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1. Rational design of high-performance hybrid supercapacitors. To achieve high-energy and 

high-power supercapacitors, one needs to facilitate both the ionic and electronic currents within 

the electrodes. This is very challenging especially with metal oxide pseudo-capacitors because of 

the low electrical conductivity and long ionic diffusion pathways of conventional metal oxide films. 

Thus, in conventional compact MnO2 thick film electrodes, only the top layer is exposed to the 

electrolyte, meaning that a limited amount of the active material is involved in charge storage, Fig. 

1A. To solve these problems, various approaches have been explored in the literature. For example, 

the electrochemical utilization of electrodes was improved by using nanostructured MnO2 such as 

nanoparticles, nanorods, nanowires and nanoflowers [1-2]. The porous structure of these 

electrodes maximizes the area of active material that is exposed to the electrolyte and thus 

available to discharge compared to a solid electrode surface, Fig. 1B. Although this system exhibits 

higher energy density, it still suffers from the inherently low electrical conductivity of MnO2 leading 

to low power output. To improve the electrical conductivity of MnO2 film, conductive materials such 

as carbon powder, carbon nanotubes and graphene have been introduced into nanostructured 

MnO2 electrodes [3]. However, the electronic charge carriers must move through small inter-

particle contact areas which exhibit additional resistance resulting in poor electron transport from 

the electrode material to the current collector, Fig. 1C. An ideal electrode would be obtained by 

growing MnO2 nanostructures onto a 3D interconnected macro-porous graphene framework with 

high electrical conductivity and high surface area, Fig. 1D. In this structure, the conducting 

graphene framework acts as a 3D current collector to provide electron “superhighways” for charge 

storage and delivery, while the nanostructured MnO2 enables fast, reversible Faradaic reactions 

with short ionic diffusion pathways. Another interesting feature of this structure is that each MnO2 

nanoparticle is electrically connected to the current collector so that all the nanoparticles 

contribute to capacity with almost no “dead” mass. 
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2. Graphene/metal oxide nanocomposites: The microstructure of the host graphene matters!  

Does the pore structure of the graphene electrode affect the electrochemical performance of its 

composites with metal oxides? To answer this question, we employed two forms of graphene of 

different pore structures in this study: chemically converted graphene (CCG) films and laser scribed 

graphene (LSG) films. The CCG sheets are well connected together in a layered structure to form the 

CCG electrodes. The reduced porosity and limited accessibility to electrolyte ions causes a slow 

frequency response of ~5 seconds for CCG electrodes (Figure S1). LSG electrodes, on the other 

hand, have a well-defined porous structure such that the individual graphene sheets in the LSG 

network are accessible to the electrolyte, and thus exhibit a rapid frequency response of 23 ms 

(Figure S2). This causes the enhanced capacitance and rate capability observed with the LSG/MnO2. 

The optimized structure of LSG electrodes synergizes the effects of both effective ion migration and 

high electroactive surface area, thus enabling high and reversible capacitive behavior for LSG/MnO2 

even at high charge/discharge rates. 

Further understanding of the capacitive behavior of the CCG/MnO2 and LSG/MnO2 hybrid 

electrodes was obtained by conducting ac impedance measurements in the frequency range 1 MHz 

to 10 mHz. For each of these cells, MnO2 was electrodeposited for 120 min. The Nyquist plots 

consist of a spike at the low frequency region and a semicircle at the high frequency region (Figure 

S2). Compared with CCG/MnO2, the LSG/MnO2 supercapacitor shows a much smaller diameter for 

the semicircle, which suggests a more efficient charge transfer on the electrode surface. 

Furthermore, in the low frequency region, a more vertical straight line is observed for the porous 

LSG/MnO2 electrodes, indicating faster ion diffusion and almost ideal capacitive behavior for these 

electrodes. The intercept of the Nyquist curve on the real axis is about 1.5 Ω, indicating a high 

conductivity for the electrolyte and low internal resistance of the electrodes (Figure S2). These results 

show the strong impact of the microstructure of the graphene electrodes on the electrochemical 

performance of their composites with metal oxides.  
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The LSG/MnO2 has just the right porosity that provides good accessibility to the electrolyte 

during charge and discharge processes, while at the same time still maintains the high packing density of 

the material. Furthermore, the high surface area of nanostructured MnO2 provides more active sites for 

the Faradaic reactions and shortens the ion diffusion pathways that are crucial for realizing its full pseudo-

capacitance. This explains why the LSG/MnO2 electrodes achieve both high gravimetric capacitance and 

volumetric capacitance superior to those previously reported for MnO2 based pseudo-capacitors and 

hybrid capacitors, see table S1.    

 

Figure S1: Effect of the pore structure of graphene on its electrochemical performance. Top: 

Schematic illustration showing the structural differences between dense CCG films and porous LSG 

films. Bottom: The emergence of real (C') and imaginary (C'') parts of the volumetric stack capacitance 

versus frequency for CCG and LSG electrodes.  
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Figure S2: Nyquist impedance plots of CCG/MnO2 and LSG/MnO2. The LSG/MnO2 shows better 

ion diffusion and smaller charge transfer resistance. The experiments were carried out over a 

frequency range of 1 MHz to 10 mHz. 
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Figure S3: Evolution of the surface of LSG/MnO2. SEM analysis of the surface of LSG/MnO2 

electrodes shows a homogeneous coating of the surface of graphene with MnO2 nanoflowers.  
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3. Asymmetric Supercapacitors: Asymmetric supercapacitors make use of positive and negative 

electrode materials of different types that can be charged/discharged in well-separated potential 

windows in the same electrolyte. They have attracted attention because they offer high capacity via 

a Faradaic reaction at the positive electrode and maintain fast charge/discharge due to the EDL 

mechanism at the negative electrode. Moreover, the asymmetric configuration can extend the 

operating voltage window of aqueous electrolytes beyond the thermodynamic limit of water (about 

1.2 V), leading to significantly higher specific energy than symmetric supercapacitors using aqueous 

electrolytes. In fact, asymmetric supercapacitors based on carbon and NiOOH electrodes with an 

aqueous electrolyte are now commercially available from ESMA-ELTON (4). However, while this 

configuration ensures high capacitance, it has a low cell voltage (<1.5 V) that is detrimental to its 

energy and power performance. 

 

4. Direct fabrication of hybrid micro-supercapacitor array for high voltage applications. 

Supercapacitors are widely used in a variety of applications where a large amount of power is 

needed for a short period of time, where a very large number of charge/discharge cycles or a longer 

lifetime is required. However, the working voltage of existing supercapacitors is very low (<3 volts), 

whereas traditional capacitors used for general electronics applications typically range from a few 

volts to 1 kV. To meet the high voltage requirements, supercapacitors are often put into a bank of 

cells connected together in series (5). This results in bulky supercapacitor modules which are 

appropriate in some cases, but often cause problems in applications where the total size of the 

power source is critical. Here, we propose a different design in which an array of separate 

electrochemical cells are directly fabricated in the same plane as shown in Figures S4-S8. 

First, circuits are designed using appropriate computer software and are directly patterned 

on a graphite oxide film coated on a DVD disc. Figure S4 shows a DVD after the direct writing of LSG 

patterns designed to achieve symmetric and asymmetric micro-supercapacitor arrays. It is also 
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possible to design patterns to make a supercapacitor bank of series/parallel combinations in order 

to meet the voltage (series) and current (parallel) requirements of the system on which they will be 

integrated.  

The second step is the deposition of MnO2 nanoflowers. Here, the deposition process varies 

depending on whether it is a symmetric or an asymmetric array. For an asymmetric array, the 

process is explained in Figures S5-S6 and for a symmetric array in Figure S7. A full set of symmetric 

and asymmetric supercapacitor arrays are shown in Figure S8 and their electrochemical 

performance in Figure S9. Ideally a gel electrolyte is used to prevent leakage into other cells in the 

array.  

These arrays offer the flexibility of controlling the output voltage and current of the array. 

For example, compared with a single device with an operating voltage of 2 V, an array of 3 serial 

cells extends the output voltage to 6 V, whereas the output capacity (runtime) can be increased by a 

factor of 3 using an array of 3 cells connected in parallel (Fig. S9). By using an array of 3 strings in 

parallel and 3 strings in series, the output voltage and current can both be tripled. Although we 

demonstrated the high-voltage supercapacitor array using a string of 3 cells, it is possible to 

increase the number of cells to reach an operating voltage of 100 V, which would be promising for a 

variety of applications.  

5. Integration of Micro-supercapacitor array with solar cells for simultaneous solar energy 

harvesting and storage. 

With growing interest in “green” systems, solar power is gaining popularity for the 

implementation in more energy efficient buildings and smart cities. When combined with an energy 

storage system for storing energy during the day, they can be used to make self-powered systems 

that are promising for streetlight, industrial wireless monitoring, transportation and consumer 
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electronics applications (6). Chemical batteries are often used in these systems due to their high 

energy density. Recently, supercapacitors are emerging as alternatives because they can capture 

energy more efficiently due to their short response time. These modules are struggling, though, 

because of the low energy density of existing supercapacitors. Since LSG/MnO2 hybrid 

supercapacitors can provide higher energy density and because they can be fabricated in arrays 

with high voltage and current ratings, they can be integrated with solar cells for highly efficient 

energy harvesting and storage (Fig. 8b).  
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Figure S4: LightScribe writing of LSG micro-supercapacitor arrays: The pattern is designed 

with Microsoft Paint software and then directly patterned on a GO coated DVD disc. The device 

consists of 8 in-plane microelectrodes (4 positive and 4 negative) separated by nearly insulating GO 

and the distance between the microelectrodes is close enough to keep the ion-transport pathway 

short. 
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Figure S5: Fabrication of an array of 9 asymmetric cells connected in series/parallel: The 

plain graphene array is first made as explained in Figure S4. In this example, the graphene pattern 

is designed to make an array of 9 cells (3 in parallel X 3 in series). This is followed by the electro-

deposition of MnO2 in a three electrode cell as schematically illustrated in the figure. Since this is an 

asymmetric supercapacitor, the deposition is controlled to go on three sets of micro-electrodes (the 

positive electrodes) and the other three are kept intact (negative electrodes). It is worth 

mentioning that the MnO2 deposition occurs on the 9 cells at the same time. This means that the 

fabrication of the supercapacitor array takes almost the same time as a single cell without the need 

for further processing. After the deposition is complete, the supercapacitor array is thoroughly 

washed with DI water and the electrolyte is added onto each of the cells. The full micro-

supercapacitor array is shown in Figure S6.  
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Figure S6: The finished array of 9 asymmetric cells connected 3 in series X 3 in parallel.  
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Figure S7: Fabrication of an array of 9 symmetric supercapacitors connected in 

series/parallel. The fabrication method is similar to that explained in Figure S5 except that all six 

sets of micro-supercapacitor electrodes act as the working electrode during the deposition of MnO2 

instead of the three shown in Figure S5.  
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Figure S8: Demonstration of supercapacitor arrays that are connected in series, parallel and 

in combinations of the two. This can be done for both symmetric and asymmetric cells.  
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Figure S9: The electrochemical performance of asymmetric supercapacitor arrays. 

Galvanostatic charge/discharge curves of asymmetric supercapacitor arrays connected in series 

(3S), in parallel (3P), and in a combination of series and parallel (3S x 3P). A single device is shown 

for comparison. Compared with the single device with an operating voltage of 2 V, the serial 

connection extends the output voltage to 6 V, whereas the output capacity (runtime) can be 

increase by a factor of 3 using the parallel connection. By using a combination of series/parallel 

connections, the output voltage and current can both be tripled.  
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Electrode Material Cell 
Type 

Voltage 
window Electrolyte 

Specific capacitance 

Ref. 
Per 

Footprint 
area 

(mF/cm2) 

Volumetric 
(F/cm3) 

Activated carbons Full cell 2.7 V TEABF4/AN ~300 60-80 7 
Carbide derived 

carbon 
3 

electrode 2.3 V TEABF4/AN ̶ 180 8 

LSG Full cell 4.0 V EMIMBF4 5.02 14.34 9 

Activated MEGO Full cell 3.5 V BMIM-
BF4/AN ̶ 60 10 

Liquid mediated CCG Full cell 3.5 V EMIMBF4/AN ̶ 263.3 11 
CNT/PPy/MnO2 Full cell 0.9 V KCl ̶ 16.1 12 

Graphene/MnO2/CNT Full cell 1.0 V 1.0 M Na2SO4 ̶ 130 13 

CNT/MnO2 3 
electrode 0.85 V 0.1 M K2SO4 ̶ 246 14 

Meso-porous 
carbon/MnO2 

3 
electrode 0.8 V 1.0 M Na2SO4 ̶ 108 15 

Ultra-porous 
Carbon/MnO2 

3 
electrode 0.8 V 1.0 M Na2SO4 1500* 90 16 

Graphene/RuO2 3 
electrode 1.0 V 1.0 M H2SO4 ̶ (570 F/g)# 17 

CNT/Co3O4 3 
electrode 0.5 V 2.0 M KOH 30.8 30.8 18 

Titanium carbide clay 3 
electrode 0.55 V 1.0 M H2SO4 ̶ 

910 @5 µm  
534 @30 µm 
355 @75 µm  

19 

MXene/PVA 3 
electrode 0.6 V 1.0 M KOH ̶ 528 20 

LSG/MnO2  
(15 µm thick film) Full cell 0.9 V 1.0 M Na2SO4 852 1136.5 This 

work 
 

Table S1: Electrochemical performance of supercapacitors featuring a variety of electrodes 

materials such as carbons, polymers, MnO2 and their hybrid materials. AN: Acetonitrile; 

TEABF4: tetraethylammonium tetrafluoroborate; EMIMBF4: 1-ethyl-3-methylimidazolium 

tetrafluoroborate; BMIMBF4: 1-butyl-3-methyl-imidazolium tetrafluoroborat. # Since the 

volumetric capacitance is not reported, we use the gravimetric capacitance instead. *notice that the 

capacitance per footprint area in 3 electrode measurements is at least two times the areal 

capacitance for 2 electrode measurements (21).  
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Electrode Material Cell 
Type 

Voltage 
window Electrolyte 

Specific capacitance 

Ref. 
Per 

Footprint 
area 

(mF/cm2) 

Volumetric 
(F/cm3) 

Carbon onions Full 
cell 3.0 V TEABF4/PC 1.7 1.35 22 

Graphene Full 
cell 1.0 V PVA-H2SO4 2.32 3.05 23 

Graphene Full 
cell 2.5 V Ionogel* 1.78 2.35 23 

Graphene-CNT 
carpet 

Full 
cell 1.0 V 1.0 M Na2SO4 2.16 1.08 24 

Graphene/CNT Full 
cell 1.0 V 3.0 M KCl 5.1 3.1 25 

Carbide-derived 
carbon 

Full 
cell 2.3 V TEABF4/AN ̶ 180 8 

Polyaniline 
nanowires 

Full 
cell 1.0 V 1.0 M H2SO4 ̶ 588 26 

Activated cabon-
MnO2 

Full 
cell 

1.0-1.5 
V 0.2 M K2SO4 21.3-30 ̶ 27 

MnO2 Full 
cell 1.0 V 0.2 M K2SO4 28.3 ̶ 27 

VS2 nanosheets Full 
cell 0.6 V PVA–

BMIMBF4 4.76 317 28 

MoS2 nanosheets Full 
cell 0.5 V ̶ 8 178 29 

LSG/MnO2 Full 
cell 0.9 V 1.0 M Na2SO4 384 1136.5 This 

work 
 

Table S2: Electrochemical performance of interdigitated micro-supercapacitors.  *Ionogel: 1-

butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid gelled with fumed silica 

nanopowder.  
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SI Materials and Methods 

After electro-deposition, the working electrode was thoroughly washed with DI water to remove 

the excess electrolyte and dried in an oven at 60 °C for 1 h.  The amount of MnO2 deposited on the 

LSG framework was determined from the difference in weight of the electrode before and after 

electro-deposition using a high precision microbalance with a readability of 1 µg (Mettler Toledo, 

MX5).  

For comparison, MnO2 was electrodeposited on other substrates such as gold-coated 

polyimide and graphene (CCG) paper. The gold-coated polyimide was obtained from Astral 

Technology Unlimited, Inc. (Minnesota, USA) and used without further treatment. The graphene 

paper was produced following our previously reported method (30). The gold-coated polyimide 

and graphene paper were cut into rectangular strips of 1 cm2 for further electro-deposition of MnO2 

under the same conditions as described above.  

Assembly of sandwich-type hybrid supercapacitors. Hybrid supercapacitors with the 

conventional sandwich structure were assembled using electrodes prepared in the previous 

section. Both symmetric and asymmetric supercapacitors were constructed. Symmetric 

supercapacitors were assembled by sandwiching a Celgard M824 (Celgard, North Carolina, USA) 

separator between two identical electrodes using 1.0 M Na2SO4 aqueous solution as the electrolyte. 

In the asymmetric structure, LSG/MnO2 was used as the positive electrode and LSG as the negative 

electrode. For the LSG- and CCG-based supercapacitors, stainless steel (or copper) tape was 

attached to the electrodes, using silver paint, as the current collector. Before assembly, the 

electrodes were soaked in the electrolyte for 1 h to ensure proper wetting. 

Fabrication of interdigitated hybrid micro-supercapacitors. The fabrication process of a micro-

supercapacitor is illustrated in Figure 6 and described below. First, LSG interdigitated 
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microelectrodes were printed directly on a GO film supported on a gold coated polyimide (or a 

polyethylene terephthalate) substrate using a consumer grade DVD burner (23). Second, MnO2 

nanoflowers were grown on one set of the interdigitated electrodes using the electro-deposition 

setup described above. The applied current was normalized to the active LSG deposition area at a 

current density of 250 µA/cm2 and the mass loading was controlled by adjusting the deposition 

time. Likewise, symmetric micro-supercapacitors based on LSG/MnO2 as both the positive and the 

negative electrodes were prepared as well. Here, the fabrication process is the same except that the 

two sides (instead of one side) of the bare interdigitated LSG electrodes were connected together 

using copper tape and used as the working electrode during electro-deposition.  

Characterization and measurements. The morphology and microstructure of the different 

electrodes were investigated by means of field emission scanning electron microscopy (JEOL 6700) 

equipped with energy dispersive spectroscopy (EDS) and optical microscopy (Zeiss Axiotech 100). 

XPS analysis was performed using a Kratos Axis Ultra DLD spectrometer. The thicknesses of the 

different components of the device were measured using cross-sectional scanning electron 

microscopy and a Dektak 6 profilometer. The electrochemical performances of the LSG-MSC 

supercapacitors were investigated by cyclic voltammetry (CV), galvanostatic charge/discharge tests 

and electrochemical impedance spectroscopy (EIS). CV testing was performed on a VersaSTAT3 

electrochemical workstation (Princeton Applied Research, USA). Charge/discharge and EIS 

measurements were recorded on a VMP3 workstation (Bio-Logic Inc., Knoxville, TN) equipped with 

a 10 A current booster. EIS experiments were carried out over a frequency range of 1 MHz to 10 

mHz with an amplitude of 10 mV at open-circuit potential. Calculations of the specific capacitance 

and the energy and power densities are discussed in detail in the following sections.  
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(2) 

(5) 

(1) 

(3) 

(4) 

Calculations. The capacitances of the supercapacitors were calculated based on both cyclic 

voltammetry (CV) profiles and galvanostatic charge/discharge curves (CC). For the CV technique, 

the capacitance was calculated by integrating the discharge current (i) vs. potential (E) plots using 

the following equation:  

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
∫ 𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣 × ∆𝐸𝐸

 

where ν is the scan rate (V/s) and ΔE is the operating potential window. 

The capacitance was also calculated from the charge/discharge (CC) curves at different current 

densities using the formula:  

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎
𝑖𝑖𝐸𝐸/𝑖𝑖𝑑𝑑

 

where iapp is the current applied (in amps, A), and dV/dt is the slope of the discharge curve (in volts 

per second, V/s). Specific capacitances were calculated based on the area and the volume of the 

device stack according to the following equations: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑖𝑖𝑑𝑑𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴 (𝐶𝐶𝐴𝐴)  =  
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐴𝐴

 

𝑖𝑖𝑉𝑉𝐴𝐴𝑉𝑉𝑉𝑉𝐴𝐴𝑑𝑑𝐴𝐴𝑖𝑖𝑐𝑐 𝑠𝑠𝑑𝑑𝐴𝐴𝑐𝑐𝑠𝑠 𝑐𝑐𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑖𝑖𝑑𝑑𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴 (𝐶𝐶𝑑𝑑)  =  
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑖𝑖

 

where A and V refer to the area (cm2) and the volume (cm3) of the device, respectively. The stack 

capacitances (F/cm3) were calculated taking into account the volume of the device stack. This 

includes the active material, the current collector and the separator with electrolyte. 

The energy density of each device was obtained from the formula given in Equation (5): 

𝐸𝐸 =  
1000

2 × 3600
 𝐶𝐶𝑑𝑑∆𝐸𝐸2 
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(6) 

(9) 

(7) 

(8) 

where E is the energy density in Wh/l, Cv is the volumetric stack capacitance obtained from 

galvanostatic charge/discharge curves using Equation (3) in F/cm3 and ΔE is the operating voltage 

window in volts. 

The power density of each device was calculated using the equation: 

𝑃𝑃 =  
𝐸𝐸
𝑑𝑑

 

where P is the power density in W/l and t is the discharge time in hours.  

Since the majority of volumetric capacitances reported in the literature are based on the volume of 

the active material only, we did the same calculations for the purpose of comparison using the 

following equations: 

Volumetric capacitance of the device, 

𝐶𝐶𝑑𝑑(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) =
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑖𝑖

 

where V is the volume of the active material on both electrodes 

Volumetric capacitance per electrode, 

𝐶𝐶𝑑𝑑(𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑) = 4 × 𝐶𝐶𝑑𝑑(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) 

The specific capacitance contributed by MnO2 alone was calculated by subtracting the charge of the 

bare LSG framework according to the equation Cs,MnO2 = (QLSG/MnO2 – QLSG)/(ΔV×mMnO2) [31]. Here Q is 

the voltammetric charge, ΔV is the operating potential window and m is the mass. 

Asymmetric cells. In order to achieve optimal performance with asymmetric supercapacitors, 

there should be a charge balance between the positive and negative electrodes. The charge stored 

by each electrode depends on its volumetric capacitance (Cv(electrode)), volume of the electrode (V), 

and the potential window in which the material operates (ΔE). 

𝑞𝑞 = 𝐶𝐶𝑑𝑑(𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑) × 𝑖𝑖 × ∆𝐸𝐸 

21  

 



 
 

(11) 

(10) 

To attain the charge balance, the following condition must be satisfied 

𝑞𝑞+ = 𝑞𝑞− 

𝑖𝑖+
𝑖𝑖−

=
𝐶𝐶𝑑𝑑(𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑)− × ∆𝐸𝐸−
𝐶𝐶𝑑𝑑(𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑)+ × ∆𝐸𝐸+

 

The charge balance was achieved by adjusting the thickness of the positive and negative electrodes.  

Comparison with commercial energy storage systems. In order to put the LSG/MnO2 hybrid 

supercapacitors and micro-supercapacitors into perspective, we tested the performance of a wide 

range of commercially available energy storage systems for comparison. This includes activated 

carbon supercapacitors, a pseudo-capacitor (2.6 V, 35 mF), a battery-supercapacitor hybrid 

(lithium ion capacitor) (2.3 V, 220 F), an aluminum electrolytic capacitor (3 V, 300 µF) and a lithium 

thin-film battery (4 V/ 500 µAh). Activated carbon supercapacitors of varying sizes were tested: 

small size (2.7 V, 0.05 F), medium size (2.7 V, 10 F) and large size (2.7 V, 350 F). The activated 

carbon large cell (2.7 V, 350 F) was tested at a lower current density of 160 mA/cm3 due to a 

limitation in our measuring equipment that provides 10 A maximum current. All the devices were 

characterized under the same dynamic conditions as the LSG/MnO2 hybrid supercapacitors and 

micro-supercapacitors. Data for the Li battery are reproduced from ref. [22]. 

XPS analysis. XPS was successfully used for better understanding of the chemical composition and 

the oxidation state of Mn in the LSG/MnO2 electrodes. The Mn 2p and Mn 3s spectra are presented 

in Fig. 3 F-G. The peaks of Mn 2p3/2 and Mn 2p1/2 are located at 642.1 and 653.9 eV, respectively, 

with a spin energy separation of 11.6 eV, which is in good agreement with data for Mn 2p states 

previously reported [18-24 in the main manuscript]. Toupin et al. showed that the peak separation 

of the Mn 3s doublet is related to the oxidation state of Mn in manganese oxides, where reference 

samples of MnO, Mn3O4, Mn2O3 and MnO2 showed a separation of 5.79, 5.50, 5.41 and 4.78 eV, 
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respectively [32]. The as-prepared LSG/MnO2 showed a separation energy of 4.8 eV for the Mn 3s 

doublet (Fig. 3G), suggesting that the oxide is MnO2 which was further confirmed from the O 1s 

spectrum.  
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