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Multilayer ultrathin films composed of exfoliated nanosheets of manganese oxide and poly-
(diallyldimethylammonium) (PDDA) ions have been fabricated onto various substrates via
electrostatic self-assembly technique. Dense monolayer coverage of the substrate surface
by the nanosheets was confirmed by atomic force microscopy. UV-vis absorption spectroscopy
provided evidence for subsequent growth of multilayer film, exhibiting progressive enhance-
ment of optical absorption due to manganese oxide nanosheets. Evolution of a Bragg peak
in the layer-by-layer deposition process also supported the growth of a nanostructured film
of PDDA/MnO2 nanosheets with a repeating periodicity of ca. 0.9 nm. Fourier transform
infrared spectroscopy and X-ray photoelectron spectroscopy revealed the inorganic-organic
hybrid nature of the obtained multilayer assemblies. Calcination of the films at temperatures
above 500 °C removed the polycations, yielding an ultrathin film of manganese oxide Mn2O3.
Cyclic voltammogram measurements revealed one reduction peak and two oxidation peaks
for a monolayer film, which are attributable to the electrochemical conversion between MnIII

and MnIV in manganese oxide nanosheets.

Introduction

Manganese oxides have attracted considerable atten-
tion because of their wide range of electric, magnetic,
catalytic, ion-exchange, and photocatalytic properties.1-6

Manganese oxides in various forms and crystal struc-
tures, such as clusters, nanowires, spinel, layered, and
perovskite structures, have been intensively investi-
gated in terms of their synthesis and for the exploration
of their physicochemical properties.4,6,7-10 On the other
hand, there has been increasing interest in thin films
of manganese oxides because they are suitable for op-

tical, electrochemical, and electronic studies, as well as
their applications.11-13 Fabrication of MnO2 thin films
has involved brushing-heating, sol-gel, and spin/dip
coating procedures,14-16 which generally yield thin films
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with a thickness of submicrometers to micrometers. Var-
ious potential applications of these films for electroactive
materials in rechargeable batteries, supercapacitors,
and ion exchangers have been reported to date.14-17

The recently developed electrostatic self-assembly
technique has provided an effective approach for the
fabrication of a variety of ordered multilayer ultrathin
films in layer-by-layer (LBL) fashion.18 This strategy
permits the assembly of different organic and inorganic
building blocks into well-defined composite films with
desired thickness and controlled architecture on a
nanometer level. Recently, Suib et al. have prepared
well-dispersed colloidal gels containing manganese oxide
nanoparticles that were in the range of 2-8 nm in
diameter.19 By using these particles as inorganic build-
ing blocks, thin films of MnO2 nanoparticles with a
thickness of submicrometer range were successfully
fabricated by the LBL self-assembly procedure.20

More recently, we have reported the synthesis, acid-
exchange properties, swelling, and exfoliation behavior
of a layered manganese oxide of AxMnO2, where A
represents alkali metals such as Na and K.21 Redoxable
nanosheet crystallites of MnO2 have been successfully
obtained using tetrabutylammonium (TBA+) ions as a
delaminating agent. The resulting unilamellar crystal-
lite consisting of a two-dimensional array of edge-shared
MnO6 octahedra has a crystallographic thickness of ca.
0.5 nm and a lateral dimension of submicrometers. It
is of particular importance to develop a new kind of
molecularly organized film with these novel manganese
oxide nanosheets, because of the potential electrochemi-
cal or catalytic applications of their unique two-
dimensional nature associated with a molecular thick-
ness. Several groups have demonstrated the fabrication
of multilayer ultrathin films incorporating insulating
or semiconducting nanosheets.22-24 However, there have
been few reports on the fabrication of multilayer films
of redoxable nanosheets. In this work, we report the
fabrication and characterization of multilayer ultrathin
films using the sequential LBL deposition of redoxable
manganese oxide nanosheets and polycations.

Experimental Section

Reagents and Materials. Reagents such as K2CO3 (Wako
Pure Chemical Co., Japan) and Mn2O3 (High Purity Chem-

ical Co., Japan) of 99.9% purity were used as received in
the synthesis of the starting layered manganese oxide of
K0.45MnO2. A stoichiometric mixture of K2CO3 and Mn2O3 was
heated at 800 °C for 30 h under an O2 gas flow. X-ray dif-
fraction (XRD) data of the obtained product of K0.45MnO2

agreed with that reported for K0.47Mn0.94O2 in previous litera-
ture.25 A protonic form of layered manganese oxide was
prepared by digesting 10 g of Κ0.45MnO2 with 2 dm3 of a 1 mol
dm-3 HCl aqueous solution under stirring for 10 days. The
HCl solution was refreshed every day to promote complete
protonation. The resulting material was washed and air-dried
at ambient temperature, yielding a protonic oxide with a
composition of H0.13MnO2‚0.7H2O.21

Polyethylenimine (PEI) (50% solution in water) and poly-
(diallyldimethylammonium) (PDDA) chloride (20% solution in
water) were purchased from Aldrich and used without further
purification. All other chemicals used were of analytical grade.
Ultrapure water (resistivity >17 MΩ cm) from a Milli-Q water
system was used throughout the experiments.

Exfoliation of Protonic H0.13MnO2‚0.7H2O. A colloidal
suspension of MnO2 nanosheets was prepared by vigorously
agitating 0.4 g of H0.13MnO2‚0.7H2O in 100 cm3 of a tetrabu-
tylammonium hydroxide ((C4H9)4NOH) solution (5.2 mmol) at
room temperature. After the suspension was shaken for 10
days, an unexfoliated component was separated by centrifuga-
tion at 10 000 rpm to obtain the colloidal suspension containing
well-dispersed exfoliated nanosheets of manganese oxide.

Fabrication of Ultrathin Films. Substrates, such as Si
wafers and quartz glass slides, were cleaned by treatment in
a bath of methanol/HCl (1:1 in volume) and then concentrated
H2SO4 for 15 min each. Indium-doped tin oxide (ITO)-coated
glass slides were cleaned by ultrasonic washing in acetone.
Ultrathin films were fabricated by applying the LBL assembly
procedure similar to that described previously.24 The sub-
strates were precoated with PEI by immersion in an aqueous
solution of PEI at pH 9 for 20 min. The PEI-primed substrates
were then immersed in a colloidal suspension (0.02-0.16 g
dm-3, pH 8) of manganese oxide nanosheets for 20 min,
followed by thorough washing with pure water, and then
dipped in a solution of PDDA (pH 9, 20 g dm-3) for 20 min
and washed again. A series of these operations was repeated
n times to obtain multilayer films of PEI/MnO2/(PDDA/
MnO2)n-1. The resulting films were dried with N2 gas flow.

Characterizations. Ultraviolet-visible (UV-vis) spectra
were recorded using a Hitachi U-4000 spectrophotometer
equipped with an integrating sphere detection system. The
surface topography of the films was visualized using a Seiko
SPA400 atomic force microscopy (AFM) instrument in tapping
mode with a silicon tip cantilever having a force constant of
20 N m-1. XRD patterns were collected by a Rigaku Rint 2000
powder diffractometer with Cu KR radiation (λ ) 0.15405 nm).
Fourier transform infrared (FT-IR) spectra were measured
with a Digilab S-45 spectrometer in transmission mode by
aligning a thin film on a silicon wafer substrate (5 × 6 cm2) at
a Brewster’s angle of 75° with respect to the incident beam.
X-ray photoelectron spectra (XPS) were recorded on a physical
electronics XPS-5700 spectrometer with Al KR X-ray line
(1486.6 eV). The probing size was 0.8 mm in diameter. X-ray
absorption near edge structure (XANES) spectra were obtained
with synchrotron-radiated X-ray using an extended X-ray
absorption fine-structure facility installed at beam line 12C
at the photon factory in Tsukuba, Japan. The spectra for the
films were obtained at room temperature in a total-reflection
fluorescent mode using a 19 element Ge solid-state detector.
The data for reference materials were taken in a transmission
mode using gas-ionization detectors. Cyclic voltammograms
were acquired in a three-electrode glass-cuvette cell with a
Solartron SI-1287 computer-controlled potentiostat. A thin film
of a PEI/MnO2 layer pair deposited on the ITO glass slide was
used as a working electrode, whereas an Ag/Ag+ (0.01 M
AgNO3 in acetonitrile, 0.49 V vs standard hydrogen electrode)
electrode and a glassy carbon were employed as reference and
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counter electrodes, respectively. Electrolyte (0.1 mol dm-3

LiClO4 in propylene carbonate (PC)) was thoroughly degassed
with N2 gas bubbling prior to the experiments. CV experiments
were performed from -1.3 to 0.9 V at a scan rate of 5-100
mV s-1.

Results and Discussion

Self-Assembly of Multilayer Films. Figure 1 shows
topographic images of the first deposited layer of
manganese oxide nanosheets on a PEI-coated cationic
surface of Si wafer. Although there were small uncov-
ered areas and some overlapped patches, the surface
was covered with irregularly shaped sheetlike crystal-
lites, the dimensions of which ranged from 100 to
several hundreds of nanometers. A section analysis

revealed their nanosheet nature, showing an average
thickness of 0.77 ( 0.05 nm.

The coverage tended to increase at higher suspension
concentrations or with prolonged deposition time. A
surface coverage of 87% was attained at the nanosheet
concentration of 0.08 g dm-3 and the adsorption time
of 20 min, while overlapping area of 39% was also
formed. Quantitative analysis on the AFM image of this
monolayer indicated that the standard vertical distance
deviation was about 1.3 nm over the film area of 9 µm2,
suggesting the flat surface of the film. The overlapping
of the nanosheets may be inevitable because of the large
lateral size of the sheets. Some portion of the nanosheets
may stick to bare cationic surface area whereas the bare
area may not be large enough to arrange the sheet
crystallite.

The subsequent growth of self-assembled thin films
could be followed by UV-vis absorption spectra im-
mediately after deposition of each bilayer (Figure 2). A
photograph of the resulting films showing light-brown
to deep-brown color is shown in Figure 3. A broad
absorption band centered at around 380 nm is charac-
teristic of manganese oxide nanosheets.21b,27 Its absor-
bance increased almost linearly as a function of depo-
sition numbers (Figure 4), indicating successful layer-
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Figure 1. Tapping-mode AFM images of manganese oxide
nanosheets deposited on PEI precoated Si wafer. Nanosheet
concentration: (a) 0.04 g dm-3, (b) 0.08 g dm-3; pH value of
solution ) 9 for PEI and PDDA, and 8 for MnO2 nanosheets;
dipping time 20 min each. A cross-sectional analysis revealed
the roughness in the film b indicated by an inserted arrow.

Figure 2. UV-vis absorption spectra of multilayer films of
PEI/MnO2/(PDDA/MnO2)n-1 prepared on quartz glass sub-
strate. Nanosheet concentration: 0.08 g dm-3; pH value of
solution ) 9 for PEI and PDDA, and 8 for MnO2 nanosheets;
deposition time was 20 min.

Figure 3. Photographs of thin films of PEI/MnO2/(PDDA/
MnO2)n-1 deposited on quartz glass substrates. Here, (a)
represents bare substrate and (b) - (f) are films with n ) 1,
2, 5, 10, 30, respectively.
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by-layer growth. The enhancement was dependent upon
the concentration of nanosheet suspension up to a value
of 0.08 g dm-3. In contrast, further increase in the
nanosheet concentration had a negligible contribution
to the absorbance, suggesting the saturation of adsorp-
tion was achieved. Similar behavior has been observed
in other systems, such as a multilayer assembly of
PDDA/Ti0.91O2 nanosheets.24b This may be because the
nearly complete coverage of the substrate with nega-
tively charged nanosheets prevents further adsorption
due to the electrostatic repulsion. This charge neutral-
ization/reversal upon adsorption of oppositely charged
species is the underlying principle for the electrostatic
self-assembly. The adsorption process is spontaneously
terminated to attain a saturated loading, self-regulating
the adsorption amount. Note that nearly full coverage
was achieved at 0.08 g dm-3, as shown in Figure 1b.

Characterizations. FT-IR spectra for multilayer
films fabricated on Si wafer exhibited absorption bands
that are characteristic of polycations used as a coun-
terpart to the MnO2 nanosheets in self-assembly (Fig-
ure 5); bands at around 3036, 2959, 2928, and 2866
cm-1 are assignable to the asymmetric and symmetric
-CH2- and -CH3 stretching bands for PDDA or PEI.26

The bands at 1467 and 1356 cm-1 are attributable to
the bending and deformation modes of the -CH2-
group. The presence of hydrated water is indicated by
a sharp bending vibration of water (ca. 1603 cm-1) as
well as its broad absorption (3700-3000 cm-1) due to
stretching.

The inorganic components in the film can be probed
by XANES spectra. Figure 6 depicts the Mn K-edge
profile for the thin film of PEI/MnO2/(PDDA/MnO2)9
together with the data for its parent material of protonic
H0.13MnO2‚0.7H2O, and reference compounds of MnO2
and Mn2O3. A pre-edge peak P was observed in each

spectra, which is assigned to the transition from the core
1s level to unoccupied 3d states.27 Its weak intensity
suggests that all manganese ions should be stabilized
in an octahedral MnO6 environment,28 being compatible
with the nanosheet structure. Strong absorption in the
main-edge region of the spectra is associated with the
dipole-allowed transitions from the core 1s level to
unoccupied 4p states.27 The multilayer thin film exhib-
ited an edge energy of ∼6558 eV, which is approximately
equal to that for the reference MnO2 (6558 eV), but
apparently different from that for Mn2O3. This suggests
that the oxidation state of manganese in nanosheets is
close to that in MnIVO2. The chemical analysis indicated
that the mean valence of manganese was 3.86-3.87 for
the starting compound (H0.13MnO2‚0.7H2O) before delam-
ination and the restacked material of the exfoliated
nanosheets.21 This suggests that the oxidation state of
manganese remains unchanged during exfoliation and
the subsequent restacking process, which may also be
true in the self-assembly process.

An XPS survey scan of the thin film of PEI/MnO2/
(PDDA/MnO2)9 detected N, O, Mn, and C in the films
and/or substrate (Supporting Information I). The Mn
(2p) region consisted of a spin-orbit doublet with an
Mn (2p1/2) binding energy of 653.7 eV and an Mn (2p3/2)
binding energy of 641.8 eV.20 The C (1s) peak centered
at 284.9 eV and N (1s) peak centered at 401.8 eV may
be assignable to the carbon and nitrogen coming from
polycation PDDA.24c The O (1s) peak was detected at a
binding energy of 529.3 eV, which is characteristic of O
bonded to Mn.29 Quantification based on the XPS data
indicated the atomic ratio N, 2.5%; O, 41.1%; Mn, 20.6%;
and C, 32.1%. The Mn/O ratio of 1.99 is in excellent
agreement with the stoichiometry of MnO2. On the other
hand, the C/N ratio deviated from its theoretical value
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Figure 4. Dependence of absorbance at 380 nm in UV-vis
spectra as a function of the deposition cycle. Nanosheet
concentration: ∆, 0.16 g dm-3; 0, 0.08 g dm-3; O, 0.04 g dm-3;
3, 0.02 g dm-3; pH value of solution ) 9 for PEI and PDDA,
and 8 for MnO2 nanosheets; dipping time was 20 min each.

Figure 5. FT-IR spectra for as-prepared multilayer thin film
of PEI/MnO2/(PDDA/ MnO2)9. The squares and circles repre-
sent the signals arising from H2O and PDDA, respectively.

Figure 6. Mn K-edge XANES spectra for (a) as-prepared thin
film of PEI/MnO2/(PDDA/MnO2)9, (b) starting bulk material
H0.13MnO2‚0.7H2O, and references (c) MnO2 and (d) Mn2O3. P
and M represent the pre-edge peak and main peak in XANES,
respectively.
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of 8 for PDDA. A similar deviation has been frequently
observed in XPS analysis,24c,29 which can be ascribed
to its high surface sensitivity to adsorbed carbonaceous
species such as hydrocarbons. If we take a nitrogen
signal for quantification of PDDA, the composition of
the multilayer film is estimated to be (PDDA)0.13MnO2.
Again, this is compatible with the mean valence of
manganese estimated by XANES as well as chemical
titration.

The XRD data for the obtained ultrathin films exhib-
ited a Bragg peak centered at 2θ ) 9.6° and its peak
intensity heightened successively with increasing depo-
sition cycles (Figure 7). This diffraction feature can be
accounted for by a nanostructure of repeating PDDA/
MnO2 bilayers. The average repeating distance was ca.
0.92 nm. Because the crystallographic thickness of
MnO2 nanosheets is 0.52 nm,21b the thickness of the
PDDA layer is estimated to be 0.4 nm. A similar
dimension has been reported for PDDA layer thickness
in other systems.24c Recently, Liu et al. have reported
the fabrication of a MnO2/PDDA nanocomposite derived
via flocculation of the delaminated MnO2 sheets with
PDDA.30 The nanocomposite exhibited a large basal
spacing of 1.54 nm, which has been accounted for by
bilayers of PDDA in the MnO2 gallery. Interestingly,
different structures were resulted through two different
routes, self-assembly and spontaneous restacking, with
the same building blocks.

The Bragg peak in Figure 7 was fairly broad in
comparison with a similar multilayer system of PDDA/
Ti0.91O2 nanosheets,24 which was characterized by its
well-ordered multilayer structure. Smaller lateral size
and possible buckling of the MnO2 nanosheets may be
responsible for the less crystalline nature.

All the characterization results support the formation
of layer-by-layer assemblies of manganese oxide nano-
sheets and polycations. The obtained multilayer films
may be one of the first molecularly organized systems
based on manganese oxides in which their nanostruc-
ture and thickness can be tailored in a subnanometer
to nanometer regime. Most of the films of manganese
oxides fabricated by sol-gel methods have a thickness

of submicrometers to micrometers. Self-assembly of
manganese oxide nanoparticles reported by Lvov et al.
allowed film thickness control in a range of 20-40 nm.20

In contrast, the multilayer assemblies in the present
study have much finer controllability over their film
architecture.

Heat Treatments. The structural evolution of the
multilayer film of PEI/MnO2/(PDDA/MnO2)9 upon heat-
ing at different temperatures is shown in Figure 8. A
broad hump centered at around 21.5° (2θ) in each XRD
pattern is attributable to the quartz glass substrate. The
diffraction peak of d ≈ 0.9 nm remained almost un-
changed at 100 °C, indicating the intactness of the
inorganic-organic multilayer structure. Heating at
higher temperatures resulted in the loss of this peak.
The collapse of an ordered inorganic/organic bilayer
structure may be induced by the elimination of organic
species. Upon heating at 500 °C, a new XRD peak
appeared at around 33° (2θ) and this peak tended to
enhance with increasing temperature. Although the
faint signal from the ultrathin film makes it difficult to
realize conclusive identification, this diffraction peak
may be attributable to the 222 reflection of Mn2O3.31

Thermal degradation of a layered protonic oxide of
H0.13MnO2‚0.7H2O produced polycrystalline Mn2O3 hav-
ing a diffraction line at 33° in 2θ as the strongest.
Actually, the XANES data (Supporting Information II)
were very similar to those for Mn2O3.

Electrochemical Properties. The cyclic voltammo-
gram of a monolayer ITO/PEI/MnO2 electrode (Figure
9) exhibited a pronounced reduction peak at -0.66 V
vs Ag/Ag+ on the negative going sweep, whereas two
oxidation peaks at -0.36 and 0.23 V vs Ag/Ag+ were
exhibited on the positive going sweep. This indicates
that the nanosheet film undergoes a reduction reaction
in one step and an oxidation process in two steps. Note
that the bare ITO itself and PEI-primed ITO did not
show any redox peak in this scan range. The peak
current increased linearly with increasing scan rate
from 5 mV s-1 to 100 mV s-1, suggesting that the
electroactive species of MnO2 nanosheets adsorbed on
the electrode are responsible for the redox processes.
The electron transfers were estimated to be ∼1.8 × 10-9

mol cm-2 (170-180 µC cm-2) for both the reduction and
the oxidation reactions from the integrated peak areas
of the second cycle. The MnO2 nanosheets have a
hexagonal two-dimensional unit cell (a ∼ 0.3 nm) that

(30) Liu, Z.-H.; Yang, X.-J.; Makita, Y.; Ooi, K. Chem. Mater. 2002,
14, 4800. (31) JCPDS 41-1442.

Figure 7. XRD pattern of as-prepared multilayer thin films
of PEI/MnO2/(PDDA/ MnO2)n-1. Here, n is 1 for (a), 3 for (b),
5 for (c), 10 for (d), and 15 for (e). The slant baseline is due to
an amorphous halo from a quartz glass substrate appearing
in a 2θ range of 10-35°.

Figure 8. XRD patterns of the thin film of PEI/MnO2/(PDDA/
MnO2)9 heated at different temperatures: a, 100 °C × 1 h; b,
200 °C × 1 h; c, 600 °C × 1 h. The square and circle represent
a basal reflection of PDDA/MnO2 multilayer and the 222 peak
of Mn2O3, respectively.
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contains one formula weight of MnO2. If we assume that
the electrode surface was covered with a perfect mono-
layer, a deposited amount of the nanosheets is estimated
to be ∼2.1 × 10-9 mol cm-2.32 This is close to 1:1 in
molar ratio compared with that for electron transfers
during CV, indicating that a dominant amount of the
manganese oxide on the electrode may be electroactive.
These redox peaks should be attributable to the elec-
trochemical conversion between MnIV and MnIII in the
film.

The CV characteristics of manganese oxide in terms
of redox potentials and currents are highly dependent
on the crystal structures and composition of the materi-
als,1,14,33,34 which can be employed for characterizing and
distinguishing manganese oxides with various forms.1,34

The data demonstrated in this study provide a new
example for CV measurements and can be taken as
characteristics for the fundamental units of the layered
systems, which may be important to arrive at a deeper
understanding of electrochemical behaviors of “nano-
sized” crystallites as well as bulk layered hosts. Further
study on the electrochemical properties of the thin films
is now in progress and will be published elsewhere.

In summary, multilayer ultrathin films composed of
novel manganese oxide nanosheets and polycations have
been successfully fabricated on various substrates using
the sequential LBL procedure. Various characteriza-
tions support the layer-by-layer formation of organic-
inorganic nanocomposite films, which could finally be
converted to inorganic manganese oxide films upon heat
treatment. Cyclic voltammogram data demonstrated the
electrochemical redox behavior of the MnO2 nanosheets.
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(32) The unit cell area Suc is 0.078 nm2 () 0.3 × 0.3 × sin120°).
The deposited amount M can be calculated as: M ) 1/(Na × Suc), where
Na is Avogadro’s number.

(33) Chromik, R.; Beck, F. Electrochim. Acta, 2000, 45, 2175.
(34) De Guzman, R. N.; Shen, Y.-F.; Shaw, B. R.; Suib, S. L.;

O’Young, C. L. Chem. Mater. 1993, 5, 1395.

Figure 9. Cyclic voltammogram of a monolayer film of PEI/
MnO2 on ITO glass slide in 0.1 mol dm-3 LiClO4/PC electrolyte
(scan rate 10 mV s-1; potential range -1.3 V - 0.9 V; second
cycle). The scan started from the rest potential (EAg/Ag

+ ) -0.1
- 0.1 V) to a negative direction.

2878 Chem. Mater., Vol. 15, No. 15, 2003 Wang et al.


