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ABSTRACT The N-[3-(trimethoxysilyl)propyllethylenediamine (EDAS) derived silicate matrix supported core—shell TiO,—Au nano-
particles (EDAS/(TiO,—Au)nps) were prepared by NaBH,4 reduction of HAuCl, precursor on preformed TiO, nanoparticles in the presence
of EDAS monomer. The core—shell (TiO,—Au),,s nanoparticles were stabilized by the amine functional group of the EDAS silicate
sol—gel network. The potential application of this EDAS/(TiO,—Au),ps modified electrode toward the photoelectrochemical oxidation
of methanol was explored. The EDAS/(TiO,—Au),ps modified electrode showed a 12-fold enhancement in the catalytic activity toward
photoelectrooxidation of methanol when compared to TiO, dispersed in EDAS silicate sol—gel matrix. This improved photoelectro-
chemical performance is explained on the basis of beneficial promotion of interfacial charge transfer processes of the EDAS/
(TiO,—Au)qps Nanocomposite. A methanol oxidation peak current density of 12.3 mA cm™2 was achieved at an optimum loading of
Aupps on TiO, particles. This novel amine functionalized EDAS silicate sol—gel stabilized core—shell (TiO,—Au),ps nanomaterial could
be an excellent candidate for the photocatalytic and photoelectrochemical applications.
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INTRODUCTION
esigning of TiO,—Au nanomaterials has become an

important research subject because of their wide

band gap and higher catalytic activity (1, 2), which
find applications in photocatalysis (3-5), electrocatalysis
(6, 7), photoelectrochemical solar cells (8, 9), photoelectro-
catalysis (10), and sensors (11-13). The Aupps reduce the
charge recombination and promote the interfacial charge
transfer process in several catalytic reactions (14~-16). Direct
methanol fuel cells (DMFCs) are promising candidates for
power supply to many electronic devices. Several factors
including the use of precious metals like Pt and poisoning
of the catalyst by CO adsorption limit the existing DMFC
technology. To improve the device performance and reduce
the amount of precious metals in the catalyst, researchers
have incorporated photocatalysts such as TiO, on the elec-
trodes (17).

The photoelectrochemical oxidation of methanol was
studied using TiO,—Polyoxometalate (TiO,/POM) electrode
in a hybrid photoelectrochemical cell and a 50-fold enhance-
ment in photocurrent was observed when compared to bare
TiO, nanoparticles (18). The photoelectrochemical oxidation
efficiency of methanol can be altered either by the increase
in the surface area or by the increase in the rate of electron
transfer, i.e., the recombination of photogenerated electrons
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and holes could be widely restrained if the electrons could
be transferred quickly (19). The hybrid TiO,/CFE/Pt—Ru
electrode was found to oxidize methanol both electrocata-
lytically and photocatalytically and this synergistic effect can
greatly boost the performance of DMFC (20). Ding and co-
workers prepared the TiO, loaded on the nanoporous gold
(NPG) coated conducting glass electrode (TiO,/NPG elec-
trode) (21). The NPG was prepared by dealloying 9 carat
white gold and it was adhered to the surface of the conduct-
ing glass. The TiO,/NPG electrode was used for the photo-
electrochemical oxidation of methanol and the synergistic
effect between TiO, and NPG was reported (21). In the
present work, gold nanoparticles were deposited on the TiO,
nanoparticles in the presence of amine functionalized silicate
sol—gel (EDAS/(TiO,—Au)nps) and the core—shell nanocom-
posite material was used for the photoelectrochemical stud-
ies. Amine functional groups in silicate sol—gel can exhibit
dual functionality. The amine groups can complex with
metal ions and stabilize the metal nanoparticles. The amine
functional group shows high affinity toward noble metals
(such as Au, Ag, and Pt) and they are often used to anchor
metallic colloids onto different substrates that are precoated
with aminosilanes (22-25).

The amine-functionalized EDAS silicate sol—gel -supported
TiO,—Au core—shell nanoparticles (EDAS/(TiO,—Au)nps) is a
promising candidate to prepare modified electrodes for
photoelectrochemical applications and solar cells. The EDAS
support material is expected to show synergistic effect and
to preconcentrate the substrate molecules at the modified
electrode surface. The uniform distribution of (TiO,—Au)nps
nanocomposite materials in the EDAS silicate sol—gel matrix
film will ensure good electrical communication between the
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nanoparticles in the film and will enhance the interfacial
electron transfer between the substrate molecules and the
electrode. The catalytic activities of the core—shell nano-
composite material were investigated with respect to the
molar ratio of TiO,:Au under dark and illuminated conditions
in a photoelectrochemical cell. The role of Aupps was inves-
tigated by comparing the photoelectrocatalytic activity of
methanol oxidation in the presence and absence of Aups on
TiO,. The present investigation of the photoelectrocatalytic
oxidation of methanol at the EDAS/(TiO,—Au)ps core—shell
modified electrode could find potential applications in de-
veloping the next-generation solar cells and fuel cell elec-
trodes.

EXPERIMENTAL SECTION

N-[3-(Trimethoxysilyl)propyl]ethylenediamine (EDAS) and
hydrogen tetrachloroaurate trihydrate (HAuCl, - 3H,0) were
purchased from Aldrich. Titanium(IV) isopropoxide (TTIP) was
obtained from Sigma-Aldrich and all other chemicals used in
this work were of analytical grade. The indium tin oxide (ITO)
coated conducting glass plates with a surface resistance 4—8
Qsq~! (CG-411N-1507) were received from Delta technologies
Ltd., USA. The colloidal TiO, nanopartciles were prepared by
using the reported procedure (5). The core—shell EDAS/
(TiO,—Au)nps were synthesized via the following procedure.
Typically, 5 mL of 20 mM preformed TiO, nanoparticles was
mixed with I mL of 1 M EDAS sol in water with vigorous stirring
followed by the addition of desired amount of HAuCl, and
stirred for another 5 min. A clear yellow color solution was
obtained and it was subjected to sonication for 10 min. The
hydrolysis and condensation were initiated by the addition of
0.1 mL of 0.1 M HCl and the reaction mixture was made up to
10 mL by adding double distilled water. The HAuCl; was then
reduced by adding appropriate amount of freshly prepared ice
cold 5% NaBH,. The same protocol was used to prepare sols
with different TiO,:Au ratios (see Figure S1 in the Supporting
Information). The EDAS/TiO, was prepared by the same pro-
cedure without adding HAuCl,. The UV—visible absorption
spectra of EDAS/(TiO,—Au),,s were recorded using the Agilent
8453 diode array UV—visible spectrophotometer. The high-
resolution transmission electron microscopic (HRTEM) images
of TiO, and EDAS/(TiO,—Au),,s were recorded using a JEOL
3010 high-resolution transmission electron microscope operat-
ing at an accelerating voltage of 300 kV. All photoelectrochemi-
cal experiments were carried out in a conventional three-
electrode cell, composed of ITO/EDAS/TIO, or ITO/EDAS/(TiO,—
Au)nps modified electrode as working electrode, a saturated
calomel electrode (SCE) as a reference and platinum as a
counter electrode. The supporting electrolyte was 0.5 M Na,SOy.
The working electrode potentials stated in this paper are with
reference to the SCE unless otherwise stated. The photocurrent
signal measurements were carried out with an active area of
1.0 cm? using a computer-controlled Autolab PGSTAT302N
electrochemical workstation. A 450 W xenon lamp was used
as a light source with water filter to study the photoelectro-
chemical properties. The photocurrent was measured for the
EDAS/TiO; and the EDAS/(TiO,—Au),,s Nnanomaterials modified
electrode at an applied potential of 0.65 V (SCE).

RESULT AND DISCUSSION

Characterization of EDAS/(TiO,—Au),,s Core—Shell
Nanomaterials. The EDAS/(TiO,—Au),s core—shell nano-
particles were synthesized at room temperature (25 °C) by
using a mixture of preformed TiO, nanoparticles, HAuCl,
and N-[3-(trimethoxysilyl)-propyl]-ethylene diamine in aque-
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FIGURE 1. Absorption spectra of (a) EDAS/TiO,, (b) EDAS/
TiO,—Au(lll), and (c) EDAS/(TiO,—Au)nps solution. Inset: Photograph

taken (A) after the addition of HAuCl, and (B) after the formation of
EDAS/(TiO2—At)nps.

ous solution. The Auy,,s show low binding affinity with bare
TiO, surface and the absence of binding groups lead to a
loosely bound layer of Auyps on the TiO, core (5). In the
present synthetic route, the affinity between the Aug,s and
the amine groups in the EDAS was utilized to prepare the
core—shell nanomaterials (22, 23). The binding of silanes on
the surface of different nanoparticles has been well under-
stood (22, 23, 26, 27). Addition of NaBH, to the sols with
suitable EDAS:Au ratio led to the development of intense
wine red color due to the formation of (TiO,—Au)n,s. The
formation of EDAS/(TiO,—Au)nps core—shell nanoparticles
was visually observed during the reduction of Au(lll) ions
from the color change from yellow to wine red color. The
inset given in Figure 1 shows the photographs of the solution
mixture before (A) and after the NaBH, addition (B). The
EDAS/TiO, and EDAS/TiO,—Au(lll) solution mixtures show
the absorbance edges below 400 nm and around 400 nm,
respectively (Figure 1a,b). The formation of EDAS/(TiO,—
Au)nps core—shell was conformed from the absorption spec-
trum, which shows the surface plasmon band at 520 nm due
to the Aunps on TiO, (Figure 1¢). A monotonic increase in the
intensity of the absorption band at 520 nm was observed
with increasing Aupps concentration in (TiOy—Au)nps (Figure
2). The functionalized aminosilicate acts as a stabilizer and
a support for the core—shell (TiO,—Au)y,s Nanomaterials.
The increase in Au content on (TiO;—Au)nps increases the
absorbance intensity as well as causes a small red shift in
the surface plasmon resonance band at higher Au content
due to the formation of larger particles (5).

The core—shell (TiO,—Au),ps Shows a tunable bandgap
energy when compared to bare TiO, due to the Auyys shell.
The wavelength of absorption and optical bandgap of EDAS/
(TiO,—Au)qps are shown as a function of the Au,ps concentra-
tion (Figure 3). The band gap edge of the anatase bare TiO,
is 385 nm (Epg = 3.23 eV) (28, 29). The measured band gap
energy of EDAS/TiO, is found to be 3.46 eV with a blue shift
of 0.23 eV when compared to bare TiO, (3.23 eV) due to
the dispersion of the TiO, nanoparticles in the functionalized
EDAS silicate sol—gel matrix. It is reported that the interac-
tion of silica with TiO, nanoparticles increases the band gap
to 3.42 eV (TiO,/SiO, nanocomposites) (30). For the EDAS/
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FIGURE 2. (a—e) Absorption spectra of EDAS/(TiO,—Au),,s with
various concentrations of Auy,s. The molar ratios of TiO,:Au are (a)
100:1, (b) 50:1, (c) 33:1, (d) 25:1, and (e) 20:1. The inset (A—E)
displays the corresponding photograph of the (TiO,—Au)n,s core—
shell containing various amount of Auy,.
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FIGURE 3. Optical band gap and wavelength of absorption of EDAS/

(TiO,—Au)qps as a function of Au concentration. TiO, concentration
was 10 mM and EDAS was 100 mM.

(TiO,—=AU)pps (TiOz:Au = 100:1 molar ratio) the band gap
edge was measured as 362 nm, corresponding to 3.42 eV,
which is having a small red shift of 0.04 eV when compared
to EDAS/TIO,. Loading higher amounts of Aug,s on TiO,
brings down the absorbance band edge of TiO; close to the
visible region (Figure 3).

The HRTEM images of TiO, and EDAS/(TiO;—Au)ps are
shown in Figure 4. The HRTEM images show the formation
of TiO, particles in the size ranges of 10—20 nm and the
(TiO,—Au)nps core—shell nanoparticles with different size
ranges of 10—25 nm are revealed in HRTEM (Figure 4). The
lattice resolved TEM image of the EDAS/(TiO,—Au) s par-
ticles clearly indicated the presence of Au on TiO, with
d-spacing values of 0.23 nm due to Au and 0.35 nm due to
TiO, (Figure S2). The bare TiO, shows the formation of TiO,
particles with (1 0 1) plane and the (TiO;—Au)n,s Shows
the formation of Auyps with (1 1 1) plane on TiO, particles.
The selected area electron diffraction (SAED) pattern of the
(TiO,—Au)nps core—shell particles also reveals the presence
of both TiO, and Au in the nanoparticles (see Figure S3 in
the Supporting Information).

Photoelectrochemical Acitivity at EDAS/(TiO,—
Au),ps Modified Electrode. When the ITO/EDAS/TIO,
electrode was dipped in Na,SO4 or in a mixture of Na,SO4 and
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FIGURE 4. HRTEM and lattice resolved images of (a) TiO, and (b)
EDAS/(TiO2—AU)ps (TiOz:Au = 100:1 molar ratio).

CH5OH, there was no significant current observed in dark
condition, but, a large increase in the current was observed
under illumination because of the electron—hole separation at
the TiO, and scavenging of holes by methanol (Figure S4). The
methoxy radicals ¢ CH,OH, CH,O, CHO,, HCOOH, and HCOO")
formed during methanol oxidation can further inject electrons
and contribute to the increased photocurrent generation and
this is known as the current doubling effect (19, 21). Interest-
ingly, the ITO/EDAS/(TiO,—Au)ps electrode showed a 12-fold
increase in the photocurrent when compared to the ITO/
EDAS/TiO, electrode in a mixture of Na,SO, and CHsOH
under illumination (Figure 5). This happens because of the
deposited Auyps on the TiO, surface which facilitates a rapid
interfacial charge transfer process between TiO; and Aunps.
There are three possible reasons for the synergistic effect:
(i) the adsorption of methanol on TiO, can increase the local
concentration of methanol around Auns at the TiO, (21); (ii)
the hydroxyl adsorbed on the TiO, surface promotes the
methanol oxidation at the neighbor Auy, (21); and (iii) the
Aungs on the TiO, surface may promote interfacial charge
transfer and reduce the charge recombination process (5, 8).
A photocurrent density of 12.3 mA cm™2 was observed for
the EDAS/(TiO,—Au)nps electrode at an applied potential of
650 mV, whereas a photocurrent density of 1.03 mA cm™
was observed for the EDAS/TIO, electrode at 650 mV (Figure
5). Zhang et al. (19) studied the photoelectrochemical oxida-
tion of methanol at TiO, nanotube modified electrode and
reported a photocurrent density of 55 A cm™ at 10 mw
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FIGURE 5. Photoelectrochemical oxidation of methanol at (a) EDAS/

TiO, and (b) EDAS/(TiO—Au)nps (TiOz:Au = 100:1 molar ratio)
modified electrodes under illumination.
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FIGURE 6. Photocurrent—time characteristics observed during light
“on—off” cycle at the EDAS/(TiO,—Au)pps (TiO,:Au = 100:1 molar
ratio) modified electrode in presence of a mixture of 0.5 M Na,SO,
and 0.1 M methanol. The E,p, was 0.65 V and light intensity was
700 mW cm 2.

cm™? incident light intensity. Recently, the photoelectro-
chemical oxidation of methanol was studied at the TiO,/NPG
and TiO,/POM modified electrodes and reported a photo-
current densities in the order of ~5 mA and ~3 uA,
respectively, at different conditions (21, 31). The photocur-
rent density of 12.3 mA cm™2 observed in the present study
clearly suggests that the EDAS/(TiO,—Au)nps Nanomaterial
modified electrode could be a potential candidate for pho-
toelectrochemical cells. The methanol oxidation peak was
slightly shifted to a higher positive potential in EDAS/
(TiO,—Au) s modified electrode compared to the EDAS/TiO,
electrode and a less intense peak was observed in the
reverse scan, indicating the possible poisoning effect during
the cycle (20). During the light “on” and “off” conditions at
the photoelectrode the rise and fall off the current are very
clear (Figure 6). In each “on”—"off” cycle, the total photo-
current generation consists of two steps; the first one is the
instantaneous generation of a significant amount of photo-
current on illumination due to the scavenging of photoge-
nerated holes formed at the EDAS/(TiO,—Au) s electrode by
methanol and the second is due to the interaction and
electron transfer of methoxy radicals formed in the first step
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FIGURE 7. Dependence of photocurrent on the concentration of
Auy,s deposited on the TiO,. The cell solution contained a mixture
of 0.5 M Na,SO, and 0.1 M methanol. The E,,, was 0.65 V and light
intensity was 700 mW cm 2.

at the illuminated EDAS/(TiO,—Au)ps electrode, and finally
the photocurrent reaches a steady state. The slow increase
in the photocurrent during illumination and slow decay of
photocurrent during light “on” and “off” conditions are due
to the accumulation of charges and slow discharge of ac-
cumulated charges, respectively, within the electrode (4).
Minimizing the catalyst loading is an important economi-
cal issue and the present study makes an important contri-
bution in this regard. The Au,p concentration on TiO,
particles was varied to optimize the photocurrent generation
during the photoelectrochemical oxidation of methanol.
Increase in the photocurrent was observed with increasing
Aup,s loading on TiO, up to the molar ratio of 100:1 (TiOx:
Au) and further increase of Auy,s loading on the TiO, surface
led to a decrease in the photocurrent generation as shown
in Figure 7. There are three possible reasons for the decrease
in the photocurrent at higher Au loading: (i) absorption and
scattering of incident light by an increased amount of Aupps
(4, 32), (ii) larger number of Aun,s on the TiO, shield the light
at the TiO,/electrolyte interface from irradiation (8), and (iii)
the excess concentration of the Auy,s may have a negative
effect on photocurrent generation due to the oxidation of
the Auyps by the photogenerated holes and/or surface hy-
droxyl radicals in the TiO, particles (33). The maximum
photocurrent was observed at the EDAS/(TiO,—Au) s elec-
trode when the molar ratio of TiO,:Au was 100:1. All other
experiments were carried out using the EDAS/(TiO,—Au)nps
modified electrode with the 100:1 molar ratio of TiO,:Au.
The incident light intensity had a significant effect on the
photocurrent generation at the EDAS/TiO, and EDAS/
(TiO,—Au)n,s modified electrodes. The effect of the light
intensity on the photoelectrochemical reaction shows that
the photocurrent increased linearly with light intensity up
to 700 mW cm™? (see Figure S5 in the Supporting Informa-
tion). The linear relationship between photocurrent and light
intensity reveals that the photogeneration of charge carriers
is a photonic process (19). The photocurrent increased
significantly at the EDAS/(TiO,—Au),ps modified electrode
when compared to EDAS/TiO, modified electrode. The Aupys
acts as an electron sink and it increases the interfacial charge
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transfer between TiO, and electrode (5, 23). The depen-
dence of methanol concentration was studied on the pho-
tocurrent generation at the EDAS/(TiO,—Au),ps modified
electrode. An increase in the photocurrent was observed
with increasing methanol concentration instantly under the
illumination of light and then reached a steady state (Figure
8). That is, the observed photocurrent is directly proportional
to the concentration of methanol up to 100 mM (inset Figure
8) and it clearly indicates that the rate of photoelectrochemi-
cal oxidation of methanol at the EDAS/(TiO,—Au)n,s modified
electrode is first order with respect to the concentration of
methanol. A similar observation was reported for methanol
oxidation at the bare TiO, nanotubes modified electrode
(19). In the present work, the silicate sol—gel matrix is used
to disperse the core—shell (TiO,—Au),ps and to prepare the
modified electrodes for photoelectrochemical experiments.
The efficient charge transfer is demonstrated at the core—
shell (TiO,—Au)n,s Nanomaterials.

The schematic representation of photoelectrochemical
oxidation of methanol at the EDAS/(TiO,—Au)q,s modified
electrode is shown in Figure 9. When the photoanode is
illuminated with light, electrons transit from valence band
(VB) to conduction band (CB) of TiO,, and the holes are left
at the valence band (VB). The application of a bias potential
to the EDAS/(TiO,—Au) s electrode provides the necessary
energy gradient to drive away the photogenerated holes and
electrons in different directions and the presence of Aunps
minimizes charge recombination, and therefore increases
the photoelectrochemical efficiency. Methanol is easily ad-
sorbed on the TiO, surface that is covered with -OH leading
to the hydrophilic surface and it facilitates the local methanol
concentration to the neighbor Auy,s. The adsorbed methanol
is easily scavenged by the holes. The presence of adsorbed
methanol can prevent the recombination of surface holes
and electrons by rapidly decreasing the number of holes
through rapid transfer to methanol because of its high
tendency to capture holes.
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FIGURE 9. Schematic representation of photoelectrochemical oxida-
tion of methanol at the EDAS/(TiO,—Au)qps modified electrode.

CONCLUSIONS
The aminosilicate sol—gel-supported (TiO,—Au)pps cOre—

shell nanomaterial was synthesized through a very simple
route employing ecofriendly solvent medium at room tem-
perature. Through the photoelectrochemical technique it has
been demonstrated that the use of methanol as a sacrificial
donor enhances the photoelectrochemical performance of
the cell. The photoresponse of EDAS/(TiO,—Au)nps modified
electrode in photoelectrochemical cell is higher than that of
the EDAS/TIO; electrode and can be readily tuned by con-
trolling the amount of Aupps. A small amount of Aupps loaded
on the TiO, surface shows greater electron—hole pair sepa-
ration which leads to higher photocurrent generation at the
electrode. Loading of Aun,s on TiO, is the most beneficial for
interfacial charge transfer and increases the photocurrent
generation. The present study shows that the optimum
amount of Aun, loading is around 0.1 mM of Auyps to 10 mM
of TiO, and it exhibits a 12-fold increase in the photocurrent
when compared to EDAS/TIO; electrode. The EDAS/(TiO,—
Au)nps core—shell nanomaterials open new possibilities to
improve the performance of the oxide semiconductor used
in potential applications, such as economically viable solar
energy conversion devices, photocatalysis, and sensors.
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