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This paper  reported  a method  to fabricate  graphene  oxide  sheets  supported  Ag  nanoparticles  (AgNPs/GOS)
with  single  crystalline  structure  and parabolic  distribution  without  surfactant  or  functional  agent.  We
used  imidazole  silver  nitrate  as  intercalation  precursor  into  the layers  of  graphite  oxide,  and  subsequently
reduction  and  growth  of  interlamellar  AgNPs  were  induced  via  �-irradiation.  The  results  illustrated  that
the  synergism  of interlamellar  limitation  of graphite  oxide  and  fragmentation  ability  of  �-irradiation
could  prevent  coalescent  reaction  of  AgNPs  with  other  oligomeric  clusters,  and  the  single  crystalline  and
small-sized  (below  13.9 nm)  AgNPs  were  prepared.  Moreover,  the content  and size  of AgNPs  exhibited
parabolic  distribution  on  GOS  surface  because  the  graphite  oxide  exfoliated  to GOS  from  the edge  to
the  central  area  of  layers.  In addition,  complete  exfoliation  degree  of  GOS  and  large-sized  AgNPs  were.co

m.cn

-Irradiation
urface-enhanced Raman scattering

obtained  simultaneously  under  suitable  silver  ions  concentration.  Optimized  composites  exhibited  out-
standing  surface-enhanced  Raman  scattering  properties  for crystal  violet  with  enhancement  factor  of
1.3  × 106 and  detection  limit  of  1.0 × 10−7 M, indicating  that  the  AgNPs/GOS  composites  could  be  applied
to  trace  detection  of  organic  dyes  molecules.  Therefore,  this study  presented  a strategy  for  developing  GOS
supported  nanometal  with  single  crystalline  structure  and  parabolic  distribution  based  on  �-irradiation.

© 2017  Elsevier  B.V.  All  rights  reserved.pm
. Introduction

Noble metal nanoparticles are consistently investigated world-
ide because of their outstanding physical and chemical properties

1,2]. Silver nanoparticles (AgNPs) are a well-known noble
anometal of current interest with remarkable optical proper-
ies, high electrical conductivity and excellent catalytic activity,
tc. Based on these outstanding properties, AgNPs are effective
n various applications, including surface-enhanced Raman scat-
ering (SERS) substrate, oxidative catalysis, antimicrobial medicine
nd optical sensors, etc. [3–16]. As is well known, the SERS activ-
ty and stability of AgNPs depend on distribution and crystalline

www.s
tructure. The appropriate interparticle gap is suitable for the gen-
ration of Raman “hot spots”, which is conducive to enhancing the
ERS properties [17]. Moreover, single crystalline AgNPs with the

∗ Corresponding author.
E-mail address: xuzhiwei@tjpu.edu.cn (Z. Xu).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.apsusc.2017.01.159
169-4332/© 2017 Elsevier B.V. All rights reserved.
minimization of low coordination defect sites show excellent sta-
bility and SERS properties. To further improve the SERS activity and
stability of AgNPs and minimizing the use of precious Ag metal,
immobilizing AgNPs with remarkable distribution and dispersion
on various carbon materials (e.g., graphene oxide, graphene, carbon
nanotubes and carbon nanofibers, etc.) are regarded as an effective
strategy, due to the strong interactions between the AgNPs and
carbon materials [18–20]. For example, Li et al. exploited modi-
fied graphene oxide as a support to synthesize reduced graphene
oxide/AgNPs by chemical reduction method, and as-prepared com-
posites were successfully applied to the SERS substrate, which gave
high SERS activity toward Rhodamine 6G, accompanied by excel-
lent stability [21].

Graphene  oxide sheets (GOS), typical carbon materials, are
prepared from the exfoliation of graphite oxide that basal
planes mostly decorate with hydroxyl, epoxide, carbonyl and

carboxyl groups [22]. Compared with other carbon materials, two-
dimensional GOS has attracted tremendous attention as an ideal
platform for growing and supporting metal nanoparticles due to
its large surface area, low cytotoxicity, and good water solubility.

dx.doi.org/10.1016/j.apsusc.2017.01.159
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.01.159&domain=pdf
mailto:xuzhiwei@tjpu.edu.cn
dx.doi.org/10.1016/j.apsusc.2017.01.159
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ultrasonic treatment, and used such GOS to replace graphite oxide
as precursor, while other parameters remain unaltered.

Table 1
Concentration ratios of components in the obtained mixture.

sample name Ag(im)2NO3: AgNO3

A0.5 1:0.5

m

Y. Yue et al. / Applied Surfa

n particular, metal nanoparticles and metal cations can be directly
ttached on the GOS surface through physisorption, electrostatic
inding or charge-transfer interactions [23–25].

Up to now, many methods have been conducted to synthetize
OS supported AgNPs (AgNPs/GOS) composites, such as thermal

reatment, laser ablation, dry plasma synthesis and chemical reduc-
ion, etc. [3–8,23,26–29]. Compared with other approaches, the
hemical route is uncomplicated and facile. Therefore, chemical
eduction has emerged as a highly versatile strategy for synthe-
is of AgNPs/GOS composites. However, conventional chemical
eduction routes to reduce precursors and prepare AgNPs/GOS
omposites from poisonous and hazardous reductants (sodium
orohydride, formaldehyde and hydrazine), which may  cause
roblems in the environment and health. Meanwhile, the suf-
cient reduction usually requires the excessive reductant, and

hus the undesired oxidation product is inevitable [30,31]. Accord-
ngly, efficient and uncontaminated irradiation reduction has been

idely applied in fabricating AgNPs/GOS composites, such as �-ray,
icrowave, ultraviolet and ultrasonic irradiation [30,32–36]. Of

hese techniques, �-irradiation has been demonstrated to possess a
umber of advantages compared with other methods. For example,
he high-energy �-irradiation can uniformly generate reductant
n the solution, which provides AgNPs in completely reduced,
xtremely pure, and very stable states during the reduction process.
oreover, �-irradiation can significantly fragment AgNPs under

igh dosage (more than 100KGy), leading to small-sized AgNPs
31,37–41]. Therefore, �-irradiation has exhibited tremendous
otential in synthesis of AgNPs/GOS composites. Recently, Hareesh
t al. used �-irradiation induced reduction to facilely fabricate
mall-sized AgNPs decorated reduced graphene oxide composites
n the presence of isopropyl alcohol and polyvinyl pyrrolidone
34]. Wang et al. found that 1-Ethyl-3-methylimidazolium acetate
ould act as scavenger and surfactant to prepare uniform and
onodisperse AgNPs decorated reduced graphene oxide compos-

tes through �-irradiation [33].
However, challenges remain in the �-irradiation induced

abrication of AgNPs/GOS composites. Usually, to improve the
ispersion and stabilization of nanoparticles, use of considerable
urfactant or functional agent is inevitable. Accordingly, they have
trongly absorb on the surface of nanoparticles, resulting in a dis-
repancy in the performance of composites [42–45]. Moreover,
hese strategies lack the crystalline structure and distribution con-
rol of AgNPs on GOS (i.e., they are always polycrystal structure
ith uniform or random distribution). On the other hand, GOS is

irectly used as precursor from exfoliation of graphite oxide by
ltrasonic treatment, thereby decreasing the dimensions of GOS
arkedly [46]. Recently, to control the microcrystalline structures

f AgNPs on the GOS without surfactant or functional agent, Hui
t al. used ultrasonic irradiation for efficient control of crystalline
tructure, morphology and size of AgNPs by changing the con-
entration of Ag ions [30]. Gotoh et al. demonstrated that the
reparation of metal nanoparticles decorated graphene sheets from
ation exchange, the small-sized and homogeneously-dispersed
oble  metal nanoparticles could be obtained simultaneously to pre-
ent the restacking of graphene sheets [47]. In addition, in our
revious work, we reported that the graphite oxide interlayer dis-
ance was significantly increased by �-irradiation treatment in the
ir [39]. Moreover, styrene functionalized graphene nanosheets
ere obtained efficiently by �-irradiation, indicating that interca-

ation of graphite oxide is a facile method to achieve self-exfoliation
nd to prevent the agglomeration of functionalized graphene
anosheets during �-irradiation [41]. Therefore, we combined the

www.sp
dvantages of �-irradiation technique and cation intercalation
ethod to fabricate AgNPs/GOS composites, using imidazole sil-

er nitrate (Ag(im)2NO3) as efficient intercalation complex into
ayers of graphite oxide, and subsequently inducing reduction
ence 403 (2017) 282–293 283

and  growth of interlamellar AgNPs via �-irradiation. Composites
were obtained at various concentrations of silver ions in order to
explore the relations between the interplanar spacing of graphite
oxide and the structures of the AgNPs. The possible mechanism
of the evolution was  proposed. In addition, the surface-enhanced
Raman scattering (SERS) activity of these AgNPs/GOS composites
was investigated.

2.  Experimental details

2.1.  Materials

Natural graphite flakes (200 mesh) were supplied by Qingdao
AoKe ShiMo Co. Ltd., silver nitrate (AgNO3), imidazole, and iso-
propanol alcohol (IPA) were supplied by Tianjin Kemiou Chemical
Reagent Co., Ltd. Nitric acid (HNO3, 68%), potassium perman-
ganate, concentrated sulfuric acid (H2SO4, 98%) and phosphoric
acid (H3PO4, 85%) were purchased from Tianjin chemical factory.
All of reagents were at least of analytical reagent grade and used
without further purification. All aqueous solutions were used with
deionized water.

2.2.  Preparation of AgNPs decorated GOS composites

Graphite oxide was synthesized from natural graphite flakes
using a modified Hummers method, giving graphite oxide in a
state of the pale yellow colloid [48,49]. The Ag(im)2NO3 was syn-
thesized from previous reported procedure [50]. In briefly, the Ag
complex was  synthesized from 1.24 g AgNO3 to 2.05 g imidazole,
and the colorless crystals were obtained by slow evaporation of
the solution at room temperature. The intercalation precursors
have been prepared by magnetic stirring the mixture of 8 mM
Ag aqueous solution and 50 ml  graphite oxide suspensions for
24 h.

Simultaneously, 7.5 ml  IPA and aqueous solution of AgNO3
(0.1 M)  with different volume of 2, 4, 8 and 12 ml  were added to
the mixture, followed by filled with water to the final volume of
100 ml  for preparing solution, mixture allowed to stand 24 h. The
weight ratios of components in the obtained mixture were pre-
sented in Table 1. And then, mixture has been purged by N2 for
30 min. After sealed off, the mixture suspension was  exposed under
60Co �-irradiation source with absorbed doses of 100 KGy  (about
2.7 kGy/h dose rate) at room temperature. After irradiation, the pro-
duced AgNPs/GOS composite suspensions turned to be dark brown.
After being isolated by centrifugation at the speed of 10,000 rpm for
6 min, the suspensions of the AgNPs/GOS composites were washed
with deionized water thrice to remove residuary Ag+, and freeze-
dried with a condensing temperature of −40 ◦C at an inside pressure
in less than 20 Pa. AgNPs/GOS powder was  obtained. In a control
experiment, we prepared GOS from exfoliation of graphite oxide by

.co
m.cn
A1 1:1
A2 1:2
A3 1:3
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.3. Raman detection of crystal violet

10 �l aliquots of different concentrations of crystal violet
CV) in ethanol were dropped onto the as-prepared substrates
10 mm × 10 mm)  and dried in a vacuum oven at 55 ◦C for SERS
etection. The Raman spectra were recorded using a 532 nm laser
ith 1 mW power and a 50 × objective (1 �m2 spot).

.4.  Characterization

Morphology and nanostructure of the prepared samples were
bserved using Hitachi H7650 transmission electron microscope
TEM) operated at an accelerating voltage of 100 kV. The high-
esolution transmission electron microscopy (HRTEM) images
ere taken by a JEM-2100 model instrument operated at 300 kV.

amples for TEM and HRTEM were prepared by placing a drop of
ample solution in ethanol onto a carbon-coated copper grid and
ried in air. Noticeably, HRTEM images reflected from the cen-
ral area of GOS. The distribution of AgNPs were studied by CSPM
500 Atomic Force Microscope (AFM) and JEOL JSM-5900LV Energy
ispersive Spectrometer (EDS) equipped on Hitachi S-4800 field-
mission scanning electron microscope (FE-SEM) at an accelerating
oltage of 10 kV. The structural evolutions of composites were
etermined by Bruker D8 Discover X-ray Diffraction (XRD) using
u K� radiation (� = 1.540 59 Å) with a scanning speed of 10◦/min

rom 5 to 80◦. The ultraviolet–visible (UV–vis) absorption spectra

ere measured on a Hitachi UV-3310 spectrophotometer within

he wavelength region 200–600 nm.  The chemical composition was
nalyzed by X-ray photoelectron spectroscopy (XPS, PHI 5700) with
l K� excitation radiation. The Raman spectra were recorded on

ig. 1. X-ray diffraction patterns of graphite oxide, Ag(im)2NO3/graphite oxide and AgNP
ain.

able 2
arameters estimated from XRD peaks, HRTEM images and XPS spectra.

Sample name XRD 

Peaks of C (002) Peaks of Ag (111) 

2� degree d002 (nm) FWHM
(radian)

2�

A0.5 11.58 0.76 1.13 38
A1 11.44 0.77 0.91 38
A2 – – 0.60 38
A3 11.22 0.79 0.67 38

a The ratios of O/C and Ag/C were calculated from the equation as follows: A/B = A (wt.%)
f  element was  obtained from XPS data.

www.sp
m

ence 403 (2017) 282–293

Renishaw  in Via Raman Microscope with an excitation wavelength
of 532 nm and a power of 1 mW.

3.  Results and discussion

3.1.  Morphology and microcrystalline structure of the AgNPs/GOS
composites

XRD  was  employed to investigate the microcrystalline struc-
ture of composites. Fig. 1 showed XRD patterns of the graphite
oxide, Ag(im)2NO3/graphite oxide, and AgNPs/GOS composites at
different reaction concentrations of AgNO3 (A0.5–A3). The pattern
of graphite oxide exhibited the significant peak at 10.8◦, which
was assigned to the C(002) interplanar spacing (d002) of 0.82 nm,
Ag(im)2NO3/graphite oxide expanding to 0.88 nm because of suf-
ficient intercalation of the silver complex [47]. After �-irradiation,
the prominent diffraction peaks of Ag(111), Ag(200), Ag(220) and
Ag(311) crystallographic planes were observed clearly, revealing
the formation of AgNPs in this composites [51]. In Fig. 1b, the
AgNPs/GOS composites diffraction peaks of C(002) were nearly
unchanged, while the intensity became barely discernible. The
results illustrated the oxygen-containing functional groups still
remained on the GOS and the GOS was successfully exfoliated dur-
ing �-irradiation [52,53]. In summary, AgNPs/GOS composites were
successfully fabricated via this strategy.

The effect of the concentration of Ag ions on the structures of

m.cn

AgNPs/GOS composites was  further investigated. The parameters
calculated from XRD peaks and XPS spectra were summarized in
Table 2. The d002 values were calculated by Bragg’s law, the average
particles size was estimated from Scherrere-Debye equation using

s/GOS composites (A0.5–A3): (a) full spectrum, (b) peaks of C(002) with fractionated

TEM XPS

Particle size (nm) O/Ca Ag/Ca

 degree Particle size (nm)

.86 7.37 5.15 0.37 0.30

.58 9.16 5.37 0.48 0.42

.72 13.93 6.78 0.49 0.61

.68 12.43 5.67 0.63 0.62

/B (wt.%), where A and B represent the corresponding elements; the weight content

.co
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ig. 2. TEM images of (a) Ag(im)2NO3/graphite oxide, (b) AgNPs/GOS composites o
nd (e) corresponding SAED image, (f) control sample, which use GOS as precursor 

he Ag(111) peak, because this peak had no interference from the
iffraction peaks of carbon materials and thus could provide better
ccuracy [54]. The data directly showed that the size and content
f AgNPs increased with increasing original concentration of Ag

ons during the �-irradiation, due to the significant improvement of
rystal growth rates, which was consistent with previous research

55]. However, when the concentration of Ag ions increased to the
evel of A3, the size of AgNPs was decreased. The extraordinary
esult illustrated that might exist other mechanism to influence
he size of AgNPs. Therefore, we suspected the reason by following
RTEM images of (c) A2 in central area of GOS, (d) high magnification image of A2

 the same conditions as A2, (g) corresponding high magnification image.

deduction.  Obviously, the size of AgNPs were larger than d002 value
of graphite oxide, and graphite oxide exhibited weak interactions
between the interlayers [46]. Accordingly, growth of interlamel-
lar AgNPs were limited by graphite oxide. In order to confirm such
hypothesis, the d002 values of AgNPs/GOS composites were ana-
lyzed. Compared with original graphite oxide, the d002 of GOS in

the AgNPs/GOS composites (A3, A1, A0.5) decreased to 0.79, 0.77 and
finally 0.76 nm at the 2� angles of 11.22◦, 11.44◦ and 11.58◦, respec-
tively. The d002 values decreased gradually as a result of the partial
reduction of oxygen-containing functional groups on GOS with
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Fig. 3. Illustration of two  growth routes of Ag

arying degrees [56]. The reduction degree of oxygen-containing
unctional groups was described via ratios of O/C in Table 2. Particu-
arly, the disappearance of GOS characteristic peak of A2 illustrated
hat GOS was exfoliated completely [57]. Such similar changing
rend of d002 values and AgNPs size provided powerful evidence to
upport the view that interlamellar space of graphite oxide limited
articles growth, because larger layer spacing exhibited weaker

imitation, resulting in large AgNPs size. Therefore, the sample of
2 had the largest Ag size because limitation disappeared after GOS
ompletely exfoliated. Herein, we suggested that the interlamellar
pacing played a key role in limiting size of particles. However,
t was unclear that why GOS of A3 restacked during irradiation.
he possible reason was that the excessive Ag+ reduced repulsion
etween the layers because GOS was electronegative colloid, which

ed to exfoliation degree of GOS decreased.
The morphology and structure features of composites were

nvestigated by TEM and HRTEM. It was clearly seen in Fig. 2a
hat the Ag(im)2NO3/graphite oxide agglomerated to a greater
xtent with above ten micrometers lateral size. After irradiation for
g(im)2NO3/graphite oxide in Fig. 2b, we could find that the sub-
trate of graphite oxide was exfoliated to GOS with the same sheets
ize and AgNPs were too small to be observed clearly. The morphol-
gy of AgNPs/GOS composites in the central (Fig. 2c) and edge area
Fig. S1) of GOS revealed that AgNPs with monodispersity were suc-
essfully attached on the GOS surface. The crystalline structure of
gNPs/GOS composites were further confirmed by HRTEM and the
AED pattern (Fig. 2d and inset). The fringe lattice of AgNPs was
ound to be 0.23 nm,  which corresponded to the Ag(111) lattice
pacing (0.236 nm). The well-resolved lattice fringes and regularly
otted pattern indicated that the AgNPs had a single crystalline
tructure [30,54]. In a control experiment, GOS were directly used
s precursor by ultrasonic treatment. The products consisted of
rregularly distributed and larger-sized nanoparticles with obvious
ggregation, and almost no single crystalline AgNPs were found on
he GOS surface (Fig. 2f). Moreover, the diameter of GOS decreased
o hundreds of nanometers due to strong cavitation of sonication
46]. However, the size of AgNPs was still within nanoscale, indicat-
ng that the size of AgNPs could be fragment by �-irradiation in the

www.sp
igh dose rate. Thus, it was confirmed that based on synergism of
nterlamellar limitation of graphite oxide and fragmentation abil-
ty of �-irradiation, the growth of interlamellar AgNPs could be
revented from aggregating.
n graphite oxide (I) and GOS (II), respectively.

The growth of AgNPs was explained by the following mecha-
nism, which was also schematically depicted in Fig. 3. The radiolysis
of aqueous solvent system, the formation of hydrated electrons
(e−

aq), hydroxyl radicals (·OH) and hydrogen radicals (•H) were the
first step in the radiolytic growth of AgNPs. The chemical yields
for e−

aq, and •OH were reported to be 2.7, 0.6 and 2.8, respectively.
Thus, 2-propanol was used as a scavenger to convert •OH and •H to
2-propanol radicals ((CH3)2C·OH) [58]:

H2O
�irradiation→ • H + • OH+e−

aq + H2O2 + H+ (1)

•H (•OH) + (CH3)2CHOH → H2 (H2O) + (CH3)2C• (OH) (2)

Since  the electrochemical potential of the Ag+/Ag0 was  more
positive than that of the Ag complex system, The interlamellar Ag+

was reduced by the e−
aq and (CH3)2C·OH:

Ag++e-
aq → Ag0 (3)

Ag+ + (CH3)2C · (OH) → Ag0 + (CH3)2CO + H+ (4)

However,  individual atom was unstable in aqueous solution
owing to high surface energy, and Ag complex ions had higher
stability than Ag ions. The oligomeric clusters were formed
from combining silver atoms and complex ions via condensation
reactions, meanwhile directly immobilized at oxygen-containing
functional groups, and the nature of certain intermediate clus-
ters had been elucidated by analogy with previous report such
as Ag2(im)2

+, Ag4(im)4
2+, Ag9(im)2

+, etc. [37,55]. Therefore, as
the nuclei, positively charged clusters were well dispersed on the
electronegative surface of GOS with excellent stability via charge-
transfer interactions. Meanwhile the clusters could more or less be
neutralized, which favored their condensation to form larger ones,
and we simply designated the small clusters as Agm

n+. According
to Eqs. (5) and (6), under the interlamellar limitation of graphite
oxide, the growth of Agm

n+ was protected from further reaction
with each other, and the Ag ions were reduced in situ by the rad-
icals and hydrated electrons on clusters surface. When amount of
m exceeded threshold, the electrochemical potential of Agm

n+ was
higher than Ag ions. Meanwhile concentration of Ag ions was  too

.co
m.c
low to emerge slow reaction rate, the positively charged clusters
were reduced [37,59], resulting in formation of small-sized and sin-
gle crystalline AgNPs. In a control experiment, positively charged
clusters were generated on GOS. However, the growth of clusters
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Fig. 4. HRTEM images of the different AgNPs/GOS composites in central area of GOS:
(a) A (b) A (c) A .
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as ineffectively protected from further coalescent reaction with-
ut limitation. Thereby, AgNPs agglomerated to larger and larger
tructures according to Eq. (7).

Agn+
m +iAg++ie-

aq (or i(CH3)2C · (OH)) → Agn+
m+i

+
(

i(CH3)2CO + iH+)
(5)

gn+
m+i + ne-

aq (or n(CH3)2C · (OH)) → Agm+i + (n(CH3)2CO+nH+)(6)

gn1+
m1 +Agn2+

m2 → Ag(n1+n2)+
m1+m2 (7)

The  effect of the Ag ions concentration on the size of AgNPs/GOS
omposites was further investigated. Fig. 4a–c shows the typical
RTEM images of AgNPs/GOS composites at different concentra-

ions and the corresponding size of AgNPs was reported in Table 2.
he data had shown that the size of AgNPs calculated from XRD was

arger than TEM, while the changing trend of the AgNPs size from
wo characterizations were accordant. In other word, the particle
ize increased with increasing Ag ions concentration, and abnor-
ally, sample A2 had the largest size. It directly evidenced that the

articles size in center was smaller than the whole area, because
EM images picked from central area of GOS. Such inconsistent
esults of AgNPs size from two characterizations were another
ndication of interlamellar limitation. Similarly to the exfoliation
rocess of graphite [53], it could be explained that the graphite
xide was exfoliated to GOS from the edge to the central area of the
raphite oxide. the limitation degree of particles growth in central
rea was stronger than other area. Thereby, the particles in center
xhibited the minimum size. In order to describe the distribution
f AgNPs accurately, EDS and AFM had been used.

EDS linear scanning was applied to analyze elemental distribu-
ion in the AgNPs/GOS composites. As shown in Fig. 5a, the outline
f the AgNPs/GOS composites were obvious, the content of carbon
lement did not change significantly, while the content of silver
lement decreased firstly and then increased gradually along the
hite line from top to bottom of the AgNPs/GOS composites sur-

ace (Fig. 5b). Similarly, AFM analysis (Fig. 5c, d) showed that the
eight of composites decreased gradually from the side to the mid-
le, it provided strong evidence that the size of AgNPs exhibited
arabolic distribution on the surface of GOS, since thickness of sheet
hanged non-significantly under the same GOS. In summary, the
gNPs attached on the GOS with parabolic distribution as a result
f the interlamellar limitation of graphite oxide.

The comparison of our samples with other AgNPs/GOS com-
osites in method of preparation and structures was listed in
able 3, which revealed obvious advantages of our work. Namely,
e obtained GOS supported AgNPs with single crystalline structure

nd parabolic distribution without surfactant and functional agent.

.2. Component and interfacial bonding of AgNPs/GOS composites

To investigate the chemical state of graphite oxide and the
gNPs/GOS composites, the XPS spectra were examined. In Fig. 6a,

he survey spectra clearly indicated the existence of C, O in graphite
xide and the existence of C, O, Ag in the composites. As shown in
ig. 6b, the Ag 3d XPS spectra showed strong signals at 368.78 and
74.78 eV, which corresponded to Ag 3d5/2 and Ag 3d3/2 binding
nergies, respectively, and no characteristic peak of Ag2O (367.8 eV)
r AgO (367.4 eV) was observed as well. The positions of these peaks
roved that silver was present only in metallic form, suggesting
hat the pure AgNPs were anchored on the GOS surface [23]. The

www.sp
 1s spectrum of graphite oxide (Fig. 6c) could be deconvoluted
nto three components with binding energy at 284.8, 286.9 and
88.0 eV, which were ascribed to C C (unoxidized graphite carbon
keleton), C O (hydroxyl and epoxide) and C O (carboxyl) groups,

0.5 1 3
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Fig. 5. AgNPs/GOS composites of sample A2: (a) SEM image (the dotted line indicates outline of composites), (b) distribution of silver, carbon and oxygen elements along the
white  line (measured by EDS linear scanning system), (c) image of AFM tapping mode, (d) height distribution along the dotted line.

Fig. 6. XPS survey scans of (a) graphite oxide and AgNPs/GOS of A2, (b) Ag 3d XPS spectra of AgNPs/GOS, (c) C 1 s XPS spectra of AgNPs/GOS and graphite oxide (d).
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Table  3
Structure and preparation method of AgNPs/GOS composites.

Sample Reduction method Surfactant or functional agent Dispersion Distribution Crystalline structure Ref.

GOS/AgNPs chemical reduction by sodium
borohydride

trisodium citrateb monodispersion random and wide polycrystal [6]

GOS/AgNPs  chemical
reduction by
NaBH4 in toluene
solution

cetyl trimethyl ammonium
bromideb

partial aggregation random polycrystal [4]

Ag@GOS  chemical reduction by glucose
in Supercritical carbon dioxide

Supercritical  carbon dioxideb partial aggregation random polycrystal [28]

Ag-GOS  chemical reduction through
mirror  reaction

MnOOHc,d aggregation random and narrow polycrystal [5]

Ag-thiolated  GOS chemical reduction by NaBH4 NaSHc monodispersion uniform polycrystal [7]
GOS–chitosan-Ag chemical reduction by NaBH4 chitosanc aggregation wide polycrystal [8]
Ag/GOS  Dopamine inducing the

spontaneous  formation
dopaminec monodispersion random and narrow – [3]

AgNPs/GOS  chemical reduction by sodium
citrate

– aggregation wide – [29]

GOS-Ag  chemical reduction by glucose – aggregation uniform polycrystal [23]
AgNPs/GOS  Laser Ablation – aggregation wide polycrystal [26]
GOS-Ag  Dry plasma synthesis – excellent dispersion uniform and

narrow
polycrystal [27]

Ag-GOS  photochemical reduction by
UV irradiation in ethanol

–  monodispersion uniform polycrystal [36]

Ag/rGOa
l-arginine assisted reduction
by  Microwave

l-arginineb monodispersion uniform and narrow polycrystal [35]

AgNPs–rGO heat-assisted reduction by
ultrasonication

– excellent dispersion narrow polycrystal [32]

AgNP–GOS  vitamin
C-assisted
reduction by
ultrasonication

–  partial aggregation random and wide singe crystal [30]

Ag-rGO  gamma irradiation induce
reduction in the presence of
IPA

polyvinyl pyrrolidoneb excellent dispersion random and wide polycrystal [34]

Ag-rGO  Ionic-liquid-assisted reduction
by  gamma  irradiation

1-Ethyl−3-methylimidazolium
acetateb

monodispersion uniform – [33]

Ag  NPs/GOS gamma irradiation induce
reduction in the presence of
IPA

– monodispersion parabolic singe crystal This work

a reduced graphene oxide sheets.
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b stabilizing or controlling structure of AgNPs by surfactant.
c stabilizing or controlling structure of AgNPs by functionalization.
d manganese oxyhydroxide.

espectively [33]. The C 1s XPS spectrum of AgNPs/GOS composites
as also deconvoluted into three peaks at 285.1, 287.1, 288.4 eV

ssigned to C C, C O and C O, respectively (Fig. 6d). These results
ndicated that a large number of oxygen-containing functional
roups on the surface of GOS still retained after �-irradiation. In
ddition, the intensity of the band at 287.1 eV (C O) was decreased
hich indicated the partial reduction of graphite oxide to GOS.

UV–vis  spectra was used to record the change of graphite oxide
o AgNPs/GOS composites. In Fig. 7a, the two characteristic peaks of
raphite oxide were a signal at 233 nm,  which described the � → �*

ransitions of the aromatic C C bonds and a shoulder at 300 nm,
hich was related to the n → �* transitions of the C O bonds [60].
s shown in the UV–vis spectra of AgNPs/GOS composites (Fig. 7b),

he formation of AgNPs was indicated by the surface plasmon res-
nance peak of AgNPs at 412 nm in the AgNPs/GOS composites,
hich was similar to previous studies [23,67]. Moreover, it was

eported that AgNPs appeared spherical shape when its sharp peak
as in the range of 400–500 nm [6], which was consistent with the

EM result. To further confirm the interactions between graphite
xide and AgNPs, the FI-IR spectra of the samples were examined.
ig. 7c showed the shape of graphite oxide and AgNPs/GOS com-
osites were similar. As for AgNPs/GOS, the intensity of the C O

www.sp
tretching vibration decreased, whereas the C C stretching vibra-
ion increased. This change proved the interactions between the
gNPs and the oxygen-containing functional groups of the GOS
by forming a chemical bond or electrostatic attraction, which was
consistent with a similar previous report [30,61].

3.3. Surface-enhanced Raman Scattering properties

Raman spectra of all samples was  shown in Fig. 8a. Two char-
acteristic D and G peaks were observed. The D band (∼1346 cm−1)
originating from the breathing mode of �-point and the G band
(∼1591 cm−1) provided the information of the tangential stretching
mode of E2g phonon [54]. It was clearly noticed that intensities of
two peaks were enhanced after decoration of AgNPs on the surface
of GOS. Moreover, compared with other AgNPs/GOS composites, A2
exhibited larger size (13.9 nm)  and excellent Ag content (the Ag/C
of A2 was only 0.01 less than that of A3), as well as complete exfo-
liation of GOS. The electromagnetic enhancement, dominant factor
for SERS enhancement, could benefit largely from these structure
features [17,62]. Therefore, sample of A2 exhibited the best SERS
properties (6.3 fold than pristine graphite oxide).

CV, one of the widely used standard SERS probe, it is chosen
to probe the SERS activity with the AgNPs/GOS composites. The
SERS spectra of CV absorbed on optimal AgNPs/GOS composites
substrates with different concentrations were excited. As shown in

Fig. 8c, strong Raman signals were monitored on the AgNPs/GOS
composites substrates at 10−4 M concentration of CV. The peaks
at 805, 914, 1176, 1373, 1619 cm−1 were agreement with pure CV
and previous report [68]. As the concentration of CV decreased, the
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Fig. 7. UV−vis absorption spectra of graphite oxide (a) and AgNPs/GOS composites of A2 (b). FI-IR absorption spectra of graphite oxide and composites of A2 (c).

Table 4
SERS  properties of various graphene oxide-based Ag nanostructures.

SERS substrate Reduction method sample preparation for SERS excitation parameters Dyes detection
limit (M)

EF Ref.

Wavel-ength
(nm)

Power
(mW)

GOS-Ag chemical reduction by sodium
citrate

drop-cast onto the si substrate 633 2 CV 10−6 – [10]

633 2 R6G 10−6

633 2 MG 10−6

633 2 MB 10−6

GOS- Ag photochemical reduction drop-cast onto the si substrate 514 2 R6G 8 × 10−6 [11]
GOS/CS/AgNPs chemical reduction by sodium

citrate
disperse in organic solvents 514 – MB 10−7 – [12]

GOS/Ag  – spin-coate on the si substrate 532 – R6G 10−7 4.1 [64]
Ag–GOS  chemical reduction by

tryptophan
disperse  in aqueous solutions 532 35 CV 10−10 1.6 × 105 [13]

AgNP@GOS  chemical reduction by
1,5-pentanediol

drop-cast  onto APTES-modified
Si  substrates

532 0.17 R6G 10−10 4.8 × 105 [65]

0.17  532 0.17 CV 10−9 4.8 × 105

AgNPs/GOS gamma  irradiation induced
reduction in the presence of
IPA

drop-cast onto the si substrate 532 1 CV 10−7 1.3 × 106 This work

tions 

−9 7

ified

p
C
o
G
o
t
C
F
e
c
o
a
F

E

W
o
a
w

.sp
m.co

m.cn

GOS/Ag/TiO2 chemical reduction by NaBH4 disperse in aqueous solu
Au@AgNPs/GOS chemical reduction by

trisodium  citrate
cast  onto the APTES-mod
Si  substrates

eak intensity of CV became weakened. At 10−8 M, Raman signal of
V on the substrate was disappeared. Thereby, the detection limit
f CV was estimated to be around 10−7 M.  However, the strong
OS bands might become a huge disturbance in the SERS signals
f molecules at low concentrations [14,18]. To improve the rigor of
he optimization experiment with different composites, the SERS
V signals were recorded on the different AgNPs/GOS composites.
ig. S2 indicated that the sample of A2 prepared SERS substrates
xhibited the best SERS properties, consistent with the above con-
lusion. In summary, under our SERS substrates, the detection limit
f CV was estimated to be around 10−7 M.  In addition, the aver-
ge enhancement factor (EF) calculated according to the following
ormula (8):

F = ISERSNbulk/IbulkNsurface (8)

www
here  ISERS and Ibulk are the peak intensities of 10−7 M CV
n the AgNPs/GOS composites substrates and 0.01 M CV on

 silicon substrate at 1176 cm−1, respectively. ISERS and Ibulk
ere directly obtained from the SERS spectra, 9426.1 and
785 – MB 10 2.1 × 10 [66]
532 – R6G 10−9 7 × 107 [63]

715.2,  respectively. Nsurface and Nbulk are the number of CV
molecules excited by the laser beam on the AgNPs/GOS com-
posites and silicon substrate, respectively. These data calculated
form the concentration of surface or bulk sample and the cor-
responding area of sample (AS) [13,63]. The surface area of
the substrate is 10 mm × 10 mm.  The Nsurface and Nbulk were
assumed to be 10−7 mol  L−1 × 10 �l × NA × AS/100 mm2 and
10−2 mol  L−1 × 10 �l × NA × AS/100 mm2, respectively. Accord-
ingly, the EF of the AgNPs/GOS composites was about 1.3 × 106.
The results of the experiment confirmed that the composites
exhibited excellent SERS properties, which were reflected in the
comparison of our samples with previous AgNPs/GOS composites
from Table 4. It clearly showed that our AgNPs/GOS composites
exhibited high EF, but a relatively low detection limit compared
with other AgNPs/GOS composites. This abnormal phenomenon
could be explained through following discussion. Obviously, The EF

mainly depended on two sources: the electromagnetic mechanism
(a factor of 106–108 enhancement) and the chemical mechanism (a
factor of 10–100 enhancement) [14], when enough AgNPs attached
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Fig. 8. (a) Raman spectra of graphite oxide and different AgNPs/GOS composites
(A0.5–A3), SERS spectra of (b) CV with 10−2 M on the silicon substrate and (c) different
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oncentrations  of CV (10−4–10−8) absorbed on the optimal AgNPs/GOS composites
ubstrate.

n the surface of material, electromagnetic enhancement became
he dominant factor due to the resonances occurring on the metal
urface [17]. Consequently, the AgNPs/GOS composites exhibited
igh EF value for their excellent structure of AgNPs. However,
he enhancement effect was only one reason for detection limit.
he suppressing effect of the macrocyclic probe molecules on the
gNPs/GOS composites could not be ignored, due to the charge

ransfer interaction between probe molecules and graphene oxide.

w

nd thus, the primary reason of low detection limit was the huge
isturbing effect of the strong D/G bands of GOS. Secondly, as
e know, the detection limit also depended on the experimental
ence 403 (2017) 282–293 291

parameters. For example, diverse excitation power and wave-
lengths lead to different detecting depths, resulting in influence on
the detection limit. Although AgNPs/GOS composites in this work
could not compare the SERS performance objectively, due to not all
literatures provided detection limit and EF in the same condition,
it was  enough to directly observe a trace amount of organic dyes.

On  the other hand, the SERS experiment about the repro-
ducibility of AgNPs/GOS composites was  further achieved. The SERS
signals of CV recorded on the optimized AgNPs/GOS composites
which were stored in the dark for 13 days reached 95.3% of its
original value (Fig. S3a), and it was more than the value 87.6% for
the control sample (Fig. S3c), indicating that the single crystalline
AgNPs was  benefit for SERS stability.

4. Conclusions

In this work, GOS supported AgNPs with single crystalline
structure and parabolic distribution had been obtained without
surfactant or functional agent, Ag(im)2NO3 was used as efficient
intercalation precursor into the layers of graphite oxide, and sub-
sequently the reduction and growth of interlamellar AgNPs were
induced via �-irradiation. The parameters calculated from XRD
peaks showed that size of AgNPs increased with d002 values increas-
ing, which provided strong evidence to support the opinion that
the interlamellar spacing of graphite oxide limited AgNPs growth.
Based on the synergism of fragmentation ability of �-irradiation
and interlamellar limitation of graphite oxide, minor sized (below
13.9 nm)  and single crystalline AgNPs were obtained. More impor-
tantly, owing to the exfoliation of GOS from the edge to the
central area of graphite oxide, the size and content of AgNPs had
exhibited parabolic distribution on GOS, which could be demon-
strated by AFM and EDS images. In addition, complete exfoliation
degree of GOS and large-sized AgNPs were obtained simultane-
ously under appropriate reaction condition. On the other hand,
Raman spectra showed that the Raman signals of optimal compos-
ites were dramatically enhanced (6.3 fold than pristine graphite
oxide) due to generating plenty hot spots on their surface. Such
composites exhibited outstanding SERS properties for crystal vio-
let with the enhancement factor of 1.3 × 106 and the detection limit
of approximately 1.0 × 10−7 M,  illustrating that the AgNPs/GOS
composites could be applied to trace detection of organic dyes
molecules. This study indicated that the interlamellar limitation
of graphite oxide could protect growth of AgNPs, which provided
a guide to efficiently synthesize single crystalline metal nanopar-
ticles with parabolic distribution decorated GOS composites based
on �-irradiation technique.
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