
HAL Id: hal-03489742
https://hal.science/hal-03489742

Submitted on 21 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Electrodeposition of MnO2 on spray-coated
nanostructured carbon framework as high performance

material for energy storage
Clémence Rogier, Grégory Pognon, Paolo Bondavalli, Christophe Galindo,

Giao Tran Minh Nguyen, Cédric Vancaeyzeele, Pierre-Henri Aubert

To cite this version:
Clémence Rogier, Grégory Pognon, Paolo Bondavalli, Christophe Galindo, Giao Tran Minh Nguyen,
et al.. Electrodeposition of MnO2 on spray-coated nanostructured carbon framework as high per-
formance material for energy storage. Surface and Coatings Technology, 2020, 384, pp.125310 -.
�10.1016/j.surfcoat.2019.125310�. �hal-03489742�

https://hal.science/hal-03489742
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

Electrodeposition of MnO2 on spray-coated nanostructured carbon framework as high 

performance material for energy storage 

Clémence Rogier1,2,*, Grégory Pognon1, Paolo Bondavalli1, Christophe Galindo1, Giao Tran 

Minh Nguyen2, Cédric Vancaeyzeele2, Pierre-Henri Aubert2 

1Thales Research & Technology, 1 avenue Augustin Fresnel, 91767, Palaiseau, France 

2Laboratoire de Physicochimie des Polymères et des Interfaces (EA 2528), Université de 

Cergy-Pontoise, 5 mail Gay-Lussac, 95031 Cergy-Pontoise Cedex, France 

*corresponding author, clemence.rogier@thalesgroup.com, +33 6 76 30 41 28 

Keywords 

Spray coating 

Electrodeposition 

Nanostructured composite 

Supercapacitor 

Abstract 

Carbon nanotubes/graphene/manganese dioxide nanostructured thin films are developped as 

supercapacitors electrodes in this contribution. The effects of nanostructuration and 

pseudocapacitance on electrochemical performances are investigated. The challenge is to 

assemble these materials in a composite electrode achieving controlled homogeneity, 

morphology, and composition. Mixing carbon nanotubes (CNTs) and graphene sheets in a 

hierarchical organization can increase the accessibility of the electrolyte to the entire active 

surface by creating a controlled porous network inside the electrode. The carbon 

nanomaterials are deposited on a current collector by dynamic spray gun deposition, an easily 

scalable, reproducible and industrially suitable method used for nano-structuration of thin 

films. MnO2 nanocrystals are obtained by anodic electrodeposition directly on this conductive 
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nanostructured carbon framework. This binder free electrode is characterized by SEM, TEM, 

XPS, XRD, microporosity, Raman spectroscopy, and electrochemistry. Results show that the 

specific capacitance of the samples can reach 209 F/g thanks to a strong control of the MnO2 

morphology, particle size and to adequate Mn/C ratios. The electrode has very good stability 

with capacitance retention of 96% after 3 000 charge/discharge cycles. 
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1. Introduction 

Supercapacitors are energy storage devices mainly used as complementary systems to 

batteries [1]. Their main characteristics are high power densities, very long cycle life and fast 

charge/discharge rates. Two types of supercapacitors can be identified in regard to their 

electrochemical mechanisms: electrochemical double-layer capacitors (EDLCs) and 

pseudocapacitors. EDLCs present carbon based materials as electrodes and their charges are 

electrostatically stored on the electrode surface in what is commonly defined as the double 

layer [2]. Pseudocapacitors possess redox active materials as electrodes and store energy 

through reversible faradaic reactions [3]. Many studies focus on increasing energy densities in 

supercapacitors while retaining high power densities, and in that regard pseudocapacitive 

materials, and most especially transitions metal oxides, have been known to generate much 

higher capacitance and energy densities than EDLCs [4].  

RuO2, MnO2, or NiO for example are suitable metal oxides for the positive electrode 

of a supercapacitor and Fe2O3, V2O5, or MoO3 for its negative electrode [5]. Among these 

redox active materials MnO2 is a promising candidate for the positive electrode with renewing 

interest from researchers in the last few years [6-9]. It is particularly attractive compared to 

other metal oxides for four main reasons (i) a large potential window in aqueous electrolyte 

(~1V versus ~0,5V for NiO) (ii) the ability to function in neutral electrolytes preventing 

possible corrosion of packaging and collectors (iii) a low cost (unlike RuO2), an abundant and 

environment friendly nature important for industry (iv) a high theoretical specific capacitance 

of ~1370 F/g based on one-electron reaction per Mn atom [8,9]. However its low conductivity 

(10-1 à 10-5 S/m) [10] leads to pseudocapacitors with limited charge/discharge rate and 

therefore leads to low power densities. 

In recent years, hybrid asymmetric supercapacitors have been studied to obtain high 

energy densities while maintaining high power densities and good cycle life stability [6,7] by 

combining EDLCs and pseudocapacitive materials in the same system and/or in the same 
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electrode. The strategy of our paper is to combine, within a specific architecture, carbon 

nanomaterials (association of graphene and carbon nanotubes i.e. CNTs) and manganese 

dioxide to achieve a hybrid positive electrode. The objective is to merge the faradaic behavior 

of the MnO2 material with the electrostatic behavior of graphene and CNTs. In the last years, 

many studies on graphene derivatives have focused on exploiting the outstanding electrical 

properties of graphene sheets on a larger scale as well (graphene oxide [11], graphene-based 

composites [12]). Graphene is well known for its high theoretical surface area (up to 2630 

m2/g) and CNTs for their high conductivity in the longitudinal axis (>106 S/m) [13]. It has 

been demonstrated in different papers [14, 15] that mixing these two materials allows to 

exploit the surface of graphene in a better way using the CNTs as spacers to avoid the 

restacking of the graphene layers, rending the final structure more accessible to ions. 

In this case, we combine the high potential capacitance of MnO2 and the high 

conductivity of carbon nanomaterials to create a synergetic effect and generate higher 

electrochemical performances compared to pristine materials thanks to their optimized 

association [8,16]. The final electrode material combining MnO2 with a high surface area 

conductive scaffold as shown in Fig. 1 should be the most promising architecture to enhance 

performances. Combinations of MnO2 with carbon materials to form hybrid electrodes have 

been reported in the literature, for example with CNTs [17], graphene [18,19], activated 

carbon [20], or carbon aerogel [21]. Electrode specific capacitance, greatly influenced by 

mass loading, thickness of the electrode, and scan rate [9], can range from 150 to 300 F/g 

when mass of both carbon and metal oxide are taken into account. The originality of our 

approach compared to the literature relies on the association of CNTs and graphene before 

coating with the non-conductive MnO2. The increase of electrode resistance due to the metal 

oxide [22] will be limited considering that we preliminary created the conductive scaffold 

using graphene/CNTs mixtures and then covered it with the metal oxide. With better 

electronic conductivity, rate capability of the electrode will increase [3].  
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As previously published, these scaffolds have been fabricated exploiting an automated 

dynamic spray gun deposition [14]. This thin film deposition method generates homogeneous 

mats with finely tunable thickness. The structuration of the nanomaterials is reproducible, 

easily scalable and low-cost considering that it is compatible with large surfaces fabrication. 

Both anodic [23] and cathodic [24] electrodeposition can be used for MnO2 coatings for 

supercapacitors with many different results depending on the conditions however there is still 

uncertainty upon which is the best method [25]. Galvanostatic anodic electrodeposition was 

chosen in this study for MnO2 coatings because of its versatility and good controllability [26].  

The aim of this manuscript is to present the optimization of a positive electrode 

material for asymmetric pseudocapacitors with high energy density. The electrode combines 

MnO2, CNTs and graphene in an organized porous material, with MnO2 deposited onto a pre-

organized graphene/CNTs conductive scaffold. MnO2 deposition conditions are studied in 

order to control the morphology of the material and tune the electrochemical performances.  

2. Experimental section 

2.1. Preparation of the nanostructured carbon electrode 

Graphene oxide (i.e. GO, supplier Graphenea) and multi-walled carbon nanotubes (i.e. 

MWCNTs, supplier Sigma-aldrich) are dispersed in isopropanol at 0.5 g/L with a mass ratio 

of 50:50. It undergoes sonication for 24h using mild bath before deposition by dynamic spray 

gun on graphite current collectors heated at 120°C to obtain the GO-CNTs thin film. 

Electrochemical reduction is performed in LiNO3 0.5M for 5 min at -1.1V vs Ag/AgCl to 

obtain rGO-CNTs (r stands for reduced graphene oxide, i.e. rGO). The same procedure is 

applied to obtain rGO thin film without adding MWCNTs in the dispersion. The CNTs thin 

film is obtained without adding GO in the dispersion and without the step of electrochemical 

reduction. Electrode thicknesses are around 20 μm and carbon mass loadings range from 0.4 

to 0.6 mg/cm2. 
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2.2. Electrodeposition of manganese dioxide 

Manganese dioxide is obtained by anodic electrodeposition on the rGO-CNTs thin 

film in MnSO4/H2SO4 0.1M at current densities between 2 and 32 mA/cm2. Deposition is 

either continuous or pulsed 0.1/1s ON/OFF. Electrodes are then rinsed with water and dried 

under vacuum before characterization. Same procedure applies for CNTs-MnO2 and rGO-

MnO2 hybrid thin films. Electrode thicknesses are around 20-30 μm and final electrodes 

weight 1-1.5 mg/cm2 (total mass of active material: carbon and MnO2). Samples are weighed 

before and after electrodeposition with a Sartorius microbalance (precision 0,001 mg) to 

determine MnO2 mass loading and MnO2/C ratios are confirmed by thermogravimetric 

analysis (TGA) with a Thermofischer instrument. 

2.3. Characterization of the materials 

Morphologies of the electrodes are characterized by scanning electron microscopy (i.e. 

SEM, Zeiss Gemini). Surfaces of the samples are observed, as well as cross sections obtained 

under Focused Ion Beam (i.e. FIB, Gallium ions). N2 adsorption isotherms measurements are 

performed using a Quantachrome Autosorb instrument at 77K. Specific surface areas are 

calculated with the Brunauer-Emmett-Teller (BET) theory, and pore size distribution is 

calculated with the DFT method. Chemical states of the electrodes are studied by X-ray 

photoelectron spectroscopy (i.e. XPS, Kratos Axis Ultra) and Raman spectroscopy (Renishaw 

Raman microscope). Conductivity measurements are obtained by Hall Effect (HMS5500 

Ecopia system).  Crystallinity is characterized by X-ray diffraction (i.e. XRD, Pananalytical). 

2.4. Electrochemical performances 

Electrochemical characterizations are performed with a Biologic VMP300 

workstation. Samples are tested as working electrodes in a 3-electrodes configuration vs 

Ag/AgCl and with a platinum counter electrode in Na2SO4 1M. Cyclic voltammetry (CV) 

curves are obtained with scan rates from 2 to 200 mV/s and a potential window of 0-0.9V. 
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Gravimetric capacitance (F.g-1) is calculated from CV curves by the mass of active material 

(carbon and MnO2). Electrochemical impedance spectroscopy (EIS) is performed between 5 

mHz and 200 kHz with an amplitude of 10 mV around 0.45V (OCP).  

3. Results and discussion 

Dynamic spray gun deposition is used to obtain a nanostructured GO-CNTs thin film, 

then electrochemical reduction of GO is performed according to the literature [27] to increase 

electronical conductivity of the carbon structure from 2690 S/m (GO-CNTs) to 3620 S/m 

(rGO-CNTs). Then Mn2+ ions in solution are oxidized into MnO2 with the application of a 

current density in acidic conditions [28] on this carbon matrix to form rGO-CNTs-MnO2.  

Crystallinity of the manganese oxide was studied by X-ray diffraction after deposition 

on a platinum grid as shown in Fig. 2a. The samples show very poor crystallinity. Two 

diffraction peaks are nonetheless observed at 37° and 66° and may be attributed to the 

cryptomelane phase (JCPDS 44-0141) [29]. Raman spectroscopy shown in Fig. 2b was 

performed on the rGO-CNTs and rGO-CNTs-MnO2 samples. After MnO2 deposition, a peak 

at 640 cm-1 is observed due to Mn-O stretching symmetric vibration band characteristic of 

MnO2 [30]. The typical D and G band of carbon are observed at 1349 cm-1 and 1578 cm-1 

respectively [31] before and after MnO2 deposition.  

X-ray photoelectron spectroscopy was carried out to analyze oxidation states of the 

rGO-CNTs-MnO2 composite material. The full-scan XPS spectrum shown in Fig. 2c reveals 

the existence of Mn, C, and O atoms in our sample.  The C 1s, Mn 2p, and Mn 3s core-level 

spectra were then obtained at high resolution. The C 1s core level deconvoluted peak is shown 

in Fig. 2d. Peaks are observed at 284.4 and 284.9 eV and characterize C=C sp2 and C-C sp3 

bonds respectively. Peaks for the remaining functional groups containing oxygen are also 

observed at 286.3 eV (C-O), 288.2 eV (C=O), and 290.7 (O-C=O) which is consistent with 

the literature on oxidized graphene [31]. GO was considered successfully reduced in rGO 
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after electrochemical treatment since O/C concentration ratio is only of 0.16. Oxidation state 

of the deposited manganese oxide was then investigated by analysis of the Mn 2p (Fig. 2e) 

and Mn 3s (Fig. 2f) spectra. The Mn 2p core-level shows the two peaks of Mn 2p1/2 and Mn 

2p3/2 at 653.7 and 641.9 eV respectively and an energy separation of 11.8 eV. These results 

are in agreement with the XPS characteristics of MnO2 as presented by Biesinger et al. [32] 

and observed since in the literature [6,29,33]. The Mn oxidation state can be further 

determined with the Mn 3s core-level spectrum which shows a peak splitting of 5.0 eV 

between 89.1 and 84.1 eV. The value of this peak separation is directly correlated to the 

oxidation state of the manganese and peak separation values were reported in the literature as 

6.0, 5.4 and 4.7 eV for Mn2+, Mn3+ and Mn4+ respectively [32]. In addition, it was previously 

shown that a linear relation exists between the peak separation and the oxidation state of the 

manganese [34]. Therefore the MnO2 compound deposited in our rGO-CNTs-MnO2 structure 

has a mean oxidation state of 3.6 and a mixed valence of Mn3+ and Mn4+. 

The morphologies of the electrodes were studied by scanning electron microscopy. 

Manganese oxide deposited on rGO-CNTs by continous electrodeposition (CE) leads to cover 

the top of the sample with MnO2 grains of 1 to 5 μm as seen in Fig. 3a. A blocking layer [35] 

is built up on the top of the carbon samples when deposition time increases and Mn2+ ions are 

not able to fully penetrate the rGO-CNTs matrix. Indeed, manganese dioxide remains at the 

surface of the electrode and stops the formation of a homogeneous composite material 

through the whole thickness of the electrode. A sample prepared via pulsed electrodeposition 

(PE) is shown in Fig. 3b. The current is applied with pulses of 0.1s (ON) and resting times 

between current pulses of 1s (OFF). In this case, the metal oxide is finely deposited as 

nanoparticles on the surface of the carbon nanomaterials instead of forming a blocking 

continuous layer. Images of the cross-section of the sample were obtained by Focused Ion 

Beam technic. In this case, adding a resting time during the desposition allows the Mn2+ ions 

to diffuse through the layer of carbon and allows particles to grow inside the carbon matrix as 
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can be seen in Fig. 3d. However for a carbon thickness of 20 μm, MnO2 nanoparticles 

penetrate only 8 μm with a gradiant in particle size as observed in the cross section image in 

Fig. 3c. Resting time needs to be optimized to deposit metal oxide through the full layer, or 

carbon matrix thickness should be reduced below 8 μm in order to evaluate the best 

configuration, taking the maximum benefit of each contribution. The oxide grows on the 

CNTs and acts as a spacer as well preventing even more the restacking of the carbon 

architecture. At the bottom of the sample rGO-CNTs layers are very compact, whereas at the 

top of the sample rGO-CNTs-MnO2 shows a less dense multilayer organisation. The 

nanoparticles of MnO2 are inserted in between reduced graphene oxide layers in a hierarchical 

architecture to form a composite material. Such succesful nanostructuration of the sample is 

important for the improvement of electrochemical performances [10]. 

Measurements of nitrogen adsorption isotherms were performed to study the porosity 

and accessibility into this composite material and are represented in Fig. 4a. BET surface 

areas and pore size distributions were calculated. Adsorption curves show type IV isotherms 

typical of mesoporous materials [36]. The rGO-CNTs carbon matrix shows a specific surface 

area of 259 m2/g, and the rGO-CNTs-MnO2 composite of 360 m2/g (48% of MnO2 mass 

loading). As observed in Fig. 4b, increase in surface area can be explained by the creation of a 

new type of pores (about 1-2 nm) after deposition of MnO2 nanoparticles. Pore size 

distribution of the multilayered rGO-CNTs architecture is kept after deposition of the metal 

oxide. The insertion of manganese oxide nanoparticles does not impact the porous 

architecture of the carbon network. More MnO2 redox active sites may be available for ions 

for charge storage with this high surface area electrode.  

Deposition conditions have a great influence on electrochemical performances. 

Capacitance of various electrodes were calculated for CV at different scan rates (2, 20 and 

200 mV/s) and summarized in Table 1. MnO2 mass loading is determined by 

thermogravimetric analysis as can be seen in Fig. 5a for a 60% mass loading. As stated 
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previously, pulsed electrodeposition allows the performances and espacially the rate 

capability to increase (higher capacitance at 200 mV/s) compared to continuous 

electrodeposition at the same curent density (CE-2 mA/cm2 versus PE-2 mA/cm2). Ion solid-

state diffusion inside the crystalline structure of the cryptomelane is limited. Thanks to the 

nanostructuration, the amount of bulk MnO2 which is not accessible to Na+ ions during charge 

storage mechanism decreases drastically [10]. The large MnO2 surface provided by the 

formation of nanoparticles (diameters from 130 to 250 nm) should be favorable to exploit 

more electrochemically active charge transfer sites and thus enhance the capacitance and the 

rate capability.  

MnO2 particle size variation was also observed in scanning electron microscopy for 

pulsed depositions at different current densities and images are represented in Fig. 6. At 2 

mA/cm2, the nanoparticles have diameters around 250 nm and are constituted of nanopetals 

with thicknesses around 16 nm. At 32 mA/cm2, these dimensions are nearly two orders of 

magnitude lower (~130 nm for the particles and ~7 nm for the petals). For a similar mass 

loading of manganese oxide (~55%) but with smaller nanoparticles, capacitance is higher 

(209 F/g for 130 nm instead of 138 F/g for 250 nm at 2 mV/s) confirming the importance of 

nanostructuration (see Table 1, PE-2 mA/cm2 versus PE-32 mA/cm2). Finally, the influence of 

MnO2 mass loading was studied for the same curent density by tuning only the duration of 

MnO2 deposition (see Table 1, PE-16 mA/cm2 with 33%, 40% and 60% mass loading). At a 

slow scan rate, capacity increases with mass loading. However rate capability decreases for 

60% of manganese oxide (67 F/g at 200 mV/s instead of 75 F/g for MnO2 40%). To optimize 

the performances, a compromise needs to be found for the amount of electrodeposited metal 

oxide: when the mass loading is too low, the increase in performances due to 

pseudocapacitance is limited however when the mass loading is too high, the conductivity of 

the electrode decreases (2398 S/m for 33% of MnO2 and 1473 S/m for 60% of MnO2) and the 

rate capability drops too. It can be noted that this conductivity values are very high for hybrid 
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materials containing manganese oxide thanks to the carbon scaffold. Fig. 5b represents 

capacitance versus MnO2 mass loading at slow scan rates (2 mV/s) and at faster scan rates 

(200 mV/s) to illustrate that the optimized range for mass loading is situated between 40% 

and 60% of MnO2.  

CV curves at different scan rate of the optimized rGO-CNTs-MnO2 sample (PE – 32 

mA/cm2 – 55% MnO2) are shown in Fig. 7a. The total mass loading of this sample is 1.0 

mg/cm2. The rectangular shapes of the curves show a very good pseudocapacitive behavior. 

The curves are symmetrical. It points out the good reversibility of the redox reaction within 

the chosen potential window. Deviation from this rectangular shape at higher scan rates 

indicates the limit of pseudocapacitance in terms of rate capability. Capacitance of rGO-

CNTs-MnO2 is compared to rGO-CNTs, rGO-MnO2 and CNTs-MnO2 between 2 and 200 

mV/s in Fig. 7b. Performances are higher after MnO2 deposition even at high scan rates, 

which highlights the importance of the pseudocapacitive contribution. The positive influence 

of the multilayered organized rGO-CNTs scaffold is underlined as well by the increase in 

capacitance compared to MnO2 deposited on a bare CNTs mat or a bare rGO mat. Both the 

CNTs-MnO2 material (55% MnO2 and total mass loading of 1.0 mg/cm2) and the rGO-MnO2 

material (50% MnO2 and total mass loading of 1.2 mg/cm2) have a lower specific capacitance 

than the rGO-CNTs-MnO2 association whatever the scan rate. This important gain in 

capacitance (20 to 30%) can be attributed to the improved accessibility to ions of the rGO-

CNTs multilayered architecture for ions. The CNTs serve as spacers between the rGO sheets 

and their association builds up a conductive porous matrix that allows proper MnO2 active 

sites available to ions for charge storage with a high surface area and appropriate porosity of 2 

to 6 nm pores. The pores are well designed for the insertion of aqueous solvated ions (Mn2+ 

0.49 nm, Na+ 0.33 nm) [37].  

Electrochemical impedance spectroscopy was performed to study the frequency 

response of the electrode material. Nyquist diagrams of rGO-CNTs and rGO-CNTs-MnO2 are 
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represented in Fig. 7c. Four domains can be distinguished in Nyquist [30]: 1) high frequency 

intersection with the real axis 2) high-to-mid-frequency semicircle 3) mid-frequency straight 

line at 45° to the real axis 4) low-frequency almost vertical line. The high frequency intercept 

is the same for both samples (~3-3.5 Ω). It represents a combination of ionic resistance of 

electrolyte, collector resistance and collector/material interface resistance. The semicircle is 

associated to charge transfer resistance at the electrode/electrolyte interface. In the case of the 

carbon structure before MnO2 electrodeposition, the charge transfer resistance is due to 

remaining functional group on graphene. In the case of the pseudocapacitive material, it is 

also due to ion insertion in the MnO2 lattice [30]. Charge transfer resistance is very low in 

both cases (~0.7 Ω) indicating fast kinetics and a good activity for MnO2 thanks to the 

nanostructuration [33]. At low frequency, for rGO-CNTs, the straight line is closer to a 

vertical line compared to rGO-CNTs-MnO2. The carbon electrode is more steered by 

capacitive behaviors whereas there are still ion diffusion limitations at low frequency for the 

composite material. This is due to solid-state diffusion inside the MnO2 lattice. At mid-

frequency the typical Warburg resistance (45° slope) is due to ion diffusion processes in the 

pores of the electrode. Surprisingly, this Warburg slope is much less pronounced for the 

composite electrode compared to the carbon matrix one meaning better ion diffusion in the 

composite material. This result is very interesting and highlights a different behavior 

compared to what has been observed in the literature until now [13,30]. Electrochemical 

kinetics are in close relations with the porous morphology, the good conductivity and the 

interlayer spacing between graphene sheets [38]. This means the porosity is even more 

accessible to ions after MnO2 deposition and correlates with the formation of porosity 

observed in isotherms analysis.  

Galvanostatic charge-discharge studies at different current densities are represented in 

Fig. 8a for the rGO-CNTs-MnO2 electrode material (PE – 16 mA/cm2 – 60% MnO2). They 

indicate a mostly capacitive nature for the composite electrode with nearly linear and 
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symmetric charge-discharge curves. Resistance of the material can be calculated from the IR 

drop at each current density and is found to be of 2.9 Ω which is close to the value found in 

impedance spectroscopy in Fig. 7c. Specific capacitance of 124 F/g, 108 F/g and 75 F/g are 

calculated from discharge curves at 0.6 A/g, 5 A/g and 30 A/g with discharge times of 1.8 s, 

18 s and 3 min respectively which indicate a good capacitance retention of 60% at high 

current density. The stability of this electrode was then evaluated by performing 3 000 cycles. 

The retention of capacitance trough cycling and the 1st and 3000th CV curves at 20 mV/s are 

shown in Fig. 8b. Performances of our electrode material are compared to literature values in 

Table 2. 96% of the capacitance is conserved after 3 000 cycles demonstrating an outstanding 

electrochemical stability.  

4. Conclusion 

A hybrid nanostructured rGO-CNTs-MnO2 electrode material was obtained combining 

dynamic spray gun and pulsed electrodeposition, two versatile and industrially suitable 

fabrication methods. The strategy of developing a new type of electrode with multilayered 

rGO-CNTs scaffold as a carbon matrix for metal oxide deposition give a clear asset in terms 

of electrochemical performances of pseudosupercapacitors. The rGO-CNTs multilayered 

structure provides a high specific surface area and an electrically conductive network; MnO2 

nanoparticles insure an effective faradaic behavior necessary to enhance capacitance. We 

have demonstrated that the deposition conditions play an important role on the morphology of 

the electrodes and thus on the electrochemical performances of the nanocomposite. In fact, 

measurements show that smaller MnO2 nanoparticles can be obtained by tuning current 

density during the anodic deposition enhancing capacitance (149 F/ for 130 nm particles 

instead of 108 F/g for 250 nm particles at 20 mV/s). MnO2 mass loading can be controlled as 

well and can improve rate capability. Final electrode has a capacitance of 209 F/g and a very 

good stability with capacitance retention of 96% after 3000 cycles. To enhance capacitance, 
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MnO2 deposition in the carbon matrix needs to be further optimized to achieve a 

homogeneous material through all the cross section of the electrode. 
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Table 1 

Summary of MnO2 mass loading, capacitance and MnO2 nanoparticle size for different 

electrodeposition conditions (pulsed or continuous, variation in current density and deposition 

time) 

CE: Continuous electrodeposition and PE: Pulsed electrodeposition 

Table 2 

Summary of MnO2–based hybrid electrode materials for supercapacitors – Abbreviations: AC, 

Activated Carbon; Gr, Graphene, Electrodep., Electrodeposition; Decomp., Decomposition. 

Electrode 

material Synthesis 

Loading 

(mg/cm2) 

C 

(F/g) 

Scan rate 

(mV/s) Stability Ref. 

AC/MnO2 Hydrothermal 3 193 2 77% 1500 cycles [20] 

rGO/MnO2 Hydrothermal / 218 5 93% 1000 cycles [19] 

Gr/MnO2 Hydrothermal 6 237 10 87% 2000 cycles [30] 

CNT/MnO2 Redox 10 152 5 93% 5000 cycles [22] 

CNT/MnO2 Redox / 140 10 95% 10000 cycles [17] 

CNT/Gr/MnO2 Thermal decomp. 0.5 365 20 97% 1000 cycles [16] 

rGO/MnO2 Electrodep. 0.13 270 20 87% 1200 cycles [27] 

CNT/MnO2 Electrodep. 0.62 125 100 87% 2000 cycles [35] 

rGO/CNT/MnO2 Electrodep. 1 209 2 96% 3000 cycles This work 

Deposition 

conditions 

MnO2 

loading 

C (2 mV/s) C (20 mV/s) C (200 mV/s) 

Particle 

size 

CE-2 mA/cm2 60% 135 F/g 97 F/g 60 F/g ~1-5 μm 

PE-2 mA/cm2 55% 138 F/g 104 F/g 69 F/g ~250 nm 

PE-32 mA/cm2 55% 209 F/g 149 F/g 83 F/g ~130 nm 

PE-16 mA/cm2 33% 127 F/g 97 F/g 66 F/g ~200 nm 

PE-16 mA/cm2 40% 154 F/g 112 F/g 75 F/g ~200 nm 

PE-16 mA/cm2 60% 161 F/g 115 F/g 67 F/g ~200 nm 
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Fig. 1. Scheme of the structure   

Graphene-CNTs-MnO2 composite architecture 

Fig. 2. Chemical state and structure characterization  

(a) XRD pattern of MnO2 electrodeposited on a Pt grid (b) Raman spectra of rGO-CNTs-

MnO2 and rGO-CNTs (c) XPS Mn2p spectrum of rGO-CNTs-MnO2 and (d) XPS C1s 

spectrum of rGO-CNTs-MnO2 

Fig. 3. Morphology  

SEM images of rGO-CNTs-MnO2 (a) continuous electrodeposition top view (b) pulsed 

electrodeposition top view (c) pulsed electrodeposition FIB cross section at different 

magnifications 

Fig. 4. Porosity  

(a) N2 adsorption-desorption isotherms and (b) pore size distribution for rGO-CNTs and rGO-

CNTs-MnO2 

Fig. 5. Mass loading  

(a) Thermogravimetric analysis of the rGO-CNTs-MnO2 composite material for a 60% MnO2 

mass loading (b) Specific capacitance as a function of MnO2 mass loading for PE-16 mA/cm2 

Fig. 6. Particle size  

SEM images of rGO-CNTs-MnO2 with 55% MnO2 mass loading for different deposition 

conditions (a,c) PE-2 mA/cm2 (b,d) PE-32 mA/cm2 

Fig. 7. Electrochemical characterization  

Electrochemical performances of rGO-CNTs-MnO2 (a) CV curves at different scan rates (2, 

20 and 200 mV/s) (b) Gravimetric capacitance at different scan rates compared to rGO-CNTs, 

rGO-MnO2 and CNTs-MnO2 (c) cycle stability at 20 mV/s (d) EIS compared to rGO-CNTs 
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