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A well-organised reduced graphene oxide (RGO) and silver (Ag) wrapped TiO; nano-
hybrid was successfully achieved through a facile and easy route. The inherent char-
acteristics of the synthesized RGO-Ag/TiO, were revealed through crystalline phase,
morphology, chemical composition, Raman scattering, UV-visible absorption, and
photoluminescence analyses. The adopted synthesis route significantly controlled
the uniform formation of silver nanoparticles and contributed for the absorption of
light in the visible spectrum through localized surface plasmon resonance effects.
The wrapped RGO nanosheets triggered the electron mobility and promoted visible
light shift towards red spectrum. The accomplishment of synergised effect of RGO
and Ag well degraded Bisphenol A under visible light irradiation with a removal
efficiency of 61.9%. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4926454]

In recent years, the rapid growth of industrialization mainly on the manufacturing of poly-
carbonates to produce bottles, beverage containers, and electrical equipment contributed for the
production of Bisphenol A (BPA).!? It is a well-known micropollutant and classified as Endocrine
Disrupting Compound (EDC) that is capable to impose adverse environmental and health effects
due to its high toxicity.> Therefore, it drives most researchers to develop an effective alternative
economical method for its safe disposal. Although many methods were reported, the photocatalytic
oxidations process emerged as more significant over the rest.* It is well established that this pro-
cess dominantly employs TiO, semiconductor owing to its high synergetic oxidation strength, zero
toxicity, and greater chemical and biological stability.”~* In spite, it has major obstruction with wider
bandgap energy (3.2 eV) and allows the photoactivation to only in the UV spectrum (A < 390 nm).
It also possess very low lifetime for the charge carriers and leads to a faster recombination rate.'!!
Many researchers had attempted to overcome these limitations through doping with metals and
non-metals, hetero-structures, noble metal, etc.'?~'® Considering noble metal as a potential impurity
turned out to be an alternative approach for reconstructing the weaknesses of TiO,.!”!

Further to improve the optical absorption and enhancing the charge carrier transport, reduced
graphene oxide (RGO) was used in the hybrids thus narrows the bandgap and minimize the
electron-hole recombination rate.'” This is due to its rich characteristics in exhibiting high ther-
mal conductivity, great charge carrier mobility, good surface contact with supported nanoparticles
(NPs), and high hydrophobicity.?*~> In addition, the spacious delocalized 7t-bond in the sp>~bonded
carbon lattice has enhanced its structure stability and conductivity capacity.’’?® There are few
reports that demonstrate the contribution of RGO and Ag towards visible light enhancement.!%2%-%7
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Moreover, in order to explicit insight dominance and influence towards visible light utili-
zation herein, we synergise localized surface plasmon resonance (LSPR) phenomenon, electrical
properties, and surface science that lead to a highly efficient visible light activated photocatalyst
(RGO-Ag/TiO,). The improved visible light utilization of the developed photocatalyst was exam-
ined by degrading Bisphenol A under artificial visible light excitation.

Titanium (IV) chloride (TiCly, 99.9%, Merck), graphite flakes and silver nitrate (AgNOs3,
99.9%, Sigma Aldrich), tetrahydrofuran (THF, Fluka), ethylene glycol and benzyl alcohol (99.8%
anhydrous), potassium permanganate (KMnOy4, 99.9%), sulfuric acid (H,SO4, 98%), hydrogen
peroxide (H,O,, 30%), hydrogen chloride (HCI, 37%), and denatured ethanol (99.7%, R&M Chem-
icals) and Milli-Q water. All chemicals were analytically graded and used without any further
modification.

Simplified Hummers method was adopted in synthesis of graphite oxide.?® The detailed synthe-
sis procedure is described in the supplementary material.® The synthesis of TiO, and Ag/TiO, was
obtained from our previous studies.'®* The RGO was achieved by dissolving 0.2 g of synthesized
GO in Milli-Q water under ultrasonic condition for an hour. The wrapping was succeeded by adding
1 g of the prepared Ag/TiO, into the yellow-brown solution (GO solution) and stirred for 1 h
until a homogeneous phase appeared. This homogeneous solution was then autoclaved at 180 °C
for 6 h. This hydrothermal treatment reduces GO to RGO. The resulted suspension was retrieved
through centrifugation and washed thoroughly with Milli-Q water and dried at room temperature.
The diagram of adopted synthesize route is illustrated in Fig. S1 of the supplementary material.>

The physical structure of the samples was investigated by Field Emission Scanning Electron
Microscope (FESEM) at an accelerating voltage of 20 kV (Hitachi SU-8000). The particles size
and lattice fringe images were identified through HRTEM (JEM-2100F, Jeol). The crystalline phase
composition and grain size were studied with XRD of Bruker D8 Advance X-ray powder diffrac-
tometer with CuKa radiation A = 0.154 nm. The Raman and photoluminescence (PL) spectra was
acquired by using a micro-PL/Raman spectroscope of Renishaw with the excitation wavelengths at
514 nm and 325 nm, respectively. The functional group identification was carried out with FTIR ob-
tained through Perkin Elmer Spectrum 400 spectrophotometer with a scan range of 4000-450 cm™".
Chemical elemental species mapping and identification were obtained with XPS of Axis Ultra DLD
instrument of Kratos, using monochromatic AlKa radiation (225 W, 15 mA, and 15 kV) and C 1s
binding energy 284.9 eV as reference. The visible light harvesting characteristics were studied with
Shimadzu UV-2600 spectrophotometer equipped with an integrating sphere attachment and used
BaSO, as a reference.

The photocatalysis ability of the synthesized photocatalysts was demonstrated by degrading a
poor photosensitizing compound, BPA. All the photocatalytic degradation experiments were carried
using a 500 ml borosilicate beaker with a working volume of 250 ml. The initial concentration of
BPA was maintained at 20 mg/l with 1 g of the prepared photocatalysts under continuous stirring
conditions. A 500 W tungsten-halogen lamp with a high-pass UV filter (FSQ-GG400, Newport
Corp) was used as an active photon energy source. All the experiments were carried out in an iden-
tical condition with 1 h dark reaction followed by 5 h photodegradation. Bisphenol A residuals were
drawn out at regular interval, analyzed using a liquid chromatography (Acquity UPLC H-Class,
Waters) mounted with C18 column (2.1 X 50 mm and 1.7 um) at 40 °C employing water: ACN
(60:40) as mobile phase with a flow rate of 0.4 ml/min. The targeted compound was quantified with
a detection wavelength of 226 nm.

The transition of the photogenerated electrons in the composites was measured using a Metrohm
Autolab (PGSTAT302N). A standard three-electrode system using platinum wire as counter elec-
trode, Ag/AgCl as reference electrode, and indium-tin oxide (ITO) glass as working electrode was
employed for the study. A tungsten-halogen lamp of 500 W with a high-pass UV filter was used as
visible light source. An aqueous solution of 0.1M Na,SO4 was used as the electrolyte solution. As
for the working electrodes, 5.0 mg of composite is dispersed in 1 ml ethanol and then dropped onto
the pretreated ITO and air dried.

Fig. 1 illustrates the FESEM images of the successfully wrapped RGO and Ag with TiO,. The
image (Fig. 1(a)) clarifies the uniform distribution of Ag/TiO, onto the RGO sheets and (Fig. 1(b))
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FIG. 1. Physical surface structural and composition images of the ((a) and (b)) RGO-Ag/TiO; and ((c) and (d)) HRTEM
images of RGO-Ag/TiO;.

Ag NPs onto the surface of TiO, trough by efficient sustainable photodeposition method. The parti-
cle size of Ag NPs with a lattice fringes spacing was detailed in Figs. 1(c) and 1(d).?"*> FESEM and
HRTEM images of pure TiO, and Ag/TiO; are shown in the supplementary material as Figs. S2(a)
and S2(b) and S3(a) and S3(b), respectively.”’

The diffraction pattern of RGO-Ag/TiO; is depicted in Fig. 2(A) along with the GO, TiO,,
and RGO-TiO,. The diffraction peaks at 20 = 38.1°, 44.3°, 64.4°, and 77.4° corresponded to crystal
phases (1 1 1), (200), (22 0), and (3 1 1) of silver NPs, respectively (JCPDS No. 04-0783).
The intense diffraction peaks also confirm the stability of the synthesized silver NPs. Meanwhile, a
diffraction peak at 20 = 10.6° (0 0 2) was seen for GO sample signifying almost complete oxidation
of nature graphite into GO by expanding the d-spacing from 0.34 to 0.93 nm.'%** The RGO did
not show a notable diffraction peak in both RGO-TiO, and RGO-Ag/TiO,, due to low amount of
carbon species in the composites.”’*#3> The average crystalline size TiO, in the ternary calculated
using Scherrer equation was found to be 20.29 nm almost equivalent to the pure one (19.68 nm).
The observed Miller indices for TiO, revealed the complete anatase phase of TiO,.

The obtained Raman spectrum as shown in Fig. 2(B) portraits distinct peaks that attribute to
anatase phase of TiO,. Besides that, the inset of Fig. 2(B) shows the Raman spectrum of GO with
two intense peaks at 1351 cm™!' (D-band) and 1605 cm™! (G-band). The D-band attributed to the
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FIG. 3. Functional group spectra of (a) GO, (b) TiO3, (c) RGO-TiO,, and (d) RGO-Ag/TiO,.

disorder with structural imperfections created during the reduction of GO. Meanwhile, the G-band
corresponds to the first order scattering of E; photon of sp? C atoms of graphene.?> Therefore, the
intensity ratio (Ip/Ig) for GO was 0.78 signifying the presence of large amount of sp® in the sample.
The D and G-bands of RGO-TiO, and RGO-Ag/TiO, were approximately in the same position
with GO. However, the Ip/Ig ratio of RGO-TiO, (0.95) and RGO-Ag/TiO, (0.97) increased from
0.78 for GO, demonstrating the reduction of GO via hydrothermal process. This increment was
carried through removal of oxygenated groups leading to re-establishment of conjugated graphene
network.® The analysis further verified the charge transfer between GO and the hybridized compo-
nents. This was observed in the G-band of GO having a marginal shift of ~9 cm™! to a lower fre-
quency at 1596 cm™! (RGO-Ag/TiO,) from 1605 cm™' (GO) confirms the charge transfer between
TiO; and RGO.?’

The functional group spectra are illustrated in Fig. 3. The GO displayed many strong absorption
peaks that correspond to various oxygen functional groups. The absorption peaks included the wide
broad peak at 3400 cm™" which correspond to the O—H stretching. The carboxylates C=0 stretch-
ing occurred at peak 1730 cm™!, while the hydroxyl groups of molecular water bending and C=C
stretching indicated absorption peaks at 1620 cm™!. The carboxyl group, phenolic C—O—H, and
C—O stretching vibrations in the epoxy were detected at 1375 cm™!, 1220 cm™!, and 1045 cm™!,
respectively.'%38 A distinct and drastic decrease in intensity of absorption peaks was observed at
C=0 (1750 cm™!), C=C (1620 cm™"), C—O—H (1220 cm™"), and C—O (1045 cm™") that corre-
sponds to oxygen functional groups contributed by the reduction of GO. Meanwhile, TiO, NPs
show wide peaks at 3350 and 1630 cm™! which correspond to the O—H group of water, whereas
the wide and broad peaks 500-900 cm™! are attributed to the stretching vibration of Ti—O—Ti and
Ti—O—C bonds.'"*° Fig. S4 in the supplementary material depicts the magnified FTIR spectra.”’

The chemical elemental species of the prepared samples are shown in Figs. 4(a)-4(d). From
Fig. 4(a), C 1s devolved into four peaks at 284.8, 286.6, 287.8, and 289.0 eV were seen. The corre-
sponding binding energies signified to different functional groups of C—C and C—O in hydroxyl or
epoxy forms, C=0 and COOH, respectively.?>*? A significant decrease of C—O and C=0 peaks
of C 1s observed in sample (RGO-Ag/TiO,) indicating the considerable elimination of oxygen
containing groups during the hydrothermal treatment (Fig. 4(b)). Fig. 4(c) exhibited two distinct
peaks at 529.08 eV and 530.89 eV indicating the presence of Ti—O—Ti and Ti—O—C bonds,
respectively.!! The presence of Ag NPs was clearly shown in Fig. 4(d). Fig. S5 in the supplementary
material illustrates the Ti core level obtained from the XPS spectrum.?

In analyzing the light absorption of the synthesized materials, UV-visible absorption spectros-
copy analysis was executed and shown in Fig. 5(A). A considerable red shift towards visible light
region is clearly observed for RGO-TiO, and RGO-Ag/TiO; indicating narrow bandgap energy with
the introduction of RGO. This significant shift ascertains the incorporation of RGO in the composite
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FIG. 4. Chemical elemental species spectra of (a) C 1s of GO, (b) C 1s of RGO-Ag/TiO,, (c) O 1s, and (d) Ag 3d.

through Ti—O—C bond.'"*!*? Further enhancement in the visible light region at ~460 nm can be
seen after the incorporation of Ag NPs into the composite (RGO-Ag/Ti0,).!%?>* The existence of
Ag NPs on the surface of TiO; significantly oscillated the dielectric constant surrounding the matrix
leading to the visible light absorption.'® Fig. 5(B) reveals the calculated (Kulbeka-Munk equation)
bandgap energy for the prepared photocatalysts. It was found that after the incorporation of RGO,
the bandgap energy of TiO, was tuned to 2.9 eV. The reduction in bandgap was attributed to the
formation of Ti—O—C bond, where the electrons on the surface of TiO, are bonded with unpaired
n-electrons and leading to a shift upwards the valence band edge.!' The observed phenomenon
enhanced the RGO-Ag/TiO, with a notable visible light performance.

The photoluminescence spectra for the prepared photocatalysts are portrayed in Fig. 6(A). It is
well proven from the spectrum that the deposition of RGO and Ag NPs drastically prolonged the
lifetime of the charge carriers. This is owing to the trapping of the photo-excited electrons and high
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FIG. 5. (A) UV-visible absorption spectra and (B) calculated bandgap energies of (a) TiOz, (b) RGO-TiO,, and (c)
RGO-Ag/TiO;.
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FIG. 6. (A) Photoluminescence spectra and (B) photocurrent transient responses of (a) TiOz, (b) RGO-TiO,, and (c)
RGO-Ag/TiO;.

charge carrier mobility of RGO.>** A more active separation of electron-hole pairs was observed
after incorporation of Ag NPs. This resulted from the effective electrons transfer from TiO,—Ag
NPs-RGO. Transient photocurrent responses were studied to provide additional evidence for the
separation of the photoelectrons and holes of the prepared photocatalysts. The responses were
recorded over several cycles of on-off visible light irradiation as shown in Fig. 6(B). The higher
photocurrent possessed by RGO-Ag/TiO, as compared to rest demonstrated the higher efficiency of
the charge separation in the composite.

Fig. 7 describes the visible light utilisation ability of prepared photocatalysts. It is evident
that BPA is very stable and possesses poor photosensitizing nature where almost zero degradation
was obtained in the presence of visible light alone. An improved comprehensive degradation was
achieved by RGO-TiO, for BPA compounds within 6 h. The attained improvement on visibility
was attributed to the enhancement of the significant red shift through Ti—O—C bond. The bond
formation was apprised by the oxygen sites in the TiO, lattice that are replaced by carbon atoms.*
Therefore, when visible light illumination is enabled, the photoexcitation was initiated in the O-2p
orbital to Ti-3d orbital and leaves behind holes at the O-2p state with a very high redox potential.'!
This high redox potential catalyse the reaction between holes and H,O leading to the formation of
active *OH radicals. The high redox potential also allows easy movement of generated electrons
from TiO, to RGO due to work functions of RGO (4.4 eV) that underlay beneath the conduction
band of TiO, (4.2 eV).?” These electrons then react with adsorbed O, to form superoxide anion
radical (*0,"). Thus, it prolongs the lifetime of electron and hole pairs.?’**
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FIG. 7. Photocatalytic activity of Bisphenol A.
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FIG. 8. Excitation mechanism of RGO-Ag/TiO, photocatalyst under visible light irradiation.

A good photodegradation efficiency of 40.0% was observed for the RGO-Ag/TiO, than that
of RGO-TiO; (25.2%), Ag/TiO, (24.9%), and TiO, (14.4%). It is well evident that this greater
efficiency was also attributed to the inclusion of Ag NPs into the composite. The Ag NPs with a
characteristic of negative work function (4.26 eV) stimulated the ability to capture the photogener-
ated electrons of TiO,. When these NPs get intimated with RGO, it further transfers the electrons to
the surface of RGO. Hence, it further suppresses recombination and thereby increasing the overall
photocatalysis performance. Moreover, the LSPR phenomenon triggered by the noble metal also
well contributed for the visible light enhancement. The presence of visible light excited the Ag
surface plasmon and this collective electron oscillation generates high concentration of energetic
electrons at its surface. The RGO surface then quickly transports those electrons from Ag surface
through extended m-conjugation structure.*® This effective movement of electrons from Ag to RGO
surface prolongs the life span of the charge carriers.*® The excess formation of electrons through
Ag also reacts with surface absorbed oxygen forming superoxide anion radical (*O,”), whereas
the holes form active radicals (*OH) by reacting with HyO molecule. The immense production
of *OH radicals triggered through respective mechanism contributed for enhanced suppression of
electron-holes recombination. The interaction of photocatalyst with BPA under visible light irradia-
tion is depicted in Fig. 8.

In conclusion, visible light promoted composite TiO, was successfully achieved with the sup-
port of Ag and RGO. Each of them had their own way of characteristics for triggering the potential
TiO, towards the visible spectrum. The RGO anchored the TiO, through a stable bonding that
enhanced the visible light utilization progressively. The binding promoted ease electron mobil-
isation between titania and RGO. The Ag supported the composite through an energetic LPSR
phenomenon well supported for the enriched production of hydroxyl radical and delayed the union
of electrons and holes. The accomplishment of synergised effect of RGO and Ag demonstrated an
excellent photocatalysis by degrading BPA under visible light irradiation. Thus, the present study
exhibited significant contributions of the each element in the composites for the enhancement of
titania towards utilising non-renewable energy resource for sustainable treatment.
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