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Mesoporous-assembled MnO2 with large specific surface area 

was prepared by heating the delaminated MnO2 nanosheet 

slurry with NH4HSO4 at 175 C. When the molar ratio of 

NH4HSO4 to MnO2 is 2.1, the obtained material had the 10 

largest specific surface area of 456 m2 g−1, which gives high 

specific capacitance of 281 F g−1 at a current density of 0.25 A 

g−1 and excellent cycling performance with about 1.9% loss 

after 2000 cycles.  

Micro/nano-sized transition metal oxides with large specific 15 

surface area have received wide attention due to their potential 

applications in energy storage, catalysis, separation, and gas  

sensing.1-3 Among the transition metal oxides with various  

valence states, the micro/nano-sized manganese oxides with large 

specific surface area have been confirmed to be one of the most 20 

promising pseudocapacitance electrode materials due to their 

high capacitance and activity/stability in neutral electrolyte 

system.4,5 In order to improve the specific capacitance of the 

manganese oxide electrodes, the micro/nano-sized manganese 

oxide electrodes with both large specific surface area and high 25 

active sites are needed, which can be expected to exert the 

electric double layer capacitance from the large specific surface 

area and the pseudocapacitance from the high active site for 

redox reactions according to the capacitor storage mechanism.6,7  

Research results indicate that the specific capacitance of 30 

manganese oxide electrodes is critically dependent  on their 

effective specific surface area associated with the proper pore-

size distribution and pore volume besides their crystalline 

structure.8 Up to now, the micro/nano-sized manganese oxide 

electrodes with both large specific surface area and high active 35 

sites have been prepared by many methods, and these materials 

show good electrochemical properties.9,10 By constructing more 

porous channels to obtaining “opened” structures, the hierarchical 

porous nanostructure with a specific surface area of 269 m2  g−1 is  

assembled from ultrathin MnO2 nanoflakes in an ice bath.11 The 40 

flower-like microsphere -MnO2 with a specific surface area of 

280 m2 g−1 is obtained by hydrothermal treating a mixture 

solution of KMnO4 and (NH4)2SO4 at 90 °C.12 The mesoporous 

MnO2 with an average pore size of 3-4 nm and a BET surface 

area of 429 m2 g−1 can be obtained by the reaction between 45 

ethanol and KMnO4 using cetyltrimethylammonium bromide as  

soft template.13 Although manganese oxide electrodes with 

various structures and morphologies have been prepared via 

different routes, their specific surface area is lower than 290 m2  

g−1. In addition, although hard/soft templates (e.g., SBA-15,14 n-50 

butanol,15 P123,11 etc.) can be used to prepare mesoporous-

assembled MnO2 with large specific surface area, the preparation 

process complicats and time-consuming. Therefore, developing a 

novel preparation technique for micro/nano-sized manganese 

oxide electrodes with both large specific surface area and high 55 

active site is needed not only for academic research, but also for 

developing advanced energy storage materials.  

Herein, a novel preparation technique for micro/nano-sized 

manganese oxide electrodes with both large specific surface area 

and high active site was developed by  heating the delaminated 60 

MnO2 nanosheet slurry with NH4HSO4 at 175 C (detailed 

preparation processes were given in ESI†), and the prepared 

mesoporous-assembled MnO2 shows a large specific surface area 

of 456 m2 g−1 and their particle size is about 5 nm. The 

mesoporous-assembled MnO2 electrode shows good cycling 65 

stability with about 1.9 % loss after 2000 cycles at a current 

density of 2 A g−1. To the best of our knowledge, this is the most 

effective way to mass-produced micro/nano-sized manganese 

oxides with a large specific surface area.  

 70 

Scheme 1 Formation schematic illustration of the mesoporous-assembled 

MnO2. 

The novel fabrication process is schematically illustrated in 

Scheme 1. The delaminated MnO2 nanosheets with a thickness of 

0.45 nm are selected as a precursor because they have higher 75 

freedom degree than their assembled bulk and can be mixed 

uniformly with NH4HSO4. The formation process of the 
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mesoporous-assembled MnO2 consists of three steps. Firstly, as 

the delaminated MnO2 nanosheets are metastable state, they are 

reassembled by calcining at 175 °C without NH4HSO4 addition, 

and tetramethylammonium ions (TMA+) intercalated manganese 

oxide with a basal spacing of 0.96 nm is formed.16 Secondly, 5 

when the molar ratio of NH4HSO4/MnO2 is below 0.7, the TMA+ 

ions are exchanged with NH4
+ ions originated from NH4HSO4,  

and NH4
+ ions intercalated manganese oxide is obtained. Finally, 

NH4
+ ions intercalated manganese oxide is converted to 

amorphous manganese oxide when the molar ratio further 10 

increases (NH4HSO4/MnO2 > 0.7). The preparation process is 

supported by X-ray diffraction patterns of the obtained materials  

with different molar ratios of NH4HSO4/MnO2 (Fig. 1). 

 

Fig. 1 XRD patterns of the mesoporous-assembled MnO2 with different 15 

molar ratios of NH4HSO4/MnO2. 

The XRD pattern of the manganese oxide slurry gives only an 

amorphous halo (Fig. S1a†), scattering from the delaminated 

manganese oxide nanosheets aggregated irregularly .17 The 

thickness of thin transparent platelets less than 0.5 nm are also 20 

observed (Fig. S1b†), suggesting that the layered manganese 

oxide is delaminated. The delaminated manganese oxide slurry 

calcined at 175 C for 5 h, a typical layered structure with a basal 

spacing of 0.96 nm is obtained, corresponding to the intercalation 

of unhydrated TMA+ ions into the interlayer. Increasing the molar 25 

ratios of NH4HSO4/MnO2 (0.1-0.4), the basal spacing decreases  

to 0.73 from 0.96 nm although the layered structure remains, 

suggesting that an ion exchange reaction takes place and TMA+ 

ions in the interlayer are exchanged with NH4
+ ions released by 

NH4HSO4.
18 Further increase the molar ratios of NH4HSO4/MnO2 30 

(0.7-2.8), the XRD patterns of the obtained materials show broad 

peak in low intensity, suggesting that the obtained materials show 

nearly amorphous nature with smaller particle sizes.  

The variation of TEM morphology also supports the reaction 

process (Fig. 2). In comparison with the morphology of the 35 

delaminated MnO2 nanosheets (Fig. S1b†), a flat and continuous 

stacked nanosheet-like morphology (Fig. 2a) firstly changes  

rough (Fig. 2b and 2c), then becomes tiny fragments (Fig. 2d and 

2e), and lastly forms a highly open and porous structure (Fig. 2f-

2h) with increasing the molar ratios of NH4HSO4/MnO2. When 40 

the molar ratio of NH4HSO4/MnO2 is 2.1, very tiny and 

disordered primary nanocrystals with a size of about 5 nm are 

observed for the obtained material. XRD patterns and TEM 

images indicate that the amount of NH4HSO4 plays a crucial role 

in the formation of mesoporous-assembled MnO2.  45 

 

Fig. 2 TEM images of the mesoporous-assembled MnO2 with different 

molar rat ios of NH4HSO4/MnO2: (a) 0, (b) 0.1, (c) 0.2, (d) 0.4, (e) 0.7, (f) 

1.4, (g) 2.1, and (h) 2.8, respectively. 

The porosity of the obtained materials with different molar ratios 50 

of NH4HSO4/MnO2 is characterized by N2 adsorption-desorption 

isotherm (Fig. 3). For the material obtained from calcining the 

delaminated manganese oxide slurry at 175 C for 5 h, the N2 

adsorption-desorption isotherm shows a typical type IV isotherm. 

A hysteresis loop of N2 adsorption and desorption branches 55 
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occurs at the relative pressure (P/P0) between 0.40 and 1.0, 

indicating the existence of mesopores. The BET specific surface 

area is 47 m2 g−1 and the pore size distribution centers at around 

3.8 nm as calculated by the NLDFT model (inset in Fig. 3). In 

accompany with the molar ratio of NH4HSO4/MnO2 increase (0-5 

0.4), N2 adsorption-desorption isotherms of the obtained 

materials nearly maintains the type IV characteristics with 

distinct hysteresis loops observed at a relative pressures (P/P0) 

between 0.4 and 1.0. When the molar ratio of NH4HSO4/MnO2 is 

larger than 0.7, an obvious IV characteristics isotherm with two 10 

small hysteresis loops are observed. One is a small hysteresis 

loop occurs at the relative pressure (P/P0) between 0.4 and 0.8, 

which is related to the filling and emptying of mesopores by 

capillary condensation. And the other is an obvious increasing 

step of the nitrogen adsorption volume at the relative pressure 15 

higher than 0.9, suggesting the presence of secondary pores due 

to the aggregation of particles with uniform size.19 Moreover, a 

new pore size distribution at around 1.5 nm is observed except 

the pore size distribution between 2.5-4.0 nm, further supporting 

the micropore presence of secondary pores.  20 

 

Fig. 3 Nitrogen adsorption-desorption isotherms of the mesoporous-

assembled MnO2 with different molar ratios of NH4HSO4/MnO2, and 

NLDFT pore size distribution curves are inserted. 

The textural parameters of the obtained materials with different 25 

molar ratios of NH4HSO4/MnO2 are summarized in Table 1. It 

can be seen that both the specific surface area and the pore 

volume significantly increase with the increase of the molar ratios. 

MnO2 (2.1) shows the largest surface area of 456 m2 g−1 and the 

higher total pore volume of 0.68 cm3 g−1. However, further 30 

increase amount of NH4HSO4 leads to a decrease in surface area 

and pore volume, which is probably ascribed to the aggregated 

structure caused by stacking and overlapping of MnO2 

nanoparticles. These results indicate that the worse the crystalline 

nature of the obtained materials, the larger the specific surface 35 

area. NH4HSO4 plays an important role in the formation of 

nanostructured MnO2 with reduced size, and the optimized molar 

ratio of NH4HSO4/MnO2 is 2.1. 

Table 1 The specific surface area, manganese oxidation state, and the 

capacitance of the obtained MnO2 with different molar ratios of 40 

NH4HSO4/MnO2. 

 

In order to further understand how the specific surface area 

changes and how the reaction process carries out with the 

extention of molar ratio, the Mn 2p and Mn 3s XPS spectra of the 45 

obtained materials with different molar ratios of NH4HSO4/MnO2 

are conducted and the results are shown in Figure 4. For the Mn 

2p core level spectrum, two peaks at about 642.2 and 654.0 eV 

are observed, which correspond to the binding energies of Mn 

2p3/2 and Mn 2p1/2 (Fig. 4a). The binding energy values agree 50 

well with those of the prepared MnO2,
20 suggesting that a large 

number of Mn (IV) are existed in the obtained nanostructured 

MnO2. It can be seen that the corresponding binding energy 

gradually shifts to the higher energy with the molar ratio increase 

of NH4HSO4/MnO2, suggesting that Mn valences of the obtained 55 

nanostructured MnO2 increases gradually.  

 

Fig. 4 Mn 2p (a) and Mn 3s (b) core level spectra of the mesoporous-

assembled MnO2 with different molar ratios of NH4HSO4/MnO2. 

To obtain further information why the manganese oxidation state 60 

gradually increases in the obtained nanostructured MnO2, the Mn 

2p3/2 peaks are fitted using Gaussian functions to achieve the 

relative intensities of the component. It can be seen that the Mn 

2p3/2 spectra can be separated into two peaks. The deconvoluted 

peaks are centered at 642.2 and 641.2 eV, suggesting that the 65 

valence of the Mn ions is +4 and +3, respectively. In addition, the 

peak intensity of Mn (IV) species gradually increases, while it  
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gradually decreasas for Mn (III) species in accompany with the 

molar ratio of NH4HSO4/MnO2 increase. It is insufficient to 

determine exactly the manganese oxidation state only from the 

Mn 2p spectrum, and more important information may be further 

obtained from Mn 3s core level spectrum (Fig. 4b). According to 5 

the relationship between the energy separation of Mn 3s peaks 

and Mn oxidation state of manganese oxides,21 the Mn oxidation 

valence of the obtained nanostructured MnO2 indeed increases  

with the molar ratio increase (Table 1). The increase of the mean 

manganese oxidation number is probably due to a 10 

disproportionation reaction of some Mn (III) (MnIII → MnII + 

MnΙV) in the acid condition obtained from NH4HSO4 (H2SO4 + 

NH3 ↔ H2SO4·NH3)
22. Mn (III) derived from two sources, one is  

the mixed-valent manganese framework,23 and the other is the 

redox reaction between H2SO4 and MnO2 (4H2SO4 + 6MnO2 = 15 

2Mn2(SO4)3 + 6H2O + O2 ↑) in the heating process.24 The XPS 

data in consistent with the above mentioned XRD results, further 

corroborate the obtained materials are primarily comp osed of 

MnO2 with little amount of Mn (III) species. 

The formation process of mesoporous-assembled MnO2 probably 20 

consists of the ion exchange (TMA+/NH4
+) and redox reaction 

processes (Mn4+ to Mn3+). When little amount of NH4HSO4 is  

used in the reaction system (NH4HSO4/MnO2 < 0.7), the TMA+ 

ions are exchanged with NH4
+ ones, causing the basal spacing 

decrease from 0.96 to 0.73 nm. However, when the excessive 25 

amount of NH4HSO4 (NH4HSO4/MnO2 > 0.7-2.8) exist in the 

system, the manganese oxide are reduced, which causes the 

collapse of manganese oxide framework and forms mesoporous-

assembled MnO2. In addition, the similar experimental results are 

observed when NH4HSO4 are replaced by H2SO4 treatment (Fig. 30 

S2†).  

 

Fig. 5 Electrochemical characterization of MnO2 (0) and MnO2 (2.1): (a) 

CV curves at a scan rate of 10 mV s
−1

, (b) charge-discharge curves at a 

current density of 0.25 A g
−1

, (c) Capacitance retention at different current 35 

densities, and (d) Cycling performance of MnO2 (2.1) at a current density 

of 2 A g
−1

 for 2000 cycles. 

In general, the specific capacitance of the electrode material is  

related to its specific surface area, the electrical conductivity in 

the solid phase and ionic transport within the pores. The large 40 

specific surface area and good ionic transport can lead to a higher 

capacitance and facilitate the fast transport of electrolyte ions.25 

The electrochemical performance of the obtained nanostructured 

MnO2 (0) and MnO2 (2.1) electrodes was evaluated by a three-

electrode system between −0.2 and 0.8 V in 1 mol L−1 Na2SO4 45 

electrolyte.  

The cyclic voltammetry (CV) curve of MnO2 (0) electrode is 

distorted and have a pair of redox peaks, which is ascribed to a 

Faradic pseudocapacitance due to the intercalation/detercalation 

of protons or alkaline metal cations in MnO2 (0) electrode. In 50 

contrast, the CV curve of MnO2 (2.1) electrode exhibits much 

larger enclosed areas and a quasi-rectangular shape with a mirror 

image feature (Fig. 5a), indicating the ideal electrical double-

layer capacitance behavior and fast charging-discharging process 

characteristic.26 Morever, its galvanostatic charge/discharge curve 55 

shows that the specific capacitance is 281 F g−1 at 0.25 A g−1, 

which is higher than that of MnO2 (0) electrode (124 F g−1) (Fig. 

5b) and other MnO2 (x) electrodes (Fig. S3†). The specific 

capacitance is also higher than the values of some porous MnO2 

nanostructures reported in the literatures, such as porous MnO2 60 

with a 3D framework (218 F g−1, 0.1 A g−1),27 three-dimensional 

ordered macroporous MnO2/carbon nanocomposites (234 F g−1, 

0.1 A g−1),28 and flower-like hierarchical α-MnO2 sub-

microspherical superstructures constructed by two-dimension 

mesoporous nanosheets (298 F g−1, 0.117 A g−1).29 With the 65 

molar ratio of NH4HSO4/MnO2 increase, the specific capacitance 

of the obtained materials increases gradually (Table 1). More 

importantly, the MnO2 (2.1) electrode also shows a higher rate 

capability compared with that of MnO2 (0) electrode and other 

MnO2 (x) electrodes (Fig. S4†). Even at 10 A g−1, it still retains  70 

154 F g−1 (about 54.8%, Fig. 5c). The better rate performance are 

probably ascribed to its larger surface area and mesoporous 

structure, which facilitate the improvement of kinetics due to the 

increased reaction interface and the reduced diffusion path for 

ionic intercalation and deintercalation.8 In addition, the long-term 75 

cycle stability is evaluated by repeating the galvanostatic 

charge/discharge test at a current density of 2 A g−1 for 2000 

cycles (Fig. 5d), there is only 1.9% specific capacitance loss, 

suggesting that the MnO2 (2.1) electrode shows good 

electrochemical cycle stability. Nyquist plots of MnO2 (2.1) 80 

electrode before and after 2000 cycles at the frequency range 

from 100 kHz to 0.01 Hz show similar equivalent series  

resistance (ESR) of about 2 Ω and diffusion resistance, indicating 

that the MnO2 (2.1) electrode has good capacitive behavior (Fig. 

S5†).  85 

Conclusions  

In summary, the mesoporous-assembled MnO2 with large specific 

surface area of 456 m2 g−1 is prepared by heating the delaminated 

MnO2 nanosheet slurry with NH4HSO4 at 175 C. The molar ratio 

of NH4HSO4/MnO2 plays an crucial role in the formation of the 90 

mesoporous-assembled MnO2 with larger specific surface area, 

and the optimized molar ratio of NH4HSO4/MnO2 is 2.1. The as-

fabricated nanostructured MnO2 electrode delivers the specific 

capacitance of 281 F  g−1 at a current density of 0.25 A g−1 and 

excellent cycling performance. This novel preparation method 95 

can be used to prepare the other nanostructured transition metal 

oxides with large specific surface area, and they can be used as 

energy storage materials, catalysts, adsorbents, and so on. 
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The mesoporous MnO2 with surface area of 456 m2/g is prepared by heating the delaminated MnO2 nanosheet slurry with NH4HSO4. 5 
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