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A facile single-step method was developed for synthesizing

todorokite-type manganese oxide octahedral molecular seieves

(OMS-1) and 2 � 4 tunnel structured manganese oxide

(OMS-5) materials. Selection of starting materials and initial

pH conditions in the syntheses are crucial.

Porous materials have attracted a great deal of interest in the

past several decades due to their wide potential applications.1

Recent fundamental research efforts on porous manganese

oxide octahedral molecular sieves (OMS) have been directed

towards controlling the tunnel size, which determines the

physical and chemical properties of OMS materials.2,3 The

semiconducting OMS materials have found applications in the

fields of catalysis,4 battery material,5,6 electrode,7,8 sensors,9

separation,10 and selective absorption11 in environmental

chemistry because of their unique mixed-valence character,

tunable pore size and versatile nano-structures. However, even

with such versatility and promising potential of OMS materials,

only the relatively small tunnel-structured OMS materials

have been prepared in a single step. For example, pyrolusite

type of manganese oxide with 1 � 1 tunnel structure and

cryptomelane type of manganese oxide with 2 � 2 tunnel

structure have been synthesized in a one-step redox reaction.12

The syntheses of the relatively large tunnel-structured OMS

materials, such as todorokite type manganese oxide with a

3 � 3 tunnel structure (OMS-1, ESI-1w) and an OMS-5

manganese oxide with a 2 � 4 tunnel structure, are usually

complicated by requiring multi-steps.3c,13 Scheme 1a and b

show the traditional routes to prepare these two large tunnel

OMS materials. These conventional procedures focused on

preparing layered materials as a precursor under strong basic

conditions and then converting the layered precursor materials

to OMS-1 and OMS-5 materials. Even though different

techniques were used to prepare these materials, such as

microwave-assisted hydrothermal and reflux methods,14 the

preparative processes are still multi-step and time-consuming.

Moreover, precursors used in the final hydrothermal treatment

step require very high purities, which make the synthesis

very challenging. This demanding process to some extent has

significantly limited the application of big tunnel OMS

materials.

The difficulty with all these conventional methods is to

initiate the preparation with the production of a layered

manganese oxide precursor which requires high pH conditions,

in which the precursors can only remain in a layered structure

form and cannot be further transformed into the desired

OMS-1 products.3c,d As a result, the reaction must be stopped

and restarted in another reaction with the as-prepared precursor

under neutral conditions. Thus, no single-step preparation has

been reported due to this fundamental difficulty of requiring

two very different pH conditions in one step.

Here, we demonstrate a facile single-step hydrothermal

method to synthesize these two types of OMS materials,

OMS-1 and OMS-5 (ESI-2w). The key is to select a proper

starting material to obtain a suitable pH condition, instead of

using conventional high pH conditions. For the case of

OMS-1, the chosen starting compound, Mg(MnO4)2, is able

to self-adjust the pH conditions to be neutral while forming

the MnOx precursor, and also have the proper template ion

(Mg2+) to assist in the formation of tunnel structure. With this

concept, the OMS-5 material can also be prepared following

this similar strategy (Scheme 1c).

Fig. 1a shows the powder X-ray diffraction (XRD) pattern

of the as-synthesized OMS-1 material. Diagnostic peak

positions at 9.5 Å and 4.8 Å are observed and correspond to

a pure OMS-1 phase.13b High Resolution Transmission

Electron Microscopy (HR-TEM) image in Fig. 1b shows

lattice fringes from the (100) plane (d= 0.95 nm) reconfirming

the crystalline character of OMS-1 materials. Fig. 1c shows

XRD patterns of OMS-5. All observed peaks can be indexed

Scheme 1 New and conventional routes to prepare OMS materials.

(a) Conventional three-step route to synthesize OMS-1—Step 1:

synthesis of layer-structured birnessite type manganese oxide, denoted

as OL-1; Step 2: ion-exchanging of OL-1 to magnesium type buserite,

denoted as OL-2; Step 3: hydrothermal treatment of OL-2 to obtain

OMS-1.3c (b) Conventional route to prepare OMS-5 material.3a

(c) Newly developed route to prepare OMS-1 and OMS-5 materials

in single-step procedure.
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as being due to the monoclinic 2 � 4 tunnel-structured

manganese oxide phase with lattice parameters a = 14.22 Å,

b= 2.853 Å, c= 24.28 Å and b= 91.321.3a Fig. 1d shows the

HR-TEM of OMS-5 with a 1.19 nm lattice d-spacing of the

(002) plane, which is consistent with the corresponding XRD

results. The structural stabilities of these two materials were

also investigated by temperature resolved in situX-ray diffraction

(TR-XRD). These results revealed that OMS-1 is stable at

250 1C in the N2 atmosphere and 450 1C in the air. When the

heating temperature is above 600 1C, OMS-1 was transferred

to MgMn2O4 in both conditions, which corresponds to

reported results.13b OMS-5 is stable at 300 1C in N2 and

500 1C in air. Applying higher heating temperatures in both

conditions on OMS-5 results in the formation of hausmannite

structure Mn3O4 (ESI-3w). These high-temperature stabilities

for both OMS-1 and OMS-5 materials indicate that they are

good candidates for high temperature catalysis.

Fig. S2 (ESIw) shows the morphologies of as-synthesized

OMS-1 and OMS-5 materials by field emission Scanning

Electron Microscopy. The OMS-1 material has a flake-shape

morphology and possesses a BET surface area of 44.5 m2 g�1,

which is higher than the 13 m2 g�1 surface area reported

for materials prepared in a microwave-assisted traditional

synthetic route.15 The OMS-5 material is fibrous with a

diameter about 40 nm and length about several micrometres

and has a BET surface area of 76 m2 g�1. Preliminary studies

for both OMS-1 and OMS-5 materials showed that micropore

volumes obtained by CO2 adsorption at 273 K have higher

adsorption capacities than N2 adsorption at 77 K, as previously

observed in zeolites with narrow micropores, due to the

diffusion limitations of N2 at its boiling temperature.16 Our

catalytic studies have shown that the catalytic activity of the

OMS-5 material was comparable with the activity of

Cu-containing mesoporous manganese oxide in a CO oxidation

experiment under similar experimental conditions17 (ESI-4w).
The formation of OMS-1 tunnel material requires a certain

reaction temperature. Reaction intermediate study at 180 1C

shows that layer structured materials were obtained without

the presence of tunnel structured OMS-1 materials (ESI-5w).
In addition, the pH value of the final solution remains neutral

as the initial solution. Together with these results, eqn (1) is

proposed for the formation of MnOx intermediate in the first

stage. The OH� ion generated from the reaction of MnO4
�

and H2O creates a high pH condition and assists in the

formation of layered MnOx intermediates. As the pH value

increased, the precipitation point of Mg(OH)2 was reached

and the precipitation of Mg(OH)2 consumes all the OH� ion

generated as shown in eqn (1). This leads to a self-adjustment

of the high pH condition back to neutral as observed in our

experiments. In the second stage, this neutral condition assists

the as-generated layered MnOx to further transform into

tunnel structure OMS-1 materials to complete this single-step

preparation. Layer structured MnOx intermediate was also

observed when the hydrothermal reaction time was shortened

to 2 days in the case of OMS-5 single-step synthesis.

4MnO4
�
(aq.) + 2H2O(aq.) = 4MnO2k + 4OH�(aq.) + 3O2m

(1)

A certain amount of Mg2+ dopant in the framework of

the layered MnOx is crucial for producing thermally stable

OMS-1 which has a reported formula of Mg3.17Mn5.05O12�
4.52H2O.3c,d This doping procedure should be efficient since

the as-generated Mg(OH)2 with MgO6 subunits has a similar

layered structure as the layered MnOx with MnO6 subunits. In

addition, MgO6 and MnO6 units are very close in size, which

increases the chance of introducing Mg2+ into the framework

of the OMS-1 materials. However, trace amount of Mg(OH)2
could possibly remain in the sample even when there were no

Mg(OH)2 or MgO impurities observed in the resulting XRD

and TEM patterns.

The pH self-adjusting role of Mg2+ was verified by hydro-

thermal treatment of NaMnO4 in a neutral condition following

the same procedure as in the Mg(MnO4)2 case. As expected,

the pH value of this reaction is around 13 with the production

of OMS-5. The Na+ does not have the same self-pH adjusting

property as Mg2+ and thus gives a highly basic condition,

together with the proper template ion (Na+), leading to the

selective formation of OMS-5.

In summary, a single-step hydrothermal method has been

developed to synthesize OMS-1 and OMS-5 nanomaterials.

This simple synthetic route opens up a new avenue for

preparing large (49.6 Å) tunnel structured OMS materials

and greatly reduces working time. This synthetic method also

offers great opportunity for scaled-up syntheses of these two

kinds of OMS materials. Using alkaline permanganate salt

such as RbMnO4 and CsMnO4 and other permanganate salts

like Cu(MnO4)2 and Zn(MnO4)2 to prepare other large size

Fig. 1 (a) Powder X-ray diffraction pattern and (b) HR-TEM image

of OMS-1; (c) powder X-ray diffraction pattern and (d) HR-TEM

image of OMS-5.
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tunnel OMS materials, such as 2 � 5, 3 � 4 tunnel structures

is ongoing in our lab. With these different dopants in the

framework or tunnel sites, OMS materials may show different

electrochemical performance, photosensitivity, and catalytic

activity and selectivity.18

This project is funded by the Geosciences and Biosciences

Division of the Office of Basic Energy Sciences, Office of

Science, US Department of Energy. We thank Drs Frank

Galasso, Raymond Joesten and Xiongfei Shen for helpful

discussions.

Notes and references

1 M. E. Davis, Nature, 2002, 417, 813–821.
2 (a) S. L. Suib, Acc. Chem. Res., 2008, 41, 479–487; (b) S. L. Suib,
J. Mater. Chem., 2008, 18, 1623–1631.

3 (a) X. Shen, Y. Ding, J. Liu, J. Cai, K. Laubernds, R. P. Zerger,
A. Vasiliev, M. Aindow and S. L. Suib, Adv. Mater., 2005, 17,
805–809; (b) Q. Feng, H. Kanoh and K. Ooi, J. Mater. Chem.,
1999, 9, 319–333; (c) Y. F. Shen, R. P. Zerger, R. N. DeGuzman,
S. L. Suib, L. McCurdy, D. I. Potter and C. L. O’Young, Science,
1993, 260, 511–515; (d) Z. Tian, Y. Yin, S. L. Suib and
C. L. O’Young, Chem. Mater., 1997, 9, 1126–1133.

4 Y. Son, V. D. Makwana, A. R. Howell and S. L. Suib, Angew.
Chem., Int. Ed., 2001, 40, 4280–4283.

5 N. Kumagai, S. Komaba, K. Abe and H. Yashiro,
J. Power Sources, 2005, 146, 310–314.

6 Y. Kadoma, N. Kumagai, S. Oshitari and K. Ui, ITE Lett.
Batteries, New Technol. Med., 2007, 8, 674–678.

7 Y. Bai, J. Xu and H. Chen, Biosens. Bioelectron., 2009, 24,
2985–2990.

8 L. Espinal, S. L. Suib and J. F. Rusling, J. Am. Chem. Soc., 2004,
126, 7676–7682.

9 (a) A. S. Lima, N. Bocchi, H. M. Gomes and M. F. S. Teixeira,
Sensors, 2009, 9, 6613–6625; (b) M. Nogami and T. Maeda, Sens.
Actuators, B, 2009, 142, 7–10.

10 S. L. Suib, Chem. Innovation, 2000, 30, 27–33.
11 (a) J. Yuan, X. Liu, O. Akbulut, J. Hu, S. L. Suib, J. Kong and

F. Stellacci, Nat. Nanotechnol., 2008, 3, 332–336; (b) J. Lahann,
Nat. Nanotechnol., 2008, 3, 320–321.

12 (a) X. Wang and Y. Li, J. Am. Chem. Soc., 2002, 124, 2880–2881;
(b) J. Yuan, W. Li, S. Gomez and S. L. Suib, J. Am. Chem. Soc.,
2005, 127, 14184–14185.

13 (a) Y. Shen, R. P. Zerger, S. L. Suib, L. McCurdy, D. I. Potter and
C. O’Young, J. Chem. Soc., Chem. Commun., 1992, 1213–1214;
(b) Y. Shen, S. L. Suib and C. O’Young, J. Am. Chem. Soc., 1994,
116, 11020–11029.

14 (a) X. H. Feng, W. F. Tan, F. Liu, J. B. Wang and H. D. Ruan,
Chem. Mater., 2004, 16, 4330–4336; (b) E. Vileno, Y. Ma, H. Zhou
and S. L. Suib, Microporous Mesoporous Mater., 1998, 20, 3–15;
(c) E. Vileno, H. Zhou, Q. Zhang, S. L. Suib, D. R. Corbin and
T. A. Koch, J. Catal., 1999, 187, 285–297.

15 K. A. Malinger, K. Laubernds, Y. Son and S. L. Suib, Chem.
Mater., 2004, 16, 4296–4303.

16 (a) J. Garcia-Martinez, D. Cazorla-Amoros and A. Linares-
Solano, Stud. Surf. Sci. Catal., 2000, 128, 485–494; (b) J. Luo,
Q. Zhang, J. Garcia-Martinez and S. L. Suib, J. Am. Chem. Soc.,
2008, 130, 3198–3207.

17 Y. Hasegawa, K. Fukumoto, T. Ishima, H. Yamamoto, M. Sano
and T. Miyake, Appl. Catal., B, 2009, 89, 420–424.

18 Y. Shen, S. L. Suib and C. O’Young, J. Catal., 1996, 161, 115–122.

This journal is �c The Royal Society of Chemistry 2010 Chem. Commun., 2010, 46, 5945–5947 | 5947

Pu
bl

is
he

d 
on

 0
1 

Ju
ly

 2
01

0.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l S
un

 Y
at

 S
en

 U
ni

ve
rs

ity
 o

n 
08

/1
1/

20
14

 0
8:

49
:2

9.
 

View Article Online

http://dx.doi.org/10.1039/c0cc00624f

