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Abstract 

We report the synthesis of 3D hierarchical structures based on 1D MnO2 nano-building 

blocks (nanorods, nanowires and nanoneedles) via a facile and scalable co-precipitation method 

and their use as electrodes for the assembly of all-solid-state supercapacitors. Symmetric 

supercapacitors were assembled and tested. But also asymmetric devices were assembled by 

using those nanostructured MnO2 materials as the positive electrode and reduced graphene oxide 

(rGO) as the negative electrode with polymeric gel electrolyte. These asymmetric cells 

successfully extend the working voltage windows beyond 1.4 V and in our case allowed for a 

maximum voltage of 1.8 V. An asymmetric device based on hierarchical nanoneedle-like MnO2 

and rGO achieved a maximum specific capacitance of 99 F/g at scan rate of 10 mV/s with a 

stable operational voltage of 1.8 V. This high value allowed for a large specific energy of 24.12 

Wh/kg.  
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1. Introduction 

The spectacular evolution from portable to wearable electronics, the consolidation of e-

paper and other flexible devices, entails power sources with greater flexibility on top of high-

performance low cost and long cycle life [1]. In this field, flexible all solid state supercapacitors 

(ASSSs) (SSSCs) (ASSSCs) are the rising stars among these emerging energy storage 

technologies due to their excellent flexibility and high safety [2]. These all solid state 

supercapacitors (ASSSs) are compact, sustainable, mobile and robust over long periods of time. 

Electrode materials can be of two types depending on their charge-storing mechanisms, namely, 

electric double-layer capacitors (EDLCs) (mostly carbon materials) and pseudocapacitors (PCs) 

(either transition metal oxides or conducting polymers), whereas solid gel electrolytes are 

commonly used in ASSSs [3]. The use of solid electrolytes in supercapacitors have several 

advantages over liquid ones that include ease of handling without spilling of hazardous liquids, 

thus making them environmentally safe, but also low internal corrosion, simple principle and 

mode of construction, flexibility in packaging etc. [4] On the other hand, the design of ASSSs 

with high capacitance, high energy-density and good cycling performance is still a challenge due 

to relatively low capacitance of EDLCs and low conductivity of pseudo-capacitive materials. 

The use of nanoscaled particles significantly enhances the performance of 

supercapacitive materials by improving structural interfaces, leading to enhanced charge transfer, 

and shortening drastically the ion/electron diffusion pathways by decreasing the grain size of the 

bulk material [5]. Among nanoscaled materials for supercapacitors MnO2 is one of the most 

versatile due to the wide diversity of crystal structures, morphologies, porosity and textures 

available for this inexpensive and environmentally friendly material. These structural parameters 

play a crucial role in determining and optimizing the electrochemical properties of MnO2 as 
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electrode material [6]. Extensive efforts have been dedicated to obtain different morphologies of 

MnO2 including nanorods by hydrothermal or room temperature co-precipitation method, 

nanowires by hydrothermal, nanoflowers by hydrothermal, spherical urchins by hydrothermal 

etc. in order to improve its capacitance and power performance in supercapacitors [7]. However, 

some severe drawbacks still burden MnO2 electrodes, including problems of aggregation, large 

interfacial resistance between adjacent particles, resulting in great supercapacitive losses and 

poor calendar life. To address these issues, an interesting and explored avenue is to efficiently 

construct one, two and three-dimensional (3D) interconnected hierarchical porous frameworks 

which could simultaneously provide a continuous electron transport path, a large electrode-

electrolyte interface and efficient penetration and diffusion of the electrolyte [8]. Furthermore, 

these sophisticated MnO2 electrode structures should not be the result of sophisticated synthetic 

methods if widespread industrial applications are sought.  On the contrary, for mass production, 

facile, scalable and low-cost synthetic procedures should be developed.  

The work reported here reports the facile synthesis of different nanostructures of MnO2 

and their use to assemble high-performance all-solid-state supercapacitors (ASSSs). There are 

three steps involved in this investigation, 1) synthesis of different nanostructures by co-

precipitation method at 353 K, 2) fabrication of flexible electrodes by applying MnO2 paste on 

flexible stainless steel substrates, 3) assembly of all solid state symmetric and asymmetric 

supercapacitors using PVA-H3PO4 gel electrolyte. The results evidenced the dependence of 

MnO2 nanostructures on the supercapacitive performance of the device. As it will be shown, the 

asymmetric configuration significantly extends the maximum working voltage of the device up 

to 1.8 V providing high energy density.  
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2. Experimental details 

2.1 Synthesis of MnO2 nanostructures 

 Three different nanostructures of MnO2 such as nanorods (Nr), nanowires (Nw) and 

nanoneedles (Nn) have been successfully synthesized by simple co-precipitation method. Briefly, 

0.1 M MnSO4 and 0. 1 M (NH4)2S2O8 were used as source of manganese and oxidizing agent, 

respectively. The nanostructures of MnO2 were tuned by using 0.05 M (NH4)2SO4 and 0.05 M 

NH4F as templates. As a reference, MnO2 without any template was also prepared. All these 

precursors were maintained at 353 K for 1 h. The products were filtered off, successively washed 

with water and ethanol and finally dried in an oven at 373 K overnight. Thus three different 

products were collected one prepared without and the other two with templates. 

2.2 Synthesis of reduced graphene oxide (rGO) 

2.5 g of graphite powder, 1.25 g of NaNO3 and 60 mL of H2SO4 were mixed together 

with stirring for 30 min and cooled in an ice bath. 7.5 g of potassium permanganate was added 

slowly to this solution with continuous stirring overnight. Subsequently this solution was diluted 

with 100 mL of distilled water at high speed stirring. The temperature rapidly increased to 98 C 

and was maintained there for 5 h. Then, 25 mL of 30 % H2O2 were added to this solution. The 

final product was washed several times with distilled water and HCl (97 %) and then re-

suspended in distilled water. The aqueous graphite oxide solution was sonicated vigorously for 2 

h to exfoliate the stacked graphite oxide sheets into monolayer or multi-layered graphene oxide 

sheets. The concentration of prepared graphene oxide solution is about 2 mg/ml. The rGO were 

synthesized by hydrothermal method. Thus, 50 ml of the above graphene oxide solution was 

sealed into a Teflon-lined stainless steel autoclave and heated at 180 C for 5 h. This treatment 

converts graphene oxide into reduced graphene oxide (rGO). 
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2.2 Materials and electrochemical characterizations 

 X-ray diffraction (XRD) of solid samples was carried out using a Bruker AXS D8 

Advance diffractometer with copper radiation (K of =1.54 Å). The microstructures of the 

MnO2 nanostructures were investigated by scanning electron microscope (SEM, Nova NanoSEM 

200). To obtain a typical slurry 85% of active material (MnO2) was mixed with 10 % PVDF as 

binder and 5 % acetylene black. A fine mixture of active material, PVDF and acetylene black 

with NMP (solvent) was prepared. Finally the paste was applied on flexible stainless steel foil 

which was further used as supercapacitive electrodes. Electrochemical properties were 

investigated by assembling three-electrode cells comprising a working electrode (MnO2 or rGO), 

counter electrode (platinum wire) and reference electrode (saturated calomel electrode (SCE)) in 

1 M Na2SO4 electrolyte. An asymmetric supercapacitor cell was fabricated with MnO2 as the 

positive electrode (cathode) and rGO coated on stainless steel foil as the negative electrode 

(anode) with H3PO4-PVA gel electrolyte. All electrochemical characteristics were evaluated by 

cyclic voltammetry (CV) and galvanostatic charge/discharge (CD) measurements on IviumStat 

and Atlas-0961 multichannel battery interface.  

 

3. Results and discussion 

It has been well documented that the nanostructures of electrode materials can influence 

the electrochemical performance of a device. Fig. 1 shows SEM images of the three MnO2 

products successfully synthesized, namely, nanorods (Mn-Nr), nanowires (Mn-Nw) and 

nanoneedles (Mn-Nn) at two different magnifications. MnO2 prepared without any template 

forms microspherical aggregates of randomly oriented nanorods (see Fig. 1 (a, b)). Due to the 

one-dimensional growth tendency of -MnO2 crystals, epitaxial growth of nanorods from the 
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initial colloidal microsphere occurred, which resulted in the formation of spherical aggregation 

of nanorods. The nanorods located on the outside would act as nucleation centers for further 

crystallization. On the other hand, the use of (NH4)2SO4 template, results in the formation of 

nanowires as seen from Fig. 1 (c, d). These nanowires are entangled with each other to form a 

porous network. Slim and long nanowires with an aspect ratio much larger than the nanorods 

described previously, serve both as the backbone and electron ‘‘superhighway’’ for charge 

storage and delivery while allowing for a large electrode/electrolyte contact interface. Finally, it 

is very interesting to note that the use of NH4F during the deposition of MnO2 leads to 3D 

urchin-like structures composed of large amounts of radially grown nanoneedles (Fig. 1 (e, f)). 

These nanoneedles are intercrossed and interconnected with one another, forming an intricate 

transportation network. NH4F plays an essential role in the formation of this sort of morphology. 

When there is no assistance from templates such as (NH4)2SO4 and NH4F, only aggregated 

microspheres of nanorods was observed which suggests that these templates act as structure 

directing agents. Briefly, the partial hydrolysis of (NH4)2SO4 and NH4F produces ammonia 

which forms coordination complexes with Mn
2+

 and reduces the rate of crystal growth. As the 

reaction temperature increases, hydrolysis of more (NH4)2SO4 and NH4F molecules takes place. 

This increases the concentration of OH
-
 in the solution which directs the formation of thin 

nanowires and nanoneedles [9]. From a thermodynamic point of view, the surface energy of an 

individual nanowire or nanoneedle is relatively high and therefore they tend to aggregate 

perpendicularly to the surface planes in order to decrease the surface energy [10]. Therefore, as 

the reaction proceeds, the thin nanowires or nanoneedles would self-aggregate to form clustered 

MnO2 nanostructures for minimizing the overall surface energy. In the case of NH4F, the 

presence of F
-
 can stimulate the production of more active sites for nucleation and hence a high- 
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yield formation of nanoneedles takes place. Fig. 2 (a-c) shows TEM images of the different 

nanostructures of MnO2 just described, further confirming the formation of nanorods, nanowires 

and spherical urchin-like MnO2. Moreover, selected area electron diffraction pattern (SAED) 

along with HRTEM image of the edge of a nanoneedle is shown in Fig. 2 (d). The corresponding 

SAED pattern shows diffuse rings, indicating the polycrystalline nature of nanoneedles. The 

interplanar spacing was measured to be approximately 0.65 nm, which is in good agreement with 

the (110) crystalline plane of -MnO2 (inset of Fig. 2 (d)). 

Despite its deceivingly simple formula, MnO2 presents a rich variety of crystal structures 

all of them coming from one basic structural unit, MnO6 octahedra. In the world of MnO2, this 

little tiny MnO6 octahedron enables the buildup of a colorful and diverse collection in which 

each phase is just the result of a given topological combination of MnO6 octahedra. Fig. 3 shows 

the XRD patterns of the three different nanostructures of MnO2 prepared (Mn-Nr, Mn-Nw and 

Mn-Nn). All the peaks recorded in these XRD patterns correspond to the -MnO2 crystal 

structure according to JCPDS no. 44-0141. This -MnO2 consists of interlinked double chains of 

octahedral MnO6 and an interstitial space comprised of one-dimensional channels that extend in 

a direction parallel to the ‘c’ axis of a tetragonal unit cell. The electrochemical performance of 

MnO2 oxides is strongly dependent on their crystallographic form [11]. Previous results suggest 

that, -MnO2 provides the best suited crystallographic form for energy storage due to the large 

tunnel size which favors the storage of ions as compared to small tunnel of -MnO2 [12]. To 

investigate the nature of the MnO2, we conducted FT-IR analysis (supporting information S1). 

The peaks at 767, 620 and 529 cm
-1

 are deemed as the main characteristic absorption bands of 

MnO2, which corresponds to the Mn-O stretching modes of the octahedral sites. 
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To further investigate the surface property of all three nanostructures of MnO2, we 

measured the Brunnauer-Emmett-Teller (BET) and nitrogen adsorption-desorption, as shown in 

Fig. 4 (a). All three nanostructures show typical type IV isotherm with hysteresis loops in a 

relative pressure (P/P0) range of 0.4-1.0, implying the formation of mesopores structures. The 

average pore diameters of nanorods, nanowires and urchin-like structures of MnO2 samples are 

found to be in the mesopore region as seen from Fig. 4 (b). The intensities of the pore size 

distribution in Mn-Nn sample are slightly higher than that of Mn-Nr and Mn-Nw samples 

suggesting higher pore volume of Mn-Nn sample. The meso-porosity of MnO2 samples is an 

amalgamation of internal space of the agglomerated nanostructures, surface porosity and the 

porosity due to internal space of the nanostructures. The BET surface area Mn-Nr, Mn-Nw and 

Mn-Nn samples are 49, 58 and 67 m
2
/g, respectively. Thus the nano-needle MnO2 possess 

highest surface area as compared to other two nanostrcutures. Such 3D hierarchical 

nanostructure with high surface area and meso-porous structure is advantageous for energy 

storage applications since large pore channels permit rapid electrolyte transport, while the small 

pores provide more active sites for chemical reactions. 

In order to further explore the importance of nanostructures, the electrochemical and 

supercapacitive properties of three MnO2 products were investigated by assembling three 

electrode cells. Fig. 5 (a-c) shows the CV curves of Mn-Nr, Mn-Nw and Mn-Nn electrodes at 

different scanning rates, respectively. It can be clearly observed that the CV curves of all the 

three MnO2 samples show similar rectangular shapes (capacitive behavior) but with increased 

currents in the order of Mn-Nr < Mn-Nw < Mn-Nn, which might be related to the different 

nanostructures of the samples. The CV curves highlight a clear dependence of scan rate due to 

the continuous increase in area under the curves with scan rate. Moreover, the shapes of CV 
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curves maintain their rectangular shapes even under high scanning rates of 200 mV/s, indicating 

that the faradaic redox reactions are electrochemically reversible [13]. The specific capacitance 

of MnO2 electrodes can be estimated by the following equation: 

m

c a

1
C I dV

ν(V V )m

c

a

V

V


     (1) 

where C is the specific capacitance (F/g), ν is the potential scan rate (mV/s), Vc-Va is the 

voltage window and Im denotes the response current (A/g). At potential scan rates of 10 mV/s, 

the specific capacitances obtained for Mn-Nr, Mn-Nw and Mn-Nn electrodes are found to be 282 

F/g (2.1 mg/cm
2
), 322 F/g (2.2 mg/cm

2
) and 368 F/g (2.1 mg/cm

2
), respectively. The values 

reported are comparable or little higher than that reported for other nanostructures of MnO2 by 

other different methods (supporting information S2). As it could be expected, the CV data shows 

that there is a gradual decrease in the specific capacitance values with increase in scan rate 

(supporting information S3).  

 Galvanostatic charge-discharge curves of Mn-Nr, Mn-Nw and Mn-Nn at different current 

densities are shown in Fig. 5 (d-f), respectively. It can be seen that all of the curves are not ideal 

straight lines, indicating the involvement of a faradaic reaction (pseudocapacitance). Moreover, 

there is an initial drop in voltage, which is caused by internal resistance of the material. As seen 

from the Fig. 5, almost the same loss in initial voltage is observed for Mn-Nr and Mn-Nw 

samples while that for Mn-Nn sample is much smaller. The values of specific capacitances for 

MnO2 electrodes have been calculated from the voltage-time measurements (excluding internal 

resistance drop) at different applied current densities using the following equation: 

s

I t
C

m V





   (2) 
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 where I (A/g) is the discharge current density for the applied time duration Δt (s), ΔV (V) 

is the voltage window, and m is the weight of the MnO2 active materials.  

 To further improve the supercapacitive performances of MnO2 nanostructures, 

asymmetric supercapacitors with MnO2 as positive and carbon material (reduced graphene oxide, 

rGO) as negative electrodes with PVA-H3PO4 gel electrolyte have been fabricated to achieve a 

higher cell voltage, thanks to the high hydrogen evolution over-potential of carbon materials 

(rGO) in aqueous media. In these asymmetric cells charges are stored non-faradaically in rGO 

electrodes, and through redox reactions in MnO2 electrodes. For instance, reduced graphene 

oxide (rGO) has been prepared by modified Hummer’s method, reported elsewhere [14]. Thin 

and curly nanosheets are successfully formed (for details see supporting information S4). The 

cyclic voltammetry (CV) curves of rGO electrode can be operated over a wide range of scan 

rates: from 5 up to 200 mV/s in three electrodes configuration showing ideal electrochemical 

double layer behavior. Thus, the results demonstrate that rGO electrode exhibit high EDLC 

performance and would be a promising energy storage electrode material. The specific 

capacitance of the rGO electrode was found to be 122 F/g (1.9 mg/cm
2
) at the scan rate of 5 

mV/s (supporting information S4). Note that in order to reach the highest cell voltage, the 

charges stored in both electrodes must be balanced by adjusting the mass loading of the 

electrodes. The positive to negative electrode mass ratio was calculated by the following 

equation to achieve a charge balance q
+
= q

-
. 

( )

( )

m C E

m C E

  

  





   (3) 

where q
+
, q

-
, m+, m-, C+, C-, E+, and E- are the charge, mass, specific capacitance and potential 

windows for the cathode (+) and anode (-). Thus, optimal mass ratios between the positive and 
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negative electrodes of Mn-Nr//rGO (2.81 mg/cm
2
//1.88 mg/cm

2
), Mn-Nw//rGO (2.92 

mg/cm
2
//1.98 mg/cm

2
) and Mn-Nn//rGO (3.43 mg/cm

2
//1.76 mg/cm

2
) were used. It is interesting 

to note that for Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO devices, the allowed working 

voltage windows are 0-1.7 V, 0-1.4 and 0-1.8 V, respectively. Above these limits the shapes of 

the CV curves looks somewhat distorted which may be due to hydrogen and/or oxygen evolution 

(supporting information S5). Moreover, the shapes of CV curves demonstrate an ideal capacitive 

behavior with small but obvious redox peaks, even at wide voltage window. It was further found 

that the current and consequently the specific capacitance greatly increase as the operating 

voltage window is increased, which indicates the improvement in stored energy and delivered 

power. The enhancement of the cell voltage will be a critical factor to improve the energy 

density of the Mn-X//rGO (X = Nr or Nw or Nn) asymmetric devices. Fig. 6 (a-c) shows the CV 

curves of Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO asymmetric devices at various scan rates 

ranging from 10 mV/s to 500 mV/s, respectively. Obviously, all the CV curves behave similarly 

in shape and the current density increases with scan rates. Even at a scan rate as high as 500 

mV/s, the CV curves still has obvious redox peaks in the charge and discharge processes, 

indicating the superior high rate capability of present supercapacitor cells for the fast charge and 

discharge. Particularly noteworthy is that the CV integrated area of the Mn-Nn//rGO asymmetric 

cell is apparently larger than that of the other Mn-Nr//rGO and Mn-Nw//rGO cells with highest 

voltage window (1.8 V), indicating that the Mn-Nn//rGO cell has a significantly larger specific 

capacitance. The maximum specific capacitance values for Mn-Nr//rGO, Mn-Nw//rGO and Mn-

Nn//rGO asymmetric cells are found to be in the range of 69 F/g, 80 F/g and 99 F/g, respectively 

at the scan rate of 10 mV/s. Remarkably, up to 33 %, 39 % and 50 % of capacitance is retained 
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when the scan rate is increased 20 times from 10 to 200 mV/s, indicating the very good high-rate 

performance of these asymmetric devices.  

Fig. 6 (d-f) shows the Charge-Discharge curves for the Mn-Nr//rGO, Mn-Nw//rGO and 

Mn-Nn//rGO asymmetric cells at different current densities. As illustrated in Fig. 6 (d-f), the 

shapes of the CD curves for the all three asymmetric cells at different current densities tend 

towards triangular-shaped curves with very small initial voltage drop and the discharge curves 

are nearly symmetric with the corresponding charge counterparts, suggesting a rapid I-V 

response and good electrochemical reversibility. Additionally, it is worth noting that the Mn-

Nn//rGO asymmetric cell demonstrates longer discharging time than the Mn-Nr//rGO, Mn-

Nw//rGO. This confirms that the Mn-Nn//rGO asymmetric cell exhibits higher specific 

capacitance values than that of the other two cells. Moreover, the specific capacitances of the 

cells decrease with increasing current density (see Fig. 7 (a)). The reduction of specific 

capacitance at high scan rate and large current density can be attributed to the low diffusion of 

the electrolyte ion. The ionic motion in the electrolyte during the high rate charge-discharge 

process is always limited by diffusion, because of the time constraint, and only the outer active 

surface is utilized for charge storage, so there is an obvious reduction in the electrochemical 

utilization of the electroactive materials at high scan rates and large current densities [15]. 

Power density and energy density are the two significant parameters to characterize the 

performance of the supercapacitors. The CD curves are further utilized to evaluate the specific 

power and specific energy of Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO asymmetric cells. 

Fig. 7 (b) shows the Ragone plots of the present asymmetric device based on CD tests. It is worth 

noting that the maximum values of specific energy for Mn-Nr//rGO, Mn-Nw//rGO and Mn-

Nn//rGO asymmetric cells are 14.31, 19.97 and 24.12 Wh/kg whereas the maximum specific 
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powers are 5.1, 6.2 and 7.8 kW/kg, respectively. Significantly, the specific energy obtained is 

higher than that of symmetrical supercapacitors such as CNTs//CNTs supercapacitors (<10 

Wh/kg) [16], graphene/MnO2//graphene/MnO2 supercapacitors (8.1 Wh/kg) [17], AC//AC 

supercapacitors (<10 Wh/kg) [18], rGO//rGO supercapacitors (<4 Wh/kg) [19], and 3D 

graphene/MnO2//3D graphene/MnO2 (6.8 Wh/kg) [20]. Furthermore, we also compare the 

specific energy and power density of the all-solid-state devices. The maximum energy density of 

Mn-Nn//rGO (24.12 Wh/kg) at a current density of 2 A/g is larger than that previously reported 

for other manganese-oxides-based asymmetric supercapacitors in aqueous electrolytes, including 

activated carbon//mesoporous MnO2 (10.4 Wh/kg at 0.3 A/g) [21], activated carbon//NaMnO2 

(19.5 Wh/kg at 0.04 A/g) [22], activated carbon//MnO2 (17.3 Wh/kg at 0.55 A/g) [23], 

CNT//graphene-MnO2 (12.5 Wh/kg at 0.45 A/g) [24], and graphene//graphene-MnO2 (21.27 

Wh/kg at 0.223 A/g) [25]. Moreover, in great contrast to supercapacitors packed with aqueous or 

organic electrolytes, the all-solid-state asymmetric supercapacitor of MnO2//rGO using the 

polymer gel electrolytes exhibits excellent flexibility (see supporting information S6). 

Cycling performance is the final key factor determining the viability of supercapacitors 

for many practical applications. In this study, a long-term cycle stability study of Mn-Nr//rGO, 

Mn-Nw//rGO and Mn-Nn//rGO asymmetric cells was carried out by repeating the CV tests at a 

scan rate of 100 mV/s for 5000 cycles (see supporting information S7). It can be clearly seen that 

the specific capacitance of asymmetric cells slightly decreases with cycles. The overall specific 

capacitance retention values for the Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO asymmetric 

cells were found to be 84%, 86% and 91 % after 5000 cycles, respectively (Fig. 8). The 

enhanced capacitive retention for Mn-Nn//rGO asymmetric cell is mainly attributed to their 

unique 3D nanoneedles-like structure which provides more active sites for efficient electrolyte 
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ion transport not only at the active materials surface but also throughout the bulk. These values 

are comparable to that of the porous NiO//carbon device (50% after 1000 cycles) [26], 

NiO//Ru0.35V0.65O2 (83.5% after 1500 cycles) [27], Ni(OH)2-MnO2//rGO (76% after 3000 cycles) 

[28] and AC//NiMoO4.xH2O (80.6% after 1000 cycles) [29]. 

Among the three different nanostructures of MnO2 studied, the 3D urchin-like structure 

with sharp and slim nanoneedles exhibits excellent supercapacitive performance. These excellent 

performances are made possible by the unique design of hierarchical nanoneedles arrays which 

includes the following merits: 1) small diameters of the nanoneedles lead to a high surface area 

which surely contributes to the high capacitance, 2) well-defined and distinct structure of 

nanoneedles provides most of the surface easily accessible for electrolyte which will give high 

capacitance and enhanced electrochemical kinetics, 3) 1D nature of nanoneedles contributes to 

the cycling stability during the extended charge/discharge process, by facilitating the electron 

transfer and providing strong mechanical robustness. On the other hand, 1D nanorods and 

nanowires are self-aggregated to form clusters which significantly increase interfacial resistance 

between adjacent particles resulting in relative loss of supercapacitance.  

 Fig. 9 shows the schematic representation of asymmetric capacitor system according to 

the charge-potential profile. An asymmetric capacitor system is fabricated with a faradaic 

material (MnO2) as positive and a non-faradic material (rGO) as negative electrode (see Fig. 9).  

Moreover, the voltage split depends on the capacitance of each electrode active material and can 

avoid the aqueous electrolyte decomposition at 1 V which occurs in the symmetric system. In an 

asymmetric system the potential remains constant (or slowly changing) for the faradaic electrode 

during charging due to redox reaction on the surface electrode. Therefore, it is essential to use a 

higher working potential combined with the non-faradic electrode at the initial stage of the 
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charging process resulting in an increase of the storable amount of energy compared to the 

symmetric system. Additionally, the surface redox reaction of the faradic electrode which shows 

slower kinetics than the electrostatic charge storage of the non-faradic electrode is still fast 

enough to operate as a counter electrode. Therefore, asymmetric capacitors can make full use of 

the different potential windows of the two electrodes to provide a maximum operating voltage in 

the cell system, thus resulting in a greatly enhanced specific capacitance and significantly 

improved energy density (Fig. 9). 

 

4. Conclusions 

 Three different nanostructures of MnO2 (nanorods, nanowires and nanoneedles) have 

been successfully synthesized by a scalable chemical co-precipitation method and have been 

used as electrode materials to set-up and test all-solid-state supercapacitors. First, all-solid-state 

asymmetric capacitors based on MnO2//rGO were fabricated and tested. All the devices based on 

different nanostructures of MnO2 show superb suspercapacitive performances. Asymmetric 

devices based on MnO2//rGO are the most promising configuration, extending the working 

voltage windows beyond 1.4 V and achieving a maximum of 1.8 V. An asymmetric 

supercapacitor device based on hierarchical nanoneedle-like MnO2 as the positive electrode and 

reduced graphene oxide (rGO) as the negative electrode can achieve a specific capacitance of 99 

F/g at a scan rate of 10 mV/s with a stable operational voltage of 1.8 V and a maximum energy 

density of 24.12 Wh/kg. These results show that this type of  asymmetric supercapacitor devices 

have a great potential for application as high energy density storage systems. 
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Figure captions 

Fig. 1 SEM images of three different nanostructures of MnO2 (a, b) Mn-Nr (c, d) Mn-Nw and (e, 

f) Mn-Nn, at two different magnifications, respectively. 

 

Fig. 2 TEM images of MnO2 (a) Mn-Nr (b) Mn-Nw and (c) Mn-Nn with corresponding SAED 

pattern of Mn-Nn samples. 

 

Fig. 3 (a-c) XRD patterns of three different nanostructures of MnO2 such as Mn-Nr, Mn-Nw and 

Mn-Nn, respectively. 

 

Fig. 4 (a-c) Nitrogen adsorption/desorption isotherm of Mn-Nr, Mn-Nw and Mn-Nn samples, 

respectively (d) corresponding pore size distribution plots.  

 

Fig. 5 (a-c) Cyclic voltammetry curves of Mn-Nr, Mn-Nw and Mn-Nn electrodes at different 

scanning rates, respectively, (d-f) Galvanostatic charge/discharge (CD) curves of Mn-Nr, Mn-

Nw and Mn-Nn electrodes at different current densities, respectively.  

 

Fig. 6 (a-c) CV curves of Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO all solid state 

asymmetric cells at different scan rates, respectively. (d-f) Galvanostatic charge/discharge (CD) 

curves of Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO asymmetric cells at different current 

densities, respectively,  
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Fig. 7 (a) Variation of specific capacitance of Mn-Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO all 

solid state asymmetric cells with scan rate (b) The specific power versus specific energy of Mn-

Nr//rGO, Mn-Nw//rGO and Mn-Nn//rGO asymmetric cells in a Ragone plot.  

 

Fig. 8 Variation of capacity retention of (A) Mn-Nr//rGO, (B) Mn-Nw//rGO and (C) Mn-

Nn//rGO all solid state asymmetric cells with number of cycles at 100 mV/s scan rate.  

 

Fig. 9 Schematic representation of all solid state asymmetric (Mn-Nn//rGO) devices with PVA-

H3PO4 gel electrolyte along with charge-potential profiles 
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Table of content 

Schematic representation of all solid state asymmetric (Mn-Nn//rGO) devices with PVA-H3PO4 

gel electrolyte along with charge-potential profiles 
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