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Abstract
New manganese silicate denoted as MnKIL-1 was prepared by two-step synthesis. Solvothermal treatment
in ethanol in the second step of the synthesis gave rise of a disordered mesoporous silicate structure with the
pore openings of 16 nm. The mesoporous property (porosity) of the new material was investigated by em-
ploying powder X-ray diffraction (XRD), transmission electron microscopy (TEM) and nitrogen sorption.
UV-Vis diffuse reflectance spectroscopy results suggested that the Mn2+ and Mn3+ cations were coordinated
in the mesoporous silicate structure in the disordered octahedral and tetrahedral environments, respectively.

Keywords: Mesoporous manganese silicate, MnKIL-1, nanomaterials, solvothermal treatment, porosity,
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1. Introduction

The development of nanoporous inorganic materials

is of great commercial and scientific interest. This interest

has been driven by the potential for novel optical, electro-

nic and magnetic properties1–3 as well as the possibility of

applications in areas such as energy storage, optical com-

munications and drug delivery.4–7 In each of these applica-

tion areas, porous materials often serve different goals de-

pending on their engineered design and synthesis. A large

diversity in materials and their properties has been develo-

ped over the years, studied and evaluated by an interdisci-

plinary community ranging from chemist and physicists

to medical doctors and mathematicians.

Manganese is an environmentally friendly active

component for numerous catalyst systems.8 To expand the

available pore size range of highly ordered manganese

containing porous silicates such as MnMCM-41 with pore

widths of 4 nm9 and MnSBA-15 with pore openings of 6

nm,10 manganese containing foam-like MnTUD-18 with

pore openings of 4–9 nm was recently prepared. TUD-111

and some other foam-like mesoporous silicates, including

HMS,12 MSU13 and KIT-114 show disordered mesopores

and amorphous pore walls. 3D pores in disordered meso-

structures are interpenetrating, uniform and adjustable.

The characteristics of disordered mesostructures, such as

uniform pores, high surface areas and easy modification

offer good opportunities in catalysis, adsorption, separa-

tion and immobilization.15

In this manuscript, we present a two-step synthesis

and characterization of new disordered mesoporous man-

ganese silicate MnKIL-1 (KIL denotes Kemijski In{titut

Ljubljana) with pore openings of 16 nm. The synthesis

procedure is cost-effective and environmental friendly,

because it is surfactant-free. A non-surfactant synthesis of

mesoporous materials still represents a great challenge be-

cause few molecules with size of several nanometers pos-

sess suitable spatial structure to direct the further con-

struction.

2. Experimental

2. 1. Synthesis
MnKIL-1 was prepared by a two-step method accor-

ding to the modified templating method of Jansen et all11.

In the synthesis procedures, 0.57 g of manganese acetat te-
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trahydrate (Mn(CH
3
COO)

2
· 4H

2
O, Aldrich) was added to

24.75 g of tetraethyl orthosilicate (99% TEOS, Alfa Aeser)

while stirring. 9.05 g of triethanol amine (97% TEA, Flu-

ka), 19.55 g of deionized water and 4.95 g of tetraethylam-

monium hydroxide (35% TEAOH, Fluka) were added

dropwise to the previous solution, respectively. The solu-

tions were mixed with magnetic stirrer to obtain homoge-

neous solid gel with a molar ratio composition of 1 TEOS :

0,5 TEA : 0,02 MnO : 0,1 TEAOH : 11 H
2
O. The mixture

was aged at room temperature for 24 hours and then dried

at 100 °C over night (a first step). In the second step, the

clear solid gel was solvothermally treated in ethanol at 150

°C for 2 days using 30 cm3 Teflon-lined steinless steel au-

toclave. The obtained solid product was washed with etha-

nol and dried in an oven at 50 oC. Surfactant-free MnKIL-1

was prepared by the removal of the triethanol amine and the

tetraethylammonium hydroxide by calcination at 500 °C

for 10 h using a ramp rate of 1 °C/min in the flow of air.

2. 2. Characterization

XRD patterns were obtained on a Siemens D5000

using CuKα radiation (λ = 1,5406 Å). The sample was

scanned over a range of 0.5–10° 2θ with a step of 0.04°

and in the range of 5 to 60° 2θ with the step of 0.02° to de-

tect the mesostructure and the presence of manganese oxi-

des, respectively.

The mesostructure was also investigated by TEM on

a 200-kV field-emission gun (FEG) microscope JEOL

JEM 2010F. For TEM studies the sample was dispersed in

ethanol and placed on a copper holey carbon grid.

SEM micrograph was obtained by scanning electron

microscopy on Zeiss SupraTM 3VP microscope.

Elemental analysis was performed by EDX method

with INCA Energy system attached to Zeiss SupraTM 3VP

microscope.

Nitrogen physisorption measurement was prefor-

med on a Micromeritics ASAP 2020 volumetric adsorp-

tion analyzer. Before the adsorption analysis, the sample

was out gassed under vacuum for 2 h at 473 K in the port

of the adsorption analyzer. The BET specific surface

area,16 S
BET

, was calculated using the adsorption branch in

the relative pressure range between 0.05 and 0.25. The to-

tal pore volume was estimated from the amount adsorbed

at a relative pressure of 0.98, converting it to the volume

of liquid nitrogen at 77 K. The mesopore volume, V
p, 

the

external surface area, S
ex

, and the total surface area, S
t,

were determined using the α
s
-plot method17 from the ad-

sorption data for mesostructured MnKIL-1. The same

method was applied to show the lack of microporosity18 in

this material. LiChrospher Si-1000 silica gel was used as a

reference solid in the α
s
-plot analysis.19 The mesopore si-

ze distribution (PSD) was calculated from nitrogen ad-

sorption data using Barrett, Joyner, and Halenda (BJH)

method.20 The maximum on the PSD was considered as

the primary mesopore diameter for given sample.

Diffuse reflectance UV-Vis spectra of the sample as

well as of reference material were recorded at room tem-

perature using a Perkin-Elmer Lambda 40P UV-VIS spec-

trophotometer equipped with the RSA-PE-19M Praying

Mantis accessory, which is designed for diffuse reflectan-

ce measurements of horizontally positioned powder sam-

ples, pastes or rough surface samples. The Spectralon®

white reflectance standard was used to perform the instru-

ment background correction in the range of 200–800 nm.

3. Results and Discussion

The low-angle powder XRD pattern shown on Figu-

re 1A exhibited a single broad diffraction peak in the range

between 0.7 and 2° 2θ with a maximum at 0.97° 2θ. This

diffraction peak was not observed when the second step of

the synthesis (solvothermal treatment) was not performed.

Single broad diffraction peak indicated disordered meso-

porous MnKIL-1 with wide pore size distribution. High-

angle XRD was employed to detect the presence of man-

ganese oxides in mesoporous MnKIL-1. High-angle pow-

der XRD pattern (Fig. 1B) showed only two diffraction

peaks at 38.29° 2θ and 44.46° 2θ corresponding to alumi-

nium sample holder. XRD pattern did not show any dif-

fraction peaks corresponding to manganese oxide phases

as it was indicated from the results of N
2

sorption analysis

and diffuse reflectance UV-Vis spectroscopy, described be-

low. This could be explained with the presence of highly

dispersed manganese oxide clusters with nanosized dimen-

sions that were not detectable by XRD technique and were

located on the surface and within the mesopores.

Mesostructure of MnKIL-1 was investigated by

transmission electron microscopy (TEM) and nitrogen

sorption. Figure 2A showed typical TEM image with di-

sordered porous structure. TEM image revealed that this

disordered mesoporous material possessed pore openings

Figure 1: Low-angle XRD (A) and high-angle XRD (B Inset) pat-

terns of new mesoporous MnKIL-1.
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in very broad range of dimensions (5–20 nm) which cor-

responded to low-angle XRD measurements. Mesoporous

MnKIL-1 was shown by SEM micrograph (Figure 2B).

Nitrogen sorption isotherm for mesoporous MnKIL-1

was shown in Figure 3, whereas structural parameters deter-

mined on the basis of this isotherm were listed in Table 1.

The nitrogen adsorption-desorption isotherm for the sample

studied was typical type-IV isotherm21,22 with a steep increa-

se of adsorption branch at p/po 0.75–0.95 due to the capillary

condensation of nitrogen in the mesopores. The BET surfa-

ce area of the sample was 591 m2 g–1. No micropores were

present in MnKIL-1 according to α
s
-plot method.

The pore size distribution (PSD) obtained from the

adsorption isotherm by BJH method was rather broad ha-

ving a maximum at the pore width of 16 nm. The pore size

distribution curve indicated smaller pore size uniformity as

it was revealed from the results of low-angle XRD measu-

rements and TEM micrograph, i.e. this disordered meso-

porous material possessed pore widths from 5 to 25 nm.

The presence of the manganese, placed in the frame-

work, and manganese oxides, located in pores and on the

surface of the mesoporous MnKIL-1, was characterised

by diffuse reflectance UV–Visible spectroscopy. Two

broad bands at 270 and 480 nm were observed for this

sample in Figure 4. A band at 270 nm have been ascribed

to the charge transfer transition of O2– → Mn3+ in tetrahe-

dral coordination, indicating the incorporation of manga-

nese in the framework of MCM-41.23 The broad band at

480 nm was assigned to octahedral coordination of Mn2+

in Mn
2
O

3
or MnO, probably existing on the surface of me-

soporous manganese silicate.24

The presence of manganese oxides in pores were

found also by the nitrogen adsorption-desorption isotherm

(Figure 3) with a small tailing of hysteresis loop, indica-

ting on the presence of manganese oxides plugs.25

The high surface area, large pore openings and man-

ganese, placed in the framework, with manganese oxides,

located in pores and on the surface make this new materi-

al MnKIL-1 excellent candidate for catalysis and energy

storage.

Table 1: Textural properties of mesoporous MnKIL-1

Sample Si/Mn S
BET

V
t

V
me

S
ex

S
t

w
BJH

(m2/g) (cm3/g) (cm3/g) (m2/g) (m2/g) (nm)

MnKIL-1 21.5 519 2.08 1.92 90 497 16.0

Abbreviations: S
BET

, the BET surface area; V
t
, total pore volume evaluated from adsorption isot-

herm at the relative pressure about 0.994; V
me

, primary mesopore volume; S
ex

, external surface

area; S
t
, total surface area; w

BJH,
mesopore diameter.

Figure 2: TEM image (A) and SEM micrograph (B) of new meso-

porous MnKIL-1.

Figure 3: Nitrogen sorption isotherm with pore size distribution

curve (Inset) of new mesoporous MnKIL-1.
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4. Conclusion
In summary, new mesoporous manganese silicate

named MnKIL-1 can be synthesised using a cost-effective

and environmental friendly two-step preparation method.

MnKIL-1 has a disordered porous structure with a rather

broad pore size distribution centred at 16 nm and high sur-

face area of 591 m2 g–1. The part of manganese cations in

the Mn3+ form is probably incorporated in the silicate po-

rous framework, while manganese cations Mn2+ are pre-

sent in the form of manganese oxides located in the pores

and on the surface of the material.
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Figure 4: DR UV-Vis spectrum of new mesoporous MnKIL-1.

Povzetek
Nov mezoporozni manganov silikat imenovan MnKIL-1 smo pripravili z dvostopenjsko sintezo. Solvotermalna obdela-

va v etanolu v drugi sintezni stopnji je povzro~ila nastanek neurejene mezoporozne silikatne strukture s porami veliko-

sti 16 nm. Poroznost novega materiala smo preiskovali z uporabo pra{kovne rentgenske difrakcije (XRD), presevno

elektronsko mikroskopijo (TEM) in du{ikovo sorpcijo. Rezultati difuzijsko refleksijske UV-Vis spektroskopije ka`ejo,

da so Mn2+ kationi oktaedri~no, Mn3+ kationi pa tetraedri~no koordinirani v mezoporozni silikatni strukturi.
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