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A B S T R A C T   

Commercial application of supercapacitors (SCs) requires high mass loading electrodes simultaneously with high 
energy density and long cycle life. Herein, we have reported a ternary multi-walled carbon nanotube (MWCNT)/ 
MnO2/reduced graphene oxide (rGO) nanocomposite for SCs with commercial-level mass loadings. The ternary 
nanocomposite was synthesized using a facile ultrasound-assisted one-pot method. The symmetric SC fabricated 
with ternary MWCNT/MnO2/rGO nanocomposite demonstrated marked enhancement in capacitive performance 
as compared to those with binary nanocomposites (MnO2/rGO and MnO2/MWCNT). The synergistic effect from 
simultaneous growth of MnO2 on the graphene and MWCNTs under ultrasonic irradiation resulted in the for
mation of a porous ternary structure with efficient ion diffusion channels and high electrochemically active 
surface area. The symmetric SC with commercial-level mass loading electrodes (~12 mg cm− 2) offered a high 
specific capacitance (314.6 F g− 1) and energy density (21.1 W h kg− 1 at 150 W kg− 1) at a wide operating voltage 
of 1.5 V. Moreover, the SC exhibits no loss of capacitance after 5000 charge− discharge cycles showcasing 
excellent cycle life.   

1. Introduction 

In the quest for the development of reliable and efficient energy 
storage systems, supercapacitors (SCs) have received considerable 
attention [1]. Carbon–based materials have been extensively studied for 
electric double–layer capacitors (EDLCs), where the charge storage takes 
place via charge separation at the electrode–electrolyte interface [2,3]. 
Carbon-based EDLC materials, viz. activated carbon, graphene, carbon 
nanotubes (CNTs), exhibit high power densities and ultra-long cycle life 
but deliver low energy densities. On the other hand, the transition metal 
oxides/hydroxides and conducting polymers are being explored as 
pseudocapacitors (PCs) where the charge storage is based on the quick 
and reversible surface redox reactions [4]. The PCs can deliver high 
capacitance and energy density via the surface Faradaic reactions but 
shows relatively poor cycle stability. Therefore, hybrid composites 
combining both EDLC and pseudocapacitive materials are viable options 
for high-performance SCs. 

The previous literature has demonstrated the potential of manganese 
dioxide (MnO2) as a pseudocapacitive material [5-8]. Binary 

nanocomposites of MnO2 with various conductive materials viz. MnO2/ 
activated carbon [9], MnO2/graphene [10,11], MnO2/conducting 
polymers [12], MnO2/CNT [13,14] have been synthesized to obtain 
enhanced electrochemical properties. The nanocomposites of graphene/ 
CNTs and MnO2 have proven their effectiveness to overcome the diffi
culties of poor electrical conductivity, cycle stability of pristine MnO2, 
and the low energy density of carbon components via synergistic effects. 
The undesired restacking graphene layers due to their π–π interaction 
and van der Waals forces leads to a substantial reduction in the active 
surface area of graphene-based electrodes [15,16]. Consequently, rela
tively poor capacitive performance is obtained for the graphene-based 
SCs due to hindered charge transport. The addition of various nano
materials such as 1-D CNTs, metal oxide nanoparticles, and polymers in 
the graphene framework could work as spacers to prevent the restacking 
of graphene sheets and graphene-based nanocomposites with superior 
capacitive performance could be obtained [16,17]. 

The binary nanocomposites of MnO2 with graphene or CNTs for SC 
applications have been well reported in the existing literature [11,18- 
25]. On the other hand, literature on SCs based on ternary 
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nanocomposites of graphene, CNTs, and MnO2 are relatively small. The 
previous literature [20,26-29] on ternary composites showed superior 
electrochemical performance as compared to binary nanocomposite as 
SC electrodes. Lei et al. [26] synthesized a ternary nanocomposite by 
intercalating graphene sheets via MnO2-CNTs functionalized with poly 
(diallyldimethylammonium chloride) via a multistep process and 
demonstrated enhanced capacitive properties. Cheng et al. used a 
sonochemical approach to prepare rGO/MnO2 composite and later 
added functionalized few-walled CNTs (fFWNTs) to fabricate graphene/ 
MnO2/fFWNTs films through a vacuum filtration method [27]. Jin et al. 
electrodeposited MnO2 on a CNT buckypaper paper and then soaked as 
prepared MnO2/CNT paper on graphene dispersion for adsorption rGO 
on its surface [20]. In another study, Zhu et al. synthesized 3D 
CNT–graphene–Ni hybrids through a two-step chemical vapor deposi
tion (CVD) process and later used poly ethylene glycol (PEG) based 
reduction of KMnO4 to obtain 3D MnO2–CNT–graphene–Ni hybrids 
[28]. Similarly, Jiang et al. first synthesized rGO/CNTs-Ni composite via 
an annealing and CVD based process followed by a hydrothermal 
method to deposit MnO2 on the surface of rGO/CNTs-Ni [29]. The 
synthesis methods presented in these previous studies were either multi- 
step or often involve complex procedures and high temperatures. 
Therefore, a simple and fast synthesis process for the ternary composites 
is very essential. 

The MnO2/carbon–based nanocomposites reported in the literature 
have demonstrated remarkable enhancement in capacitance, cycle sta
bility, and rate capability [9,11,13,14,30]. However, most of these 
studies were performed at very low electrode mass loadings (~1 – 2 mg 
cm− 2). In low mass loading electrodes, the actual amount of energy 
stored is very low, thereby limiting their practical application in energy 
storage devices [31]. Usually, for practical/commercial applications the 
mass loading of the electrodes should be ≥ 10 mg cm− 2 [32-34]. A 
substantial reduction in the capacitance and energy density is observed 
for the commercial level electrode mass loading, particularly at high 
current densities. This is a collective consequence of blocked ion 
transportation pathways, poor electrolyte accessibility, poor wetting of 
electrodes, increased electrical resistance, and ultra–long ion transport 
channels [32,35]. Therefore, achieving high energy density simulta
neously with high power density is a challenge in the fabrication of SC 
electrodes with commercial level mass loadings. 

Herein, we have reported a “one-pot” ultrasound-assisted synthesis 
of MnO2 decorated rGO/MWCNT based ternary nanocomposite for SCs. 
The ternary MWCNT/MnO2/rGO (MnGC) nanocomposite possessed a 
mesoporous structure with abundant ion diffusion channels together 
with a high electrochemically active surface area. When SCs were 
assembled using MnGC as electrodes, the device exhibited a high cell 
voltage of 1.5 V in a 1 M Na2SO4 electrolyte. Moreover, the device 
demonstrated superb gravimetric capacitance, high energy density, and 
excellent cycle stability with no loss of capacitance after 5000 char
ge–discharge cycles. It is noteworthy that the high supercapacitive 
performances of the devices were obtained at commercial-level elec
trode mass loadings (~12 mg cm− 2). The capacitance and energy den
sity of the ternary MnGC based SC was substantially higher than those of 
the SCs with binary MnC (MnO2/MWCNTs) and MnG (MnO2/rGO) 
composites synthesized by us. 

2. Experimental section 

2.1. Synthesis of ternary MWCNT/MnO2/rGO nanocomposite 

Graphene oxide was prepared using a modified Hummers method 
and subsequently reduced using hydrazine to obtain reduced graphene 
oxide (rGO) as reported in our previous study [36]. The multi-walled 
carbon nanotubes (MWCNTs, Reinste Nano Ventures Ltd., India) were 
purified and functionalized with nitric acid to improve their dispersion 
(please refer to the Supplementary material). 

The prepared rGO and MWCNTs were added to 200 mL ultrapure 

water (rGO:MWCNTs = 8:2 ratio) and vigorously sonicated (100 W, 37 
kHz) for 30 min to exfoliate the rGO and to obtain a homogeneous 
dispersion (3 mg mL− 1) of rGO/MWCNTs. Then, MnSO4⋅H2O (3 mmol) 
was added to the above dispersion under sonication. An aqueous solu
tion of KMnO4 (80 mL, 0.025 M) was added drop-wise to the reaction 
mixture under continuous sonication. The reaction mixture was further 
sonicated for another 30 min and then allowed to settle. The settled 
precipitate was filtered, washed with excess water, and oven-dried at 
70 ◦C to obtain the MWCNT/MnO2/rGO (MnGC) nanocomposite. 

For comparison, binary nanocomposites, MnO2/MWCNT (MnC) and 
MnO2/rGO (MnG), were also synthesized. In this case, either MWCNTs 
or rGO was dispersed in 200 mL ultrapure water using sonication and 
further, the same synthesis procedure as used in MnGC nanocomposite 
was followed. 

2.2. Materials characterization 

The synthesized materials were characterized using X-ray diffraction 
(XRD), Raman spectroscopy, field emission scanning electron micro
scope (FESEM), transmission electron microscope (TEM), energy- 
dispersive spectroscopy (EDS), and Brunauer-Emmett-Teller (BET) sur
face area analysis. The details of characterization and the analysis are 
provided in the Supplementary material. 

2.3. Electrochemical measurements 

The working electrodes were prepared by mixing electro-active 
material (80 wt%), carbon black (10 wt%), and PTFE (10 wt%) in 
ethanol; and coating on stainless steel current collectors. The electrodes 
were dried overnight at 80 ◦C. The disc electrodes (dia. ~ 1.5 cm) had a 
mass loading of ~ 12 mg cm− 2 of active materials. The electrochemical 
tests were performed in a two-electrode configuration using a split type 
coin cell (MTI Corporation, USA) assembly. Two-electrode symmetric 
cells were constructed with two similar electrodes, a cellulose separator 
and Na2SO4 (300 μL) as the electrolyte. Electrochemical tests were 
performed with a multi-channel M204 Potentiostat/Galvanostat (Met
rohm Autolab). Cyclic voltammetry (CV), galvanostatic char
ge–discharge analyses (GCD), and electrochemical impedance 
spectroscopy (EIS) were used to determine the various performance 
parameters of the assembled SC devices. 

The specific capacitances of the composite SC electrodes (based on 
two-electrode symmetric cell), as well as the energy and power densities 
of the SC devices, were calculated using the procedure described in the 
Supplementary material. 

3. Results and discussion 

3.1. Materials characterization 

The MnO2 nanoparticles were grown on the surface of MWCNTs and 
rGO via an ultrasound–assisted redox reaction. The growth of MnO2 
nanostructures on the carbon substrates (viz. MWCNTs and rGO) was 
achieved through the formation of Mn4+ as a result of oxidation/ 
reduction reaction between Mn2+ and Mn7+ ions [37]. The loading 
MnO2 on the synthesized nanocomposites i.e. MnC, MnG, and MnGC 
were ~ 37 – 39 wt%. The MnO2 content was calculated from the weight 
difference before and after the growth of MnO2 on the rGO/MWCNTs. 
Moreover, we also calculated the MnO2 content by dissolving the com
posite in 1 M HCl solution followed by filtering and weighing the un
dissolved rGO/MWCNTs as reported in the literature [18] and obtained 
similar results. Fig. 1 represents the process of MnGC nanocomposite 
synthesis and the schematic illustration of the experimental setup used 
for the synthesis is shown in Fig. S1 (in Supplementary material). 

The X–ray diffraction patterns were recorded over the range of 2θ =
10 − 70◦ (at a scan rate of 5◦ min− 1) and shown in Fig. 2a. MWCNTs 
exhibited a high–intensity characteristic peak at 2θ = 26◦ and a smaller 
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peak at 2θ = 43◦ conforming to (002) and (100) graphitic carbon peaks, 
respectively. Similarly, the pristine reduced graphene oxide also showed 
the (002) and (100) peaks at 2θ = 24.8◦ and 43◦. The diffraction peak 
corresponding to (002) plane of the rGO was broader, whereas it was 
sharper in the case of MWCNTs supporting the higher crystallinity of the 

carbon nanotubes. The XRD patterns of binary nanocomposites, MnC 
and MnG prominently showed the (002) peaks of both MWCNT and 
rGO, respectively. The MnGC nanocomposite showed a combination of 
broader and an adjacent sharper peak ascertaining the (002) planes of 
both rGO and MWCNT. The intensity of (002) plane at 2θ = 26◦ was 

Fig. 1. Schematic illustration of “one-pot” ultrasound-assisted synthesis of the MWCNT/MnO2/rGO nanocomposite.  

Fig. 2. (a) XRD patterns of (i) MnO2, (ii) rGO, (iii), MWCNT, (iv) MnGC, (v) MnC, (vi) MnG; (b) Raman spectra, (c) nitrogen adsorption–desorption isotherms, and 
(d) pore size distribution of MnC, MnG, and MnGC nanocomposites. 
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reduced in the composites due to the growth of MnO2 on the surface of 
MWCNTs/rGO. Moreover, the intensity of the (100) plane was also low 
in the nanocomposites. The presence of two small and broad peaks at 2θ 
= 37◦ and 66.3◦ could be related to the (211) and (002) planes of 
MnO2, respectively. The XRD patterns of the pristine MnO2 (synthesized 
via the same method without any carbon substrates) were also compared 
with the XRD patterns of the composite, and two similar peaks were 
observed at 2θ = 37◦ and 66.3◦ corresponding to (211) and (002) 
planes of poorly crystalline MnO2.[37] Thus, the XRD results confirmed 
the existence of MnO2 in the nanocomposite. The weak intensity of 
MnO2 referred to its poor crystallinity, which could be due to the small 
size of MnO2 particles [13]. Additionally, amorphous manganese oxides 
are expected to have higher capacitance than their crystalline counter
parts due to shorter length of diffusion and high ionic conductivity [14]. 

The structural features and composition of the nanomaterials were 
further characterized using the Raman spectroscopy technique. Raman 
spectra of MWCNTs and rGO (Fig. S2 in Supplementary material) 
exhibited two distinct D and G bands. The G band characterizes the 
vibrational mode of sp2 hybridized carbon atoms whereas the D band 
signifies defects present in the sp2 carbon rings. The bands of MWCNTs 
were sharp and observed at 1350 (D band) and 1574 (G band) cm− 1, 
respectively. The rGO exhibited relatively broader peaks at 1352 cm− 1 

(D band) and 1598 cm− 1 (G band). The intensity ratio of D and G bands 
(ID/IG) corresponds to the degree of disorder present in the carbon 
frameworks. The ID/IG values for the MWCNTs and rGO were 1.05 and 
1.18, respectively; indicating the higher degree of structural defects 
present in rGO which were introduced during the hydrazine reduction 
process. The D and G bands were present in the Raman spectra of all the 
nanocomposites and the ID/IG ratios were 1.09 (MnC), 1.19 (MnG), and 
1.16 (MnGC), respectively (Fig. 2b). A prominent peak at ~ 640 cm− 1 

was observed for all the nanocomposites which could be attributed to 
the Mn–O vibration in MnO2. Whereas another weak peak at ~ 338 
cm− 1 originating from O–Mn–O vibration mode is also observed in the 
Raman spectra of MnG and MnGC [10,14,38]. The presence of Mn–O, 
and O–Mn–O vibration modes supported the XRD results and thus 
confirmed the presence of MnO2 in the nanocomposite. 

The BET measurements were performed to find the specific surface 
area and pore size of the synthesized samples. Fig. 2c shows the N2 
adsorption–desorption isotherms of the nanocomposites. A surface area 
of ~ 434 m2 g− 1 was obtained for MnG, as compared to ~ 189 m2 g− 1 of 
MnC and ~ 313 m2 g− 1 of MnGC. The adsorption–desorption isotherms 
of all the three nanocomposites were observed to be type IV isotherms 
with hysteresis loops due to capillary condensation in the mesopores 
after monolayer–multilayer adsorption. The H1 type hysteresis loop 
observed for MnC sample could be attributed to the presence of cylin
drical pores with facile pore connectivity. The MnG sample showed an 
H2 type of hysteresis loop possibly due to the presence of uniform 
channel–like networks of mesopores with narrow openings. Interest
ingly, the hysteresis loop of the MnGC could be correlated to both H1 
and H2 type hysteresis loops. The influence of H1 and H2 type loops is 
essentially due to the presence of both cylindrical pores and narrow 
channel–like mesoporous channels. The respective surface areas of 
MWCNTs and MnO2 were ~ 252 and 175 m2 g− 1, respectively. The 
surface area of pristine rGO was ~ 555 m2 g− 1 as reported in our pre
vious study [36]. Adsorption–desorption isotherms of MWCNTs and 
MnO2 (Fig. S3a, b in Supplementary material) were found to be type IV 
isotherms with H1 and H2 type of hysteresis loops, respectively. The H2 
type hysteresis loop of MnO2 indicated the presence of narrow slit–like 
pores with irregularly shaped voids. The Barrett–Joyner–Halenda (BJH) 
model was used to obtain the pore–size distributions (shown in Fig. 2d 
and Fig. S3c, d in Supplementary material) of the synthesized nano
materials. The nanocomposites along with the pristine MWCNTs and 
MnO2 demonstrated mesoporous distribution in the range 2 – 18 nm 
range. The average pore diameters of the MnO2, MWCNTs, MnC, MnG, 
and MnGC were found to be 4.40, 6.32, 7.42, 4.05, and 4.59 nm, 
respectively. The narrow pore size distribution of the samples is 

beneficial for better transport of electrolyte ions. Several studies have 
revealed that mesopore networks in the range of 2 – 5 nm could provide 
efficient pathways for easier ion diffusion to the core of electrodes 
[39,40]. Improved and faster ion transport essentially augments the 
capacitive performance of the electrode material. Moreover, the high 
pore volumes of nanocomposites (Table S1 in Supplementary material) 
could be expected to provide abundant active sites for surface redox 
reactions and double–layer formation. 

The morphologies of the synthesized nanomaterials were studied 
using FE–SEM and TEM images. The MWCNTs had tubular structures 
with an outer diameter of 5 – 30 nm and a smooth surface (Fig. S4a–b in 
Supplementary material). Fig. S4c–d (in Supplementary material) 
revealed the crumpled sheet–like morphology of synthesized rGO. The 
FE–SEM and TEM images (Fig. S4e–f in Supplementary material) indi
cated that the MnO2 nanoparticles were aggregate of grain–like struc
tures making it look like a spiked MnO2 sphere. These nanograins have 
varying diameters (10–30 nm) and lengths varying from 60 nm to 
sometimes more than 100 nm. The FE–SEM images of the nano
composites (in Fig. 3) clearly showed the presence of MnO2 in the carbon 
substrates. 

The morphologies of the MnO2 in the MnG were similar to the 
pristine MnO2 with densely aggregated grains on the rGO surface. 
Whereas in the MnC composite the loosely aggregated grains of MnO2 
were observed on the surface of MWCNTs which could be due to the 
relatively lesser packing density of the MWCNTs as compared to rGO. In 
the MnGC nanocomposite, the MnO2 grains were efficiently grown on 
the surface of both rGO and MWCNTs with relatively lesser aggregation 
than MnG nanocomposite. The TEM images of the nanocomposites 
(Fig. 4a-c) showed that MnO2 particles were grown on the external 
surface of the MWCNTs and rGO in the nanocomposites. The relatively 
dense distribution of MnO2 in MnG as compared to MnGC and MnC 
nanocomposites was also evident from the TEM images, thus supporting 
the FE–SEM results. The growth of MnO2 on the carbon substrates (viz. 
MWCNTs and rGO) could form hierarchal mesoporous networks. As a 
result, the electroactive surface area available for electrolyte ions would 
increase and facilitate EDL formation and surface redox reactions. The 
elemental mappings and EDX spectra of the MnGC, MnC, and MnG 
nanocomposites are shown in Fig. 4d, Fig. S5a-b, and Fig. S6a-c (in 
Supplementary material), which also confirmed the presence of Mn, C, 
and O elements in the nanocomposites. 

3.2. Electrochemical performance 

To study the electrochemical performance of the nanocomposites, 
symmetric SCs were fabricated using two identical electrodes, a cellu
lose separator soaked in 1 M Na2SO4 electrolyte (cell assembly is shown 
in Fig. 5). The mass loading of each electrode was ~ 12 mg cm− 2. In 
symmetric SCs, the charge stored in the positive and the negative elec
trodes are similar and therefore the potential window of the device is 
limited by the dissociation of the electrolyte. Typically, the potential 
window of common acidic and basic aqueous electrolytes is limited to 1 
V due to O2 and H2 gas evolution from the electrolysis of water. 
Conversely, in neutral aqueous electrolytes such as Na2SO4, higher 
working potentials could be achieved as the low concentration of H +

and OH− ions delays the gas evolution reactions [41,42]. In our study, 
we were able to obtain a wide potential window of 1.5 V in 1 M Na2SO4 
for the symmetric SCs (please refer to Fig. S7 in Supplementary mate
rial). This wide potential window is relatively higher as compared to 
other similar studies in the existing literature (please refer to Table S2, 
and 3 in Supplementary material). 

The assembled SC cells were subjected to cyclic voltammetry (CV) 
tests at scan rates of 5 – 50 mV s− 1. The CV curves of the pristine 
MWCNTs, rGO, MnC, MnG, and MnGC at a scan rate of 10 mV s− 1 are 
shown in Fig. 6a. It is observed that the CV curves of the nanocomposites 
are quasi–rectangular, indicating superior capacitive behavior of the 
nanocomposites [43]. There is a presence of very weak redox behavior 
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in the CV curves, which could be attributed to the oxygen–containing 
groups present in the MWCNTs and rGO. The CV curves of the MnC, 
MnG, and MnGC nanocomposites did not show much distortion and 
maintained a fairly rectangular shape even at higher scan rates (as 
shown in Fig. 6b-d). These results indicated that the nanocomposite 
electrodes possessed superior charge storage behavior with quick time 
response [44]. The pristine MWCNT and rGO electrodes displayed the 
influence of redox behavior along with double layer charge storage due 
to the presence of surface oxygen–containing groups. The CV curves of 
MWCNT, rGO exhibited excellent reversibility and negligible polariza
tion at higher voltage scan rates (please refer to Fig. S8a, and c in 
Supplementary material). The larger area under the CV curves of the 
MnGC, MnC, and MnG, as compared to pristine rGO and MWCNT, 
indicated the increase in capacitance of nanocomposites due to the 
addition of MnO2. These results indicated that the capacitance of the 
MnGC, MnC, and MnG electrodes was a combined contribution of 
double–layer capacitance of carbon components (MWCNTs and rGO) 
and pseudocapacitance from the MnO2 and surface oxygen groups pre
sent in the carbon components. The charge storage of MnO2 in both 
electrodes (due to their symmetric nature) could take place via either 
rapid adsorption of electrolyte cations (Na+) on the surface (surface 
faradaic reaction) of the MnO2 or intercalation/deintercalation of cat
ions on in the bulk MnO2 (bulk faradaic reaction).[45,46] 

(MnO2)surface + Na+ + e− ↔ (MnOONa)surface (1)  

MnO2 + Na+ + e− ↔ MnOONa (2) 

The gravimetric capacitances of the SC electrodes at different scan 
rates were calculated (using equations described in Supplementary 
material) from CV curves and are presented in Fig. 6e. The MnGC 
nanocomposite electrodes demonstrated a high gravimetric capacitance 
of 314.6 F g− 1 at 5 mV s− 1 and this value is 1.34 × and 1.22 × higher 
than the capacitance of the MnC (235.1 F g− 1) and MnG (258.2 F g− 1) 
electrodes. Additionally, the capacitances of rGO and MWCNTs elec
trodes at 5 mV s− 1 were calculated as 138.9 and 110.5 F g− 1, respec
tively. Notably, the specific capacitance obtained for the synthesized 
MnGC nanocomposites at commercial-level electrode mass loadings is 
superior to many earlier reports (please refer to Tables S2, and S3 in 
Supplementary material). Although some studies have reported aston
ishing capacitances for composites of graphene/CNTs with MnO2, 
electrode mass loadings in these studies were very low (≤1 – 2 mg 
cm− 2). Despite their extraordinary capacitances, the low mass loading 
electrodes cannot be used in commercial applications due to their poor 
actual capacity (as a result of the low ratio of active materials to a full 
cell). When the mass loading of the electrodes is increased, rapid fading 
of the capacitance is observed along with poor rate capability as evident 
in most of the studies [18,33]. As shown in Fig. 6e, the capacitances of 

Fig. 3. FE-SEM images of (a-b) MnC, (c-d) MnG, and (e-f) MnGC nanocomposites in low and high resolution.  
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the nanocomposite electrodes decreased at increased scan rates as the 
charge storage gets limited to the outer surface only at higher scan rates. 
The MnGC nanocomposite displayed a capacitance of 207 F g− 1 at 50 
mV s− 1 and retained ~ 67 % of initial capacitance. Conversely, the MnC 
and MnG electrodes were able to retain 57.8 and 54.1 % of their 

capacitance when the scan rate was increased to 50 mV s− 1. Although 
the MnG electrodes exhibited superior capacitance as compared to MnC 
electrodes, the rate performance of the MnC electrodes was slightly 
better than the MnG. The relatively worse rate capability of MnG could 
be due to the dense aggregation of MnO2 nanostructures on the surface 
of crumpled rGO resulting in sluggish ion transport dynamics. The 
relatively lower aggregation of MnO2 on the MWCNTs surface has hel
ped the MnC electrodes to retain comparatively better capacitance. 
Moreover, the superior rate capability of MnGC electrodes could be 
ascribed to the synergistic effect resulting from simultaneous growth of 
MnO2 on the surfaces of both rGO and MWCNTs. The specific capaci
tances contributed by only MnO2 (pseudocapacitance) in the nano
composite electrodes were also calculated [5]. The capacitance of MnO2 
in the MnGC electrodes was 610.5 F g− 1 at 5 mV s− 1, which was much 
higher compared to the MnC (442.8 F g− 1) and MnG (444.9 F g− 1) 
electrodes (shown in Fig. 6f). 

It is noteworthy that the MnGC electrodes exhibited superior 
capacitive response compared to MnG electrodes despite its relatively 
lower specific surface area than MnG nanocomposite. This excellent 
capacitance of the MnGC could be ascribed to its unique microstructure 
that allowed maximum electrochemical utilization of the MnO2 nano
structures and the reduction in diffusion length promoted faster charge 
transport. As a result, the MnO2 nanostructures of MnGC effectively 
participated in the charge storage/delivery process exhibiting high 
pseudocapacitance, thereby enhancing the overall capacitance of the 
MnGC electrodes. 

The electrochemical performance of the nanocomposite electrodes 
was further investigated by galvanostatic charge–discharge (GCD) at 
different current densities ranging from 0.2 to 5 A g− 1. The SC electrodes 
could work up to the potential of 1.5 V as observed in CV curves. The 
GCD curves of the SCs at 1 A g− 1 are shown in Fig. 7a. The symmetric 
and linear GCD curves indicated the good capacitive behavior of the 
electrode materials [47]. Additionally, the absence of any voltage pla
teaus inferred that there is no bulk redox reaction during the char
ge–discharge process. The GCD curves of the SCs (shown in Fig. 7b-d, 
and Fig. S8b, d in Supplementary material) at varying current densities 

Fig. 4. TEM images of (a) MnC, (b) MnG, and (c) MnGC nanocomposites; (d) elemental mapping of MnGC nanocomposite (carbon in maroon, manganese in green, 
and oxygen in blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Schematic of two-electrode symmetric SC cell and the split-type 
cell assembly. 
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did not deviate from the symmetric and linear nature suggesting high 
reversibility of the charge storage process. The IR drop values were 
calculated from the GCD curves and found to be 0.09, 0.06, 0.09, 0.02, 
and 0.08 V for the MnC, MnG, MnGC, rGO, and MWCNT based SCs. The 
capacitances of the electrodes were evaluated from the GCD curves 
using as described in the Supplementary material. At a current density of 
0.2 A g− 1

, the capacitance of MnGC was calculated to be ~ 271.8 F g− 1 

which is 1.2×, 1.4×, 2.2×, 2.9 × the capacitance of the MnG (226.2 F 
g− 1), MnC (193.5 F g− 1), rGO (124.7 F g− 1), and MWCNT (94.5 F g− 1) 
electrodes, respectively. The decrease in capacitance of the electrodes 
for higher current density is evident from the smaller charge–discharge 
time of the GCD curves. This decreased capacitance could be ascribed to 
inadequate ion migration to the inner core of the electrodes and thereby 
impeding the charge transfer process [30]. Furthermore, the MnGC 

nanocomposites exhibited superior capacitance values as compared to 
the MnG and MnC even at high current densities (Fig. 7e). The MnGC 
electrode retained a capacitance of 194.6 F g− 1 (71.5%) at 5 A g− 1 

demonstrating the superior rate capability as compared to the MnG 
(61.4%) and MnC (65.5%) electrodes. The unique structure of MnGC has 
efficient pore networks for rapid charge transfer, which results in its 
superior capacitance retention at high current densities. 

The fabricated SCs were subjected to repetitive charge–discharge 
cycles at 5 A g− 1 to study the electrochemical stability of the electrode 
materials. As shown in Fig. 7f, there was no prominent degradation in 
the capacitance for the MnGC and MnC SCs, demonstrating excellent 
electrochemical stability even after 5000 charge–discharge cycles. The 
capacitance of the MnGC SC increased to 103.4 % after 5000 cycles, as 
the electrode capacitance increased to 201.2 F g− 1 from 194.6 F g− 1. The 

Fig. 6. (a) Comparison of CV curves of SCs at 10 mV s− 1; CV curves of (b) MnC, (c) MnG, and (d) MnGC SCs at various scan rates; (e) specific capacitance of the SC 
electrodes as a function of scan rate; (f) capacitance contribution of MnO2 at 5 mV s− 1. 
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MnC SC demonstrated 104.5% of initial capacitance after char
ge–discharge tests. Conversely, MnG SC was able to retain about 96.1% 
of its initial capacitance. Plausibly the electrolytes ions could not utilize 
the maximum available electrochemical area of the thicker (due to high 
mass loading) electrodes at the initial charge–discharge cycles. When 
the SCs were cycled for a few hundred cycles, the electrolyte ions were 
able to penetrate deeper into the pore structure as a result of the 
continuous charge–discharge process (and application of voltage). Thus 
the electrochemically active area for charge storage must have increased 
and as a result, the capacitances of the electrodes were gradually 
increased up to ~ 1000 cycles. The MnGC and MnC SCs were able to 
retain the increased capacitance whereas the MnG SC suffered a 3.9% 
loss in capacitance after 5000 charge–discharge cycles. This loss of 

capacitance could be due to poor capacitance retention of densely grown 
MnO2 in the MnG nanocomposite [48]. Furthermore, excellent capaci
tance retention was exhibited by the pristine rGO and MWCNT SCs, 
maintaining approximately 100% of its initial capacitance after cycle 
tests (refer to Fig. S9a in Supplementary material). The capacitive per
formance of the MnGC nanocomposites was compared with the existing 
reports of MnO2–carbon based composites and found to be superior to 
many studies despite high electrode mass loading of 12 mg cm− 2 (please 
refer to Tables S2, and S3 in Supplementary material). 

The electrochemical impedance data of the SCs was recorded using a 
sinusoidal signal of 10 mV s− 1 in the frequency range of 105 – 0.01 Hz. 
The Nyquist plots of MnGC, MnC, and MnG SCs are shown in Fig. 8a. The 
points in Fig. 8a represent the impedance data recorded before cycle 

Fig. 7. (a) Comparison of GCD curves of SCs at 1 A g− 1; GCD curves of (b) MnC, (c) MnG, and (d) MnGC SCs at different current densities; (e) specific capacitance of 
the SC electrodes as a function of current density; (f) long-term cyclic stability of SC cells. 
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stability tests, whereas the lines denote impedance data recorded after 
cycle stability tests, i.e. after 5000 charge–discharge cycles. In the 
high–frequency region, the impedance spectra of the SCs form a semi
–circular arc and a straight line in the low–frequency region [49]. The 
intercept in the real Z/ axis at very high frequency denotes a series 
resistance (Rs), which originates from the combined effect of electrolyte 
resistance, and other intrinsic resistances of the system [5]. The semi
–circle of the Nyquist plot accounts for the charge transfer resistance 
(Rct) associated with the charge transfer via double layer formation and 
faradaic redox reactions at the electrode/electrolyte interface [50,51]. 
The equivalent circuit for the impedance data is shown in Fig. S9b 
(inset) in Supplementary material. Before cycle stability tests, the Rs 
values for the MnC, MnG, and MnGC SCs were in the range of ~ 
0.67–0.7 Ω, indicating high ionic conductivity and low resistance in the 
system. After the charge–discharge cycles, the measured Rs values were 
0.83, 0.87, and 0.69 Ω, respectively for MnC, MnG, and MnGC. The 
charge transfer resistances were calculated from the semicircular arc 
and the MnG sample showed the least charge transfer resistance with an 
initial Rct value of 2.92 Ω as compared to MnC (3.45 Ω), and MnGC 
(4.87 Ω). After being subjected to charge–discharge cycles, the charge 
transfer resistance was reduced to 3.31, 2.32, and 4.39 Ω, respectively 
for MnC, MnG, and MnGC SCs. Reduction in Rct values indicted the 
improved charge transport in the electrodes during charge–discharge 
tests. In the high–frequency region, the impedance spectra of all the 
three SCs showed vertical lines, exhibiting ideal supercapacitive 
behavior. These lines became more vertical after cycle stability tests, 
which indicated smaller diffusion resistance as a result of faster ion 
transfer dynamics after repetitive charge–discharge cycles. A similar 
observation of reduced charge transfer resistance after cycle stability 
tests was also noticeable in the Nyquist plots of the rGO and MWCNT 
SCs, as shown in Fig. S9b (in Supplementary material). The reduction in 

charge transfer and diffusion resistance value supports the observation 
that the capacitances of the SCs increased after the initial ~ 1000 
charge–discharge cycles. The electrochemical performance of the MnO2 
based SC is illustrated in Fig. S10 (Supplementary material). The elec
trochemical data in Fig. S10 (please refer to Supplementary material) 
indicated sluggish charge transport, poor rate capability of the high 
mass loading MnO2 electrodes. 

The performances of the fabricated SCs were also compared based on 
energy and power densities. The Ragone plots of the MnC, MnG, MnGC, 
MWCNT, and rGO based SC cells are given in Fig. 8b. The energy density 
of the MnGC SC was calculated to be 21.2 W h kg− 1 (at a power density 
of 150 W kg− 1), and this value is 1.4×, 1.2×, 2.9×, and 2.2 × higher 
than the energy densities of MnC (15.12 W h kg− 1), MnG (17.67 W h 
kg− 1), MWCNT (7.38 W h kg− 1), and rGO (9.74 W h kg− 1) SCs, 
respectively. The MnGC SC was able to maintain its superior energy 
density as compared to the MnG and MnC SCs even at higher power 
densities and delivered an energy density of 15.2 W h kg− 1 at 3750 W 
kg− 1. The high energy density of the nanocomposite SCs could be 
ascribed to the improved capacitance of nanocomposites with high 
pseudocapacitive contribution from MnO2. Additionally, the energy 
density of the MnGC SC is superior to many MnO2/carbon-based SCs 
reported elsewhere [27,52-55]. Fig. 8c depicts the schematic and photo 
of two MnGC SCs in series, which could power a red LED for a few 
minutes. 

3.3. Physical explanation for the influence of ultrasound 

The ultrasonic irradiation during synthesis creates intense micro
convection in the system. Propagation of ultrasound waves induces 
high-frequency oscillations of fluid elements at a very small spatial scale. 
The amplitude of oscillation (a) of fluid elements in our system was 

Fig. 8. (a) Nyquist plots (lines – EIS data recorded after 5000 cycles) and (b) Ragone plot of MnC, MnG, and MnGC SCs; (c) schematic diagram and photo of the red 
LED powered by two MnGC SCs connected in series. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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calculated to be a = 0.43 μm [36]. As a result of this intense micro
convection at a very small spatial scale, the rGO is efficiently exfoliated 
and MWCNTs could be uniformly intercalated as spacers to prevent 
restacking of rGO sheets that facilitate easier diffusion of ions. Addi
tionally, sonication lowers the aggregation of MnO2 nanostructure and 
promotes simultaneous growth of MnO2 on rGO and MWCNTs resulting 
in the formation of the ternary MnGC nanocomposite. The superior 
electrochemical performance displayed by the MnGC nanocomposite 
could be attributed to its porous microstructure. The self–assembly of 
the MnO2 nanostructures on the surface of rGO and MWCNTs reduced 
aggregation and created abundant pores resulting in improved diffusion 
of electrolyte ions (i.e. Na+) inside the whole composite electrode. 
Moreover, the addition of MWCNTs to rGO increased the electrochem
ically active surface area of the MnGC nanocomposite as well as the 
MnO2 nanostructures. As a result, the diffusion length for the electrolyte 
ions gets reduced and more electrolyte ions could participate in charge 
storage and this was reflected in the superior rate capability of the MnGC 
electrodes. The carbon components in the nanocomposites (i.e. rGO and 
MWCNTs) act as conductive substrates for MnO2 growth that provide 
excellent interfacial contact and facilitate easier electron transfer in the 
whole electrode. This interfacial synergism between individual compo
nents of the MnGC nanocomposite, in conjunction with the morpho
logical features contributing to rapid charge transport, results in its 
excellent electrochemical performance. 

4. Conclusions 

In summary, a ternary nanocomposite of MWCNT/MnO2/rGO 
(MnGC) was synthesized via a novel one–pot ultrasound–assisted 
method. The synthesized MnGC nanocomposite possessed a mesoporous 
structure with a high BET surface area of ~ 313.2 m2 g− 1. The abundant 
pores present in the MnGC nanocomposite facilitated better electrolyte 
diffusion, maximum utilization of active surface area of MnO2, reduced 
diffusion length, and rapid electron transport via its conductive 
network. As a whole, the synergistic interaction of all the individual 
components enhanced the energy storage capacity of MnGC electrodes. 
The symmetric SC fabricated with commercial-level mass loading MnGC 
electrodes, demonstrated notable enhancement in the capacitive 
behavior compared to binary nanocomposite (i.e. MnO2/MWCNT and 
MnO2/rGO) based SCs. The MnGC based SC displayed a wide operating 
voltage of 1.5 V in Na2SO4 electrolyte and a high gravimetric capaci
tance of 314.6 F g− 1 (at 5 mV s− 1) was obtained for the MnGC electrodes. 
Moreover, the SC displayed excellent cycle stability with ~ 103.4 % 
capacitance retention after 5000 cycles at 5 A g− 1. The MnGC based SC 
delivered energy density as high as 21.2 W h kg− 1 at a power density of 
150 W kg− 1, which was 1.4×, 1.2×, 2.9×, and 2.2 × higher than the 
energy density of MnO2/MWCNT, MnO2/rGO, MWCNT, and rGO based 
symmetric SCs, respectively. The results of the present study clearly 
show the potential of ternary MnGC nanocomposite-based aqueous 
supercapacitors for applications in commercial scale energy storage 
systems. 
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