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Abstract
-MnO2 nanorods were synthesized via the hydrothermal decomposition of KMnO4 in an acidic environment in the presence of

Co2+ and Cr3+ ions. Reactions were carried out at three different temperatures: 90, 130 and 170 °C. All prepared samples exhibit a

tetragonal MnO2 crystalline phase. SEM–EDS analysis shows that cobalt cations are incorporated to a higher degree into the MnO2

framework than chromium ions, and that the content of the dopant ions decreases with increasing reaction temperature. The oxida-

tion of Co2+ to Co3+ during the reaction was proved by an XANES study, while EXAFS results confirm that both dopant ions

substitute Mn4+ in the center of an octahedron. The K/Mn ratio in the doped samples synthesized at 170 °C is significantly lower

than in the undoped samples. Analysis of an individual cobalt-doped -MnO2 nanorod with HAADF-STEM reveals that the distri-

bution of cobalt through the cross-section of the nanorod is uniform. The course of thermal decomposition of the doped nanorods is

similar to that of the undoped ones. Dopant ions do not preserve the MnO2 phase at higher temperatures nor do they destabilize the

cryptomelane structure.
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Introduction
The wide range of physical and chemical properties of

manganese dioxide (MnO2), which exists in several polymor-

phic forms, originates from the different structures in which

MnO6 octahedrons are linked by edge- or corner-sharing in dif-

ferent ways to form layered or channel structures [1,2]. The

negative charge of the Mn–O network arises from the mixed ox-

idation states of manganese (Mn4+, Mn3+, and Mn2+). It is

compensated with hydrated cations that are incorporated inside

the pores in the case of tunnel structures, while they are situ-

ated between the layers in the layered structures. The tunnel
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cations are exchangeable, meaning that these structures can

serve as ion or molecular sieves [3]. The size and shape of dif-

ferent tunnel sizes (1 × 1, 1 × 2, 2 × 2, 3 × 3, 3 × 2, 2 × 4) direct

the pore opening and control the separation [1,4]. In -MnO2,

octahedrons form the 2 × 2 channel structure with a pore size of

4.6 Å [5]. In the structure named cryptomelane hydrated K+

cations are responsible for the electroneutrality, while in hollan-

dite the tunnels are occupied with Ba2+ cations.

Cryptomelane MnO2  with the chemical composition

KMn7
4+Mn3+O16·nH2O is the most extensively studied octahe-

dral manganese oxide molecular sieve. A minor amount of

Mn3+ replaces Mn4+ in the center of the octahedrons, leading

to an average oxidation state of 3.9, which is common for

2 × 2 tunnel structures [6,7]. The numerous studies are based on

the fact that this low-cost and environmentally friendly materi-

al possesses some excellent properties: conductivity, micropo-

rosity, and catalytic activity [1]. It can be used as a cathode-

active material for rechargeable lithium batteries [8], an elec-

trode material for supercapacitors [9,10], and shows excellent

catalytic activity for the selective oxidation of benzyl alcohols

[11,12]. The catalytic properties are related to the redox cycling

of various oxidation states of manganese [1], while the partial

exchange of K+ with protons yielded excellent acid catalysts for

selective oxidation reactions [13]. The incorporation of metal

cations with different valencies (Cu2+, Co2+, Ni2+, Ag+, V5+,

W6+, Mo6+) into the channels or in the cryptomelane structure

produces materials with novel morphologies and enhanced cata-

lytic properties [14,15].

The 2 × 2 tunnel structures, prepared by different methods,

showed different thermal properties that depend on the average

oxidation state of manganese, the type and content of cations

situated in the tunnels, and also on the number of defects

causing structural/lattice constraints [5,16,17]. The structure

without any large stabilizing cations is thermally stable up to

about 480 °C. Upon further increase of the temperature, the

tunnel framework collapses and transforms into Mn2O3 with a

dense bixbyite structure [18]. In cryptomelane, the phase trans-

formation MnO2 Mn2O3 is limited to a maximal temperature

of 800–900 °C, indicating that K+ ions enhance the structural

stability [17]. This is of great importance in some applications

where local overheating could cause structural changes. In some

cases, doped cryptomelane samples exhibit a higher thermal

stability than undoped ones. For instance, doping with tin

and cobalt shifted the reduction of -MnO2 to Mn2O3 from

500–550 °C (undoped sample) to 850–900 °C [19,20]. This was

ascribed to the incorporation of dopant ions into tunnels stabi-

lizing the structure [19]. Doping with Al3+ and Mg2+ also

slightly increases the temperature of the thermal transformation

of MnO2 to Mn2O3 (from 500 °C for undoped samples to

590 °C for doped ones), while chemical analysis showed an in-

creased content of K+ ions in these samples. In contrast, doping

with Cu2+ lowered the content of K+ ions and also decreased

thermal stability [8]. Undoped materials also possess a higher

thermal stability than materials doped with one or more ele-

ments of Fe3+, Cu2+, Mo6+, V5+ with the exception of that

doped only with Fe3+, which shows the same stability as the

undoped samples [14,21]. The introduction of silver ions into

the cryptomelane structure also lowered thermal stability due to

a partial distortion of the regular channel-like structure [22].

The influence of doping the pristine material with different ions

on its thermal stability is quite complex. When an ion of higher

valence (3+, 2+, 1+) substitutes Mn4+ or Mn3+ in the cryptome-

lane structure, several different structural changes can take

place: (I) Due to the more negative charge of the framework

more K+ ions are incorporated into tunnels, leading to en-

hanced thermal stability. The dopant ions should be of very

similar size, causing no structural distortion. The latter would

lead to lower symmetry, from tetragonal to monoclinic, which

means also a lower thermal stability. (II) Dopant ions of lower

valence lead to the formation of octahedral vacancies to main-

tain the charge balance, with or without the additional incorpo-

ration of K+ into tunnels. Vacancies cause structural distortion

and lower the thermal stability. When ions of higher valence are

incorporated, the content of K+ ions is reduced or more Mn4+

ions are transformed to Mn3+ [14].

Recently, a few different strategies of doping of different MnO2

structures with Co2+ have been published. It seems that doping

with cobalt allows for the preparation of materials with en-

hanced characteristics. In an attempt to modify -MnO2 as

cathode for high energy density lithium batteries, nanostruc-

tured MnO2, doped with 2 atom % Co, was synthesized [20]. In

Co-doped birnessite-type MnO2 nanoparticles, synthesized

under ambient conditions from KMnO4 and ethylene glycol,

doping with Co prevented agglomeration and increased the spe-

cific surface area. The prepared materials possess a very high

specific capacity and are potential candidates for supercapaci-

tors [23]. Co-doped ramsdelitte MnO2 with 1 × 2 tunnel struc-

ture could be also used for this purpose. Nanoflakes of this ma-

terial, arranged in the yolk–shell secondary structure, can be

prepared through a simple one-pot synthesis of the precursor

solution irradiated with UV light. The incorporation of cobalt

into the structure improved the electrical conductivity, while

nanoflakes and the secondary structure increase the specific sur-

face area, leading to improved electrode kinetics by facilitating

mass transport [24]. However, there is a lack of detailed struc-

tural studies of these materials in order to understand why

cobalt as dopant so drastically affects the physical properties of

the MnO2 matrix.
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the reaction mixture, and their contents may differ due to

slightly different washing procedures at the end of the prepara-

tion route.

Conclusion
Regardless of the reaction temperature, all prepared samples

(undoped, cobalt- and chromium-doped) exhibit the cryptome-

lane ( -MnO2-type) structure. -MnO2 products grow in a form

of 1D crystalline nanorods with a diameter of 40 nm on aver-

age. The XANES results show that the oxidation state of

manganese is 4+, while cobalt and chromium are in a 3+ oxida-

tion state. Only in the Co-90 sample (XANES results) is the ox-

idation state of both manganese and cobalt slightly lower,

leading to increasing lattice parameter a in a tetragonal struc-

ture. With increasing reaction temperature, the crystallinity of

nanorods improves while incorporation of Cr3+ and Co3+ is

reduced. In all doped samples, chromium content is much lower

than that of cobalt, although the initial molar concentration in

the reaction mixture was the same for both ions. As was ex-

pected from a comparison of ionic radii of manganese, potas-

sium, and both dopant ions, the EXAFS results confirm that

both dopant ions replace Mn4+ in the MnO6 octahedron, rather

than K+, which is situated within the channels of the structure.

The K/Mn ratio of the samples synthesized at 170 °C is the

lowest in the Cr-170 sample. Hence, we assume that a part of

the chromium ions may substitute K+ ions in the channels.

Furthermore, the reaction temperature has a significant impact

on the secondary structure. At the lowest reaction temperature

(90 °C) nanorods form hollow 3D microstructures that resemble

sea urchins. At a higher reaction temperature (130 °C), the sec-

ondary structure appears to be more disordered, while it is not

observed at all at 170 °C. The typical diameter of sea urchin-

like structures is between 2 and 5 m.

The course of thermal decomposition of the doped samples did

not differ significantly from the undoped ones, i.e., the dopant

ions in our case did not preserve MnO2 phase at higher temper-

atures nor did they destabilize the structure (in this case ther-

mal decomposition would occur at lower temperatures for the

doped samples). On heating from room temperature to around

250 °C, adsorbed water is released together with methanol.

Water molecules inside the channels are topotactically released

at around 250 °C. At around 400 °C, slow thermal decomposi-

tion of the cryptomelane structure begins, leading to the forma-

tion of Mn3O4. In the last step, from 700 to 900 °C, decomposi-

tion of sulfate ions occurred in some of the samples only.

Experimental
Materials and methods
In a typical synthesis, 1.6 mmol of KMnO4 (Aldrich) was dis-

solved in 18 mL of deionized water to form a homogeneous

solution to which 0.8 mL of conc. H2SO4 (Carlo Erba) was

added. The prepared reaction mixture was loaded to a 23 mL

Teflon insert, and the sealed autoclave was then heated in an

oven at 90, 130, or 170 °C for 10 h. After cooling down to room

temperature, the resulting brown-black precipitate was collected

by centrifugation, then washed first with 30 mL of deionized

water, then with 30 mL of methanol, and finally dried overnight

at 100 °C. In the case of doping with transition metal ions (Cr3+

or Co2+), 0.12 mmol of the corresponding salt (Cr(NO3)3·9H2O

(Fluka) or Co(NO3)2·6H2O (Fluka)) was dissolved in the reac-

tion mixture before the addition of sulfuric acid.

Undoped samples were labeled ND-90, ND-130, and ND-170,

and the doped samples were labeled Co-90, Co-130, Co-170,

Cr-90, Cr-130, and Cr-170. The figure refers to the reaction

temperature.

Characterization techniques
Powder X-ray diffraction (XRD) was performed on a PANana-

lytical X'Per PRO Diffractometer in the 2  range from 5 to 80°

with a step of 0.034° per second, and an integration time of

300 s. Cu K 1 radiation with a wavelength of 1.5406 Å was

used.

The morphology and dimensions of the isolated products were

investigated with field emission scanning (FE-SEM, Carl Zeiss,

Supra 35LV) and transmission electron (TEM, Jeol 2100,

200 keV) microscopes. The specimens for SEM characteriza-

tion were prepared by placing a small amount of a sample into

an agate mortar and dispersing it with a pestle in few drops of

distilled water. A droplet of the prepared dispersion was then

placed on a SEM stub covered with a carbon tape. The speci-

mens for TEM investigations were prepared by dispersing a

sample in MeOH with the help of an ultrasonic bath and

depositing a droplet of the dispersion on a lacey-carbon-coated

copper grid.

The elemental analysis of potassium, sulfur, manganese and

cobalt/chromium was performed with the FE-SEM equipped

with an energy dispersive X-ray spectrometer (EDS).

Standard K-edge X-ray absorption fine structure (XAFS) of the

samples were measured at the Mn edge (6539 eV) and the

dopant edges (Co: 7709 eV, Cr: 5989 eV). The Co-130 sample

was measured at the XAFS beamline of the Elettra synchrotron,

Trieste, Italy, in transmission mode, while the other five sam-

ples were measured at the beamline C of Hasylab at DESY,

Hamburg, Germany: Mn and Co edges in transmission mode

and Cr edge in transmission and fluorescence mode due to low

Cr content. For this purpose, the material was mixed with boron

nitride and pressed into tablets. Separate tablets of each sample
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were prepared for the Mn and the dopant to optimize X-ray

absorption and thus the signal-to-noise ratio. Energy calibration

was established by putting the sample between the first and the

second ionization chamber and the corresponding metal foil be-

tween the second and the third chambers. At least two repeated

spectra were taken for each sample to check stability of the ma-

terial under X-ray irradiation. The IFEFFIT program package

[33] was used for the XANES (X-ray absorption near edge

structure) and EXAFS (extended X-ray absorption fine struc-

ture) analysis.

High-angle annular dark field scanning transmission electron

microscopy (HAADF-STEM) images were acquired using a

C3/C5 Nion USTEM spherical aberration-corrected micro-

scope working at 100 keV. Electron energy loss spectra (EELS)

were recorded with a modified GATAN EELS system with a

back-illuminated charge coupled device camera.

Thermogravimetric measurements were performed on a Mettler

Toledo TGA/DSC1 Instrument in the temperature range from

25 to 950 °C with a heating rate of 10 K·min 1 in an argon at-

mosphere. Around 10 mg of sample was put in a 150 L

alumina crucible. The flow rate of Ar was 100 mL·min 1. In all

the measurements the baseline was subtracted.

Analysis of the released gasses was performed by coupling the

TGA/DSC1 Instrument with a quadrupole mass spectrometer

Thermostar (Balzers). In this case, the initial mass of the sam-

ple was around 5 mg. Evolved gases were transferred via heated

quartz capillary (T = 190 °C) to the entrance of the mass spec-

trometer.

Acknowledgements
This work was supported by the Slovenian Research Agency

research programmes P1-0134, P1-0112, and P1-0125, and by

DESY and the European Community’s Seventh Framework

Programme (FP7/2007–2013) under the grant agreement

CALIPSO 312284 (EU Support of Access to Synchrotrons/

FELs in Europe). Access to synchrotron radiation facilities of

DESY (project I-20110082 EC and II-20080058 EC) and

Elettra (project 20140312) is acknowledged. We would like to

thank E. Welter of DESY and G. Aquilanti and L. Olivi of

ELETTRA Sincrotrone Trieste for expert advice on beamline

operation.

References
1. Suib, S. L. Acc. Chem. Res. 2008, 41, 479–487.

doi:10.1021/ar7001667

2. Post, J. E. Proc. Natl. Acad. Sci. U. S. A. 1999, 96, 3447–3454.

doi:10.1073/pnas.96.7.3447

3. Li, L.; Pan, Y.; Chen, L.; Li, G. J. Solid State Chem. 2007, 180,

2896–2904. doi:10.1016/j.jssc.2007.08.017

4. Shen, X.-F.; Ding, Y.-S.; Liu, J.; Cai, J.; Laubernds, K.; Zerger, R. P.;

Vasiliev, A.; Aindow, M.; Suib, S. L. Adv. Mater. 2005, 17, 805–809.

doi:10.1002/adma.200401225

5. DeGuzman, R. N.; Shen, Y.-F.; Neth, E. J.; Suib, S. L.; O'Young, C.-L.;

Levine, S.; Newsam, J. M. Chem. Mater. 1994, 6, 815–821.

doi:10.1021/cm00042a019

6. Post, J. E.; von Dreele, R. B.; Buseck, P. R. Acta Crystallogr., Sect. B

1982, 38, 1056–1065. doi:10.1107/S0567740882004968

7. Sarmah, B.; Srivastava, R.; Manjunathan, P.; Shanbhag, G. V.

ACS Sustainable Chem. Eng. 2015, 3, 2933–2943.

doi:10.1021/acssuschemeng.5b00896

8. Hashem, A. M.; Abuzeid, H. M.; Narayanan, N.; Ehrenberg, H.;

Julien, C. M. Mater. Chem. Phys. 2011, 130, 33–38.

doi:10.1016/j.matchemphys.2011.04.074

9. Reddy, R. N.; Reddy, R. G. J. New Mater. Electrochem. Syst. 2004, 7,

317–321.

10. Jin, D.; Liu, R.; Dind, X.; Wang, L.; Wang, L.; Yue, L. Particuology

2014, 17, 54–58. doi:10.1016/j.partic.2014.01.004

11. Dharmarathna, S.; King'ondu, C. K.; Pedrick, W.; Pahalagedara, L.;

Suib, S. L. Chem. Mater. 2012, 24, 705–712. doi:10.1021/cm203366m

12. Iyer, A.; Del-Pilar, J.; King'ondu, C. K.; Kissel, E.; Garces, H. F.;

Huang, H.; El-Sawy, A. M.; Dutta, P. K.; Suib, S. L. J. Phys. Chem. C

2012, 116, 6474–6483. doi:10.1021/jp2120737

13. Kumar, R.; Sithambaram, S.; Suib, S. L. J. Catal. 2009, 262, 304–313.

doi:10.1016/j.jcat.2009.01.007

14. King'ondu, C. K.; Opembe, N.; Chen, C.-h.; Ngala, K.; Huang, H.;

Iyer, A.; Garcés, H. F.; Suib, S. L. Adv. Funct. Mater. 2011, 21,

312–323. doi:10.1002/adfm.201001020

15. Hernández, W. Y.; Centeno, M. A.; Romero-Sarria, F.; Ivanova, S.;

Montes, M.; Odriozola, J. A. Catal. Today 2010, 157, 160–165.

doi:10.1016/j.cattod.2010.03.010

16. Umek, P.; Cerc Korošec, R. Mater. Res. Bull. 2012, 47, 1523–1528.

doi:10.1016/j.materresbull.2012.02.037

17. Gao, T.; Norby, P. Eur. J. Inorg. Chem. 2013, 2013, 4948–4957.

doi:10.1002/ejic.201300602

18. Feng, Q.; Kanoh, H.; Miyai, Y.; Ooi, K. Chem. Mater. 1995, 7, 148–153.

doi:10.1021/cm00049a023

19. Hashem, A. M. A.; Mohamed, H. A.; Bahloul, A.; Eid, A. E.;

Julien, C. M. Ionics 2008, 14, 7–14. doi:10.1007/s11581-007-0138-3

20. Hashem, A. M.; Abuzeid, H. M.; Mikhailova, D.; Ehrenberg, H.;

Mauger, A.; Julien, C. M. J. Mater. Sci. 2012, 47, 2479–2485.

doi:10.1007/s10853-011-6071-x

21. Calvert, C.; Joesten, R.; Ngala, K.; Villegas, J.; Morey, A.; Shen, X.;

Suib, S. L. Chem. Mater. 2008, 20, 6382–6388.

doi:10.1021/cm801146m

22. Gac, W.; Giecko, G.; Pasieczna-Patkowska, S.; Borowiecki, T.;

K pi ski, K. Catal. Today 2008, 137, 397–402.

doi:10.1016/j.cattod.2007.11.008

23. Wang, G.; Shao, G.; Du, J.; Zhang, Y.; Ma, Z. Mater. Chem. Phys.

2013, 138, 108–113. doi:10.1016/j.matchemphys.2012.11.024

24. Tang, C.-L.; Wei, X.; Jiang, Y.-M.; Wu, X.-Y.; Han, L.-N.; Wang, K.-X.;

Chen, J.-S. J. Phys. Chem. C 2015, 119, 8465–8471.

doi:10.1021/jp512795g

25. Umek, P.; Gloter, A.; Pregelj, M.; Dominko, R.; Jagodi , M.; Jagli i , Z.;

Zimina, A.; Brzhezinskaya, M.; Poto nik, A.; Filipi , C.; Levstik, A.;

Ar on, D. J. Phys. Chem. C 2009, 113, 14798–14803.

doi:10.1021/jp9050319



Beilstein J. Nanotechnol. 2017, 8, 1032–1042.

1042

26. Umek, P.; Cerc Korošec, R.; Gloter, A.; Pirnat, U. Mater. Res. Bull.

2011, 46, 278–284. doi:10.1016/j.materresbull.2010.10.012

27. Novak Tušar, N.; Laha, S. C.; Cecowski, S.; Ar on, I.; Kau i , V.;

Gläser, R. Microporous Mesoporous Mater. 2011, 146, 166–171.

doi:10.1016/j.micromeso.2011.05.001

28. Liu, X.-C.; Shia, E.-W.; Chena, Z.-Z.; Chena, B.-Y.; Huanga, W.;

Songa, L.-X.; Zhouc, K.-J.; Cui, M.-Q.; Xie, Z.; Hed, B.; Wei, S.-Q.

J. Alloys Compd. 2008, 463, 435–439.

doi:10.1016/j.jallcom.2007.09.030

29. Ar on, I.; Mirtic, B.; Kodre, A. J. Am. Ceram. Soc. 1998, 81, 222–224.

doi:10.1111/j.1151-2916.1998.tb02319.x

30. Rossouw, M. H.; Liles, D. C.; Thackeray, M. M.; David, W. I. F.; Hull, S.

Mater. Res. Bull. 1992, 27, 221–230.

doi:10.1016/0025-5408(92)90216-M

31. WebElements Periodic Table of the Elements.

http://www.webelements.com/ (accessed Oct 19, 2015).

32. Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751–767.

doi:10.1107/S0567739476001551

33. Ravel, B.; Newville, M. J. Synchrotron Radiat. 2005, 12, 537–541.

doi:10.1107/S0909049505012719

License and Terms

This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.104


