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ectroactive Au/aniline tetramer–
graphene oxide composites as a highly efficient
reusable catalyst

Guan-Hui Lai, a Yi-Chen Chou,b Bi-Sheng Huang,a Ta-I. Yangc

and Mei-Hui Tsai *ad

This study proposes a cost-effective, energy-saving, and green process that uses p–p interactions to

modify graphene oxide (GO), and the conjugate structure of aniline tetramer (AT) to enhance the

dispersion of GO. Au/aniline tetramer–graphene oxide (Au/ATGO) composites were synthesized and

applied as a catalyst in this study. The adsorption of AT on GO, via p–p interaction, formed ATGO

composites. Subsequently, the amine group on ATGO was stably anchored on Au nanoparticles (Au NPs)

to form Au/ATGO composites. The Au/ATGO composites were characterized and the electroactive

properties determined by Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy,

transmission electron microscopy, and cyclic voltammetry. The Au/ATGO composites showed excellent

performance and stability as catalysts when applied for the reduction of nitrophenol to aminophenol

within 225 s and the rate constant was 0.02 s�1. The activation energy for the reduction of 4-NP and 2-

NP was 48.10 and 68.71 kJ mol�1, respectively. Following a recycling test repeated 20 times, the Au/

ATGO composites maintained a conversion rate higher than 94%.
Introduction

Conducting polymers such as polyaniline (PANI), polypyrrole,
and polythiophene are interesting materials that have been
studied and applied in various areas of technology. Owing to its
facile synthesis process, unique redox properties, excellent
environmental stability, good electrical conductivity, and
simple acid–base doping/dedoping chemistry,1–3 PANI is one of
the most promising types of polymer types used for the
production of anticorrosion coatings,4 chemical sensors,5

catalysis,6 and supercapacitors.7 However, the application of
PANI has some drawbacks such as low solubility in the most
common solvents, infusibility, and difficulty in processing.8

Also, its electrical conductivity decreases over a long cycle time.9

To solve these problems, an aniline oligomer can be used in
place of PANI because it not only retains the advantageous
properties of PANI, but it also exhibits much better process-
ability.10,11 Kaner et al. mentioned that aniline tetramer (AT) is
the shortest oligomer with a structure similar to that of PANI.12
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It is easy to control the morphology and size via the doping.
Various crystalline nanostructures such as bers, sheets, porous
structure, and hollow spheres can be obtained by controlling
the nucleation of the crystals and the non-covalent interactions
between the doped oligomers.13 Yan et al. synthesized aniline
oligomer/graphene oxide (GO) to enhance the electrochemical
cycling stability of a supercapacitor from 84.2% to above 95.1%,
aer 2000 cycles. They mentioned that AT is a polymer with
a short-chain, and the bonding itself may be weak. GO is
a material with a 2D micrometer-sized structure, and it can
support AT to prevent dissolution.9 Li et al. used the tetraphe-
nylethylene group to fabricate soluble reduced graphene oxide
(rGO) composites through efficient p–p stacking interactions;
stable dispersions of graphene sheets in organic solvents could
also be prepared. These ndings provide new opportunities for
the development of graphene-based materials that may have
applications in optoelectronic devices, chemical sensors, and
biomedical areas.14 Han et al. combined various aniline oligo-
mers (dimer, trimer, and tetramer) with graphene to enhance
the electrical and electrochemical performance of asymmetric
supercapacitors. They observed that the AT exhibited higher
areal capacitance, volumetric capacitance, and energy density
than the samples fabricated from the dimer and trimer elec-
trodes. Signicant improvements in the performance of the
tetramer sample were highly related to the improved electrical
conductivity and structural stability when compared with the
samples containing the trimer and dimer electrodes.15
RSC Adv., 2021, 11, 71–77 | 71
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Scheme 1 Synthesis of Au/ATGO composites.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

5:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Recently, chemical amino functional groups have been used
as agents to anchor nanoparticles on substrates such as carbon
nanotube (CNT),16 graphene,17,18 SiO2,19 and zirconium phos-
phate (ZrP)20 have been studied. Ou et al. used 1-pyr-
enemethylamine as the inter-linker to synthesize CNT–Au
composites. The alkylamine substituent of 1-pyrenemethyl-
amine binds to an Au nanoparticle (Au NP), while the pyrene
chromophore was non-covalently attached to the sidewall of
a carbon nanotube via p–p interaction. Using this strategy, Au
NPs within the size range of 2–4 nm can be closely assembled on
multiwalled carbon nanotubes.21 Yao et al.modied the surface
GO using N1-(3-trimethoxysilylpropyl)diethylene triamine. The
amine groups of the functionalized GO could effectively
template the Au NPs assembly on the graphene surface with
a high density and good dispersity. The TEM images of the
modied GO show that the Au NPs maintained their original
size, and they were well-anchored on the graphene surfaces with
an average size of 15 nm.22 Furthermore, Yao et al. also used a variety
of amine end group silane coupling agents thatmodied GO lead to
GO/Au composites by controlling the graing density of Au NPs.
These different functional groups enabled the alteration of the
graing density of Au NPs which tailored the Au NPs for different
catalytic applications. All GO/Au composites showed high efficiency
in catalyzing a hydrogenation reaction, completing the reaction
within 16 min. Aer 7 catalytic cycles of testing, no signs of
detachment or aggregation were observed.23 These methods
demonstrated the efficient inhabitation of Au NPs aggregation and
the improvement of its catalytic activities.

In previous literature, graphene or GO were modied using
silane agents, polymers, and so on following several compli-
cated steps that require high cost, energy consumption, and the
process is time-consuming. Herein, we used p–p interactions to
modify GO. This method is cost-effective, saves energy, and
requires the use of environmentally friendly solvents. To the
best of our knowledge, the use of aniline tetramer–graphene
oxide (ATGO) composites containing Au NPs as a catalyst have
seldomly been studied. In this study, the conjugate structure of
AT enhanced the dispersion of GO in the solvent through p–p

interactions. Subsequently, a multi-amino functional group on
ATGO was used to stably anchor Au NPs to form Au/ATGO
composites. The Au/ATGO composites were characterized by
eld-emission transmission electron microscopy (TEM),
Fourier-transform infrared (FTIR) spectroscopy, UV-visible (UV-
Vis) spectroscopy, X-ray photoelectron (XPS) spectroscopy, and
cyclic voltammetry (CV). The Au/ATGO composites showed good
stability against agglomeration and excellent catalytic activity in
a model reduction reaction of 4-NP into 4-AP, and 2-nitrophenol
(2-NP) to 2-aminophenol (2-AP). The catalytic activity of the Au/
ATGO composites was over 94% aer 20 cycles.

Experimental
Materials

Graphite and N-phenyl-p-phenylenediamine were purchased
from Alfa Aesar. Iron(III) chloride, hydrochloric acid (HCl),
sulfuric acid (H2SO4), hydrogen peroxide (H2O2), and alcohol
were obtained from ECHO chemical company. Potassium
72 | RSC Adv., 2021, 11, 71–77
permanganate (KMnO4) was obtained from TCI. Tetra-
chloroauric(III) acid trihydrate (HAuCl4), sodium citrate, sodium
borohydride (NaBH4), 4-nitrophenol, and 2-aminophenol were
procured for Sigma-Aldrich.

Synthesis of ATGO composites

GO was prepared from graphite by the modied Hummers
method.24,25 3 g of graphite was mixed with 360 mL H2SO4 and
40 mL H3PO4 in a ask, and the temperature was raised to 50 �C
followed by the addition of 18 g of KMnO4. The mixture was
continuously stirred overnight, and then 10 mL of H2O2 was
added into the mixture. The fully oxidized suspension was
poured into a large amount of deionized (DI) water, it was then
centrifuged and washed to obtain the GO powder. AT was
synthesized using a method we had previously developed.26 N-
Phenyl-p-phenylenediamine (0.01 mol) was dissolved in 200 mL
of 1 M HCl. Subsequently, a solution containing iron(III) chlo-
ride (0.01 mol) was added to the HCl containing N-phenyl-p-
phenylenediamine while it was stirred in an ice bath. The resulting
solution was allowed to react for another 4 h. The precipitate was
ltered and washed with distilled water several times. The obtained
AT was freeze-dried overnight. ATGO was prepared by simultaneous
dispersion of 10 mg AT and 100 mg GO in 250 mL of alcohol and
stirred for 24 h. The ATGO was washed three times with alcohol by
centrifugation and resuspension, it was then dried at 70 �C in an
oven for 24 h, and subsequently ground into a ne powder with
a mortar and pestle.

Fabrication of Au/ATGO composites

100 mL of HAuCl4 (1 mM) aqueous solution was reuxed and
stirred. 10 mL of sodium citrate (38.8 mM) aqueous solution
was rapidly added to the boiling solution, and this resulted in
a color change from yellow to wine red. The resulting solution
was stirred for 10 min, then the heat source was removed. The
solution was continuously stirred until the solution cold down
to room temperature to obtain the Au NPs solution.20 To prepare
the Au/ATGO composites, Au NPs solution (50 mL) was mixed
with ATGO (10 mg) at room temperature and stirred overnight.
The nal Au/ATGO composites were collected by centrifugation
and washed with DI water. The schematic representation of the
synthesis process is shown in Scheme 1.

Characterization

The FTIR spectra were recorded with a FTIR-4600 spectrometer
(Jasco, Japan), the resolution used in the measurements and the
number of scans were 4 cm�1 and 64 scans, respectively. The
mass spectra were obtained on a triple quadrupole mass spec-
trometer with an ESI source (Thermo Scientic, United States). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-Vis spectra of (a) AT and ATGO, and (b) Au and Au/ATGO
composites.
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UV-Vis absorption spectra were measured using a V-750 spectrom-
eter (Jasco, Japan). The XPS analysis was performed using a PHI
5000 VersaProbe (ULVAC-PHI, Japan). The morphology and crystal
structures of the samples were observed by TEM operated at 200 kV.
Energy dispersive X-ray (EDX) mapping analysis was carried out on
the TEM measurement (JEOL JEM-2100F, Japan). Thermogravi-
metric analysis (TGA) was conducted in air and nitrogen atmo-
sphere at a heating rate of 20 �Cmin�1 over a temperature range of
30–800 �C using a TA Q500 (TA Instrument, United States). Elec-
trochemical experiments were performed using a CHI 6273E elec-
trochemical analyzer with a conventional three-electrode system
(CH Instruments, United States).
Catalytic activity

To study the catalytic performance of the Au/ATGO composites,
the composite was applied in the reduction reaction of 4-NP and
2-NP. NaBH4 was used as a hydrogen generation source in
water. 1 mg of Au/ATGO composites was dispersed in 3 mL of 4-
NP or 2-NP solution (0.1 mM). Then a freshly prepared 0.15 mL
solution of NaBH4 (100 mM) was added. The molar ratio of 4-NP
(2-NP)/NaBH4 is 0.02. The mixture was immediately into
a quartz cuvette and the UV-Vis absorption spectra were recor-
ded to monitor changes in the reaction mixture.
Results and discussion
Characterization of AT, GO, ATGO, and Au/ATGO composites

The mass spectra of AT are shown in Fig. 1(a). The character-
izations of AT were conducted as follows: ion trap-MS m/z: [M +
H]+ calculated for C24H20N4 ¼ 364.3. Found 365.3. The FTIR
spectra of GO, AT, and ATGO are shown in Fig. 1(b). From the
FTIR spectrum of GO, the peak at 1041 cm�1 was ascribed to
C–O–C bonding, and the peaks at 3373, 1725, and 1620 cm�1

signied the presence of –OH, C]O, and C]C functional
groups, respectively, which indicates that abundant oxygen-
containing groups existed on the surface of GO.24,27 The peak
between 3314 and 3209 cm�1 can be attributed to the N–H
stretching vibration, while those at 3032 cm�1 can be attributed
to the C–H stretching vibration.28 The AT showed N]Q]N
(quinoid ring) and N]B]N (benzenoid ring) bands at 1594 and
1504 cm�1, respectively.29,30 The peak at 1309 cm�1 can be
attributed to C–N stretching vibration.31,32 The other peaks at
1165, 834, and 748 cm�1 are due to C–H bending vibrations.33

The FTIR spectrum of the ATGO contains the characteristic
peaks of AT and GO.
Fig. 1 (a) Mass spectra of AT. (b) FTIR spectra of GO, AT, and ATGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The UV-Vis spectra of AT and ATGO supernatants are shown
in Fig. 2(a). The two absorption peaks at 312 and 598 nm in the
UV-Vis spectrum of AT are attributed to the p–p* transition of
the benzene unit and the pB–pQ transition of benzenoid to
quinoid, respectively.34,35 For ATGO, an absorption peak at
304 nm similar to that in the UV-Vis spectrum of AT was
observed. A new absorption peak at 415 nm was observed, and the
peak was attributed to the polaron/ p* band transitions, and the
peak at 785 nmwas ascribed to the p/ polaron transitions, which
demonstrated that GO was doped on the AT.36,37 Pristine Au NPs
with a particle size of 15 nm show a surface plasmon resonance
peak at approximately 525 nm in the visible spectrum.38 The surface
plasmon resonance peaks of the assembled Au/ATGO composites
becomemuch broader owing to the strong inter-particle coupling of
closely packed particles (Fig. 2(b)).

XPS was also used to detect the compositions of the samples.
The XPS proles of GO, ATGO, and Au/ATGO composites are
shown in Fig. 3. The characteristic peaks of C 1s and O 1s were
observed in the prole of the three samples at 286.0 and
533.0 eV, respectively.39 A different peak assigned to N 1s was
observed in the XPS prole of ATGO. The N 1s peak at 398.0 eV
indicates the presence of AT.40,41 The existence of Au was
conrmed by the Au 4f peak at approximate 87.0 eV, which is
enlarged in Fig. 3(b). The diffused peaks with binding energies
of 84.0 and 87.8 eV correspond well with Au 4f7/2 and Au 4f5/2 in
the metallic state, respectively.42

The morphologies of the GO, Au, Au/ATGO composites were
characterized by TEM. As shown in Fig. 4(a), a typical 2D GO
nanosheet by itself contains wrinkled structures, and the TEM
image of pure AuNPswith a diameter of 15 nm is shown in Fig. 4(b).
Aer the growth of Au NPs on the surface of the ATGO, the
morphology of the ATGO remained unaltered. The TEM images of
the Au/ATGO composites (Fig. 4(c and d)) clearly indicate that
Fig. 3 XPS profiles of (a) GO, ATGO, and Au/ATGO; Au 4f spectra of (b)
Au/ATGO composites.

RSC Adv., 2021, 11, 71–77 | 73
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Fig. 4 TEM images of (a) GO, (b) Au, (c) Au/ATGO composites, (d) high magnification of Au/ATGO composites shown in the area in (c), and (e–h)
elemental mapping images.
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spherical Au NPs were anchored and well-distributed on the surface
of the ATGO. The elemental mappings of the Au/ATGO composites
shown in Fig. 4(e–h) indicates that the nanoparticles were caused by
the Au NPs anchored on the ATGO.

The thermogravimetry analysis curves of GO, ATGO, and Au/
ATGO composites showed an notable weight loss between 150
and 250 �C, which is attributed to the pyrolysis of the labile
oxygen-containing functional groups that yielded CO, CO2, and
steam.43 The TGA curves of GO and ATGO show a complete
decomposition of carbon at approximately 525 �C. In contrast,
carbon was completely decomposed in the Au/ATGO compos-
ites at a lower temperature of approximately 448 �C. A residual
mass of approximately 33.4% indicates the loading of Au NPs in
the Au/ATGO composites (Fig. 5).44
Electrical properties of ATGO and Au/ATGO composite

To study the redox behavior of ATGO and Au/ATGO composites,
two samples were systematically examined by CV in 40 mL of
Fig. 5 TGA curves of (a) GO, (b) ATGO, and (c) Au/ATGO composites.

74 | RSC Adv., 2021, 11, 71–77
1.0 MH2SO4 and a potential ranging from�0.2 to 1.0 V at a scan
rate of 50 mV s�1. Fig. 6(a) shows the CV curves of the ATGO and
Au/ATGO composites. Both the ATGO and Au/ATGO composites
show two distinct pairs of redox peaks. This observation could
be attributed to the change in the molecular structure of AT.
The rst oxidation peak corresponded to the transition from the
leucoemeraldine base to the emeraldine base (EB), the second
peak corresponded to the transition from EB to the perni-
graniline base, as shown in Fig. 6(b).45,46 Furthermore, with the
Au NPs acting as electrically conductive bridges inside the Au/
ATGO composites, the diffusion length of the electrolyte ions
was signicantly reduced, resulting in an enhanced current
when compared with that of the ATGO.47

Catalytic characterization of Au/ATGO composites

Currently, water pollution and scarcity of consumable water
resources have led to damaging consequences around the
world, and this posed a threat to human life. Among the
harmful toxins and compounds in polluted water, nitrophenol
is one of the 126 priority pollutants listed by the United States
Fig. 6 Representative CV curves of the (a) ATGO and Au/ATGO
composites in H2SO4 solution. Scan rate: 50 mV s�1. (b) Molecular
structures of ATGO at various oxidation states.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative characteristics and catalytic performance of
catalyzers in the reported literature

Catalyzer mg
Degradation
time (s)

Rate constant
(min�1) Ref.

Au/GO 0.02 720 0.15 23
Au/ZrP–SH 7 420 0.19 64
Au/EPA 0.5 270 0.42 65
Au/carbon black 10 300 0.83 42
Au/ZrP–NH2 1 180 1.08 20
Ni–Au/HNO3–CB

a 5 180 1.96 56
Au/ATGO 1 225 1.26 This work

a CB: carbon black.
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Environmental Protection Agency.48,49 It is commonly found in
wastewaters of industries that manufacture pesticide, dye,
pharmaceutical, and petrochemical products.50 Aminophenol is
an important intermediate in the preparation of several anal-
gesics and antipyretic drugs.51,52 It is a strong reducing agent,
and it is used as a corrosion inhibitor in paints as well as
photographic development.53,54 Due to the aforementioned
reasons, it is important to convert nitrophenol to aminophenol.
Compared to other conversion routes, themethod where NaBH4

is used as a reducing agent in an aqueous medium under mild
conditions is relatively simple and quick.55

To evaluate the catalytic activity of the synthesized nano-
catalyst samples, reduction of 4-NP and 2-NP by NaBH4 was rst
selected as themodel reaction, which can bemonitored by time-
dependent UV-Vis spectroscopy. The aqueous solution of 4-NP
is light yellow and it shows a strong absorption peak at 316 nm.
Aer the addition of NaBH4, a color change from light yellow to
deep yellow was observed, and a strong absorption peak at
400 nm appeared owing to the formation of 4-nitrophenolate
ions (Fig. 7(a)).56,57 Furthermore, in the blank test, no change in
the absorption intensity was observed for a long period with
NaBH4, which indicates that the reduction reaction did not
occur without the addition of the catalyst. Aer the addition of
the Au/ATGO composites, the absorption peak at 400 nm owing
to 4-nitrophenolate ions gradually decreased; at the same time,
a new peak was observed at 296 nm indicating the formation of
4-AP.58 The Au/ATGO composites showed high activity and
completed the reaction in 225 s (Fig. 7(b)).

For a comparative study, the apparent rate constants were
calculated for all the catalyst samples. Since NaBH4 (100 mM)
was used in excess and remained approximately constant
throughout the progression of the reaction, pseudo-rst-order
kinetics was applied for evaluating the apparent rate
constants (kapp). The kapp values were calculated from linear
plots of ln(Ct/C0) vs. reduction time t (Fig. 7(c)). Here, Ct and C0

represent the absorbance of 4-NP aer time t ¼ t and t ¼ 0,
which can be considered equivalent to the concentration at time
Fig. 7 UV-Vis spectra of (a) 4-NP before and after addition of NaBH4,
(b) time-dependent reduction process after the addition of Au/ATGO
composites in the reaction. 4-NP reduction catalyzed by Au/ATGO
composites in the presence of NaBH4. (c) The plot of�ln(Ct/C0) versus
time, and (d) the plot of ln k versus 1/T based at different temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
t ¼ t (Ct) and t ¼ 0 (C0), respectively.59,60 The linear relationship
between ln(Ct/C0) and t indicates the pseudo-rst-order reduction of
4-NP by the Au/ATGO composites, and the calculated value of kapp
was 0.021 s�1. A comparative study of 4-NP reduction with other
catalysts is given in Table 1. Compare to other catalyst materials
containing Au nanoparticles, Au/ATGO showed high catalytic
performance. In this study, we also carried out a series of reactions
for the reduction of 4-NP in the presence of Au/ATGO composites to
obtain thermodynamic parameters that reveal how the reaction
temperature can affect the kinetics of such a reaction. Apparently,
the reaction rate is quite sensitive to temperature and the value of
the rate constant, k, increases with temperature. In addition,
according to the Arrhenius equation: ln k ¼ ln A � Ea/RT, the acti-
vation energy (Ea) can be obtained from the slope based on the
lineartting of ln k versus 1/T.61 The activation energy of the reaction
catalyzed by Au/ATGO composites was determined from the Arrhe-
nius plot to be 48.10 kJ mol�1.

Based on the above results, we also used the Au/ATGO
composites to perform the catalytic reduction of 2-NP, as
shown in Fig. 8. The yellow solution of 2-NP exhibited two
distinct absorption peaks at 278 and 350 nm. Following the
addition of NaBH4, a color change from light yellow to deep
yellow was observed, and the absorption peaks shied to 282
Fig. 8 UV-Vis spectra of (a) 2-NP before and after addition of NaBH4,
(b) time-dependent reduction process after the addition of Au/ATGO
composites in the reaction. 2-NP reduction catalyzed by Au/ATGO
composites in the presence of NaBH4 (c) the plot of �ln(Ct/C0) versus
time, and (d) the plot of ln k versus 1/T based on different temperature.

RSC Adv., 2021, 11, 71–77 | 75
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Fig. 9 Recycling stability of the Au/ATGO composites system for
catalytic reduction of nitrophenol to aminophenol.
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and 416 nm owing to the formation of 2-nitrophenolate ions
(Fig. 8(a)).62 However, adding Au/ATGO composites to a 2-NP
and NaBH4 mixed solution caused a reduction in the intensity
of the peak at 416 nm over time, indicating the formation of 2-
AP.63 As shown in Fig. 8(b), it took 180 s for the complete
reduction of 2-NP. As shown in Fig. 8(c), the kapp value was 0.02
s�1 and the Ea was 68.71 kJ mol�1. The results indicate that Au/
ATGO composites exhibited signicant activity during the
reduction of nitrophenols with NaBH4 as the hydrogen donor.
Recycling tests

As shown in Fig. 9, the Au/ATGO composites can be easily
separated by sedimentation and reused under the same reac-
tion conditions. The reduction rate of 4-NP to 4-AP, and 2-NP to
2-AP was maintained above 94% and 96%, respectively, aer 20
cycles; this indicates the high stability and reusability of the
resulting Au/ATGO composites system.
Conclusions

In this study, stable, and reusable Au/ATGO composites were
prepared and used as catalysts for the degradation reaction of
nitrophenol. The synthesis of ATGO was based on the p–p inter-
action of GO and AT. Subsequently, the amine group on ATGO
stably anchored Au nanoparticles (Au NPs) to form Au/ATGO
composites. Furthermore, because of the growth of the Au NPs
based on Au seeds, the catalyst was reused for more than 20 cycles
and stored for over 2 months, while maintaining approximately the
same catalytic performance (conversion rate above 94%). The Au/
ATGO composites showed many advantages including high cata-
lytic activity and excellent recyclability thatmakes them attractive for
several other applications.
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