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ABSTRACT: The hybridizations of functional microspheres
with graphene or graphene oxide (GO) sheets often suffer
from severe agglomeration behaviors, leading to poor water
dispersity of the resultant composite materials. Here, we first
demonstrate that the sonication-assisted self-assembly of tiny
GO sheets (whose lateral size less than 200 nm) on
microspheric substrates like cationic polyelectrolyte-modified
SiO, microspheres could effectively overcome such a common
drawback. On the basis of this facile strategy, we further
developed reduced graphene oxide/silver nanoparticle compo-
site film wrapped SiO, microspheres, which not only possessed
unique raspberrylike structure and high aqueous dispersity but
also exhibited exceptional catalytic activity toward the
reduction of 4-nitrophenol.
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S ince its discovery, graphene, a single-atom-thick planar
sheet of graphite, has emerged as a promising nanomaterial
because of its unique two-dimensional honeycomb structure
and remarkable physicochemical properties, such as splendid
charge mobility, high thermal conductivity, great mechanical
strength, and huge surface area."” As a consequence, various
graphene-based composite materials have been extensively
explored and applied to lots of important fields like catalysis,
sensing, energy storage, drug delivery, and so on.>™” However,
most of them were generally fabricated by introducing diverse
nanoparticles (including noble metal, metal oxide, metal sulfide,
and polymer nanoparticles) onto the surface of graphene oxide
(GO) sheets, followed by the reduction of GO component to
reduced graphene oxide (RGO).>~” In this manner, GO sheets
were utilized as supports and the functional nanoparticles were
deposited or grown as guest substances, resulting in unitarily
structural and morphological characteristics of the final RGO/
nanoparticle composite materials.® By contrast, reports
regarding the self-assembly of GO or RGO sheets onto a
certain scaffold to synthesize GO- and RGO-based composite
materials are relatively limited. Recently, a series of GO- and
RGO-based multilayer films as well as paper-like GO- and
RGO-based composite materials have been commendably
prepared based on self-assembly of GO or RGO sheets onto
bulk solid supports like glass plate, plastic slice and silicon
wafer.”~"> Obviously, these substrates used for depositing GO
and RGO sheets are flat and smooth, which are not beneficial
for constructing morphologically complicated GO- and RGO-
based composite materials. Therefore, to acquire high-perform-
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ance GO- and RGO-based composite materials with unique
structures, self-assembly of GO or RGO sheets at nonplanar
interfaces seems to be a facile and feasible choice. Previously, by
mixing aqueous suspensions of GO sheets with those of
surface-aminated TiO,, CdS and Co;0, microspheres
respectively, these microspheric substances were wrapped
with GO sheets, leading to the formation of TiO,/GO, CdS/
GO, and Co0;0,/GO composite microspheres, which were
successively converted into TiO,/RGO, CdS/RGO and
C0;0,/RGO composite microspheres after hydrothermal or
chemical reduction of the outer GO component to RGO."”~"
In a similar way, positively charged polymer microspheres were
also modified with negatively charged GO and RGO sheets
through electrostatic interaction, thus achieving the preparation
of polymer/GO and polymer/RGO composite micro-
spheres.'®'” Unfortunately, the GO or RGO suspensions
adopted in these systems contained plenty of large GO or RGO
sheets with lateral size exceeding a few micrometers. That
means the area of a single large GO or RGO sheet is much
greater than that of one microsphere, and an individual
micrometer-sized GO or RGO sheet is able to capture many
microspheres. As a result, the synthesized GO- and RGO-
containing composite microspheres were linked together by
GO and RGO sheets, respectively, bringing about serious
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aggregation phenomena.'®™** It is assumed that such poor

dispersity may be harmful to their further functionalization and
severely restricted their application potential. Hence, how to
overcome the agglomeration behaviors during the hybridization
process of GO or RGO sheets with the nonplanar substrates
and how to promote the dispersity of the resultant GO- and
RGO-based composite materials remain to be solved.

As we know, sonication is a useful tool for dispersing samples
and preventing aggregation, and according to the above
analysis, narrowing the lateral sizes of GO and RGO sheets is
also likely to ease the degree of aggregation behaviors during
their self-assembly process. Consequently, assembling small
GO or RGO sheets on nonplanar supports with the aid of
intense sonication would effectively circumvent aggregation
phenomena and enable us to obtain highly water-dispersible
GO- and RGO-based composite materials with distinct
morphologies and properties. Inspired by this idea, herein,
sonication-assisted self-assembly of tiny GO sheets (whose
lateral size less than 200 nm) on microspheric substrates like
cationic polyelectrolyte-modified SiO, microspheres was first
realized, yielding uniform GO thin layer coated SiO, micro-
spheres (Figure 1), which were exempted from the cross-
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Figure 1. Schematic illustration of the fabrication of RGO/AgNP film
wrapped SiO, microspheres.
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linking by GO sheets and thus possessed outstanding aqueous
dispersity. By in situ synthesis of silver nanoparticles (AgNPs)
on such GO wrapped SiO, microspheres, followed by chemical
reduction of the incorporated GO component to RGO,
raspberrylike RGO/AgNP film wrapped SiO, microspheres
were further developed (Figure 1), which featured excellent
water dispersity as well and rendered exceptional catalytic
activity toward the reduction reaction of 4-nitrophenol by
NaBH,.

The monodisperse SiO, microspheres with diameter of ~280
nm (Figure 2a and Figure SI in the Supporting Information)
were synthesized by hydrolyzing tetraethyl orthosilicate
(TEOS) in an alcoholic medium in the presence of water
and ammonia employing a modified Stober method (see the
Supporting Information for experimental details).'®'” The as-
prepared SiO, microspheres were negatively charged with the
zeta potential of —46.5 mV, and they were subsequently
positively charged with a cationic polyelectrolyte poly-
(diallyldimethylammonium) chloride (PDDA) (see the Sup-
porting Information for experimental details). The zeta
potentials of the resultant PDDA-modified SiO, microspheres
and the tiny GO sheets (whose lateral sizes less than 200 nm)
(Figure S2a,b in the Supporting Information) were 22.4 mV
and —45.1 mV, respectively, suggesting that they were
oppositely charged. Therefore, the tiny GO sheets were capable
of self-assembling on the surface of the PDDA-modified SiO,
microspheres through electrostatic interaction under violent
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Figure 2. (a) Scanning electron microscopy (SEM) image of pure
SiO, microspheres, showing smooth surface. (b) SEM image of GO
wrapped SiO, microspheres (i.e., SiO,@GO composite microspheres),
displaying relative rough surface. (c) Transmission electron micros-
copy (TEM) image of SiO,@GO composite microspheres. (d) TEM
image of the morphological details of the boxed area in (c); the inset is
the photograph of an aqueous suspension of SiO,@GO composite
microspheres after standing overnight, demonstrating the excellent
water dispersity. (e) Representative high-resolution TEM (HRTEM)
image of a SiO,@GO composite microsphere. (f—~h) SEM images of
GO wrapped SiO, microspheres synthesized using tiny GO sheets
under vigorous stirring, using tiny GO sheets under low-intensity
sonication (50 W), and using micrometer-sized GO sheets under
intense sonication (160 W), respectively.

sonication (160 W) (see the Supporting Information for
experimental details)."> As envisioned, the surface charge of the
resultant composite microspheres was negative with the zeta
potential of —43.8 mV, indicating the formation of GO
wrapped SiO, microspheres (denoted as SiO,@GO). It is
noted that the GO and RGO components incorporated in the
currently developed composite microspheres are derived from
the tiny GO sheets unless otherwise specified. The sonication-
assisted self-assembly process is very rapid so that it could be
completed within 20 min and the content of the GO
component deposited on SiO,@GO composite microspheres
is 1.45% by weight as revealed by UV—vis spectroscopy (Figure
S3 in the Supporting Information).

Figure 2b and Figure S4 in the Supporting Information show
SEM images of the SiO,@GO composite microspheres, whose
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sizes are almost the same as those of pure SiO, microspheres.
Nevertheless, compared with the smooth spherical surface of
SiO, microspheres (Figure 2a), a little external surface
roughness is observed for the SiO,@GO composite micro-
spheres (Figure 2b), which should be ascribed to the deposition
of tiny GO sheets on their surface. Careful TEM examinations
of the SiO,@GO composite microspheres were also conducted.
As can be clearly seen in Figure 2c—e, a uniform thin layer with
thickness of ~6 nm is seamlessly coated on a microspheric
substrate, further demonstrating the successful self-assembly of
tiny GO sheets on SiO, microspheres. Unlike the previously
reported GO-wrapped microspheres, which were short of
enough water dispersity,">~"” the dried SiO0,@GO composite
microspheres were easily redispersed in water, and the resultant
brown suspension remained rather homogeneous even after
standing overnight (inset of Figure 2d). Undoubtedly, such
superior aqueous dispersity of SiO,@GO composite micro-
spheres should be attributed to freeing from cross-linking by
GO sheets as verified by SEM and TEM inspections (Figure 2b,
c and Figure S$4 in the Supporting Information). As control, the
hybridizations of tiny GO sheets with PDDA-modified SiO,
microspheres under vigorous stirring or low-intensity soni-
cation (50 W) and the hybridization of micrometer-sized GO
sheets (Figure S2c, d in the Supporting Information) with
PDDA-modified SiO, microspheres under intense sonication
(160 W) were carried out as well. However, a number of GO
linkages are found between the neighboring GO wrapped SiO,
microspheres (Figure 2f—h), leading to their relatively poor
water dispersity and causing the significant aggregation or
sedimentation behaviors of their aqueous suspensions after
setting overnight (Figure SS in the Supporting Information).
Accordingly, both continuously intense sonication and tiny
sizes of GO sheets are crucial for prohibiting the common
agglomeration phenomena during the hybridizations of GO
with microspheric substrates, and are helpful for promoting the
water dispersity of the resultant GO wrapped composite
microspheres.

To functionalize the GO wrapped SiO, microspheres, we
took advantage of the intrinsic reductivity of GO, which derived
from its phenol-like moieties.”® By heating treatment of an
aqueous solution of Ag(NH;),OH in the presence of SiO,@
GO composite microspheres, numerous AgNPs were in situ
synthesized on their surface because of the reducing effect of
the outer GO layer toward such silver—ammonia complex,
thereby yielding GO/AgNP composite film wrapped SiO,
microspheres (denoted as SiO,@GO@AgNPs) (see the
Supporting Information for experimental details). Previous
reports demonstrate that hydrazine is an effective reducing
agent for the reduction of free GO sheets to RGO."”***" That
is the same case for the immobilized GO sheets deposited on
SiO,@GO composite microspheres. As shown in Figure 3a, the
aqueous suspension of SiO,@GO composite microspheres
gives an absorption band at 230 nm in its UV—vis spectrum
(black curve), corresponding to 7 — 7z* transition of aromatic
C=C bonds in the immobilized GO sheets,**~** whereas it
shifts to 260 nm (red curve) accompanied by the color
transition of the aqueous suspension of SiO,@GO composite
microspheres from brown to black after heating treatment with
hydrazine (Figure S6 in the Supporting Information). Such
spectral change and color transition manifest that the deposited
GO layer was reduced to RGO by hydrazine,”*~** thus yielding
RGO-wrapped SiO, microspheres (denoted as SiO,@RGO).
Therefore, chemical reduction of the GO component
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Figure 3. (a) UV—vis spectra of aqueous suspensions of SiO,@GO
(black curve), SiO,@RGO (red curve), and SiO,@RGO@AgNP (blue
curve) composite microspheres. (b, c) High-resolution XPS spectra of
C 1s regions of SiO,@GO@AgNP and SiO,@RGO@AgNP micro-
spheres, respectively.

incorporated in SiO,@GO@AgNP composite microspheres
with hydrazine was performed to render RGO/AgNP
composite film wrapped SiO, microspheres (denoted as
SiO,@RGO@AgNPs) (see the Supporting Information for
experimental details). Figure 3b, c show the high-resolution X-
ray photoelectron spectra (XPS) of C 1s regions of SiO,@
GO@AgNP and SiO,@RGO@AgNP composite microspheres,
respectively. The former demonstrates the abundance of
various oxygen-containing functional groups of the GO
component, like C—OH (286.5 eV), C—O—C (286.7 eV),
C=0 (286.7 ¢V) and HO—C=0 (289.2 eV)."*** In sharp
contrast, the latter shows that the oxygen-containing functional
groups are efficiently removed from SiO,@RGO@AgNP
composite microspheres.*** Consequently, the GO compo-
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nent within SiO,@GO@AgNP composite was indeed reduced
to RGO by hydrazine as well. In addition, the UV—vis spectrum
of the aqueous dispersion of SiO,@RGO@AgNP composite
microspheres exhibits two absorption band (Figure 3a, blue
curve). One is the RGO absorption band centered at 260 nm,
and the other is located at 410 nm, which should arise from the
surface Elasmon resonance (SPR) absorption of the deposited
AgNPs.*** The high-resolution XPS spectrum of Ag 3d
regions of SiO,@RGO@AgNP composite microspheres
(Figure S7 in the Supporting Information) reveals a
representative curve for Ag 3d doublets with the binding
energy of Ag 3d;/, centered at 374 eV and the binding energy
of Ag 3ds,, centered at 368 eV. Such doublet splitting of 6 eV
indicates the zero oxidation state of the deposited AgNPs.”>**

Figure 4 is a group of SEM and TEM images of SiO,@
RGO@AgNP microspheres, displaying a unique raspberrylike

00 nm
G otk

Figure 4. (a, b) SEM images of RGO/AgNP film wrapped SiO,
microspheres (i.e., SI0,@RGO@AgNP microspheres) at low and high
magnifications, respectively; inset in a is the photograph of an aqueous
suspension of SiO,@RGO@AgNP microspheres after standing
overnight, exhibiting the excellent water dispersity as well. (c, d)
TEM images of SiO,@RGO@AgNP microspheres at low and high
magnifications, respectively; inset in ¢ is the HRTEM image of an
individual AgNP anchored a SiO,@RGO@AgNP microsphere,
showing its (111) lattice plane.

structure with lots of AgNPs well-distributed on their surface.
As expected, the raspberrylike shape of SiO,@RGO@AgNP
microspheres is consistent with that of SiO,@GO@AgNP
microspheres (Figure S8 in the Supporting Information),
implying that no significant morphological change took place
after the hydrazine-involved reduction process. The diameters
of the deposited AgNPs range from several nanometers to
several tens of nanometers, and such polydisperse size
distribution accounts for the broadness of their SPR absorption
band as shown in Figure 3a (blue curve).*** Inset of Figure 4c
presents a HRTEM micrograph of an individual AgNP
anchored on a SiO,@RGO@AgNP microsphere, where the
crystal lattice of the AgNP is clearly visible and the measured
lattice fringe spacing of 0.236 nm corresponds to its (111)
crystal plane.”® Additionally, The Ag content in SiO,@RGO@
AgNP microspheres is 4% by weight as revealed by atomic
absorption spectroscopic (AAS) measurement. Similar to
SiO,@GO composite microspheres, the dried SiO,@RGO@

AgNP microspheres can also be readily redispersed in water to
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form a homogeneous red suspension (inset of Figure 4a),
which was so stable that no evident precipitate appeared after
setting overnight, displaying highly water-dispersible perform-
ance. As control, the morphology and water dispersity of the
RGO/AgNP film wrapped SiO, microspheres synthesized using
micrometer-sized GO sheets were investigated as well. As
shown in Figure S9 in the Supporting Information, cross-
linkages remain to be observed between the neighboring
composite microspheres, which contribute to the sedimentation
behavior of their aqueous suspension to a large extent. These
results once again demonstrate the importance of tiny GO
sheets for the fabrication of highly water-dispersible GO- and
RGO-based hybrid materials developed in the current system.

The catalytic activities of the surface-decorated SiO,
microspheres were evaluated employing the reduction reaction
of 4-nitrophenol (4-NP) by excessive amount of NaBH, and
the process of which was monitored by UV—vis spectrometry
(see the Supporting Information for experimental details). As
shown in Figure S10 in the Supporting Information, the initial
aqueous solution of 4-NP gives a characteristic peak centered at
317 nm, while it shifts to 400 nm upon addition of NaBH,
owing to the formation of 4-nitrophenolate ions.>® Because of
the presence of kinetic barrier, this reduction reaction did not
occur spontaneously without a necessary catalyst (Figure S10 in
the Supporting Information).”**** By introducing SiO,@
RGO@AgNP or SiO,@GO@AgNP microspheres to the
reaction mixture, the peak at 400 nm dropped gradually as
the reaction proceeded, and a new peak centered at 300 nm
appeared (Figure Sa and Figure S11 in the Supporting
Information), which was assi%ned to 4-aminophenol, the
reduction product of 4-NP.>**** Figure Sb presents the plots
of In(A/A,) as a function of time (t), where A, and A,
correspond to the original absorbance of reaction mixture at
400 nm and its absorbance at 400 nm at time f, respectively.
Linear correlation is commendably fitted in each case,
indicating the pseudo-first order kinetics for the catalytic
reduction reaction. According to the slopes of the fitted lines,
the apparent rate constant k can be directly determined to be
0.7 min~" for Si0,@RGO@AgNP and 0.41 min~' Si0,@GO@
AgNP microspheres, respectively. While no catalytic activity
was detected for the contrastive samples including pure SiO,
microspheres, SiO, microspheres positively charged with
PDDA as well as SiO,@GO and SiO,@RGO composite
microspheres (Figure S12 in the Supporting Information),
suggesting that the catalytic activities of the currently developed
AgNP-containing composite microspheres mainly resulted from
the deposited AgNPs. Moreover, the catalytic performance of
the RGO/AgNP film wrapped SiO, microspheres synthesized
using micrometer-sized GO sheets (denoted as SiO,@um-sized
RGO@AgNPs) were also surveyed (Figure Sb and Figure S13
in the Supporting Information), and the corresponding
apparent rate constant k was determined to be 0.38 min~’.
Remarkably, compared with SiO,@um-sized RGO@AgNP
microspheres, the SiO,@RGO@AgNP microspheres exhibit
preferable catalytic activity, which is likely due to their much
better aqueous dispersity.

To compare the catalytic activities of the currently developed
AgNP-containing composite microspheres with those of other
AgNP-based hybrid catalysts, a parameter k' is introduced,
which is defined as the ratio of the apparent rate constant k to
the concentration of the added catalyst (ie, k' = k/c). As a
consequence, the k' values for SiO,@RGO@AgNP and SiO,@
GO@AgGNP microspheres are 1400 and 820 min™' mg™' mL,
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Figure S. Catalytic performance of the currently developed AgNP-
containing composite microspheres. (a) Successive UV—vis spectra of
the reaction system for 4-NP reduction catalyzed by SiO,@RGO@
AgNP microspheres, which were recorded from the initiation of this
catalytic reaction to its end at an interval of 1 min; the initial
concentrations of the reaction mixture were 0.1 mM for 4-NP, 10 mM
for NaBH, and 0.5 ug mL™" for SiO,@RGO@AgNP microspheres.
(b) Plots of In(A,/A,) versus reaction time for catalytic reduction of 4-
NP in the presence of SiO,@RGO@AgNP microspheres (black
square), SiO,@GO@AgNP microspheres (red circle), and RGO/
AgNP film wrapped SiO, microspheres synthesized using micrometer-
sized GO sheets (denoted as SiO,@um-sized RGO@AgNPs) (blue

triangle), respectively.

respectively. In previous reports, core—shell structured Fe;O,@
C, titania, silica, and polymer microspheres have been
employed as supports to anchor AgNPs and the corresponding
Fe;0,@C@Ag, TiO,@Ag, SiO,@Ag, and polymer@Ag hybrid
microspheres were fabricated and used for the -catalytic
reduction of 4-NP by NaBH,.***®*” However, none of the k'
values for these reported AgNP-based hybrid catalysts exceed
200 min~' mg™' mL in spite of their higher loading of
AgNPs.***%*” Hence, in terms of this point, the catalytic
activities of the currently developed SiO,@RGO@AgNP and
SiO,@GO@AgNP microspheres are much stronger and they
feature more catalytic advantages. It is assumed that such
superior catalytic activities of the currently developed SiO,@
RGO@AgNP and SiO,@GO@AgNP microspheres are likely
related to the incorporated RGO and GO components. Both
RGO and GO possess charge mobility and é)rovide -7
stacking interaction with aromatic compounds.”® > As such,
on one hand, the high affinity of the deposited RGO or GO
component toward aromatic compounds enhances the
adsorption of 4-NP on the surface of SiO,@RGO@AgNP or
SiO,@GO@AgNP microspheres and thus increases the
concentration of 4-NP near the metallic catalysts;””*° on the
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other hand, as reported in the previous literature, electron
transfer from the deposited RGO or GO component to AgNPs
increases the local electron concentration, facilitating the
uptake of electrons by 4-NP molecules.”****° Obviously,
both situations could dramatically accelerate the reduction
reaction of 4-NP. Therefore, the synergistic effects between
AgNPs and the incorporated RGO or GO component, together
with the high water dispersity of SiO,@RGO@AgNP and
SiO,@GO@AGNP microspheres, should be responsible for
their outstanding catalytic performance. In addition, compared
with GO, the 7-electronic structure of RGO is more conjugated
in nature, giving rise to its preferable electronic transport
capability and z—n stacking interaction with aromatic
compounds.”® Benefiting from these superior properties of
RGO, the synergetic effect between AgNP and RGO
components within SiO,@RGO@AgNP microspheres should
be better than that between the AgNP and GO components
within Si0,@GO@AgNP microspheres. That is the reason why
SiO,@RGO@AgNP microspheres exhibited relatively stronger
catalytic activity than SiO,@GO@AgNP microspheres (Figure
Sb), despite their rather analogous structures and morphologies
(Figure 4 and Figure S8 in the Supporting Information).

In summary, the common agglomeration problems generated
during the hybridizations of GO or RGO sheets with functional
microspheres have been effectively circumvented by adopting
the currently developed methodology for sonication-assisted
self-assembly of tiny GO sheets on microspheric substrates
(e.g, PDDA-modified SiO, microspheres). Taking advantage of
this facile strategy, we further fabricated highly water-dispersible
RGO/AgNP film wrapped SiO, microspheres with unique
raspberrylike morphology, which meanwhile showed extraordi-
nary catalytic activity toward the reduction reaction of 4-
nitrophenol by NaBH,. Moreover, thanks to the convenience
and versatility of the methodology presented in this work, it is
believed that via sonication-assisted self-assembly of tiny GO
sheets on other nonplanar supports with different constituents
and morphologies, followed by functionalization with certain
active species, more and more GO- and RGO-based hybrid
materials with unique shape and reinforced properties will be
developed and find applications in many practical and
challenging fields such as catalysis, sensing, environmental
protection, and so on.
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