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Introduction

Graphene, a single atomic layer of a carbon network, has been
highlighted as a novel two-dimensional material because of its
unique mechanical, optical, and electrical properties."® In
addition to the various application explorations of graphene in
electronic and energy storage devices, biomedical devices, and
ultrathin membranes,”™* it also has been considered as a
promising support for heterogeneous catalysis due to its large
surface area with outstanding mechanical and electronic
transfer properties. Due to the surface abundant functionality,
graphene oxide (GO) and sulfonated graphene have been the
focus particularly as catalysis support.’** For example, Gupta
et al.*® developed a novel catalyst based on Fe@Au bimetallic
nanoparticles (NPs) involved graphene oxide. This nanocatalyst
was stable, recyclable and showed excellent catalytic activity. Liu
et al”* found that a novel york/shell Fe;O,@PDA/RGO/Pt
exhibited high electrochemical activity and stability to meth-
anol oxidation, which was attributed to the synergetic cocata-
lytic effect at the heterojunction interfaces between the Pt
nanoparticles and the support. Loh et al.>> showed a composite
made from the assembly of GO and copper-centered metal
organic framework (MOF), which showed good performance as
a tri-functional catalyst in three important electrocatalysis
reactions.

With this in mind, numerous studies have focused on the
exploration of tunable catalyst systems.>® Ballauff demonstrated
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‘exposure’ of Au NPs inside the PDMAEMA brushes via the phase transition of the grafted PDMAEMA
chain triggered by a temperature above the lower critical solution temperature (LCST) of PDMAEMA.

a thermosensitive poly(N-isopropylacrylamide) (PNIPAM)
network grafted polystyrene (PS) sphere can act as a “nano-
reactor” that can be opened or closed to a certain extent where
the catalytic activity of the silver NPs inside PNIPAAM network
can be modulated by temperature over a wide range.>* Graphene
supported nanocatalysts with smart adjustable catalytic
behavior is still extremely desirable and remains a challenge.
Recently, Fan and co-workers*® demonstrated a unique gra-
phene-based smart catalytic system which consists of the gra-
phene supported Au-Pt bimetallic nanocatalyst and a dextran-
based temperature-responsive polymer. The catalytic activities
were readily tunable based on the temperature responsibility of
the polymer. However, the metallic NPs were usually deposited
on the GO supports by adsorption, which lead to a limited
loading. To solve these problems, it is important to anchor
metallic NPs firmly on the carrier surface.

Recently, it had been demonstrated that polymer brushes
can be introduced to GO through various polymerization
method,**?® particularly, polymer brushes can be prepared even
without a surface-bound initiator by SIPGP on self-assembled
monolayers (SAMs).>*?° As a photo active site, -OH group on GO
could be initiated to grow polymer brushes by self-initiated
photografting and photopolymerization (SIPGP) from GO films
without a surface bonded initiator.** The grafted polymer
brushes could significantly improve the loading of the immo-
bilized metallic NPs, which enhance the catalytic activities.

In this paper, we report a hybrid catalysis system made of
exfoliated GO grafted by PDMAEMA brushes with a subsequent
loading of Au NPs. This unique catalytic system is prepared by
introducing PDMAEMA to GO through SIPGP,** followed by
direct co-reduction to obtain the GO@PDMAEMA/Au hybrid
system with coordinate linkages to the Au NPs. The temperature
responsibility of PDMAEMA brushes endows the hybrid catal-
ysis system with the expected thermo-sensitive catalytic
activities.

This journal is © The Royal Society of Chemistry 2014
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Experimental
Materials

All chemicals were analytical grade or of the highest purity
available. Expandable graphite was purchased from Qingdao
BCSM Co., Ltd. HAuCl,, NaBH, and 4-nitrophenol were
purchased from Sinopharm Chemical Reagent Co., Ltd. and
used as received. 2-dimethylaminoethyl methacrylate
(DMAEMA) was purchased from the Energy Chemical Company.
All other reagents were purchased from commercial sources
and used as received.

Preparation of graphene oxide aqueous solution

Graphene oxide (GO) sheets were synthesized by a modified
Hummers' method* and exfoliation of graphite oxide was
achieved by a strong ultrasonication method. The obtained
brown dispersion was then washed and centrifuged to remove
any unexfoliated graphite oxide. The final GO nanosheets with
diameter were less than 2 um, which was used for next process.

SIPGP

1 mg mL ™" of GO aqueous solution and 2 mL of monomer
(DMAEMA) were added into a tube. The tube was placed under a
UV lamp and irradiated for 40 min at room temperature. A high-
pressure mercury lamp from Jiguang Co. (Shanghai, China) was
used for SIPGP. Its wavelength ranged from 200 to 400 nm. The
distance between the reaction mixture and the light source was
10 cm. To remove the ungrafted polymer, the precipitate was
dispersed in acetone and centrifuged at 8000 rpm for three
times. The black polymer-grafted GO was collected and dried in
vacuum at 80 °C for 24 h before characterization.

GO@PDMAEMA for loading the gold NPs

The details of loading the gold NPs were as following: 50 mg of
GO@PDMAEMA were first dispersed in 10 mL of deionized
water and then 0.25 mL of 4 mM HAuCl, aqueous solution was
added. The reaction lasted for 1 h after adding 1 mL of 0.05 M
NaBH, aqueous solution dropwise under the ice water bath with
shaking. The final product was purified through washing with
water three times and dried under vacuum oven until constant
weight.

Catalytic reduction of 4-nitrophenol to 4-aminophenol in an
aqueous medium

A typical experiment for the catalytic reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) was carried out as follows:
0.1 mL of 4-NP aqueous solution (5 mM, 5 x 10”7 mol), 1.0 mL
of NaBH, (0.2 M, 2 x 10~* mol) aqueous solution and 2.0 mL of
water were mixed in a colorimetric tube. We introduced 0.05 mL
of catalyst dispersion (1.0 mg mL™") into the mixture with
gentle shaking. The bright-yellow solution faded gradually as
the catalytic reaction proceeded. The catalytic activity was
determined by a UV-vis spectrophotometer with a decrease at
400 nm in UV-vis absorbance and a simultaneous increase in
the absorption at 300 nm, indicating the formation of 4-AP.

This journal is © The Royal Society of Chemistry 2014
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Characterizations

The GO and GO@PDMAEMA were characterized by atomic force
microscopy (CSPM 5500) in tapping mode. The spring constant

of scanning probes is 40 N m~'. Fourier transform infrared
(FTIR) Spectroscopy (Nicolet 6700, Thermoscientific, USA): the
spectra were measured with a spectrometer. Absorbance spectra
were collected using a spectral resolution of 4 cm™" at room
temperature over a frequency range of 4000-500 cm™'. The
background spectra were recorded on corresponding KBr.
Thermogravimetric analysis (TGA) was carried out on a MET-
TLER TOLEDO-TGA/DSC I instrument with a heating rate of
10 °C min~ ' in flowing N, and a sample of 3-5 mg. The
morphology and size of the samples were investigated using
transmission electron microscopy (TEM, Tecnai F20 S-TWIN
(FEI), accelerating voltage of 200 kV). TEM samples were
prepared by dropping a diluted aqueous solution (5 pL) of
samples onto carbon-coated copper grids and were dried in air
for 1 h. UV-vis absorption spectra of the samples were recorded
using a Lambda 950 spectrophotometer (Perkin-Elmer).
Measurements of the solutions were taken in 3 mL quartz
cuvettes. Dynamic light scattering (DLS) analysis was performed
using a Malvern Zetasizer Nano instrument with a laser light
wavelength of 633 nm, and all data were averaged over three
measurements. X-ray Photoelectron spectrum (XPS) (AXIS
ULTRA DLD, Kratos Analytical Ltd., Manchester, UK) measure-
ments were carried out at pressures between 10~ ° and 108
mbar. All peaks are referenced to the signature of the C 1s peak
for carbon at 284.8 eV, The XPS system was equipped with a
monochromatic Al Ko source.

Results and discussion

This unique smart catalytic system was composed of graphene
supported temperature-responsive polymer and Au nano-
catalyst via the coordination of the amino groups of PDMAEMA
with gold atoms (Scheme 1). In brief, SIPGP was first used to
graft PDMAEMA from GO.*' The Au NPs were then facilely

HAuCl,
j=——-4

Reduction

Scheme 1 Schematic representation of GO@PDMAEMA/Au hybrid
system consisting of thermosensitive polymer in which Au NPs are
loaded.
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loaded onto the thermosensitive PDMAEMA brushes through in
situ reduction of HAuCl, using NaBH, as a reductant. The
thermoadjustable catalytic activity at various temperatures of
the hybrid system was finally investigated.

The preparation process of the GO@PDMAEMA/Au hybrid
system was recorded by transmission electron microscopy
(TEM). The transparent and creased GO nanosheet exhibited
mono- or few layer planar sheets (Fig. 1A). Thermal responsive
PDMAEMA with a lower critical solution temperature (LCST) at
~40 °C was subsequently grafted onto the GO by SIPGP. It is
obviously to see that GO@PDMAEMA (Fig. 1B) displayed thick
plates with dark contrast, indicating the reminiscent of the
polymeric structures on the GO nanosheet. FT-IR spectroscopy
(Fig. S1T) was also used to further confirm the successful
functionalization of the GO sheet with PDMAEMA brushes.
Owing to the incorporation of thermorsensitive PDMAEMA
component, the polymer-grafted GO sheets can be readily dis-
solved in water with the aid of moderate sonication and also
exhibit typical temperature-responsive association behavior.
The size distribution of thermoresponsive GO@PDMAEMA
from 15 to 60 °C in aqueous solution was characterized by
dynamic light scattering (DLS) (Fig. S21). It was shown that the
average size (around 2.0 pm) due to remarkable aggregation was
firstly obtained below 30 °C, but that the size decreases to 400
nm near 42 °C. The decrease of composites size can be ascribed
to the collapse of PDMAEMA upon heating. Thermogravimetric
analysis (TGA) (Fig. 1C and S37) was carried out to study the
thermal stability and the grafting density of the composites. The
GO was found to have a 70 wt% weight loss in the range of 100-
800 °C, due to the thermal decomposition of oxygen-containing
groups.’*** Pure PDMAEMA exhibited two distinct weight loss
steps: one was at a range of 150-300 °C arising from the thermal
decomposition of remaining oxygen-containing groups; the
other was at a range of 300-550 °C caused by the thermal
decomposition of polymer backbones. The GO@PDMAEMA
nanocomposite showed 87% weight loss, indicating the weight
percentage of PDMAEMA was about 17%.

The X-ray photon spectroscopy (XPS) spectrum provided
information on the type and number of different species of a
given atom in the molecules. GO and GO@PDMAEMA were
characterized by XPS (Fig. 2). For GO@PDMAEMA, there was a
peak at 399.8 eV corresponding to the N1s binding energy of
PDMAEMA chains. However, the XPS spectrum of GO didn't
show a peak at 399.8 eV, which implied that the surfaces of the
flakes of GO@PDMAEMA had been successfully functionalized
with PDMAEMA. The corresponding C1s binding energy of GO

i o 3 | ——pure PDMAEMA
100nm o 3 0 ——GO@PDMAEMA

EE )

EREE R
Temperature (C)

Fig. 1 TEM images: (A) pure GO, (B) GO@PDMAEMA and (C) TGA
spectra of (black) GO, (red) pure PDMAEMA, (blue) GO@PDMAEMA.
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Fig. 2 (a) XPS survey spectra of the GO, GO@PDMAEMA and
GO@PDMAEMA/Au and (b) Au 4f XPS spectra of smart GO@PD-
MAEMA/Au system.

and GO@PDMAEMA nanocomposite were also shown in
Fig. S4.7 The C1s XPS spectrum of GO showed binding energies
at 284.6 eV (C-C in GO), 286.3 eV(C-0), 287 eV (C=0), and
288.3 eV(O-C=0). The C1s XPS spectrum of GO@PDMAEMA
nanocomposite also showed all the energy peaks of C1s, but the
percentage of the area of the peak at 288.3 eV (O-C=O0)
increased from 0.54% to 10.88%, which also proves the grafting
of PDMAEMA chains onto the surface of GO sheets.

Au NPs were deposited onto the GO@PDMAEMA by in situ
reduction of HAuCl, using NaBH,. The abundant tertiary amino
groups of PDMAEMA brushes could serve as good linkers to
strongly interact with Au NPs. From XPS result demonstrated in
Fig. 2, the Au 4f;/, and Au 4f5,, peaks appeared at 83.9 eV and
87.6 eV, respectively, which were in accordance with the char-
acteristic peaks for the metallic Au® state, verifying again the
success of Au NPs modification on the GO@PDMAEMA. In
order to corroborate residual weight is only due to the gold
present in the samples, TGA and DTG analysis of core-shell
composites before loading Au NPs (black) and after loading Au
NPs (red) were made (Fig. S31). These two distinct weight loss
stages of GO@PDMAEMA and GO@PDMAEMA/Au between 200
and 500 °C are very similar, which illustrates that GO@PD-
MAEMA/Au hybrid system remained high thermostability.

The TEM images of GO@PDMAEMA/Au (Fig. 3A and B)
show that the tiny gold nanocolloids were well-dispersed in
the outer PDMAEMA brushes without any aggregation. A
HRTEM image of the Au NPs was presented in the right-top
inset of Fig. 3B. It showed that Au NPs were relatively uniform
with diameters around 2-3 nm and the lattice fringes with a
lattice spacing of about 0.235 nm were corresponding to the
(111) plane of face center cubic (fcc) structure of Au NPs.
Moreover, there were nearly no isolated Au nanoparticles
separately from the GO@PDMAEMA, due to the strong inter-
action between the Au NPs and GO@PDMAEMA. Elements C,
O, N and Au were found in the energy dispersive X-ray spec-
troscopy (EDX) mapping (Fig. 3C) of the GO@PDMAEMA/Au
hybrid, which confirmed that Au NPs were homogeneously
distributed in the hybrid system. To solve the overdosage of
noble metal Au and further lower the cost of catalysts,
comparison experiments of different loading of Au were also
supplemented in this work. From Fig. S5,7 we can conclude
that the optimal concentration of Au®" is 4 mM, just used in
our hybrid system.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (A and B) TEM images of GO@PDMAEMA/Au. The right-top
inset shown in (B) presents a HRTEM image of an Au NP. (C) EDX
spectrum of GO@PDMAEMA/Au. The copper peaks are from the
copper grid used as support in the measurements.

The catalytic reduction of 4-nitrophenol (4-NP) was widely
used for testing the activation of the catalyst.>>*” In this work,
the GO@PDMAEMA/Au hybrid was used as a catalyst, and
catalytic process was monitored by UV-vis spectroscopy at
different temperatures. First of all, Fig. S61 showed the UV-
visible spectra of GO, GO@PDMAEMA and GO@PDMAEMA/Au
nanocomposites. A strong peak at 230 nm was due to graphene
oxide. However, the gold plasmon band at 522 nm was a little
weak. The poor surface plasmon of the gold nanoparticles was
possibly due to the lower concentration used for the preparation
of GO@PDMAEMA/Au. It was important to mention that the
lower concentration of gold nanoparticles in the GO@PD-
MAEMA/Au nanocomposites used in this study gave the best
catalytic performance.

When the GO@PDMAEMA/Au hybrid was added into a
solution containing 4-NP and NaBH,, the color of the solution
changed from yellow green to colorless gradually (Fig. 4A),
indicating 4-NP was reduced and changed into 4-aminophenol
(4-AP). As 4-NP and 4-AP show different absorption peaks at 400
and 300 nm, respectively, we monitored the intensity of 4-NP at
400 nm to evaluate the catalytic properties of the GO@PD-
MAEMA/Au hybrid at different temperatures. Without a catalyst,
the absorption peak of 4-NP at 400 nm remained unchanged.*®
While, the absorption peak of 4-NP at 400 nm diminished with
time in the presence of GO@PDMAEMA/Au, and a new peak at
300 nm appeared due to the formation of 4-AP (Fig. 4B and C
and S77). The high activity arose from the synergistic effect of
GO and Au NPs: (1) GO had large specific surface area, which
provided much higher probability for Au NPs to touch the 4-NP
molecules; and (2) electron transfer from the GO to Au NPs

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (A) Catalytic reduction from 4-NP to 4-AP. (B) Reduction of 4-
NP in aqueous solution by the GO@PDMAEMA/Au hybrid system at
different temperatures recorded by UV-vis spectroscopy. (Asoo
represents absorbance at 400 nm) (C) reduction of 4-NP in aqueous
solution recorded by UV-vis spectroscopy every 2 min using the
GO@PDMAEMA/Au hybrid system as a catalyst at different tempera-
ture. (The absorption peak is 300 nm).

would increase the local electron concentration, greatly facili-
tating the uptake of electrons by 4-NP molecules.*

Kinetic studies at different temperatures demonstrated that
the reduction is pseudo-first-order for the loss of 4-NP. Fig. S8+
and 5A show the A,/A, and In (4,/A,) versus reaction time for the
reduction of 4-NP by GO@PDMAEMA/Au, where 4, and 4, are
the peak intensities at time ¢ and 0, respectively. The 4-NP
aqueous solution without catalyst showed a negligible catalytic
activity with a rate constant of 0.004 min *. The kinetic rate
constant is estimated from the slope to be 0.15, 0.26, 0.51, 0.39
and 0.60 min~* for 15 °C, 25 °C, 35 °C, 45 °C and 55 °C,
respectively (Fig. 5A). Fig. 5B demonstrates that the rate
constants k obtained at different temperatures do not follow the
typical Arrhenius law with constant activation energy.** Notably,
the apparent rate constants (k) at different temperatures show
an obvious turning point in the range 35-45 °C.** This expected
phenomenon is attributed to the phase transition of grafted
PDMAEMA. When environmental temperature is over their
LCST, the grafted PDMAEMA chains will undergo a hydrophilic
to hydrophobic phase transition, which results in the inclusion

RSC Adv., 2014, 4, 44480-44485 | 44483
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Fig. 5 (A) Plot of In(A;/Ao) versus reaction time for the reduction of
4-NP at four different temperatures, (B) the dependence of the
apparent rate constant on temperature. The apparent rate constants
(k) at different temperatures show an obvious turning point in the
range 35-45 °C, (C) temperature-dependent optical transmittance
of GO@PDMAEMA/Au aqueous solutions (0.5 g L™) vs. repeat times.
The testing temperature increased or decreased with the initial
temperature of 35 °C and (D) The conversion of 4-NP catalyzed by
GO@PDMAEMA/Au at different temperatures. GO@PDMAEMA/Au
composite particles consisting of thermo-sensitive core-shell
particles in which Au NPs are embedded. At high temperature (T > 40
°C), the network shrinks and the catalytic activity of the nanoparticles
is strongly affected in this state.

of the Au NPs covered by the collapsed PDMAEMA chains.
Therefore, partial catalytically active sites were shielded, and an
increased mass transfer resistance is expected. Fig. 5C shows
the temperature dependence of optical transmittance of
GO@PDMAEMA/Au. The mixture had nearly 80% transmittance
at 35 °C. After reaching 45 °C, the transmittance quickly
decreased to about 15%. Repeated change of the temperatures
around the LCST resulted in repeated changes of the trans-
mittances, as shown in Fig. 5C. It indirectly shows the dispersed
status of the same concentration of GO@PDMAEMA/Au in
aqueous solutions at 35 °C and 45 °C, respectively. That is to
say, GO@PDMAEMA/Au can be uniformly dispersed at 35 °C to
result in homogenous suspensions, but it fails to be well

1 2 3
Recycle

Fig. 6 (A) TEM image of GO@PDMAEMA/Au after the catalytic test. (B)
Reusability of GO@PDMAEMA/Au as a catalyst for the reduction of 4-
NP with NaBH,.
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dispersed at 45 °C and precipitates quickly. The reason which
leads to this phenomenon is that PDMAEMA chains become
insoluble and most likely shrink to form hydrophobic aggre-
gates on the surface of GO at high temperature.

Many previous studies have reported that the catalyst could
still catalyze the reactions at temperatures above the LCST, but
with much lower activity.*> As observed from Fig. 5D, at T <
LCST, a homogenous catalyst was found to be more effective for
catalytic reduction (35 °C, 6 min, conversion = 78%), whereas at
T > LCST, the catalyst was heterogeneous and the reduction rate
significantly decreased (45 °C, 6 min, conversion = 48%). This
suggested that the hydrophobic shell of PDMAEMA in the
GO@PDMAEMA/Au system at a temperature above the LCST
just decelerate but not stop the reactants reaching the surface of
the gold catalyst. When temperature was further increased, the
conversion at 55 °C is at about 87% in 6 min, possibly due to the
complete collapse of PDMAEMA chains, limits the diffuse of
reactants through the hydrophobic shell.*® In contrast, under
their LCST, the grafted PDMAEMA chains will become hydro-
philic, and are completely dissolved in the system, which lead to
the ‘exposure’ of encapsulated Au NPs from PDMAEMA chains.
These exposed Au NPs will enhance the catalytic capability.

The structure of GO@PDMAEMA/Au has no change after the
catalytic reaction. The Au NPs with the same size distribution
(2-3 nm) compared with the catalyst before the reaction were
uniformly supported on GO@PDMAEMA sheets (Fig. 6A), indi-
cating that the attachment between Au NPs and GO@PD-
MAEMA was sufficiently strong. The reusability of catalyst is
another important concern. In our system, the GO@PDMAEMA/
Au hybrid catalyst system was isolated from the reaction
mixture by centrifugation, and reused in the next cycle. As
shown in Fig. 6B, the GO@PDMAEMA/Au catalyst can be
successfully reused in five repeated processes with a conversion
of >95%, indicating excellent recyclability of the catalyst.

Conclusions

In conclusion, we have successfully developed a unique gra-
phene-based smart catalytic system (GO@PDMAEMA/Au) with
excellent catalytic performances for temperature adjustable
catalysis. This hybrid catalytic system is an effective catalyst for
the model reduction of 4-NP to 4-AP in aqueous solution. The
catalytic activities of the system can be readily tunable at
different temperature windows due to the thermal responsive
behavior of PDMAEMA. More work about using various external
stimuli, such as light or thermal etc. to trigger a pre-designed
special smart system for controlling the reaction rates are
carried out.
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