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Abstract: 1 

Manganese oxide is considered an ideal pseudo-capacitive electrode material for 2 

supercapacitors due to its low cost, environmental friendliness and large theoretical 3 

capacity. However, it is difficult to obtain manganese oxide electrodes with a high 4 

specific capacitance and a large voltage range. In this study, ultrafine Mn3O4 nanowires 5 

with an average diameter of 4.0 nm were synthesized using a colloidal method. They 6 

have a large specific surface area of 175.1 m2 g−1, and can provide numerous active 7 

sites to enhance their specific capacitances. They also show a large pore volume of 8 

0.7960 cm3 g−1, which can provide essential channels for ion transport during charging 9 

and discharging processes. The supercapacitor electrode made of these ultrafine Mn3O4 10 

nanowires exhibits a predominant surface capacitive behavior during charge/discharge 11 

processes, and achieves a large specific capacitance of 433.1 F g-1 at a current density 12 

of 0.5 A g-1 with a very wide voltage range from -0.5 to 1.1 V in 1 M Na2SO4 electrolyte. 13 

An asymmetric supercapacitor (ASC) was assembled using a cathode electrode made 14 

of these ultrafine Mn3O4 nanowires and an active carbon (AC) anode electrode, and a 15 

high energy density of 26.68 Wh kg-1 at a power density of 442 W kg-1 was achieved. 16 

The ASC showed a good cycling stability, and its capacitance value was still maintained 17 

at 75.8% after 64000 charge/discharge cycles. 18 

Key words: Mn3O4, Ultrafine nanowires, Supercapacitor, Pseudo-capacitance, 19 

Electrochemical property   20 
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1 Introduction 1 

Along with the rapid development and application of electronic devices, there is a 2 

critical demand for high storage devices with high power and energy density. Due to its 3 

excellent cycle stability, fast charging speed, high power density, high rate capability, 4 

environmental friendliness and safe operation, supercapacitor (SC) is regarded as one 5 

of the key energy storage devices [1-4]. So far, various types of electrode materials for 6 

supercapacitor devices have been studied, such as carbon materials, metal oxides and 7 

sulfides, as well as conducting polymers. Supercapacitor electrode materials are divided 8 

into three types according to their different energy storage mechanisms: battery type 9 

[5], electric double-layer capacitance (EDLC) type [6] and pseudo-capacitance type [7]. 10 

The battery type materials, such as Co3O4 [8], Ni(OH)2 [9] and CuO [10], can achieve 11 

charging and discharging by moderating transfer of valence electrons by phase 12 

transition and diffusion control, but their poor reversibility and slow dynamics lead to 13 

their poor long-term stability [11, 12]. The energy storage principle for the EDLC 14 

materials (mainly the carbon materials) is based on the accumulation of static charges 15 

between the electrode materials and the electrolyte interface. Although their 16 

electrochemical performance is relatively stable, their capacitance values are relatively 17 

low. Pseudo-capacitor electrodes are based on rapid and reversible Faraday redox 18 

reactions between the active substance and electrolyte ions on their surfaces for energy 19 

storage, which makes these pseudo-capacitors having a potentially high specific 20 

capacitance and an excellent cycle stability.  21 

Up to now, many types of pseudo-capacitive electrode materials have been 22 
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discovered, such as ruthenium oxides [13-15] and manganese oxides [16-19]. 1 

Ruthenium oxides are regarded as ideal pseudo-capacitor electrode materials due to 2 

their high specific capacitance of 760 F g-1, good electrical conductivity and cycle 3 

stability [15]. However, they are expensive, toxic and often difficult to prepare [20]. 4 

Manganese oxides are one of the excellent substitutes for the ruthenium oxides because 5 

of their low cost, easy preparation methods and non-toxicity [18]. They have various 6 

crystal structures and high theoretical capacitances [19], and thus currently attract 7 

extensive attention.  8 

As a transition metal oxide, manganese oxides have various valences, and thus have 9 

different electrochemical properties. Common manganese oxides include MnO, MnO2, 10 

Mn2O3 and Mn3O4. Among these, Mn3O4 has excellent electrochemical properties 11 

because it has two valence states, e.g., +2 and +3, which can generate reversible 12 

Faraday redox reactions [21]. In general, Mn3O4 SC electrode materials are controlled 13 

by the capacitive behavior based on the Faraday redox reactions on their surfaces [22]. 14 

Therefore, a large specific surface area of the electrode is beneficial for increasing the 15 

number of active sites, thereby improving the efficiency of Faraday redox reactions 16 

and achieving a higher capacitance. The uniquely nanostructured Mn3O4 can provide 17 

a large specific surface area and numerous channels for ion transport in the charging 18 

and discharging processes, thus improving the specific capacitance.  19 

Various nanostructures of Mn3O4 have been applied as the SC electrode materials, 20 

including nanoparticles [18, 23, 24], nanorods [25, 26], nanowires [28] and nanosheet 21 

[29]. Many methods have been applied to prepare Mn3O4 nanostructures for the SC 22 
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electrode materials, and these include hydrothermal method [18, 29, 30], sol-gel 1 

method [22, 31], pulsed laser deposition (PLD) [19], and chemical precipitation 2 

method [24]. For example, Song et al. reported Mn3O4 nanoparticles which prepared 3 

using a chemical precipitation method, and these Mn3O4 nanoparticles were used as 4 

the electrode for the SC, which showed a specific capacitance of 112 F g-1 at a current 5 

density of 1 A g-1 [24]. Anikumar et al. prepared Mn3O4 nanorods using a hydrothermal 6 

method and then applied them as the electrode for SC, which showed a specific 7 

capacitance of 144 F g-1 at a scan rate of 5 mV s-1 [26]. Mn3O4 nanowires were 8 

prepared using an annealing process after a chemical reaction in an alkaline condition, 9 

and they were used as the electrode for SC, which showed a capacitance of 277 F g-1 10 

at a scan rate of 1 mV s-1 [27]. Mn3O4 nanosheets prepared using a chemical deposition 11 

method were applied as the electrode of SC, which achieved a specific capacitance of 12 

127 F g-1 at a scan rate of 10 mV s-1 [28]. All these reported values of specific 13 

capacitances are quite low. Besides, according to the calculation formula of energy 14 

density: E=C×V2/ (2×3.6) [32, 33], the operating voltage ranges plays a pivotal role 15 

in acquiring high energy densities of SC. However, the working voltage range of SC 16 

electrodes made of manganese oxides reported in the literature are usually less than 1 17 

V [24, 26-28] Therefore, it is critical to obtain new type of manganese oxide 18 

nanostructures, which can be used as the SC electrodes with a high specific 19 

capacitance and a large voltage range. 20 

In this study, ultrafine Mn3O4 nanowires were prepared using a colloidal method 21 

assisted by cetyltrimethyl ammonium bromide (CTAB) and sodium borohydride 22 
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(NaBH4) at room temperature. The SC electrode made of these nanowires showed a 1 

high specific capacitance, up to 433.1 F g-1, and a very wide voltage range of -2 

0.5V~1.1V. An asymmetric supercapacitor (ASC) was fabricated by using the Mn3O4 3 

as the cathode electrode and active carbon (AC) as the anode electrode, and exhibited 4 

good electrochemical properties.  5 

 6 

2 Experimental section 7 

2.1 Preparation of electrode materials 8 

The reagents used in the study were all in their analytical grades and not further 9 

treated, and these include sodium borohydride (NaBH4), manganese chloride 10 

tetrahydrate (MnCl2·4H2O), hexadecyl trimethyl ammonium bromide (CTAB), nickel 11 

foam, carbon black, polytetrafluoroethylene (PTFE) and sodium sulfate (Na2SO4). 12 

Firstly, MnCl2·4H2O (0.7916 g) and CTAB (1.8 g) were added into 100 mL of 13 

deionized water and stirred for 10 minutes. Then 5 ml of sodium borohydride solution 14 

(1 mol L-1) was added inside the above solution, and a large number of bubbles were 15 

generated. The solution was continually stirred until these bubbles disappeared and a 16 

colloid was formed. Then, the colloid was left for one hour at room temperature in air 17 

and the brown precipitates were collected. The precipitates were separated from the 18 

solution by centrifugation, and washed with deionized water and alcohol for three times, 19 

and dried at 60 °C for 12 hours. Then, the precipitates were annealed in a muffle furnace 20 

at 500 °C for two hours in air to obtain the Mn3O4 nanowires. 21 

2.2 Characterization of materials  22 
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An X-ray diffractometer (XRD, Rigaku D/max-2400, α=0.15406 nm, 40 kV, Cu Kα 1 

radiation) was used to characterize the crystalline structures of the Mn3O4 nanowires. 2 

Morphology, chemical composition and crystallinity of the ultrafine Mn3O4 nanowires 3 

were characterized using a high-resolution transmission electron microscope (HRTEM, 4 

JEOL JEM-2200F) attached with an energy-dispersive X-ray spectroscope (EDS). 5 

Chemical states of elements for the ultrafine Mn3O4 nanowires were analyzed using an 6 

X-ray photoelectron spectrometer (XPS, Kratos Axis-Ultra DLD) with an Al Kα 7 

radiation source. Brunauer–Emmett–Teller (BET) method were applied to measure the 8 

specific surface area and pore structure using a Micromeritics ASAP2460 instrument, 9 

and the Barrett-Joyner-Harunda (BJH) method were used calculate the pore size 10 

distribution and pore volume. 11 

2.3 Electrochemical measurements 12 

Electrochemical performance of ultrafine Mn3O4 nanowires based supercapacitor 13 

electrode was evaluated using a CHI660E electrochemical workstation (CHI660E, 14 

Shanghai Chenhua Device Company, China). Testing methods include cyclic 15 

voltammetry (CV), galvanostatic charge–discharge (GCD) and electrochemical 16 

impedance spectroscopy (EIS), all characterized at room temperature. The EIS was 17 

performed with an open circuit voltage and an alternate voltage amplitude of 5.0 mV in 18 

the frequency range of 0.01~100 kHz.  19 

To prepare the electrode, ultrafine Mn3O4 nanowires as the active material, AC and 20 

PTFE were added into ethanol according to the mass ratio of 8:1:1 to make a slurry. 21 

The slurry was coated onto the nickel foam (1.0×1.0 cm2) and dried. The coated nickel 22 
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foam was pressed at 10 MPa for 1 min, and these ultrafine Mn3O4 nanowires electrode 1 

were used as the working electrode. To evaluate these electrodes’ performance, they 2 

were tested in a three-electrode system. A platinum plate was used as the counter 3 

electrode, and a saturated calomel electrode was used as the reference electrode. The 4 

electrolyte was a 1 M Na2SO4 aqueous solution. 5 

An asymmetric supercapacitor (ASC) device was further made using the Mn3O4 6 

nanowires as the cathode electrode, an active carbon (AC) as the anode electrode, and 7 

1 M Na2SO4 aqueous solution as the electrolyte. The AC anode electrode was prepared 8 

in the same way as the ultrafine Mn3O4 nanowires electrode. According to the charge 9 

balance theory, the mass ratio of the ultrafine Mn3O4 nanowires and active carbon is 10 

about 1:3 based on the following equation (1) [34]: 11 

𝑚+

𝑚−
=

𝐶−×∆𝑉−

𝐶+×∆𝑉+
                      (1) 12 

A battery test instrument system (CT3001A, LAND Electronic Co. Ltd) was used to 13 

characterize the cycling performance of the Mn3O4//AC ASC device. 14 

 15 

3 Results and discussion 16 

3.1 Material characterization 17 
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 1 

Fig. 1 (a) XRD spectrum, (b) SEM, (c, d) TEM and (e, f) HRTEM images of Mn3O4 2 

sample. 3 

Fig. 1a shows the XRD spectrum of Mn3O4 nanowires samples. The main peaks are 4 

corresponding to (103), (211) and (224) planes of the hausmannite Mn3O4 (JCPDS card 5 

no. 24-0734), and these peaks are quite broadened, which indicates that these Mn3O4 6 

sample have a relatively poor crystallinity, or very small crystals. Fig. 1b shows the 7 

SEM image of Mn3O4 sample. It can be seen that the Mn3O4 sample is composed of 8 

ultrafine nanowires. Figs. 1c and 1d shows TEM images of Mn3O4 sample, and the 9 

Mn3O4 has a network structure composed of ultrafine nanowires. In addition, from the 10 

HRTEM images shown in Figs. 1e and 1f, these ultrafine nanowires do not show clearly 11 

defined crystalline structures, which is consistent with the XRD analysis result. Based 12 

on these HRTEM images, the average diameter of these nanowires is only about 4.0 13 

nm. 14 

According to equation (2) [35], NaBH4 undergoes a spontaneous hydrolysis to 15 

release hydrogen gas in the solution of MnCl2·4H2O, which produces a large number 16 

of bubbles in the solution due to the usage of CTAB. Based on equation (3), the NaBO2 17 
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is further hydrolyzed, which produces OH-, thus resulting in the formation of alkaline 1 

conditions in the solution. Meanwhile, according to equation (4), Mn2+ ions are 2 

transformed into Mn(OH)2 nanoclusters. According to equation (5), after the hydrogen 3 

gas bubbles disappear, oxygen molecules in the air are re-dissolved into the solution 4 

and quickly react with Mn(OH)2 nanoclusters to form Mn3O4 nanostructures. 5 

NaBH4 + 2H2O → NaBO2 + 4H2↑
                    (2) 6 

BO2
‒ + 2H2O → B(OH)3 + OH‒                     (3) 7 

2Mn2+ + 4OH‒ → 2Mn(OH)2                     (4) 8 

2Mn(OH)2 + 2O2 → Mn3O4↓ + 6H2O                  (5) 9 

 10 

Fig .2(a) XPS survey spectrum of the Mn3O4 nanowires, and high-resolution XPS 11 

spectra of (b) Mn 2p and (c) O 1s. 12 

Chemical states and elemental composition of Mn3O4 nanowire electrodes were 13 

further analyzed using XPS. The XPS survey spectrum of Mn3O4 nanowires is shown 14 

in Fig. 2a, and the peaks of Mn and O elements can be clearly observed. As shown in 15 

Fig. 2b, the high resolution XPS spectrum of Mn 2p can be divided into two peaks of 16 

Mn 2p1/2 and Mn 2p3/2 peaks. The Mn 2p1/2 peak can be deconvoluted into two peaks 17 

located at 654.3 and 652.7 eV, which are assigned to Mn2+ 2p1/2 and Mn3+ 2p1/2. The Mn 18 

2p3/2 peak can also be deconvolved into two peaks and they are located at 643.3 and 19 
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641.3 eV, which can be assigned to Mn2+ 2p3/2 and Mn3+ 2p3/2 [36]. According to the 1 

area under each peak, the ratio of Mn2+ and Mn3+ on the surface can be calculated as 2 

about 1:2. Based on both the XPS and XRD analysis results, we can confirm that the 3 

Mn3O4 was successfully prepared [37]. Fig. 2c shows the high-resolution spectrum of 4 

O 1s, in which the peaks at 529.6 and 531.0 eV refer to the O atoms in the Mn–O–Mn 5 

lattices and the hydroxyl groups on the surface of Mn3O4 nanowires, respectively [38]. 6 

Based on the area under each peak, the ratio between the O atoms in lattices and the 7 

hydroxyl group on the surface was calculated to be 9:20, indicating that there are lots 8 

of hydroxyl groups on the surfaces of ultrafine Mn3O4 nanowires due to their large 9 

specific surface areas. 10 

 11 

Fig. 3 N2 adsorption/desorption isotherm of Mn3O4 ultrafine nanowires (inset 12 

shows the pore size distributions). 13 

The BET surface areas and nanostructures of the Mn3O4 nanowires were further 14 

investigated based on the N2 adsorption-desorption isotherm. As shown in Fig. 3, the 15 

obtained curve shows a type-IV isotherm characteristic [39], indicating that 16 

mesoporous structures are formed in these ultrafine Mn3O4 nanowires. The pore sizes 17 
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are ranged from 1.5 nm to 100 nm but mainly centered at 12.3 nm with a large pore 1 

volume of 0.7960 cm3 g−1 (see the inset in Fig. 3). The two peaks in the inset in Fig. 3 2 

indicate that the mesoporous structure is composed of two parts, e.g., the former one 3 

centered at 2.7 nm is provided by the internal structure of Mn3O4 nanowires, and the 4 

latter one centered at 12.3 nm is resulted from the accumulation of Mn3O4 nanowires. 5 

Because of the ultrafine size and large porosity, the Mn3O4 nanowires show a very large 6 

BET surface area of 175.1 m2 g−1. Therefore, the ultrafine nanowire morphology, large 7 

surface area and large porosity of the Mn3O4 nanowires can provide numerous active 8 

sites on the surfaces of ultrafine Mn3O4 nanowires for the Faradaic redox reactions and 9 

lots of pathways for the diffusion of electrolyte ions, all of which are beneficial for 10 

achieving a large specific capacitance. 11 

3.3 Electrochemical properties of Mn3O4 nanowires based electrodes 12 

 13 

Fig. 4 (a) CV curves of Mn3O4 nanowire electrodes at different scan rates, (b) the 14 

contribution of diffusion and capacitive at different scan rate, (c, d) the contribution of 15 

capacitive in the CV curve at 5 mV s-1 and 50 mV s-1 16 
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To examine electrochemical properties of Mn3O4 nanowire electrodes, the CV curves 1 

with scan rates of 5 mV s-1, 10 mV s-1, 20 mV s-1, 30 mV s-1, 50 mV s-1 were measured, 2 

and the obtained results are displayed in Fig. 4a. It shows that Mn3O4 nanowire 3 

electrodes can work in a very wide voltage range from -0.5 to 1.1 V. This value is the 4 

largest range of working voltage reported for the manganese oxide based SC electrodes 5 

so far, which we have summarized in Table 1. At all the scan rates, the CV curves show 6 

almost a quadrilateral shape, and there are small redox peaks in these CV curves. The 7 

peak positions of the positive and negative scans show minor shifts, indicating that the 8 

Mn3O4 nanowire electrodes have both pseudo-capacitance and battery-type 9 

characteristics in the charging and discharging processes. 10 

Using the equation (6) [40], the surface capacitive contribution and diffusion-11 

controlled contribution in charging/discharging process of Mn3O4 nanowire electrodes 12 

can be calculated: 13 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1

2                   (6) 14 

where i is the current value (mA), V is the fixed potential (V), k1 and k2 are the constants, 15 

which can be obtained from the fitting plots of 𝑖/𝑣
1

2  versus 𝑘2𝑣
1

2 , 𝑘1𝑣  is the 16 

contribution of the surface capacitive behavior, 𝑘2𝑣
1

2 is the contribution of diffusion-17 

controlled behavior. As shown in Fig. 4b, the proportion of capacitive-type behavior is 18 

increased with the increase of scan rate. As shown in the Figs. 4c and 4d, the capacitive-19 

type behavior occupies about 58.3% of the total capacitance at 5 mV s-1. When the scan 20 

rate is increased to 50 mV s-1, the capacitive-type behavior ratio is then increased to 21 

80.9%. Most of the capacitive-type behaviors are found at a range between -0.3V~1V. 22 
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Therefore, the capacitive-type behavior is predominant in the charging/discharging 1 

process of Mn3O4 nanowire electrodes. 2 

The energy storage of Mn3O4 electrode materials in an aqueous electrolyte is 3 

following the proton-electron mechanism [41]. Because there are lots of hydroxyl 4 

groups on the surface of the Mn3O4 ultrafine nanowires, the electrochemical reaction 5 

can be described using the following equation (7) [42]. 6 

MnOx(OH)
y
+δH

+
+δe

-
↔MnOx-δ(OH)

y+δ
            (7) 7 

In this equation, MnOx(OH)y is the manganese oxide species at a higher oxidation state, 8 

and the MnOx-δ(OH)y+δ is the one at a lower oxidation state, respectively. In addition, 9 

Ref [43] reported that the cation in the electrolyte will affect the reaction process of 10 

charge and discharge, as listed in the following equation (8): 11 

MnOx(OH)
y
+δNa

+
+δe

-
↔NaδMnO

x-δ
(OH)

y
         (8) 12 

 13 

Fig. 5 (a) GCD curves at different current densities, (b) specific capacitance at 14 

different current densities and (c) Nyquist plots of the Mn3O4 nanowire electrodes. 15 

Fig. 5a shows the GCD curves at different specific currents within a voltage range of 16 

-0.5~1.1 V. As shown in the GCD curves, with the increase of current density, the redox 17 

platform becomes decreased significantly, and the proportion of the capacitance 18 

provided by diffusion-controlled behavior is gradually decreased. Based on the GCD 19 

curves, the specific capacitance values of Mn3O4 nanowire electrodes can be calculated 20 
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according to equation (9) [44]:  1 

Cs=
I×t

m×∆V
                             (9) 2 

where I is the discharge current (mA), t is the discharge time (s), m is the mass of Mn3O4 3 

(mg) on electrode and ΔV is the voltage range (V) in the GCD curves. The obtained 4 

specific capacitance results are shown in Fig. 5b, and they are 433.1, 336.9, 263.8, 220.5, 5 

192.4, 169.0 and 150.0 F g-1 at 0.5, 1, 2, 4, 6, 8 and 10 A g-1, respectively. It can maintain 6 

44.53% of capacitance from 1 A g-1 to 10 A g-1. Table 1 lists the capacitance values and 7 

voltage range of manganese oxide electrodes reported in literature. Compared with the 8 

reported values for manganese oxide electrodes, the Mn3O4 nanowire electrodes in this 9 

study shows the largest capacitance value and the widest voltage range. Even compared 10 

with the electrodes made of the modified Mn3O4 by graphene, the Mn3O4 ultrafine 11 

nanowire electrode still exhibits a better electrochemical performance. [45-48].  12 

Table 1. Summary of electrochemical properties of other manganese oxide electrodes 13 

in literature. 14 

Materials Preparation method Electrolyte 
Potential 

Window (V) 

Capacitance 

(F g-1) 

Graphene@Mn3O4 [45] Chemical vapor deposition 1 M Na2SO4 -0.2~0.8 208.3 at 0.5 A g-1 

rGO/Mn3O4 nanoparticles [46] Co-precipitation  1 M Na2SO4 0~0.8 248.1 at 5 mV s-1 

Mn3O4/rGO nanowalls [47] Chemical precipitation 0.5 M KOH 0~1 310 at 1 A g-1 

rGO/ Mn3O4 nanoflakes [48] Co-precipitation 1 M Na2SO4 -0.2~0.8 351 at 0.5 A g-1 

MnO2/Mn3O4 nanowires [49] Hydrothermal 1 M Na2SO4 0~1 181 at 2 A g-1 

Nd2O3/Mn3O4 nanoparticles [50] Hydrothermal 3 M KOH -0.2-0.5 205.3 at 5 mV s-1 

Mn3O4TB/NHPC [51] Ultrasonic assembly 1 M Na2SO4 0~0.8 366.0 at 0.5 A g-1 

Mn3O4 microcubes [30] Hydrothermal 1 M Na2SO4 -0.2~0.8 176.0 at 0.3 A g-1 

Mn3O4 nanowalls [52] Electrochemical deposition 1 M Na2SO4 0~1 300.7 at 5 mV s-1 

MnO2@NiO nanosheets [53] Hydrothermal 1 M KOH -0.2~0.45 374.6 at 0.25 A g-1 

Mn2O3@MnO2 nanofibers [16] Hydrothermal 1 M Na2SO4 0~1 225.0 at 0.2 A g-1 

Mn2O3@Carbon [54] Hydrothermal 0.5 M Na2SO4 -0.65~0.35 235.9 at 0.05 A g-1 

javascript:;
javascript:;
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Mn3O4 nanowires (This work) Colloidal method 1 M Na2SO4 -0.5~1.1 433.1 at 0.5 A g-1 

Note: rGO: reduced graphene oxide; TB: tetragonal bipyramid; NHPC: nitrogen doped and hierarchically porous carbon. 

EIS tests were further conducted in order to study the interfacial electrochemical 1 

kinetics of Mn3O4 nanowire electrodes in the Na2SO4 electrolyte. The open-circuit 2 

voltage was set at 5 mV and the frequency range was 10-2 ~105 Hz. The obtained 3 

Nyquist plots are shown in Fig. 5c. In the high frequency range, a small semicircular 4 

diameter can be found, which is corresponding to the charge transfer resistance (Rct), 5 

caused by the Faraday reaction between the electrode material and the electrolyte ions 6 

[55, 56]. The intercept at the x-axis is the internal resistance (Rs) [57, 58], which 7 

includes the inherent resistance of the electrolyte and electrode material, and the contact 8 

resistance between the electrode material and collector. The Mn3O4 nanowire electrodes 9 

show small resistance values: e.g., Rs (2.16 Ω) and Rct (2.31 Ω), suggesting their 10 

excellence in the ion transport efficiency. Ion diffusion in the dielectrics affects the 11 

slope of the low frequency linear part of the Nyquist plots, which corresponds to the 12 

Warburg impedance behavior (Rw) [59]. The Nyquist plots of an ideal battery-type 13 

material should show a large semicircle in the low frequency region and the angle 14 

between the straight line of the high frequency region and the x-axis should be about 15 

45°. While the pseudo-capacitance material should have a small semicircle in the low 16 

frequency region and the straight line of the high frequency region is about 90° to the 17 

x-axis [60]. It can be seen from the Nyquist plots of the Mn3O4 nanowire electrodes in 18 

Fig. 5c that slope in the low frequency linear part is approximately 67°. The low 19 

frequency semicircle is not as large as those of the standard battery type materials, 20 

which means that both the surface control and diffusion control act together for the 21 
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Mn3O4 nanowire electrode.  1 

The stability of the ultrafine Mn3O4 nanowires electrode was tested in the three-2 

electrode system at the current density of 6 A g-1, and the result is showed in Fig. S1, 3 

the capacitance decreased rapidly in the first 200 cycles, but then remained relatively 4 

stable, which can maintain 72.6% after 4000 cycles. And the SEM images and XRD 5 

spectra of the Mn3O4 electrode are not obviously changed before and after cycling as 6 

shown in Fig. S2, indicating that the structure of the Mn3O4 is stable in the charge-7 

discharge processed. 8 

Furthermore, the Mn3O4 electrode was tested in three electrode system at the voltage 9 

range of 0~1.2 V. In the CV curves and the GCD curves (see Figs. S3a and 3b), there 10 

are no obvious REDOX peaks or REDOX platform within the voltage range of 0~1.2 11 

V. The calculated capacitance values at different current densities are shown in Fig. S3c. 12 

The capacitance value of Mn3O4 electrode is 202.8 F g-1 at the current density of 1 A g-13 

1, and it can maintain 63.2% when the current density is increased to 10 A g-1. 14 

 15 

3.4 Electrochemical performance of Mn3O4//AC ASC 16 
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 1 

Fig. 6 (a) CV curves of ultrafine Mn3O4 nanowires and AC at 10 mV s−1, (b) CV 2 

curves and (c) GCD curves of Mn3O4//AC ASC at various voltage range, (d) CV 3 

curves of Mn3O4//AC ASC at various scan rates, (e) GCD curves and (f) 4 

corresponding specific capacitance values of the Mn3O4//AC ASC at various current 5 

densities.  6 

In order to evaluate the application of Mn3O4 nanowire electrodes for 7 

electrochemical energy storage, a Mn3O4//AC ASC were assembled, in which ultrafine 8 

Mn3O4 nanowires was used as the cathode electrode and AC as the anode electrode. 9 

The CV curves of ultrafine Mn3O4 nanowire and AC electrodes at a scan rate of 10 mV 10 

s-1 are shown in Fig. 6a. The stable operating voltage of this ASC device can be as large 11 

as 1.85 V. Figs. 6b and 6c are the CV curves and GCD curves of Mn3O4//AC ASC under 12 

different voltage ranges, respectively. It can be seen that the performance of the 13 

Mn3O4//AC ASC is very stable in the 1.85 V voltage range. Fig. 6d shows the CV curves 14 

at different scan rates, and there are no significant changes in CV curves at different 15 

scan rates. They are all stable with a fixed shape, indicating that the ASC has a good 16 
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pseudo-capacitance characteristic. According to the GCD curves shown in Fig. 6e, at 1 

different current densities, the specific capacity of Mn3O4//AC ASC can be calculated 2 

according to the following equation (10) [61]: 3 

𝐶𝑑 =
𝐼×𝑡

𝑀×∆𝑉
                             (10) 4 

where I (A), t (s), M (g) and ΔV (V) are corresponding to the applied constant discharge 5 

current, the discharge time, the total mass of Mn3O4 and AC, and the voltage range of 6 

Mn3O4//AC ASC, respectively. When the current density is 1 A g-1, the capacitances of 7 

the Mn3O4//AC is 52.5 F g-1.  8 

 9 

Fig. 7 (a) Ragone plots; (b) cycling performance (inset photograph is GCD curves of 10 

first and last 5 cycles); (c) Nyquist plots and (d) structure diagram of pouch cell (inset 11 

a lighted LED bulb with the pouch cell.) 12 

Based on the previously calculated specific capacitance (Cd) of Mn3O4//AC ASC, the 13 

energy density (E, Wh kg-1) and power density (P, W kg-1) of Mn3O4//AC ASC can be 14 

calculated using the following equations (11) and (12) [34, 62]: 15 

𝐸 =
𝐶𝑑 × ∆𝑉2

2 ×3.6
                           (11) 16 
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𝑃 =
𝐸 ×3600

∆𝑡
                           (12) 1 

As shown in Fig. 7a, the energy density of Mn3O4//AC ASC can reach 26.7 Wh kg-1 at 2 

a power density of 442 W kg-1, which is higher than many reported ASC devices 3 

assembled with manganese oxide and different negative electrodes. These include 4 

Mn3O4-fCNT//ZnO-CNT (19 Wh kg-1 at 490 W kg-1) [63], Mn3O4 (22.6 Wh kg-1 at 400 5 

W kg-1) [64], Mn3O4//Bi2O3 (16.4Wh kg-1 at 187.5W kg-1) [65], Mn3O4//Mn3O4/NC 6 

(17.3 Wh kg-1 at 207.3 W kg-1) [66], MnS@ Mn3O4/C//AC (12.5 Wh kg-1 at 1000 W 7 

kg-1) [67], MnO2/CNT//AC (21 Wh kg-1 at 123 W kg-1) [68], MnOx@rGO//rGO (16.6 8 

Wh kg-1 at 1052 W kg-1) [69], MnO2@BL//NBL ASC (11.4 Wh kg-1 at 1600 W kg-1) 9 

[70], Mn2O3@MnO2//AC (27 Wh kg-1 at 90 W kg-1) [16] and MnO2@Fe2O3 (8.7 Wh 10 

kg-1 at 694 W kg-1) [71]. 11 

The cyclic stability of MnCo2O4@Ni3S4//AC ASC was tested at a current density of 12 

8 A g-1, and the results are shown in Fig. 7b. The capacitance of the Mn3O4//AC ASC 13 

still maintains 75.8% of its initial value after 64000 cycles, and the Coulomb efficiency 14 

has been kept at 99.8% in the whole process, indicating its excellent cyclic stability.  15 

It should be noted that a small amount of Mn3O4 materials fell away from the working 16 

electrode in the initial 1000 cycles, which caused the decreased of the capacitance of 17 

Mn3O4//AC ASC. We have tried different ways to solve this problem, but it is hard to 18 

avoid it completely. Preventing the loss of the Mn3O4 active materials from the 19 

electrode to improve the stability of ASC is the goal of our further research. As shown 20 

in the inset in Fig.7b, the GCD curves have no significant changes before and after the 21 

cycling process. The EIS results of the Mn3O4//AC ASC before and after cycling test 22 
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were also obtained, and the obtained Nyquist plots of the Mn3O4//AC ASC are shown 1 

in Fig. 7c. Smaller values of Rs (3.4 Ω) and Rct (7.0 Ω) were obtained after 64,000 2 

charge/discharge cycles. Compared with the Rs and Rct of 4.0 Ω and 4.7 Ω before 3 

cycling, the Rs value has been reduced, probably because in the process of circulation, 4 

there are good contact between the active materials and electrolyte. However, the Rct 5 

values are obviously increased, which shows that the charge transfer efficiency has been 6 

reduced. As the value of Rct is still maintained a low value, this proves that the 7 

Mn3O4//AC ASC maintains a good electrochemical performance after a long-term 8 

charging and discharging process. 9 

The Mn3O4//AC ASC was assembled into a pouch cell as shown in Fig. 7d. An 10 

aluminum slim film was used as the packaging material, and a filter paper as for septum 11 

containing 1 M Na2SO4 solution was used as the diaphragm. Mn3O4 electrode and AC 12 

electrode were connected with aluminum strips, respectively. The LED lamp has been 13 

successfully lit as shown in the inset of Fig. 7d. 14 

In this work, the CV curves of AC electrode and the ultrafine Mn3O4 nanowire 15 

electrode are not perfectly matched, and there is overlapped between -0.5~0 V, although 16 

this will not have a great impact on the performance of the supercapacitor. In the future 17 

work, by exploring other anode materials to match with the ultrafine Mn3O4 nanowire 18 

electrode, the asymmetric supercapacitors with better electrochemical performance can 19 

be obtained. 20 

 21 

4 Conclusions 22 
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Mn3O4 ultrafine nanowires were successfully synthesized using a colloidal method, 1 

and they have large specific surface areas, large pore volumes and abundant active sites. 2 

The Mn3O4 ultrafine nanowire based electrodes exhibited a large specific capacitance. 3 

It showed a capacitive-type behavior and a battery-type behavior in 4 

charging/discharging processes, and capacitive-type behavior was found to be 5 

dominant. The assembled Mn3O4//AC device achieved a high energy density of 26.7 6 

Wh kg-1 at a power density of 442 W kg-1. After 64000 cycles, it can still maintain 75.8% 7 

of the initially capacitance value. Therefore, due to the good electrochemical properties 8 

of the ultrafine Mn3O4 nanowires, it can be used as an active material for 9 

supercapacitors. By preventing the loss of the Mn3O4 nanowires from the electrode and 10 

exploring other anode materials to match with the Mn3O4 nanowire electrode, it is 11 

hopefully to achieve asymmetric supercapacitors with excellent electrochemical 12 

performance. 13 
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