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Homogenous Al-doped MnO2 supercapacitor materials with excellent electrochemical properties are 

synthesized by employing an one-step hydrothermal method in this study. The optimal sample shows 

morphologies of sea urchin-like micro-spheres, which consists of uniform nanowires with diameters of 

approximate 30 nm. The Al-doped MnO2 has enhanced crystallinity and electrical conductivity than the 

pure MnO2, which is beneficial to the supercapacitive performance. The optimal Al-doped MnO2 

elctrode material exhibits a high specific capacitance of 101 F·g-1 at a high scan rate of 200 mV·s-1 and 

a remarkable long-term cycling stability of 99.6% capacitance retention over 20,000 charge/discharge at 

5 A·g-1. These results indicate that the sea urchin-like Al-doped MnO2 nanowires have extensive 

application prospects in supercapacitors. 
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1. INTRODUCTION 

Recently, supercapacitors have attracted extensive attentions as one of the novel energy storage 

devices since they show the high power density and long-term cycling stability [1-7]. The electrode 

materials play a crucial role in the performance and cost of supercapacitors. Among various electrode 

materials, MnO2 is widely recognized as a promising candidate because of its high theoretical specific 

capacitance (SC, 1370 F·g-1) and low cost [8-11]. Unfortunately, MnO2 exhibits the poor native electrical 

conductivity (EC) and low electroactive area (EA) actually, which are in response to its very small SC 

values [12-15]. In order to enhance the SC of MnO2, many studies have been carried out to improve the 
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EC and/or EA by combining it with conductive materials [16-20]. However, it has been proved that the 

combinations with other materials will introduce different interfaces, resulting in the deteriorative 

cycling stability of the electrode materials [21, 22]. 

To avoid introducing different interfaces, one straightforward strategy is to fabricate 

homogeneous materials, such as doping [23-26]. Al is an ideal doping element for metal oxides due to 

its appropriate radius and its structural stability in the materials [27-29]. And hence, a one-step synthesis 

of Al-doped MnO2 was developed, in order to obtain the enhanced SC and cycling stability. In this design, 

a small amount of Al atoms can occupy the tunnels of MnO2 and substitute the Mn atoms owing to the 

radius of Al atom is slightly smaller than that of Mn atom, which will increase the bonding energy and 

reduce the cell volume of the doped MnO2. Thus, the Al-doped MnO2 will have a more stable and orderly 

structure, which is hardly to deform in the cyclic charge/discharge process and shows excellent cycling 

stability [30]. 

In this work, the sea urchin-like Al-doped MnO2 nanowires were synthesized by a facile one-

step hydrothermal method. The hierarchical structure provides large EA, high EC as well as high 

stability. Meanwhile, Al-doping not only generates crystal defects to remarkably enhance the 

conductivity, but also stabilizes the structure to improve the rate capability. The unique Al-doped 

morphology contributes to excellent long-term cycling stability of 99.6% capacitance retention over 

20,000 charge/discharge cycles at 5 A·g-1. 

 

 

 

2. EXPERIMENTAL SECTION 

2.1 Fabrications 

The sea urchin-like Al-doped MnO2 were fabricated via a one-step hydrothermal method. 4 mmol 

KMnO4, 0.4 mmol Al2(SO4)3·18H2O and 6 mmol MnSO4·H2O were dissolved in 40 mL ultrapure water 

under continuous stirring. The mixed solution was sealed in a Teflon-lined stainless-steel autoclave and 

hydrothermally treated at 140 °C for 2 hours. Then the obtained specimens were collected by 

centrifugation and washed by ultrapure water for five times, then dried in a vacuum oven at 50 °C for 

12 hours. The pure MnO2 is prepared by a similar method as described above, except that there is no 

addition of Al2(SO4)3·18H2O. 

 

2.2 Structure Characterization 

The field emission scanning electron microscopy (SEM, Merlin Compact, Zeiss) equipped with 

an energy-dispersive spectrometer (EDS, Aztec X-max 50, Oxford), transmission electron microscopy 

(TEM, JEM-2100, JEOL), X-ray diffraction (XRD, Ultima-IV, Rigaku) and Raman analysis (Invia, 

Renishaw) with 514 nm wavelength laser were utilized to analyze the morphologies, microstructures, 

composition of the as-obtained electrodes, respectively. 
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2.3 Electrochemical Tests 

To fabricate the electrode for the electrochemical tests, the as-prepared Al-doping MnO2 was 

mixed with 20 wt.% conducting agent (10 wt.% acetylene black and 10 wt.% carbon fiber) and 5 wt.% 

polytetrafluoroethylene (PTFE) latex as binder. A slurry composed of the above mixtures was 

subsequently spread on a nickel foam piece with the area of 1 cm2. And then, the pieces were dried at 

room temperature for 0.5 h to remove the solvent and finally pressed at 10 MPa to ensure good adherence 

between the electrode material and nickel foam current collector. 

The cyclic voltammetry (CV), galvanostatic charge/discharge measurements (GCD) and 

electrochemical impedance spectroscopy (EIS) were conducted in 1 M Na2SO4 solution at room 

temperature [31]. An electrochemical workstation (CHI660D, Chenhua) with a three electrode 

configuration was utilized, where the as-prepared electrode, Ag/AgCl standard electrode and Pt plate 

acted as the working electrode, reference electrode and the counter electrode, respectively. CV tests were 

performed over a voltage range of -0.2 to 0.6 V, and the scan rates ranged from 1 to 200 mV·s-1. GCD 

measurements were conducted at various current densities from 1 to 20 A·g-1. Capacitance retention was 

measured on a battery analyser (C5-100, BettaTeQ). The SC value of the electrodes tested by GCD was 

evaluated via the following formula. 

𝑆𝐶 =
𝐼∆𝑡

𝑚∆𝑉
                                                                      (1) 

where I is the applied current (A), ∆t is the time of discharge (s), m is the mass of the active materials in 

the electrodes (g), ∆V is the potential window (V). 

 

 

3. RESULTS AND DISCUSSION 

The SEM image with the low magnification (Figure 1a) indicates that the as-prepared Al-doped 

MnO2 shows the sea urchin-like micro-spherical morphology. The high-magnification image (Figure 1b) 

of a micro-sphere in Figure 1a reveals that it is consist of uniform nanowires with diameters of 30±5 nm. 

The energy dispersive spectroscopy spectrum (Figure S1, Supplementary material) demonstrates that the 

Al is doped in the sample with an atomic ratio of 1.20%. Furthermore, the compositional elements of 

Mn, Al and O are found homogeneously distributed in the structures of the sample, according to the 

SEM image and the corresponding EDS elemental mapping images (Figure 1c-f). 

The TEM image (Figure 2) also indicates that the sample is consist of nanowires. The selected 

area electron diffraction (SAED) pattern of the nanowires displays the structural characteristics of MnO2, 

as presented in the inset in Figure 2. And there is no evidence of Al compounds, which further proves 

that the Al was successfully doped in the MnO2. 

As shown in Figure 3a, XRD patterns of Al-doped MnO2 and the pure MnO2. The diffraction 

peaks corresponding to the planes of the crystalline structure can be indexed to standard α-MnO2 (JCPDS 

No. 44-0141) completely. There are no other compounds’ peaks, indicating that the Al-doping does not 

change the crystal structure of α-MnO2. And this is consistent with the SEAD result. Moreover, the 

intensity of diffraction peaks of the Al-doped MnO2 increased clearly, suggesting a better crystallinity 

after Al-doping. The Al-doped MnO2 and the pure MnO2 were further characterized by Raman spectra 

(Figure 3b). The band at 645 cm-1 represents the symmetric stretching vibration of Mn-O. Furthermore, 
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the higher intensity of the Al-doped MnO2 also reveals that the crystallinity of the Al-doped MnO2 is 

better than the pure MnO2. That is probably due to the radius of Al atom is slightly smaller than Mn 

atom, the cell volume shrinks and the structure of the Al-doped MnO2 will be more stable and orderly 

when partial Al atoms replace Mn atoms. The structure illustration is shown in Figure 3c. 

 

 
 

Figure 1. (a, b) SEM images and (c-f) EDS mapping of the optimal Al-doped MnO2 sample 

 

 

 
 

Figure 2. TEM image of the optimal Al-doped MnO2 sample 

 

Figure 4a represents the CV curves of as-prepared Al-doped MnO2 at various scan rates from 1 

to 200 mV·s-1. As the curves exhibited, the shapes are almost rectangular without obvious redox humps, 

meaning the decent capacitive behavior. It seems to be more appreciate for supercapacitors as referred 

to the previously reported studies [32-35]. The CV curves change from the standard rectangle shape into 

the quasi-rectangular shape with the increasing of scan rates, which is might because of the limited 

diffusion of ions between active material surface and solution. By contrast, the CV curve of the pure 

MnO2 at 200 mV·s-1 displays a much smaller area obviously (Figure 4b), which indicates that the pure 

MnO2 has lower SC than the Al-doped MnO2. Therefore, it is concluded that the doped Al atoms can 
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play a significant role on enhancing the performance of MnO2. As testified in similar works [36-38], 

doping Al can notably improve the conductivity of MnO2, which is in response to our obtained curves. 

The calculated SC values of the two samples are plotted in Figure 4c. The SC of the Al-doped MnO2 at 

200 mV·s-1 is 101 F·g-1, which is to our knowledge a high value reported for homogeneous manganese 

oxides at such high scan rate. The SC of the Al-doped MnO2 decreases gradually with the increasing of 

scan rates, the value at 200 mV·s-1 is merely a 31% loss compared with that at 20 mV·s-1 (147 F·g-1). 

However, the SC of the pure MnO2 at 200 mV s-1 reduces to 34 F·g-1 rapidly, which is 58% decrement 

of the value at 20 mV·s-1 (92 F·g-1). The high rate capability of the Al-doped MnO2 is mainly contributed 

by the sea urchin-like nanowires with large electroactive area, which facilitate the adsorption/desorption 

of ions in the electrolyte. To further characterize the electrochemical properties of the Al-doped MnO2, 

the GCD test was measured. The GCD curves (Figure 4d) at current densities of 1 to 20 A·g-1 exhibit 

symmetric sloping voltage profiles, which indicates the characteristic of electric double-layer 

capacitance that is in accordance with the CV results. 

 

 

 

Figure 3. (a) XRD, (b) Raman spectra of the optimal Al-doped MnO2 and the pure MnO2 samples and 

(c) structure models of the Al-doped MnO2 

 

The EIS analysis were conducted to investigate the EC of the Al-doped MnO2 and the pure MnO2. 

The Nyquist plots of the two samples are shown in Figure 5a. The diameter of semicircle in high 

frequency region of the Al-doped MnO2 is smaller than that of the pure MnO2, which reveals that the 

Al-doped MnO2 has a lower charge transfer resistance. The straight line in low frequency region of the 
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Al-doped MnO2 has a higher slope, reflecting a lower diffusion resistance and better capacitive 

behaviour after Al doping. 

The cycling stability as one of the most important characteristics for high performance 

supercapacitor can be shown in Figure 5b. The measurement result indicates that the Al-doped MnO2 

has an excellent long-term cycling stability of 99.6% capacitance retention over 20,000 cycles at 5 A·g-

1. As far as we know, the value is the highest capacitance retention in the relevant literatures. The 

capacitance retention of the Al-doped MnO2 reaches the maximum value (130.1%) after about 4000 

cycles. This phenomenon is attributed to the self-activation of the electrode material [39, 40]. However, 

the pure MnO2 loses about 60% of their original capacitance at about 500 cycles, and the capacitance 

retention is only 11.3% over 20,000 charge/discharge cycles. We suppose that the excellent long-term 

cycling stability of the Al-doped MnO2 to be due to the cell volume shrink, which is caused by partial 

Al atoms replace Mn atoms in the cell. Similar doped MnO2 has been prepared in the reported study and 

exhibited 91% capacitance retention over 15,000 cycles [38]. 

 

 
 

Figure 4. (a) CV curves of the optimal Al-doped MnO2 sample at various scan rates, (b) CV curves of 

the optimal Al-doped MnO2 and the pure MnO2 samples at 200 mV·s-1, (c) calculated SC of the 

two samples at various scan rates, (d) GCD curves of the Al-doped MnO2 sample at various 

current densities 
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Figure 5. (a) EIS analysis and (b) capacitance retention at 5 A·g-1 over 20,000 cycles of the optimal Al-

doped MnO2 and the pure MnO2 samples 

 

 

4. CONCLUSIONS 

In summary, a one-step hydrothermal method is employed to synthesize sea urchin-like Al-doped 

MnO2 nanowires with a superior SC of 101 F·g-1 at 200 mV·s-1 and an excellent long-term stability of 

99.6% capacitance retention over 20,000 cycles at 5 A·g-1. This is owing to the improved structure 

stability of the cell volume shrink after Al-doping. Thus, the as-prepared Al-doped MnO2 is the 

promising candidate to the high performance electrode materials for supercapacitors. 
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Figure S1. EDS pattern of the optimal Al-doped MnO2 sample. 



Int. J. Electrochem. Sci., Vol. 14, 2019 

  

4357 

 
 

Figure S2. SEM images of the products obtained by using (a) 0 mM, (b) 1 mM, (c) 10 mM and (d) 20 

mM Al2(SO4)3·18H2O while other conditions are the same as with the synthesis of the optimal 

Al-doped MnO2 sample. Insets are further magnifications of the marked rectangles.  

 

 
 

Figure S3. SEM images of the products prepared at (a) 50 oC, (b) 70 oC, (c) 140 oC and (d) 200 oC while 

other conditions are the same as with the synthesis of the optimal Al-doped MnO2 sample. Insets 

are further magnifications of the marked rectangles. 
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Figure S4. SEM images of the products fabricated for (a) 1 h, (b) 1.5 h, (c) 2 h and (d) 3 h while other 

conditions are the same as with the synthesis of the optimal Al-doped MnO2 sample. Insets are 

further magnifications of the marked rectangles.  
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Figure S5. CV curves of the products in Figure S2 at a scan rate of 50 mV/s. 
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Figure S6. CV curves of the products in Figure S3 at a scan rate of 50 mV/s. 

 

 

-0.2 0.0 0.2 0.4 0.6 0.8

-0.004

-0.002

0.000

0.002

0.004

 

 

Potential (V)

C
u

rr
en

t 
(A

)

    1 h   93 F/g

 1.5 h 104 F/g

    2 h 141 F/g

    3 h 124 F/g

 

 

 
Figure S7. CV curves of the products in Figure S2 at a scan rate of 50 mV/s. 
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