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uring the past decade, 2D nano-

structured materials have attracted

intense research activity because
of their unique physicochemical properties,
such as an extremely high structural anisot-
ropy and a high tendency to form stable
colloidal suspensions.’”* One of the most
effective methods for synthesizing 2D
nanosheets is exfoliation, the separation of
layered inorganic solids into individual lay-
ers through the intercalation of bulky or-
ganic molecules or interlayer evolution of
H, gas.> 8 To date, many kinds of layered in-
organic solids such as clay minerals,>'®
graphites,” " '* metal oxides,'*" % metal
hydroxides,?> 2> metal chalcogenides,?6~%
and metal phosphates?®~32 have been exfo-
liated into individual 2D nanosheets. Since
most of the colloidal nanosheets obtained
by the exfoliation route possess a consider-
able amount of surface charge, these nano-
materials are used as building blocks for
heterostructured nanohybrids and hierar-
chically assembled multilayered films.33738
Also, the lack of lattice energy stabilization
along the c-axis makes this type of nano-
structured material somewhat unstable,
which means exfoliated nanosheets can be
easily transformed into 1D nanowires/nano-
tubes or 0D hollow spheres under ambient
or hydrothermal conditions.>*~*? Exfoliated
nanosheets show a broad spectrum of
physicochemical properties from insulating
to metallic, and these properties can be tai-
lored by changing the chemical formula of
the pristine compound 17222443

Recently layered transition metal oxides

are of prime importance as electrode mate-
rials for lithium ion batteries as well as for
supercapacitors.?’#4> In terms of energy
density and working potential, oxides of co-
balt, nickel, and manganese are promising
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ABSTRACT The exfoliation of layered Li[Mn;;3Coy3Ni;3]0; into individual monolayers could be achieved
through the intercalation of quaternary tetramethylammonium (TMA™) ions into protonated metal oxide. An
effective exfoliation occurred when the TMA*/H* ratio was 0.5—50. Reactions outside this range produced no
colloidal suspension, but all the manganese cobalt nickel oxides precipitated. Atomic force microscopy and
transmission electron microscopy clearly demonstrated that exfoliated manganese cobalt nickel oxide nanosheets
have a nanometer-level thickness, underscoring the formation of unilamellar nanosheets. The maintenance of
the hexagonal atomic arrangement of the manganese cobalt nickel oxide layer upon the exfoliation was confirmed
by selected area electron diffraction analysis. According to diffuse reflectance ultraviolet—visible spectroscopy,
the exfoliated manganese cobalt nickel oxides displayed distinct absorption peaks at ~354 and ~480 nm
corresponding to the d—d transitions of octahedral metal ions, which contrasted with the featureless spectrum
of the pristine metal oxide. In the light of zeta potential data showing the negative surface charge of manganese
cobalt nickel oxide nanosheets, a heterolayered film of manganese cobalt nickel oxide and conductive polymers
could be prepared through the successive coating process with colloidal suspension and polycations. The UV —vis
and X-ray diffraction studies verified the layer-by-layer ordered structure of the obtained heterolayered film,
respectively.

KEYWORDS: layered manganese cobalt nickel oxide - exfoliation -
nanosheets - colloidal suspension - heterolayered hybrid film

candidates for cathodes for Li* ion cell.
Among them, layered LiCoO, has been suc-
cessfully commercialized and adopted for
most of lithium secondary batteries in cur-
rent market.**~*¢ However, because of the
high price and high toxicity of cobalt ions,
there have been increasing demands for the
development of new economic cathode
materials with better performance. The lay-
ered Li[Mn;;3Co;3Niy 3]0, is attracting tre-
mendous research interest as an alternative
to cathode material because it has a larger
capacity, higher thermal stability, and lower
cobalt content than the current commer-
cialized LiCo0,.#~* Considering the lay-
ered structure of Li[lMn;/,3Co4,3Ni; 3]0, hav-
ing exchangeable lithium ions in the
interlayer space, exfoliation is expected to
be applicable to this electrode material.
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Figure 1. Powder XRD patterns of (a) the pristine
Li[lMn,3Co,3Ni;3]0; and (b) the protonated derivative.

Exfoliated nanosheets of Li[Mn,,3Co,,3Ni;,3]0, would al-
low us not only to optimize the electrochemical activity
of this material but also to widen its application through
hybridization with carbon nanotubes, graphene, and in-
organic nanoclusters. In one instance, the hybridization
of [Mn;,3Co4,3Ni;3]0; nanosheets with highly conduct-
ing material would be quite effective improving the
electrode functionality of this layered metal oxide
through the improvement of electrical conductivity.
There is a great deal of research regarding
Li[Mn;3Co1,3Niy 310,478 but at the time of the publica-
tion of the present study, we are aware of no other re-
ports on the exfoliation of this metal oxide into indi-
vidual monolayers.

Here we report the preparation of the exfoliated
nanosheets of [Mn;,3C0,/3Ni;3]0; by the intercalation
of quaternary ammonium cations into the layered
Li[Mn;,3Co4,3Niy 3]0, lattice. Also, we have synthesized
the layer-by-layer, or LBL, films comprising the obtained
nanosheets and polycations.

RESULTS AND DISCUSSION

Powder XRD and TG-DTA Analyses for Protonated Metal Oxide.
The effect of proton-exchange on the crystal structure
of pristine Li[lMn,,3Co4,3Niy,3]O, was examined with
powder X-ray diffraction, or XRD. As plotted in Figure
1, an acid-treatment for the pristine Li[lMn1,5Co4,3Ni;/3]0,
gave rise to a slight increase of basal spacing (Ac =
0.39 A), which is interpreted as a result of the increase
of electrostatic repulsion between [Mn;,3C0,3Ni;/3]0;
layers.®°~>2 In contrast to layered Ky 4sMnO,'” and
Cso.67T11.8350.1704," no water could be intercalated into
the layered manganese cobalt nickel oxide lattice with
higher layer charge. Evolutions of the content of lithium
and transition metal ions in the pristine compound
upon the acid-treatment were examined using atomic
emission spectroscopy-inductively coupled plasma
spectrometry, or AES-ICP. We found that 3 days of treat-
ment could remove 80% of interlayer lithium ions from
Li[Mn;,3Co4,3Niy3]0,, but extending the treatment to
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Figure 2. Photographs of supernant solution obtained from
the reaction between the protonated Li[Mn;;;Co;,3Ni; 3]0,
and TMA - OH with the TMA*/H" ratios of 0.1—100.

10 days could not induce further significant decrease
in Li content (i.e., 81% over 7 days and 82% over 10
days). In contrast to a marked decrease of lithium con-
tent by acid-treatment, there is no marked change in
the ratio of Mn:Co:Ni (1/3:1/3:1/3), indicating negligible
preferential dissolution of component metal ions.

Also, we have estimated the contents of proton and
water in the protonated derivative using iodometric ti-
tration and thermogravimetry-differential thermal
analysis, or TG-DTA (see Supporting Information). TG-
DTA analysis revealed that the acid-treated sample
showed considerable weight loss in several tempera-
ture regions. First, there is a slight endothermic weight
decrease in the temperature range of 100—200 °C,
which corresponds to the removal of surface adsorbed
water (0.056H,0 per unit formula). The more prominent
endothermic weight loss in the higher temperature re-
gion of 200—500 °C is attributable to dehydroxylation
or dehydration linked to the deprotonation process.
The oxygen loss from high-valent manganese cobalt
nickel oxide is responsible for the endothermic
weight decrease occurring beyond 600 °C.>3 From
the iodometric titration, the average oxidation state
of transition metal ions was determined as 3.29 *
0.05.>* On the basis of the results of AES-ICP, iodo-
metric titration, and TG-DTA, the chemical formula
of the protonated derivative was determined as
Lio.18Ho.53IMn4/3C013Ni1/3]0; - 0.056H,0.

Exfoliation Behavior of Layered Manganese Cobalt Nickel
Oxide. Exfoliation of the Li[Mn,,;3Co4/3Ni;;3]0, was
achieved by reacting the protonated derivative with
tetramethylammonium hydroxide, or TMA - OH, for
14 days. Following the reaction, the protonated
Li[lMn;,3Co1/3Niy/3]0, crystallites were exfoliated,
leading to the formation of a dark brown colloidal
suspension. The exfoliation behavior of the proto-
nated compound at various TMA*/H™ ratios was in-
vestigated by varying the concentration of aqueous
TMA solution against the proton content in the pro-
tonated compound. We found that there is a strong
dependency of the exfoliation behavior of the lay-
ered manganese cobalt nickel oxide on TMA concen-
tration. As illustrated in Figure 2, exfoliation
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Figure 3. Powder XRD patterns of solid precipitates obtained from the reaction between the protonated Li[Mn;;3Co,/3Ni;;3]0,
and TMA - OH with various TMA*/H* ratios: (a) 0.1, (b) 0.3, (c) 0.5, (d) 0.8, (e) 1, (f) 2, (9) 3, (h) 4, (i) 5, (j) 10, (k) 50, (I) 60, (m) 70,
(n) 80, and (0) 100. The asterisks denote the (001) peak of the protonated phase.

occurred when the TMA*/H™ ratio was 0.5—50. Reac-
tions outside this range produced no colloidal sus-
pension, but all the manganese cobalt nickel oxides
precipitated.

We separated a small amount of precipitate at the
bottom of the as-prepared suspension by centrifuga-
tion at 6000 rpm (relative centrifugal force, 9009G) for
15 min, resulting in a pure colloidal suspension.

The crystal structures of the obtained precipitates
were examined with powder XRD. As shown in Figure
3, reactions with a TMA*/H™ ratio of 0.1—0.3 gave pre-
cipitates of protonated metal oxide with a basal spac-
ing of dgo1 = 4.92 A, whereas the reactions with a
TMA™/H™ ratio =0.5 led to the synthesis of organic in-
tercalate with expanded basal spacings (doo; = 15.68 A)
as well as the protonated metal oxide. As the concen-
tration of TMA™ ions increased, the XRD peaks of the or-
ganic intercalate grew stronger whereas those of the
protonated phase became depressed. The enhance-
ment of peak intensity and peak sharpness suggests
an improvement in the layer-by-layer ordering of the in-
tercalation phase. Similar evolution of XRD patterns
upon the change of guest ammonium concentration
was reported for layered manganese oxide or layered ti-
tanium oxide.5'#1722 According to the previous litera-
tures about the exfoliation of layered metal oxides,'*"”
the formation of individually exfoliated nanosheets can
be achieved via intercalation, exfoliation, and osmotic
swelling processes. T. Sasaki et al. reported that the
swelling and exfoliation behaviors of layered metal ox-
ides are sensitively dependent on the concentration of
bulky organic ammonium cations against proton in the
host lattice.'*'” That is, an exfoliation into single sheets
was promoted at lower ammonium content, whereas
osmotic swelling was predominant at higher ammo-
nium content. As a consequence, a well-ordered inter-
calation phase (i.e., short-range swollen phase) is recon-
structed from the exfoliated sheets by increasing the
concentration of organic cation, as seen in the present
results. As illustrated in Figure 3, a well-ordered swollen
phase with expanded basal spacing (dyo; = 15.68 A)
could be obtained in the TMA*/H* range of 0.5—50, to-
gether with the colloidal suspension of exfoliated
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nanosheets. This indicates that the intercalation, os-
motic swelling, and exfoliation processes of layered
[Mn;,3Co43Niy 3]0, take place simultaneously. In the
case of TMA*/H* > 50, only a well-ordered swollen
phase could be prepared, underscoring that reconstruc-
tion of the intercalation structure from exfoliated
nanosheets is more predominant at high guest concen-
tration, as reported for other layered metal oxides.'*'”
The predominant swelling of layered metal oxide at
higher guest concentration is interpreted as a result of
an enhanced attraction between guest ammonium cat-
ions and negatively charged exfoliated metal oxide
nanosheets. Also, we carried out AES-ICP analyses for
the protonated sample reacted with TMA™ to probe
variations in the content of Li ions caused by the inter-
calation of TMA* ions. The highly swollen phase ob-
tained with the TMA*/H* ratio of 60 shows a Li/(Mn +
Co + Ni) ratio of ~0.2, which is nearly the same as that
of the protonated derivative. This finding underscores
that the guest TMA* ions replace the protons in the
protonated metal oxide, not the lithium ions. Thus, the
concentration of lithium ions in the protonated deriva-
tive remains nearly unchanged after the reaction with
TMAT ions.

Characterization of Exfoliated Manganese Cobalt Nickel Oxide
Nanosheets. We have carried out systematic characteriza-
tion on the pure colloidal suspension obtained by the
above-mentioned centrifugation process. As shown in
the left panel of Figure 4a, the observation of the Tyn-
dall phenomenon with the pure colloidal suspension,
characteristic of exfoliated colloids, provides strong evi-
dence for the exfoliation of LifMn;,;3C0;,3Niy,3]0,. The ex-
foliated nanosheets were restored from pure colloidal
suspension by high-speed centrifugation at 17000
rpm (relative centrifugal force, 25525G) for >30 min.
The powder XRD pattern of the restored sample in
the wet state was plotted in the right panel of Fig-
ure 4a, showing a long tail in low angle of 26 < 10°.
This reflects the disordered filing of exfoliated
nanosheets characteristic of the previously reported
nanosheets of other binary metal oxides.'17>5757 A
very similar XRD feature has been reported for the
colloidal nanosheets of layered titanate, layered
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Figure 4. (a) Photograph (left) and XRD pattern (right) of exfoliated [Mn;,;3Co,,3Ni; 3]0, nanosheets. (b) Height profile (left)
and AFM image (right) of the exfoliated [Mn;,;;Co,,3Ni;;3]O, nanosheets adsorbed onto mica substrate. (c) HR-TEM/SAED data
of (left) the protonated Li[Mn;;3Co;,3Ni;;3]0; and (right) exfoliated nanosheets.

manganate, and others.'757 As with other layered
metal oxides, exfoliation is believed to occur by the
solvation of TMA* and [Mn;/3Co;/3Ni; 3]0,
layer.'*17:55757 The formation of the nanometer-thick
monolayers by exfoliation is further confirmed by
the atomic force microscopy, or AFM, image of Fig-
ure 4b. Nanosheet thickness was calculated from the
height of the nanosheets with respect to the sub-
strate surface.'*® The unilamellar [Mn;,3C01,5Niy;3]10,
nanosheets clearly show the plate-type morphol-
ogy, with lateral dimensions of hundreds of nano-
meters and a thickness of ~1.10 = 0.1 nm. The thick-
ness of the oxide nanosheet observed by AFM is,
however, somewhat different from that estimated
from crystallographic information of individual
layers.>®> Considering the adsorption of TMA™ mol-
ecules with a theoretical size of 0.50—0.60 nm
and/or the hydration layers on the surface of oxide
nanosheets,*®%° we regarded the measured thickness
as clear evidence of the formation of unilamellar
[Mn,,3C0,3Ni13]10; nanosheets. Such a degree of
thickness discrepancy in the AFM data was com-
monly observed for most of the reported inorganic
nanosheets.'”®!

@NTA!N[() VOL.4 = NO.8 = OH ET AL.

According to high resolution-transmission electron
microscopy, or HR-TEM, the protonated and exfoliated
[Mn;/5C0;3Ni; 3]0, commonly show the images of a
plate-shaped crystallite (Figure 4c). But the much
weaker contrast of the exfoliated form compared with
the protonated form is indirect evidence of exfoliation
into very thin [Mn;,3Co4/3Ni; 3]0, nanosheets. Although
the very weak intensity of the in-plane (hk0) peaks in
the XRD data of the restored sample prevents us from
detecting these peaks with a conventional XRD instru-
ment (Figure 4a),"” the observation of hexagonal dif-
fraction spots in the selected area electron diffraction,
or SAED, patterns of the exfoliated nanosheets under-
scores the maintenance of the hexagonal lattice of the
layered manganese cobalt nickel oxide upon exfolia-
tion, as presented in Figure 4c. To confirm the mainte-
nance of hexagonal layered structure of this material af-
ter the exfoliation, we tried to reassemble the colloidal
nanosheets of [Mn;,3C0o;,3Ni;/3]0, with Li* ions. The
crystal structure of the obtained reassembled material
was examined with powder XRD analysis (see Support-
ing Information). In addition to the (001) XRD peaks re-
flecting the formation of the hydrated intercalation
phase of the layered metal oxide, the reassembled

www.acsnano.org
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Figure 5. (Left) UV—vis spectra and (right) absorbance at 354 and 480 nm for the colloidal suspensions at concentrations of
(@) 2.4 X 1072, (b) 1.80 x 1072, (c) 1.60 X 1072, (d) 1.20 X 1072, (e) 0.90 X 1072, (f) 0.60 X 10~2g dm~3, and (g) the protonated

Li[Mn;3C04/3Niy3]0,.

sample shows distinct in-plane reflections of (10) and
(11) at 26 = 36.5° and 65.6°, respectively. The restora-
tion of these in-plane peaks after the reassembling of
the exfoliated nanosheets provided strong evidence for
the preservation of the hexagonal atomic arrangement
of the [Mn;3Co43Niy3]0, nanosheets. Elemental analy-
sis clearly demonstrates negligible change in the rela-
tive contents of Mn, Co, and Ni after exfoliation.

We have probed the optical property of the colloi-
dal suspension of exfoliated manganese cobalt nickel
oxide using ultraviolet—visible, or UV—vis spectros-
copy. In Figure 5, the UV—vis spectra of the pure colloi-
dal suspension of [Mn;,3C0o;,3Ni;3]10, nanosheets dis-
play two distinct absorption peaks. We attribute the
peak at ~354 nm to the overlap of the d—d transitions
of manganese and nickel ions in the octahedral site,
whereas the other peak, at ~480 nm, corresponds to
that of octahedral cobalt ions.'”627%* The distinct ab-
sorption peaks contrast with the featureless spectrum
of the protonated Li[Mn;;3Co4/3Ni/3]0,. Since the proto-
nated metal oxide possesses metallic band structure
without the opening of bandgap, this material can ab-
sorb all the wavelength region of ultraviolet and visible
light, leading to the featureless UV —vis spectrum.
Hence, the appearance of the distinct absorption peaks
after the exfoliation provides strong evidence for the
transformation of metallic solids into molecule-like
nanosheets. Such a remarkable change in the optical
property of pristine material upon the exfoliation was
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already reported for other layered metal oxides like lay-
ered manganese oxide.'”?2 The absorbance at 354 and
480 nm is linearly proportional to the concentration of
colloidal particles, strongly suggesting no agglomera-
tion of exfoliated nanosheets in the given concentra-
tion range."*'” From the present UV—vis results, the re-
spective molar absorption coefficients at 354 and 480
nm were determined as 4.05 X 10° and 3.48 X 10°
mol~'dm3cm™.,

LBL Deposition of Heterolayer Film with Polycations. We
have studied the surface charges of manganese cobalt
nickel oxide colloidal particles with zeta potential mea-
surement (see Supporting Information). Zeta potential
measurements indicated that [Mn;/,3Co4/3Ni; 3]0,
nanosheets have a negative surface charge with the po-
tential of —68 mV. In light of this data, we fabricated
poly(diallyldimethlammonium)-conjugated, or PDDA-
conjugated, hybrid film through successive LBL coat-
ings of the colloidal nanosheets and PDDA.

We have probed the stacking structure of the coated
films using powder XRD analysis. As shown in the left
panel of Figure 6, the coated films with a larger num-
ber of multilayers showed a distinct (001) reflection at
low angle side, indicating the layer-by-layer ordered
stacking of manganese cobalt nickel oxide crystallites
and PDDA polymers. The observed XRD feature is quite
similar to that of the previously reported MnO,/PDDA
heterolayered film.%> As the number of layers increased,
the color of the glass substrate changed to a dark-
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Figure 6. (Left) Powder XRD patterns and (right) UV—vis spectra/schematic model of the conjugated films of
[Mn;/3Co4/3Ni;3]0,—PDDA with (a) 1, (b) 5, (c) 10, and (d) 15 layers.
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brown, the color of colloidal suspension (see Support-
ing Information). As shown in the UV—vis spectra of the
right panel of Figure 6, the obtained hybrid film exhib-
its the characteristic absorption peaks of a colloidal sus-
pension, which contrasts sharply with the featureless
spectrum of the protonated Li[Mn;;3C0,,3Ni;/3]0,. Even
with slight peak shifts because of the interaction with
polycations, the observation of distinct absorption
peaks for the hybrid film makes it clear that the unila-
mellar nanosheets are intact after interstratification
with PDDA.

As described in the introduction section, the exfoli-
ated nanosheets can be used as useful building blocks
for novel superstructured or composited materials with
expanded surface area such as organic—inorganic
nanocomposites, hollow sphere, porous assembly,
etc.%772 We expected that these novel materials syn-
thesized with exfoliated nanosheets can be used as ef-
fective electrode materials for supercapacitors or Li*-
ion secondary batteries.® 72 On the basis of this
expectation, we tried to hybridize [Mn;;3C0o;3Ni;/3]0,
nanosheets with polyaniline (PANI) via the in situ
polymerization of aniline in the colloidal suspension of
[Mn;3C013Ni13]0,. The preliminary electrochemistry
test clearly demonstrated that the obtained

METHODS

Preparation. The pristine Li[Mn;,3Co4,3Ni3]0, compound was
synthesized by the following procedure: first the precursor
[Mn;/3C013Ni; 3]0, was prepared by the sol—gel method using
citric acid as a polymeric agent. That is, a stoichiometric amount
of Mn, Co, and Ni acetate salts (cationic molar ratio of Mn:Co:Ni
= 1:1:1) were dissolved in an aqueous solution of citric acid. The
obtained solution was slowly heated up to 80 °C to evaporate
water. During heat-treatment, the solution pH was maintained
to ~6. The resulting power was sintered at 400 °C, leading to the
preparation of the precursor [Mn;3Co4/3Ni;3]0, powder. Finally
the obtained precursor powder was mixed with Li,CO; and then
sintered at 900 °C, leading to the synthesis of single phase
Li[lMn,,3C0;3Ni; 3]0, material. Proton exchange for the pristine
compound was done by the reaction between the
Li[Mn1/3Co4/3Niy3]0, sample (1 g) and 1T M aqueous HCl solution
(100 cm?) at room temperature. During the proton exchange re-
action, the HCl solution was replaced with a fresh one every-
day. The exfoliation of this metal oxide was achieved by react-
ing the protonated material (0.5 g) with 100 cm? of an aqueous
tetramethylammonium hydroxide (TMA - OH) solution for more
than 2 weeks. To investigate the effect of TMA* concentration on
exfoliation efficiency, we have carried out the reactions be-
tween TMA™ and the protonated metal oxide with various
TMA*/H* ratio of 0.1—100.

Fabrication of LBL Hybrid Films. For the fabrication of LBL hybrid
film composed of [Mn;/3C04/3Niy3]0; nanosheets and polyca-
tions, the quartz slide glass was used as solid substrate. Prior to
the film deposition, the substrate was washed according to the
procedure reported previously.>® Then, the substrate was pre-
coated by immersing it in an aqueous solution of polyethylene-
imine (PEI, 2.5 g cm ) at pH ~ 9.0 for 20 min to create the posi-
tively charged surface of substrate. After being washed with
distilled water, the PEI-primed substrate was dipped into the col-
loidal suspension of exfoliated nanosheets (0.05 g dm~3) for 20
min, followed by washing with distilled water. Then, the PEI/
nanosheets-coated substrate was dipped into aqueous solution

0
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PANI-[Mn;/3Co4,3Ni; 3]0, nanocomposite shows much
larger capacitance by more than five times than the
pristine metal oxide. This result clearly demonstrated
the usefulness of exfoliated nanosheets in developing
new efficient electrode materials applicable for
supercapacitor.

CONCLUSION

We successfully prepared unilamellar nanosheets
of layered [Mn;,3Co1,3Ni;3]0, and synthesized its
polymer-conjugated LBL film. The exfoliation of lay-
ered manganese cobalt nickel oxide into individual
[Mn,,3C04,3Ni; 310, monolayers with a thickness of
<1 nm was confirmed with AFM, HR-TEM, and
UV—vis. The results of our SAED analyses clearly
demonstrated that the hexagonal in-plane structure
of the layered manganese cobalt nickel oxide is well
maintained before and after the protonation and ex-
foliation processes. Also, we fabricated heterolay-
ered films of manganese cobalt nickel oxide and
PDDA through a successive coating of colloidal sus-
pension and polycations. The present multicompo-
nent metal oxide nanosheets are potentially very
useful as building blocks for hierarchically as-
sembled superstructures and films of lithium interca-
lation electrodes.

of polydiallyldimethylammonium (PDDA, 2.5 g cm~3) for 20
min, followed by washing with distilled water. This stepwise
coating process with exfoliated nanosheets and PDDA was re-
peatedly conducted. After the completion of successive coating,
the obtained multilayer hybrid film was washed with distilled
water and dried.

Characterization. The chemical compositions of the present
samples were determined using AES-ICP (PerkinElmer, Optima-
4300 DV). The thermal behavior of the protonated manganese
cobalt nickel oxide was examined with TG-DTA (PerkinElmer,
Pyris) under nitrogen atmosphere at the rate of 5 °C/min. To de-
termine the average oxidation state of component metal ions
in the samples, we have carried out the iodometric redox titra-
tion, as reported by previous literature.> Typically, an accurately
weighed sample (ca. 35 mg) of the protonated manganese co-
balt nickel oxide was dissolved in mixed solution of 6 M HCl (ca.
100 mL) and excess Kl (ca. 3 g). Generated neutral iodine (I,) in
the solution was titrated with standardized sodium thiosulfate
(Na,S,0s) solution (ca. 0.012 M). The crystal structures of the
present materials were studied by powder XRD measurement us-
ing a Rigaku diffractometer with Ni-filtered Cu Ka radiation (A
= 1.5418 A) and a graphite diffracted beam monochromator. We
used UV—vis spectroscopy to study the optical property of the
colloidal suspensions. UV—vis spectra were measured with a
Perkin-Elmer Lambda 35 spectrometer. For a solid sample, the
diffuse reflectance UV—vis spectrum was obtained with an inte-
grating sphere, using BaSO, as a reference. The crystallite shape
and crystal structure of the protonated Li[Mn,;3Co;,3Ni;3]0, and
its exfoliated nanosheets were probed by performing HR-TEM/
SAED measurements with a Jeol JEM-2100F microscope at an ac-
celerating voltage of 200 kV. We probed the thickness and crys-
tallite dimension of the exfoliated [Mn,,3Co,,3Ni;,3]0O, nanosheets
by using AFM (PSIA, XE-100). For AFM analysis, the exfoliated
nanosheets were adsorbed onto a mica substrate coated with
PEI, as reported previously.'” A zeta potential of the colloidal sus-
pension of the exfoliated [Mn;,3Co1,3Ni;,3]O, nanosheets was
measured with the Zetasizer Nano ZS (Malvern Instruments).
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The diluted colloidal suspension was kept at 25 °C and started
to circulate into the zeta cell. After stabilization for 35 min, the
zeta potential of the exfoliated [Mn,3Co,3Ni;,3]0, nanosheets
was measured.
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