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responsive nanocomposites of
gold nanoparticles and graphene oxide and their
applications in SERS and catalysis

Aihua Yao, †*ab Qingge Fu,†c Ling Xu,b Yan Xu,b Wenqi Jiangb and Deping Wangab

Poly(4-vinylpyridine) (P4VP), a pH-sensitive polymer, was employed to non-covalently functionalize

graphene oxides (GOs) through p–p stacking interactions. Citrate-capped Au nanoparticles (Au NPs)

were then immobilized onto the P4VP-grafted GO, yielding pH-responsive Au NPs–GO

nanocomposites. Such Au NPs–GO nanocomposites displayed pH-responsive localized surface plasmon

resonance (LSPR) changes and assembly behavior due to protonation and deprotonation of the pyridine

units of P4VP molecules. The catalytic activity of the Au NPs–GO nanocomposites was evaluated using

the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) as a model reaction, and demonstrated

significantly high catalytic activity and stability at low pH (2.0), which was 4-fold higher than that at high

pH (5.0). Furthermore, our results indicated that the Au NPs–GO nanocomposites induced active

adsorption and selective SERS detection of negatively charged analytes under low pH conditions, and are

therefore highly attractive for real-world chemical detection.
Introduction

Nanosized particles of noble metals, especially gold nano-
particles (Au NPs), have attracted increasing attention over the
past few decades, due to their attractive electric, optical, and
catalytic properties as well as potential applications in wide
variety areas including physics, chemistry, biology, material
science and their different interdisciplinary elds.1–3 However,
Au NPs in solution tend to aggregate due to their high surface
energy, which leads to graduate reduction in stability and
catalytic activity.4 The limitation can be overcome by immobi-
lizing Au NPs on diverse supports, such as SiO2, carbon, and
polymer microspheres, etc.5–7 Among these supports, graphene
and its derivatives (graphene oxide, GO, and reduced graphene
oxide, RGO) have been studied extensively due to their planar
structure, high surface area and excellent physicochemical
properties.8 Compared to graphene, GO can be produced in
a low-cost and high-yield manner, and is therefore more suit-
able for practical applications. Furthermore, the presence of
abundant oxygen-containing functional groups on both basal
planes and edges not only makes GO highly hydrophilic, but
also provides a large number of active sites for surface
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functionalization and nanoparticle immobilization. So far,
a considerable amount of research has been focused on the
development of GO or RGO supported Au NPs for various
applications involving catalysts, sensors, SERS, and medicine,
etc.8–11 Au NPs–GO nanocomposites have proven to exhibit novel
and enhanced physicochemical properties, which is considered
to be benecial from a strong synergistic interaction between
these two components.12

Themost popular and effective strategies for synthesizing Au
NPs–GO nanocomposites can be classied into two categories,
namely, ex situ assembly and in situ growth approaches.13 In situ
growth provides better control of the size, distribution and
loading density of the nanoparticles on GO sheets when
compared to ex situ methods. In ex situ approaches, the modi-
cation of either GO sheets or Au NPs (or both) with suitable
functional groups is a critical step for efficient assembly of Au
NPs onto GO surfaces and improving the interfacial interaction
between them. A wide range of functional groups, such as
amino, pyridyl, thiol, and carboxy, etc., have been utilized to
immobilize Au NPs onto GO sheets, to yield Au NPs–GO nano-
structured assemblies with desired properties.8,14–16

Poly(4-vinylpyridine) (P4VP) is an attractive polymer and has
been widely used as a surface modier because of the pyridyl
group's strong affinity to transition metals.17,18 Additionally,
P4VP is well-known as a pH-responsive polymer that undergoes
molecular conformational changes at a critical transition pH
value (�4.5).19 At low pH (<4.5), the pyridyl segment of P4VP is
protonated by reactions with acids and forms positively charged
pyridinium groups, which results in the chain stretching under
the electrostatic repulsion. Conversely, the pyridine exists in
RSC Adv., 2017, 7, 56519–56527 | 56519
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a deprotonated form at higher pH ranges (>4.5), and the poly-
mer chains adopted a coil conformation. Such a pH effect of
P4VP has been used to functionalize GO and Au NPs for various
applications. For example, pH responsive Au@P4VP nano-
composites were developed utilizing Au NPs or nanorods
decorated with P4VP molecules. It was found that the resulting
nanocomposites exhibited pH-dependent localized surface
plasmon resonance (LSPR) due to the conformational transition
of P4VP in different pH environments, and therefore LSPR-
based sensing or catalytic applications were explored.20–22

P4VP-graed GO displayed reversible electrochemical response
to pH changes. The protonation/deprotonation of pyridine
units induced signicant changes in the microenvironment of
GO/P4VP assembles, and allowed for applications in pH-
induced switchable bioelectronics, intelligent nanodevices
and pH-triggered drug delivery system.11,23,24 Recently, Li et al.6

synthesized core–shell C@P4VP microspheres by coating P4VP
shells on the surfaces of carbon spheres, and then the micro-
spheres were used to support Au NPs for catalytic reduction of 4-
nitrophenol. Their results indicated that the polymeric P4VP
shell not only endowed the catalyst with smart pH-
responsibility but also enhanced its catalytic activity and cycle
stability.

Inspired by the studies above, we developed Au NPs–GO
nanocomposites based on P4VP-graed GO nanosheets deco-
rated with Au NPs. It was expected that the conformational
transition of P4VP chains would result in a tunable interfacial
interaction between GO and Au NPs, and allowed for controlled
performance. Our results indicated that the presence of the
P4VP not only functionalized the GO surfaces, enabling the
immobilization of Au NPs with high and uniform distribution
on GO sheets, but also endowed the nanocomposites with pH-
responsive behavior. We therefore explored their potential
applications in SERS and catalysis, and found that the Au NPs–
GO nanocomposites displayed pH-dependent catalytic activity
towards the reduction of 4-NP, and selective SERS detection of
negatively-charged dye molecules.
Experimental
Chemicals

Graphite akes (nature, �10 mesh) were purchased from Alfa
Aesar (Tianjin, China). HAuCl4$4H2O and sodium citrate (C6-
H5Na3O7$2H2O) were purchased from Shanghai Aladdin
Chemical Reagent Company. Dimethyl sulfoxide (DMSO), and
poly(4-vinylpyridine) (P4VP, Mw ¼ 60 000) were purchased from
Sigma-Aldrich. All reagents were analytical grade and used
without further purication. All aqueous solutions were
prepared with twice-distilled water (18.2 MU cm).
Synthesis of Au NPs–GO nanocomposites

Preparation and modication of GO. GO was synthesized as
reported previously.25 P4VP-modied GO was prepared as
follows: 20 mg of P4VP was rst dissolved in 25 mL of DMSO,
and then 10 mg GO was added to the solution. Aer 2 hours of
ultrasonication, the resulting mixture was centrifuged at
56520 | RSC Adv., 2017, 7, 56519–56527
10 000 rpm and washed with diluted HCl solution (pH 2.0)
atleast three times to remove excess P4VP. The nal P4VP-
modied GO was redispersed in DMSO and stored; the nal
concentration of GO was about 2.5 mg mL�1.

Synthesis of Au NPs–GO nanocomposites. Au NPs sol was
synthesized by adding 3 mL of sodium citrate solution (38
mmol) to 50 mL of boiling HAuCl4$4H2O aqueous solution (1.4
mmol). The solution was continuously stirred and boiled for
10 min. Subsequently, 25 mL of GO/DMSO suspension was
added to the resulting Au sol, and the mixture was ultra-
sonicated for 3 h. The nal product was centrifuged at
10 000 rpm and washed with deionized water three times and
dried under vacuum at 60 �C.

pH responsibility of Au NPs–GO nanocomposites. The Au
NPs–GO nanocomposites were dispersed in HCl solutions of pH
2.0–5.0, DI water and NaOH solution of pH 10.0, respectively.
Subsequently these dispersions were ultrasonicated and incu-
bated at room temperature for 5 h to reach adsorption equi-
librium. The zeta potential of the materials was then
determined, and UV-vis spectra were recorded from 300 to
700 nm. Furthermore, the Au NPs–GO nanocomposites were
dispersed in HCl solutions of pH 2.0 and 5.0, and were dropped
onto carbon-coated copper grid for TEM observation.

Catalytic reduction of 4-NP. Catalytic reduction of 4-NP by
NaBH4 was chosen as a model reaction to evaluate the catalytic
activity of the resulting Au NPs–GO nanocomposites. Au NPs–
GO nanoparticles dispersed in HCl solutions of pH 2.0 and 5.0
(0.1 mL, 0.2 mg mL�1) were mixed with 0.2 mL of 4-NP aqueous
solution (10 mM) in a quartz cell. 1 mL of fresh NaBH4 aqueous
solution (0.2 M) was then added to the mixture under stirring.
The reduction reaction was monitored by UV-vis spectroscopy
by measuring the intensity of the 4-NP peak at 400 nm at given
time intervals. For the reusable test, the catalyst was collected,
washed with deionized water and dried for the next cycle.

Preparation of SERS samples. 3.4 mL of aqueous solutions of
rhodamine 6G (R6G), methylene blue (MB), trypan blue (TB)
and Ponceau S (PS) (2.5 � 10�3 M) were dropped into Au NPs–
GO dispersions at pH 2.0 and 5.0 (600 mL, 0.2 mg mL�1),
respectively. The solutions were then ultrasonicated for 30 min
at room temperature for sufficient adsorption. Subsequently 30
mL of the solution was dropped onto the glass slides and air
dried at ambient conditions for SERS measurement.

Characterization. The morphology and structure of the Au
NPs–GO nanocomposites were characterized using a trans-
mission electron microscope (TEM, Hitachi S-2360) with an
accelerating voltage of 200 kV. X-ray powder diffraction (XRD)
was conducted on a Rigaku Dmax 2550 diffractometer using Cu
Ka radiation (l ¼ 1.5418 Å). UV-vis detection was recorded on
a LAMBDA 750 spectrometer (PerkinElmer). Thermogravimetric
analysis (TGA) was conducted on Q600-SDT simultaneous TGA-
DSC in air at a heating rate of 10 �C min�1. The elemental
composition was determined by an X-ray photoelectron spec-
troscopy (XPS, Escalab250Xi, Thermo Scientic) using a 500 mm
diameter beam of monochromatic Al Ka radiation. The zeta
potential of the materials was determined from Dynamic Light
Scattering system (Zeta SIZER NANO ZS90, MALVERN). SERS
measurements were conducted with a Renishaw inVia micro-
This journal is © The Royal Society of Chemistry 2017
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Raman spectrometer with He–Ne laser excitation at 532 nm. A
100� objective was used to focus the laser beam and to collect
the Raman signals. The SERS spectra were collected from at
least 5 random locations with an accumulation time of 10 s, and
expressed in terms of average spectra.
Results and discussion
Synthesis and characterization of Au NPs–GO
nanocomposites

Initial GO suspensions were prepared according to the modied
Hummers method from commercial graphite. Surface graing
was carried out using P4VP molecules with the aid of sonica-
tion. Further interactions between P4VP–GO conjugates and
citrate-capped Au NPs resulted in Au NPs–GO nanocomposites.
A successful decoration of Au NPs on GO sheets was veried by
TEM observation. As shown in Fig. 1(a), the GO sample is
composed of few-layer sheets and exhibits typical wrinkled
morphology. Aer the assembly process, the GO sheets were
decorated with well-dispersed spherical Au NPs (Fig. 1(b) and
(c)). The mean size of Au NPs anchored on the GO was about
20 nm as determined by measuring diameters of total 200
particles from 5 TEM images (the inset of (c)). It is noteworthy
that there are almost no free Au NPs outside the domain of the
GO sheets, indicating a strong interaction between the Au NPs
and P4VP-graed GO. The high-resolution TEM image in
Fig. 1(d) reveals that the Au NPs have a highly crystalline
structure with an interplane distance of �0.235 nm that corre-
sponds to the spacing of (111) plane of a face-centered cubic
(fcc) Au crystal.
Fig. 1 (a–c) TEM images of GO sheets and Au NPs–GO nanocomposites
NPs–GO nanoparticle.

This journal is © The Royal Society of Chemistry 2017
XRD pattern in Fig. 2(a) further veries the fcc structure of
Au NPs (JCPDS no. 04-0784). The average size of Au NPs was
determined to be 21.2 nm according to the Scherrer formula,
consistent with the size observed by TEM images. Moreover,
a weak diffraction peak around 2q ¼ 25� corresponding to the
(002) plane of GO is also detected. The elemental composition
and interfacial interaction between GO and Au NPs were
checked by XPS technique. The survey scan prole in Fig. 2(b)
conrms that the Au NPs–GO nanocomposites contain C, O, Au,
and N elements. The weak N signal originates from the pyridine
moieties of P4VP chain, indicating the existence of P4VP
molecules on GO surfaces. The deconvolution of the C 1s
spectrum resulted in four different components. As shown in
Fig. 2(c), the predominant peak at 284.6 eV corresponds to non-
oxygenated carbon bonds in both GO and P4VP. The peak at
286.4 eV is attributed to the C–O bonds in GO and C–N bonds in
P4VP. The broad peak at 287.8 eV corresponds to C]O bonds in
GO. The C 1s spectrum further shows a small signal at 291.7 eV,
which is due to a p–p* shake-up signal characteristic of
aromatic p electrons. This signal has been observed for similar
polymer–GO composites.26,27 These results indicated that the
GO sheets have been non-covalently functionalized with P4VP
molecules through p–p interactions between the delocalized
sp2 carbon structure of GO and the pyridine moieties of P4VP
chains. The Au 4f core-level spectrum in Fig. 2(d) reveals Au 4f
doublet peaks at 83.8 and 87.5 eV. These peaks are shied to
lower binding energies when compared to the standard XPS
spectrum of metallic Au0 (84.0 and 87.7 eV), indicating the
electron transfer from GO to Au NPs.28

Fig. 3(a) shows UV-vis absorption spectra of P4VP-graed GO
(P4VP/GO) and Au NPs–GO nanocomposites dispersed in DMSO
with different magnifications; (c) HRTEM image of a representative Au

RSC Adv., 2017, 7, 56519–56527 | 56521
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Fig. 2 (a) XRD pattern of Au NPs–GO nanocomposites; (b–d) XPS survey scan, C 1s deconvolution and Au 4f analysis of Au NPs–GO
nanocomposites.
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and are compared with neat GO and P4VP. The spectrum of GO
(curve II) exhibits an absorption peak at 234 nm and a shoulder
peak at 300 nm, which can be assigned to the p–p* transition of
C]C bonds and n–p* transition of C]O bonds, respectively.29

A strong absorption peak at 287 nm arising from P4VP polymer
is observed in the spectrum of P4VP/GO (curve III), which
provides further evidence for the successful surface graing of
GO by the P4VP molecules. Further decoration of Au NPs on
P4VP/GO results in a new absorption peak at �530 nm that
corresponds to the LSPR of Au NPs (curve IV).

The mass percentage of Au in the Au NPs–GO nano-
composites was analysed via TGA. In Fig. 3(b), the small weight
Fig. 3 (a) UV-vis absorption spectra of P4VP-grafted GO and Au NPs–GO
Au NPs–GO nanocomposites.

56522 | RSC Adv., 2017, 7, 56519–56527
loss below 150 �C is attributed to loss of adsorbed water and
residual DMSO. The weight loss of 10% between 200 and 500 �C
is associated with the thermal degradation of P4VP molecules,
citrate capping on the Au NPs, and some oxygen-containing
functional groups of GO. Upon increasing the temperature up
to 800 �C, a 50% weight loss is observed and is attributed to
decomposition of the carbon skeleton of GO. Accordingly, the
mass percentage of Au NPs is determined to be around 36% of
the total nanocomposites based on the remaining weight at the
end of the experiment.

Pyridine, with an aromatic structure, has a strong tendency
to interact with GO sheets via p–p stacking. Simultaneously
nanocomposites dispersed in DMSO, GO and P4VP; (b) TGA curve of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) UV-vis spectra of the Au NPs–GO nanocomposites dispersed in dilute HCl solution of pH 2.0–5.0 and DI water (pH 6.5); (b) LSPR peak
positions changes of the Au NPs–GO nanocomposites at various pH; the inset of (b) shows scheme of pH-responsivemorphology change of the
Au NPs–GO nanocomposites. (c and d) TEM images of the Au NPs–GO nanocomposites at pH 2.0 and pH 5.0; the insets of (c) and (d) show
photographs of the Au NPs–GO nanocomposites at pH 2.0 and pH 5.0.
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pyridine groups have good binding affinity to Au NPs via the
formation of hydrogen bonding with the citrate capping on the
surfaces of Au NPs. Therefore, aer the formation of p–p

stacking interactions with GO, P4VP still contains a large
number of unbound pyridyl groups that are capable of binding
to Au NPs. As a result of the free pyridines, the Au NPs are well
anchored to the GO sheets with high coverage density, and
therefore providing sufficient amount of catalytic active sites
and highly efficient electron transfer between the Au NPs and
GO, which may subsequently enhance the catalytic activity and
SERS effect of the nanocomposites.
pH response of Au NPs–GO nanocomposites

To evaluate the pH response of Au NPs–GO nanocomposites,
the samples were dispersed in dilute HCl solution of pH 2.0–5.0
and deionized water (pH 6.5), respectively. Aer equilibrium
adsorption, the UV-vis absorption spectra of all samples were
recorded from 400 to 700 nm. Fig. 4(a) clearly displays that the
LSPR peaks of Au NPs change from 524 nm at pH 2.0 to 532 nm
at pH 6.5, with around 8 nm red-shi. Simultaneously, broad-
ening of the absorption peak occurs with an increase in pH. The
LSPR peak positions of Au NPs were plotted vs. pH values and
presented in Fig. 4(b). With increasing pH, the LSPR peak shows
small changes at pH < 4.0, but a dramatic increase as pH
changed from 4.0 to 5.0, and eventually reaches a nearly
This journal is © The Royal Society of Chemistry 2017
constant wavelength of �532 nm. Such pH-dependent LSPR
absorption of the Au NPs–GO is similar to those observed in
P4VP-graed Au nanoparticles and nanorods.20,21

The pH-responsive behavior of the Au NPs–GO nano-
composites was further evaluated through zeta potential anal-
ysis and TEM observation. The insets in Fig. 4(c) and (d) show
the photographs of the nanocomposites dispersed in dilute HCl
solutions at pH 2.0 and 5.0. It was found that the dispersion of
Au NPs–GO nanocomposites was dependent on the pH value of
the medium. At pH ¼ 2.0, the nanocomposites were well
dispersed in aqueous solution, and formed a reddish black
homogeneous dispersion. However, obvious aggregation
occurred and resulted in black precipitates at the bottom of the
vessel when the pH was changed to 5.0. If the medium pH was
adjusted back to 2.0, the precipitates were able to be redis-
persed into the solution again, conrming a reversible pH-
responsive behavior. The zeta potential measurements
revealed that the particle zeta potential maintained a high value
of �32.5 mV at pH 2.0, and such a high surface charge pre-
vented the aggregation of the nanocomposites, thus allowing
good dispersion. Conversely, at a higher pH (5.0), the zeta
potential drastically decreased to 5.7 mV, and nearly went to
zero under neutral conditions. Upon further increasing pH to
10.0, the zeta potential value was �7.2 eV. The negative zeta
potential of the nanocomposites originated from the
RSC Adv., 2017, 7, 56519–56527 | 56523
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Fig. 5 UV-vis spectra of the reduction reaction of 4-NP to 4-AP with Au NPs–GO nanocomposites at different time intervals; (b) the ln(Ct/C0) vs.
t plots for the reduction reaction of 4-NP in the presence of Au NPs–GO nanocomposites at pH 2.0 and 5.0 and Au NPs. Conditions: [4-NP] ¼
10 mM; [Au NPs–GO catalysts] ¼ 0.2 mg mL�1; [Au NPs catalysts] ¼ 0.08 mg mL�1; [NaBH4] ¼ 0.2 M; (c) reusability test of Au NPs–GO
nanocomposites as catalysts for the reduction of 4-NP.
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deprotonation of citrate anions capping on Au NPs as well as the
carboxylic acid and phenolic hydroxyl groups on GO sheets.
Nevertheless, the zeta potential values of the nanocomposites at
pH > 5.0 are not enough to achieve good particle suspension
stability. TEM images in Fig. 4(c) and (d) directly reveal the pH-
response of the Au NPs–GO nanocomposites. Large agglomer-
ates of Au NPs are obviously formed on the GO sheets as the pH
value of the media is changed from 2.0 to 5.0.

Such a pH-responsive behavior of the Au NPs–GO nano-
composites is ascribed to the protonation/deprotonation of
pyridine groups on the graed P4VP. At low pH (<4.0), the
pyridyl groups are protonated to form pyridinium ions, and
renders the Au NPs–GO nanocomposites with positive charges,
as evidenced by the high zeta potential. Meanwhile the posi-
tively charged polymer chains repulse each other, and result in
an increased distance between the Au NPs. The increased
distance between Au NPs is veried by the observed good
dispersion of Au NPs on GO sheets at pH 2.0 versus poor
dispersion at pH 5.0 due to a lack of electrostatic repulsion.
Thus, large Au NPs agglomerations are observed on GO sheets
at pH 5.0 as shown in TEM, accompanied by the redshi and
broadening of UV-vis absorption peaks. However, the electro-
static repulsion between negatively charged citrate capped-Au
NPs limited agglomeration to a certain degree, so that the
SPR peaks shis to a constant wavelength of about 532 nm. On
the other hand, the P4VP chains collapse onto the GO surfaces
56524 | RSC Adv., 2017, 7, 56519–56527
at high pH, and increase the refractive index around Au NPs,
which can also result in a red shi of Au LSPR peaks.30
pH-responsive catalysis activity of the Au NPs–GO
nanocomposites

The catalytic activity of the Au NPs–GO nanocomposites was
evaluated using the reduction of 4-NP to 4-AP as a model reac-
tion. It has been reported that Au NPs act as an effective catalyst
for the reduction of 4-NP in the presence of NaBH4 by facili-
tating electron transfer from BH4

� to 4-NP.31,32 To compare the
catalytic performance of the nanocomposites at various pH
levels, the Au NPs–GO nanocomposites were initially dispersed
in dilute HCl solution of pH 2.0 and 5.0. These solutions were
subsequently injected into a mixture of 4-NP and NaBH4. It was
found that the dark yellow color of mixture solution was quickly
quenched. The fast reaction rate is evidenced by the sharp
decrease of the absorption peaks at 400 nm in UV-vis spectra
(Fig. 5(a)). Meanwhile, new peaks corresponding to 4-AP
appeared at 300 nm appear and increase over time. As shown in
Fig. 5(a), the reduction of 4-NP to 4-AP is nished within 100 s
using Au NPs–GO nanocomposite catalysts at pH 2.0. Pseudo-
rst order kinetics was utilized to determine the reaction rate
constant (k), which can be described by the equation:

ln

�
Ct

C0

�
¼ �kt
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SERS spectra of 1 mM aqueous solutions of R6G (+), MB (+), TB (�) and PS (�) adsorbed on the Au NPs–GO nanocomposites at pH 2.0; (b)
SERS spectra of 1 mM TB and dye mixture containing R6G and TB (1 mM each) on the Au NPs–GO nanocomposites; (c and d) SERS spectra of
different concentrations of TB and PS adsorbed on Au NPs–GO nanocomposites; (e) SERS spectra of TB (10 mM) absorbed on Au NPs–GO after
storage in the refrigerator for 0, 30, or 60 days.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 8
:1

6:
59

 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
where C0 and Ct represent the 4-NP concentrations at time 0 and
time t, respectively. Fig. 5(b) shows a well-dened linear rela-
tionship between ln(Ct/C0) and time, and the corresponding
rate constants are determined from the slopes of the plotted
lines. As observed, the reaction rate constant (k) is raised
signicantly from 0.223 to 0.954 min�1 when the pH values of
the reaction change from 5.0 to 2.0. For comparison purpose,
the same amount of citrate-capped Au NPs as those anchored
This journal is © The Royal Society of Chemistry 2017
on the GO sheets were also evaluated under the same condi-
tions and the k value was calculated to be 0.308 min�1. These
comparative results demonstrate the superior catalytic capa-
bility of the Au NPs–GO catalyst at pH ¼ 2.0. Furthermore, it is
noteworthy that the present Au NPs–GO nanocomposites at low
pH value exhibit a higher catalytic activity than recently re-
ported Au-based catalysts,26,33 and are even comparable to Pt-
based catalysts for the reduction of 4-NP.26
RSC Adv., 2017, 7, 56519–56527 | 56525
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For the Au NPs–GO nancomposites incubated in the HCl
solution at pH 2, the protonated polymer chains of P4VP tend to
extend maximally under the electrostatic repulsion. In this case,
the Au NPs bound to the P4VP can easily access the reagents (4-
NP and HB4

�), which increase the number of accessible cata-
lytic active sites. Further, the extended chain morphology
facilitate the electron transfer between the GO and Au NPs,
increasing local electron concentration. The higher electron
concentration favors the uptake of electrons by 4-NP mole-
cules.34 Meanwhile, BH4

� ions are readily to absorbed on the
positively charged Au NPs–GO nanocomposites and relayed
electrons to the active sizes for reduction of 4-NP.35 However in
the case of pH 5.0, the P4VP chains adopted a coiled confor-
mation, resulting in the inclusion of Au NPs within the polymer
chains and thus partial catalytic active sites were shielded. The
reduction of catalytic active sites resulted in relatively low
catalytic activity.

Since catalytic stability is highly desirable for catalyst in
practical applications, the reusability of the Au NPs–GO nano-
composites was evaluated by successively testing their catalytic
performance. For this purpose, the catalyst was collected,
washed and redispersed in dilute HCl solution of pH 2.0 for the
next cycle. The conversion of 4-NP to 4-AP was calculated as 1 �
At/A0, where At represents the absorption of 4-NP at 400 nm at
100 s, and A0 is the absorption of 4-NP in original reactant. From
Fig. 5(c), no measured decease in the catalytic activity was
observed aer running for 5 successive cycles, demonstrating
the excellent catalytic stability of the Au NPs–GO
nanocomposites.
SERS activity of the Au NPs–GO nancomposites

Inspired by the high zeta potential of the Au NPs–GO nano-
composites at pH < 4.0, we hypothesized that the negatively
charged analyte molecules would preferentially adsorb onto
sample surfaces, and subsequently the anchored Au NPs
enhanced their Raman signals; whereas the adsorption of
positively charged analytes would be unfavorable due to elec-
trostatic repulsion, and therefore enabled the charge-selective
SERS analysis of dye molecules. Herein two positively charged
analytes, rhodamine 6G (R6G) and methylene blue (MB), and
two negatively charged analytes, trypan blue (TB) and ponceau S
(PS), were employed as representative Raman probes to
demonstrate the hypothesis. The Au NPs–GO nanocomposites
that were well-dispersed in the HCl solution of pH 2.0 were
mixed absolutely with the aqueous solution of each analyte, and
then the mixture solution was dropped onto glass slides for
SERS measurement.

Fig. 6(a) compares the SERS spectra of 1 mM aqueous solu-
tion of R6G, MB, TB and PS recorded under the same condi-
tions. Distinct Raman bands corresponding to TB and PS
molecules were observed, suggesting a strong SERS enhance-
ment for the negatively charged analyte molecules. Conversely,
the SERS spectra collected from R6G and MB molecules are
similar to that of the Au NPs–GO nanocomposites. Only typical
D and G bands of the GO component at 1345 and 1580 cm�1

were observed, but no characteristic Raman bands of the
56526 | RSC Adv., 2017, 7, 56519–56527
analyte molecules were detected. The charge selectivity was
further tested using a mixed solution of TB and R6G (concen-
tration of 1 mM each). The SERS spectrum in Fig. 6(b)
demonstrates a decrease in intensity of characteristic TB Raman
signals compared with single TB solution, yet is still clearly
distinguishable. These results clearly indicate the high sensi-
tivity and selectivity of SERS detection for negatively charged
analytes with the Au NPs–GO nanocomposites under low pH
conditions.

We further measured the SERS spectra as a function of the
dye concentration and determined the detection sensitivity. As
expected, the Raman signal intensities of TB and PS decreases
with decreasing concentrations (Fig. 6(c) and (d)). For TB, the
Raman band is clearly distinguishable down to 1 mM concen-
tration, which was 100 times lower than that of PS. The differ-
ence in detection sensitivity between the two analysts is
attributed to a stronger affinity between TB and substrate than
PS and the substrate.

The stability of Au NPs–GO nanocomposites was assessed by
determining the Raman peak intensity of adsorbed TB (10 mM)
aer storage in the refrigerator for 0, 30, or 60 days. The spectra
in Fig. 6(e) presents that the Raman signal intensity of TB
decreases to approximately 8% and 30% of its initial value aer
30 and 60 days of storage, respectively. These results indicate
that the Au NPs–GO nanocomposites are stable as a substrate
and produce reliable SERS measurements.
Conclusions

The Au NPs–GO nanocomposites were successfully synthesized
by decorating Au NPs onto P4VP-graed GO sheets. The pres-
ence of P4VP polymer not only enabled the immobilization of
Au NPs with high and uniform distribution on GO sheets, but
also endowed the nanocomposites with pH-sensitive charac-
teristics. We demonstrated that the as-prepared Au NPs–GO
nanocomposites displayed pH-responsive LSPR changes and
assembly behavior. The Au NPs–GO nanocomposites were
employed as efficient catalysts for the reduction of 4-NP, and
demonstrated pH-dependent catalytic activity. Further investi-
gation indicated that the nanocomposites exhibited selective
adsorption and high-efficient SERS detection of negatively-
charged dye molecules. Therefore, the Au NPs–GO nano-
composites provide a new opportunity for real-world chemical
detection and catalysis.
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