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A facile method to synthesize layered manganese oxide nanosheets was developed for the first time by

using graphene oxide as a template. The in situ replacement of carbon atoms on the graphene oxide

framework by edge-shared [MnO6] octahedra provides a new methodology to synthesize graphene-

based two-dimensional nanomaterials. The transformation of graphene oxide into d-type MnO2

nanosheets results in an especially high surface area (157 m2 g�1), which is the highest value amongst

today’s MnO2 nanomaterials. Moreover, the MnO2 nanosheets demonstrated prominent capacitance

(�1017 F g�1 at a scan rate of 3 mV s�1, and�1183 F g�1 at a current density of 5 A g�1) and remarkable

rate capability (�244 F g�1 at a high scan rate of 50 mV s�1 and �559 F g�1 at a high current density of

25 A g�1), indicating their promise in high energy and power density pseudosupercapacitors.
Introduction

Supercapacitors are the current ideal candidates for green energy

storage under the energy-shortage condition and given the urgent

pollution issue situation.1–4 Among the two major categories of

supercapacitors, i.e., electric double layer supercapacitors and

Faraday pseudocapacitance supercapacitors, Faraday pseudo-

capacitance is 10–100 times higher than electric double layer

capacitance, due to a fast and highly reversible redox reaction.5,6

According to previous research,7,8 the reversibility of the redox

reaction, and the morphology and structure of the active mate-

rials are crucial to the performance of a Faraday pseudosu-

percapacitor. Therefore, the search for a highly reversible redox

reaction and special nanomaterials with large specific surface

areas and intriguing morphologies favorable for the redox

reaction is the most pressing challenge. Although Wang et al.9

reported advanced electrochemical pseudocapacitor Ni(OH)2
nanoplates, with a high specific capacitance of �1335 F g�1 at

a charge and discharge current density of 2.8 A g�1, the specific

capacitance of most supercapacitor materials reported has been

less than 1000 F g�1.10–13
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As a cheap and frequently-used electrochemical capacitor

material,14–17 manganese oxide produced by traditional or

improved methods18–22 has a low specific surface area and shows

poor performance. Herein, we introduce a facile approach to

synthesize layered MnO2 nanosheets with high specific surface

area and prominent specific capacitance which works effectively

as a pseudosupercapacitor material for energy storage. Herein,

graphene oxide was selected as a template because (i) it is

expected that carbon atoms in the graphene framework would

reduce MnO4
� ions in situ to form Mn(IV); (ii) the high hydro-

philicity of graphene oxide makes MnO4
� ions react with every

graphite layer, leading to the simultaneous complete replacement

of the template by the MnO2 nanosheets; (iii) the oxidation of

graphene oxide by KMnO4 proceeds in aqueous solution under

mild conditions (see details in the experimental section in the

ESI†). Therefore, the synthesis of layered MnO2 nanosheets is

largely facilitated compared with the exfoliation of various types

of layered manganese oxide using large molecules of the past

decades,23–29 which were complicated and under harsh

conditions.
Results and discussion

Materials characterization

Fig. 1a–c depicts different magnifications and HRTEM images

of as-prepared MnO2, which reveals abundant two-dimensional

(2D) nanosheets. The lateral view shows the layered-structure of

the nanosheets, and the HRTEM image gives a 0.71 nm basal

spacing. The selected area electron diffraction (SAED) pattern

detected in the normal direction of the nanosheets reveals only

a weak reflection halo (indexed to 0.71 nm d-spacing), which is

indexed to d-MnO2 projected along the [001] zone axis. Such an
Chem. Sci., 2012, 3, 433–437 | 433
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Fig. 1 (a–c) TEM images of MnO2 nanosheets and corresponding

SAED pattern; (d) SEM image of MnO2 nanosheets on a mica substrate;

(e) AFM image of MnO2 nanosheets on a mica substrate. (f) UV-Vis

absorption spectra of MnO2 nanosheets at different concentrations, and

the absorbance at 324 nm plotted against the concentration of MnO2

nanosheets (inset figure).

Fig. 2 (a) XRD patterns of layered graphene oxide sheets (upper line)

and MnO2 nanosheets (lower line); (b) Raman spectra of layered gra-

phene oxide, the sample after a reaction time of 6 h and the final

synthesized MnO2 nanosheets; (c) XPS spectrum of MnO2 nanosheets

(642.3eV and 653.9 eV correspond to Mn 2p3/2 and Mn 2p1/2; 529.9 eV

and 531.3 eV correspond to O 1s in the lattice of [MnO6] octahedra and in

the interlayer H2O); (d) N2 adsorption–desorption isotherms of the

MnO2 nanosheets at a degas temperature of 300 �C.
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SAED pattern supports the lamellar structure of the nanosheets.

HRTEM also indicates a 0.24 nm lattice spacing of the (100)

planes of MnO2.
30 An energy dispersive spectrum (EDS) taken

from the nanosheets confirms the absence of graphene oxide and

the existence of MnO2 nanosheets (Fig. S1†). The SEM image

(Fig.1d) shows the lateral size is several hundred nanometres,

even to 1�2 mm. From the AFM image (Fig. 1e), the thickness

and lateral size of the MnO2 nanosheets are quite in accordance

with the TEM and SEM analyses. The morphology character-

ization indicates that the synthesized MnO2 are layer-structured

nanosheets with an average width to thickness ratio of �100.

According to our previous research on graphene,31 the lateral size

of the synthesized MnO2 nanosheets is comparable to that of

graphene nanosheets, which is in good agreement with the

inferred in situ replacement mechanism. The nanostructure of the

layered MnO2 nanosheets is further confirmed by UV-Vis

adsorption spectra (Fig. 1f). TheMnO2 nanosheets show a broad

absorption peak from 200 nm to 400 nm, which is a typical

optical characteristic of the nanomaterials according to previous

investigation.23 The molar extinction coefficient (3) at the peak

maxima (324 nm) is 7.72 � 102 mol�1 dm3 cm�1.

As shown in Fig. 2a, the basal diffraction peaks of the layered

hexagonal system, indexed as (001), are not revealed as spikes,

except for the tiny peak at 2q ¼ 12.1�, which corresponds to the

diffraction of (001) resulting from the weak intrasheet diffraction

(d001 ¼ 0.73 nm). The interlayer spacing is consistent with that

analyzed by TEM. The small peaks at 2q ¼ 36� and 65� are
434 | Chem. Sci., 2012, 3, 433–437
indexable as (100) and (110) for a hexagonal 2D unit cell with a¼
0.30 nm. What is more, the wide and broad diffraction pattern

between 15� and 35� has been demonstrated in detail in previous

reports,23,25,26,32–34 and this broad profile can be understood in

terms of scattering from an individual MnO2 layer and is

evidence of the formation of the layered MnO2 nanosheets. The

contrast of the graphene oxide sheets and the as-prepared MnO2

nanosheets is inset in the XRD patterns. In order to investigate

the in situ transformation process of graphene oxide to MnO2

nanosheets, samples were taken from the reaction mixtures after

a reaction time of 6 h, and characterized by Raman spectroscopy

(Fig. 2b). The decrease of the D and G bands in the graphitic 2D

hexagonal lattice and the appearance of the peaks located at 570

and 651 cm�1, which are due to the Mn–O lattice vibrations,32–36

also confirm the yield of MnO2 and the depletion of graphene

oxide. The complete disappearance of the D and G bands in the

final sample suggests the transformation of graphene oxide to

MnO2 nanosheets, instead of graphene oxide–MnO2 composites.

According to the X-ray photoelectron spectroscopy (XPS)

analysis (Fig. 2c), the peaks of Mn 2p3/2 at 642.3 eV and 2p1/2 at

653.9 eV, with a spin-energy separation of 11.6 eV, demonstrate

the existence of MnO2.
37,38 It is necessary to note that the peak of

O 1s includes a spiking at 529.9 eV and a relatively weak peak at

531.3 eV, which correspond to two kinds of oxygen: one in the

lattice of [MnO6] octahedra, and the other in the interlayer

H2O.39,40 The atomic ratio of K/Mn is about 0.17. Thereby, the

MnO2 nanosheets can be written as K0.17MnO2, with a small

quantity of K+ ions in the interlayer to balance the negative

charge of the MnO2 layer. The atomic ratio in the MnO2 nano-

sheets is in good agreement with that found by EDS analysis

(Fig. S1†).
This journal is ª The Royal Society of Chemistry 2012
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The N2-BET surface area of the MnO2 nanosheets exhibits as

high as 157 m2 g�1 (the N2 adsorption–desorption isotherms are

shown in Fig. 2d), with the t-plot external surface area up to

135 m2 g�1, which is much higher than that of MnO2 synthesized

by other methods.41,42 The large external surface area is coinci-

dent with the lamellar morphology of MnO2. The FT-IR spec-

trum shows the characteristic absorbances of the Mn–O

stretching vibration at 530, 473 and 411 cm�1,43 and the interlayer

water absorption bands at 3414 and 1630 cm�1 (Fig. S2†).25 The

existence of interlayer water corresponds to the layered structure

of MnO2. The small absorption bands at 1530 and 1450 cm�1 are

due to the small quantity of residual carbonate in the MnO2

nanosheets.44 In the thermogravimetric analysis (TGA)

(Fig. S3†), the DTA curve shows endothermic peaks at 103.5 �C,
which correspond to the evaporation of surface absorbed water.

The TG curve indicates that the weight loss of surface absorbed

water is about 5.1% and a further weight loss (11.6%) observed

from 126 �C to 400 �C is attributed to the dehydration of inter-

layer water.45 The exothermic peak around 549.2 �C is due to the

transformation of MnO2 into Mn2O3 by the evolution of

oxygen.25,45 The TGA confirms the layered structure and also

demonstrates the species of the as-prepared manganese oxide. All

of these characterizations are in good conformity with each

other, which strongly indicates the successful transformation of

layered graphene oxide into MnO2 nanosheets.
Proposed mechanism of the synthesis

The whole mechanism of the layered MnO2 nanosheet formation

is illustrated in Fig. 3. From the characterization, the final

materials are layered MnO2 nanosheets without any graphene

oxide. Considering the completely redox reaction between gra-

phene oxide and MnO4
�, and the incomplete oxidation of gra-

phene by MnO4
� as reported by Chen et al.,42 who fabricated

MnO2 with a specific surface area of 50.3 m2 g�1 using graphene

exfoliated from graphite by N-methyl-pyrrolidone, we herein

infer that the redox reaction involves every graphene oxide layer.

The highly hydrophilic graphene oxide sheets ensure that the

MnO4
� ions react with every graphene oxide layer, while the
Fig. 3 Illustration of the in situ transformation process. The upper

pictures represent the transmission from graphene oxide nanosheets to

MnO2 nanosheets, and the lower pictures are magnifications.

This journal is ª The Royal Society of Chemistry 2012
graphene exfoliated from graphite byN-methyl-pyrrolidone does

not possess this superiority. What is more, the layered structure

of the synthesized MnO2 nanosheets, which seems to be a dupli-

cate of the graphene morphology, is considered to be more an

outcome of the replacement of the carbon atoms by [MnO6]

octahedra than that of the formation ofMnO2 layers between the

graphene oxide layers. In the undisturbed reaction system, the

C–C bonds were then broken and the carbon atoms were fully

oxidized to form CO2 or CO3
2�. Simultaneously, the MnO4

� was

reduced to form [MnO6] octahedra, and the neighboring [MnO6]

octahedra edge-shared for energy stabilization.28 To some extent,

the thickness of the as-prepared MnO2 nanosheets is related to

the different layers of the graphene oxides. Therefore, in brief,

the layered MnO2 nanosheets result from the framework

substitution of graphene oxide by edge-shared [MnO6] octahedra

through a redox reaction.

Compared with the earlier exfoliation of MnO2 nanosheets

from layered d-MnO2, the framework substitution of graphene

oxide using KMnO4 as oxidant is more expedient and efficient

for the realization of MnO2 nanosheets of high quality and in

large quantities.
Application as pseudocapacitor materials

To investigate their potential application as supercapacitor

materials, the MnO2 nanosheets were used as the active material

in a working electrode. Fig. 4a illustrates the cyclic voltammetry

(CV) curves of the MnO2 nanosheets at various scan rates. The

symmetrical oxidation peak and reduction peak indicated the
Fig. 4 Electrochemical measurements of MnO2 nanosheets. (a) CV

curves of MnO2 nanosheets at various scan rates; (b) CV curves of MnO2

nanosheets at a scan rate of 3 mV s�1, DEp ¼ 4pa � 4pc z 0.059 V; (c)

galvanostatic discharge curves of MnO2 nanosheets at various discharge/

charge current densities, the inset figure shows the galvanostatic

discharge and charge curves at a current density of 25 A g�1; (d) the

calculated specific capacitance of MnO2 nanosheets corresponding to the

CV curves in (a) and the galvanostatic discharge curves in (c).

Chem. Sci., 2012, 3, 433–437 | 435
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existence of a highly reversible redox reaction, which is consid-

ered to be MnO2 + H+ + e� % MnOOH or MnO2 + K+ + e� %

MnOOK.7 Considering the low concentration of H+, the high

concentration of K+ in K2SO4 electrolyte and the considerable

K+ in the interlayers of the MnO2 nanosheets, the latter reaction

dominates the redox process. At a low scan rate of 3 mV s�1 in the

CV curve (Fig.4b), the DEp value of 0.059 V, which is the theo-

retical potential difference between oxidation and reduction

peaks in the completely reversible redox reaction,46,47 also

demonstrates the reversible redox reaction.

The specific capacitance of the MnO2 nanosheets is calculated

to be as high as �1017 F g�1 at a scan rate of 3 mV s�1. Although

the specific capacitances at different scan rates show some

decrease with the increasing scan rates, the specific capacitance is

still high: up to �244 F g�1 at a high scan rate of 50 mV s�1

(Fig. 4d). As shown in Fig. 4c and d, the galvanostatic discharge

curve at a high discharge/charge current density of 25 A g�1

further demonstrates the high performance of the MnO2 nano-

sheets as an electrochemical pseudocapacitor material, with

a calculated specific capacitance of �559 F g�1. At a low

discharge/charge current density of 5 A g�1, the MnO2 nano-

sheets show a specific capacitance as high as �1183 F g�1. What

is most exciting is that the potential is almost unchanged in the

charge curves during the discharge/charge cycle (inset in Fig. 4c),

reflecting the excellent storage capability, which is probably

resulted from the efficient electron transfer in the rapid and

reversible redox reaction.

The excellent electrochemical performance of the MnO2

nanosheets is considered to be due to the special structure and

morphology transmitted from the graphene oxide templates. It is

understandable that in the MnO2 nanosheets, the MnO2 layers

and the interlayer K+ ions take part in the reversible redox

reaction in situwithout the diffusion of K+ from the electrolyte to

the interlayer. What is more important is that the large specific

surface area of the MnO2 nanosheets (157 m2 g�1) makes the

MnO2 nanosheets disperse quite well in the Ni foam matrix,

ensuring the facile diffusion of the K+ ions from the electrolyte to

the surfaces of the MnO2 layers, which is the main restraining

factor for the performance of pseudosupercapacitor materials.

Furthermore, the electron transport between the conductive

matrix (Ni foam) and the MnO2 nanosheets is also immensely

improved due to the highly homogeneous distribution of the

MnO2 nanosheets. Therefore, the fast and highly reversible redox

reaction between Mn(IV) and Mn(III) proceeds reasonably in the

neutral electrolyte, giving birth to the excellent storage

capability.
Conclusion

In summary, layered MnO2 nanosheets were synthesized by

a facile redox method using layered graphene oxide sheets as

templates. The synthesized layered MnO2 nanosheets completely

took the place of the graphene oxide framework and retained the

intriguing two-dimensional structure of graphene. The special

morphology of the graphene oxide-derived manganese oxide

nanosheets ensures the excellent high Faraday pseudocapaci-

tance even at high energy and power densities. Considering the

facile synthesis and the prominent electronic properties, the
436 | Chem. Sci., 2012, 3, 433–437
layered MnO2 nanosheets could become promising super-

capacitor materials in future industry.

More importantly, the intriguing structure is believed to

largely improve its other applications as a catalyst, adsorbent

and degradant etc. What is more encouraging is that the utili-

zation of graphene oxide as a template opens a new application

for its special two-dimensional structure, and provides a possible

methodology to synthesize other metal oxides with special planar

configurations and high performance. We believe that our

primary research will inspire more valuable and profound

discoveries in graphene or metal oxides.
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