using a similar synthetic 

method, in which the quantity of MXene was varied (5 mg, 10 mg and 20 mg; 

termed as MXene-rGO-1, MXene-rGO-2 and MXene-rGO-3) keeping rGO at 

30 mg to assemble freestanding complex films. 

6.4.1 Results and discussion 

The XRD result was shown in Figure 6.5. The black line is indexed as GO, 

which is confirmed by the characteristic peak at 12o (2 ). It is clear that the 

increase of the reduction temperature induces a of peak shift as a proof of the 

reduction of graphene oxide by this thermal reduction approach. When raising 

the reduction temperature, a series of functional groups were actually removed 

from the GO layer. As these groups and water are gradually vanishing, the 

interlayer space corresponding shrunk, resulting in the observed shift of peak 

toward lower 2 angles. RGO-400 shows a clear and intensive peak at around 

23 degrees. 
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Figure 6.5 The XRD patterns of GO, RGO-200, RGO-300 and RGO-400. 

The SEM images of RGO-400 are shown in Figure 6.6. It is found that the 

surface morphology of RGO-400 is flat and smooth. And the side view shows 

the stacked layered structure of prepared RGO. 

 

Figure 6.6 The SEM images of RGO-400 surface and section parts. 
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Figure 6.7 The electrochemical capabilities of RGO-200, RGO-300 and RGO-

400. (a) CV curves comparisons at 10 mV s-1. (b) Galvanostatic charge 

discharge measurement comparisons at the same current density of 50 A g-1. 

(c) Capacitance values at various current densities. (d) Cycle stability 

comparisons over 5000 cycles at 5 A g-1. 

 

The electrochemical characterization was performed in three electrode system 

in 1 M KOH electrolyte. Figure 6.7 (a) shows the comparison of the CV curves 

for RGO-200, RGO-300 and RGO-400 at a scan rate of 10 mV s-1. The RGO-

400 integral area is slightly greater than those of the other samples. As such 

the capacitance of the former is the greatest in the series. This result is depicted 

in the capacitance plot in Figure 6.7 (c), which is calculated from galvanostatic 

charge-discharge measurements. As such, the capacitance of RGO-400 is 415 

F g-1 at 1 A g-1, while that of RGO-200 is 224 F g-1 at 1 A g-1 and that of RGO-

300 is 291 F g-1 at 2 A g-1. The cycle stability was tested over 5000 cycles at 5 
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A g-1 current density. After thousands of cycles, RGO-200 electrode 

capacitance decreases down to 92% of the initial capacitance, and RGO-300 

retains 85% of its original capacitance. Interestingly, RGO-400 shows a steady 

capacitance retention, suggesting a very reliable and promising stability of 

corresponding supercapacitors. In addition, the electrochemical performance 

of MXene-RGO composites was measured and summarized in Figure 6.8 a and 

c, MXene-rGO-1 and MXene-rGO-2 display the close capacitance, 288 and 258 

F g-1 at 1A g-1, while MXene-rGO-3 has a lowest capacitance of 163 F g-1. 

However, all are lower than that of pure reduced graphene (415 F g-1), implying 

that the addition of MXene in the composite leads to a decrease in the 

capacitance. In Figure 8b, at 100 mV s-1, The quasi-rectangular shape MXene-

rGO-1 is slightly distorted and a broad redox peak become apparent with scan 

rate increase, implying a microcosmic change of charge storage, which is 

needed to be explored in the future.  On the other side, despite of similar 

capacitance at low scan rate or current density, MXene-rGO-1 still can have 

119 F g-1 capacitance at 20 A g-1, which is 41% of initial value, suggesting a fair 

rate capability. However, MXene-rGO-2 and MXene-rGO-3 display 79 F g-1 and 

59 F g-1 at 20 A g-1, meaning they could hold 31% and 36% of rate performances. 

It delivers that the quantity of MXene additives is a crucial factor for capacitive 

performance. 
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Figure 6.8 The electrochemical performance of MXene-rGO based- electrode 

materials. (a) CV curves comparisons at 10 mV s-1 in MXene-rGO materials. (b) 

CV curves of MXene-rGO-1 at various scan rates. (c) Galvanostatic charge-

discharge measurements at 1 A g-1. (d) Specific capacitances at various current 

densities. 

 

6.5 Conclusion 

In this chapter, a freestanding and flexible graphene film was first prepared via 

an easy thermal reduction method to discard the oxygen-containing functional 

groups at GO surface. As a positive electrode, the resulting rGO film displayed 

127 F g-1 at 0.5 A g-1 and 73 F g-1 at 20 A g-1, capacitances for a 58% rate 

retention. Alternatively, a freestanding reduced-graphene hydrogel from 

graphene oxide was self-assembled by the hydrothermal approach under 

undergoing high temperature and pressure procedures. In addition, urea was 

introduced to fabricate a porous architectural hydrogel. When used as the 
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positive electrode, it showed a greater capacitance. Then, reduced graphene 

oxide was also prepared by a-thermal-reduction under air to eliminate the 

surface oxygen-containing functional groups. Depending on the reaction 

temperature, we found that the reduced graphene oxide film from a thermal 

treatment at 400 oC disclosed the greatest capacitance in the series, which is 

415 F g-1 at 1 A g-1. And the cycling stability was measured at 5 A g-1, showing 

a quite steady capacitance retention during 5k charge-discharge cycles. Based 

on the above research result, the air-thermal-reduction method was applied to 

structure the MXene-graphene composites, which was investigated by 

increasing the ratio of MXenes. It is found that the quantity is a vital factor for 

capacitive performance. MXene-rGO-1 displays a fair rate capability that is 41%, 

while MXene-rGO-2 and MXene-rGO-3 hold 31% and 36% rate retention, 

respectively.  
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Chapter 7 Freestanding 3D Mxene/AQ/Carbon Clothes 

for Supercapacitors 

7.1 Abstract 

Battery-like organic materials including electrochemically active quinone-based 

electrodes, have been introduced as electrode materials in supercapacitors 

because of their potentially performance economical, and sustainable merits. 

However, organic quinones are suffering a limited stability upon 

charge/discharge cycling originating from their intrinsic electrically insulating 

characteristics. Here, we report an anthraquinone/carbon cloth (AQ/CC) 

material, prepared by using simple heating procedure, in which anthraquinone 

was chemisorbed at the carbon cloth surface via non-covalent π–π interactions. 

The as-fabricated AQ/CC electrode presented a capacity of 35 mAh g-1 at 0.5 

A g-1 in 1M sulfuric acid, greater than that of the pristine carbon cloth (24 mAh 

g-1).Unfortunately , AQ/CC electrode suffered a low rate capability (9%) and 

rapid capacitive fading upon cycling (12% in 3000 cycles). To address these 

issues, a straightforward dipping procedure was applied to synthesize 

MXene/AQ/CC (M/AQ/CC), in which MXenes layer acts as a conductive layer 

facilitating electron transfersMoreover, cracks and openings in the MXene layer 

provide easy path for ions diffusion. Therefore, M/AQ/CC electrode displayed 

an attractive capacitance of 46 mAh g-1(around 1 mAh cm-2 areal capacitance 

or 6 F L-1 volume) at 0.5 A g-1, satisfactory rate performance and enhanced 

cyclability of 80% over 5k cycles. Our experimental work successfully shows a 

practical way to store more charges via redox reaction from organic quinones 

grafted at carbon surfaces and build up a protective shield to stabilize the 

Faradic behavior of quinones over charging-discharging process. 

7.2 Introduction 

Blue sky is being dyed by severe pollution arising from the intensive use of 

fossil fuels in human’s daily life. Renewable approaches are urgently needed 

to meet the living consumptions and build a cleaner world.1,2,3 In this regard, 

supercapacitors are part of these improved means, as energy-storage devices 

showing fast charging, great viability and lofty power density.4,5 However, they 
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are still suffering an unsatisfactory drawback, which is a degraded energy 

density in comparison with batteries.6,7,8 To address this issue, one of the 

strategies is to incorporate redox-active compounds with capacitive materials, 

thereby promoting more efficient charges by fast Faradaic reactions to energy 

hosts.9,10 For instance, quinones, having fully conjugated cyclic dione structure, 

are usually used as charge carriers thanks to theirs low cost and attractive 

redox-donating property.11,12 However, the application of quinones is limited by 

theirs low conductivity, poor stability and rapid electrolytic dissolution.13,14 To 

break through the wall, an effective way is to couple them with a conductive 

substrate, like two dimensional materials. 12,13,15,16,17 Thereinto, metallic 2D 

Ti3C2Tx
18, one of MXene species19, is currently one of prevailing materials in 

supercapacitors.20,21,22,23,24 The general formula is Mn+1XnTx, where M stands 

for early transition metal, X is carbon and/or nitrogen and Tx represents various 

surface terminations.25,26 In MXenes, n+1 layers of M are associated with n 

layers of X in an Mn+1Xn matrix.27 Thanks to their metallic electrical conductivity, 

MXenes have been mainly used as a substrate to cooperate with other 

components to design enhanced materials.28,29,30,31  

In this paper, we first covered anthraquinones onto a carbon cloth substrate 

(labelled AQ/CC) with non-covalent π–π interactions. The formed space-

charge layer provides active redox sites for charge-discharge processes, thus 

delivering an improved specific capacitance in sulfuric acid -based electrolytes. 

However, the AQ/CC electrode exhibited a pretty low rate capability and a 

terrible cyclability. To address these issues, a protective and conductive MXene 

coating (M) was casted on the AQ/CC surface. This layer proved to not only 

stabilize anthraquinones but also to facilitate electron transfers. Although this 

MXene layer could have be detrimental to the diffusion of electrolytic species 

to the AQ redox sites, marked cracks offered an easy access. As a result, 

M/AQ/CC as an electrode represented a high capacitance, favorable rate 

performance and extended lifetime in acidic electrolytes. 

7.3 Experimental details 

The preparation of AQ/CC  
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First, the carbon cloth was washed and sonicated in acetone. Then the carbon 

cloth was immersed in 0.01M solutions of anthraquinones in the acetone (50 

mL). The whole system was transferred in a laboratory reflux apparatus and 

heated up at 75 oC for 2 h. The AQ@CC sample was obtained after drying at 

80 oC. 

The preparation of MXene/AQ/CC 

The dried AQ/CC was then immersed/dipped into as-prepared MXene flake 

suspensions for a few of minutes to ensure that the MXene unit can completely 

wet the CC framework. At last, the sample was dried at 80 oC in the oven. The 

immersion process was roughly repeated twice to obtain the uniform 

MXene@CC sample. 

Material characterization 

A JEOL JSM-6300F scanning electron microscope (SEM) was applied to image 

morphologies of samples. Sampling was done on freestanding disc on carbon 

tape. The Energy-dispersive X-ray spectroscopy (EDX) and mapping in SEM 

was applied to analyze elemental compositions and distributions. 

Electrochemical characterization  

Electrochemical measurements were carried out in Swagelok setup at ambient 

temperature by utilizing a VMP3 multi-channel Bio-Logic electrochemical 

workstation. In three electrode system, overcapacitive carbon was used as 

counter electrode, and Ag/AgCl was used as reference electrode. The working 

electrode was binder-free and freestanding carbon clothes-based disc. The 

electrochemical measurements were tested in 1 M sulfuric acid electrolyte.  

The below related supporting information has been attached after reference. 
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7.4 Results and discussion 

 

Figure 7.1 The schematic diagram of preparation process. 

 

The sketchy synthetic process is summarily shown in Figure 7.1. The whole 

process proceeded by fairly easy procedures. First, the carbon cloth was pre-

treated via a simple heating procedure and the whole framework was covered 

with anthraquinones to introduce sufficient Faradaic sites for storing more 

charges. Afterwards, a simple dipping procedure was used to deposit an 

MXene-protective layer on the resulting AQ/CC surfaces. 

 The morphology of AQ/CC surfaces was imaged by SEM measurement shown 

in Figure S3. Compared with general images of raw carbon clothes (Figure S1 

a), AQ/CC displays a more ordered and non-stacked skeleton. The self-

interlaced and loose framework is expected to provide many voids, suggesting 

it can expose more active sites with an easy access for the electrolytic species. 

On the other hand, after covering with organic reagents, the images of AQ/CC 

are blurred because of the intrinsic insulating property of anthraquinones. In the 

magnified Figure S3d, anthraquinone are uniformly coated on carbon clothes. 

The uniform coating of anthraquinone in AQ/CC can also be identified by SEM-

EDX mapping measurements. As shown in Figure S4, oxygen elements (green), 

mostly from anthraquinones, are evenly distributed at the CC surface. In 

addition, it is observed that oxygen level increased from 7.9% in CC to 33.0 in 

AQ/CC based on the composition analysis of EDX/ This confirms this facile 

heating program to be a successful way to absorb anthraquinones at the CC 
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surface. Afterwards, the subsequent and simple dipping procedure adopted to 

“wear” the protective conductive MXene layer led to the morphology structure 

of M/AQ/CC displayed in Figure 7.2. It shows the M/AQ/CC material to retain 

the interlaced and loose structures of pristine (AQ/)CC, in the meantime, a 

“glue-like” and uniform wrinkle of MXene layer is observed at the surface. 

Interestingly, there are many small cracks at the MXene layer surface. Besides, 

the uniform layer of MXene could also be detected by SEM-EDX mapping 

(Figure 7.3). It demonstrates the titanium element (blue) is uniformly distributed 

at the M/AQ/CC material surface. These results are also consistent with the 

elemental composition analysis in Table 7.1. The 41.7% (weight%) of titanium 

composition is measured, confirming the successful coating by MXene by the 

simple dipping method used during the present study.  

 

Figure 7.2 SEM images of M/AQ/CC. 

 

Figure 7.3 SEM-EDX mapping of elemental distribution in M/AQ/CC. 
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Table 7.1 Elemental composition analysis in M/AQ/CC. 

Element C O Na Mg Al Cl Ca Ti Zn 

Atomic % 73.75 32.68 0.10 0.07 1.68 0.56 0.62 17.20 0.14 

Weight % 66.83 36.33 0.16 0.08 2.30 1.01 1.32 41.67 0.50 

 

 

Figure 7.4 The electrochemical performance of prepared electrode material. (a) 

Cyclic voltammetry at 5 mV/s. (b) Specific capacitance at various current 

densities. (c) cycling stability. (d) Nyquist plot.  

 

Figure 7.5 Schematic charging-discharging process of M/AQ/CC. 
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Electrochemical measurements were performed using a VMP3 multi-channel 

Bio-Logic electrochemical workstation at a constant temperature of 23 °C. Data 

were measured using a three-electrode Swagelok configuration. It includes a 

freestanding carbon cloth-based disc (7 mm diameter) as working electrode, an 

Ag/AgCl as reference electrode, and an overcapacitive YP-50 carbon as 

counter electrode. The weight loading of freestanding raw carbon cloth (CC), 

AQ/CC and M/AQ/CC discs were 15.6, 16.7 and 18.2 mg cm-2, respectively. 

The disc thickness was 1.42 mm. Results are shown in Figure 7.4. In cyclic 

voltammetry plots (Figure 7.4a), two redox peaks are observed in AQ/CC 

material CV while that of raw cabon cloth is mostly capacitive, suggesting 

anthraquinones to be successfully absorbed. These efficiently contribute to the 

charge storage thanks to Faradaic redox contributions. The oxidation peak is 

measured at about 0.07 V vs Ag/AgCl. In addition, a slight distortion can be 

observed in AQ/CC electrode voltammetry. This thin warp is induced by 

unfavorable surface wetting and limited conductivity, arising from (mostly) 

hydrophobic and insulating anthraquinone.s  The M/AQ/CC composite shows 

a similar redox signature as in AQ/CC CV, but the previous distortion is not 

observed. Furthermore, a broader voltage window was measured. We argue 

the contribution of the 2D MXene coating to originate from its remarkable 

conductivity and fair hydrophilic property. The wider potential window suggests 

a greater overpotential for hydrogen evolution because of the well-known 

limited catalytic properties of MXene towards HER. Afterwards, compared 

capacities were plotted as a function of the applied current density (Figure 7.4b). 

As expected, the AQ/CC electrode shows an improved capacity (35 mAh g-1 at 

0.5 A g-1) thanks to the redox contributions of anthraquinone. Unfortunately, it 

experiences a very strong fading as the current density was increased. For 

instance, the capacity at 5 A g-1 is 3 mAh g-1, which is only 9% of the capacity 

at 0.5 A g-1. This loss is caused by the limited conductivity of the bulk of 

electrodes at greater rates. Additionally, it is unsurprising that the AQ/CC -

based electrode occurs a dramatic drop in cyclability (12% loss after 3000 

cycles) during charge-discharge cycling at 3 A g-1 current density. It can be 

explained by a instability of AQ experiencing redox reactions during 
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charge/discharge cycling. Oppositely, thanks to the MXene coating, M/AQ/CC 

exhibits a greater capacity at 46 mAh g-1 (1 mAh cm-2 of areal capacity) at 0.5 

A g-1, meanwhile maintaining 59% of it at 5 A g-1. Moreover, this MXene-based 

material caould retain 80% of its initial capacity at 5 A g-1 over 5k charge-

discharge cycles. We conclude that the MXene coating limit the AQ degradation 

upon cycling. The schematic of the charge-discharge process is depicted in 

Figure 7.5. It implies the diffusion of electrolytic ions through MXene narrow 

cracks towards the electrode bulk and more precisely AQ redox sites, even at 

greater rates. Meantime, the conductive MXene shell allows efficient electron 

transport, therefore contributing to the efficient redox reactions involved in 

charge storage. Thus, CVs and galvanostatic charge-discharge plots of 

M/AQ/CC electrode in Figure S5 can still retain similar shapes (except for a 

small drift) even after fast 5k charge-discharge cycles at a strong current 

density of 5 A g-1. The resistance changes can be further investigated by 

Nyquist plots analysis (Figure 7.4d). In a Nyquist plot, Re, the intercept with the 

real part at the high frequency region, stands for resistance of bulk electrolyte, 

electrode, and contact resistance between electrode and current collector. The 

Rc, diameter of semicircle, is the charge transfer resistance. Figure 7.4d   shows 

the raw carbon cloth to simultaneously possess low resistances for electrolyte 

and charge transfer (from redox surface groups), suggesting good ion diffusion 

and charge transfer. However, when coated with anthraquinone, the AQ/CC 

electrode lied to a strong increase of the charge transfer resistance because of 

its organic (insulating) nature. In the presence of the MXene protective and 

conductive coating, there is a drastic decrease of resistances, either for 

electrode charge transfer and electrolyte resistances.   

7.5 Conclusion 

In summary, we successfully incorporated organic anthraquinones in carbon 

clothes by the noncovalent π–π interactions using a simple heating program. 

Thanks to involved Faradaic reactions from anthraquinones, the synthesized 

freestanding AQ/CC revealed 35mAh g-1 of capacitance at 0.5 A g-1 in 1M 

sulfuric acid. However, AQ/CC electrode occurred a rapid decay over long-term 

charge-discharge process, and the high current density dramatically slid its 

capacitance performance. To address this issue, conductive 2D MXene was 
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used to cover the surface of the prepared 3D framework. It is disclosed that 

MXene can not only be a shield to shelter anthraquinones, but also improve the 

electronic conductivity. On the other hand, the observed cracks among MXenes 

provide a comfortable entrance for ions diffusion. As a result, the obtained 

M/AQ/CC delivered compelling capacitance of 46mAh g-1 (around 1mAh cm-2 

of areal capacitance) at 0.5 A g-1, favorable rate performance of 59% and 

pleasant cyclability of 80% over 5k cycles. Therefore, our work shows an 

encouraging way to construct conductive and freestanding 3D electrode 

material with plenty of Faradaic active sites for charge transfer. 
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Supporting information 

 

 

Figure S1 SEM images of pure carbon clothes. 

 

Figure S2 SEM-EDX mapping of elemental distribution in pure clothes. 

Table S1 Elements composition analysis in pure clothes. 

Element  C O Na Mg Al Cl Ca Ti Zn 

Atomic % 91.26 6.25 0.12 0.00 0.49 0.47 0.07 0.00 0.16 

Weight % 86.91 7.91 0.22 0.00 1.04 1.33 0.21 0.01 0.84 
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Figure S3 SEM images of AQ/CC. 

 

Figure S4 SEM-EDX mapping of elemental distribution in AQ/CC. 

 

 

Table S2 Elements composition analysis in AQ/CC. 

Element C O Na Mg Al Cl Ca Ti Zn 

Atomic % 73.01 27.22 0.08 0.02 0.18 0.06 0.02 0.05 0.04 

Weight % 66.79 33.03 0.14 0.03 0.36 0.15 0.07 0.17 0.19 
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Figure S5 Cyclic voltammetry at 5 mV/s and galvanostatic charge-discharge of 

M/AQ/CC at 5 A/g comparisons of first (black) and 5000th (red) cycles. 
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Chapter 8 General conclusion 

The main purposes of this thesis were to firstly apply copper ions to dope at 2D 

MnO2 host. Alternatively, the growth mechanism of δ-MnO2 was investigated 

and a delaminated LDH layered material was used to wrap MnO2 particles. 

After that, conductive MXene was used as a substrate to grow MnO2 coatings. 

Then, a series of surface engineering approaches was used design electrode 

materials from exfoliated graphene oxide or MXene layers by controlling the 

restacking issue to maximize the electrochemical performance of these 2D 

materials. Finally, a redox reaction, from anthraquinones, was introduced at the 

surface of carbon cloth to offer a fast pseudocapacitive behavior. Moreover, a 

MXene layer was used to inhibit the decay of anthraquinone, meantime 

improving the electronic conductivity. 

Copper ions in suited conditions (proper concentration and temperature) can 

be inserted in between MnO2 birnessite layers, consequently leading to a 

broader structural space, in which more active sites are exposed. The 

measured capacitance was 127 F g-1 at 0.5 A g-1 current density in KOH 

electrolyte. Interestingly, it showed 151 F g-1 at 2 A g-1 and 106 F g-1 

capacitances at 10 A g-1 in Na2SO4 electrolytes, revealing an attractive 73% 

rate capability in this current density range. A manufactured device with Cu2+-

doped MnO2 as positive electrode and commercial activated carbon as 

negative electrode offered an excellent 22 Wh kg-1 energy density at 450 W kg-

1 power density. 

The growth mechanism of 2D δ-MnO2 was studied and exhibited a structural 

evolution process, in which the layered morphology gradually evolved as a fiber 

structure. However, to address the limited charge storage capability of the 

prepared MnO2, it was associated to a battery-like LDH material. The latter can 

be delaminated by breaking weak van der Waals forces and used as a frame 

to wrap the spherical MnO2 particles, thus generating a LDH@MnO2 composite. 

Accordingly, it displayed 308 F g-1 capacitance at 0.5 A g-1 and kept 107 F g-1 

at 10 A g-1, while the pure MnO2 just showed 50 F g-1 and 15 F g-1 at the same 

current densities. The strategy was successful to boost the charge capability of 

MnO2 by a battery-like LDH material and, meantime, maintain an improved 
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cycling stability. The supercapcacitor-battery hybrid device based on 

LDH@MnO2 composite electrode and active carbon could retain 96% of its 

initial capacitance after 4000 charge-discharge cycles, while the device with 

pristine LDH electrode faded down to 42% of initial capacitance value. 

Meantime, the device delivered 19 Wh kg-1 energy density. The strategy to 

increase the charge capability of MnO2 by coupling it with a Faradaic material 

was achieved and shown as efficient method to design composites from 2D 

layered materials for the fabrication of supercapacitor-battery hybrid devices. 

Although the capacitance of MnO2 can be improved in such a composite, the 

electrochemical capabilities are still hindered by the intrinsic limited conductivity. 

Hence, we applied the promising conductive MXene material as a substrate to 

improve the charge transfer and ions diffusion the corresponding composite 

materials. In the MnO2eMXene composite, MnO2 was embedded in/on the 

MXene layers. It revealed 272 F g-1 capacitance at 0.5 A g-1 current density in 

a three electrode system with KOH electrolytes and exhibited 93% capacitance 

retention after 5k charge-discharge cycles. Moreover, the composite presented 

an attractive rate capability in a neutral sodium-salt electrolyte. An asymmetric 

device was manufactured by applying a commercial activated carbon as the 

negative electrode and MnO2eMXene as positive, either in alkaline and neutral 

electrolytes. The corresponding MeM//AC-Na device delivered 19 Wh kg-1 

energy density and the MeM//AC-K produced 17 Wh kg-1 energy density at 400 

W kg-1 power density, meantime maintaining 11 Wh kg-1 at 8kW kg-1.  

2D MXenes are known to show enhanced conductivity and great 

pseudocapacitance, though they suffer from the restacking issues during 

electrode fabrication. Thus, either hard and soft templating approaches were 

applied to settle the restacked flaws. First, nanosized MgO particles were 

employed to be trapped in between the MXene layers. A mild acetic acid was 

used to eliminate the nano template, therefore generating an MXene material 

with extended interlayer spacing. The resulting expanded and crumpled MXene 

showed 180 F g-1 capacitance at 1 A g-1 and displayed 99% retention after 5k 

charge-discharge cycles in KOH electrolytes. Furthermore, urea was used as 

green molecular template to craft a MXene foam material possessing a uniform 

porous framework, opening up a tridimensional space for ions diffusion. Thanks 



199 
 

to this breaking of the spacial limits for ions diffusion, an attractive specific 

capacitance of 203 F g-1 at 5 A g-1 current density was obtained and it still 

exhibited 125 F g-1 at 20 A g-1. The cycling steady MXene foam as negative 

electrode was packaged in the Swagelok device with 2D MnO2 positive 

electrode in K+-alkaline electrolytes. The resulting MF//MnO2 asymmetric 

device showed a good cycling stability and generous energy density of 16 Wh 

kg-1/10 Wh L-1. 

A freestanding reduced graphene oxide film was synthesized by reduction of 

exfoliated GO in hydrazine. In a three-electrode setup, the capacitive electrode 

delivers 127 F g-1 at 0.5 A g-1 and still retains 73 F g-1 at 20 A g-1. On the other 

hand, the self-assembled graphene hydrogel, forming pores after urea 

decomposition, reveals improved capacitance and rate performance. In 

addition, the freestanding graphene film can be obtained by a simple heat-

treatment approach, in which various temperatures were proceeded to induce 

a crystalline-shaped evolution. Accordingly, the graphene film, treated at 

400 °C, displayed 415 F g-1 capacitance at 1 A g-1, as well as a good cycling 

stability. Based on the easy method to prepare freestanding reduced graphene 

oxide films, the 2D MXene was introduced to synthesize a self-supported 

MXene-graphene composite. The composite showed decaying electrochemical 

performance while increasing the ratio of MXene, but still held a high 

capacitance at high current density and displayed fair rate capability just like 

raw graphene film. 

Organic salts, having a battery-like redox behavior, were used to boost the 

electrochemical performance of a carbon-based capacitive material. Thus, 

anthraquinone was absorbed onto carbon cloth thanks to non-covalent π–π 

interactions. However, the organic salt shows a limited conductivity and are not 

stable upon charge/discharge processes. Aiming to solve the above issues, a 

coating made of exfoliated MXene was deposited on the surface of the 3D 

framework of organics/carbon cloth. MXene not only enhanced the conductivity 

for electrons transfer but also facilitate ions diffusion thanks to the reserved 

cracks in the coating. It thus resulted in greater capacity, meanwhile, improved 

cycling lifespan. 
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Perspectives 

The thesis is focusing on the development of 2D materials, in which the 

reported materials with layered structures are modified, tailored and designed 

to allow to improve electrode materials for supercapacitors. However, there are 

still many projects and perspectives to be furthermore studied and understood. 

In copper-MnO2 based projects, the copper situation/role is needed to be 

investigated during charge-discharge processes. Obviously, the introduction of 

copper ions changed the surface morphologies of MnO2 layers but they could 

be involved in redox reactions and act as active sites. Moreover, the variation 

of the Mn/O ratio after the copper doping is shown in the EDX measurements, 

suggesting Mn vacancies to be generated because of the intercallation of 

copper cations in the interlayer space. The vacancy case should be further 

investigated by in-situ measurements, like Mn K-edge X-ray absorption near-

edge spectroscopy (XANES) or X-ray photoelectron spectroscopy (XPS). And, 

the pseudocapacitive mechanism of charge storage in M-1 is not clear in the 

present. Additionally, the rate capability of M-1 in KOH electrolytes is not as 

good as in neutral electrolytes. Moreover, the decay of capacitance was 

observed in both three-electrode systems and devices. The associated reasons 

should be figured out in the future. 

In chapter 3, the LDH@MnO2 was designed and fabricated by electrostatic 

interactions between negatively charged LDH layers and positively charged 

MnO2 particles to get a composite material that possesses the high specific 

capacitance of pure LDH and the extended durability during charge-discharge 

processes. However, a greater energy density is needed before incorporation 

in a hybrid device and the battery and pseudocapacitive contributions to the 

mechanism of charge storage in LDH@MnO2 is not clarified. During the charge 

storage process, the battery-behavior LDH was triggered by the redox reactions 

that promote some phase changes as evidenced by the potential plateau 

observed in charge-discharge curves. In the meantime, some redox reactions 

were also taking place in the pseudocapacitive MnO2 but without any phase 

change. Therefore, there are many electrochemical reactions to be studied 

during the charge/discharge processes in these systems, which can lead to 
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more detailed information to construct the enhanced composite electrode 

materials. 

To upgrade the conductive property of MnO2, the 2D layered MXene was used 

as a base to support a flaky MnO2 deposit. In three-electrode system, the 

MnO2eMXene composite retained an attractive cycling stability, while the 

longevity in the asymmetric device presented a sluggish fading. We proposed 

that the increase of ohmic drop caused the low energy efficiency and resulted 

in the observed decay. However, there possibly are other reasons to provoke 

this fading, such as the structural changes or phase transformation, which could 

be explored by in-situ measurements. In addition, a broader voltage window 

was obtained in neutral electrolytes in comparison with that in alkaline 

electrolytes, thus leading to a greater energy density. However, the energy 

density trend in KOH electrolytes exhibited a flatter line than that in Na2SO4. 

This related reason should be analyzed and explained more details from the 

different charge mechanism with two electrolytes. 

In chapter 5, the stacked issue was settled by template methods, thus 

structuring the expanded MXene and MXene foam. The expanded MXene with 

the larger interlayer spacing can offer efficient 2D path for ions transport, while 

further work about adjusting the various d-spacing to match and accommodate 

different electrolytes (neutral or acidic electrolytes, organic electrolytes and 

ionic liquids) could be explored for fabricating enhanced MXene-based 

supercapacitors. Additionally, although the freestanding MXene foam 

presented remarkable performance, the host is fragile because of its thickness 

and tridimensional open structure (fragile as a foam). The applied strategy 

would be to decrease the total quantities to generate thinner film while keeping 

the steric effects, furthermore shortening the ions transport route and boosting 

the capacitance performance. On the other side, the charge storage 

mechanism of cations can be studied to evidence intercalation/deintercalation 

processes during charge-discharge.  

Chapter 6 demonstrates that the capacitive performance of hydrogel can be 

boosted after using urea to create pores in the framework. The related 

morphological characterization should be studied to observe the porous 
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structure and more electrochemical measurements should be done. We found 

that the capacitance of reduced graphene oxide film was improved at greater 

temperatures, but the reason why is still missing. The charge storage 

mechanism should be explored. Additionally, compared with raw reduced 

graphene oxide film, the introduction of MXene caused a loss of gravimetric 

capacitance. More measurements should be done to explain it, and, in the 

future, more work should be planned to improve the composite performance. 

In chapter 7, we proposed that the conductivity could be improved by coating a 

MXene layer also playing a protective role but more physical measurements 

should be provided. Beside promoting the conductivity and facilitating ion 

diffusion, we have to figure out the mechanism of charge storage at the 

interface between electrolyte and electrode, which shows both capacitive and 

battery-like behaviors. At the microscopic scale, work should be focusing on 

probing the effect of MXene during the charge-discharge cycling process. More 

in situ tests should be done for that purpose. 
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