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Figure 5: TEM micrographs of (a) SO4
�2-treated cryptomelane MnO2 nanostructure, (b) Cl�, treated mixed phase cryptomelane and

birnessite MnO2 nanostructure, and (c) ClO4
� -treated dominant birnessite MnO2 nanostructure. Insets show the corresponding HRTEM

images.

into three steps: formation of cryptomelane by oxidation,
formation of birnessite by reduction, and interconversion of
cryptomelane to birnessite. The formation of cryptomelane
is by the oxidation of Mn(II) to Mn(IV) by permanganate
at pH 6. The formation of birnessite is via reduction of
Mn(VII) (from permanganate) to Mn(IV) by HCl at pH
3. Note that the Cl� ions present at pH 6, due to the
use of MnCl2, do not participate in the reaction until the
pH is lowered, and thus the formation of the needles of
cryptomelane is entirely due to the oxidation of Mn(II).
The transformation of cryptomelane to birnessite is both,
simultaneously, a chemical process and a physical process:
the first guided by the redox reaction between MnO4

�,
Mn(II) and Cl�, and the second guided by flexibility in
the developmental process and the osmotic pressure. A
distortion in the development of the subunits due to the
anions present during synthesis promotes either needle-like
or curved sheet morphologies both of which can be seen
in TEM images. Figure 5(c) represents the TEM image of
perchlorate-treated MnO2 nanomaterials. From the image, it
appears that the morphology of the material has transformed
to nanofibrous structure which more resembles to birnessite
MnO2, as shown in Figure 4(c). The average dimension of the
nanofibers is calculated to be around 8 nm. Inset shows the
HRTEM image of it. These images clearly supports the find-
ings obtained in XRD data indicating that the Hoffmeister
anions have profound effect on the phase transformation of
MnO2 nanostructures from cryptomelane phase to birnessite
phase for sulphate to perchlorate treatments. The chemistry
and detailed mechanism behind this phase transformation
at low pH is under investigation. However, we speculate that
the formation of these intriguing morphologies may be due
to structural control of crystal growth guided by osmotic
pressure. The methods reported here are highly reproducible
if the synthetic parameters such as temperature, stirring rate
and speed of addition of one reactant into another are strictly
controlled.

4. Conclusion

Birnessite structural details, crystal chemistry, and morpho-
logical prediction remain an enigma. This is due, in part,
to the fact that the foundation of most of the synthesis
mentioned in literature was based on trial and error and thus
lack-basic concepts and mechanistic principles that would
allow preparation of nanomaterials with desired size, shape,
and morphology in a control way.

A new understanding of the influence of the counter
ions on the morphology of the produced nanomaterial
is provided by studying the effect of Hoffmeister anions
Cl�, SO4

�2, and ClO4
� on the structure and morphology

of birnessite and cryptomelane-type manganese dioxide
nanostructures. The Hoffmeister anion effect is first seen in
the production of birnessite with different morphologies and
crystallite sizes. The same effect was observed in the pro-
duction of cryptomelane where a mixture of cryptomelane
and birnessite was obtained under MnCl2 and HCl involving
two competing opposite redox reactions. The conversion of
cryptomelane to birnessite is accomplished by controlling the
redox reaction between MnO4

�, Mn(II), and HCl.
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[1] I. Djerdj, D. Arčon, Z. Jagličić, and M. Niederberger, “Non-

aqueous synthesis of metal oxide nanoparticles: short review
and doped titanium dioxide as case study for the preparation
of transition metal-doped oxide nanoparticles,” Journal of
Solid State Chemistry, vol. 181, no. 7, pp. 1571–1581, 2008.



8 Journal of Nanomaterials

[2] A. R. Armstrong and P. G. Bruce, “Synthesis of layered
LiMnO2 as an electrode for rechargeable lithium batteries,”
Nature, vol. 381, no. 6582, pp. 499–500, 1996.

[3] S. L. Brock, N. Duan, Z. R. Tian, O. Giraldo, H. Zhou, and
S. L. Suib, “A review of porous manganese oxide materials,”
Chemistry of Materials, vol. 10, no. 10, pp. 2619–2628, 1998.

[4] Q. Feng, H. Kanoh, and K. Ooi, “Manganese oxide porous
crystals,” Journal of Materials Chemistry, vol. 9, no. 2, pp. 319–
333, 1999.

[5] R. Ma, Y. Bando, L. Zhang, and T. Sasaki, “Layered MnO2

nanobelts: hydrothermal synthesis and electrochemical mea-
surements,” Advanced Materials, vol. 16, no. 11, pp. 918–922,
2004.

[6] C. Calvert, R. Joesten, K. Ngala, et al., “Synthesis, characteri-
zation, and rietveld refinement of tungsten-framework-doped
porous manganese oxide (K-OMS-2) material,” Chemistry of
Materials, vol. 20, no. 20, pp. 6382–6388, 2008.

[7] R. M. McKenzie, “The synthesis of birnessite, cryptomelane,
and some other oxides and hydroxides of manganese,” Miner-
alogical Magazine, vol. 38, pp. 493–502, 1971.

[8] D. C. Golden, C. C. Chen, and J. B. Dixon, “Synthesis of
todorokite,” Science, vol. 231, no. 4739, pp. 717–719, 1986.

[9] J. Luo and S. L. Suib, “Formation and transformation of meso-
porous and layered manganese oxides in the presence of long-
chain ammonium hydroxides,” Chemical Communications, no.
11, pp. 1031–1032, 1997.

[10] J. Cai, J. Liu, and S. L. Suib, “Preparative parameters and
framework dopant effects in the synthesis of layer-structure
birnessite by air oxidation,” Chemistry of Materials, vol. 14, no.
5, pp. 2071–2077, 2002.

[11] T. D. Xiao, E. R. Strutt, M. Benaissa, H. Chen, and B. H.
Kear, “Synthesis of high active-site density nanofibrous MnO2-
base materials with enhanced permeabilities,” Nanostructured
Materials, vol. 10, no. 6, pp. 1051–1061, 1998.

[12] Y. Xiong, Y. Xie, Z. Li, and C. Wu, “Growth of well-aligned
γ-MnO2 monocrystalline nanowires through a coordination-
polymer-precursor route,” Chemistry: A European Journal, vol.
9, no. 7, pp. 1645–1651, 2003.

[13] X. Wang and Y. Li, “Selected-control hydrothermal synthesis
of α- and β-MnO2 single crystal nanowires,” Journal of the
American Chemical Society, vol. 124, no. 12, pp. 2880–2881,
2002.

[14] M. A. Cheney, P. K. Bhowmik, S. Moriuchi, M. Villalobos, S.
Qian, and S. W. Joo, “The effect of stirring on the morphology
of birnessite nanoparticles,” Journal of Nanomaterials, vol.
2008, Article ID 168716, 9 pages, 2008.

[15] S. Komaba, A. Ogata, and T. Tsuchikawa, “Enhanced superca-
pacitive behaviors of birnessite,” Electrochemistry Communica-
tions, vol. 10, no. 10, pp. 1435–1437, 2008.
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