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ABSTRACT 

Here we demonstrate significant improvements in the performance of supercapacitor electrodes 

based on 2D MnO2 nano-platelets by the addition of carbon nanotubes. Electrodes based on 

MnO2 nano-platelets do not display high areal capacitance because the electrical properties of 

such films are poor, limiting the transport of charge between redox sites and the external circuit. 

In addition, the mechanical strength is low, limiting the achievable electrode thickness, even 

in the presence of binders. By adding carbon nanotubes to the MnO2-based electrodes, we have 

increased the conductivity by up to eight orders of magnitude, in line with percolation theory. 

The nanotube network facilitates charge transport, resulting in large increases in capacitance, 

especially at high rates, around 1 V/s. The increase in MnO2 specific capacitance scaled with 

nanotube content in a manner fully consistent with percolation theory. Importantly, the 

mechanical robustness was significantly enhanced, allowing the fabrication of electrodes that 

were 10 times thicker than could be achieved in MnO2-only films. This resulted in composite 

films with areal capacitances up to 40 times higher than could be achieved with MnO2-only 

electrodes. 
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 Over the last decade, the study of 2-dimensional (2D) nanomaterials has become one 

of the most exciting areas of nanoscience. Catalysed by the exciting properties of graphene,1 a 

large research field has grown up around the study of 2D materials such as MoS2,2, 3 MnO2
4 

and most recently phosphorene.5 These materials can either be grown over large areas2 or 

produced in large quantities by exfoliation of layered compounds.6-9 A host of 2D 

nanostructures have shown great promise for applications in a range of areas from 

optoelectronics3 to electrochemistry.2, 10, 11 Possibly the most exciting area where 2D materials 

have shown potential is in the generation and storage of energy. The versatility of these 

materials is clearly illustrated by the range of energy applications where they have been 

applied: transition metal dichalcogenides such as MoS2 and WS2 have been demonstrated as 

hydrogen evolution catalysts,2, 12, 13 electrodes in lithium ion batteries2, 14, 15 and dye-sensitised 

solar cell electrodes;16 layered oxides such as TiO2 and MnO2 as lithium ion battery 

electrodes17-19 or oxygen reduction catalysts;20 while 2D materials such as Bi2Te3 have been 

demonstrated as efficient thermoelectrics.21
 

However, one of the most promising applications of 2D materials is as electrodes in 

supercapacitors. Many of these compounds display redox properties resulting in levels of 

Faradaic- or pseudo- capacitances much higher than those achievable from electrochemical 

double layer effects alone.22-24 Indeed, the theoretical pseudocapacitance of MnO2 is 1370 F/g, 

which is extremely high.25 Moreover, a growing selection of layered oxides and hydroxides are 

showing great promise in this area.
3, 26-35  

To best employ the high intrinsic pseudocapacitance of any material requires the 

maximum number of redox active sites be in contact with the electrolyte and therefore available 

for charge storage. This makes the layered oxides described above extremely attractive so long 
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as they can be exfoliated into thin flakes. Indeed, electrodes fabricated from monolayers of 

MnO2 or RuO2 would be expected to display very high capacitances as all redox sites would 

be adjacent to the electrolyte. Probably the best way to achieve this in practise is to employ 

liquid exfoliation of layered compounds to give large quantities of suspended flakes in a 

processable form.4, 7 Even though the flakes produced by such techniques may not be 

exclusively monolayers, but display a range of thicknesses  up to 10 layers thick, the 

scalability36 of such exfoliation processes coupled with the intrinsic processability7 of liquid 

suspensions makes liquid exfoliation an attractive way to produce supercapacitor electrodes. 

However, whether for supercapacitors produced by liquid processing or other means, 

experimental pseudocapacitances approaching the theoretical values are seldom achieved 

except for ultra-thin electrodes which are charged and discharged very slowly.25, 37, 38 It has not 

proven straightforward to transform such promise into practical supercapacitors with high 

absolute capacitance. One of the reasons for this is that the specific capacitance (i.e. in F/g) 

generally falls rapidly with electrode thickness. This was noted by Lee et al., reporting a 

specific capacitance of only 0.13 F/g for a 20 m thick MnO2 film (2 mV/s).39 Such 

unfavourable thickness-dependence is a general problem for low-conductivity electrode 

materials and is associated with limitations in the transport of both electrons and ions.40, 41 

These problems are serious as they also mean that the available capacitance falls dramatically 

at high charge/discharge rates.  In addition, the low electrical conductivity results in high 

equivalent series resistances and consequently low power densities. 

One common solution to this problem is to combine the pseudocapacitive material with 

a nanoconductor such as carbon-black, acetylene black, carbon nanotubes or graphene to form 

a composite electrode.30, 39, 42-46 It is worth noting that such an approach is straightforward when 

using solution processing techniques.6, 47 Numerous researchers have shown that this strategy 

can result in increased capacitance by facilitating transport of charge from redox sites to the 

external circuit.33, 39, 42, 48, 49 However, there are a number of problems with this approach. Most 

important is that any addition of nano-conductor reduces the fraction of capacitive material 

present. Thus, it is critical to fully characterise such composites to identify the minimum nano-

conductor mass fraction required. This requires the preparation of a large number of composite 

electrodes over a wide range of mass fractions and their characterisation via complementary 

electrical and capacitive measurements. Particular care must be taken with novel composites 

where both phases are nano-materials which may have different dimensionalities (e.g. 1D 
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nanotubes and 2D nanosheets or nano-platelets). The electrical properties47, and so the 

optimum nano-conductor content, will vary strongly across composite types. This means 

extensive optimisation is required in every case, which is not generally done. These problems 

are especially relevant for composites containing 2D nano-materials, in particular, those 

involving new materials are not yet well documented. Indeed, we suggest that for most 

composite supercapacitor electrodes the interplay between capacitance and charge transport is 

poorly understood. In our view, the biggest difficulty is the lack of real understanding of the 

factors influencing the transport of charge from redox site to external circuit via the nano-

conductor material. Other problems are associated with the composite production technique 

which is generally cumbersome or costly and not suitable for real commercial devices.50, 51 One 

manifestation of this is the fact that impressive data associated with very thin electrodes are 

often presented without the corresponding data for the thick electrodes that are required by 

industry. This is an issue because, in many cases, severe degradation of performance with 

increased thickness is to be expected. 

In this work we address these problems. Using MnO2 nano-platelets as a model 2D 

system, we demonstrate a simple method to produce supercapacitor electrodes based on 

solution processing. We show that the capacitance of these electrodes falls off with increasing 

electrode thickness and scan rate as would be expected for a material limited by low electrical 

conductivity. Equally problematic, the electrodes are not mechanically robust and become 

unstable beyond thicknesses of 1.7 m. To resolve these issues we use simple solution-

processing techniques to prepare composite electrodes of MnO2 nano-platelets mixed with 

carbon nanotubes. We show that the electrical conductivity of such composites can be tuned 

over eight orders of magnitude and is controlled by percolation theory. Electrochemical testing 

is used to demonstrate that the addition of even small amounts of nanotubes has a dramatic 

effect on charge storage properties, with up to 25 increase in capacitance observed at scan 

rates of ~1000 mV/s. Importantly, we explore the mechanism, finding the capacitance increase 

to scale with nanotube volume fraction as predicted by percolation theory. Another practical 

advantage of this approach is that the composite electrodes were much more mechanically 

robust, allowing the production of much thicker films giving up to a 40-fold increase in areal 

capacitance compared to MnO2 alone. 

RESULTS AND DISCUSSION  

Single component films of MnO2 or SWNT 
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Layered manganese dioxide was prepared by a modified version52 of the co-

precipitation method described by Jiang et al.45 (see Methods). This procedure results in a 

brown dispersion containing ~0.2 mg/ml MnO2 dispersed in isopropanol. TEM analysis (figure 

1 A-B) showed the dispersed material to be in the form of thin nano-platelets with mean lateral 

size of ~200 nm (see SI figure S1). We note that such samples always contain a small 

population of relatively large crumpled objects such as that in the bottom of figure 1B. Thin 

films of MnO2 nano-platelets were produced by vacuum filtration for Raman and XPS analysis. 

A typical Raman spectrum is shown in figure 1C and displays a dominant feature at  ~645 cm-

1, which we attribute to the symmetric stretching vibration ν2(Mn-O) of MnO6, as expected for 

layered MnO2.53-55 The shoulder observed on the left hand side of this primary peak (~575 cm-

1) can be attributed to the ν3(Mn–O) stretching vibration associated with MnO6 octahedra.56  

XPS measurements of the Mn 2p and O 1s core-levels (Figure 1D and E) show the expected 

MnO2 components in the correct stoichiometry, with a ratio of manganese to oxygen very close 

to 50 %. The Mn 2p3/2 peak has been fitted with five multiplet components in accordance with 

the parameters established for MnO2 by Biesinger et al.57 The additional Mn3+ component can 

be attributed to X-ray damage and/or other oxide species like Mn2O3, but only constitutes a 

very minor part of the spectrum. Apart from the main MnO2 component, the deconvoluted O 

1s peak also shows contributions from the SiO2 substrate, nitrates which are most likely 

associated with the Mn(NO3)2 starting material and a minor contribution from adventitious 

carbonates. This analysis clearly shows the synthesised material to be predominately layered 

MnO2. 

Once the nature of the dispersed material was confirmed, we used vacuum filtration to 

prepare a range of thin films with varying nano-platelet mass per unit area (M/A). The mass 

was controlled via the volume of dispersion filtered while a small quantity (10 wt%) of ethyl 

cellulose (EC) was added as a binder. The film M/A varied from 2 to 160 µg/cm2, a relatively 

broad range as compared to previous work (Comparison: Pang et al.:37 1-14 µg/cm2
, Hu et al.:58 

130-150 µg/cm2). After filtration, pieces of the films (A~0.25 cm2) were transferred from the 

nitrocellulose filter membranes onto ITO-coated glass current collectors, using acetone to 

dissolve the membrane.59  

Film thicknesses were determined using profilometry, revealing that the M/A loading 

range corresponds to thickness varying from 40 nm to 1.7 µm (see SI figure S2). Despite the 

inclusion of the ethyl cellulose, we found it impossible to prepare electrodes of the MnO2 
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thicker than 1.7 µm, due to poor mechanical properties leading to difficulties in transfer. We 

measured the film density as 0.95 g/cm3 suggesting a high film porosity of ~80 % (using 

2

35  /MnO g cm  ). This morphology is attractive for electrochemical capacitor applications 

due to the combination of high of surface to bulk atomic ratio and porosity, enabling ready 

access of electrolyte counter ions to internal surface area of the electrode. 

Electrochemical testing was performed to investigate the charge storage properties of 

the MnO2 films. Cyclic voltammetry (CV) was carried out using 0.5 M K2SO4 electrolyte in a 

three electrode configuration. Before measurement, each film was conditioned by applying 50 

CV cycles between 0.1 and 0.8 V versus Ag/AgCl (dV/dt=100 mV/s) to ensure a stable 

electrochemical response. Next, CVs were recorded at a variety of scan rates from 10 to 5000 

mV/s. The slowest and fastest scan rates correspond to charging/discharging times of 70 sec 

and 0.14 sec respectively. These charging/discharging times are suitable for many 

supercapacitor applications.60 

The typical CV response of an ultra-thin MnO2 electrode (t~40 nm) at two scan rates 

(50 and 5000 mV/s) is shown in figure 2A. To facilitate comparison we normalised the current 

response to both scan rate and the mass of active material, yielding a differential gravimetric 

capacitance. The shape of the CV curves are broad and near-rectangular, typical of the 

pseudocapacitive response of this material44 at 50 mV/s, Faradaic features can be discerned, 

centered at 0.5 V on oxidation, and 0.4 V on reduction. A slow current rise, even for the thin 

film electrodes, indicated the presence of resistive character. The capacitance was calculated 

by integrating the current passed within the potential window (see Methods). We calculated a 

relatively high specific capacitance (C/M) for this material (~200 F/g at 50 mV/s), typical for 

a thin film of MnO2 charged relatively slowly.58, 61 This value decreases only slightly at very 

high scan rate (~90 F/g at 5000 mV/s).  

Characterisation of films with thickness in the nanometer range is useful to evaluate the 

quality of the material. However, for many applications where greater absolute capacitance is 

required the electrode thickness needs to be scaled up. Therefore it is important to evaluate 

how capacitance varies with electrode thickness. To investigate this we have prepared thicker 

electrodes and evaluated their charge storage behaviour in a similar manner. Figure 2B shows 

a CV of a 1.7 µm thick MnO2 film. We observe that C/M has decreased by a factor of ~10 at 

50 mV/s and a factor of ~100 at 5000 mV/s, compared with the 40 nm film. The CV shape 
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exhibits a more resistor-like behaviour for thicker films, and the Faradaic features observed for 

the thin films are no longer perceivable, even at low scan rates (Figure S4). We emphasise that 

even these MnO2 films are still relatively thin; commercial supercapacitor electrodes based on 

porous carbon typically have thicknesses of 10-100s of microns.62 

To demonstrate this behaviour more clearly we have plotted C/M as a function of 

scan rate for three different electrode thicknesses (Figure 2C) and as a function of 

thickness for three different scan rates (Figure 2D). In both cases we observe impaired 

specific capacitance when going to thicker films and faster charge/discharge rates. As 

described in the introduction, such results are consistent with electrodes which are limited 

by poor electrical performance.39 22, 33, 37, 48, 63-68 In particular, the symmetry between these 

temporal and spatial dependencies suggests they are determined by the same underlying 

electrode properties, namely those determining the transport of charge between active sites 

and the external circuit. Using the four-probe technique, we measured the electrical 

conductivity of the thin films of MnO2 nano-platelets used here to be ~1.7×10-5 S/m. This 

low conductivity is similar to values reported by others40, 41 and would be expected to limit 

supercapacitor performance. Understanding how these effects can be overcome is crucial for 

the design of supercapacitor electrodes with high absolute capacitance, particularly at high 

power.  

In contrast, the high electrical conductivity of many carbon-based materials (among 

other reasons) makes them excellent candidates as high performance supercapacitor electrodes. 

To compare with the MnO2 data described above, we have prepared disordered network films 

of single walled carbon nanotubes (SWNTs) of various thicknesses. We measured the film 

conductivity to be ~2×105 S/m, which is in agreement with previous reports.69 Cyclic 

voltammetry, carried out under the same conditions as for MnO2, showed highly rectangular 

behaviour (see SI figure S3), indicating close to an ideal capacitive response with a small time 

constant. The gravimetric capacitance was virtually invariant with both thickness and scan rate 

at ~10 F/g (figure 2E and F), as reported by other authors.49, 70 

It is clear from this work that thin films of MnO2 have great potential as supercapacitor 

electrodes but are limited by the poor conductivity resulting in disappointing performance at 

high rates and electrode thickness. Indeed, overcoming electronic transport limitations of 

pseudocapacitive materials in general is key to achieving high performance electrodes. As 

discussed by a number of authors,49, 63 a simple solution is to add carbon nanotubes to the MnO2 
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electrode resulting in the formation of a conducting network to facilitate transport of charge 

from redox sites to the external circuit. Furthermore, this strategy is known to improve 

mechanical properties of films containing layered materials and may assist with electrolyte 

accessibility by preventing restacking of adjacent sheets.27, 71 

Composite films of MnO2 and SWNT 

In order to test the effect of adding carbon nanotubes to films of MnO2 nano-platelets, 

we prepared composite films with a range of SWNT/MnO2 mass ratios. This was achieved by 

simple mixing of appropriate volumes of the two component dispersions followed by vacuum 

filtration and film transfer (see Methods). In this study, we chose a fixed loading of MnO2 (160 

µg/cm2) to which increasing quantities of SWNTs were added, forming composites with 

nanotube mass fractions of up to 40 wt% (
2/ ( )f NT NT MnOM M M M  ). This method of 

composition variation differs somewhat from others72, 73 where the total film mass is kept 

constant and the masses of both components are altered simultaneously. By keeping the MnO2 

mass constant for all films, our approach makes analysis of the way MnO2 pseudocapacitance 

varies with film composition more straightforward. In doing so, we found that while the film 

thickness is relatively constant at ~1.5 m up to Mf=20 wt%, addition of SNWTs beyond this 

loading caused the film thickness to increase, reaching ~3 m for a mass fraction ~40 wt% (see 

SI figure S5). The fixed MnO2 M/A of 160 µg/cm2 was chosen because it corresponds to the 

greatest thickness at which we could produce mechanically robust MnO2-only films for 

comparison, and is a thickness where the capacitance of MnO2 is clearly electrically limited 

(figure 2C-D). Additionally, while remaining relatively thin we minimised the influence of 

ionic transport which cannot be ignored for very thick electrodes. 

SEM images of an MnO2-only film and two composite films (Mf=1 and 25 wt%) are 

shown in figure 3A-C. Even at 1 wt% loading, the presence of the nanotubes is apparent. The 

images at higher loadings suggest effective mixing of the two components, with the MnO2 

intimately incorporated within the nanotube network. One very important point is that addition 

of any amount of SWNTs greatly improved the film’s mechanical integrity, making the 

inclusion of binder (EC) unnecessary. This is not unexpected as we have previously observed 

films of exfoliated 2D materials to be very brittle, but to become much more robust on addition 

of nanotubes.6, 74 This contrasts with previously reported composite electrodes where the 

conductive additive has not also acted as binder.44, 75 In addition, the composite films are 
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extremely porous, containing free volumes of >75 % for all mass fractions (see SI, figure S5). 

This is advantageous as it should allow free access of the electrolyte to the internal surface of 

the electrode. On the other hand, a high porosity will ultimately reduce the scope for high 

volumetric capacitance. 

Using the four-probe technique, we measured the in-plane electrical conductivity for 

MnO2/SWNT composites with a range of nanotube contents. The conductivity data is plotted 

in figure 3D where the nanotube content is represented as the volume fraction,  (

2/ ( )NT NT MnOV V V   ). We found that the DC conductivity increases rapidly with addition of 

small amounts of nanotubes, reaching ~100 S/m for =1 vol% and approaching 105 S/m for 

=25 vol%. This behaviour is qualitatively similar to that observed previously for composites 

of MoS2 nano-platelets mixed with carbon nanotubes.6, 47 The electrical properties of such 

insulator/nanoconductor composites is described by percolation theory.76 In this framework the 

film conductivity is expected to be very low until a critical volume fraction of nanoconductors 

is reached, the electrical percolation threshold, c,e. Above the percolation threshold, the 

conductivity is described by76  

0 ,( )n

c e              (1) 

where σ0 is related to the conductivity of the nanoconductor and n is the percolation exponent.77 

Fitting our data gives a very low electrical percolation threshold of c,e=0.16 vol%, σ0 of 

1.4106 S/m and a percolation exponent of 1.82. We note that the percolation threshold for 

composites with 1D fillers is thought to scale with the diameter to length ratio of the filler 

particles.78 Thus, very low percolation thresholds such as that found here are often observed 

for composites based on carbon nanotubes77. This is a significant advantage for our purpose, 

as a small percolation threshold means significant conductivities can be achieved at relatively 

low , meaning very little capacitive material has to be sacrificed to introduce the conductive 

paths. 

Composite Supercapacitor Electrodes 

If relatively thick MnO2-only electrodes display capacitances which are limited by the 

electrical conductivity of MnO2, the data in figure 3D would lead us to expect the addition of 

nanotubes to result in significant capacitance enhancements. To test this, we measured CVs for 

a range of composites as well as single component films. In all cases, the MnO2 mass was kept 
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constant at 160 g/cm2 resulting in film thicknesses in the range 1.5-3 m (SI figure S5). 

Shown in figure 4A are the current responses of three composite films to linear potential sweeps 

with dV/dt=1000 mV/s. The first thing to note is a considerable increase in current density as 

nanotube content is increased. This strongly supports the idea that the introduction of 

conductive paths facilitates the accessibility of redox sites. However, the shape of the CV 

curves is also of interest. The response of a simple series resistor-capacitor model is given by 

/(1 )tC dV
j e

A dt

           (2) 

where j is the current density, A is the device area and ESRR C   ( ESRR is the equivalent series 

resistance which is closely related to the electrode resistance79). It is clear that increasing the 

SWNT content results in reduced , suggesting a substantial reduction of RESR due to the 

presence of the nanotubes.  This effect is also evident, though less pronounced, at slow scan 

rates (figure S4) and even with 33 wt% nanotubes, the subtle Faradiac features of the MnO2-

only films can be discerned. Similar observations regarding CV shape were made by Lee et 

al.39 and Kim et al.48 on adding carbon black to MnO2. 

We can quantify this capacitance increase by plotting the measured capacitance of the 

composite film, CT, normalised to total film mass, MT, measured at three scan rates, as a 

function of nanotube mass fraction in figure 4B (N.B. 2T MnO NTM M M  and assuming both 

MnO2 and NTs contribute to the capacitance, 2T MnO NTC C C  ). It is clear that, for all scan 

rates, the capacitance increases dramatically upon addition of even a few percent of nanotubes 

before falling off at high mass fraction. The SWNT loading providing maximum capacitance 

falls in the range of 5-15 wt%, shifting slightly to higher loadings with increasing scan rate. In 

some cases, the improvements are impressive: for the 500 mV/s data a 15 increase in CT/MT 

was observed at Mf=11 wt% compared to the MnO2-only electrode. Beyond the optimised 

values, the specific capacitance decreases as the relative nanotube content in the films 

increases, approaching the nanotube-only value of ~10 F/g (a value which was invariant with 

scan rate over the range studied in this work. Overall, this behaviour is not what would be 

expected from the rule of mixtures (dashed lines), as would apply if both MnO2 and SWNTs 

were contributing to the capacitance only as per their individual specific capacitances.  

The peaked behaviour observed in figure 4B has been observed before in 

supercapacitors formed from mixtures of activated carbon/carbon black80 and carbon aerogels 
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filled with nanoconductors such as carbon black, nanotubes and carbon fibres.81 In both of 

these publications, it was suggested that the peak capacitance occurred at the percolation 

threshold. However, comparing the results in figure 3D and figure 4B shows the peak 

capacitance to occur at volume fractions substantially above the electrical percolation 

threshold. This optimum loading of carbon nanotubes (5-15 wt%) is relatively low compared 

to the literature where (often unoptimised and therefore poorly justified) conductor contents 

tend to fall in the range 15-25 %.39, 44, 48, 49, 70, 82-85. Obviously lower conductor contents are 

desirable from an economic standpoint given the present relative cost of these two materials.  

That the capacitance data in figure 4B does not follow the rule of mixtures suggests the 

increase in capacitance is due to the addition of conducting paths to the MnO2 electrode. The 

presence of these paths seemingly “activates” the nearby MnO2 by enabling the transport of 

stored charge to and from the current collector. To examine this suggestion, we should consider 

the effect of nanotube content on the specific capacitance due only to the MnO2. To do this, we 

subtract off the contribution to the capacitance associated with the nanotubes (i.e. estimated 

using /NT NTC M  of 10 F/g) and normalise to the mass of MnO2 (i.e. we calculate

2( ) /T NT MnOC C M ). This data is shown in figure 4C plotted versus scan rate for composite 

electrodes with a number of nanotube contents. Shown for comparison is the equivalent data 

for an MnO2-only film of equivalent M/A. This data shows the presence of nanotubes to 

considerably increase the capacitance associated with the MnO2 at all scan rates. However, the 

effect is particularly apparent at high scan rates with the MnO2 capacitance increasing from ~2 

F/g in the MnO2-only film to ~42 F/g for the film with 33 wt% SWNT (dV/dt=1000 mV/s). 

That these increases are due to conductivity enhancement rather than morphological effects in 

response to the addition of nanotubes can be seen by measuring the film porosity as a function 

of nanotube content (see SI fig S5B). This data clearly shows the porosity to be invariant with 

nanotube content ruling out the possibility that the nanotubes somehow open the network, 

allowing easier access of ions to the internal surface. 

In practical terms, what is important is the increase in specific electrode capacitance 

which can be achieved by adding nanotubes. To show this, we plot the ratio of the specific 

capacitance of a composite electrode to that for an MnO2-only electrode (i.e. 

2( / ) / ( / )T T MnO onlyC M C M  ) versus scan rate in figure 4D for a number of mass fractions. 

While a 2 increase is found at low scan rates, much larger increases are found at higher scan 
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rates. The relative capacitance increase peaks at scan rates of ~600-2000 mV/s with a 20 

increase observed at 2000 mV/s for the 33 wt% sample.  

Percolation of capacitance in composite films 

To allow future optimisation of solution-processed nanostructured supercapacitor electrodes, 

it will be necessary to understand the nature of these capacitance increases. The increase in 

MnO2 capacitance compared to an MnO2-only electrode, normalised by MnO2 mass, is given 

by  

2

2

2

( / )
T NT MnO only

MnO

MnO

C C C
C M

M

 
        (3) 

We note that calculation of this parameter is facilitated by the fact that all films have identical 

MnO2 mass as described above and in Methods. Shown in figure 5A is 2( / )MnOC M  plotted 

versus nanotube volume fraction, , for data collected at two representative scan rates. As 

illustrated by these plots, data collected at all scan rates display the same features: at low , 

2( / )MnOC M  increases non-linearly with  up to =sat, after which it reaches a constant value 

which we denote ( / )satC M . We will first discuss the low  behaviour before turning to the 

saturation regime. 

As discussed above, it is likely that the observed increases in capacitance are associated 

with the introduction of conducting paths to the electrode. The conductivity of the overall 

network is controlled by percolation theory (figure 3D). However, it has previously been shown 

that, for supercapacitor electrodes based on percolating nanotube networks, the resulting 

capacitance is also described by percolation theory.79 This occurs because the capacitance is 

directly proportional to the number of nanotubes connected to the network, a parameter which 

is controlled by percolation theory.76, 79 It is likely that similar phenomena are present in the 

MnO2/SWNT composites under study here. We propose that, as the nanotube volume fraction 

increases and the network becomes more extensive, the volume of MnO2 within close 

proximity of the network increases. This proximate MnO2 can easily transfer charge to the 

current collector via the nanotube network and so becomes “activated”. Thus, we expect the 

capacitance to scale with network size and propose that the capacitance increase to be described 

by a percolative scaling law of the form: 
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2 0 ,( / ) ( / ) ( ) cn

MnO c cC M C M             (4) 

where 0( / )C M  is a constant, c,c is the capacitive percolation threshold and nc is the 

capacitive percolation exponent. We note that, in general, the 2( / )MnOC M  versus  data is 

quite scattered, making it difficult to accurately fit a three-unknown function such as equation 

4 to the data. To address this, we fixed c,c at a constant value for all scan rates. Initial trials 

found that setting c,c=c,e=0.0016 gave reasonable fits for all scan rates. However, it was found 

that using c,c=0.003 gave clearly better fits, especially at low  (15 out of 19 scan rates 

displayed R2>0.9). This can be seen by plotting 
2

( / )MnOC M  versus -C as shown in figure 

5B. This justifies our proposal to use equation 4 and suggests the capacitance is indeed 

described by percolation theory.  

The fact that c,c>c,e is perhaps not unexpected. The electrical measurements were 

associated with current flowing in the plane of the composite. However, in the capacitance 

measurements the composite electrode sits on top of an ITO current collector, with the 

electrolyte in contact with the top composite surface. In this case, current flow from ITO to 

redox sites is, on average, out of plane. In thin film composites, we expect the nanotubes to be 

randomly arranged in the plane of the film but partially aligned with the film surface making 

in–plane and out-of-plane charge transport non-equivalent. In fact, it has been shown that the 

percolation threshold for aligned rods is higher than that for randomly arranged rods86 making 

the difference between c,c and c,e unsurprising. 

Fitting gave 0( / )C M  and nc with reasonably low uncertainties for a range of scan 

rates between 10 and 5000 mV/s. These data are shown in figure 5C-D. The capacitive 

percolation exponent increases monotonically with scan rate from nc~0.2 for dV/dt=10 mV/s 

to nc~3 for dV/dt=5000 mV/s. This is somewhat unexpected as for electrical percolation, the 

percolation exponent tends to be a property of the network, scaling with parameters such as 

network uniformity87 or width of the junction resistance distribution.88 Such network properties 

would not be expected to vary with scan rate. The scan rate dependence of 0( / )C M  is also 

poorly understood. It follows a similar form as the nc versus rate data, increasing continuously 

with rate. By analogy with electrical percolation78 we would expect 0( / )C M  to reflect the 

material properties of the system. As with the capacitive percolation exponent, we would not 

expect such a material property to vary with scan rate.  However, we suggest that to some 
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extent these variations in the fit parameters with scan rate may reflect an influence of ionic 

diffusion constraints, which become important at higher rates. Thorough examination of these 

effects will require knowledge of how ionic diffusion properties within the electrode vary with 

nanotube loading in these composites, which is an important question for future work.  

However, what is not in doubt is that the relative capacitance increase associated with MnO2 

is consistent with percolation theory.  

It is probably easier to understand the saturated behaviour. As  is increased, the 

network becomes more extensive, bringing more and more MnO2 within proximity of 

nanotubes. However, at some critical volume fraction, sat, all MnO2 in the electrode will be 

close enough to a nanotube to effectively exchange charge with the network. After this, the 

capacitance cannot be increased by increasing the volume fraction and it saturates at a value of

( / )satC M . The saturation volume fraction, sat, is plotted versus scan rate in figure 5E and 

clearly is constant at ~6 vol%. This invariance implies that the maximum distance (R) over 

which MnO2 can exchange charge with the network is scan rate independent. This maximum 

range defines a shell, of thickness R, which surrounds the nanotube network and defines the 

volume of activated MnO2 i.e. the MnO2 which can effectively transfer charge to the nanotube 

network. The saturation volume fraction is then the lowest volume fraction where the shell 

encloses all the MnO2 in the electrode. Considering a local section of shell, associated with a 

straight section of nanotube (radius r), both of which we model as cylinders, the saturation 

volume fraction is approximately the nanotube volume divided by the volume enclosed by the 

shell: 
2 2/ ( )sat r r R   . Taking sat=6 vol% gives R3r. Assuming that the nanotubes are in 

the form of bundles of diameter ~20 nm (as observed previously69), means that r~10 nm, giving 

R~30 nm.  

The dependence of ( / )satC M  on scan rate is shown in figure 5F. Interestingly, 

( / )satC M increases at low scan rate before reaching a maximum at ~200 mV/s. We note that 

the position of this maximum is controlled by the details of the rate dependence of both nc and

0( / )C M . However, it is the presence of this maximum that results in the shape of the curves 

given in figure 4D. 

This work clearly demonstrates the importance of percolation in composite 

supercapacitors. While a number of papers have suggested percolation to play a role in the 
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operation of composite supercapacitors,80, 81, 89 even indicating the onset of capacitance at the 

electrical percolation threshold,30 percolation scaling of capacitance has not been observed. We 

note that Pico et al., when studying nanotube/activated carbon composite, observed rule of 

mixtures rather than percolative behaviour.89 However, it is likely that this due to the relatively 

high conductivity of the capacitive phase and the moderate difference in conductivities between 

the components of the composite (1000 compared with >108 here). We believe the current 

study is the first demonstration of percolation of capacitance in composite supercapacitor 

electrodes (although percolation scaling of capacitance has been observed in single-component 

nanotube networks).79 Understanding the nature of such percolation will be critical for the 

optimisation of capacitive composites. 

Thick composite films 

 As described in the introduction, working supercapacitors must display large areal 

capacitances, C/A, to maximise their energy storage capacity. Because / /T TC A tC M , 

where  and t are electrode density and thickness respectively, maximisation of areal 

capacitance requires /T TC M  to remain high even as the film thickness is maximised. 

However, as described above, electrodes of MnO2 nano-platelets display two significant 

problems. Firstly, like all resistive electrode materials /T TC M tends to fall with increasing 

thickness. Secondly, and equally serious is the problem of poor mechanical integrity of MnO2 

electrodes. As described above, we found it impossible to prepare MnO2-only electrodes with 

t>1.7 µm due to severe brittleness. We expect both of these problems to be addressed by the 

production of MnO2-nanotube composites. To test this, we produced a set of composite 

electrodes (=15 vol%, well in the saturated regime) with thicknesses between 1.6 and 17 m. 

In all cases the electrodes were mechanically robust with no problems associated with 

brittleness.  

 We performed CV measurements to measure the capacitance of these electrodes for a 

number of scan rates. Shown in figure 6A is the specific capacitance, CT/MT, measured at two 

scan rates, plotted as a function of thickness (solid symbols). For comparison, the equivalent 

data is also shown for MnO2-only electrodes (open symbols). While the MnO2-only 

capacitance tends to fall off with increasing thickness, it is clear that the composites have higher 

capacitance for a given thickness compared to the MnO2-only. In addition, for the 100 mV/s 

data, the measured values of CT/MT remain roughly constant as thickness is increased. For the 
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1000 mV/s data, CT/MT falls with increasing thickness, probably because at this high rate the 

capacitance becomes diffusion limited. However, even at 1000 mV/s, the capacitance is much 

higher in the composite than would be achieved for thicker MnO2-only films if they could be 

made. 

 Probably more useful is to plot the data as CT/A as we have done in figure 6B. Here, 

the MnO2-only data increases sub-linearly (linearity indicated by dashed line) with t. However, 

for the composite, the 100 mV/s data increases linearly, reaching 52 mF/cm2 at t=10.3 m. In 

addition, even though the 1000 mV/s composite data increases sub-linearly, the best composite 

still displays 11.4 mF/cm2, considerably larger than the best MnO2 film. Similar values were 

obtained by Okamura et al.90 who prepared Mn/Mo mixed oxide composite electrodes with 

carbon nanotubes, measuring 20.4 mF/cm2  for a 4.1 µm film (100 mV/s in 0.5 M Na2SO4 

electrolyte) and Wen et al.91 who prepared MnO2 composites with carbon black, measuring 20 

mF/cm2 for a 20 µm film (10 mV/s, 0.1 M KCl).  

  In figure 6C, we compare the areal capacitance for the thickest MnO2-only film (t=1.7 

m) with that of the best performing composite film (t=10.3 m). It is clear that the composite 

massively outperforms the MnO2-only film at all scan rates. We can quantify the improvement 

shown in figure 6C by plotting the ratio of composite to MnO2-only capacitances versus scan 

rate in figure 6D. This graph shows a better than tenfold improvement in areal capacitance at 

all scan rates below ~3000 mV/s. Indeed at scan rates close to 500 mV/s, enhancements of 40 

are achieved. We note that these improvements are due to the combination of improved MnO2 

capacitance due to improved electrical transport and the ability to prepare thicker electrodes 

due to the presence of nanotubes.  

 CONCLUSIONS 

 We have demonstrated that supercapacitor electrodes can be easily fabricated by 

solution processing methods from MnO2 nano-platelets and MnO2-nanotube composites. The 

MnO2-only electrodes displayed capacitances which fell off rapidly with increasing 

charge/discharge rate and electrode thickness. This is consistent with observations by other 

authors and is due to the poor electrical conductivity of the MnO2. However, on addition of 

nanotubes, we found the electrode conductivity to increase by eight orders of magnitude in a 

manner described by percolation theory. Because of the increased conductivity, we observed 

large increases in capacitance, especially at high rates where a >10-fold increase in specific 
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capacitance was observed. This capacitance increase is due to the nanotube network facilitating 

charge transport from redox sites to the external circuit. We found that the increase in specific 

capacitance associated with MnO2 alone increased with nanotube volume fraction as described 

by percolation theory. However, the percolation fit parameters varied with scan rate in a 

manner that is currently not understood. At high nanotube content, the specific capacitance 

associated with MnO2 alone saturated. The saturation volume fraction was ~6 vol%, a value 

we associate with the nanotube network activating the entire MnO2 volume. We test the 

applicability of these results by preparing thick binder-free MnO2-nanotube composites. We 

find the areal capacitance to be up to 40 times higher than the best MnO2-only electrode we 

could prepare.  

To translate the excellent intrinsic charge storage properties of 2D materials into real 

applications requires they be processed into films and other macroscopic structures. However, 

for these to be useful the problem of poor electrical conductivity must also be addressed. Here 

we show that when adding a chosen nanoconductor to form composite films, percolation theory 

applies not only to the way electrical properties vary with composition but also the extent to 

which interfacial processes can occur throughout the film as a result of the created electrical 

pathways. We believe these insights pertain not only to the design of nanostructured 

supercapacitor electrodes, but to any electrochemical application requiring charge transport 

between interfacial sites and the external circuit through a nanostructured network current 

collector. 

METHODS 

Preparation of MnO2 dispersions 

Manganese dioxide powder was prepared as described by Jiang et al.45 In brief, 1.7 g 

of Mn(NO3)2 and 0.5 g of poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) 

triblock copolymer (P123) were dissolved into 100 mL of distilled water. The solution was 

heated to 45 ºC and 100 mL of 0.1 M KMnO4(aq) was added drop wise under vigorous stirring. 

The obtained precipitate was filtered under pressure, washed with distilled water and allowed 

to dry for 24 hours. Chemicals were supplied by Sigma Aldrich, 99.99 % purity. 

The resulting MnO2 powder was then exfoliated by bath sonication to form a stable 

dispersion in isopropanol (MnO2 starting concentration, 10 mg/mL). Sonication was carried 

out for 3 hours using a FisherBrand 11207 sonic bath (37 kHz, 200 W). The dispersion was 
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then centrifuged for 30 min at 1500 rpm using a Heraeus Multifuge X1 Centrifuge to remove 

any unstable material. 

A stock solution of ethyl cellulose (EC, Sigma Aldrich) was prepared by dissolving this 

polymer in isopropanol (IPA) while heating at 75 °C (EC concentration, 5 mg/mL). This 

solution was then added to the stock MnO2 solution, such that the EC binder:MnO2 ratio was 

1:10. Ethyl cellulose was used as a binder for neat MnO2 films to improve mechanical integrity.  

Preparation of carbon nanotube dispersions 

A stock solution of sodium dodecyl sulfate (SDS, Sigma Aldrich) was prepared by 

adding this surfactant to Millipore water to an SDS concentration of 5 mg/mL. This solution 

was then added to arc-discharge single-walled carbon nanotube powder (SWNTs, Iljin 

Nanotech Co.) such that the surfactant:SWNT mass ratio in the resultant dispersions was 5:1 

(SWNT concentration, 1 mg/mL). Each dispersion received 5 minutes of high power tip 

sonication (VibraCell CVX; 750W, 20 % 60 kHz), was then placed in a sonic bath (Branson 

1510-MT sonic bath, 20 kHz) for 1 hour, followed by another 5 minutes of tip sonication. The 

dispersions were then centrifuged at 5500 rpm for 90 minutes. The supernatant of each 

dispersion was carefully decanted and combined for further use. We obtained the concentration 

after centrifugation by measuring the absorbance spectrum (Varian Cary 6000i 

spectrophotometer) and recording the absorbance per unit length, A/l. Using the Lambert – 

Beer law, the final concentration was calculated using the known extinction coefficient of the 

SWNT (3389 mL/mg/m at 660 nm).  

Film Preparation 

MnO2 and SWNT only films, and composites of both these materials were prepared by 

first diluting the stock MnO2/EC dispersion tenfold with Millipore water and then combining 

it with the required amount of the stock SWNT dispersion. All films were prepared by vacuum 

filtration of the diluted dispersion using porous mixed cellulose ester filter membranes (MF-

Millipore membrane, hydrophilic, 0.025 µm pore size, 47 mm diameter). The resulting films 

(diameter, 36 mm) were cut to the desired dimensions and transferred to polyethylene 

terephthalate (PET), indium tin oxide (ITO), and Au-coated silicon substrates for electrical 

conductivity testing, electrochemical testing, and SEM imaging, respectively. The cellulose 

filter membrane was removed by treatment with acetone vapour and subsequent acetone liquid 

baths.  
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Film Characterisation 

Film thickness was measured by profilometry using a Dektak 6M, Veeco Instruments. 

Step profiles were obtained at three locations on the film and averaged. Electrical conductivity 

values were calculated from resistivity measurements made using a four-point probe technique 

with a Keithley 2400 source meter (Keithley Instruments, Inc.) and LabView interface 

(National Instruments, Inc.). Agar Scientific supplied silver paint electrodes were attached to 

the films and the film width (~4 mm) and electrode separations (~10 mm) were carefully 

recorded. SEM was performed using a ZEISS Ultra Plus (Carl Zeiss Group). During imaging 

the accelerating voltage was 5 kV, with a 30 µm aperture and a working distance of 

approximately 5 mm. 

X-Ray photoelectron spectroscopy was performed under ultra-high vacuum conditions 

(<5.10-10 mbar), using monochromated Al Kα X-rays (1486.6 eV) from an Omicron XM1000 

MkII X-ray source and an Omicron EA125 energy analyser. An Omicron CN10 electron flood 

gun was used for charge compensation and the binding energy scale was referenced to the C 

1s core-level of the adventitious carbon at 285 eV. The O 1s and Mn 2p core-levels were 

recorded at an analyser pass energy of 20 eV and with slit widths of 6 mm (entry) and 3 mm x 

10 mm (exit). After subtraction of a Shirley background, the spectra were fitted with Gaussian-

Lorentzian line shapes.  

Raman analysis was performed using a Witec Alpha 300 R with a 532 nm excitation 

wavelength and an 1800 lines/mm grating. Average spectra were obtained for each sample 

from line scans consisting of 50 discrete spectra, each with an integration time of 5 min, taken 

over a line 200 µm in length. A laser power of 400 µW, as measured using a LaserCheck power 

meter, was employed to minimise sample damage.  

Electrochemical properties of the films were examined using cyclic voltammetry in a 

three electrode electrochemical cell. The cell consisted of a Ag/AgCl reference electrode and 

an amorphous carbon counter electrode with 0.5 M K2SO4 electrolyte. Electrodes were first 

cycled at 100 mV/s for 50 cycles between 0.1 and 0.8 V to ensure stable charge/discharge 

behaviour, followed by 20 cycles each at various scan rates from 10-5000 mV/s (corresponding 

to charge/discharge times from 0.14 to 70 seconds). Film capacitance was estimated from the 

cyclic voltammograms by integrating the current passed during the positive and negative 

potential sweeps: 
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where M/A = mass per unit area, j = areal current density, ∆V = potential window (0.7 V), 

dV/dt = scan rate. This calculation provides the gravimetric capacitance over the entire 

potential window and we average the positive and negative portions of the curve. Film area 

was typically 0.25 cm2.  
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FIGURES 

 

Figure 1: Characterisation of MnO2 nano-platelets. A-B) TEM images of MnO2 nano-platelets. 

C) Raman spectrum measured on vacuum-filtered thin film of MnO2 nano-platelets. D-E) XPS 

spectrum measured on vacuum filtered thin film of MnO2 nano-platelets showing D) Mn 2p 

peaks and E) O 1s peaks.  
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Figure 2: Characterisation of MnO2 thin film supercapacitor electrodes. A-B) Cyclic 

voltammograms, measured at two scan rates for electrodes prepared from MnO2 films with 

thickness of A) 40 nm and B) 1700 nm. C) Specific capacitance for MnO2 films of three 

different thicknesses plotted versus scan rate. D) Specific capacitance of MnO2 films measured 

at three different scan rates, plotted versus film thickness. E) Specific capacitance SWNT films 

for three different thicknesses plotted versus scan rate. D) Specific capacitance of SWNT films 

measured at three different scan rates plotted versus film thickness. 
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Figure 3: SWNT/MnO2 composite thin films. A-C) SEM images of A) a thin (~100 nm) MnO2 

film, B) a composite film with 1 wt% SWNTs and C) a composite film with 25 wt% SWNTs. 

In A-C), the insets show magnified regions. D) In plane electrical conductivity of thin films 
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plotted versus SWNT volume fraction. The line is a fit to percolation theory (equation 1) with 

the fit constants given in the panel. In all cases the films in D were 1.5-3 m thick. 
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Figure 4: Initial characterisation of MnO2/SWNT composite thin films as supercapacitor 

electrodes. A) Cyclic voltammograms for electrodes prepared from MnO2 and MnO2/SWNT 

composites with SWNT mass fractions of 2 and 20 wt%. B) Measured total capacitance, CT, 

divided by total electrode mass, MT, measured for composite electrodes plotted versus SWNT 

mass fraction, Mf, for three scan rates, 10, 50 and 500 mV/s. The dashed lines represent the 

specific capacitance calculated from the Rule of Mixtures (ROM) as would be expected if 

MnO2 and SWNT were contributing to the capacitance with no additional effects occurring. C) 

Specific capacitance associated only with MnO2 (i.e. with SWNT contribution removed) 

measured for composite electrodes plotted versus scan rates for a number of SWNT mass 

fractions. In the caption, the SWNT volume fraction, , is also given. D) Increase in specific 

capacitance due to the presence of SWNTs relative to MnO2-only electrodes plotted versus 

scan rate for a number of SWNT mass fractions (see panel C for key). In all cases the films in 

D were 1.5-2 m thick.  
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Figure 5: Percolation analysis of thin film supercapacitor electrodes. A) Increase in specific 

capacitance of MnO2 due to percolative effect 2 2 2( / ) ( ) /MnO T NT MnO only MnOC M C C C M     

(i.e. with SWNT contribution and capacitance of equivalent MnO2-only film subtracted off), 

measured at two different scan rates, plotted versus SWNT volume fraction. In all cases the 

capacitance saturated at a value of (C/M)Sat (solid line) for volume fractions above a critical 

value, sat. The dashed lines are fits to percolation theory (equation 3). B) Percolation scaling 

graphs for specific capacitance increase. In all cases the percolation threshold was c=0.3 vol%. 

The lines represent fits to percolation theory (equation 3). Only data with <sat is shown. C-

D) Percolation fit parameters plotted versus scan rate: the percolation exponent (C) and 

(C/M)0 (D). E-F) Saturated volume fraction, sat, (E) and saturation capacitance, (C/M)Sat, 

(F) both plotted versus scan rate. 
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Figure 6: A) Specific capacitance and B) areal capacitance as a function of electrode thickness. 

This data is shown for electrodes produced from both MnO2-only (open symbols) and MnO2-

SWNT composite (15 vol %, closed symbols) films, measured at two different scan rates. C) 

Areal capacitance plotted versus scan rate for the thickest MnO2-only electrode we were able 

to produce and a 15 vol% SWNT-MnO2 composite electrode with optimised thickness. D) 

Ratio of the capacitance of composite and MnO2-only electrodes shown in C plotted versus 

scan rate. This data shows the increase in capacitance achievable by adding nanotubes due to 

the combination of percolative effects and the ability to make thicker electrodes in the presence 

of nanotubes.  
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