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MnO,-pillared layered manganese oxide has been first fabricated by a delamination/reassembling process
followed by oxidation reaction and then by heat treatment. The structural evolution of MnO,-pillared lay-
ered manganese oxide has been characterized by XRD, SEM, DSC-GTA, IR and N, adsorption-desorption.
MnO,-pillared layered manganese oxide shows a relative high thermal stability and mesoporous char-
acteristic. The layered structure with a basal spacing of 0.66 nm could be maintained up to 400°C. The

electrochemical properties of the synthesized MnO;-pillared layered manganese oxide have been stud-
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ied using cyclic voltammetry in a mild aqueous electrolyte. Sample MnO,-BirMO (300 °C) shows good

Pillar capacitive behavior and cycling stability, and the specific capacitance value is 206 Fg~1.
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1. Introduction

Pillared inorganic layered nanocomposites are of exten-
sive interest in molecular sieves, selective catalysts, selective
absorbents, and lithium battery materials, etc. due to their par-
ticular morphologies, structures and properties [1-3]. Typically,
pillared inorganic layered nanocomposites are prepared by interca-
lating guest species into the interlayer of the host inorganic layered
materials, followed by calcinations which result in porous architec-
tures in layered inorganic materials [4-6]. In order to increase the
thermal stability of the obtained materials and improve their func-
tional properties, robust main-group metal oxides or their mixtures
are used as pillaring agents [7].

Layered manganese oxides exhibit excellent cation exchange
and molecule adsorptive properties; they can be used as molecu-
lar sieves, battery materials, catalysts and precursors to synthesize
many porous manganese oxides with tunnel structures [8-10].
Moreover, they can be used to prepare pillared layered manganese
oxide with novel functional properties. Up to now, various inorganic
pillaring species such as SiO,, CrOx, [AlO4Al12(OH)4(H20)12]7*
(Aly3 Keggin ion), Ni(OH),, LiAl,(OH)g, TiO, and TiO, +SiO, have
been introduced into the interlayer space of layered manganese
oxides by the conventional ion-exchange/intercalation procedure
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to modify their structures and properties, and resulting pillared
layered manganese oxide nanocomposites with various porous
structures [11-16]. Experimental results show that the pillaring
species obviously affect the porous structure and functional prop-
erty of the obtained pillared layered inorganic materials. Therefore,
developing a new pillaring technology such as MnO, as pillaring
agent is expected from the viewpoint of probing new functional
inorganic materials with novel properties. We tried to prepare
MnO,-pillared layered manganese oxide nanocomposites by the
conventional ion-exchange/intercalation procedure, but the result
is not ideal.

The exfoliation/reassembling technology of the layered inor-
ganic materials is an efficient way to prepare pillared structure
materials with unique physical-chemical properties. Several
unique features, such as easy selection of guest species, homo-
geneous dispersion in the composites, and high surface area
associated with a restacked nanoporous nature, can be simply
obtained for the prepared pillared structures. Because the delami-
nated inorganic nanosheets have a higher degree of freedom than
the stacked sheets, the guest species can be easily adsorbed on
their surface. The pillared layered inorganic nanocomposites can
be synthesized through the delamination/reassembling process.

2. Experimental
2.1. Synthesis of MnO,-pillared layered manganese oxide

The precursor, H-type layered manganese oxide (H-BirMO) was
synthesized as reported in the literature [17]. A mixed solution
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of 0.6 M NaOH and 2M H;0, was poured quickly into 0.3M
Mn(NOj3 ), solution and stirred for 25 min. The precipitate was then
subjected to hydrothermal treatment at 150°C for 16h in a 2M
NaOH solution. The precipitate obtained had a chemical formula
of Nag 33Mn0,-0.76H,0, which was abbreviated as Na-BirMO. The
obtained highly crystallized Na-BirMO was treated with a 0.1 M
HCI solution at room temperature for 3 days to produce proton-
type layered manganese oxide, which had a chemical formula of
Hp27Mn0,-0.67H,0 and was abbreviated as H-BirMO.

Delamination of precursor H-BirMO was carried out by the
method described in the literature [ 18]. H-BirMO (0.5 g) was treated
in a 0.35M aqueous solution of tetramethylammonium hydroxide
(TMAOH) (125 cm?3) for 7 days at room temperature. The amount
of TMAOH added was 25-fold that of the exchangeable capacity of
H-BirMO. After soaking, the colloidal suspension was centrifuged at
a speed of 13000 rpm for 20 min and washed with 100 cm3 of dis-
tilled water four times to obtain a delaminated BirMO slurry, which
contained well-dispersed manganese oxide nanosheets.

The delaminated BirMO slurry was poured into 1M aqueous
solution of Mn(NO)s3. The molar ratio of Mn2* ions to the exchange-
able capacity of H-BirMO was adjusted to 5. The mixture was
maintained overnight while being stirred at room temperature.
The product was collected by centrifugation, washed with distilled
water, and then dried for 1 day at 50 °C. The Mn2*-intercalated lay-
ered manganese oxide was obtained, and it was abbreviated as
MnZ*-BirMO. Sample Mn2*-BirMO was then soaked in a mixed
solution of NH3-H,0 +H,0,, maintained overnight at room tem-
perature, MnO,-pillared layered manganese oxide was obtained,
which was abbreviated as MnO,-BirMO.

Samples MnZ*-BirMO and MnO,-BirMO were heat-treated in
air at different temperatures for 3 h, the obtained materials were
abbreviated as MnO,-BirMO (200), etc., where the number in
parentheses is the heating temperature.

2.2. Chemical analyses

The Mn and Na contents of the samples at different stages were
determined by atomic absorption spectrometry after they were dis-
solved in a mixed solution of HCI and H, 0.

2.3. Characterization

X-ray diffraction (XRD) analysis was carried out using a D/Max-
3¢ X-ray diffractometer with Cu Ko (A=15406A), using an
operation voltage and current of 40kV and 40 mA, respectively.
SEM observation was carried out with a Quanta 200 environmen-
tal scanning electron microscope. Infrared spectra were obtained
by KBr method on a Fourier Transform Infrared Spectrometer
(EQUINX55). TG-DSC curves were obtained on a thermal analyzer
(Q1000DSC +LNCS +FACS Q600SDT) at a heating rate of 5°Cmin~!.
Nitrogen adsorption-desorption at —196°C was carried out on
a Beckman coulter-type apparatus for samples degassed for 4h
below 10~3 mmHg. A CHI 600 electrochemical workstation (Chen-
hua Instrument Co., Shanghai, China) was used for electrochemical
measurements.

Electrochemical Measurement: Electrodes were prepared by
mixing MnO,-pillared layered manganese oxide (80 wt%) as active
material with acetylene black (15wt%) and polyvinylidene fluo-
ride (5 wt%). The two first constituents were firstly mixed together
to obtain a homogeneous black power. The polyvinylidene fluo-
ride solution (0.02 gmL~!, in N-methyl-ketopyrrolidine) was then
added. This resulted in a rubber-like paste, which was brush-coated
onto a Ni mesh. The mesh was dried at 110°C in air for 2 h for the
removal of the solvent. After drying, the coated mesh was uniax-
ially pressed to completely adhere to the electrode material with
the current collector.
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Fig. 1. XRD Patterns of samples obtained at deferent stages: (a) H-BirMO, (b)
BirMO slurry, (c¢) Mn2*-BirMO, (d) MnO,-BirMO, (e) MnO,-BirMO (200°C), (f)
MnO,-BirMO (300°C), (g) MnO,-BirMO (400 °C), (h) Mn?*-BirMO (200°C), and (i)
Mn?*-BirMO (300°C).

Abeaker type electrochemical cell equipped with a MnO, based
working electrode, a Pt-foil (2 cm?) as the counter electrode and
saturated calomel electrode (SCE) as the reference electrode [19].
CV curves were done between —0.2 and 0.8 Vin a Na,SO4 electrolyte
(1.0mol L-1)ata sweep rate of 5mV s~ 1. The average specific capac-
itance was evaluated from the area of the charge and discharge
curves of the CV plot [20].

3. Results and discussion
3.1. The fabrication of MnO,-pillared layered manganese oxide

The XRD patterns of samples obtained at different stages are
shown in Fig. 1. Precursor H-BirMO has a layered structure with a
basal spacing of 0.73 nm, with crystal water and exchangeable H*
ions in the interlayer space (Fig. 1a). The precursor H-BirMO was
soaked in a TMAOH solution for 7 days and then washed with dis-
tilled water, the obtained BirMO slurry gives no clear peaks but only
an amorphous halo (Fig. 1b). The halo can be interpreted as scatter-
ing from the nanosheets which are aggregated irregularly, similar
to the case of layered titanic acid or graphic oxide [21,22]. This
indicates that water washing causes the delamination of stacked
layered manganese oxide plates to the individual primary plates
[23]. The delaminated BirMO slurry was added to 1M Mn(NOs),
solution at room temperature and stirred for 1 day. After stirring
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Fig. 2. SEM images of samples at deferent stages: (a) H-BirMO, (b) Mn?*-BirMO, (¢) MnO,-BirMO, (d) MnO,-BirMO (200°C), (e) Mn0,-BirMO (300°C), (f) TEM image of

MnO;-BirMO (300°C).

and drying at 70°C for 1 day, sample Mn2*-BirMO still shows a
layered structure with a basal spacing of 0.73 nm (Fig. 1c), indi-
cating the reassembling of delaminated sheets progress by only
mixing with Mn2* ions followed by air-drying. Since the thickness
of MnO, nanosheets is known to be about 0.45 nm [18], the gallery
height can be calculated as 0.28 nm, being very close to the van
der Waals diameter (0.28 nm) of water molecules. This suggests
the formation of one molecular layer of water in the interlayer of
MnO, nanosheets. Because Mn2* ionic radius is 0.08 nm, the inter-
calated Mn?* jons may randomly exchange with the monolayer
water molecules, producing a layered structure of Mn2* intercalated
layered manganese oxide, Mn%*-BirMO.

When sample MnZ*-BirMO was soaked in a mixed solution of
NH3-H,0 and H,0,, the Mn?* ions intercalated in the interlayer
of MnO, nanosheets are oxidized to MnO, particles, and the sam-
ple MnO,-BirMO with a layered structure and a basal spacing of
0.72 nm is obtained (Fig. 1d). MnO,, particles act as a pillaring agent
in the interlayer, which increases the thermal stability of the sample
MnO,-BirMO in comparison with H-BirMO. The layered structure is
still maintained even after being heated at 300 °C for 3 h, although
both the peak intensity and the basal spacing decrease consider-
ably (Fig. 1f). The layered structure was almost destroyed by being
heated at 400 °C (Fig. 1g). On the other hand, sample Mn2*-BirMO
was heated at 200 °C for 3 h, the peakintensity and the basal spacing
decrease obviously (Fig. 1h). Up to being heated at 300 °C for 3 h, the
layered structure was completely destroyed (Fig. 1i). These results
indicate that MnO, particles as pillaring agents can increase the
stability of the layered structure of manganese oxide, and MnO,-
pillared layered manganese oxide nanocomposites are successfully
fabricated by a delamination/reassembly and oxidation process and
followed by a heating treatment.

3.2. Physical properties
SEM photographs of samples H-BirMO, Mn2*-BirMO and

MnO,-BirMO resemble each other and consist mainly of plate-
like particles corresponding to a layered structure (Fig. 2a-c). This

indicates that the plate-like form of the precursor H-BirMO is
maintained after Mn2* intercalation and MnO, pillar into the inter-
layer of manganese oxide nanosheets. Although the morphology
regulation decreases in company with the heating temperature,
the layered structure character can be observed for samples
MnO,-BirMO (200°C) and MnO,-BirMO (300°C) due to the func-
tion of MnO-, pillar thermal stability (Fig. 2d and e), which is also
supported by TEM image of sample MnO,-BirMO (300 °C) (Fig. 2f).

IR spectra of samples obtained at different stages in the range
of 400-650cm~"! are shown in Fig. 3. Some variations of IR spec-
tra are easily observed. Although bands in the region between 400
and 650 cm~! could be assigned to Mn-O lattice vibration [24,25],
the position and intensity of these characteristic adsorbed bands
show some obvious changes. In company with the intercalation of
Mn?* jons and MnO, particles into the interlayer, the bands around
420 and 460 cm™~! corresponding to the IR spectrum of the precur-
sor H-BirMO shift to a relative high wavenumber (Fig. 3a and c).
Sample MnO,-BirMO was heat-treated at different temperatures,
the Mn-O lattice vibration bands shift to a high wavenumber and
an obvious adsorbed band around 532 cm~! is observed due to the
Mn-O vibration surrounding change (Fig. 3d and e).

DSC curve of precursor H-BirMO shows a characteristic
endothermic peak around 133 °C, which corresponds to the evap-
oration of the interlayer water and the collapse of the layered
structure. The weight loss up to 150°C is about 13.9% (Fig. 4a).
In company with the intercalation of Mn2* ions into the inter-
layer and followed by oxidation to MnO, particles, the endothermic
peaks of the evaporation of the interlayer water and the collapse
of the layered structure shift to about 152 and 174°C for samples
Mn2*-BirMO and MnO,-BirMO, respectively. Due to the intercala-
tion of Mn2* jons and MnO, particles, the weight loss up to 200°C
decreases to 10.4 and 9.1 %, respectively (Fig. 4b and c). These results
imply that the intercalation of Mn2* ions and MnO, particles into
the interlayer improves the thermal stability of the layered struc-
ture. Samples MnO,-BirMO (200°C) and MnO,-BirMO (300°C)
show no obvious endothermic peak corresponding to the collapse
of the layered structure because of MnO, pillar function (Fig. 4d
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Fig. 3. IR spectra of samples obtained at deferent stages in the range from 400
to 650cm~!: (a) H-BirMO, (b) Mn2*-BirMO, (c) MnO,-BirMO, (d) MnO,-BirMO
(200°C), and (e) MnO,-BirMO (300°C).

and e). For all samples, the weight loss around 560 °C is due to the
reduction of manganese from tetravalent to trivalent accompanied
by the evolution of oxygen for all samples [26].

The porous properties of the samples at different stages have
been studied by the nitrogen adsorption-desorption experiment,
and the experimental results are shown in Fig. 5. The isotherm
for precursor H-BirMO belongs to BDDT type IT with a small
hysteresis loop, which corresponds to nonporous or macroporous
structures (Fig. 5a). The Brunauer-Emmett-Teller (BET) surface
area is about 35m2g-! (Table 1). These results indicate that
the surface area of sample H-BirMO corresponds to the exter-
nal surface of manganese oxide particles and no micropores are
formed in the interlayer. In contrast, the isotherm feature of
samples Mn2*-BirMO, MnO,-BirMO, MnO,-BirMO (200°C) and
MnO,-BirMO (300 °C) clearly indicates the presence of mesopores
in these samples, classified as type IV as defined by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) [27]. However,
the fraction of mesopores is not so large because the hysteresis loop
is not so clear compared with those in typical mesoporous mate-
rials [28]. Sample MnO,-BirMO (200°C) with layered structure
shows a high BET surface area of 116 m2 g~! and large N, adsorp-
tion volume. A t-plot analysis confirms the presence of mesopores
in sample MnO,-BirMO (200 °C). The mesoporous surface area is
about 102 m? g-1, and contributed to about 88% of the total specific

Table 1
Mn content, BET surface area (Sger) and pore volume (V;,) of samples obtained at
different stages.

Sample Mn content BET surface VP (cm?g1)
(mmolg1) area(m?g1)

H-BirMO 10.51 35 0.19

Mn?2*-BirMO 11.18 91 0.33

MnO,-BirMO 11.76 98 0.34

MnO,-BirMO (200°C) 12.48 116 0.35

MnO,-BirMO (300°C) 12.61 89 038

0 100 200 300 400 500 600

Temperature/°C

Fig. 4. TG (top) and DSC (bottom) curves of samples obtained at different stages:
(a) H-BirMO, (b) Mn2*-BirMO, (c¢) MnO,-BirMO, (d) MnO,-BirMO (200°C), and (e)
MnO,-BirMO (300°C).
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Fig. 5. N, adsorption-desorption isotherms of samples obtained at different stages:
(a) H-BirMO, (b) Mn2*-BirMO, (¢) MnO;-BirMO, (d) MnO,-BirMO (200°C), and (e)
MnO,-BirMO (300°C).
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Fig. 6. A model for the formation of MnO,-pillared layered manganese oxide nanocomposite.

surface area. These results clearly indicate that MnO, pillar and
followed heat treatment result in the production of mesoporous.

According to the above results, a schematic representation of the
structural change during the formation of the MnO,-pillared lay-
ered manganese oxide is given in Fig. 6. The precursor H-BirMO
contains one molecular layer of water between the manganese
oxide sheets with a basal spacing of 0.73 nm. After the precursor
H-BirMO is soaked in 0.35M TMAOH solution and stirred for 7
days, the intercalation of TMA* ions into the interlayer and followed
by water washing results in an exfoliation of manganese oxide
sheets. When the BirMO slurry of exfoliated MnO, nanosheets is
soaked in 1M Mn(NO3), solution, Mn2* ions are adsorbed on the
surface of manganese oxide nanosheets. When the suspension is
dried at 70°C, reassembly reaction takes place and Mn2* interca-
lated layered structure with a basal spacing of 0.73 nm reappears.
According to the dimension of manganese oxide layer, the size
of water molecules and the radius of Mn2* ions, Mn2* ions may
randomly exchange with the water molecules in the interlayer of
manganese oxide. After the Mn2*-intercalated layered manganese
oxide is treated in a mixed solution of H,O0, and NH;3-H;O, the
intercalated Mn2* ions are oxidized into MnO, particles and MnO,-
pillared layered manganese oxide with a basal spacing of 0.72 nm
is obtained. MnO, pillaring function makes a considerable increase
in surface area. Further heat treatment results in the formation of
MnO,-pillared layered manganese oxide nanocomposites with a
mesoporous character.

3.3. Electrochemistry property

Manganese oxides with various valence states and crystalline
structures are currently investigated for electronic, catalytic and
other applications. Extensive studies have shown that manganese
oxides are promising electrode materials for electrochemical super-
capacitors. Cyclic voltammetry is an important tool to investigate
the capacitive behavior of the obtained materials. Fig. 7 shows
the first cyclic voltammetry curves for samples MnO,-BirMO,
MnO,-BirMO (200°C) and MnO,-BirMO (300°C). The CV curves
of three samples obtained in a Na;SO4 (1.0 molL-!) solution at a
sweep rate of 5mVs~! show relatively rectangular mirror images
with respect to the zero-current line, indicating an obvious capac-
itive behavior for the obtained materials. Meanwhile, these curves
show no peaks, indicating that the electrode capacitor is charged
and discharged at a pseudoconstant rate over the complete voltam-
metric cycle [29,30]. The CV curves of samples MnO,-BirMO and
MnO,-BirMO (200°C) electrodes are distorted (Fig. 7a and b),
while the one of the sample MnO,-BirMO (300°C) electrodes

exhibits good symmetrical characteristics (Fig. 7c), suggesting
that the reversibility of sample MnO,-BirMO and MnO,-BirMO
(200°C) electrodes are not good at this potential range. For sam-
ple MnO,-BirMO (300 °C), the specific capacitance value calculated
from the cyclic voltammetry curve is found to be 206 Fg~!. The
good electrochemical behavior may be ascribed to the relatively
high manganese amount and the porous structure.

Electrochemical properties of sample MnO,-BirMO (300°C)
were more elucidated by CV cyclic voltammetry in a 1M Na;SO4
solution at different potential scan rates ranging from 5 to
50mVs~1. The current response at the switching potential is dis-
torted by solution and material resistance and this distortion is
dependent upon the scan rate. At lower scan rates, the material
shows almost ideal capacitive behavior. As the scan rate increases,
the deviation from rectangularity of the CV becomes obvious, which
can be ascribed to the change of Na* ion transplant surrounding
(Fig. 8). With a large scan rate, Na* ions can only reach the outer
surface of the electrode and not enter into the interior pores, and
resulting in the capacitance decline.

The cycle performances are of importance for the supercapaci-
tor. The long-term stability of sample MnO,-BirMO (300°C) based
on as-prepared powder upon cycling was investigated and the vari-
ation in specific capacitance over 600 cycles at 10 mV s~ is depicted

Current/mA
o
T

-0.2 0.0 0.2 04 0.6 0.8

Voltage/v vs. SCE

Fig. 7. The first CV curves of samples at different stages at a scan rate of 5mVs-!
in 1M Na;SO4 solution: (a) MnO,-BirMO, (b) MnO,-BirMO (200°C), and (c)
MnO,-BirMO (300°C).
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Fig. 8. CV curves of sample MnO,-BirMO (300 °C) at various scan rate as indicated.
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Fig. 9. Variation of specific capacitance of MnO,-BirMO (300°C) from 1st to 600th
CV cycle at 10mVs-1.

in Fig. 9. A capacitance increase behavior is observed upon cycling
and the capacitance increase remains stable and close to 124% of
the starting value after 300 cycles. Similar improvement of the spe-
cific capacitance upon cycling has also been reported for MnO, thin
films [31] and a-MnO, [32]. The specific capacitance increase could
be attributed to the increase in the active points due to the incom-
plete intercalation or de-intercalation of the guest ions at relatively
high scan rate. The electrode can withstand 600 cycles without sig-
nificant capacitance loss. This demonstrates that, within the test
voltage window, the intercalation and de-intercalation processes
of the guest ions do not seem to induce significant structural or
meso-structural changes of the electrode as expected for pseudo-
capacitive reactions. In comparison with the first curve, the shape
of the 600th curves of MnO,-Bir (300°C) at 10mV s~! is more like
a rectangle (Supporting information Fig. S1), indicating material
MnO,-Bir (300 °C) has a good cycling stability.

4. Conclusions

We developed a novel synthesis method of pillared layered
inorganic materials by a delamination/reassembling process fol-

lowed by oxidation reaction and then by heat treatment. The
synthesized materials had a good thermal stability and mesoporous
characteristic, which can be used as active materials for electro-
chemical supercapacitor. This new synthetic approach could be
further expanded to the preparation of various pillared layered inor-
ganic materials with large surface areas, controlled mesoporosity
and high thermal stability.
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