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Au/graphene oxide/carbon nanotube flexible catalyst
film: synthesis, characterization and its application
for catalytic reduction of 4-nitrophenol

Fan Yang,* Chunxia Wang,”* Lina Wang,* Chao Liu," Andong Feng," Xue Liu,*
Cheng Chi,” Xilai Jia,” Ligiang Zhang," Yongfeng Li*

We report a simple approach for fabricating flexible, free-standing, and catalytic film composed
of graphene oxide/carbon nanotube-Au (GO/CNT-Au) composites by using a one-pot chemical
reduction route. The catalyst film was characterized by scanning electron microscopy,
transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy,
thermogravimetric analysis and Raman spectroscopy to investigate the morphology, crystalline
structure of the composites. The layered structure of the catalyst film is porous, flexible and
exhibits excellent catalytic property in the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) reaction. This study demonstrate here for simple yet effective synthesis of catalyst film
with a number of advantages such as good strength, high stability, easy operation, and good

reusability with minimal loss of activity.

Introduction

As representatives of novel carbon nanomaterials, graphene
sheets and their tubular variants carbon nanotubes (CNTs) have
been normally used as an ideal support for the dispersion and
stabilization of metal nanoparticles, due to their large
chemically active surface, high surface to volume ratio, unique
physical properties, inherent size and stability at high
temperatures.'® Meanwhile, gold nanoparticles using in
catalysis has attracted attention due to their physical and
chemical properties and their potentially green and sustainable
catalytic properties.”” Therefore, a large number of synthetic
methods such as photolysis, electroless deposition,
electrodeposition,  chemical decoration =@-m  stacking,
electrostatic interactions, sonochemistry, microwave assisted,
plasma, adsorption, deposition-precipitation, wet impregnation,
or by other means for synthesis of Au nanoparticles on carbon
nanotubes and graphene have been developed.''* Moreover,
carbon nanomaterials supported Au nanoparticles possesses a
high stability and catalytic efficiency has been commonly
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utilized as heterogeneous catalyst in organic molecule
transformation reactions.'®'*'® In particular, the reduction of 4-
nitrophenol (4-NP) over Au nanocatalyst in the presence of
NaBH,; has been intensively investigated for the efficient
production of 4-aminophenol (4-AP).'"2! The 4-NP is highly
toxic and shows detrimental effects on human health and
environment as toxic and mutagenic substance, on the other
hand, aside from being an important intermediate in the
preparation of several analgesic and antipyretic drugs, such as
paracetamol, acetanilide and phenacetin, 4-AP has also been
applied as photograph developer, corrosion inhibitor, anti-
corrosion lubricant and hair-dyeing agent.”*?* Therefore, the
efficient production of 4-AP from reduction of 4-NP has been
intensively investigated.

Recently, large-scale production of both graphene and CNT
are being actively pursued in industry and both are now
commercially available at low cost through a chemical
oxidation and reduction process using graphite as a raw
material, and through a chemical vapour deposition method.?
However, the as-produced two-dimensional graphene and one-
dimensional CNT are usually presented in powder form, which
tend to the obvious reduction of available surface area due to
their aggregate and restack.’*?’ In order to minimize the
restacking-induced surface area loss, great efforts have been
made to design and construct innovative composites. Recently,
graphene and CNT are usually used together to build the three-
dimensional (3D) interconnected network by chemical vapour
deposition,”®3* layer-by-layer electrostatic self-assembly,*!"*
34,35 3637 spray
in situ chemical reduction

vacuum filtration,
4,38

electrophoretic assembly,
method and spin-coating metho
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method,***!  or means. The 3D

nanomaterials comprise of CNT which can hinder the self-

by other carbon
aggregation of graphene sheet and the composite of graphene
sheet can separate the CNT bundles, thus endowing the 3D
carbon composite with an ultrahigh surface-to-volume ratio.
advantages, the 3D
applied in transparent
conductive thin film, anodes for lithium ion batteries, super

Due to these significant carbon

nanomaterials have been widely

capacitors, solar cells, biomedicine, microwave absorption, and
catalysis support.**>°

Herein, we report the synthesis of flexible, robust and
catalytic film using a one-pot chemical reduction route to
decorate GO/CNT with Au nanoparticles by a mechanical
mixing method. The GO/CNT composite demonstrated here
shows several advantages: first, it is more efficient to support
the Au nanoparticles than GO and CNTs. Second, the
mechanical strength of GO/CNT is better than GO and CNT,
which can produce the flexible catalytic film. Third, the
support GO
hydrophobic CNT which can gather the organic compounds in

amphiprotic arises from hydrophilic and
the water. Fourth, the catalyst film can be recovered easily form
the reaction mixture. The catalytic performance of the
composites is investigated detailed by the reduction of 4-NP
reaction. The as-prepared GO/CNT-Au shows higher catalytic
activity than that of GO supported Au nanoparticles and CNT
supported Au nanoparticles. Moreover, the catalyst can be

reused ten times without significant loss of catalytic activity.

Experimental section

Materials

All further
purification: graphite powder (200 mesh) (Alfa Aesar, Johnson
Matthey Company); HAuCl;-4H,0O (Sinopharm Chemical
Reagent Beijing Co., Ltd); 1-methyl-2-pyrrolidone (CsHoNO)
(Aladdin Industrial Corporation); KMnO,4, H,0,,
methylene chloride (CH,Cl,), acetone, acetic ether,
tetrahydrofuran, toluene, N, N-Dimethylformamide (DMF)
(Beijing chemical works).

chemicals were used as received without

ethanol,

Preparation of graphene oxide

GO was synthesized from graphite powder according to a
modified Hummer’s method. Typically, a mixture of
concentrated H,SO,/H;PO, (60 mL: 6.6 mL) was added to a
flask containing graphite powder (500 mg) and KMnO, (3 g),
and heated to 50 °C and stirred for 12 h. After that, the reaction
was cooled down to room temperature and poured into an ice
bath (~40 mL). Then, 30% H,O, (~2.5 mL) was added drop
wise with stirring. The mixture was centrifuged and
sequentially washed with 100 mL HCI (0.04 g mL™"), deionized
water to remove residual unexfoliated graphite and oxidant
agents. The remaining solution was dialyzed for one week to
eliminate excess ions. Then, the obtained graphite oxide was
dispersed in water and subsequently ulltrasonicated (120 W, 40

2| J. Name., 2012, 00, 1-3

kHz) for 3 h to form GO. Eventually, the final product was
dried.

Preparation of GO/CNT-Au composites

In a typical synthesis of the nanohybrids, 15 mg of the as-
synthesized GO was dispersed in 50 mL deionized water to
yield yellow brown solution by ultrasonication (120 W, 40
kHz). Then 15 mg of CNTs and 100 mL 1-methyl-2-
pyrrolidinone (NMP) were added into a homogenizer to stir
vigorously for 1 h. Subsequently, the above GO aqueous was
added and stirred for 30 min to get the homogenous GO/CNT
suspension. Then, the suspension was transferred into 250 mL
round-bottom flask, to the mixture of the suspension were
added 7 mg HAuCl;-4H,O dissolved in 5 mL deionized water
with mechanical stirrer for 30 min, the 10.5 mg NaBH, aqueous
solution was added and the mixture was stirred for 3h. The
mixture was filtrated to remove the excess impurities and
washed with ethanol by a centrifuge process. The different
samples of GO/CNT can be obtained by adjusting different
weights of GO and CNT. The GO supported Au nanoparticles
and CNT supported Au nanoparticles were synthesized by the
same method. The samples with different weight fractions (1/2,
1/1, 2/1) of GO/CNT support Au nanoparticles were labelled as
G/C-Au-1, G/C-Au-2, G/C-Au-3, and the GO supported Au
nanoparticles and CNT supported Au nanoparticles were
labelled as G-Au, C-Au. The flexible catalyst film made from
free-standing GO/CNT-Au was prepared by filtrating the above
solution through nylon organic membrane filters, followed by
washing, air drying and peeling off from the filters.

Catalytic reduction of 4-NP in micro-reaction vial

In a typical catalysis reaction in micro-reaction vial, G/C-Au-2
catalyst, corresponding to a percentage of Au of 0.5 mmol%
with respect to 4-NP was used, and 14.0 mg 4-NP (0.1 mmol)
and 1.0 mg G/C-Au-2 catalyst were mixed together in 1 mL
miliQ-water then stirred for 1 min in order to mix thoroughly in
a micro-reaction vial. Subsequently, 378 mg NaBH, (10 mmol)
in 3 mL miliQ-water was added into the above solution by
vigorous magnetic stirring. After that, 10 pl of the reaction
mixture was collected and diluted to 3 ml with miliQ-water for
UV-vis measurement every 30 s. UV-vis absorption spectra
were recorded to monitor the change in the reaction mixture
over the range from 200 to 500 nm at room temperature. The
catalytic reactions performed for the conversion of 4-NP to 4-
AP using the other Au catalysts were carried out under the
same conditions. Each run of the recycling G/C-Au-2 was
carried out under identical conditions, and the reusing G/C-Au-
2 was recovered by filtering off the solution of the previous run
after finishing the reaction.

Characterization of the catalyst

The morphology and the size of the synthesized samples were
characterized by scanning electron microscopy (SEM; FEI
Quanta200F) and transmission electron microscopy (TEM, FEIL,
F20) combined with an energy dispersive X-ray spectroscopy
(EDS) at an acceleration voltage of 200 kV. X-ray diffraction

This journal is © The Royal Society of Chemistry 2012
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(XRD, Bruker D8 Advance Germany) was applied to
characterize the crystal structure of the hybrid materials, and
the data was collected on a Shimadzu XD-3A diffractometer
using Cu Ka radiation. The X-ray photoelectron spectroscopy
(XPS, Thermo Fisher K-Alpha American with an Al K a X-ray
source) was used to measure the elemental composition of
samples. Raman spectra were recorded with a Renishaw in via
confocal Raman microscope system using green (532 nm) laser
excitation. Thermogravimetric analysis (TGA) profiles were
obtained between 30 °C and 800 °C in O, using a Mettler
Toledo TGA/DSC 1 instrument. The heating rate was 10
°C/min. UV-vis absorption spectra of the samples were
recorded at room temperature on a TU-1900 apparatus.

Results and discussion

Fig. 1 shows the process flow to fabricate the GO/CNT-Au.
First, a simple mechanical mixing method is employed for
constructing the supports, consisting of integration and
dispersion in nanoscale dimensions of GO and CNTs, which
can make the composites of the support hierarchical and
porous. The GO in the designed support could reduce the
interconnection between the CNTs bundles, and the restacking
of GO sheets could be weaken due to the interspersed CNTs
existing in the intercalated of GO sheets. Moreover, the
synthesized support shows amphipathic property induced by
synergistic contributions of the hydrophilic GO and
hydrophobic CNTs. Second, a one-pot chemical reduction route
is used to prepare GO/CNT-Au. Finally, the flexible, free-
standing GO/CNT-Au film can be obtained by vacuum
filtration.
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1S). Fig. 2a shows the G/C-Au-2 film is porous and a sandwich
like structure, some CNT is exposed on the surface of the GO
sheets, and some are embedded in the inter-layers of the GO
sheets. TEM analysis for the sample obtained from the
synthesized materials reveals that the successive decrease in the
amount of GO leads to the Au aggregation phenomenon. The
result is in agreement with the decrease in the Au particle size
after addition of the GO in the support, and the mean particle
sizes of G/C-Au-1, G/C-Au-2, G/C-Au-3, G-Au and C-Au are
2.5 nm, 2.9 nm, 1.4 nm, 4.1 nm and 4.9 nm respectively, as
shown in Fig. S2 and summarized in Table S1. The high-
resolution TEM (HRTEM) image is shown in Fig. 2d, which
demonstrates the crystalline nature of Au nanoparticles, the
lattice fringe distances of 0.205 nm and 0.235 nm can be
assigned to the (200) and (111) planes of the crystalline cubic
Au, and the angle of (200) and (111) planes is 55.6° which
match well with 54.7° of the calculation value.

CNTs NMP
—— solution

GO solution

e

\ /

\ /

Catalyst film

i

== |

Au solution

Filter

Fig. 1 The synthesis process of GO/CNT-Au composites
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The structures and morphologies of the synthesized hybrid
composites are characterized by SEM and TEM (Fig. 2 and Fig.

This journal is © The Royal Society of Chemistry 2012

The XRD pattern of G/C-Au-2 is shown in Fig. 3a, indicating
the crystalline structure of the synthesized sample. The broad
diffraction peaks from 5° to 9° and from 22° to 28° of the
nanocomposites correspond to the (002) plane of GO and the
(002) plane of CNTs, respectively. The characteristic
diffraction peaks at 38.3°, 44.6°, 64.7°, 77.7° and 81.6°
correspond to Au (111), (200), (220), (311) and (222)
reflections of crystalline Au (0) (JCPDS no. 04-0784),
respectively. Furthermore, Fig. 3b shows the selected area
electron diffraction (SAED) image for the G/C-Au-2, and the
diffraction rings of lattice planes are in agreement with XRD
results. Another powerful technique studying and
identifying the nanohybrids is XPS, the bands in the wide scan

for

confirm the presence of Cls, Ols and Au4f as shown in Fig. 3c,
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which is in agreement with the EDX results as shown in Fig.
S2(f), the peaks at 284.08 and 531.08 eV which are attributed to
Cls and Ols of C/G-Au-2. Two peaks in XPS for Au4f;, and
Audfs, at 83.3 and 86.9 eV are attributed to Au4f, the Au
contents are estimated by XPS to be 8.36 wt.% which is in
agreement with the amount of Au input. We have taken XPS-
peak-imitating analysis of Au4f of G/C-Au-1, G/C-Au-2, G/C-
Au-3, G-Au and C-Au in order to analyze the oxidation state of
the Au species. All above catalysts show two peaks for Au4fs,
and Au4f,, which are split into two types of Au electronic
states (Au® and Au'"), as shown in Fig. 3d and Fig. S3.
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Fig. 3 XRD pattern (a), SEAD pattern (b), and XPS spectra of G/C-Au-2 (c),
high-resolution XPS spectra of Au 4f of G/C-Au-2 (d).

The Raman spectra of GO-Au, CNTs-Au and G/C-Au
showing several feature peaks can be seen in Fig. 4a. The G
peak at 1590 cm™ is due to the normal vibration mode, which
relates to the relative motion of C sp® atoms. The D band which
can be seen at 1330 cm’! is related to a disorder-induced mode.
The G/C-Au composites show a similar value of the ratio of D-
band to G-band intensity compared with the GO/CNTs
composites, which indicates that the reduction of the Au salt
during the synthetic procedure has little effect on the surface
properties of the supports, thus we could change the
hydrophobic and hydrophilic properties of the supports through
regulating the ration of GO and CNTs. The TGA curves are
used to quantify the amount of Au in the composites as shown
in Fig. 4b, the Au contents of G/C-Au-1, G/C-Au-2, G/C-Au-3
are 11.1 wt.%, 9.8 wt.%, 9.4 wt.%, respectively. The Au
contents of G-Au and C-Au are 19.6 wt.% and 24.0 wt.% which
may be due to the loss of support during the purification
procedure.’’ Three primary mass loss processes are observed,
first step below 180 °C could be attributed to the evaporation of
adsorbed water, and second step from 180 °C to 410 °C can be
assigned to the oxidation of graphene, and the third step
between 410 °C to 605 °C indicates the decomposition of CNT.
It is noticed that the third weight loss of G/C-Au-1, G/C-Au-2,
G/C-Au-3 curve also can reflect the component change which
in agreement with the ratio of GO to CNT in the support.

4| J. Name., 2012, 00, 1-3
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Fig. 4 Raman spectra (a), TGA curves (b) of C-Au, GO-Au and G/C-Au-1, G/C-
Au-2, G/C-Au-3

In order to evaluate the efficiency of the as-prepared Au
catalysts, we first employ the reduction of 4-NP to 4-AP in the
presence of a hydrogen source, NaBH,. Initially, the 4-NP
solution has a light yellow color, which turns dark yellow after
the addition of NaBH, due to the formation of 4-nitrophenolate
(Fig. S4a). However, the dark yellow color gradually fades
away with the progression of the reduction to 4-AP (Fig. S4b).
Although NaBH, is well known as a strong reductant, the
reduction of 4-NP is quite slow. Although GO/CNT is
introduced into the reaction process, the reaction rate does not
show any considerable progress. Thus, catalysts are usually
needed to accelerate the conversion rate of 4-NP to 4-AP. The
catalytic performance of Au catalysts is assessed in micro-
reaction vial as described in the experimental part, as shown in
Fig. 5. The intensity of the absorption band at 400 nm decreases
gradually with time increasing. At the same time, a new
absorption peak at 300 nm appears as shoulders, being ascribed
to the formation of 4-AP. Moreover, the two isosbestic points
are observed at 280 and 312 nm, suggesting that the two
principal species are responsible for the conversion reaction.
On the basis of the UV/vis spectra, therefore, the pseudo-first-
order reaction kinetics is applied to determine the apparent
reaction rate, K,,,, for the reaction. The K,,, for the G/C-Au-1,
G/C-Au-2, G/C-Au-3 are as high as 0.75, 0.34, 0.22 min’,
respectively. As a comparison, the G-Au and C-Au are utilized
as catalysts for the catalytic hydrogenation of 4-NP, the K,
values are 0.16 and 0.12 min™. These results clearly indicate
that the combined GO and CNT support has great effects on the
catalytic activity. Additionally, the K,,, is dependent on the
amount of catalyst, but it is not directly related to the catalytic
activity of the catalysts, whereas, the turnover frequency (TOF)
is a significant parameter for evaluating the catalytic activity in
heterogeneous catalytic reaction. The TOF value for the G/C-
Au-2 is as high as 3015 h™', which is higher than 819 h' and
1571 h' for G/C-Au-1 and G/C-Au-3, indicating that the
GO/CNT ratio in the support could influence the catalytic
activity, we propose the distinction of the catalytic activity of
these catalysts is due to the hydrophilic-hydrophobic properties
of the supports. The GO makes the support hydrophilic and the
CNT makes the support lipophilic, and maybe the GO/CNT
ratio with 1/1 enable NaBH, and 4-NP to gather onto the
surface of the low-coordinated Au atoms in H,O more easily.
Compared with other related Au heterogeneous -catalysts
reported recently, such as GO/TWEEN 20-Au (126 h'' of
TOF),”> GO/SiO,-Au (1028 h' of TOF),** graphene hydrogel-

This journal is © The Royal Society of Chemistry 2012
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Au (12 h' of TOF),* the G/C-Au-2 catalyst demonstrates
obviously superior catalytic activity.
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hybrid composite maintain high stability (Fig. S6).

Due to the high catalytic activity of G/C-Au-2, we also
fabricate the catalytic film of G/C-Au-2 as shown in Fig. 7a and
7b show the synthesized catalyst film is flexible, and the
catalytic activity of as-prepared catalyst film has been evaluated
by reducing 4-NP to 4-AP, there are large amounts of bubbles
generated in the reaction solution after addition of the Au
catalyst film as shown in Figs. S5a and S5b, the catalyst film
could be easily separated by taking the catalyst out of the
reaction solutions, the macroscopic morphology before and
after the reaction are shown in Fig. S5d and S5e. Fig. S5d
shows the catalyst could place horizontal without bending,
indicating that the catalytic film is very light due to its porous
structure, after reaction, the wet recycle catalytic film can carry
itself without brokenness, indicating that the catalytic film
shows good strength. The K,, value of the synthesized
catalytic film is 0.042 min™' as shown in Figs. 7¢ and 7d.

Reusability is an important feature for a heterogeneous
catalyst, which is better than a homogenous one. First, in order
to confirm that the reaction is indeed catalyzed by the solid
G/C-Au-2 rather than homogenous Au species, leaching test
has been carried out after the catalytic reduction of 4-NP is
proceeded for 1 min under standard conditions. After that the
reaction mixture without catalyst is separated, and no further
reaction takes place after removing the catalyst. In addition, the
leaching of the Au has been also examined using ICP-OES, and
no leaching of Au is detected. To assess recyclability of G/C-
Au-2, multiple 4-NP reduction cycles have been carried out, the
G/C-Au-2 has been repeatedly used for 10 times as shown in
Fig. 6, the conversion of 4-NP can be completed with
increasing of the reaction time from 4 min to 8 min. The first-
order rate constant (K,,,) decreases slightly from 0.75 to 0.46
min™'. Moreover, the TEM image of the catalyst after reaction
indicates that the particle size and the morphology the Au
nanoparticles shows no detectable change, suggesting that the
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Fig. 7 Images showing that the catalytic film is flexible (a and b), successive
absorption spectra of the conversion from 4-NP to 4-AP with G/C-Au-2 catalytic
film (c), (f) plots of In(C/Cy) versus time for the conversion from 4-NP to 4-AP
with G/C-Au-2 catalytic film.

a b
(@)oo p— ( )10 1 Reaction time 1.0
—_—1" —_ K
0.5 —3 £ s -
\ “en
4.0 —_«l E "
P N = ©
ey | E
o \ e =
= . —" c
£ 20 I
\ =
. NG 2
2.5 3 S
-3.0 € o 0.0
) 1 2 3 4 5 6 012345678 91011

Time (min) Cycle number

Fig. 6 Plots of In(C/Cy) versus time for 10 cycles of the conversion from 4-NP to
4-AP with G/C-Au-2 catalyst; (b) the reaction time and K, of the G/C-Au-2
during 10 cycles of the 4-NP reduction reaction.
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Conclusions

In conclusion, we have developed an efficient and general
synthetic approach for the synthesis of GO/CNT-Au hybrid
materials. The synthesized GO/CNT-Au is confirmed by SEM,
TEM, XRD and XPS characterizations, which offers numerous
advantages, such as more efficient to support the Au
nanoparticles, strength, and good hydrophilic-
hydrophobic properties. The hybrid materials as new catalyst is
applied for reduction of 4-NP to 4-AP reaction. Moreover, the
results indicate that the GO/CNT-Au catalyst exhibits higher
catalytic activity than GO-Au and G-Au catalysts, and the G/C-
Au-2 catalyst can be reused several times without leaching and
significant loss of activity. It is worth noting that the current
catalyst could be easily for fabricating flexible, free-standing,
and catalytic film of GO/C-Au composite, which makes the
catalyst recovered from the reaction solution easily. Further
work is in progress to extend this concept to synthesize

excellent
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GO/CNT supported other metal nanoparticles as catalysts for

organic molecular transformations.
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We report a simple approach for fabricating flexible, free-standing, and catalytic film
composed of graphene oxide/carbon nanotube-Au (GO/CNT-Au) composites by using
a one-pot chemical reduction route. The layered structure of the catalyst film is porous,
flexible and exhibits excellent catalytic property in the reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) reaction. The catalyst film could be easily separated
by taking the catalyst out of the reaction solutions, and the catalyst can be reused

several times without leaching and significant loss of activity.



