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ABSTRACT: Herein, a simple wet-chemical pathway has been demon-
strated for the synthesis of silver nanoparticle conjugated reduced graphene
oxide nanosheets where dimethylformamide (DMF) is judiciously employed
as an efficient reducing agent. Altogether, DMF reduces both silver nitrate
(AgNO;) and graphene oxide (GO) in the reaction mixture. Additionally,
the presence of polyvinylpyrolidone (PVP) assists the nanophasic growth
and homogeneous distribution of the plasmonic nanoparticle Ag(0).
Reduction of graphene oxide and the presence of aggregated Ag NPs on
reduced graphene oxide (rGO) nanosheets are confirmed from various
spectroscopic techniques. Finally, the composite material has been exploited
as an intriguing platform for surface enhanced Raman scattering (SERS)
based selective detection of uranyl (UO,**) ion. The limit of detection has
been achieved to be as low as 10 nM. Here the normal Raman spectral

(NRS) band of uranyl acetate (UAc) at 838 cm™" shifts to 714 and 730 cm™" as SERS bands for pH 5.0 and 12.0, respectively.
This distinguished Raman shift of the symmetric stretching mode for UO,*" ion is indicative of pronounced charge transfer (CT)
effect. This CT effect even supports the higher sensitivity of the protocol toward UO,* over other tested oxo-ions. It is
anticipated that rGO nanosheets furnish a convenient compartment to favor the interaction between Ag NPs and UO,* ion

through proximity induced adsorption even at low concentration.
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Bl INTRODUCTION

Graphene stands to be a promising 2D-carbon lattice in the
field of material research due to its excellent chemical and
physical properties." Large surface area, unique thermal and
chemical stability, excellent mechanical strength, and superior
electrical conductivity make graphene a potential component in
various fields such as solar cells,” energy storage device,®
sensors,* energy conversion,” and so forth. A chemically
available source of graphene is graphite which needs to be
exfoliated into free aromatic sheets of sp>-bonded carbon
atoms. But due to its highly hydrophobic nature, aqueous
solution based approaches proceed through graphene oxide
(GO) which is composed of functionalized graphene-like
sheets. The hydroxyl, carboxyl, and epoxide groups in GO
stabilize the aqueous dispersion of GO.° Recently, enormous
interests have been drawn for the development of graphene
based hybrid materials where semiconductors, metal nano-
particles (Au, Pd, Pt, etc.), conducting polymers exhibit higher
performance in their respective applications with the assistance
of graphene in the nanocomposite systems.”

Since the discovery of surface enhanced Raman scattering
(SERS) from a silver surface,® a renewed importance has been
created for the interpretation of enhanced vibrational nature of
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an adsorbate on a rough surface. Hence, SERS becomes a
powerful analytical tool in various fields of research such as
sensing, catalysis, explosive detection, and so forth.” Ultrahigh
sensitivity of SERS opens up a new avenue for single molecule
detection of a probe molecule in recent years.'” Raman
enhancement originates from two distinct phenomena: long-
range electromagnetic effect (EM) and short-range chemical
effect (CE).” Localized surface plasmon resonance (LSPR)
from metal nanoparticle (NP) provides a suitable surface for
superior Raman scattering studies. Since the EM effect is more
prominent for SERS, the coinage metal NPs, especially silver
and gold, are the most desirable candidates for designing SERS
substrate” although transition metal NPs have the capability but
in limited cases."’

Recently, graphene has become a new class of SERS
substrate for efficient Raman scattering of a molecule adsorbed
on the graphene surface. The idea behind this phenomenon can
be explained considering charge transfer (CT) from graphene
to the adsorbate,' resulting in the enhancement of SERS signal
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intensity which is basically known as chemical enhancement
(CE). Fluorescence background interferes with the Raman
signal which causes a huge problem to obtain the signature of a
fluorescent molecule by resonance Raman spectroscopy (RRS).
Graphene, being a known fluorescence quencher, leaves a
promise and becomes an effective SERS substrate for
fluorescent molecules.' Since the CT phenomenon is distance
dependent, the adsorption of a molecule onto graphene sheet
plays a major role in this case. The graphene surface can be
modified by various processes for useful applications. Graphene
oxide (GO) or its reduced form consists of some defects in
terms of functionalization by some oxygen containing groups.
To show the dominance of CE, Yu et al. described SERS of
Rhodamine B (RhB) deploying rtGO which was obtained in
successive stages after different degrees of reduction.'* Here
oxygen containing groups of rGO direct the interactions
between substrate and RhB. The large surface area of graphene
or graphene derivatives and their functional groups support
efficient adsorption of various organic molecules'® and ions'®'”
through 77—z stacking and electrostatic interactions, respec-
tively. This capability produces a semiconductor with improved
photocatalytic activity when it gets hybridized with rGO.'®
Inspired by the enhanced SERS activity of silver,'® nowadays
synthesis of Ag NPs deposited GO or rGO sheets is going to be
highly demanding for SERS measurement where pronounced
charge transfer excitation can be coupled with strong
electromagnetic effects.”® Then potential SERS substrates by
incorporating Ag NPs in GO or rGO provide new platforms
with improved SERS effect for various well-known Raman
reporters.u_27 In most of the cases, m—x interaction,
electrostatic interaction, and adsorption are proposed to be
the major factors to acquire an improved SERS spectrum.>"***
Recently, GO or rGO conjugated noble metal nanoparticles
have been reported as an effective SERS substrate for selective
pesticide®® and explosive detection.

Uranium is an essential component in nuclear fuel and it is
generally found as uranyl (UO,*") ion in various salts. This ion
sometimes contaminates groundwater as spent nuclear fuel is
sometimes disposed into water. Though the chemical behavior
of U(VI) as UO,*" in aqueous medium is well-known through
several studies,*®" trace detection of this ion is necessary due
to its huge environmental concern. The symmetric stretching
mode of oxo-bridged UO,** appears around 850 cm™ in
normal a Raman spectrum (NRS). Several approaches were
followed to study the Raman spectrum of UO,*" ion when it is
adsorbed onto differently modified or unmodified metal
surfaces.”> * Sepaniak et al. observed the appearance of a
broad band for symmetric stretching of UO,*" ion around 700
cm™ on a thermally vapor deposited silver surface.*® This large
shift was explained in terms of the CT from silver to UO,*" ion.
The band position for symmetric stretching (v;) mode of
uranyl species highly depends on experimental conditions such
as nature of metal surfaces, temperature, pH of solution, and so
forth®**%* which strongly suggest that the adsorption
mechanism of UO,*" ion on SERS substrate is very important.
Herein, we are disclosing that graphene nanocomposite
becomes an excellent substrate for trace UO,*" detection
when silver nanoparticles are immobilized properly on the
surface of rGO sheets. To the best of our knowledge, this is the
first report where silver nanoparticle decorated reduced
graphene oxide (Ag-rGO) sheets have been employed as an
efficient SERS substrate for detection of the uranyl ion.
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B EXPERIMENTAL SECTION

Materials. All the reagents used were of AR grade and used as
received without further purification. Graphite powder, uranyl acetate
(UAc), and uranyl nitrate (UN) were purchased from Sigma-Aldrich.
Potassium permanganate, sodium nitrate, hydrogen peroxide, sulfuric
acid, hydrochloric acid, silver nitrate, PVP (K-30), N,N-dimethylfor-
mamide (DMF), sodium hydroxide, and ethanol were purchased from
Merck, India. Sodium borohydride (NaBH,), sodium hydrogen
arsenate (Na,HAsO,7H,0), potassium chromate (K,CrO,), sodium
molybdate (Na,MoO,-2H,0), vanadyl sulfate (VOSO,-SH,0), and
sodium tungstate (Na,WO,-2H,0) were purchased from SRL, India.
All glassware were cleaned using aqua-regia, subsequently rinsed with a
copious amount of double distilled water, and dried well prior to use.
Double distilled water was used throughout the course of the
investigation.

Instrumentation. FESEM analysis was done with a supra, Carl
Zeiss Pvt. Ltd. Instrument and compositional analysis of the sample
was completed with an energy dispersive X-ray microanalyzer
(OXFORD ISI 300 EDAX) attached to the scanning electron
microscope. Transmission electron microscopic (TEM) analyses of
the samples were carried out on a Hitachi H-9000 NAR transmission
electron microscope, operating at 100 kV. XRD was recorded on a
Philips PW-1710 X-ray diffractrometer (40 kV, 20 mA) with Cu Ka
radiation (4 = 1.5418 A) in the 20 range of 5°—80° at a scanning rate
of 0.5° min™'. Fourier transform infrared (FTIR) studies were
performed with a Thermo-Nicolet continuum FTIR microscope. X-ray
photoelectron spectroscopy (XPS) analysis was performed with a VG
Scientific ESCALAB MK II spectrometer (UK) equipped with a Mg
Ka excitation source (1253.6 eV) and a five-channeltron detection
system to analyze the elemental state. Raman spectra were obtained
with a Renishaw Raman microscope, equipped with a He—Ne laser
excitation source emitting at a wavelength of 632.8 nm, and a Peltier
cooled (=70 °C) charge coupled device (CCD) camera. Raman
instrument was calibrated with silicon substrate following the routine
procedure before the data acquisition. A Leica microscope with 50X
objective lens was used. The holographic grating with 1800 grooves/
mm and the 1 cm™" slit enabled the spectral resolution. Laser power at
the sample was 4.5 mW, and the data acquisition time was 30 s. UV—
visible absorption spectra were recorded with a SPECTRASCAN UV
2600 digital spectrophotometer (Chemito, India).

Synthesis of Ag-rGO. Graphene oxide (GO) was chemically
synthesized by the Hummers method.*’ In short, pristine graphite was
oxidized by some strong oxidants such as KMnO,, NaNO;, conc.
H,SO, followed by H,O, treatment to remove the excess KMnO, and
synthesized MnO, by converting them into water-soluble MnSO,. The
required Ag-rGO was synthesized as follows; first S mg of dried GO
was sonicated in 10 mL of DMF for 1 h in a beaker. In a separate
beaker, 0.5 mmol AgNO; and 0.1 g of PVP were stirred in 10 mL of
DMEF for 1 h which resulted in the formation of Ag NPs. Then two
mixtures were taken in a screw-capped test tube and heated on a water
bath for 20 h. This treatment resulted in the formation of a black
product which was centrifuged repeatedly at 4500 rpm with distilled
water to remove the unbound Ag NPs. Finally the product (Ag-rGO)
was washed with ethanol and dried under vacuum and used for further
characterizations and SERS study.

Preparation of Samples for Surface Enhanced Raman
Scattering (SERS). For SERS measurement, solutions of uranyl
acetate (UAc) with variable concentration ranging from 107> to 107
M were prepared from § X 107 M stock solution of UAc with proper
dilution with water. Into 1 mL of these solutions, 50 yL of Ag-rGO
dispersion (1 mg/mL in ethanol) was added and left for 4 h of
incubation. SERS spectra were recorded after dispensing the incubated
sample directly onto an aluminum foil. The same procedure was also
followed for other cases.

B RESULTS AND DISCUSSION

A simple wet-chemical approach has been employed for the
fabrication of silver nanoparticles decorated rGO nanosheets in
DMF medium where DMF plays the dual role of solvent and
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Figure 1. (a) FESEM image and (b, c¢) TEM images of Ag-rGO. Inset shows HRTEM image of Ag-rGO.

reducing agent. DMF can reduce GO in a microwave (MW)-
assisted pathway.*' Herein a coreduction method has been
adopted for both GO and AgNO; reduction by DMF at ~85
°C on a water bath where PVP acts as a growth controlling
agent. This material (Ag-rGO) is used as a SERS substrate.
Decoration of reduced graphene oxide (rGO) sheets by silver
nanoparticles (Ag NPs) was first examined with respect to the
amount of silver nitrate keeping other conditions unaltered.
Varying the amount of silver nitrate, we have determined that
0.5 mmol of silver nitrate is the optimized quantity for fairly
uniform distribution of Ag NPs on rGO sheets (Figure SI,
Supporting Information). The FESEM image in Figure la
indicates the high density population of the Ag NPs on rGO
surface. The close packed distribution of the Ag NPs over the
rGO nanosheet (indicated by red arrow) is also visible from the
corresponding TEM image (Figure 1b). Eventually, the
nanoparticles remain closely associated with each other in
some places as indicated in Figure S2. These associations could
be rationalized as the “hot-spots”,** the most desired sites to
probe SERS enhancement. The nanoparticles are spherical and
have an average particle size of 20—40 nm as revealed from
Figure lc. The lattice-fringe spacing from HETEM study is
measured to be 0.23 nm which corresponds to the (111) crystal
plane of silver crystallite as indicated in the inset of Figure lc.

8726

To investigate about the homogeneity of the as-synthesized
sample, we have performed selected area mapping analysis
which clearly reveals that synthesized Ag NPs are exclusively
distributed over the whole reduced graphene oxide sheets
(Figure 2). Unlike MW heating,*' the proposed method is
gifted with immobilization of aggregated bigger (20—40 nm)
Ag particles in rGO matrix. Further energy-dispersive X-ray
(EDX) examination during TEM analysis in Figure S3 confirms
the presence of atomic silver, whereas the other elements
appear due to rGO sheets and copper grid.

Figure 3a compares the powder X-ray diffraction pattern of
dried GO and Ag-rGO composite. GO shows a sharp peak at
around 26 = 9.85°, which corresponds to d-spacing of 8.97 A
for (001) plane. This d-spacing value is much higher than
graphite (20 = 26.5°% d-spacing = 3.36 A) for (002) plane
which indicates the extensive oxidation of graphite. The as-
synthesized Ag-rGO material shows four intense peaks at 26 =
38°, 44.3° 64.45° and 77.3°, which are assigned for (111),
(200), (220), and (311) planes of Ag (JCPDS No. 04-0783).
This confirms the presence of Ag NPs in face-centered cubic
(fcc) phase. The sharp peak present in GO is absent in Ag-
rGO, and a broad peak appears in the range of 26 = 20—-30°
which is assigned as the diffraction from (002) plane of the
restored graphitic moiety. Here d-spacing value is 3.86 A which
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Figure 2. Area mapping analysis for each elements present in Ag-rGO.
Inset shows their content in atomic percentage.

is close to the value for pristine graphite confirming the
reduction of GO. Extent of GO reduction by DMF has been
again investigated by FTIR spectroscopy in Figure 3b. GO
exhibits a broad peak at 3410 cm™" which is assigned as O—H
stretching mode. The other peaks at 1719, 1395, 1217, and
1051 cm™ appear due to C=O stretching mode, O—H
bending mode, C—O (epoxy) stretching mode, and C—O
(alkoxy) stretching mode, respectively.*’ Unoxidized sp’
graphitic domains give signature at 1619 cm™' in FTIR
spectra.”® Ag-rGO shows a decrease in intensity of the above
oxygen related functional groups especially C=0 and O—H
groups and also arising of one new peak at 1578 cm™" (skeletal
C=C vibration in rGO sheets) which implies the reduction of
GO.* Here it is worth noting that three peaks corresponding
to oxygen functionalities are still present in 1400—1000 cm ™
wavenumber range though their intensities are reduced.
Elemental composition and also their chemical state of the
graphitic materials have been examined by X-ray photoelectron
spectroscopy (XPS). Figure 4a presents the C 1s XPS spectra of
GO, which is evidence of three major contributing components
as indexed due to sp” and sp® C (285 eV), C—O (286.6 eV)
and C=0 (288 eV) groups.” In C 1s XPS spectra of Ag-rGO
(Figure 4b), the most intense peak is found to be for sp* C
(284.6 eV) and the integrated area for sp* C increases along
with the decrease in integrated areas for oxygenated carbon

moiety as tabulated in Table S4. This observation suggests the
deoxygenation of GO on reduction with DMF at 85 °C. On the
other hand, Figure 4c presents the signature of Ag 3d doublet
for Ag NPs where two bands at 368.6 and 374.6 eV are ascribed
to the binding energies of Ag 3ds,, and Ag 3d;,, electronic
states, respectively. These values are quite higher than those of
metallic silver (0) where two bands appear at 367.9 and 373.9
eV.*® These shifts to higher binding energy (0.7 eV) can be
explained by the electron transfer from silver to graphene in
AgrGO as the work function of silver (4.2 eV) is lower than
reduced graphene oxide (rGO) (>4.8 eV depending on the
amount of oxygen functionalities).”” Again the difference
between the doublets of Ag 3d electronic state is 6.0 eV
which suggests the presence of Ag” in Ag-rGO material.**

Figure Sa shows the comparative Raman spectra of GO and
Ag-rGO where two characteristic peaks are present. G band
near 1590 cm™' arises due to first order scattering of Epe
phonons and D band near 1330 cm™" comes from the breathing
mode of k-point photons of A;; symmetry. Here sp* hybridized
carbon domains are responsible for the G band, and lattice
disorder is signified by the D band.*” The intensity ratio of the
above indicated two bands, that is, Ip/Ig, is the well-known
signature for GO reduction. Here I,/I; value increases from
0.94 to 1.08 during GO to Ag-rGO conversion which indicates
the formation of new and isolated smaller graphitic domains.®
Figure Sb represents the UV—vis absorption spectra of Ag NPs
(Creighton sol*°), aqueous dispersion of GO, and resulting Ag-
rGO. Two maxima from GO can be explained in terms of 7—n*
transition (~234 nm) and n—z* transition (~291 nm).>* The
main absorption peak in GO is red-shifted to 254 nm in Ag-
rGO which confirms the restoration of conjugation during
reduction. Another new broad peak at ~411 nm is due to the
presence of plasmonic silver nanoparticles on the rGO matrix.
From the above discussion, it is again concluded that GO has
been partially reduced to rGO by DMF at 85 °C for 20 h of
heating in water bath. Here PVP act as a stabilizer for the as-
synthesized silver nanoparticles which are decorated on the
sheets of reduced graphene oxide. PVP can also be a reducing
agent in this case as its reducing power has been reported
elsewhere.”>>" However, its performance as stabilizer is of main
importance here.>*

SERS Study. Uranium(VI) exists as dioxouranium cation
(UO,*) which is also known as the uranyl ion, and its
chemistry in aqueous solution is very complicated. Analysis and
quantification of uranyl ion through SERS measurement

(©o1) &
Ag (111)
~~
3
9
Py Ag-rG60
G
=
S Ag (220)
S Ag (31
M
60
20 40 60 80

20 (degree)

b Ag-rGO
’\/_*—__\'\/\"\Q

% Transmittance (a.u.)

3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Figure 3. Comparative (a) XRD pattern and (b) FTIR spectra of GO and Ag-rGO.
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demands its high adsorption affinity and also good interactions
with the substrate. Herein, reduced graphene oxide being a
good adsorbent is employed as an effective platform in
conjunction with Ag NPs for significant Raman enhancement
of uranyl ion. Incubation time has been determined from the
adsorption kinetics study of UAc by Ag-rGO substrate. Figure
S6 indicates the saturated adsorption on SERS substrate after 4
h of incubation. The NRS spectrum of UAc is shown in Figure
6a where band at 838 cm ™ is assigned as O=U=0 symmetric
stretching frequency of uranyl ion. This band shifts to lower
frequency at 714 cm™" (with 107> M aqueous UAc solution)
while the ion remains associated with the Ag-rGO substrate
(Figure 6b). The estimated apparent enhancement factors
(AEFs) of the symmetric stretching Raman band at 714 cm™" in
SERS spectra can be calculated using following relation:>®

AEF = Igzps[ Cnrs)/Iurs[ Csgrs) (1)
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where C and I represent the corresponding concentration of
the probe molecule and the peak intensity of the Raman bands
measured from baseline at respective conditions.

The AEF value is calculated to be 3 X 10° for 107> M UAc
with Ag-rGO substrate. Upon increasing the amount of AgNO;
(0.75 mmol instead of 0.5 mmol) during Ag-rGO synthesis,
improved silver content has been observed in the substrate
(Figure S7a) but it fails to exhibit better SERS activity. A
comparative account has been shown in Figure S7b. Creighton
s0l,*® GO, and rGO fail to show such stunning enhancement as
the results are shown in Figure 6¢c. With Creighton sol, a large
fluorescence background is observed which interferes in the
SERS spectrum of UO,** whereas in Ag-rGO fluorescence
background is absent which may be due to the fluorescence
quenching behavior of rGO."*> Enhancement in the Raman
signal on Ag-rGO substrate at lower concentration (107> M) is
much higher compared to bare plasmonic nanoparticles (Ag
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NPs and Au NPs) as depicted in Figure S8. In AgrGO,
extensive electronic charge transfer from silver nanoparticle to
uranyl ion effectively results in weakening of the U-O bond
and consequently a remarkable red shift of the uranyl Raman
band (from 838 to 714 cm™') has been observed.*” Another
interesting observation has been found regarding the noticeable
change in Ip/I; ratio of Ag-rGO in the presence of uranyl
species compared to its pure state where both D and G bands
were distinct. But in the presence of uranyl ion, we can observe
from Figure 6b that the appearance of D and G bands is not
pronounced; rather these bands are quite flattened in nature
(may be due to the presence of highly intense Raman band of
uranyl ion). Even this nature is also evident from Figure 7a
from where we can observe that the bands are distinct only
when the uranyl ion concentration is in the 10 nM range and in
that case it is clearly observed that the D band intensity is
higher than the G band.

The enhancement of the uranyl band in Ag-rGO matrix
compared to Ag NPs can be explained in terms of the
aggregation of Ag NPs on reduced graphene oxide surface
which in-turn introduces a large number of hot-spots. In Figure
S2, several dimers or aggregates of small silver nanoparticles are
located. These aggregations create hot-junctions or hot-spots
where the coupled surface plasmon resonance with electro-
magnetic field results in highly enhanced Raman signal as
addressed by different groups.’**> Again, the chemical effect
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(CE) is strongly dependent on distance between substrate and
probe molecule. In the present case, reduced graphene oxide
sheets play the important role of an efficient adsorbent for
uranyl species through electrostatic interaction and favor the
interaction between silver and uranyl ion through close
proximity as found previously.*® Though mild reduction of
GO has been carried out in the experimental condition in
presence of DMF and PVP, still there are some oxygen
containing groups present in the Ag-rGO surface as indicated in
the preceding sections, and these oxygen functionalities favor
the adsorption of positively charged uranyl ions. Thus, Ag NP
decorated rGO is found to be very effective for the
enhancement of Raman signal where both EM and CE
cojointly operate.

Figure 7a demonstrates the concentration dependent SERS
spectra of UAc on Ag-rGO substrate where other parameters
are kept constant. It shows that when the concentration is high
(107 M), the v, symmetric stretching band appears at 719
cm™' and with dilution the band shifts to lower frequency. A
broad band arises near 702 cm™' when the concentration
reaches the 10 nM level. Dilution makes a lesser number of
available uranyl species for adsorption on Ag-rGO sheets. So
UO,>* at lower concentration experienced more predominant
charge transfer from Ag NPs compared to higher concentration
resulting axial Raman band of UO,* to shift in lower
frequency. Figure 7b illustrates the variation of band intensity

dx.doi.org/10.1021/am4025017 | ACS Appl. Mater. Interfaces 2013, 5, 8724—8732
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Figure 9. Diagram of integrated SERS band area vs oxo-ions at their various concentrations.

for the symmetric stretching band of uranyl with respect to
logarithm of concentration of aqueous uranyl solution. It
suggests that with dilution from 107 to 107*—=107> M the
intensity reaches its maximum, whereas sudden fall in the band
intensity is observed upon dilution. The lowest band intensity
has been detected in the SERS spectra when the uranyl solution
is diluted to 10 nM level. This phenomenon can be explained in
terms of monolayer formation®” of the adsorbate (uranyl) on
Ag-rGO substrate at 107° M concentration. At higher
concentration, multilayer formation by the uranyl species
(adsorbate) on the substrate prevents high enhancement of a
Raman signal. Ag-rGO material shows excellent SERS enhance-
ment when uranyl nitrate (UN) is taken in lieu of uranyl
acetate (Figure 8a) where the AEF value was again calculated to
be in the order of 10°. This observation suggests the
counteranion independent behavior of the observed SERS
phenomenon. To test the reproducibility, SERS measurements
were performed at different positions on each sample. The
results are highly reproducible and the detection limit for uranyl
ion is found to be 10 nM.

pH of the medium was observed to have a prominent effect
on the SERS of the uranyl ion. Position of the uranyl Raman
band in SERS experiment highly depends on the pH of the
uranyl solution. Symmetric stretching mode of UO,** ion is
expected to exhibit variable Raman spectra especially at higher
pH because of hydrolysis and hydroxyl induced polymerization
of the ion. Sepaniak et al.** observed that the symmetric
stretching mode of uranyl SERS band shifts to lower
wavenumber as the UO,** solution becomes basic. An
interesting observation is put forwarded from our study; that
is, the band shifts to a higher energy with increasing pH. In the
SERS spectra (Figure 8b), the band around 714 cm™ (pH ~ 5)
shifts to 730 ecm™' (pH ~ 12) with 107> M UAc solution,
whereas previous reports>**® articulated lowering of wave-
number of 30—50 cm™ at respective experimental conditions.
Here, it is worth mentioning that U(VI) remains as cationic
UO,** or (UO,);(OH)s* species at pH ~ 5 and
(UO,);(OH)4*", an anionic moiety becomes a predominant

8730

75000
715 cm™* 10°'Mm
10° m
50000 - 3- ,
AsO4 or other ions

25000 -

Intensity (a.u.)

T T

800 1200 1600
Raman shift (cm™)

Figure 10. SERS spectra on Ag-rGO with mixed oxo-ions at two
different concentrations.

species at pH ~ 12 due to hydrolysis.** Thus, in Ag-rGO,
oxygen containing functional groups of graphitic moiety repel
the negatively charged anionic U(VI) species which compel a
closer association between UO,*" ion and Ag NPs as compared
in Scheme 1. This creates somewhat weaker charge transfer
from Ag NPs to uranyl species which results in a less significant
red shifting of the symmetric stretching band of uranyl ion in
SERS spectra at pH ~ 12 compared to the SERS spectra at pH
~ 5. Another interesting observation is that the Raman band of
uranyl ion at pH ~ 12 appears to be broader which can be
explained as the adsorption of multiple hydroxide complexes of
U(VI) on Ag-rGO substrate at this experimental pH condition.

The sensitivity of the process toward uranyl ion was further
supported when we performed the SERS analysis for some
other common oxo-ions with the composite substrate. The
various accounted ions were arsenate (AsO43'), chromate
(Cr0,*), molybdate (MoO,>), vanadyl (VO**), and tungstate
(WO,*). SERS based detection approaches for some of these
indicated oxo-ions are already reported.*®** In our studies,
three solutions of different concentrations (1073, 107*, and 107>
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Scheme 1. Schematic Representation for the Interactions
between Ag-rGO and Uranyl Species at Various pH
Conditions

M) for each of the above-mentioned ions were used for SERS
measurement, and Figure S9 shows their respective SERS
spectra. In all the cases, the stretching band (v,) for M—O bond
shifts to lower wavenumber compared to their NRS as
indicated in Figure S9 (inset). Here it is worth noting that
the shift in the band position is quite low for oxo-anions
(AsO,*, CrO,*, MoO,*, and WO,*) whereas is higher for oxo-
cations (UO,*" and VO?"). This observation clearly suggests
that the extent of charge transfer is insignificant for anions
compared to cations and this result is quite expected. Now, the
enhancement of various ions in SERS spectra can be explained
in terms of strong electromagnetic effect from the aggregated
Ag NPs as described earlier. The band areas for the respective
band of each ion at various concentrations are also evident from
Figure 9 which illustrates the highest enhancement for UO,**
ion even with 107> M leaving aside other ions. Studies on the
selectivity of Ag-rGO as a SERS substrate for uranyl ion
detection compared to other oxo-ions has been described in
Figure 10. SERS spectra were taken for a mixed solution where
all the tested oxo-ions were present at the same concentration.
When the concentration is down to 107> M, it only shows the
SERS signal for uranyl ion, whereas at higher concentration
(ie, 107 M) other bands also appear. This observation
authenticates the high selectivity of Ag-rGO as SERS substrate
toward uranyl ion, and it can be explained in terms of superior
electrostatic interactions between UO,*" and Ag-rGO at lower
concentration.

B CONCLUSION

A simple methodology has been followed for the synthesis of
silver decorated reduced graphene oxide (Ag-rGO) sheets. The
as-synthesized Ag-rGO material has been employed as an
efficient substrate for the first time to detect the uranyl ion
(UO,™) by surface enhanced Raman spectroscopy. Here rGO
performs well and plays the following important roles: (i)
facilitates the aggregation of Ag NPs which creates “hot-spot”
for SERS detection and (ii) favors the adsorption of uranyl
species. The red-shifting of the main featured band, that is, v,
symmetric stretching band, is attributed as effective CT from
Ag NPs to uranyl ion. Similar results also observed with the
other oxo-ions also but with band shifting and sensitivity
become the main manifestation for the UO,*" ion. A detection
limit of 10 nM has been achieved with this protocol. The results
are highly reproducible. The substrate has been designed in a
very simplified manner which creates a chance to use this
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potential substrate as an alternative tool for the detection of
trace uranyl ion.
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