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Manganese oxide hollow spheres were prepared by a novel and facile approach using pHresponsive microgels as templates. The final products were thoroughly characterized with
X-ray powder diffraction, thermogravimetric analysis, scanning electron microscopy, Fourier
transform infrared, and transmission electron microscopy. The results reveal that the shell
thickness of manganese oxide hollow spheres increased with the dosage of KMnO4 , which
implies that a controllable and feasible strategy for manganese oxide hollow spheres preparation has been established. Further studies on the microgels template showed some of them
had an irreversible swelling/deswelling transition due to the uneven cross-link extent. Based
on the results, a probable formation mechanism for the hollow spheres was proposed.
Key words: pH-responsive microgel, Templates based strategy, Manganese oxide hollow
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several decades. The template material can be inorganic or organic. Depending on the template’s structure, the organic templates vary from usual polymers
[21] to dendrimers [22,23], block copolymer micelles [2426], star block copolymers [27], polyelectrolyte multilayers [28], and polymer microgels [29,30]. In addition, the monolayer colloidal crystal (MCC) template
[31,32] approach has also attracted interest in recent
years to fabricate ordered arrays with well-defined micro/nanostructures. Plentiful ordered structured arrays
with many morphologies (such as nano-particle arrays,
pore arrays, hollow sphere arrays, nano-ring arrays, hierarchical sphere arrays, nano-pillar arrays, nano-tube
arrays, and nano-wire arrays) can be easily synthesized
based on the MCC templates. In comparison with other
polymer template systems, microgels serve as ideal microreactors for nano-materials formation owing to their
simple synthesis, easy functionalization, and stimulusresponsive nature. Polymer microgels are cross-linked
particles with a network structure, that are swollen in a
suitable solvent. They have ability to undergo reversible
volume phase transitions in response to environmental
stimuli such as pH, temperature, ionic strength of the
surrounding medium, quality of solvent, and the action
of an external electromagnetic field.

I. INTRODUCTION

Manganese oxides with mixed-valent manganese comprise a large class of semiconducting materials with
unique properties, and moreover, their potential applications in catalysis, molecular adsorption, high-density
magnetic storage media, ion exchangers, sensors, and
electronics have become recent hotspots of materials science research [1-14]. Up to now, several methods have
been reported on the preparation of porous manganese
oxides. Manganese oxides with a meso-porous structure
were prepared by the oxidation of Mn(OH)2 in the presence of cetyltrimethylammonium bromide (CTAB) [15].
Meso-porous beta-MnO2 , Mn2 O3 , and Mn3 O4 with a
highly ordered pore structure were synthesized by a
method of impregnating a meso-porous silica template
and later removing of template [16,17]. High surface
area materials were made by intercalation layered manganese oxide with silica and heated at an appropriate
temperature afterwards [18]. Meso-porous manganese
oxides with a pore diameter range of 2-10 nm were synthesized by sol-gel reduction of KMnO4 with maleic
acid [19]. Recently, Chen et al. reported a novel mesoporous nanostructure from self-assembly manganese oxide nanoplatelets using KMnO4 and oleic acid as reactants [20].
The template-based strategy for nano-material
preparation has attracted much attention in the past

The swelling behavior of microgels is governed by the
imbalance between repulsive and attractive forces acting in the particles. Swelling occurs when ionic repulsion and osmotic forces exceed attractive forces, such as
hydrogen bonding, van der Waals interactions, and hydrophobic and specific other interactions such as biotinstreptavidin binding. pH-responsive polymeric systems
are polymers whose solubility, volume, configuration,
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and conformation can be reversibly manipulated by
changes in external pH. The adjustment in pH alters the
ionic interaction, hydrogen bonding, and hydrophobic
interaction, resulting in a reversible microphase separation or self-organization phenomenon. It is evident that
pH-responsive polymeric systems provide the possibility
of fabricating tailorable smart functional materials.
Recently, based on our previous work [33], monodispersed pH-responsive microgels were used as templates
for the preparation of manganese oxide hollow spheres.
The shell thickness of the hollow spheres can be controlled by using different dosage of KMnO4 . A probable formation mechanism for the hollow spheres is
proposed in this work. The deswelling process of microgels accompanying the formation of manganese oxide shell at the surface of the microgels is believed
to be the key step in the whole experiment. Further studies showed some microgels had irreversible
swelling/deswelling transition, and we believe the uneven cross-link extent was the main reason for this phenomenon. TGA result showed most of the weight of the
manganese oxide/microgels composite was contributed
by organic templates, and it confirmed indirectly the
core/shell structure of the manganese oxide/microgels
composite. The manganese oxide materials synthesized by pH-responsive microgels were extensively characterized and compared by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared (FT-IR), and thermogravimetric analysis (TGA).

II. EXPERIMENTS
A. Materials preparation

2-(Diethyl amino) ethyl methacrylate (DEA)
(Aldrich) and neopentyl glycol diacrylate (industrial
grade) were purified by vacuum distillation and stored
at −10 ◦ C before usage. Poly(vinylpyrrolidone) (PVP)
(K30 , Mn =10×103 kg/mol, Mw /Mn =4.9) was supplied
by Sino-pharm Chemical Reagent Company.
All
the water used in the experiment is doubly distilled.
Potassium permanganate, hydrochloric acid, ammonia,
and ethanol were chemically pure grade and used
without further purification.

1. Monodisperse pH-responsive microgels synthesis via
dispersion polymerization

The preparation of monodisperse poly[2-(Diethyl
amino) ethyl methacrylate] (PDEA) based pHresponsive microgels was performed according to our
previous work [31]. The preparation of microgels
was performed by γ-ray radiation induced dispersion
polymerization in ethanol/water media, in which the
monomer and stabilizer are easily soluble. Purified
DOI:10.1088/1674-0068/22/03/327-332
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TABLE I Standard recipe for radiation-induced dispersion
polymerization of DEAa .
Monomerb
Stabilizer
Dispersion media
Dispersion media

Material
DEA
PVP
Waterc
Ethanol

Weight ratio/%
10.4
1.7
50.8
37.1

a

Dose rate of 67.38 Gy/min.
NPGDA was used as cross-linker at 1.0% based on DEA
in all cases except specially noted.
c
Distilled deionized water.
b

nitrogen was bubbled through the mixture for about
20 min to get rid of oxygen. After that the solution
was directly fed into a sealed glass ampoule and subjected to γ-ray irradiation at room temperature. The
irradiation time was 1 h. The standard recipe used in
this work is given in Table I.
2. Manganese oxide hollow spheres synthesis associated with
ultrasonic irradiation

Manganese oxide hollow spheres were prepared as following procedures. A certain amount of pH-responsive
microgels solution was dispersed in deionized water, and
then the pH of the solution was adjusted by adding hydrochloric acid. After that, potassium permanganate
was added into this solution combined with ultrasonic
irradiation for 2 h. Ultrasonic cleaner (AS-3120, Supplied by Automatic Science Instrument Co. Ltd, with
power of 120 W and frequency of 40 kHz) was used for
the ultrasonic process. The standard recipe for three
batch is microgels 10 g, hydrochloric acid 7 g, deionized 30 g, and KMnO4 0.02, 0.05, or 0.10 g respectively.
The as-obtained products were collected by precipitation and centrifugation, and then washed with deionized water and ethanol to remove organic templates for
further investigation.
B. Characterization

XRD for lattice parameter determination was performed using a Japan Rigaku D/max γA X-ray diffractometer equipped with graphite monochromatized Cu
Kα irradiation (λ=0.154178 nm).
A TGA technique was employed to study the thermal stability of the samples. The experiments were
performed with a SHIMADZU TGA-50 in a N2 atmosphere in a temperature range from 30 ◦ C to 700 ◦ C at
a heating rate of 10 ◦ C/min.
The FT-IR spectrum of the PDEA microgels and
manganese oxides/microgels composite (both before
and after calcinations) was recorded with VECTOR22
FT-IR using a KBr method.
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FIG. 1 XRD pattern of manganese oxides/microgels composite (dosage of KMnO4 0.10 g).
500 nm

TEM morphology study was carried out at JEOL2010 TEM with an accelerating voltage of 200 kV.
Conventional and high-resolution TEM imaging and selected area electron diffraction (SAED) methods were
used for analysis of manganese oxides. Powder samples were dispersed ultrasonically in ethanol, and the
suspension was deposited on a Quantafoil holey carbon coated copper grid. SEM images were obtained
on a JEOL JSM-6700 field-emission scanning electron
microanalyzer.

III. RESULTS AND DISCUSSION
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FIG. 2 TEM photographs of the pH-responsive microgels
(a), manganese oxide/microgels composite (b), and manganese oxide hollow spheres with different dosage of KMnO4
0.02 g (c), 0.05 g (d), and 0.10 g (e). (f) The highly magnified image of MnO2 crystal.

A. Characterization

Figure 1 shows an XRD pattern of the products obtained using PDEA based pH-responsive microgels as
templates. All the diffraction peaks of the products
were indexed as a cubic structure MnO2 with space
group of Fd3m (JCPDS card file, No.44-0992).
As shown in Fig.2(a), the TEM image confirms the
spherical shape of the microgels. Figure 2(b) shows the
appearance of the manganese oxide/microgels composite. Fig.2 (c), (d), and (e) show the TEM images of
the manganese oxide crystals after microgels template
were taken, and the dosage of KMnO4 increased from
Fig.2 (c) to (e). Apparently, manganese oxide crystals
cannot hold their hollow structure while the dosage of
KMnO4 was too small (Fig.2(c)), and the shell thickness
was increased with the dosage of KMnO4 . The highly
magnified image (Fig.2(f)) of the manganese oxide hollow spheres shows fine crystallization with a spacing of
0.513 nm that corresponds to the (200) planes of MnO2 .
The SEAD image (inset of Fig.2(f)) conforms to the single crystal structure.
As shown in Fig.3(a), the FESEM image reveals a
slippery latex sphere appearance of microgels, though
is there some kind of distortion between adjacent particles. This phenomena can be attributed to their soft
and film-forming nature as discussed in our previous
DOI:10.1088/1674-0068/22/03/327-332

work [31]. Figure 3(b) shows the chestnut-like manganese oxide/microgels composite. Figure 3 (c) to (h)
shows the structure of manganese oxide hollow spheres
with different thickness of shell. Comparing the images
of the three batchs, we can find that the thickness of the
shell increased with the dosage of KMnO4 . Figure 3 (c)
and (d) show some hollow spheres even collapsed when
the cores were removed, for which the reason is that the
too-small dosage of KMnO4 produces a very thin shell
which cannot hold itself together when the microgels
are removed. Combining TEM and SEM images, the
shell thickness of hollow manganese oxide were around
10, 50, and 150 nm when the dosage of KMnO4 were
0.02, 0.05, and 0.10 g respectively.

B. Formation mechanism of the hollow spheres

Based on the achieved results, a probable mechanism
for the hollow sphere formation is shown in Fig.4. The
microgels were milky-white dispersions in their latex
form when dispersed in water. On addition of acid, the
PDEA became protonated and the dispersion quickly
became optically transparent due to microgel swelling.
The interaction between MnO4 − and highly protonated
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FIG. 3 FESEM photographs of the monodispersed pH-responsive microgels (a), manganese oxide/microgels composite (b),
and manganese oxide hollow spheres with different dosage of KMnO4 0.02 g (c) and (d), 0.05 g (e) and (f), and 0.10 g (g)
and (h).

KMnO4

HCl solution
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Deswelling

pH-responsive microgels solution
Microgels at their latex form
Microgels at their swelling form
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from
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FIG. 4 Mechanism of the manganese oxide hollow spheres formation.

microgels quickly took place after adding KMnO4 into
the solution, then the deswelling of microgels and formation of manganese oxide shells at the surface of microgels took place. The microgels in the core escaped
through tunnels from the manganese oxide shell when
ethanol was added into system. Finally, manganese oxide hollow spheres were formed by extracting the core
materials.

C. Swelling/deswelling properties of pH-responsive
microgels

As we reported previously [33], the PDEA based pHresponsive microgels can undergo apparent reversibility
of the microgel-to-latex deswelling transition. By using visual inspection, the latex-to-microgel transition
was observed at around pH=6.2-6.5, and the swelling
factor (based on the ratio of the swollen microgel diameter at pH=4 to the latex diameter at pH=9) of
DOI:10.1088/1674-0068/22/03/327-332

PDEA microgels is about 10. But in our latest work,
we found that some of microgels have a problem with
this transition process. The supernatant solution were
collected and centrifuged for further investigation after
extracting manganese oxide/microgels composite with
ethanol. Figure 5 (a) and (b) shows some microgels
having paramecium-like structure rather than returning to their original latex sphere form. As we discussed
previously, pH-responsive polymeric systems are polymers whose solubility, volume, configuration, and conformation can be reversibly manipulated by changes in
external pH, and these paramecium-like structures indicated clearly that some microgels can not undergo this
process reversibly. Further optical microscopy images
(Fig.5 (c) and (d)) confirm our concern, the swelling
extent of these microgels are not equal. In our previous work, using dynamic light scattering (DLS) measurements, we found that all these microgels can swell
in size to twice as large as their latex form [33]. But
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FIG. 7 XRD pattern of manganese oxides/microgels composite (dosage of KMnO4 0.10 g) after 700 ◦ C heating treatment under N2 atmosphere.

FIG. 5 TEM image (a) and FESEM image (b) of the microgels in the suspension solution after extracted manganese
oxide/microgels composite with ethanol. Optical images for
pH-responsive microgels in the latex form (c) and swelling
form (d).

FIG. 8 FT-IR spectrum of (a) PDEA microgels, (b) manganese oxides/microgels composite at 25 ◦ C, and (c) manganese oxides/microgels composite prepared with decomposition at 700 ◦ C under N2 .

FIG. 6 TGA profiles in N2 for manganese oxide/microgels
composite (dosage of KMnO4 0.10 g).

by comparing Fig.5 (c) and (d), it is clearly seen that
some microgels can swell even ten times larger and the
swelling extents are very uneven. The formation of the
surprising structure of microgels in Fig.5 (a) and (b)
can be explained as follows: becauase the cross-link extents in these microgels were uneven, some microgels
had a relatively lower cross-link extent and could swell
irreversibly to very much larger hydrogels. These irreversible hydrogels took on a paramecium-like form after
losing water when taken from solution, as can be easily
understood.

D. Thermal analysis

Figure 6 shows TGA profiles for manganese oxides/microgels composite. Whole TGA profiles can be
DOI:10.1088/1674-0068/22/03/327-332

divided into three major stages. The initial water loss of
the sample was about 6.5% which started from 25 ◦ C to
125 ◦ C. There was an about 67.1% loss when the temperature increased from 125 ◦ C to 475 ◦ C; this huge
weight loss is attributed to thermal decomposition of
the organic core. The decomposition mechanism of the
third stage was confirmed by the final product’s XRD
pattern (Fig.7); the weight loss was due to MnO2 changing to Mn3 O4 (JCPDS card file, No.89-4837) by oxygen
evolution.
Figure 8(a) shows the FT-IR spectrum of the PDEA
based microgels (latex form). The absorption peak at
1730 cm−1 corresponding to the stretching vibrations of
ester carbonyls group is from the main chain of PDEA,
while the absorption peak at 1680 cm−1 corresponding
to the stretching vibrations of amide carbonyls group
is from PVP. Figure 8(b) shows the FT-IR spectrum
of manganese oxides/microgels composite. It is easy to
find that there are absorption peaks around 490 cm−1
corresponding to the existence of manganese oxides by
comparing Fig.8 (a) and (b). The absorption peak at
1730 cm−1 corresponding to the main chain of PDEA
also exists, which can be treated as another evidence of
c
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the manganese oxides/microgels composite’s core/shell
structure. Figure 8(c) shows the FT-IR spectrum of
manganese oxides/microgels composite after thermal
decomposition. The absorption peaks corresponding to
organic templates disappeared after thermal treatment,
which indicates that the organic templates had been
removed completely. Information in the lower wavelength area indicated that the structure of manganese
oxides had changed with the increase of heating temperature, that is, the intensity of absorption peaks around
490 cm−1 decreased while the intensity of absorption
peaks around 600 cm−1 increased. This phenomenon
verifies the XRD analysis as well.
Further studies are still under progress, such as the
applications of these manganese oxide hollow spheres
in the fields like catalysis and electronics. Furthermore,
many questions still exist, such as the reason why the
cross-link extent is uneven. All these need more dedicated work in the future.
IV. CONCLUSION

In summary, manganese oxide hollow spheres were
synthesized via a template-based strategy. The shell
thickness of the hollow spheres can be controlled by using different dosages of KMnO4 , which was proven by
TEM and SEM results. A probable formation mechanism for the hollow spheres is proposed in this work, and
the deswelling of microgels accompanying the formation
of the manganese oxide shell at the surface of microgels
are believed to be key steps in the whole process. Further studies showed some microgels had an irreversible
swelling/deswelling transition, and we believe the uneven cross-link extent was the main reason for this phenomenon. TGA results showed most of the weight of
manganese oxide/microgels composite was contributed
by organic templates, and it confirmed indirectly the
core/shell structure of the manganese oxide/microgels
composite.

[1] K. A. Malinger, K. Laubernds, Y. Son, and S. L. Suib,
Chem. Mater. 16, 4296 (2004).
[2] I. Djerdj, D. Arcon, Z. Jaglicic, and M. Niederberger,
J. Phys. Chem. C 111, 3614 (2007).
[3] L. Yang, Y. Zhu, H. Tong, W. Wang, and G. Cheng, J.
Solid State Chem. 179, 1225 (2006).
[4] X. F. Shen, Y. S. Ding, J. Liu, K. Laubernds, R. P.
Zerger, M. Polverejan, Y. C. Son, M. Aindow, and S.
L. Suib, Chem. Mater. 16, 5327 (2004).
[5] J. Park, E. Kang, C. J. Bae, J. Park, H. J. Noh, J. Y.
Kim, J. H. Park, H. M. Park, and T. Hyeon, J. Phys.
Chem. B 108, 13594 (2004).

DOI:10.1088/1674-0068/22/03/327-332

Wei Zhang et al.

[6] I. K. Gopalakrishnan, N. Bagkar, R. Ganguly, and S.
K. Kulshreshtha, J. Cryst. Growth 280, 436 (2005).
[7] M. S. Wu, J. T. Lee, Y. Y. Wang, and C. C. Wan, J.
Phys. Chem. B 108, 16331 (2004).
[8] M. Polverejan, J. C. Villegas, and S. L. Suib, J. Am.
Chem. Soc. 126, 7774 (2004).
[9] L. Z. Wang, N. Sakai, Y. Ebina, K. Takada, and T.
Sasaki, Chem. Mater. 17, 1352 (2005).
[10] A. H. Gemeay, R. G. El-Sharkawy, I. A. Mansour, and
A. B. Zaki, J. Colloid Interface Sci. 308, 385 (2007).
[11] E. A. Raekelboom, A. L. Hector, J. Owen, G. Vitins,
and M. T. Weller, Chem. Mater. 13, 4618 (2001).
[12] F. Y. Cheng, J. Z. Zhao, W. Song, C. S. Li, H. Ma, J.
Chen, and P. W. Shen, Inorg. Chem. 45, 2038 (2006).
[13] V. Subramanian, H. W. Zhu, R. Vajtai, P. M. Ajayan,
and B. Q. Wei, J. Phys. Chem. B 109, 20207 (2005).
[14] L. C. Zhang, Z. H. Liu, H. Lv, X. H. Tang, and K. Ooi,
J. Phys. Chem. C 111, 8418 (2007).
[15] Z. R. Tian, W. Tong, J. Y. Wang, N. G. Duan, V. V.
Krishnan, and S. L. Suib, Science 276, 926 (1997).
[16] F. Jiao and P. G. Bruce, Adv. Mater. 19, 657 (2007).
[17] F. Jiao, A. Harrison, A. H. Hill, and P. G. Bruce, Adv.
Mater. 19, 4063 (2007).
[18] Z. H. Liu, K. Ooi, H. Kanoh, W. P. Tang, X. J. Yang,
and T. Tomida, Chem. Mater. 13, 473 (2001).
[19] X. Hong, G. Zhang, Y. Zhu, and H. Yang, Mater. Res.
Bull. 38, 1695 (2003).
[20] H. Chen, J. He, C. Zhang, and H. J. He, Phys. Chem.
C 111, 18033 (2007).
[21] Y. Oaki and H. J. Imai, Mater. Chem. 17, 316 (2007).
[22] K. Sooklal, L. H. Hanus, H. J. Ploehn, and C. J. Murphy, Adv. Mater. 10, 1083 (1998).
[23] B. I. Lemon and R. M. Crooks, J. Am. Chem. Soc. 122,
12886 (2000).
[24] M. Moffitt, P. V. McMahon, and A. Eisenberg, Chem.
Mater. 7, 1185 (1995).
[25] M. Moffitt, H. Vali, and A. Eisenberg, Chem. Mater.
10, 1021 (1998).
[26] H. Zhao, E. P. Douglas, Chem. Mater. 14, 1418 (2002).
[27] J. H. Youk, M. Park, J. Locklin, R. Advincula, J. Yang,
and J. Mays, Langmuir 18, 2455 (2002).
[28] D. M. Lynn, M. M. Amiji, and R. Langer, Angew.
Chem. Int. Ed. 40, 1707 (2001).
[29] M. Antonietti, F. Grohn, J. Hartmann, and L. Bronstein, Angew. Chem. Int. Ed. 36, 2080 (1997).
[30] S. Q. Xu, J. G. Zhang, C. Paquet, Y. K. Lin, and E.
Kumacheva, Adv. Funct. Mater. 13, 468 (2003).
[31] Y. Li, W. P. Cai, G. T. Duan, B. Q. Cao, and F. Q.
Sun, J. Mater. Res. 20, 338 (2005).
[32] Y. Li, W. P. Cai, and G. T. Duan, Chem. Mater. 20,
615 (2008).
[33] W. Zhang, M. Tao, Z. Q. Hu, and Z. C. Zhang, Colloids
and Surfaces A: Physicochem. Eng. Aspects 305, 58
(2007).

c
°2009
Chinese Physical Society

