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ABSTRACT: We have developed a new highly fluorescent
graphene oxide (GO)/poly(vinyl alcohol) (PVA) hybrid (GO-
PVA) in an acidic medium (pH 4). Fourier transform infrared
(FTIR) spectra indicate the formation of hydrogen bonds
between the hydroxy group of PVA and the hydroxy groups of
GO. The hybrid is highly fluorescent, because of passivation by
hydrogen bonding, as evident from Raman spectra. The
quantum yields of GO-PVA hybrids are higher than that of
GO. The fluorescent microscopic images of the hybrids exhibit a
fibrillar morphology, and all of them emit highly intense green
light. Field-emission scanning electron microscopy (FESEM) micrographs also show a fibrillar morphology, which is produced
due to the supramolecular organization of GO-PVA complex. The highly fluorescent GO-PVA1 hybrid has been used as a
fascinating tool for selective sensing of Au®" ions in aqueous media with a detectable limit of ~275 ppb. The sensitivity of the
Au’* ion (300 uM) in the presence of 600 uM concentrations of each ion (Cu*', Ag*, Mg**, Ca**, Zn*', K*, Pb**, Co’*, Ni*',
Pd*, Fe**, Fe**, and Cr*"), taken together, is unique, exhibiting a quenching efficiency of 76%. The quenching efficiency in the
presence of a biologically analogous mixture (D-glucose, D-lysine, BSA, Na*, K*, Ca**, Mg*', Zn*") (600 uM each) is 73%, which
suggests that the GO-PVALI hybrid is an efficient sensor of Au** ions. The average lifetime of GO at pH 4 increases in the GO-
PVA1 hybrid, indicating the formation of a more stable excited state but the increase in lifetime value after addition of Au®* salt
solution to the hybrid solution indicates dynamic quenching. The selectivity of sensing of Au®" is attributed to its reduction
potential being higher than that of other metal ions and XPS data of GO-PVA1 hybrid with 300 M Au*" substantiate the
reduction of Au** to Au’, because of the transfer of excitons from the hybrid facilitating the selective photoluminescence (PL)

quenching.
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B INTRODUCTION

Among the various types of nanomaterials, recently, graphene
oxide (GO) has attracted great attention, because of its unique
electronic properties arising from the presence of both sp* and
sp® carbons, ensuing promising applications in advanced
technologies.l_13 It consists of a two-dimensional (2D) sheet
of covalently decorated C atoms bearing various oxygen
functional groups (e.g,, hydroxyl, epoxy, and carboxyl) either
on the basal plane or at the edges. One of the interesting
properties of GO is its propensity to exfoliate spontaneously in
aqueous medium into individual sheets to form a stable
colloidal suspension."” However, pure graphene has intrinsic
zero band gap, due to the continuous sp® hybridized structure,
but its hydrophobic properties limit its applications in
optoelectronic devices and chemo/biosensing. On the other
hand, GO has unique properties such as good dispersity in
water and a substantial band gap for the presence of a large
amount (~50%) of sp® hybridized carbon,"*”'® making it a
unique material from graphene and reduced graphene oxide. Its
2D nanostructure and chemical functionality make it highly
attractive in nanocomposites,'” catalysis,'® drug delivery, and
cell imaging,'”*° as well as in chemo/biosensing.”!
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Recently, the electrogenerated chemiluminescence and
photoluminescence (PL) property originating from the chemi-
cally prepared GO offer new exciting opportunities in
bionanotechnology, such as chemo/biosensing and cell
imaging.lg_22 GO gives visible—near infrared (Vis-NIR)
fluorescence, which was presumably assigned to the radiative
recombination of electron—hole pairs localized within the small
sp? carbon domains embedded in the sp> matrix.'***** The
poor emissive property of GO is due to the hydroxyl,
carboxylic, and epoxy groups, which usually induce the
nonradiative recombination by the transfer of their electrons
to the holes present in sp® clusters producing nonradiative
localized electron—hole (e-h) pairs.”*** Recently, Mei et al.*®
reported water-soluble blue fluorescent GO by amide formation
with —COOH groups and epoxide ring opening by alkyl
amines destroying the nonradiative electron hole (e-h)
recombination centers of GO. Thus, the overall PL property
in GO may reflect effects from various sizes of luminescent
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carbon domains, and their radiative recombination as well. Very
recently, Ajayan et al.*® and Kochmann et al.*’ have reported
on the PL properties of GO and its pH dependency. The
former group have proposed that the PL properties of GO arise
from the quasi-molecular fluorophores, similar to the polycyclic
aromatic compounds formed by the electronic coupling of O
atoms of carboxylic acid groups with the nearby C atom of
graphene and also observed a strongly pH-dependent
fluorescence of GO. They have suggested that the PL
properties of GO above pH 8 are due to the electronically
excited carboxylate ion of GO. In contrast, the latter group has
explained the pH-dependent PL properties of GO, depending
on the protonation and deprotonation of —COOH and —OH
groups of GO. In our previous article,”® we have also reported
an efficient photoluminescent GO and proposed that the pH
response of the photoluminescence of GO is related to the
passivation of nonradiative defects embedded in the graphene
network. Also, a highly fluorescent GO hybrid has been
produced using a biocompatible and nontoxic polymer methyl
cellulose,*®>° and this fluorescent hybrid is used as an eflicient
nitroaromatic sensor with a detectable limit of 2 ppm for picric
acid.*® Herein, we report an efficient fluorescent GO hybrid in
acidic medium prepared by a facile way using a biocompatible,
biodegradable, and nontoxic polymer, namely, poly(vinyl
alcohol) (PVA)*'™** and the hybrid is named as GO-PVA.
PVA is a hydrophilic polymer with pendent hydroxyl (—OH)
groups, which can interact with the —OH, epoxy, or carboxyl
groups (—COOH) present on the GO under sonication to
form a stable complex, preventing restacking of GO sheets,
causing an enhancement of PL intensity.

Currently, much attention has been paid to the development
of GO-based sensors for DNA,3* 3¢ protein,37 ATP,*®
glucose,”*® and metal ions.*’ Among the heavy-metal ions,
Au* is known to be potentially toxic to humans, since soluble
gold salts such as gold chloride are recognized to cause damage
to the liver, kidneys, and the peripheral nervous system.** The
Au’* salt solution is over 90% toxic at a concentration of 200
uM.*® HAuCl, (10—15 pmol) cause agglutination and
hemolysis of erythrocytes suspended in 1 mL of saline.*¥*’
Also, some Au ions, especially Au**, are reported to cause cell
toxicity in living or;anisms, since they can strongly bind to
certain enzymes.***” Three Au atoms bind to a single deoxy-
nucleotide; the binding is rapid with d-AMP (d-adenosine
monophosphate) and d-GMP (d-guanosine monophosphate)
and slow with pyrimidines. Thus, the toxicity of soluble Au®*
salts could be attributed to the binding with DNA and also with
some enzymes. There are recent reports on the detection of
Au’* using fluorescent probe, and mostly all of them involve
organic media for the design of the probe.*® ' However, to
detect the Au®" contamination in biological system, the sensing
of the Au** in an aqueous medium is important. Among the
other metal ions (e.g, Na*, K*, Zn*", Fe’, Mg**, Co*', Cu*",
Pb**, Cr**, Ni**, Pd**, Fe**, etc.), the Au’" is very special for its
much higher standard reduction potential (+1.51 V), which
may facilitate its specific detection than the others present in
the system. Here, we have used the highly fluorescent GO-PVA
hybrid in a simple way to develop a specific and efficient
fluorescence sensor for Au** ion in an aqueous medium, based
on the PL properties of the hybrid.

B EXPERIMENTAL SECTION

Materials. Graphite (Aldrich, USA), and sodium nitrate and
potassium permanganate (Merck, Mumbai), were used as-received.
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PVA (Fluka, M,, ~ 205 000), p-lysine, bovine serum albumin (BSA)
(Sigma—Aldrich), and p-glucose (Merck), also were used as-received.
HAuCl,-3H,0 (Sigma—Aldrich), AgNO,, NaCl, KCl, CoCl,-6H,0,
MgS0,-7H,0, Cu(CH,COO0),-H,0, Zn(CH,COO0),-2H,0, Pb-
(NO;),, CaSO,42H,0, anhydrous FeCl;, FeSO,-7H,0, NiCl,-6H,0,
PdCl,-2H,0, [Cr(H,0)4](NO,);-3H,0 (Merck, Mumbai) were used
as-received during detection of their respective metal ions.

Preparation of GO-PVA Hybrids. At first, GO was prepared from
graphite powder, according to the Hummers and Offeman method,
using NaNO;, KMnO,, and H,S0,.% The produced GO was then
dispersed in acidic medium of pH 4, by sonication to make a constant
composition (0.005% (w/v)). In the above GO solution, 35, 70, and
140 mg of PVA was added to prepare the GO-PVA hybrids with PVA
concentrations of 0.5%, 1.0%, and 2.0% (w/v), respectively, and
sonicated for 2 h, using an ultrasonic bath (60 W, frequency of 28 kHz,
Model AVIOC, Eyela) to achieve a molecular level dispersion of GO
in PVA matrix and the hybrids were designated as GO-PVAO.S, GO-
PVA1, and GO-PVA2, respectively. The composition of as-prepared
GO-PVA hybrid has been presented in Table 1.

Table 1. Compositions of GO-PVA Hybrid Solution (7 mL)
at pH 4

system GO (%, w/v) PVA (mg) PVA (%, w/v)
GO-PVAO.5 0.005 35 0.5
GO-PVAIL 0.005 70 1
GO-PVA2 0.005 140 2

Characterization. Microscopy. Field-emission scanning electron
microscopy (FESEM) was conducted by casting a drop of solution on
a silicon wafer and was dried in air and finally in vacuum for three days
at 30 °C. The morphology was studied using a FESEM instrument
(JEOL, Model GSM-5800). The GO dispersion was characterized by
transmission electron microscopy (TEM) (JEOL, Model 2010EX)
fitted with a CCD camera at an acceleration voltage of 200 kV. A TEM
sample was prepared by spreading a small drop of diluted GO solution
on a carbon-coated copper grid and allowing it to dry in air and finally
under vacuum at 30 °C for ~3 days.

The fluorescence microscopy of GO and that of GO-PVA hybrids at
pH 4 was made by casting a drop of the solutions on microscopic glass
slides and evaporating it in air at 30 °C for three days. The glass slides
were then observed through a fluorescence microscope (Olympus,
Model BX61) by exciting the sample with a UV radiation of 320 nm
using a FITC filter.

Spectroscopy. The UV—vis absorption spectra of aqueous solutions
of the samples (GO, and GO-PVA0.5, GO-PVAI, and GO-PVA2),
prepared as above, were recorded with a UV—vis spectrophotometer
(Hewlett—Packard, Model 8453), using a cuvette with a path length of
1 cm. To perform the photoluminescence (PL) study, the above
sample solutions were taken in a sealed cuvette and the emission was
studied in a Horiba Jobin—Yvon Fluoromax 3 instrument. Each sample
in a quartz cell with a path length of 1 cm was excited at 320 nm
wavelength and the emission scans were recorded from 370 nm to 600
nm, using a slit width of 5 nm for both excitation and emission, with
an increment wavelength of 1 nm and an integration time of 0.1 s.

Fourier transform infrared (FT-IR) spectra of the samples were
obtained from thin films cast from the hybrid solutions on a silicon
wafer using a Perkin—Elmer FT-IR instrument (Model spectrum100).
Raman spectra of the above GO and GO-PVA solutions were recorded
at pH 4 and pH 7, using a LabSpec Raman spectroscope (Model JY
T6400). The sample solutions were taken in a quartz cell with a path
length of 1 cm and were excited at $14 nm with an Ar-ion laser with a
scanning duration of 50 s.

Fluorescence lifetimes were measured using a time-correlated single
photon counting fluorimeter (Fluorocube, Horiba Jobin—Yvon). The
GO and GO-PVA1 (before and after the addition of Au®* ions)
solutions were excited with a 340-nm laser with a pulse duration of
<200 ps (nano LED of Horiba Jobin—Yvon). All the samples were
prepared for room-temperature measurement (30 °C) in double-
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distilled water at pH 4. Average fluorescence lifetimes (z;) for
exponential interactive fitting were calculated from the decay times (7;)
and the relative amplitudes (a;), using the following relation:

() = a5y + a,7, + a7y (1)
where a,, a,, and a5 are the relative amplitudes and 7,, 7,, and 75 are
the component lifetimes, respectively.

The X-ray photoelectron spectroscopy (XPS) of GO-PVA1 hybrid
film in the presence of 300 yM Au’* ion was performed using a
focused monochromatized Mg Ka X-ray source (1253.6 eV) in the
XPS instrument (Omicron NanoTechnology 0571).

Photoluminescence Quantum Yield Measurements. The PL
quantum yields (QY) of GO and different surface-passivated GO-PVA
hybrids before and after addition of Au** were measured using the
same procedure. Quinine sulfate in 0.1 M H,SO, (quantum yield =
0.58 at 340 nm) was chosen as a standard for the fluorescence
quantum yield measurement. The values were calculated using the
standard reference sample that has a fixed and known fluorescence
quantum yield value, according to the following equation:

2
I A n sample
V= (), ()
smpe * A sample I std ’725td

where A is absorbance at the excitation wavelength, 7 the refractive
index, and I the integrated emission intensity calculated from the area
under the emission peak on the same wavelength scale.

B RESULTS AND DISCUSSION

In Figure la, the UV—vis absorption spectra of pure GO and
GO-PVA solutions of different concentrations are shown. Pure
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Figure 1. (a) UV—vis spectra and (b) PL spectra of GO and GO-PVA
hybrids of different composition at pH 4.
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GO displays two characteristic absorption peaks at 244 and 302
nm (inset) originating from the 7—z* and n—z* transitions,
respectively. The spectrum changes upon the addition of PVA,
and both absorption peaks are blue-shifted. The 244-nm peak
has shifted to 210, 208, and 204 nm for GO-PVAO.5, GO-
PVAL, and GO-PVA2 samples, respectively, while the 302 nm
peak has shifted to 258 nm in every case. The above blue shifts
may be attributed to the decrease of planarity of GO due to
hydrogen bonding with the high-molecular-weight PVA
chain,®® resulting in a lesser-conjugated system.

In Figure 1b, PL spectra of the GO solution and that of the
GO-PVA hybrids of different compositions are presented at pH
4, keeping the concentration of GO in the hybrid constant
(0.005% (w/v)). It is obvious from the spectra that the PL
intensity increases dramatically as the PVA concentration in the
hybrid increases. The fluorescence enhancement by complex-
ation with PVA may be attributed to the passivation of the GO
surface, instead of PVA themselves, because they contain no
visible or near-UV fluorophores. The strong interaction
between PVA and GO has been confirmed in previous
reports,”” and hydrogen bonding is considered to be the
dominant force. In Figure S1 in the Supporting Information,
the FTIR spectra of the components and GO-PVA hybrids are
presented to investigate the interaction between the PVA
matrix and the GO sheets. The exfoliated GO exhibits three
characteristic peaks at 3424, 1710, and 1060 cm™', indicating
the stretching vibrations of hydroxyl, carbonyl, and epoxy
groups, respectively. The —OH stretching peaks (3424 cm™)
of GO are shifted to a lower energy vibration at 3353 and 3265
cm™ in GO-PVAO.5 and the GO-PVAl hybrid, which
suggested hydrogen bonding interactions between PVA and
GO sheets. A schematic model of supramolecular interaction is
presented in Scheme 1.

Scheme 1. Schematic Ilustration of Supramolecular
Interactions between GO and PVA

In Table 2, the fluorescence quantum yield of GO and
different surface-passivated GO-PVA hybrids are presented. It is
evident from the table that the quantum yields (%) in GO-PVA
hybrids are higher than that of GO, which suggests that the
decay of excitons by nonradiative electron—hole recombination
decreases because of the different degree of surface passivation
of GO. It increases as the PVA concentration increases, because
of different degrees of hydrogen bonding yielding higher
quantum yields. The hydrogen bonds produced from various
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Table 2. Quantum Yields of Different Hybrid Systems at pH
4

system quantum yield, ® (%)
GO 141
GO-PVAO0.5 241
GO-PVAL 2.88
GO-PVA2 3.03
GO-PVAL-Au** (100 uM) 1.42
GO-PVAL-Au* (200 uM) 111
GO-PVAI-Au** (300 uM) 0.87

functional groups of GO with the hydroxyl-rich PVA chains
cause passivation of the graphene network. The decrease of
planarity of GO due to hydrogen bonding results in a lesser-
conjugated system decreasing the nonradiative recombination
of the electron—hole pair and, hence, improves the emission
efficiency of the sp* domains on GO nanosheets. Another
reason may be the strong hydrogen-bonding interaction, which
inhibits nonradiative electron—hole recombination by reducing
the electron-donating capability of epoxy, hydroxyl, and
carboxylic acid groups of GO to the holes of graphene rings
at the excited state, accounting for the enhancement of the PL
intensity. The hydrogen-bonded PVA prevents the quenching
of excitons with the solvent molecules (water), which also
contributes to the increase in PL intensity. Thus, the
passivation of GO by PVA could be a combined effect of all
three of the above factors.

The Raman spectrum of GO (Figure 2) at pH 4 shows the D
band (doublet) at 1388 and 1469 cm™! and G band at 1613
cm™". In the GO-PVA hybrids, both the D band and the G
band shift to lower wavenumber and the intensity ratio of D
band to G band has increased (1.01, 1.14, 1.28 for GO, GO-
PVAO0.5, GO-PVAI1, respectively) with increasing PVA

1607
1385 1441

Intensi

1388 1469

1400 1500 1600

Raman shift (cm'l)

1300 1700

Figure 2. Raman spectra of GO, GO-PVAO.S, and GO-PVAL
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concentration at pH 4. Both the D and G bands arise due to
skeletal vibrations of GO at the sp’- and sp*rich domains,
respectively. After complexation with PVA, the z-electrons of
graphene rings become somewhat delocalized, making vibration
of the skeleton and shifting the above bands to lower energy
easier. Also, the increase of intensity ratio of the D band and G
band indicates increased disorderness (ie. sp® character),
because of hydrogen bonding with PVA (see Table 3). To

Table 3. D/G Ratio of GO and GO-PVA 0.5, GO-PVA 1 at
Indicated pH Values

D/G ratio
system pH 4 pH 7
GO 1.01 0.94
GO-PVA0.5 114 091
GO-PVAL 1.28 0.91

understand the origin of the doublet, it is necessary to compare
the D band of GO, GO-PVAO0.5, GO-PVAI at pH 4 with those
at pH 7 (see Figure S2 in the Supporting Information), where it
exhibits a singlet in the range of 1352—135S5 cm™". This lower-
energy skeleton vibration at pH 7 is due to the increased
delocalization of ring electrons, because of resonance with the
carboxylate ion. The D/G intensity ratio of GO-PVA hybrids at
pH 7 remains almost the same as that of GO, because of the
ionization of the carboxylic acid group. However, at pH 4, the
un-ionized carboxylic acid group does not take part in
resonance delocalization of the ring electron to the same
extent, causing a shift to higher energy (1388 and 1469 cm™").
The doublet nature of the D band of GO at this pH may be
attributed to the two different types of sp* skeletons present at
the GO: presumably one resides in the bulk and the other
resides at the side being severely passivated at pH 4.

The fluorescent micrographs of GO and GO-PVA hybrids at
pH 4 are presented in Figure 3a—d. The fluorescent images of
the hybrid clearly indicates that GO-PVA hybrids have fibrillar
morphology and the fibrils are emitting fluorescent green light.

105um

105pum

Figure 3. Fluorescence micrographs of (a) GO, (b) GO-PVAO.S, (c)
GO-PVAL, and (d) GO-PVAZ2 at pH 4.
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The high-resolution transmission electron microscopy
(HRTEM) image indicates the exfoliated nature of the GO
sheet (see Figure S3 in the Supporting Information). FESEM
micrographs of the GO-PVA0.S and GO-PVA1 hybrids (Figure
S3 in the Supporting Information) also show a fibrillar
morphology. Hence, the formation of a fibrillar morphology
for all of the hybrids can be attributed to the hydrogen-bonding
interaction between GO and PVA, followed by the supra-
molecular organization of the GO-PVA complex (recall Scheme
1) producing the fibrils.

Now, to study the effect of different metal ions on the optical
properties of the hybrid, we have chosen the GO-PVA1 hybrid
solution, which has been titrated with the salts of Au®*, Cu®*,
Ag+, Mg2+) Ca“, Zn2+, K+, Pb2+, C02+, Niz+) Pd2+, Fe2+, Fe3+,
and Cr*, using fluorescence spectroscopy (see Figure 4a and

6
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K’ Mg"'Ca®Cr'Fe** Fe" Co'Ni*" Pd” Cu™'Ag” Zn™ pp*Au™
Figure 4. (a) Fluorescence titration of GO-PVAI upon gradual
addition of Au** solution (uM). (b) Bar diagram showing quenching
efficiencies for addition of different metal ions (600 #uM) and an Au>*
ion concentration of 300 xM.

Figures S4—S16 in the Supporting Information). Among these
ions, Au®* chloride causes fluorescence quenching of the GO-
PVA1 hybrid to a very large extent (~83%), whereas all of the
other metal salts have a negligible effect or virtually no effect on
the fluorescence of the hybrid, even for higher concentrations
(600 uM) of metal ions (Figure 4b). Fe** usually acts as a good
fluorescence quencher; in 300 uM Fe®*, the quenching
efficiency is 23% and, in 600 uM, it is 35% (see Figure S1S
in the Supporting Information). Both are much less than that of
the 300 uM Au’* solution (83%), facilitating the specific
sensing of Au’*. The calibration curve for Au®" detection is
shown in Figure S, where I,/I (I, is the PL intensity of the GO-
PVALI hybrid and I is that upon the gradual addition of Au*") is
plotted with Au** concentration. The concentration of any Au®**
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Figure 5. Calibration curve for the detection of Au®*, where I is the
intensity of the GO-PVA1 hybrid and I is the intensity upon the
gradual addition of Au’*.

solution can be estimated easily from the measurement of the
above intensity ratio and comparing the data with the
calibration curve.

The effect of different metal ions at the 300 uM
concentration on the fluorescence quenching of GO-PVALI
hybrid has also been shown in Figure S17 in the Supporting
Information and the quenching efficiency is certainly highest
for Au** ions. The sensitivity of the Au®" ion in the presence of
600 uM concentrations of each ion, taken together, has been
presented in Figure S18 in the Supporting Information and its
quenching efficiency is 76%. Therefore, it is clear from the
figure that GO-PVAL acts as an efficient specific sensor of Au**
ions, even in the mixture of other ions with double the Au®*
concentration. Again, the sensitivity of Au®" in the presence of a
biologically analogous mixture (D-glucose, D-lysine, BSA, Na*,
K, Ca®*, Mg**, Zn**) (600 uM each) has been studied and is
presented in Figure S19 in the Supporting Information. It is
evident from the figure that an initial 10% decrease in PL
intensity occurs upon the addition of the biologically analogous
mixture to the GO-PVAL system. Upon the addition of Au®*
ions, the PL intensity of the system gradually decreases and, for
the 300 uM Au*" solution, the PL quenching is 73% from that
of pure GO-PVAL system and 70% from that of the biological
mixture. Therefore, this result supports that the GO-PVAIL
system is really useful as an efficient Au** sensor in biological
systems. The GO-PVALI system does not exhibit any detectable
change in PL intensity in industrial wastewater (Bantala,
Kolkata), suggesting the absence of Au®" ions in this wastewater
(see Figure S20 in the Supporting Information); however, upon
the addition of 300 uM Au’* to it, a 42% decrease in PL
intensity occurs (see Figure S21 in the Supporting
Information). Upon the wastewater addition of 300 uM Au**,
the solution becomes turbid (pH 7.6), causing a partial
quenching (less than the 83% that occurred in a transparent
Au’* solution at pH 4). However, upon the addition of the
same amounts of Fe’* to the hybrid solution, no PL quenching
occurs at this high pH of wastewater; instead, precipitation of
Fe' is observed. Hence, the Au’" ion is detectable, if present, in
industrial wastewater, compared to other metal ions.

Such a significant and instant quenching of the GO-PVAIl
hybrid by Au®" is interesting and may be attributed to an easier
transfer of excitons from GO-PVAL to Au** ions.>® The higher
reduction potential of the Au**/Au system, compared to the
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ACS Applied Materials & Interfaces

Research Article

Table 4. Lifetime Values of GO and GO-PVA1 before and after the Addition of Au®* Salt Solution®

system 7, (ns) a, 7, (ns)
GO 0.05 15.02 1.15
GO-PVAl1 3.18 42.15 5.8
GO-PVAIL-Au** (0.7 uM) 212 17.09 S
GO-PVAL-Au™ (300 uM) 23 23.17 5.26

“Parameters a,, a,, a3, and a, indicate relative amplitudes.

a 73 (ns) as 7 (ns) ay () (ns)

4.94 3.78 70.13 7.17 991 3.42
39.98 0.7 17.87 3.77
72.62 0.06 10.29 4.0
68.38 0.08 8.45 4.13

other metal ions, is the probable cause of selective sensing of
Au’* by the hybrid, since the exciton of GO-PVAL gets easily
transferred to the Au®" ions, causing significant PL quenching.
From Figure 4a, it is apparent that the detectable response of
Au’* jons for the GO-PVAL system is found to be 275 ppb (0.7
uM).

To obtain an insight into the excitonic dynamics, we have
measured the fluorescence lifetime values of GO and GO-PVA1
before and after the addition of Au®" salt solution at pH 4 from
the decay curves (see Figure S22 in the Supporting
Information), and the average lifetime values, together with
the component decay times, are presented in Table 4. It is
obvious from the table that the average lifetime of GO at pH 4
increases in the GO-PVA1 hybrid, indicating the formation of a
more-stable excited state, because of the supramolecular
interaction of GO with PVA. However, the increase in lifetime
value after the addition of Au®" salt solution to the hybrid
solution indicates dynamic quenching, as a result of excitonic
transfer from the electronically rich GO-PVAI hybrid to the
electronically deficient Au*, causing a decrease in the mean
decay time of the entire excited-state population.>*

To investigate the end product of the exciton transfer from
the electronically rich GO-PVAI hybrid to the Au®* ion, we
have performed an XPS study of the Au** ion (300 uM) treated
GO-PVAL1 hybrid film. From the survey scan XPS spectra
(Figure S23 in the Supporting Information), it is obvious that
the peaks at ~285.9 eV and ~533.4 eV correspond to the C 1s
and O 1s core levels, respectively, and, from Figure 6, it is

A4,
AU4f,
3
<
£
2
=
T T T T T T T
80 8 8 8 8 9 92 9%
Binding energy (eV)

Figure 6. XPS spectrum of Au” 4f peak of the GO-PVAL hybrid film in
the presence of Au** ion (300 uM).

evident that Au** has been reduced to gold metal (Au®) by the
excitons of the GO-PVA hybrid, as indicated from the Au 4f;,
and Au 4f; 4 doublet peaks located at 84.6 and 88.3 eV,
respectively.”>>> This has been ascribed to the higher reduction
potential of Au**, and this reduction process is the cause of the
PL quenching of GO-PVAI hybrid upon the gradual addition
of Au** into it.
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B CONCLUSION

This work presents a simple strategy to prepare a highly
fluorescent graphene oxide (GO) hybrid, in which the polymer
PVA acts both as a spacer, preventing GO sheets from
restacking in the assembly, and also causing passivation to the
electron—hole recombination process, yielding a higher PL
intensity. Au** acts as an effective quenching agent, allowing the
GO-PVA system to act as a specific sensor of the toxic Au®*
ions in aqueous medium. To the best of our knowledge, it is the
first time that anyone has reported the sensing of Au®" ions in
an aqueous medium, extending its probable use in biological
systems.
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