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 ABSTRACT 

Planar micro-supercapacitors show great potential as the energy storage unit in 

miniaturized electronic devices. Asymmetric structures have been widely inves-

tigated in micro-supercapacitors, and carbon-based materials are commonly 

applied in the electrodes. To integrate different metal oxides in both electrodes 

in micro-supercapacitors, the critical challenge is the pairing of different faradic

metal oxides. Herein, we propose a strategy of matching the voltage and capacitance

of two faradic materials that are fully integrated into one high‐performance 

asymmetric micro-supercapacitor by a facile and controllable fabrication process. 

The fabricated micro-supercapacitors employ MnO2 as the positive active material 

and Fe2O3 as the negative active material, respectively. The planar asymmetric 

micro-supercapacitors possess a high capacitance of 60 F·cm–3, a high energy 

density of 12 mW·h·cm–3, and a broad operation voltage range up to 1.2 V. 

 
 

1 Introduction 

The current trend in miniaturized electronic devices 

and systems, which play significant roles in social 

developments and daily life, is the increase in demand 

for microscale power sources [1–3]. Since they can be 

integrated into chips with other electronic components, 

microscale energy storage devices are especially 

important for integrated multifunctional chips and 

systems [4–6]. The widely used nickel foam and 

carbon cloth are excellent choices for loading active 

materials. However, they have considerable mass 

and size and cannot meet the demands of microchip 

compatibility. Thus, it is important to develop microscale 

current collectors with ideal electrode constructions. 

Micro-supercapacitors (MSCs), one of the most attrac-

tive types of energy storage device, rely on ultrathin 

current collectors, and have shown great potential for 
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application in portable electronics and next-generation 

electricity systems [7–9]. To realize portable electronic 

devices with embedded energy-storage devices, it is 

necessary to integrate MSCs into the device circuit 

[10]. Therefore, it is advantageous to fabricate planar 

supercapacitors via lithographic techniques, rather 

than using conventionally produced vertically stacked 

supercapacitors. It is becoming increasingly important 

and urgent to develop MSCs with high energy 

densities and wide operating voltages in limited spaces, 

while maintaining high power densities, fast charging/ 

discharging rates, and long cycling lifetimes [11–13]. 

Aqueous media seem promising because they are 

cheap and ecologically friendly. In supercapacitor 

electrolytes, they are characterized by high conductivity 

and low viscosity compared to organic electrolytes. 

However, the voltage range of MSCs operating in 

such electrolytes is thermodynamically limited, because 

water decomposes at 1.23 V. Recently, asymmetric 

MSCs (A-MSCs) have gained significant attention. 

This effective design not only increases the energy 

density in an aqueous electrolyte, but also reduces 

the number of series-connected devices required   

for applications with wide operating voltage ranges 

[14–16]. Great progress has been made in the design 

and realization of various A-MSCs [17–19]. However, 

the commonly employed anodes in previously reported 

A-MSCs are carbon-based materials that show high 

conductivities, high stabilities, and low costs [20–22], 

while the coupling of different metal oxides is rarely 

studied. Since the total capacitance of A-MSCs is highly 

dependent on the specific capacitances of the active 

materials employed for both sides [23], the limited 

capacitance of carbon-based materials would negatively 

affect the energy storage capabilities of A-MSCs, despite 

the inherent high electrical conductivity of the 

materials. It is possible, but challenging, to integrate 

two suitable metal oxides into one MSC to maximize 

the potential window as well as the energy storage 

capabilities. In conventional pseudocapacitors, MnO2 

has attracted significant interest as a cathodic material 

because it is low in cost, high in theoretical specific 

capacitance (1,370 F·g−1), naturally abundant, and 

eco-friendly [24, 25]. Meanwhile, Fe2O3 nanomaterials 

have significant advantages when serving as anodic 

materials for supercapacitors because they are low-cost,  

abundant, and low in toxicity at room temperature 

[26, 27]. A-MSC electrodes operate reversibly in 

different potential ranges with different electro-

chemical mechanisms, thus increasing the operation 

voltage range and improving the energy density 

while maintaining high power density [20]. Therefore, 

by matching the voltage and capacitance of a MnO2 

cathode and Fe2O3 anode, A-MSCs with high electro-

chemical performance can be achieved. 

In our work, planar A-MSCs are first designed and 

fabricated, in which MnO2 and Fe2O3 are employed as 

the cathodic and anodic materials, respectively. During 

the charging/discharging process, MnO2 reacts with 

K+, and Fe2O3 reacts with OH− in the KOH electrolyte. 

By matching these two metal oxides, enhanced 

capacitance and energy density are obtained in the 

A-MSCs. The as-fabricated A-MSCs operate in the 

wide voltage window of 1.2 V, show an ultrahigh stack 

capacitance of 60 F·cm−3, specific energy density of 

12 mW·h·cm−3, and long cycling life of 2,500 cycles. To 

the best of our knowledge, this is the first report of 

novel planar A-MSCs based on MnO2 and Fe2O3 

nanostructures with the effective matching of voltage 

and capacitance between these two low-cost metal 

oxides. The proposed facile and scalable microfa-

brication process for the integration of these two 

metal oxides into A-MSCs shows potential for the 

development of high-performance on-chip micro- 

energy storage components. 

2 Experimental 

2.1 Microfabrication of planar MSCs 

Figure 1 schematically depicts the microfabrication 

process for the planar A-MSCs. A Si wafer with a 

300-nm-thick SiO2 layer is employed as the substrate 

and cleaned by isopropyl alcohol. PR1-9000A 

photoresist (Futurrex) is uniformly spin-coated on 

the substrate at 4,000 rpm for 40 s and pre-baked   

at 100 °C for 15 min. A photolithography process is 

conducted to obtain interdigital micropatterns and a 

Cr/Ni layer (5/50 nm) is deposited on the sample as 

the current collector using a physical vapor deposition 

(PVD) technique. A lift-off process is conducted with 

acetone to remove the photoresist; the remaining 
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photoresist is removed by oxygen plasma treatment 

at 100 W for 90 s. Afterward, MnO2 nanoflakes and 

Fe2O3 nanoparticles are electrodeposited on the 

micropatterned Cr/Ni collector by a three-electrode 

configuration in which the fabricated microelectrodes, 

Hg/HgO, and Pt foil are used as the working, reference, 

and counter electrodes, respectively. For the deposition 

of MnO2, galvanostatic electrodeposition is performed 

at a current of 0.05 mA vs. Hg/HgO for 200 s in 25-mM 

Mn(CH3COO)2 and 25-mM CH3COONa aqueous 

solution. For Fe2O3 nanoparticles, galvanostatic elec-

trodeposition is performed at a current of −0.15 mA vs. 

Hg/HgO for 100 s in 25-mM Fe(NO3)3·9H2O and 25-mM 

NaNO3 aqueous solution. After electrodeposition, the 

A-MSCs are annealed at 350 °C under N2 for 3 h to 

convert the anode precursor to Fe2O3 [28]. Finally, 1 M 

KOH is dropped onto the interdigital microelectrodes 

as the electrolyte. All reagents are analytical-grade and 

used as received without further purification. 

MnO2 microelectrode-based symmetric MSCs (M- 

MSCs) and Fe2O3 microelectrode-based symmetric 

MSCs (F-MSCs) are fabricated using the same processes 

mentioned above. 1 M KOH is again employed as the 

electrolyte in these devices.  

2.2 Characterization of planar MSCs 

The morphologies and elemental compositions of  

the planar A-MSCs, M-MSCs, and F-MSCs were 

characterized using a field-emission scanning electron 

microscope (FE-SEM, JEOL JSM-7100F) at an accelera-

tion voltage of 20 kV. X-ray diffraction (XRD, D8 

Discover X-ray diffractometer, Bruker) was applied 

to identify the crystal phases of the specimens using 

a non-monochromatic Co Kα X-ray source (λ = 

1.7902 Å). The thicknesses of the as-fabricated 

microelectrodes were measured by a stylus surface 

profiler (Bruker DektakTX) and the chemical bonds 

of the as-synthesized active materials were investigated 

using X-ray photoelectron spectroscopy (XPS VG 

Multilab 2000). Raman spectra were collected by a 

Renishaw RM-1000 laser Raman microscopy system. 

Cyclic voltammetry (CV) curves, galvanostatic charge– 

discharge (GCD) curves, and cycle life curves were 

recorded by an electrochemical workstation (Autolab 

PGSTAT302N). The planar MSCs were placed in a 

sealed probe station chamber (Desert Cryogenics Probe 

Station TTPX) during the electrochemical testing. All 

measurements were performed at room temperature. 

 

Figure 1 Schematic of the microfabrication process for planar A-MSCs. Firstly, Si/SiO2 substrate is cleaned. Secondly, photoresist is 
spin-coated on the substrate and interdigital micropatterns are achieved through photolithography. After photolithography, a Cr/Ni layer
is deposited on the sample by PVD. Thirdly, the photoresist is removed by a lift-off process. MnO2 nanoflakes and Fe2O3 nanoparticles 
are then electrochemically deposited on the corresponding interdigital microelectrodes. Finally, 1 M KOH electrolyte is introduced, and 
the planar A-MSCs are assembled. 
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3 Results and discussion 

In comparison with the conventional sandwiched 

structure that is incompatible with integrated circuits 

(ICs), microfabrication methods have enabled the 

integration of MSCs into interdigital planar devices. 

Consequently, we take advantage of microfabrication 

methods to integrate current collectors into miniaturized 

electronic devices and systems. Among the deposition 

methods for metal oxide electrodes, electrodeposition 

has demonstrated multiple benefits such as facile mass 

control, excellent conductivity, and precise control 

during the oxidation process, which is applied to 

deposit active microelectrodes in this research [29]. 

The morphology of the A-MSC with eight planar 

interdigital microelectrodes (four MnO2 cathodes and 

four Fe2O3 anodes) is shown in Fig. 2(a). Only the 

right side of the electrode, which is slightly brighter 

than the left side, is covered by Fe2O3. It can be clearly 

observed that the interdigital microelectrodes have 

well-defined and defect-free micropatterns, and no 

short circuits between the microelectrodes are detected. 

The micropatterned Cr/Ni current collector is well 

covered by the as-deposited materials and the  

photoresist between the electrodes is completely 

removed. As shown in Fig. 2(b), where the top side of 

the microelectrode is coated with Fe2O3, the width of 

each interdigital microelectrode is 400 μm and the 

interspace is 100 μm. Figures 2(c) and 2(d) show high- 

magnification SEM images of the MnO2 nanoflakes, 

which are uniformly distributed over the micro-

electrode surface. Energy-dispersive X-ray spectroscopy 

(EDX) analysis (Fig. 2(g)) shows a homogeneous 

distribution of Mn and O elements. The high- 

magnification SEM images (Figs. 2(e) and 2(f)) 

exhibit the uniform coating of the right interdigital 

microelectrode with Fe2O3 nanoparticles. The EDX 

analysis (Fig. 2(h)) also shows a homogeneous distri-

bution of Fe and O elements. The crystallographic 

phases of the as-synthesized materials are evaluated by 

XRD, as shown in Fig. S1 in the Electronic Supple-

mentary Material (ESM), which indicates their 

amorphous natures. 

Figure 3 shows the phase compositions of the 

microelectrodes in the planar A-MSCs. Raman 

spectroscopy is applied to investigate the detailed 

bonding configurations of MnO2 and Fe2O3 in Figs. 3(a) 

and 3(c), respectively. The fundamental Raman  

Figure 2 Morphologies and elemental compositions of planar MSCs. SEM images of A-MSCs ((a) and (b)), M-MSCs ((c) and (d)),
and F-MSCs ((e) and (f)). EDX mappings of MnO2 (g) and Fe2O3 (h). 
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scattering peaks of Fe2O3 nanoparticles are observed 

at 224 cm−1 (A1g mode), and 292, 408, 611, and 659 cm−1 

(Eg modes) [30]. The Raman spectrum represented  

in Fig. 3(c) verifies the presence of MnO2 nanoflakes 

by their characteristic Raman peaks at 499, 566, and 

647 cm−1, which are in agreement with previously 

reported results [31, 32]. To further characterize   

the chemical components and valence states of the 

microelectrodes in the A-MSCs, XPS analysis is further 

conducted. The XPS spectrum of Fe 2p is shown in 

Fig. 3(b). Three distinct peaks occur at the binding 

energies of 709.5, 710.4, and 712.3 eV for Fe 2p3/2, and 

one peak at 724.2 eV for Fe 2p1/2, with a shake-up 

satellite at 718.6 eV in the Fe 2p core-level spectrum, 

which corresponds well with the literature values  

of Fe2O3 [33]. Figure S2(a) in the ESM shows the O 1s 

spectrum of the Fe2O3 nanoparticles, which is decom-

posed into two main constituent peaks corresponding 

to Fe–O–Fe bonds (529.6 and 531.2 eV) [34, 35]. The 

Mn 2p spectrum in Fig. 3(d) shows the Mn 2p3/2 

multiplet (640.9, 642.1, and 643.3 eV) and a Mn 2p1/2 

peak (653.4 eV), which is in accordance with previous 

results [36]. The energy separation (11.7 eV) between 

the Mn 2p1/2 and Mn 2p3/2 peaks suggests that the 

dominant Mn species is Mn(IV) in the as-deposited 

MnO2 nanoflakes [21]. The O 1s core-level spectrum 

was also used to confirm the oxidation state of Mn 

(Fig. S2(b) in the ESM). Figure S2(b) in the ESM shows 

that the spectrum can be fitted with three main peaks 

at 529.9, 531.5, and 532.6 eV, related to Mn–O–Mn, 

Mn–O–H, and H–O–H bonds, respectively [37–39], 

which are attributed to the absorption of O2 and water 

molecules on the MnO2 nanoflake surfaces. All these 

results confirmed the expected electrodeposition of 

MnO2 and Fe2O3. 

Electrochemical measurements of A-MSCs, M-MSCs, 

and F-MSCs were conducted in a two-electrode 

system using 1 M KOH as the aqueous electrolyte. To 

determine the potential window of the A-MSCs, 

electrochemical studies of the MnO2 and Fe2O3 were 

conducted in a three-electrode configuration with 

Hg/HgO and Pt foil as the reference electrode and 

the counter electrode, respectively (shown in Fig. S3 

in the ESM). The optimized potential window of Fe2O3 

is from −1.1 to −0.5 V (Fig. S3(a) in the ESM), while 

the potential window of MnO2 is from −0.5 to 0.1 V 

 

Figure 3 Phase compositions of planar MSCs. (a) Raman spectrum of Fe2O3 nanoparticles. (b) XPS spectrum of Fe 2p in Fe2O3

nanoparticles. (c) Raman spectrum of MnO2 nanoflakes. (d) XPS spectrum of Mn 2p in MnO2 nanoflakes. 
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(Fig. S3(b) in the ESM) in 1 M KOH. By taking  

advantage of the different potential windows of MnO2 

and Fe2O3 (Fig. S3(c) in the ESM), it is expected that 

the operating potential of our A-MSCs can be extended 

to 1.2 V. As we know, this potential is greater than 

most reported results, such as carbon/Ni/NiO MSCs 

(0–0.6 V) [9], carbon/carbon nanotube (CNT) MSCs 

(0–0.8 V) [12], MnO2/carbon MSCs (0–1 V) [16], 

Si/TiC/carbon MSCs (−0.6–0.2 V) [40], multi-walled 

CNT/V2O5 MSCs (0–0.8 V) [41], and Ti3C2Tx/graphene 

MSCs (0–0.8 V) [42]. For the development of A-MSCs, 

matching the capacitances between the positive and 

negative electrodes is critical for achieving the best 

possible electrochemical performance. Considering that 

the medium deposition process contributes to balancing 

the performance between the capacitances of MnO2 

and Fe2O3, the capacitances of MnO2 and Fe2O3 were 

used to obtain the parameters for their electrodeposition 

processes by the following calculations. The charge 

stored in an electrode is expressed as Eq. (1) [2] 

q = mCsp∆V                (1) 

where m is the mass loading of electrode (in g), Csp  

is the specific capacitance (in F·g−1), and ∆V is the 

operation potential window (in V). In order to match 

the capacitances of the cathodic and anodic electrodes, 

we should suppose the equalization of charges on the 

two electrodes of the A-MSC, i.e., q+ = q− is required. 

According to Eq. (1), we obtain the follow equation 

sp

sp

C Vm

m C V

 

  





              (2) 

The Csp of MnO2 and Fe2O3 in the three-electrode 

configuration can be calculated from the CV curves 

using the following equation 




 sp

d

2

i V
C

s V m
             (3) 

where i is the measured current (in A) and s is the 

scan rate (in V·s−1). The Csp values of MnO2 and Fe2O3 

are 120 and 150 F·g−1 at 20 mV·s−1, respectively (Fig. S3(d) 

in the ESM). Meanwhile, MnO2 is deposited onto Cr/Ni 

via galvanostatic electrodeposition. The half-reaction 

on the interdigital microelectrodes may be expressed 

as follows [43] 

Mn(CH3COO)2 + 2H2O → MnO2 +            

  2CH3COOH + 2H+ + 2e−  (4) 

The deposition of Fe2O3 also consumes nitrate ions at 

the electrode surface to generate hydroxide ions (see 

Eq. (5)). Fe3+ ions react with locally generated hydroxide 

ions to form metallic hydroxide deposits on the 

electrode surfaces according to Eq. (6) [44]. Fe(OH)3 

can be converted to Fe2O3 by annealing (Eq. (7)) [28]. 

NO3
– + 7H2O + 8e− → NH4

+ + 10OH−       (5) 

Fe3+ + 3OH− → Fe(OH)3          (6) 

2Fe(OH)3 
  3H2O + Fe2O3         (7) 

The mass of active materials (m in g) can be calculated 

by Eq. (8) 

 = 
m

It n F
M

                  (8) 

where I (in A) is the current during galvanostatic 

electrodeposition, t (in s) is the galvanostatic electro-

deposition time, n is the gains and losses of electrons 

in the two half-reactions (2 for MnO2 and 4.8 for Fe2O3), 

M (in g·mol−1) is the molar mass of the active materials, 

and F (in C·mol−1) is the Faraday constant. Therefore, 

the mass ratio of the active materials can be expressed 

as follow 

m I t M n

m I t M n
    

    

               (9) 

Accordingly, the follow equation can be obtained from 

Eqs. (2) and (9) 

    

  





sp

sp+ + +

C V M nI t

I t C V M n
          (10) 

Based on the specific capacitance values and potential 

windows of MnO2 and Fe2O3, the optimal I+t+/I−t− 

should be 2/3. Hence, capacitance matching can be 

achieved by controlling the current and time during 

the electrodeposition. The CV curves of A-MSCs 

over a potential window of 0–1.2 V were measured 

at various scan rates from 20 to 20,000 mV·s−1, while 

the CV measurements of M-MSCs and F-MSCs  

were conducted in the potential range of 0–0.6 V. 

Figure 4(a) shows the CV curves of the A-MSCs  
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with various scan rates from 20 to 200 mV·s−1, while 

Figs. S4(a) and S4(b) in the ESM show the CV curves 

of the M-MSCs and F-MSCs, respectively. Regardless 

of the scan rate, the CV curves of the A-MSCs are 

nearly rectangular with small redox peaks, indicating 

the occurrence of a Faraday redox reaction. With 

increasing scan rates, the cathodic peak shifts to a 

more positive position and the anodic peak to a more 

negative one, which can be attributed to the increase of 

the internal diffusion resistance. 

The electrochemical performance of the A-MSCs 

was further investigated by GCD at different current 

densities of 0.5–2 mA·cm−2 (Fig. 4(b)). The GCD curves 

exhibit predominantly asymmetric natures, indicating 

that the A-MSCs have good electrochemical charac-

teristics with reversible redox reactions. The voltage 

drop related to the overall internal resistance value 

can be estimated from the GCD curves. Figure S5 in 

the ESM shows the voltage drop of the A-MSCs at 

various current densities. The slope of the voltage 

drop is 0.15, which indicates a minor overall internal 

resistance drop. Figure 4(c) shows the CV curves at a  

scan rate of 200 mV·s−1. Obviously, the current of the 

A-MSCs is larger than those of the M-MSCs and 

F-MSCs, representing a solution available by the 

coupling of different metal oxides as active materials 

to realize higher capacitances, energy densities, and 

potential window widths. 

Recently, it has been shown that the stack capacitance 

has greater realistic significance than the gravimetric 

capacitance, because the mass loading of active 

materials is very low in microdevices [45]. Thus, the 

stack capacitance provides a more accurate estimate 

of the real performance of a supercapacitor than 

gravimetric values [6, 19]. Therefore, the stack 

capacitances (Cv in F·cm−3) of the MSCs are used as 

parameters to characterize their performances. The 

stack capacitances are estimated from the CV curves 

at different scan rates by the following equation 




 sp

d

2

i V
C

s V S
              (11) 

where i is the measured current (in A), s is the scan 

rate (in V·s−1), ΔV is the operation potential window 

Figure 4 Electrochemical performance of planar MSCs. (a) CV curves of A-MSCs at various scan rates in 1 M KOH with the potential 
window from 0 to 1.2 V. (b) GCD curves of A-MSCs (0–1.2 V) at various current densities. (c) CV curves of A-MSCs, M-MSCs, and 
F-MSCs at the scan rate of 200 mV·s−1 in 1 M KOH. (d) Stack capacitance evolution of planar MSCs at different scan rates ranging 
from 20 to 20,000 mV·s−1. (e) Cycling stability of A-MSCs at a scan rate of 2,000 mV·s−1 in 1 M KOH electrolyte. (f) Ragone plot of the 
specific volumetric energy density vs. power density for A-MSCs in comparison with typical batteries, electrolytic capacitors, 
supercapacitors, and MPG-SSCs. 
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(in V), and S is the total volume (in cm3) of the 

device including the cathode, anode, current collector, 

and electrolyte. Here, the average thicknesses are 

measured as 522 and 1,398 nm for the MnO2 and Fe2O3 

microelectrodes (including the current collectors), 

respectively. The measured thicknesses of the individual 

MnO2 and Fe2O3 microelectrodes are listed in Table S1 

in the ESM. Considering the different thicknesses of 

the A-MSCs, M-MSCs, and F-MSCs, the thicknesses 

of the A-MSCs and F-MSCs are estimated as 1,398 nm, 

while that of the M-MSCs is 522 nm by calculation. 

The stack capacitances of A-MSCs, M-MSCs, and 

F-MSCs at different scan rates are shown in Fig. 4(d). 

Noticeably, the A-MSCs show a much higher stack 

capacitance of 60 F·cm−3 compared to those of the 

M-MSCs (20 F·cm−3) or F-MSCs (0.9 F·cm−3) at 20 mV·s−1. 

This capacitance is higher than most reported results, 

such as those of reduced graphene oxide (rGO) MSCs 

(3.1 F·cm−3) [6], Ti3C2Tx/graphene MSCs (40 F·cm−3) 

[42], laser rGO MSCs (3.05 F·cm−3) [46], and graphene/ 

CNT MSCs (1.08 F·cm−3) [47]. 

The stack capacitance Cv is also calculated from the 

GCD curves according to Eq. (12) 

v

I t
C

S V





               (12) 

where I is the discharge current (in A), Δt is the 

discharge time (in s), S is the total volume (in cm3)  

of the MSC including the cathode, anode, current 

collector, and electrolyte, and ΔV is the potential 

window (in V). The stack capacitances of A-MSCs, 

M-MSCs, and F-MSCs at different current densities 

are shown in Fig. S6 in the ESM. The A-MSCs show 

the highest stack capacitance of 24 F·cm−3 at a current 

density of 0.5 mA·cm−2, while the M-MSCs and F-MSCs 

deliver 14 and 1 F·cm−3 at 1 mA·cm−2, respectively. The 

cycling life is also an important parameter of MSCs 

for practical applications. In this study, we evaluated 

the cycling life by repeating CV tests for 2,500 cycles 

at 2,000 mV·s−1. Figure 4(e) shows that the A-MSCs 

have a long cycling life retaining 80% of the initial 

specific capacitance after 2,500 cycles. 

To characterize the overall performance of the 

A-MSCs, the specific energy densities (E, in W·h·cm−3) 

and average specific power densities (Pav, in W·cm−3) 

of the A-MSCs were calculated by Eqs. (13) and (14) 

2

v
( )

7200

C V
E

 
               (13) 

av
3600

E
P

t
 


              (14) 

where Cv is the stack capacitance (in F·cm−3) calculated 

by the CV curves, ΔV is the operation potential window 

(in V) and Δt is the discharge time (in s). Figure 4(f) 

demonstrates the Ragone plots of E and Pav of the 

A-MSCs. With high specific capacitances (60 F·cm−3) 

and broad operating voltage ranges (1.2 V), the A-MSCs 

deliver a maximum energy density of 12 mW·h·cm−3
 

at a power density of 1 W·cm−3 and 35 μW·h·cm−3 at 

14.8 W·cm−3. For comparison, the results of previous 

studies are also included in the Ragone plot: the 

commercial high-energy Li thin-film battery (4 V/ 

500 mA·h) [48], the high-power aluminum electrolytic 

capacitor (3 V/300 mF) [49], and the methane (CH4)- 

plasma reduction graphene sandwich-supercapacitors 

(MPG-SSCs) [50]. Noticeably, the A-MSCs show the 

highest energy density and a relatively high power 

density among these results. For comparison with the 

A-MSCs, E and Pav for the M-MSCs and F-MSCs were 

also calculated by Eqs. (13) and (14), as shown in 

Fig. S7 in the ESM. 

It is widely known that two main mechanisms 

dominate in pseudocapacitive metal oxides: the 

adsorption/desorption and reduction/oxidation pro-

cesses. The mechanism of MnO2 for charge storage is 

as follows (M+ = H+, Li+, Na+, K+) [20, 51] 

MnO2 + M+ + e−   MnOOM         (15) 

The capacitance of Fe2O3 is mainly derived from the 

pseudocapacitive charging/discharging based on the 

following reversible redox reaction [52] 

Fe2O3 + OH−   Fe2O3OH + e−        (16) 

From the above mechanisms, we speculate a mechanism 

for the electrochemical behavior of the A-MSCs as 

follows (regarded as synergistic effects of the com-

bination of MnO2 and Fe2O3, shown in Fig. 5). During 

the charging, Fe2O3 reacts with OH− in the KOH 

electrolyte to form Fe2O3OH. In the meantime, MnO2 

is transformed into MnOOK by reacting with K+ in 

the KOH electrolyte. During discharge, with the  
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Figure 5 Schematic of storage mechanism of A-MSCs. 

occurrence of the reverse reactions, MnOOK and 

Fe2O3OH are transformed into MnO2 and Fe2O3 by 

releasing OH− anions and K+ cations into the KOH 

electrolyte, respectively. By using the complementary 

potential windows of the anode and cathode, the 

performance of the A-MSCs is enhanced. Since the 

capacitances of the cathode and anode are of the same 

order, the maximum energy density of the A-MSCs is 

enhanced. 

4 Conclusions 

In this work, we presented the design and assembly of 

planar A-MSCs with MnO2 nanoflake cathode, Fe2O3 

nanoparticle anode, and alkaline aqueous electrolyte 

for the first time. We also proposed a strategy to match 

their capacitances by optimizing the current and time 

of the electrodeposition of the cathode and anode 

materials. The as-fabricated A-MSCs have outstanding 

capacitive performance and long cycling lifetime 

within a voltage range of 1.2 V and deliver the high 

energy density of 12 mW·h·cm−3. Furthermore, the 

mechanism of their high performance is discussed. 

The synergistic effect between MnO2 and Fe2O3 may 

be responsible for the enhanced performance of the 

A-MSCs. This facile and controllable integration of 

low-cost electrode materials and compatible micro-

fabrication technologies gives the proposed A-MSCs 

great potential for practical applications in future 

high-performance microscale power sources. 
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