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ABSTRACT: We introduce a general and versatile method-
ology that allows a facile incorporation of the functional
components with completely different chemistry of hydro-
philic/hydrophobic properties within nanocomposite films,
and furthermore combine a number of the distinctive
advantages of traditional electrostatic layer-by-layer (LbL)
assembly in aqueous media and covalent LbL assembly in
nonpolar media. Our approach, amphiphilic LbL assembly, is
based on the high affinity between sulfonic (or phosphonic)
acid-functionalized materials in aqueous media and hydro-
phobic metal oxide (or metal) NPs stabilized by oleic acid
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(OA) in nonpolar solvent. For demonstrating the effectiveness of our approach, we show that amphiphilic LbL assembly can be
easily applied to the preparation of functional colloid materials allowing the reversible phase transfer between aqueous and

nonpolar media, and supercapacitor electrodes with high volumetric capacitance (280 F-cm™

at 10 mV-s™"') using reduced

graphene oxide with sulfonic acid moieties and well-defined OA—Fe;O, NPs.

1. INTRODUCTION

The convergence of organic and inorganic materials underpins
the development of novel functional materials/films that can
significantly i improve catalytlc, electrical, magnetic, and electro-
chemical properties.' >® Among the various approaches for the
preparation of polymer/inorganic nanocomposite films, layer-
by-layer (LbL) assembly is potentially the most versatile and
well-established method, enabling tailored functionalities,
thicknesses, and chemical compositions through complemen-
tary interactions between neighboring constituent
layers.">*~'>**=* T¢ date, LbL assembly has been performed
in various solvents, such as water/water,"* '° water/alcohol,*’
alcohol/alcohol,*®** alcohol/nonpolar media,> ~** nonpolar/
nonpolar,*” and mixed solvent® systems, but not water/
nonpolar media, for the incorporation of desired functional
components into the nanocomposites. The utilities, function-
alities, and performance of LbL-assembled organic/inorganic
nanoparticle (NP) films are strongly dependent on the surface
polarity of the outermost layer, the qualities (e.g., crystallinity,
size, and shape), and amount of adsorbed functional NPs as
well as functionalities of the polymers,”~>* which are central to
the success of most applications. Therefore, high-quality
inorganic NPs should be synthesized in nonpolar solvent
rather than aqueous media, and a variety of functional
components, irrespective of their hydrophobic/hydrophilic
properties, should be easily and directly incorporated into the
films.
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Recently, many research groups have reported that various
high-quality, inorganic NPs can be prepared using organic fatty
acid ligands (e.g., oleic acid (OA) linoleic acid, or palmitic acid
ligands) in nonpolar media.***® For successive LbL assembly in
connection with other organic materials, such as polymers,
these hydrophobic NPs generally require a phase transfer from
a nonpolar solvent to an aqueous medium using a ligand
exchange reaction™*® or a nanocontainer, such as block
copolymer micelles,** composed of a hydrophobic core and
hydrophilic corona shell. However, in this electrostatic LbL
approach, the electrostatic repulsion between the resulting
aqueous NPs (or the NP-incorporated nanocontainer) with the
same charges considerably reduces the packing density of each
NP layer (or nanocontainer layer), and the loading amount of
functional NPs has a strong influence on the performance of
inorganic NP-based nanocomposite films.

As another approach for incorporating hydrophobic materials
into LbL-assembled films, Kong et al. reported that water-
soluble anionic polyelectrolytes (PEs) could be grafted onto the
surfaces of hydrophobic materials via surface-initiating atom
transfer radical polymerization and that the resulting charged
PE-grafted hydrophobic components could be LbL assembled
using oppositely charged PEs in an aqueous solvent.*’
Additionally, Tetty et al. reported that the electrostatic LbL
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assembly of nonwater-soluble materials (i.e., carbon black with
a negative charge and alumina with a positive charge) was
performed with the aid of charge-inducing surfactant in
toluene.*® However, a few attempts have been made at the
LbL assembly of the well-defined hydrophobic NPs (metal or
metal oxide NPs) in nongolar media and the NH,-polymer in
polar organic media.*>' > For example, it was reported that
hydrophobic Au NPs dispersed in nonpolar media could be
LbL-assembled using an amine-functionalized polymer (ie.,
NH,-polymer).**** Our groups also reported that 2-bromo-2-
methylpropionic acid (BMPA)-stabilized NPs (i.e, BMPA—
CdSe@ZnS and BMPA—Fe;O, NPs) or OA-stabilized metal
(or transition metal oxide NPs) dispersed in toluene could be
LbL-assembled using an amine-functionalized dendrimer (i.e.,
NH,-dendrimer) in ethanol.>"****3¢ These previous ap-
proaches, despite the high loading amount of the well-defined
NPs onto the polymer layer, have a partial disadvantage in that
water-soluble/dispersible materials (i.e., PEs, biomaterials, and
electrostatically charged carbon materials) cannot be directly
LbL-assembled with a variety of high-quality, functional
inorganic metal and metal oxide NPs dispersed in nonpolar
media. This drawback can be a critical obstacle to prepare LbL-
assembled nanocomposite films that can exhibit the unique
functionalities of their hydrophilic and hydrophobic constitu-
ents. For example, in the case of preparing functional colloids
allowing for reversible dispersion in aqueous and nonpolar
media using the previously reported approach,®® additional
adsorption processes for the insertion of alcohol-soluble
hydrogen-bonding polymer layers are required, and careful
steps should be taken to prevent the colloidal aggregation
occurring during the adsorption of the hydrogen-bonding
polymer layers. Additionally, these approaches®™° have
difficulties in preparing the two-dimensional (2D)-nanosheet/
inorganic NP nanocomposite films in organic media (ie.,
alcohol, toluene or hexane) because of their poor dispersion
stability and stacking phenomena. Although it was reported that
highly dispersible graphene oxide (GO) sheets could be
prepared in organic media by introducing organic moieties
with long chains onto the surface of the GO sheet, "™ the
formed GO sheets had no interaction with the surface of the
hydrophobic NPs, such as OA-NPs, for the buildup of LbL-
assembled films. Thus, the 2D-sheet functional films, such as
GO sheet/metal oxide nanocomposites, which can be used as a
supercapacitor electrode in energy storage devices, have mainly
been prepared via electrostatic LbL assembly, thus inducing a
relatively low loading amount of metal oxide NPs.>">>

In this regard, one of the most significant challenges is
exploiting the direct assembly of electrostatically charged
materials (i.e, PEs and GO sheets) and hydrophobic NPs.
This unique LbL assembly approach could incorporate and
integrate more diverse functional materials within the nano-
composite multilayers and significantly increase the packing
density of well-defined NPs while simultaneously permitting a
wide variety of potential applications in aqueous, polar, or
nonpolar organic media.

Here, we introduce a general and versatile approach for
preparing functional nanocomposite multilayers via the
consecutive adsorption of hydrophobic metal or metal oxide
NPs stabilized by OA ligands and electrostatically charged
components onto substrates. The strategy, amphiphilic LbL
assembly using sulfonic acid (SO;”) (or phosphonic acid,
PO,*")-functionalized components, is based on the high affinity
between the surface of metal oxide (or metal) NPs in nonpolar

solvent and the SO;™ groups of PEs in aqueous solution. In this
case, OA-stabilized NPs (OA-NPs) were used as hydrophobic
metal or metal oxide NPs because it was reported that OA
ligands can be widely employed for the preparation of various
NPs, ranging from metal to binary or perovskite-type metal
oxide NPs, and that the carboxylate ions of OA ligands loosely
bound to the surface of metal or metal oxide NPs can be easily
replaced by other ligands containing a higher-affinity group
with NPs.>*%

Although hydrophilic/hydrophobic multilayers can be
prepared by a solvent medium-independent process that
includes spray-assisted LbL assembly,”” such a process should
also be based on the high affinity between two different
component layers. Otherwise, hydrophilic (or hydrophobic)
components may not be uniformly adsorbed onto a sublayer
composed of hydrophobic (or hydrophilic) components due to
unfavorable interfacial interactions and will furthermore be
easily removed by the same deposition solution. Thus, the
variety of hydrophilic/hydrophobic multilayers shown in our
approach is realized not only by process tools but also by
unique interfacial interactions.

Our approach highlights the fact that a variety of functional
components, ranging from water-soluble/dispersible materials
to hydrophobic NPs, can be easily and directly incorporated
within multilayer films without the additional surface
modification of pristine NPs or the insertion of additional
polymer layers. Another notable advantage of amphiphilic LbL
assembly is that the amount of adsorbed hydrophobic NPs can
be controlled by the ionic strength of the preadsorbed PE layer,
and their packing density is greater than 50%. These findings
imply that a variety of functional layers with extremely different
hydrophilic/hydrophobic properties can be easily integrated
into the nanocomposite multilayers, and our approach can
include the respective advantages of the aqueous and nonpolar
solvent-based LbL assemblies reported to date.

Based on the unique properties of amphiphilic LbL-assembly,
we demonstrate that our approach can be effectively applied to
the preparation of functional colloids, thus allowing for a
reversible phase transfer between aqueous and nonpolar media.
Furthermore, we demonstrate that when the (rGO—SO; /
OA—Fe;0, NP), nanocomposite films are applied to super-
capacitor electrodes, their energy density can be significantly
enhanced within the limited volume of the electrode due to the
high packing density of well-defined Fe;O, NPs.

Because a variety of OA-stabilized metal or metal oxide NPs
(e.g., OA-Fe;0,, OA-TiO,, OA—MnO, OA-Ag NPs)
dispersed in nonpolar (e.g, toluene or hexane) or polar
organic (e.g, tetrahydrofuran (THF) or chloroform) media can
be directly LbL-assembled using SO;~ or PO,>~ group-based
materials (e.g,, poly(4-sodium, styrenesulfonic acid) (PSS),
poly(vinyl phosphonic acid) (PVPA), poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), or re-
duced graphene oxide nanosheets containing SO;~ groups
(rGO—S0;7)) in aqueous media, our strategy can provide a
basis for developing and designing functional nanocomposite
films for applications, such as energy storage devices,
magnetically retrievable catalytic colloids in the petrochemical
industry, and electronic devices.

2. EXPERIMENTAL SECTION

Materials. PSS (M,, = 70 000, Aldrich) of 1 mg:-mL™" in aqueous
solution was used as an anionic polyelectrolyte. OA—Ag>® OA—
Fe;0,**” OA-MnO,*® OA-TiO, NP5, rGO—-S0,",°"** and
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rGO—NH;,* ® were prepared as previously reported by other research
groups. Additional experimental details are given in the Supporting
Information.

3. RESULTS AND DISCUSSION

In this study, OA—Fe;O, NPs with a diameter of approximately
8.6 nm were prepared in toluene and sulfonic acid function-
alized materials, including poly(sodium 4-styrenesulfonate)
(PSS), and water and were used for the buildup of LbL
nanocomposite films (Scheme 1). First, a high affinity between
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the SO;~ groups of PSS and the oxide surface of the OA—
Fe;0, NPs was demonstrated using FTIR spectroscopy. The
FTIR spectrum of PSS displayed prominent absorption peaks
originating from aromatic rings (at 1500 ecm™') and SO;”
stretching vibrations (at 1009, 1040, 1128, and 1190 cm™).
Additionally, the COO~ asymmetrical stretching peaks (1525
cm™") indicated that the OA ligands were bound to the surfaces
of the Fe;O, NPs (see Supporting Information, Figure S1).
Zhang et al. reported that COO™ asymmetrical stretching bands
appeared instead of the COOH stretching band from carboxyl
groups when the OA ligands were bound to the surfaces of
Fe,0, NPs.**%° These distinctive absorption peaks from SO~
and COO~ stretching were observed in the PSS/OA-Fe;O, NP
multilayers. As the PSS layer was further adsorbed onto the
OA—Fe;0, NP-coated film as a function of the deposition
time, the absorption peak intensity of the COO™ stretching
gradually decreased and the intensity of the —SO;™ group peak
of PSS increased (Figure la). Additionally, the alternating
deposition of PSS and OA—Fe;O, NPs produced inversely
correlated changes in the peak intensities of the SO;~ and
COO~ stretching frequencies (Figure 1b) and resultantly
induces the vertical growth of PSS/OA—Fe;O, NP multilayers
(see Supporting Information, Figure S2). These phenomena
indicate that the SO;~ groups in the PSS are adsorbed onto the
surface of Fe;0, NPs via coordination bonding after OA ligand
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Figure 1. (a) ATR-FTIR spectra of (PSS/OA—Fe;O, NP/PSS) film as
a function of the adsorption time of PSS onto the outermost OA—
Fe;O, NP layer-coated films. The relative conversion rate was
calculated by comparing the ATR-FTIR absorption peak area of the
COO™ group (at 1525 cm™") of the OA ligand and the SO, group (at
1500 cm™') of PSS as a function of PSS adsorption time. (b) ATR-
FTIR spectra of (PSS/OA—Fe;O, NP), multilayers as a function of
the bilayer number.

replacement. Yee et al. reported that the sulfonic acid groups of
various alkanesulfonic acid surfactants in organic media are
coordinately bonded with the Fe®* site at the surface of
amorphous iron oxide NPs; they therefore act as monodentate
ligands.é6 Another example was demonstrated by Kim et al,, in
which nanocomposites composed of sol—gel processed
vanadium oxide (s-VO,) and PSS formed —V—0-S0,." In
contrast, Polito et al. reported that sulfonic acid moieties of
organic compounds in organic media serve as bidentate ligands,
binding to Fe via two O atoms when they are adsorbed onto
the surface of OA-Fe;0, NPs.*® Although we do not know
exactly whether the coordination bond between the SO;~ and
Fe sites is monodentate or bidentate due to the contradictory
results reported by other research groups,®*®® in view of
polymer ligands containing a number of sulfonic acid groups, it
is clear that PSS serves as a multidentate ligand, which is
different from other organic ligands containing one sulfonic
acid (ie., alkanesulfonic acid ligand) or carboxylic acid (ie.,
oleic acid ligand) group. This multidentate ligand can provide
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Figure 2. (a) Frequency and mass change of the adsorbed OA—Fe;O, NPs as a function of ionic strength of the PSS solution. For this measurement,
the ionic strength of the PSS solution was increased from 0 to 1 M NaCl, and the adsorption time of OA—Fe;O, NPs onto the outermost PSS layer
was fixed at 45 min. (b) Frequency and mass change of PSS/OA—Fe;O, NP multilayers as a function of the layer number. The solution
concentration of 0.2 M NaCl PSS and OA—Fe;0, NP was adjusted to be 1 and 10 mg-mL™", respectively. (c) The total film thicknesses of the (PSS/
OA—Fe;04 NP),_3 <7 sna o multilayers measured from the cross-sectional SEM images. Deposition conditions were identical to those of (b). (d)
Frequency and mass change of PAH/anionic Fe;O, NP multilayers as a function of the layer number. In this case, the solution concentration of 0.2
M NaCl PAH and 0.3 M NaCl anionic Fe;O, NP were 1 and 10 mg-mL™", respectively.

enhanced coordination interactions due to the cooperative,
amplifying effect of multiple binding sites. Therefore, the ligand
exchange between PSS (multidentate ligand) and OA
(monodentate ligand) can be driven by an entropy increase
in the system and by a higher binding affinity for Fe;O, NPs
than for the OA ligand.

In line with our FTIR results, our results imply that OA
ligands loosely bound to the surface of Fe;O, NP can be
replaced by the SO;™ groups of PSS and that the polymers
containing stronger acid groups than carboxylic acid groups of
OA ligands can also have a higher affinity for iron oxide NPs
than weak acid groups, such as COO™. This possibility was
supported by the results that the water-soluble PVPA, which
has the stronger acid groups (i.e., phosphonic acid) than the
COO™ groups of OA ligands, could be LbL-assembled with
OA-Fe;0, NPs in nonpolar media (see Supporting
Information, Figure S3).

Based on these adsorption properties, the amount of OA-
Fe;O, NPs adsorbed onto the PSS layer prepared at different
ionic strengths (i.e., concentration of NaCl) and concentrations
(ie, 0.2, 0.6, and 1 mg~mL_1) was quantitatively monitored

using frequency changes measured from a quartz crystal
microbalance (QCM) coated with poly(allylamine hydro-
chloride) (PAH) (see Figure 2a).

First, the loading amount of OA—Fe;O, NPs (10 mg-mL™")
was rapidly saturated with increasing solution concentration
and the ionic strength of the PSS solution. In particular, the
—AF (or mass change, Am) of the 0 M NaCl PSS (1 mg-mL™")
and OA—Fe;0, NP (10 mg-mL™") layers were 25 + 7 (Am,
~441 ng-em™) and 67 + 13 Hz (Am, ~1183 ng-em™2),
respectively (the standard deviation of —AF was obtained from
repeated measurements of the same layer). However, when the
ionic strength of the PSS solution was increased from 0 to 0.2
M NaCl, the —AF (or Am) of each OA—Fe;O, NP and PSS
also significantly increased up to 132 + 3 Hz (Am, ~2332 ng:
cm™?) and 42 + 9 Hz (Am, ~742 ng-cm™?), respectively. A
further increase in the ionic strength of the PSS solution (1 mg-
mL™") above 02 M NaCl did not increase the adsorbed
amount of OA—Fe;0, NPs; however the adsorbed amount of
PSS increased continuously with increasing ionic strength (see
Supporting Information, Figure S4). In the case of consec-
utively depositing 0.2 M NaCl PSS and OA—Fe;O, NPs,
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regular and vertical growth of (PSS/OA—Fe;O, NPs),
multilayers was observed, as shown in Figure 2b. The thickness
of the nanocomposite films prepared using 0.2 M NaCl PSS,
which increases linearly with the bilayer number, was measured
using SEM images (Figure 2c). These results indicate that the
adsorbed amount of hydrophobic NPs dispersed in nonpolar
solvent is significantly influenced by the adsorption states of the
preadsorbed PSS as a strong PE with fixed charge densities.
More specifically, an increase in the ionic strength of PSS
changes the chain conformation from a relatively extended
structure to a loop and/or coil structure because of the decrease
in the electrostatic repulsion from the groups with the same
charged in the strong PE chains, which generates a number of
free ionic binding sites on the PSS surface.%’ Thus, this
adsorption state of the previously adsorbed PSS layer can
induce a larger amount of adsorbing OA—Fe;O, NPs in the
next layer. However, even if the PSS layer thickness (i.e.,
adsorbed amount) is increased to an ionic salt concentration
greater than 0.2 M NaCl, the hydrophobic NPs have
considerable difficulty in infiltrating deeply within the hydro-
philic PSS layer, and therefore, the OA—Fe;O, NPs are
adsorbed onto only the surface of the outermost PSS layer
without strong interdiffusion,**”%”" as observed in conven-
tional electrostatic LbL assembly. As a result, the amount of
OA—Fe;0, NPs adsorbed onto the PSS layer with an ionic
strength of 02 M NaCl reached a plateau despite further
increases in the ionic strength (see Figure 2a).

In contrast, the pH of the PSS solution has little effect on the
adsorbed quantity of PSS and OA—Fe;0, NPs because strong
polyelectrolytes with SO;™ groups have almost fixed charge
densities across a broad pH range. To confirm this
phenomenon, we investigated the number of (0.2 M NaCl
PSS/OA—Fe;O, NP), multilayers adsorbed upon increasing
the pH of a 0.2 M NaCl PSS solution from 3 to 9. The UV—vis
absorbance (at 225 nm) of the (0.2 M NaCl PSS/OA—Fe,0,
NP), multilayers prepared at a pH of 6 was almost identical to
that of the multilayers prepared from PSS at pH values of 3 and
9 (see Supporting Information, Figure SS).

The magnetic properties of the resulting (0.2 M NaCl PSS/
OA—Fe;0, NP), multilayers were also examined by super-
conducting quantum interference device magnetometry
(SQUID). These nanocomposite films based on well-defined
Fe;O, NPs exhibited typical superparamagnetic properties,
displaying reversible magnetization curves without coercivity,
remanence, or hysteresis at room temperature (see the
Supporting Information, Figure $S6).”°~"* However, at liquid
helium temperature (T = S K), the thermally activated
magnetization flipping properties of the (0.2 M NaCl PSS/
OA—Fe;0,), nanocomposite films demonstrated frustrated
superparamagnetic properties. Another notable phenomenon is
that amphiphilic LbL assembly can easily realize a high packing
density of well-defined hydrophobic NPs despite the
introduction of an electrostatically charged PE layer, as
previously noted. For more evidence demonstrating this
advantage, the packing density of 8.6 nm OA-Fe;O, NPs
adsorbed onto 0.2 M NaCl PSS layers (1 mgmL™") was
calculated using the volume size (~3.33 X 107" cm?), the mass
density (~5 g:cm™) of a single OA—Fe;O, NP, and the
number density per unit area (~1.34 X 10'> cm™?) of the OA—
Fe;O, NP array. In this case, the 2D and 3D packing densities
of OA—Fe;O, NPs per layer were calculated to be
approximately 77.8% and 52%, respectively (calculation details
are provided in Supporting Information). However, when 10

bilayered films (ie, (OA—Fe;O, NP/PSS);,/PAH-coated
QCM electrode) were thermally dried at 120 °C for $ h after
the OA—Fe;O, NP layer was deposited, the —AF (or Am) of
the multilayer was decreased slightly from 1514 + 3 Hz to 1501
+ 7 Hz. The 0.84% decrease in Am after thermal annealing is
mainly caused by the removal of residual aqueous solvents
within the PSS/PAH multilayers because toluene is more
volatile than water. As a result, the 3D and 2D packing densities
of the OA—Fe;O, NPs after eliminating residual solvent were
approximately 51.6% and 77.5%, respectively, which is nearly
identical to the packing densities of the OA—Fe;O, NP layer
before thermal anneahng and is close to the maximum 3D
packing density (= 64%)* for a randomly close-packed particle
layer. In the case of (PVPA/ OA—Fe;0, NP), multilayers, the
2D and 3D packing densities of OA—Fe;O, NPs were
calculated to be 69% and 46%, respectively (see Supporting
Information, Figure S7). On the other hand, the packing
density of electrostatic NPs per layer is typically below 30% (we
could not confirm whether the packing densmes described in
previous papers are 2D or 3D packing densities).”*””* Although
increasing the ionic strength (ie., increasing the ionic salt
concentration) or pH of the aqueous NP solution can increase
the number of NPs absorbed onto the oppositely charged layer,
a decrease in the electrostatic repulsion between NPs with the
same charge induces the aggregation of NPs in aqueous
solution and may deteriorate the quality of the nanocomposite
film.

To confirm these possibilities, OA—Fe;O, NPs dispersed in
toluene were first phase-transferred to aqueous media using
negatively charged octakis ligands. After the phase transfer, the
NaCl concentration was increased from 0 to 0.7 M in an
anionic Fe;O, NP (i.e., octakis-Fe;O, NP) aqueous solution,
and the anionic Fe;O, NPs started to aggregate above 0.3 M
NaCl (see Supporting Information, Figure S8). Therefore, to
prevent NP aggregation, 0.3 M NaCl was added to the anionic
Fe;O, NP solution, and then, they were electrostatically LbL-
assembled with cationic poly(allylamine hydrochloride) (PAH).

However, despite the addition of the ionic salt, the amount of
anionic Fe;O, NPs adsorbed in the (0.2 M NaCl PAH/0.3 M
NaCl anionic Fe;O, NP), multilayers was considerably lower
than that of the OA—Fe;O, NPs in the (PSS/OA—Fe,0, NP),
films (Figure 2d). These results imply that our approach has a
clear advantage in terms of increasing the packing density of
functional NPs compared to electrostatic LbL assembly.

To better understand the adsorption state shown in the
(PSS/OA—Fe;0, NPs), multilayers, the changes in the surface
wettability of the (PSS/OA—Fe;O, NPs), nanocomposite film
were investigated according to the alternating deposition of
anionic PSS and hydrophobic NPs (Figure 3a). The surface
wettability of the sequentially adsorbed polymer and/or NP
layers is sensitive to the chemical composition of the adsorbed
materials, the hydrophilicity of their functional groups, the level
of interpenetration of the outermost layer by segments of the
previously adsorbed layer, and the surface coverage of the
outermost layer.”” Therefore, if the hydrophobic NPs are
loosely packed onto the polymer layer and/or infiltrated into
the PE layer, all of the water contact angles measured on the
NP and polymer layers are nearly constant, without any evident
periodic oscillation. These phenomena have been observed in
electrostatic LbL-assembled polymer/ inorganic NP films based
on the dipping solution process.® However, in the case of
amphiphilic LbL assembly, the alternating deposition of anionic
PSS (containing 0.2 M NaCl) and hydrophobic NPs led to
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large periodic oscillations from 49°—53° (for PSS as a top
layer) to 102°—108° (for OA—Fe;O, NPs as a top layer) in the
water contact angle on the resulting multilayer film (Figure 3a).

These results support the notion that the densely packed
outermost OA—Fe;O, NP (or PSS) layers effectively screen
chemical and physical properties of the PSS sublayer (or OA—
Fe;0, NPs) as discussed earlier. In the case of (0 M NaCl PSS/
OA-Fe;0, NP), multilayers, the water contact angles were
periodically changed from 55°—65° (for PSS as a top layer) to
97°—103° (for OA—Fe;O, NPs as a top layer) (Figure 3b).
This decrease in the oscillations of the water contact angle
implies that the chemical and/or physical properties of the
outermost layer (i.e, PSS or OA—Fe;O, NPs) are partially
influenced by those of the sublayer due to incomplete surface
coverage.

Furthermore, these extreme changes in the surface wettability
imply that amphiphilic LbL assembly can be effectively used for
colloidal applications that require high dispersion stability in
aqueous and/or nonpolar media. To investigate these
possibilities, the (PSS/OA—Fe;O, NP), multilayers were
consecutively deposited onto SiO, colloids. As shown in Figure
4a, the solution dispersion of (PSS/OA—Fe;O, NP), multi-
layer-coated colloids in aqueous and toluene phases was
strongly dependent on the properties of the outermost layer.
The observed results not only demonstrate the LbL growth of
the PSS/OA—Fe;O, NP multilayer films but also suggest that
the dispersion stability of the colloidal nanocomposites can be
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Figure 4. (a) Photographic and SEM images of (0.2 M NaCl PSS/
OA~-Fe;0, NP), multilayer-coated cationic SiO, colloids. The bare
SiO, colloids with a diameter of about 600 nm were used for
amphiphilic LbL-assembly. (b) The size change of (0.2 M NaCl PSS/
OA—Fe;0, NP), multilayer-coated colloids with increasing bilayer
number (1). The solution concentration of 0.2 M NaCl PSS and OA—
Fe;O, NP was adjusted to be 1 and 10 mg-mL™’, respectively.

dramatically altered by the outermost layer on the nanometer
scale.

However, the amphiphilic LbL assembly exhibited a notable
difference in the amount of adsorbed functional components
between the flat and colloidal substrates. For example, the
diameter of the (PSS/OA—Fe;O, NP), multilayer-coated
colloids increased from approximately 600 to 665 nm without
any colloidal aggregation as shown in SEM images when the
bilayer number (n) of multilayers was increased from 0 to §
(Figure 4b). In this case, the thickness per bilayer deposited
onto the colloidal substrates was measured to be approximately
6.5 nm, which was much smaller than that of the PSS/OA—
Fe;O, NP bilayer obtained on the flat substrates despite using
the same solution concentrations and deposition times (ie., a
bilayer thickness of approximately 10 nm). This difference in
the bilayer thicknesses may be caused by the presence of a
relatively large amount of residual solvent adsorbed onto the
outermost layer. That is, when depositing the hydrophilic PSS
onto the colloidal substrate without a drying procedure after
the deposition and successive washing process of the
hydrophobic OA—Fe;O, NPs, the formation of a thin layer
of nonpolar (or water) solvent on the outermost OA—Fe,0,
(or PSS) layer can partially disturb the adsorption of water-

dx.doi.org/10.1021/ja509168g | J. Am. Chem. Soc. 2014, 136, 17213—17223



Journal of the American Chemical Society

(@)

-~ 01r Scan rate: 10 mV s™
£
g 0.0
£
N d
- 01F
q=, —— b5 bilayer
t —— 10 bilayer
=5 02 —— 15 bilayer
(&) —— 20 bilayer
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
Potential (V) vs. Ag/AgCI
~(©
£
O |0 (1G0-80,/0AFe0,), L
(é O (rGO-80,lcationic Fe,0,),, &
NN {rGO-NH,"IrG0-S0;),,
7
2 8
» 7
c 4 s B
8 -
7
o2 & &
o i
E i Scan rate: 10 mV s
0 . . A .
S 0 5 10 15 20
Bilayer Number (n)
Q
&
g 300

oo 1r;n 200 a;n 400 500
zZw)

(rGO-NH,'/rGO-S0,),,

(rGO-S0,/0A-Fe,0,),,

15 2.0 25 3.0

Z (kW)

(b)

e 5000 - Scanrate: 10 mV's™
S o
£
~ .5000 [
e
o
= 10000 (rGO-SO,/rGO-NH;"),,
= —— (rGO-S0,/cationic Fe;0,),,
o — (rGO-SO,/0A-Fe,0,),,
-15000 . L . L L
40 08 06 -04 02 00 02
Potential (V) vs. Ag/AgClI
0.6
— (rGO-SO,/0A-Fe,0,),,
N
g o3f
(&)
E 0.0}
E Ll
- —— 5mvVs"
c
o 08 — 10mvs"
= —— 20mvs"
= 09r —— 50mvs’
(& —— 100 mv's™
1.2 L . L L L

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential (V) vs. Ag/AgCl
(f)

‘°°k000. e 00

20

80 -
70
60

50

a0 b s s L L L
0 200 400 600 800 1000

Cycle Number

Retention of Capacity (%)
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cationic Fe;0, NP),, and the (tGO—NH;"/rGO—S0; "), electrodes at a scan rate of 10 mV-s™". (c) Total integrated charges of the (rtGO—SO;™/
OA—Fe;0, NP),_s_,, the (rGO—SO;™/cationic Fe;0, NP),, and the (rGO—NH;"/rGO—80;"),, electrodes at a scan rate of 10 mV-s™". (d) CVs
of the (rtGO—S0;7/OA—Fe;0, NP),, electrode as a function of scan rate (5 to 100 mV-s™"). (e) Nyquist plots of the (rGO—SO;”/OA—Fe;0,
NP), and (rGO—NH;"/rGO—S0;"), electrodes. Inset indicates the high-frequency region. (f) Long-cycle performance of the (rGO—SO;/OA—
Fe;0, NP),, multilayer electrode at a scan rate of 100 mV-s™". In these cases, the solution concentrations of tGO—SO;~, tGO—NH;*, OA—Fe;0,
NP, and cationic Fe;0, NP were adjusted to be approximately 0.5, 0.5, 10, and 10 mg-mL™", respectively.

soluble PSS (or toluene-dispersible OA—Fe;O, NPs) (see
Experimental Details in Supporting Information), which can
play a role in decreasing the amount of PSS and OA—Fe;0,
NPs adsorbed onto the colloidal substrates. In the case of flat
substrates, drying procedures were performed after a
deposition/washing process of the respective functional
components. Although the bilayer thickness analyzed by
dynamic light scattering (DLS) was measured to be
approximately 14.3 nm (see Supporting Information, Figure
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S9), the interpretation of DLS data may involve the interplay of
various factors such as electroviscosity, surface roughness, and
shape irregularity,®" which are believed to be responsible for the
large size differences between DLS and SEM.

Although the amphiphilic LbL assembly resulted in a
relatively low amount of functional components being adsorbed
on the colloidal substrates compared to the flat substrates, this
approach had a notable advantage for functional colloids: it
allows for reversible phase transfer. Recently, our group
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reported that a ligand exchange LbL assembly of neutral amine
(NH,)-functionalized dendrimers (NH,—dendrimer) in alcohol
and OA—Fe;0, NPs in toluene can allow for reversible phase
transfer of functional silica colloids between aqueous and
toluene phases.*® However, these colloids should be preferen-
tially dispersed in an alcohol by coating with hydrogen-bonded
layers, such as poly(acrylic acid) (PAA), before the phase
transfer from water to toluene. As a result, the previously
reported approach requires complex and careful steps for the
preparation of colloids that allow for reversible phase transfer.
Additionally, the NH,-functionalized polymers used for LbL-
assembled colloids in organic media were mainly limited to
spherical-type polymers, such as dendrimer or block copolymer
micelles, to avoid colloidal aggregation via polymer-chain-
induced bridging effects. For example, when multilayers (i..,
[poly(ethylene imine) (PEI)/OA—Fe;O, NP],) are deposited
onto SiO, colloids using a linear NH,-polymer, such as PEI
(M,, ~1800), the outermost PEI layer-coated colloids
aggregated in alcohol after the deposition of only 2 bilayers
(n = 2). In contrast, the amphiphilic LbL approach allows for
the reversible phase transfer of colloids between aqueous and
nonpolar media through a direct assembly of PE and
hydrophobic NPs without the insertion of an additional
polymer layer. Furthermore, the colloids coated with a PSS
layer were highly dispersible in aqueous media because of the
strong electrostatic repulsion among the anionic-PSS-coated
colloids. The dispersion stability of the amphiphilic LbL-
assembled colloids in aqueous and nonpolar media can be
maintained for over 1 week despite an increase in the number
of layers up to 10.

Although polymers containing SO;~ groups cannot be LbL-
assembled using tetraoctylammonium bromide (TOABr)—Au
(or, eg, ethylamine—Fe;O,, —Au, or —TiO, NPs) with a
strong affinity between the ammonium (or amine) group and
the surface of the metal (or metal oxide) NP, a variety of metal
or metal oxide NPs have been now developed using OA
Iigands,42’43’58_60 and these NPs in various organic media (see
the Supporting Information, Figure S10) can also be LbL-
assembled with various SO;™-polymers, such as semiconducting
PEDOT:PSS (see Supporting Information, Figure S11), as well
as insulating PSS (see Supporting Information, Figure S12).
Moreover, considering that a high dispersion of colloids in
different physical and chemical environments is required for
many colloidal applications, our results suggest that amphiphilic
LbL assembly could be effectively applied to the development
of functional colloids, such as magnetically retrievable catalytic
or conductive colloids used in aqueous and nonpolar media.

To further demonstrate the effectiveness and practicability of
our approach, we fabricated amphiphilic LbL-assembled
multilayer films composed of OA—Fe;O, NPs and water-
soluble rGO—S0;7%"%* instead of the SO, -functionalized
polymers (see Supporting Information, Figure S13) and
investigated the possibility that they can be used as super-
capacitor electrodes with high performance. First, the high
interaction affinity between the SO;™ groups of the rGO sheets
and OA—Fe;O, NPs could be confirmed using the phase
transfer method (see Supporting Information, Figure S14).
These phenomena show that rtGO—SO;™ dispersed in water
can be effectively LbL-assembled with OA—Fe;O0, NPs in
nonpolar media such as toluene or hexane. However, the pH-
related adsorption behavior of rGO—SO;™ containing strong
electrolyte groups is slightly different from that of PSS.
Although the pH of the PSS solution has little effect on the

amount of PSS and next layer components (i.e., OA-Fe;O, NP)
adsorbed onto the amphiphilic LbL-assembled PSS/OA—Fe;0,
NP multilayers, the pH of the rGO—SO;~ solution in the
rGO—-S0;7/OA—Fe;0, NP multilayer system does exert a
slight influence on the amount of rGO—SO;~ and OA—Fe;0,
NPs adsorbed. rGO—SO;~, which is prepared through
sulfonation with the aryl diazonium salt of sulfanilic acid,®!
still contains unsulfonated groups, such as carboxylic acid or
hydroxyl. The presence of residual carboxylic acid within the
rGO—S0;™ can easily be detected by FTIR. As shown in the
Supporting Information (Figure S15a), the absorbance peaks at
1416 and 1720 cm™' in the FTIR spectrum of rGO—SO;~
represent the symmetrical stretching of carboxylate (—COO™)
and the C=0 stretching peak of carboxylic acid (—COOH)
groups, respectively. In this case, the symmetrical stretching
peak of the —COO™ group was investigated because the
asymmetric stretching peak at 1520 cm™ overlapped with the
broad graphene domain peak at 1600 cm™. The charge density
of rtGO—SO;~ was additionally increased due to the conversion
from uncharged to charged carboxylic acid groups upon
increasing the solution pH from 3 to 9, which affected the
amounts of rGO—SO;7, and the next layer of OA—Fe;0, NPs
adsorbed (see Supporting Information, Figure S15b).

Figure Sa displays the bilayer number (or film thickness)-
dependent cyclic voltammetry (CV) data of (rGO—SO;~/OA—
Fe;0, NP), electrodes in 0.1 M Na,SO; at a scan rate of 10
mV-s~". In this case, the thickness per bilayer was measured to
be approximately 7.1 nm (see the Supporting Information,
Figure S16), and the geometric current (mA-cm™2) was found
to increase with an increasing bilayer number of multilayers.
However, the current density (mA-cm™) and the volumetric
capacitance (F-cm™) of the multilayer electrodes were almost
independent of bilayer number because the adsorbed amount
per tGO—SO; /OA—Fe;O, NP bilayer was regular (see
Supporting Information, Figure S17).

Figure Sb presents the CV data for (tGO—SO; /OA—Fe;0,
NP),o, (rGO—SO;™/cationic Fe;04 NP),,, and (rGO—SO;~/
rGO—NH;"),, electrodes at a scan rate of 10 mV-s™'. The CV
curve of the electrostatically LbL-assembled (rGO—SO;™/
rGO—NH;"),, electrode exhibited a rectangular shape with a
relatively low current level in a potential range of —0.9 to +0.1
V, which is characteristic of double-layer capacitance.®>¢*%
However, for the (rGO—SO;"/OA—Fe;O, NP),, electrode,
the lack of symmetry in the redox peak curve was mainly due to
the contribution of pseudocapacitive OA—Fe;O, NPs to the
total capacitance. As reported, the redox behavior of solution
blending-based nanocomposite electrodes composed of Fe;O,
NPs and carbon nanofibers is mainly due to the redox reactions
between the Fe' and Fe'" of the inserted Fe;O, NPs, as well as
the surface redox reactions of sulfur (in the form of sulfate and
sulfite anions) in an electrolyte solution.®>**

In this case, the volumetric current densities (in mA-cm™)
and CV curve area of the (rGO—SO, /OA—Fe;0, NP),,
electrode were higher and larger than those of the (rGO—
SO, /cationic Fe;0,),, and (rGO—SO;/rGO—NH;*),, elec-
trodes, respectively (a detailed synthetic procedure for cationic
Fe;O, NPs is given in the Supporting Information). Although
the (rGO—SO; /cationic Fe;0,), electrode also displayed
pseudocapacitive features in the CV curves, its pseudocapacitive
performance was considerably lower than that of the (rGO—
SO;7/OA—Fe;0,), electrode due to the low packing density
of the cationic Fe;O, NPs. Additionally, the total integrated
charge density (in mC-cm™2) of the (rGO—SO; /OA—Fe;0,

dx.doi.org/10.1021/ja509168g | J. Am. Chem. Soc. 2014, 136, 17213—17223



Journal of the American Chemical Society

NP), electrode increased nearly linearly with the number of
bilayers (or film thickness) of the multilayer electrodes,
implying that the total electrode capacity can be further
increased by increasing the bilayer number (Figure Sc). As a
result, the (rGO—SO;”/OA—Fe;0, NP),, (rGO-SO; 7/
cationic Fe;0, NP),, and (rGO—SO;”/rGO—NH;"),, elec-
trodes displayed volumetric capacitances of 280, 154, and 91 F-
cm™ at 10 mV-s™', respectively.

The (rGO—SO;/OA—Fe;0, NP), electrode also displayed
a good rate capability when increasing the scan rate from $ to
100 mV-s~', which suggested that these multilayers exhibited
rapid charge transfer and ion diffusion (Figure Sd). Nyquist
plots were obtained from electrochemical impedance spectros-
copy (EIS) measurement by applying an AC voltage with a
magnitude of 50 mV in a frequency range from 100 kHz to 0.1
Hz (Figure Se). In the low-frequency region, the (rGO—SO;™/
OA—-Fe;0, NP), and (rGO— NH;"/rGO-S0O;"), electrodes
displayed similar capacitive behavior, where a tendency to lie
parallel with the imaginary axis (Z”) represents an ideal
capacitor.”” However, in the extremely high-frequency region
(in the inset), the semicircle, which corresponds to the charge-
transfer resistance originating from the redox reaction of the
OA—Fe;0, NPs adsorbed onto the rGO—SO;~ nanosheets,
was observed for the (rGO—SO;~/OA—Fe;0, NP),, electrode
but not for the (rGO—NH;*/rGO—S0O; ™), electrode. Because
of the densely packed OA—Fe;O, NPs on the rGO—-SO;~
nanosheets, the intercept of the equivalent-series resistance
(ESR) (i.e., the sum of the total resistances, including the ionic
resistance of electrolyte, the electronic resistance of OA-Fe;0,
NPs, and the contact resistance of active material/current
collector) with the real axis (Z') for the (rGO—SO; /OA—
Fe;0,)y electrode (138 €) was higher than that for the
(rGO—NH;"/rGO—S0;7),, electrode (53 Q). We also
investigated the changes in the galvanostatic charge—discharge
curves of the (rGO—SO,”/OA—Fe;0, NP),, film electrodes as
the current density was increased from 1 to 6.5 A-g™' (see
Supporting Information, Figure S18a). In this case, the inclined
regions (or minor charge—discharge plateau) in the charging
potential window ranging from —0.8 to —0.6 V and the
discharging potential window ranging from —0.7 to —0.9 V
exhibited the redox reactions, which corresponded to the CV
curve redox peaks of the (rGO—SO;”/OA—Fe;0, NP),, film
electrode in Figure Sa. More specifically, at values greater than
—0.6 V, the time dependence of the potential is linear, implying
pure double-layer capacitance behavior from the charge
separation at the electrode—electrolyte interface. In contrast,
at values less than —0.6 V, the time dependence of the potential
was nonlinear due to the pseudocapacitive behavior of densely
packed OA—Fe;O, NPs within the electrodes. These
phenomena are a stark contrast to the linear time-dependent
behavior of the electrostatic (rGO—SO;~/rGO—NH;"),, film
electrode without cationic Fe;O, or OA—Fe;O, NPs (see
Supporting Information, Figure S18b). Furthermore, the long-
term cycling performance of the (rGO—SO;”/OA—Fe;0,
NP),, electrode at a scan rate of 100 mV-s™" for 1000 cycles
is shown in Figure 5f. After 1000 cycles, only a 7% loss of the
initial capacitance was observed, implying good electrochemical
stability of the electrode. Although a variety of ultrathin-film-
type supercapacitor electrodes based on carbon-based materi-
als/pseudocapacitive NPs or carbon/carbon-based materials
have been investigated by many research groups,®* ™" these
materials have mainly been prepared using the electrostatic
attractions between neighboring materials. Therefore, the
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formed electrodes exhibited relatively low mass densities of
pseudocapacitive materials due to the electrostatic charge
repulsions among the charged pseudocapacitive NPs, which
induced relatively low volumetric capacitance and operation
stability. For example, Byon et al. reported the electrostatically
LbL-assembled MWCNT/rGO thin-film electrodes with a high
volumetric capacitance of 160 F-cm™.*° Hyder et al.
demonstrated that electrostatic LbL film electrodes composed
of cationic TiO, NPs and anionic MWCNTs exhibited a
maximum capacitance of 228 + 19 F-cm™ at a scan rate of 1
mV-s~1.% Wu et al. reported chemically converted, graphene/
polyaniline nanofiber composite electrodes prepared through
ultrasonication and filtration. These composite electrodes
exhibited a volumetric capacitance of 160 F-cm™ and
maintained 71% of the initial capacitance after 800 cycles.*’”
Additionally, Liu et al. generated quasi-cubic Fe;O,@rGO
composite electrodes by an electrostatic assembly process
between cationic Fe(OH); NPs and anionic GO sheets as
supercapacitor electrodes.®® These electrodes exhibited a
specific capacitance of 216.7 F-g~' and maintained approx-
imately 85% of its initial capacitance after 1000 cycles.

In contrast, the high-energy storage performance (i.e., 280 F-
ecm™ at 10 mV-s™}, 93% retention of initial capacitance after
1000 cycles) of the (rGO— SO;~/OA—Fe;0, NP), electrodes
prepared in our approach was mainly due to the formation of a
densely packed OA—Fe;0, NP array on the rGO—SO;™ layer
with good access to the electrolyte electrons and ions

4. CONCLUSIONS

In conclusion, we successfully prepared nanocomposite multi-
layers based on a variety of hydrophobic NPs (metal or metal
oxide NPs) and hydrophilic materials using amphiphilic LbL
assembly in nonpolar and aqueous solvents. The main driving
force for the buildup of multilayers is the ligand exchange
reaction between the carboxylic acid groups of OA ligands
loosely bound to metal or metal oxide NPs in various organic
media, including nonpolar (e.g.,, toluene or hexane) or polar
organic (e.g., THF or chloroform) solvent and the strong acid
groups (ie, stronger acid groups than carboxylic acid groups),
such as SO;~ and PO;*" of hydrophilic materials, in aqueous
media. These results imply that OA-stabilized NPs can be easily
LbL-assembled with hydrophilic materials containing stronger
acid groups than the carboxylic acid groups of the OA ligands
irrespective of solvent polarity and the type of metal or metal
oxide NP. We also demonstrated that our strategy allows the
adsorption of densely packed NP arrays on SO; -based
material layers and that their packing density can be easily
controlled by the ionic strength of the preadsorbed charged
layer. These results imply that the amphiphilic LbL assembly
can exploit the major advantages of aqueous and organic
solvent-based LbL assemblies. Furthermore, our approach can
be effectively used for the fabrication of high-performance
energy storage devices from amphiphilic LbL nanocomposites
composed of rGO—SO;~ and OA—Fe;O, NPs. Because the
amphiphilic LbL assemblies can be easily incorporated into a
variety of functional materials within ultrathin films irrespective
of their hydrophilicity or hydrophobicity, we believe that our
approach can provide the basis for the design and exploitation
of various potential applications.
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