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such as 4-nitrobenzenethiol (4-NBT) in nanomolar range. Increased local concentration of organic molecules achieved through interaction with 2-D carbon

contaminants from air and water are important for overcoming the threat of hazardous chemicals.
Graphene oxide (GO) sheets deposited on mesoscopic Ti0, films that underpin the deposition of Ag
nanoparticles with UV irradiation provide the foundation for the design of a smart material. The Ag particle

size is readily controlled through precursor concentration and UV irradiation time. These semiconductor— [
Raman laser

graphene oxide—metal (SGM) films are SERS-active and hence capable of sensing aromatic contaminants

support (GO) facilitates low-level detection of contaminants. Upon UV irradiation of 4-NBT-loaded SGM film, one can induce photocatalytic transformations.
Thus, each component of the SGM film plays a pivotal role in aiding the detection and degradation of a contaminant dispersed in aqueous solutions. The

advantage of using SGM films as multipurpose “detect and destroy” systems for nitroaromatic molecules is discussed.
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etection and degradation of trace

amounts of hazardous organic com-

pounds in water supplies remain a
major challenge. The detection of chemical
warfare agents, toxic industrial chemicals,
and explosives including nitroaromatics
and organophosphonates in water is parti-
cularly difficult because they pose a hazard
even at low concentrations (ppm—ppb).' 3
Semiconductor and metal nanostructures
offer new opportunities in the construction
of chemical sensors as their properties can
be tuned with size and shape.*~'® For ex-
ample, size-dependent photoluminescence
properties of semiconductor nanoparticles
(NPs) have been employed for sensing at
low concentrations.”~'" Metal NPs exhibit-
ing localized surface plasmon resonance
(LSPR) enhance Raman scattering of organic
compounds and thus enable their detec-
tion through surface-enhanced Raman spec-
troscopy (SERS).”2'2715 Several studies offer
unsurpassed detection sensitivity, even to
the single-molecule level. For example, pico-
molar concentration of 2,4,6-trinitrotoluene
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in aqueous solution can be detected using
a SERS technique.” In addition to superb
detection capabilities, metal NPs are also
effective in catalyzing the conversion of
nitroaromatic compounds to their amino
derivatives.'s '8

While sensing of trace contaminants is of
primary importance, the versatility of a de-
vice is greatly enhanced if the device can
also photocatalytically deactivate the target
molecule. Developing a semiconductor—
graphene oxide—metal (SGM) system that
combines the unique, yet complementary,
properties of each component to create a
multipurpose device is one way to achieve
such functions. With this in mind, each
component of the SGM film was carefully
selected to serve an exclusive purpose with-
in the larger assembly. Anchoring semicon-
ductor NPs together with metal NPs is a
useful approach to improve the functional-
ity of a graphene oxide (GO)-based catalyst
mat."® For the semiconductor, TiO, was
selected because it is inexpensive, non-
toxic, photostable, and highly effective as
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Scheme 1. Combination of semiconductor, graphene oxide, and metal can be leveraged to achieve a smart material that can
both detect and destroy contaminants. First, the SGM architecture is created by a photoinitiated electron transfer between
TiO, and GO, which results in the deposition of metal NPs. Second, the GO and metal NPs work in concert to enable detection
of trace amounts of the target molecule. Third, another photoinitiated electron transfer, this time from the TiO, to the GO to
the metal nanoparticles, catalyzes the transformation of the target molecule into a benign form.

a photocatalyst. When TiO, undergoes band gap ex-
citation, electron—hole pairs are generated, which can
initiate reduction and oxidation of organic compounds
in solution."® Photocatalytic decomposition of nitro
derivatives of organic compounds has already been
examined.?#? While the semiconductor accom-
plishes photocatalytic degradation of target mol-
ecules, metal NPs are needed to provide a sensing
function. Ag NPs were chosen for SGM films for two
reasons; first, Ag™ can be photocatalytically reduced on
the TiO,—GO surface; electrons transferred through
GO are energetic enough to reduce silver ions to
produce controlled size NPs. Second, Ag NPs show
strong SERS enhancement; many studies have shown
enhancement by a magnitude of 10°. The importance
of each component in the semiconductor—graphe-
ne—metal film is depicted in Scheme 1.

Indeed, the challenge of developing chemical sen-
sors that function both as a detector and decomposer
of target molecules can be overcome by combining
size-dependent optical and electronic properties of
semiconductor and metal NPs. However, it is quite
challenging to design uniform semiconductor—hybrid
assemblies with desired size in a solution-based ap-
proach. For example, it is difficult to control the size
and morphology of metal NPs when they are directly
grown onto the surface of TiO, NPs. Since properties of
nanomaterials are dictated by their size and morphol-
ogy, it is important to be able to control their growth
with precision. To overcome these barriers, GO is em-
ployed as an intermediate layer to provide a unique
2-D platform to mediate the electronic coupling of
semiconductor and metal NPs, while enabling a more
consistent and controlled metal deposition.

The ability to mediate electron transport through
the 2-D carbon network of GO facilitates communica-
tion between semiconductor NPs and metal NPs.
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Incorporation of single to a few layers of GO facilitates
side-segregated growth of NPs, where the metal
NPs are deposited mainly on the GO side opposite
the semiconductor NPs. Given the ability of carbon
substrates to concentrate organic molecules near its
surface, and in the case of SGM assemblies, target
molecules are brought into close proximity with the
metal NPs that can be used for detection.®#?*?* The
ability of GO to accumulate target molecules by ad-
sorption, along with its high surface area, is an addi-
tional reason why GO remains an integral component
of the SGM film's design sensing function.

RESULTS AND DISCUSSION

In order to utilize the unique electron shuttling pro-
perties of reduced graphene oxide (RGO) for growth of
Ag NPs, first, GO is electrophoretically deposited (EPD)
onto a thin TiO, film. EPD of GO onto TiO, allows for a
controlled deposition of single to a few sheets of
GO.2?3 Once GO is deposited, metal NPs, in particular,
Ag NPs, can be readily deposited onto the GO surface
through photocatalytic growth. These TiO,—GO films
are activated for metal NP deposition under UV illumi-
nation in the presence of metal cations like Ag™.
Equations 1—4 describe the electron transfer process
in depositing metal NPs onto TiO,—GO films. Briefly,
upon UV illumination, electrons are photogenerated in
TiO, and transferred to GO while holes are scavenged
by ethanol® The oxidized ethanol (ethoxy radical)
also serves as a reducing agent. The electrons are first
consumed to form RGO and then shuttled to the
opposite side of the RGO, where they reduce Ag™ ions
to Ag® NPs. This reaction sequence has the advantage
of tuning Ag NP size and overall surface loading of NPs
on RGO by regulating the illumination exposure time
and metal ion concentration. Furthermore, the favor-
able nucleation of metal NPs at defect locations such as
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Figure 1. SEM micrographs of (a) TiO, NP film, (b) film after
electrophoretically depositing single- to few-layer GO over
TiO,, and (c) after photocatalytic deposition of Ag NPs under
UV light illumination for 15 min in the presence of 5.9 x
1078 M AgNOs; in ethanol.

epoxide sites on the RGO assist in the metal deposition

process. 2>~

TiO, + hv — TiOx(e + h) (1)
TiOy (e + h) + GO — TiO,(h) + RGO(e) (2)
TiO,(h) + C;HsOH — TiO, + *C,H4OH (3)

RGO, (e) +nAg™ — RGO + Ag,, (4)

This method of depositing metal NPs onto sheets of
RGO allows decoupling of direct metal deposition on
the semiconductor and avoids formation of irregularly
shaped particles with a broad size distribution.'%3
The entire stepwise assembly of the SGM film provides
a simple yet robust method for controlling size and
morphology of metal NPs on a 2-D substrate. Figures 1a
and b show scanning electron microscopy (SEM) images
of TiO, films before and after GO deposition. The meso-
scopic TiO; film covered with one to few layers of GO
sheets exhibits distinctly visible wrinkles. Introducing
Ag™ ions to the TiO,—GO films and subjecting the film
to illumination of UV light results in the formation of Ag
NPs and, thus, the completion of the SGM film frame-
work. Figure 1c shows the SGM film surface deco-
rated with Ag NPs. A large density of Ag NPs covered
throughout the surface of RGO sheet is noticeable with
deposition preference at edge sites.

An interesting aspect of the stepwise construction
of SGM assembly is the ability to control Ag NP size
with UV illumination time or the concentration of Ag*
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ions in solution. Figure 2 shows representative SEM
images of SGM films with different sizes of Ag NPs of
12—40 nm diameter range obtained through concen-
tration variation (histograms showing size distribution
of particle size is provided in Supporting Information
Figure S2). The concentration of AgNOs in ethanol
solution was varied between 5.9 x 102 and 4.7 x
10~7 M, and the TiO, film was subjected to a constant
period of UV illumination (1.6 W/cm?, illumination time
15 min) (detailed experimental protocol is provided in
the Supporting Information). The metal NP arrays
deposited on RGO sheets exhibit a narrow size dis-
tribution with high levels of loading. For Ag NPs of
40 nm diameter or larger, a seeded method provides a
better control for maintaining the particle growth. In
this approach, the small Ag NPs are first grown onto
RGO, and then they are further ripened via slow
addition of small aliquots of Ag™ ions to the solution.
By constructing these SGM architectures with different
sizes of Ag NPs, it is possible to probe the metal NP size
effect on SERS activity.

SERS is a valuable tool for the detection of trace
molecules; it utilizes the interaction between the target
molecule and the LSPR of noble metal NPs, like Ag, to
amplify the Raman signal of the target molecule.
Additionally, the RGO in SGM films can enhance SERS
signals due to fluorescence quenching along with its
Raman-enhancing properties®?* Here, we explored
the ability of these SGM films to act as chemical sensors
by employing 4-nitrobenzenethiol (4-NBT) as the tar-
get molecule. SGM films were placed in 1.0 mL of
ethanol solution of submicromolar concentrations of
4-NBT, and SERS experiments were carried out in a
cuvette with a 5 mm path length using 514 nm laser
excitation source.

Figure 3a shows representative absorption spectra
of SGM films prepared with different Ag NPs. The
absorbance corresponding to Ag surface plasmon is
observed in the 400—500 nm region. Because of the
broad nature of the plasmon peak, we could not
analyze its dependence on the particle size. Figure 3b
shows SERS spectra recorded with the SGM film in
contact with 1 mL of 500 nM 4-NBT in ethanol. The
spectra were recorded after subtracting the Raman
signal of SGM in ethanol without any target molecules.
Control experiments carried out with 4-NBT in ethanol
and with TiO,—GO film show no detectable Raman
signal. However, SGM films under the same conditions
exhibit significant enhancement of the Raman signal
of 4-NBT as Ag NPs deposited on RGO serve as SERS-
active sites. SGM films with larger size Ag NPs ex-
hibit greater sensitivity. The prominent peak around
1340 cm ™' is indicative of the symmetric stretching
vibration of the nitro group [v(NO,)],>%3° the intensity
of which prominently increased with increasing Ag
particle size. Additionally, a band around 1560 cm ™"
corresponding to the asymmetric stretching vibration
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Figure 2. SEM micrographs of SGM films with varying Ag NP size: (a) d = 12.8 + 3.5 nm (SGM(1)); (b) d = 16.6 £+ 3.1 nm (SGM(2));
(c) d=22.3 + 4.4 nm (SGM(3)); (d) d = 28.8 & 3.9 nm (SGM(4)); (e) d = 30.0 = 6.7 nm (SGM(5)); (f) d = 40.8 + 5.1 nm (SGM(6)). Ag
NP size is controlled by changing AgNO3 concentration; 15 min deposition time used for samples a—e, 30 min used for SMG(6)
(f). Size distributions of NPs are based on analysis of 100 NPs on ImageJ software.

2.0
@ 7
1.5

@ ]
© :
< i
2 1.0
g )
[%2] N
Q i
< i
0.5

o]

Wavelength (nm)

T [=) T
— < Yol
(b) 6000 2 g :
— 1! | |
=] | |
S 4000/
2 GM(5) dag=30 nr
= A
C
[}
g 2000 — SGM(3) dag=22 nm|
M(2) dag=17 nm
b | l l SGM(1) dag=13 nm|
TiO2-GO
O I| T T . T T . T I |2 T T
1000 1500 2000

Raman Shift (cm™)

Figure 3. (a) Representative UV—visible absorption spectra of SGM films with varying Ag NP size. Deposition of larger Ag NP
sizes causes increased surface plasmon absorption in SGM films, seen between 400 and 500 nm. (b) SERS spectra of 500 nM
4-NBT in ethanol in the presence of SGM films. All films were placed in 1 mL of 500 nM 4-NBT in ethanol and allowed to sit for
30 min prior to SERS measurements. Raman signal from SGM and ethanol has been subtracted from SERS spectra. Increase in
SERS signal is observed with increasing Ag NP size, in particular, an increase is observed for [v5(NO,)] at 1340 cm~'. All SGM
films were prepared with an active surface area of 0.16 cm? Both absorption and SERS data baselines have been offset

manually for clarity.

of [v4(NO,)] and stretching vibration [v(C—S)] at
1075 cm™" are also seen.

SGM film sensors permit the flexibility of sensing a
wide range of molecules since RGO can concentrate a
low level of organic molecules from solution onto the
RGO and in the close proximity of deposited metal NP
interface. One such example of 7— interaction be-
tween RGO film and porphyrin molecules has been
discussed in an earlier study.?' Thus, SGM architectures
provide a versatile platform for detection of a broad
range of molecules at low concentration levels. For
example, the SERS response of SGM film to varying
concentration of 4-NBT is shown in Figure 4.

RGO not only provides a unique 2-D platform for the
building of a strip-based sensor but also facilitates
adsorption of the organic molecules, thus increasing
the local chemical concentration. In addition to sp?
regions, the surface of RGO is decorated with epoxy,
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Figure 4. SERS spectra of 4-NBT in the presence of SGM film
(average Ag NP size 30 nm) with an active area of 0.16 cm?at
4-NBT concentrations of 50, 100, and 500 nM in ethanol.
Films were soaked for 30 min before collecting SERS spec-
tra. Data have been offset manually in the graph.

hydroxyl, and carboxylic acid functional groups that
are found to enhance interactions with target
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Figure 5. (a) SERS spectra of 4-NBT on SGM films with different size active area: 0.16, 0.32, and 0.64 cm?. SGM films with an
average Ag NP size of 30 nm were soaked in 1 mL of 500 nM 4-NBT in ethanol for 24 h before collecting SERS data. Increase in
intensity of symmetric vibration stretching of NO, at 1340 cm ' is observed with decreasing active area, due to a greater
number of target molecules available per cm?. SERS data have been baseline-corrected for clarity. (b) 4-NBT adsorption
(expressed in terms of molecules adsorbed) onto SGM films with 0.16 cm? active area sizes over 200 min. Saturation of
molecules adsorbed onto SGM films is reached by 100 min.
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Figure 6. (a) UV—vis absorption and (b) SERS spectra showing photocatalytic reduction of 4-NBT to 4-ABT in ethanol. The
spectra were recorded before (i) and after (ii) UV irradiation of SGM film for 15 min. Spectrum (iii) shows reference sample of
4-ABT in ethanol. Absorption spectra were collected using 10 #M 4-NBT (or 4-ABT) in ethanol in a 1 cm cuvette. SERS

experiment was performed with 500 nM 4-NBT (or 4-ABT) in ethanol.

molecules due to dipole—dipole attractions.3>>* It has
also been reported that organic species interact with
graphene oxide through van der Waals forces, which
further assists in the concentration of target molecules
onto the RGO surface.3'** These interactions act as an-
chors to attract and immobilize molecules at the film
interface.

The proposed concentrating effect of RGO for che-
mical sensing was probed as a function of geometric
RGO surface area (active area), as shown in Figure 5a.
SGM films were prepared with active areas of 0.16 cm?
(04 cm x 04 cm), 0.32 cm? (0.8 cm x 0.4 cm), and
0.64 cm? (1.6 cm x 0.4 cm) then soaked in 500 nM
4-NBT in ethanol solution for 24 h before collecting
SERS spectra. Interestingly, films with the smallest
active area (0.16 cm?) showed the most intense Raman
signal, as the smaller area is more likely to have ad-
sorbed target molecules in the limited area probed by
the Raman laser. This observation further supports the
argument that the SERS response corresponds to
adsorbed molecules on the GO surface and is not
being collected from the molecules in solution. The
correlation of SERS signal enhancement with decreas-
ing active area points to the concentrating effect of GO.
Adsorption of 4-NBT onto SGM films was also mon-
itored by measuring the decrease in absorbance of free
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4-NBT in solution over time, which can then be corre-
lated to the number of 4-NBT molecules adsorbed onto
SGM films. Figure 5b shows number of 4-NBT mole-
cules adsorbed to SGM film of 0.16 cm? active area over
a period 200 min (additional adsorption data are shown
in Figure S3). After exposing SGM films to 500 nM 4-NBT
solutions for 100 min, equilibrium is reached. This study
provided further evidence that target molecules interact
with the graphene surface.

In addition to sensing low levels of nitroaromatics, it
is also crucial to attain simple ways to destroy them.
Reduction of 4-NBT is accomplished by irradiating SGM
films with UV light for 15 min, a process that results in
electron transfer from SGM film to 4-NBT, facilitating
the reduction of the nitro functional group to form
4-aminobenzenethiol (4-ABT) (reactions 2 and 5).

RGO(e) + 4-NBT + H" (H,0) — RGO + 4-ABT  (5)

Figure 6a shows the absorption spectra of 4-NBT and
4-ABT standard solutions and 4-NBT solution after
reduction of the nitro functional group to an amino
group following UV irradiation of the SGM film. After
irradiating 4-NBT with UV light, the characteristic ab-
sorption peak at 320 nm disappears and a peak at
256 nm begins to appear that is characteristic of 4-ABT.
The reduction of 4-NBT to 4-ABT can also be probed
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through SERS measurements. The complete disap-
pearance of a characteristic [v{(NO,)] peak around
1340 cm ™' seen after irradiation with UV light confirms
the transformation of 4-NBT (Figure 6b).

CONCLUSIONS

In summary, single to few layers of GO deposited on
mesoscopic semiconductor film provides a 2-D net-
work that is photocatalytically active for deposition of
Ag NPs with tailored NP size and surface coverage,
achieved via metal ion concentration and illumination
time during deposition. Combining the ability of RGO

MATERIALS AND METHODS

Preparation of Ti0,—GO Films. TiO, (d = ~15—20 nm) paste
(Solaronix, Ti-nanoxide T/SP) was applied to the conducting
side of optically transparent electrode (OTE) via the doctor
blade method. The TiO,—OTE films were annealed at 80 °C for
30 min, followed by 1 h at 500 °C. Before deposition of GO onto
TiO,, the GO suspension in ethanol was sonicated for 1 h and
allowed to settle for several hours to overnight. This long
period of sedimentation allows for stacked GO to fall out of
solution, leaving a more single-layer GO in solution. Electro-
phoretic deposition of single-layer GO onto TiO, involves
submersion of TiO, films into 2.5 mL of ~0.3 mg/mL GO
dispersion. A counter electrode was held parallel to the TiO,
film at a distance of 4 mm, with the conducting sides of the
two electrodes facing one another. A voltage of 60 V was
applied between the two OTEs, and deposition was carried
out for 45 s.

Deposition of Metal Nanoparticles onto Ti0,—GO Film. Prepared
TiO,—GO films were submerged in ethanol (10 mL) and
purged with N, for 15 min. For deposition of Ag NPs, AgNO3
in ethanol was used. For the light-induced growth of metal
NPs, the film was placed ~35 cm from a 300 W Xe lamp (Oriel)
and back side illuminated for time intervals ranging between
15 min. The concentration of AQNO; was adjusted between
5.9 x 1078and 4.7 x 1077 M to grow Ag NPs of different sizes.

Optical and Structural Characterization of SGM Films. Optical ab-
sorption spectra were collected on a Varian Cary 50 Bio UV—
visible spectrometer. Morphology and size of SGM were exam-
ined using FEI Magellan-400 field emission scanning electron
microscope.

Surface-Enhanced Resonance Raman Spectroscopy and Fourier Trans-
form Infrared Spectroscopy. The Raman signal enhancement was
analyzed using a Renishaw Raman microscope (RM1000)
equipped with a 514 nm argon ion laser excitation source.
SGM films were immersed in ethanol with nanomolar con-
centration of the target molecule and placed front side,
with respect to incident laser, in a sealed 5 mm optical cu-
vette. FTIR spectra were collected in a Shimadzu FTIR-8400S
spectrometer.
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to concentrate target molecules with SERS-active and
catalytic Ag NPs provides a robust foundation for
multipurpose sense and destroy applications. SGM
films prepared using this versatile technique can be
adapted to fit a wide range of sensing and photocata-
lytic applications. The example discussed above shows
the effectiveness of SGM film as a photocatalyst and
assists in the transformation of an organic pollutant to
a less toxic compound. Efforts are underway to extend
this degradation strategy to aqueous systems and
carry out complete mineralization of hazardous che-
micals by making use of TiO,-induced photocatalysis.
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