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ABSTRACT

Nanocomposites based on metal nanoparticles supported on oxide surfaces have been used
extensively as effective catalysts for fuel cell electrochemistry. In this study, functional
nanocomposites based on gold nanoparticles deposited onto TiO, colloids were prepared by
a simple wet chemistry method, and subject to hydrothermal treatment at a controlled
temperature in the presence of ascorbic acid. Transmission electron microscopic mea-
surements showed that the gold nanoparticles (10—30 nm in diameter) were embedded
within the TiO, matrix consisting of colloids of 5-10 nm in diameter and anatase crystalline
structures, as evidenced in x-ray diffraction studies. Interestingly, electron paramagnetic
resonance measurements showed the formation of oxygen vacancies after hydrothermal
treatment and the concentrations of oxygen vacancies increased with the amount of
ascorbic acid added. Consistent results were obtained in x-ray photoelectron spectroscopic
measurements, which suggested partial charge transfer from gold to oxygen-deficient TiO,.
The Au:Ti atomic ratio in the nanocomposites was estimated to be ca. 11% and consistent
among the series of samples. Electrochemically, the nanocomposites exhibited apparent
electrocatalytic activity towards oxygen reduction reactions in alkaline media, which
showed a peak-shaped variation with the concentration of the oxygen vacancies. This was
accounted for by the deliberate manipulation of the binding energy of oxygen species onto
the nanocomposite surfaces. In addition, the AuTiO, nanocomposites exhibited markedly
enhanced tolerance against methanol crossover, as compared to commercial Pt/C catalysts.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Nanocomposites based on metal nanoparticles supported on
oxide surfaces have been used extensively as effective

* Corresponding author.

catalysts for a wide range of chemical reactions, including fuel
cell electrochemistry. In fact, such functional hybrid materials
have been found to exhibit apparent electrocatalytic activity
towards both oxidation of fuel molecules at the anode and
reduction of oxygen at the cathode, with catalytic
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performances comparable, or even superior, to that of state-
of-the art platinum catalysts [1—4]. This has been ascribed
largely to the strong metal-support interactions [5-9]. For
instance, Comotti and co-workers deposited gold nano-
particles on various metal oxides and found that the electro-
catalytic activity towards CO oxidation varied with the oxide
support, with AuTiO, identified as the best catalyst among the
series [10]. In another study [11], Lin et al. prepared a series of
AuTiO, nanocomposites and identified an optimal gold
loading for maximal activity towards oxygen reduction re-
actions (ORR), which was accounted for by the dependence of
surface OH concentration on gold contents. Similarly, Chen
and co-workers deposited gold on SnO, nanoparticles, and
observed that the gold loading played a vital role in the
determination of the electrocatalytic activity towards ORR
[12]. With an increasing gold loading, the ORR evolved from a
two-electron pathway to a four-electron one, and Tafel anal-
ysis showed that the optimal gold loading was ca. 1.9 at.% [12].

In these earlier studies, it is generally difficult to control the
deposition and dispersion of metal nanoparticles on the oxide
surfaces [13—15]. Horvath et al. [16] employed two different
methods to mitigate such an issue. In the first method, TiO,
was deposited onto gold colloid surface by hydrolysis of a
titanium-alkoxide precursor and the resulting core@shell
nanostructures were then adsorbed onto a SiO, surface by
electrostatic interactions. In the second method, gold colloids
were grown onto the SiO, surface, and then a layer of TiO, was
coated onto the composite by controlled hydrolysis. The
resulting AuTiO,/SiO, nanocomposites were much more sta-
ble than the AuTiO, counterparts, and their CO oxidation ac-
tivity was markedly higher than the AuSiO, reference sample.
This was attributed to the controlled growth of the AuTiO,
interface [16]. In another study [17], Ma and co-workers
deposited SiO, onto AuTiO, nanocomposites, which also
exhibited enhanced catalytic activity and stability for CO
oxidation, as compared to AuTiO, alone. Similarly, Huang and
co-workers successfully coated gold nanoparticles with ZrO,
or TiO, through an assembly approach, and these “nano-
reactors” were found to exhibit superior catalytic activity for
CO oxidation, due to their porous structure and enhanced
stability, as compared to the uncoated ones [18].

However, metal oxides typically exhibit only low electrical
conductivity, which is detrimental to the electron-transfer
reactions on the catalyst surface. To increase metal oxide
conductivity, a number of methods have been reported in the
literature. These include manipulation of the oxide crystal-
linity [19,20], doping [21—23], combination with carbon sub-
strates [24,25], and introduction of oxygen vacancies into the
oxide structure [26]. Of these, Linh and co-workers carried out
DFT calculations to examine the impacts of oxygen vacancies
in TiO, on oxygen adsorption, and found that the formation of
oxygen vacancies enhanced the adsorption of oxygen species
because of an increase of the oxygen binding energy [27].
Aschauer and co-workers also showed that oxygen adsorption
mightbe enhanced by defect electrons transferring in the TiO,
surface band gap [28]. Thus, one immediate question arises.
Will the ORR electrocatalytic activity be enhanced by the for-
mation of oxygen vacancy in the oxide support?

Note that thus far experimental studies have been scarce
that focus on the impacts of TiO, oxygen vacancies on the ORR

activity of metal-TiO, nanocomposites. This is the primary
motivation of the present study. Herein, we prepared a series
of AuTiO, nanocomposites by colloidal chemistry, and the
concentration of oxygen vacancy in TiO, was deliberately
manipulated by hydrothermal heating [29] and ascorbic acid
reduction [30], and evaluated by electron paramagnetic reso-
nance measurements. Electrochemical measurements
showed that the nanocomposites exhibited apparent ORR
activity in alkaline media, which displayed a volcano-shaped
variation with the TiO, oxygen vacancies. The optimal nano-
composites were found to exhibit an ORR activity that was
comparable to that of commercial platinum catalysts, along
with enhanced tolerance against methanol crossover.

Experimental section
Chemicals

Titanium(IV)-tert-butoxide (97%, Sigma—Aldrich), hydrogen
tetrachloroauric acid (HAuCl,, Sigma—Aldrich), oleic acid
(>99%, Sigma—Aldrich), 3-chloroaniline (>99.0%, Sigma-
—Aldrich), sodium borohydride (>98%, Sigma—Aldrich), and
ascorbic acid (99.0%, Sigma—Aldrich) were used as received.
Solvents were purchased from typical commercial sources at
their highest purity and used without further treatment.
Water was supplied from a Barnstead Nanopure Water Sys-
tem (18.3 MQ cm).

Preparation of TiO, nanoparticles

TiO, nanoparticles were prepared by adopting a method
reported previously [31]. In brief, titanium(IV)-tert-butoxide
(0.182 g) was dissolved in 5 mL of water, and 0.791 g of
3-chloroaniline and 0.582 g of oleic acid were dissolved in 5 mL
of toluene. Then the two solutions were added to a Teflon-lined
autoclave and heated at 180 °C for 12 h. A white precipitate was
produced at the bottom of the autoclave which was collected
by centrifugation, washed with methanol several times, and
dried under vacuum, affording purified TiO, nanoparticles.

Preparation of AuTiO, nanocomposites

AuTiO, nanocomposites were prepared by adopting a protocol
described previously [32]. Experimentally, the TiO, nano-
particles prepared above (0.0755 g) were dispersed in 100 mL of
tetrahydrofuran. Then a calculated amount of HAuCl, was
added, followed by dropwise addition of a cold aqueous so-
lution of sodium borohydride (10 molar excess as compared to
gold), leading to an immediate color change from yellow to
purple, signifying the formation of gold nanoparticles. The
solution was subject to magnetic stirring at room temperature
for about 1 h, followed by removal of tetrahydrofuran by ro-
tary evaporation. The purple precipitates were dried under
vacuum and denoted as AuTiO,-pre.

The obtained AuTiO,-pre then underwent hydrothermal
treatment in the presence of ascorbic acid to produce oxygen
vacancies. In a typical experiment, about 50 mg of AuTiO,-pre
was added into a Teflon-lined autoclave, along with a calcu-
lated amount of ascorbic acid and 10 mL of water. The mixture


http://dx.doi.org/10.1016/j.ijhydene.2016.07.232
http://dx.doi.org/10.1016/j.ijhydene.2016.07.232

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 18005—18014

18007

was heated at 180 °C for 12 h. Four samples were prepared at
the ascorbic acid:gold molar ratios of 0.5:1, 1:1, 2:1, and 3:1.
The corresponding nanocomposites were denoted as AuTiO,-
I, AuTiO,-II, AuTiO,-III, and AuTiO,-1V, respectively.

Characterizations

The sample morphologies were examined with a trans-
mission electron microscope (TEM, Philips CM300) operated at
300 kV. X-ray photoelectron spectroscopic (XPS) measure-
ments were carried out with a PHI 5400/XPS instrument
equipped with an Al K, source operated at 350 W and
10~° Torr. Diffuse reflectance UV—vis spectra were acquired
with a Perkin-Elmer Lambda 35 spectrometer. X-ray diffrac-
tion (XRD) measurements were performed with a Rigaku
Miniflex powder diffractometer using Cu K, radiation with a
Ni filter (A = 0.154059 nm at 30 kV and 15 mA) that features a
detection limit of 0.04°.

Electron paramagnetic resonance (EPR)

For EPR measurements, samples were prepared by filling
quartz EPR tubes (Wilmad, 4 mm outer diameter) with one
centimeter of powdered materials, and centering the sample
in the cavity resonator for data collection. Spectra were
recorded at room temperature with a Bruker EMX EPR spec-
trometer operating at the X-band frequency (~9.4 GHz) using
an ER 4122SHQE resonator (Bruker). All spectra were recorded
at a power of 1 mW, a modulation amplitude of 1 G, and a
modulation frequency of 100 KHz. Signal intensity was
calculated as the peak-to-peak amplitude (S') of the EPR signal
and double integration of the recorded signal. Progressive
power saturation experiments were performed by recording
spectra at various microwave powers between 0.063 and
63 mW. The data were analyzed by plotting S’ vs. the square
root of the microwave power.

Electrochemistry

Electrochemical experiments were carried out with a CHI 710
Electrochemical Workstation with a glassy-carbon disk and
gold ring electrode, a platinum counter electrode, and a Ag/
AgCl reference electrode. A catalyst ink was prepared by
adding 10 mg of the AuTiO, nanocomposites prepared above
and 40 mg of carbon black dispersed in 500 pL of ethanol and
5 uL of Nafion (corresponding to a nanocomposite concen-
tration of 20 wt.%). The ink was then dropcast onto the glassy-
carbon disk at a nanocomposite loading of ca. 20 ng, and dried
in air before being immersed into electrolyte solutions for data
acquisition. The Ag/AgCl electrode was calibrated against a
reversible hydrogen electrode (RHE), and the potentials were
all referred to this RHE electrode.

Results and discussion

Fig. 1 depicts two representative TEM micrographs of the
AuTiO,-IIl nanocomposites. From panel (A), it can be seen that
gold nanoparticles, which appeared as dark-contrast objects,
were embedded within a low-contrast matrix of TiO,

Fig. 1 — Representative TEM micrograph of AuTiO,-III
nanocomposites. Scale bars are (A) 50 nm and (B) 10 nm.

nanoparticles. The gold nanoparticles were somewhat poly-
disperse in size, ranging from 10 to 30 nm with an average
diameter of 23.1 + 5.2 nm, whereas the TiO, nanoparticles
were much smaller, forming large-scale aggregates. From the
high-resolution image in panel (B), one can see that the TiO,
nanoparticles were markedly smaller at 5 to 10 nm in diam-
eter, with well-defined lattice fringes where the interplanar
spacing of 0.376 nm is consistent with that of anatase TiO,
(101) planes (JCPDS no. 21-1272); and the gold nanoparticles
were indeed in intimate contact with the TiO, nanoparticles,
where the interplanar distance of 0.23 nm is in good agree-
ment with the (111) crystalline planes of fcc Au (JCPDS no. 4-
784). Consistent surface morphologies were observed with
other AuTiO, nanocomposites in the series.

The structures of the AuTiO, nanocomposites were then
characterized by XRD measurements. From Fig. 2, one can see
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Fig. 2 — XRD spectra of TiO, and AuTiO, nanocomposites
before and after hydrothermal treatment with ascorbic
acid.

that prior to gold nanoparticle deposition, the TiO, nano-
particles exhibited a series of well-defined diffraction peaks at
26 = 25.3°, 38.1°, 48.0°, 54.5°, and 63.0°, corresponding to the
(101), (104), (200), (211), and (213) crystalline planes of anatase
TiO, (JCPDS no. 21-1272), respectively [33]. After gold nano-
particle deposition, the gold diffraction features (JCPDS no. 4-
784) can be clearly identified for all AuTiO, nanocomposites at
26 = 38.3° for Au(111), 44.2° for Au(200), 64.5° for Au(220) and
77.6° for Au(311) [34]; and the TiO, (101) diffraction can also be
resolved at 26 = 25.3°, although it became increasingly
broadened after hydrothermal treatment with the addition of
an increasing amount of ascorbic acid, likely due to the for-
mation of structural defects (oxygen vacancies), as manifested
in XPS and EPR measurements (vide infra).

The formation of AuTiO, nanocomposites was further
manifested in diffuse reflectance UV—vis measurements.
From Fig. 3, one can see that TiO, colloids alone exhibit only a

I

\

| — TiO,

| —— AuTIO,-pre

| AUTIO|
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—— AUTIOAlI

——AUTIOIV

Absorbance

300 400 500 600 700 800
A (nm)
Fig. 3 — Diffuse reflectance UV—vis spectra of TiO, colloids

and AuTiO, nanocomposites before and after
hydrothermal treatment with ascorbic acid.

largely featureless absorption profile, and the extension of
absorption down to 700 nm suggests the possible formation of
bandgap states that arose from structural defects [35],
considering the bandgap of anatase TiO, is about 3.2 eV [36].
After the deposition of gold nanoparticles onto TiO,, the ab-
sorption was markedly enhanced in the visible range. In
particular, the AuTiO, nanocomposites all exhibited a broad
absorption peak centered at ca. 543 nm (marked by the dashed
line). This can be ascribed to the surface plasmon resonance of
gold nanoparticles [37] that were rather polydisperse in size
and aggregated to some extent (Fig. 1). The results also suggest
a similar structure of the gold nanoparticles within the series
of nanocomposites before and after hydrothermal treatment
with the addition of various amounts of ascorbic acid.

However, the nanocomposites exhibited a clear variation
of the concentration of oxygen vacancies with the amount of
ascorbic acid added in hydrothermal treatment, as revealed in
EPR measurements. Fig. 4 depicts the EPR spectra of the series
of AuTiO, nanocomposites. One can see that the prehy-
drothermal AuTiO,—pre sample exhibited largely a featureless
profile. In sharp contrast, after hydrothermal treatment with
ascorbic acid, all nanocomposites showed a resonance tran-
sition centered at ca. 3370 G, with a corresponding g value of
2.003, which became increasingly intensified with an
increasing amount of ascorbic aid added. This may be
ascribed to the formation of unpaired electrons being trapped
at the TiO, surface, consistent with results reported in earlier
studies [26,30,35,38], due to partial reduction of Ti(IV) to Ti(IlI)
by ascorbic acid [30,39,40]. Indeed, power saturation mea-
surements of AuTiO,-III (Fig. S1) show that the peak-to-peak
derivative signal (S') initially increased with the microwave
power, reached a maximum at a power around 1 mW, and
then decreased with a further increase of the microwave
power, indicating that the signal reached saturation. The data
was fitted to Eq. (1),

SR L - M)
(1+P / P, /2)

where K is a constant, P is the incident microwave power, P., is
the power at half saturation that is directly proportional to the
spin-lattice (T;) and spin-spin (T,) relaxation rates [41], and b
is a factor between 1 (for an inhomogeneous line) and 3 (for a
purely homogenous line) [42]. A spin system that is easily
saturated will have a low P, and a long relaxation rate. From
the fitting, P,, was estimated to be only 0.52 mW; such a low P,
value is characteristic of trapped oxygen radicals [43—45].
Furthermore, one can see that the apparent oxygen vacancy
concentration increased with the amounts of ascorbic acid
added. This can be better manifested in the top inset to Fig. 4
which compared the amplitude difference in the EPR signals
among the series of AuTiO, samples, as well as in the bottom
inset which depicts the double integration of the respective
spectrum. Both of these may be exploited for a rough esti-
mation of how many species are causing the resonance sig-
nals [46]. From the results, one can see that the defect
concentration (oxygen vacancies) increased in the order of
AuTiO,-pre < AuTiO,-II < AuTiO,-I < AuTiO,-III < AuTiO,-1IV.

Further structural insights into the elemental composi-
tions and valence states of the series of the AuTiO,
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Fig. 4 — EPR spectra of the series of AuTiO, nanocomposites. Bottom inset is the double integration of the corresponding
spectra, and top inset shows the variation of the amplitude difference with the ascorbic acid:gold feed ratio.

nanocomposites were unravelled by XPS measurements.
From the survey spectra (Fig. S2), the Ti 2p, O 1s, and Au 4f
electrons can be clearly identified with the AuTiO, nano-
composites at around 458, 530, and 85 eV (along with C 1s
electrons at 285 eV), respectively. In high-resolution scans
(Fig. 5), one can see that for all AuTiO, nanocomposites
(panels (B) to (E)) the Ti 2p electrons appeared as a doublet at
the binding energies of around 458.7 and 464.5 eV with a peak
separation of 5.8 eV, consistent with those in TiO, colloids
(panel (A)) [47]; and for the AuTiO,-III and AuTiO,-IV samples,
there were some apparent deviations from deconvolution fits
at around 460 eV (marked by the dashed circles), which might
be ascribed to the Ti 2p% electrons of Ti(Ill) [48]. This is in good
agreement with the EPR results where the concentrations of
oxygen vacancies were markedly higher in these two samples
than in the rest of the series (Fig. 4). For O 1s electrons, all
samples (including TiO, colloids) exhibited two peaks at the
binding energies of 530.4 and 532.6 eV. The former may be
assigned to oxygen in TiO, whereas the latter is most likely
due to hydroxyl groups adsorbed on the TiO, and/or Au sur-
faces [49]. For the Au 4f;/, electrons, the binding energy was
rather consistent for all AuTiO, nanocomposites at ca. 82.5 eV
(with Au 4fs/, at 86.3 eV), which was markedly lower than that
(84.0 eV) typically observed with bulk gold and gold nano-
particles [50]. This signifies electron-rich gold, likely due to
excess NaBH, used in nanoparticle synthesis as well as hy-
drothermal treatment in the presence of reductive ascorbic
acid. Such a low binding energy for Au 4f electrons has been
reported previously, for instance, with Au nanoparticles sup-
ported on TiO,-MOy (M = Fe, Co, Zn) and ascribed to effective
charge transfer from the oxides to gold [51], as well as with
TiO,-supported AuPd alloy nanoparticles that were subjected
to a thermal treatment in a H, atmosphere [52]. For AuTiO,-III
and AuTiO,-1V, the appreciable concentrations of oxygen

vacancies (Fig. 4) further enhanced the electron density on Au
that likely facilitated the adsorption of hydroxyl groups, as
evidenced by a second pair of Au 4f peaks at somewhat higher
energies of 83.3 and 88.5 eV [53]. Furthermore, based on the
integrated peak areas, the Au:Ti atomic ratio was found to be
rather consistent at 11% for all the AuTiO, nanocomposites.

The electrocatalytic activity of the nanocomposites pre-
pared above were then examined by electrochemical mea-
surements in alkaline media. Fig. S3 depicts the steady-state
cyclic voltammograms of the nanocomposites loaded onto a
glassy carbon electrode in a N,-saturated 0.1 M NaOH solution
at the potential scan rate of 100 mV s~ 2. It can be seen that in
contrast to TiO, colloids that exhibited only a featureless
voltammetric profile due to double-layer capacitance charging
[19,32], the series of AuTiO, nanocomposites all showed a pair
of voltammetric peaks, where the anodic peak at around
+1.3 V can be ascribed to electrochemical oxidation of gold
and the cathodic peak at ca. +1.0 V to the reduction of gold
oxides. Furthermore, based on the integrated peak areas of
gold oxide reduction, the effective electrochemical surface
area was estimated to be rather consistent at 0.22 cm? for
AuTiO,-pre, 0.13 cm? for AuTiO,-I, 0.12 cm? for AuTiO,-II,
0.71 cm? for AuTiO,-III, and 0.30 cm? for AuTiO,-IV [54].

The AuTiO, nanocomposites were then evaluated for their
electrocatalytic activity towards ORR. Fig. 6(A) shows the RRDE
measurements in an O, saturated 0.1 M NaOH solution at the
rotation rate of 1600 rpm. One can see that for all samples,
nonzero cathodic currents at the disk electrode emerged at
sufficiently negative electrode potentials, suggesting apparent
electrocatalytic activity towards ORR, despite the relatively
large size of the Au nanoparticles (Fig. 1). However, the per-
formance was markedly different among the series of sam-
ples. For instance, the onset potential for TiO, nanoparticles
was estimated to be +40.73 V; yet for the AuTiO,
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Fig. 6 — (A) RRDE voltammograms of a glassy carbon electron modified with TiO, and AuTiO, nanocomposites in an oxygen-
saturated 0.1 M NaOH solution. Potential scan rate 10 mV s~ ' and rotation rate 1600 rpm. Catalyst loadings 20 pg of
composite. (B) Variation of the number of electron transfer (n) with electrode potential. Data were obtained from the
voltammograms in panel (A). (C) Tafel plots of the various nanocomposite catalysts. (D) Chronoamperometric profiles of
AuTiO,-III and Pt/C catalysts in an oxygen-saturated 0.1 M NaOH solution at the electrode potential of +0.60 V, where 1 M

methanol was injected into the electrolyte solution at t = 3 h.

nanocomposites, the onset potentials were far more positive
by ca. 200 mV, at +0.92 V for AuTiO,-pre, AuTiO,-I and
AuTiO,-II, and +0.95 V for AuTiO,-III and AuTiO,-1V, indi-
cating marked enhancement of the catalytic performance by
the incorporation of gold nanoparticles onto TiO,. Significant
discrepancy can also be seen in the diffusion limiting cur-
rents. For instance, at +0.60 V and 1600 rpm, the current
density (Jm, voltammetric currents normalized to the com-
posite loading) can be found at 2.67 A g~! for TiO,, but
increased by more than two folds to 7.04 A g~ * for AuTiO,-pre,
7.13 A g~ * for AuTiO,-1, 7.46 A g~ for AuTiO,-1I, 9.89 A g~ for
AuTiO,-III, and 6.55 A g’1 for AuTiO,-1V. Taken together, these
results suggest that the AuTiO,-III nanocomposites stood out
as the best catalysts among the series.

Furthermore, by setting the ring electrode at +1.5 V,
collection experiments showed that the ring currents were at
least one order of magnitude lower than those at the disk,

indicating only a minimal amount of peroxide species were
produced during oxygen reduction. In fact, the number of
electron transfer (n) may be quantified by Eq. (2),

4Ip
n=——~—
Ip+ IR/N

where Ip and Iy are the voltammetric currents at the disk and
ring electrodes, respectively, and N is the collection efficiency
(0.40) [S5]. From panel (B), one can see that within the potential
range of +0.4 to +1.0 V, the n values increase in the order of
TiO, < AuTiO,-pre = AuTiO,-II < AuTiOz-1 < AuTiO,-
III < AuTiO,-1IV. For instance, at +0.60 V, n = 3.13 for TiO,, 3.58
for AuTiO,-pre, 3.68 for AuTiO,-I, 3.54 for AuTiO,-II, 3.71 for
AuTiO,-III, and 3.81 for AuTiO,-1V, corresponding to a H,0,
yield of 34.8%, 16.8%, 12.8%, 18.4%, 11.6%, and 7.6%. That is,
with the formation of AuTiO, nanocomposites, the H,0, yield
decreased significantly and the ORR proceeded mostly by the

2

Fig. 5 — XPS spectra of Ti2p O1s and Au4f electrons of (A) TiO,, (B) AuTiO,-pre, (C) AuTiO,-I, (D) AuTiO,-II, (E) AuTiO,-III, and
(F) AuTiO,-IV. Black curves are experimental data and colored curves are deconvolution fits. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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four-electron reduction pathway, O, + 2H,0 + 4e — 40H~
[11,56].

Further insights into the ORR electron transfer kinetics can
be obtained from analysis and comparison of the Tafel plots,
where the kinetic current density (Jx) was quantified by the y-
axis intercepts of the respective Koutecky-Levich plots [57].
From panel (C), it can be seen that for all nanocomposite
catalysts, the kinetic current densities increased with
increasingly negative electrode potential, and within the po-
tential range of +0.95 to +0.55 V, AuTiO,-IIl exhibited the
highest kinetic current density, whereas TiO, the lowest, with
the rest of the samples showing similar activity in the inter-
mediate range. For instance, at +0.90 V, the kinetic current
density was only 0.40 A g~* for AuTiO,-1, 0.43 A g~ * for AuTiO,-
II, 0.70 A g~ for AuTiO,-pre, 0.71 A g~* for AuTiO,-1V, and
1.96 A g * for AuTiO,-III (only minimal activity for TiO, at this
potential).

In addition, one may note that the Tafel slope of the series
of sample was actually very close at 110 mV dec™* for TiO,,
158 mV dec™* for AuTiO,-pre, 136 mV dec ' for AuTiO,-1,
136 mV dec™" for AuTiO,-1I, 114 mV dec™" for AuTiO,-1II, and
134 mV dec ' for AuTiO,-IV. This implies a similar ORR
mechanism for this series of AuTiO, catalysts where the rate-
determining step was likely the first electron reduction of
oxygen [11,12].

For metal-metal oxide nanocomposites [11,12], it has been
known that the electronic interactions at the interface likely
play a key role in determining the bonding interactions with
oxygen species and hence the ORR activity. In the present
study, the discrepancy of the ORR performances observed
above may be accounted for by the impacts of oxygen va-
cancies on the adsorption of oxygen intermediates on the
composite surfaces. The AuTiO,-IIl and AuTiO,-IV samples,
which exhibited markedly higher ORR activity than other
samples in the series, also showed significantly higher con-
centrations of oxygen vacancies (Fig. 4). This most likely led to
enhanced adsorption of oxygen species onto the nano-
composites, due to partial charge transfer to Au from oxygen-
deficient TiO, (Fig. 5) [58]. Importantly, the results presented
above suggest an optimal concentration of oxygen vacancies
for maximal ORR activity, as manifested by the AuTiO,-III
sample which stood out as the best catalyst among the series.
This may be accounted for by the fact that whereas oxygen
vacancies enhanced bonding interactions between oxygen
and the nanocomposites, too strong binding would actually
diminish the ORR performance, as manifested by the so-called
volcano plot [59].

It should be noted that the ORR performance of the AuTiO,
nanocomposites observed above was markedly enhanced in
comparison with similar composite catalysts that were not
treated hydrothermally with ascorbic acid (Table S1), within
the context of onset potential, n value, and kinetic current
density. This suggests that controlled formation of oxygen
vacancies may be exploited as a unique, powerful parameter
in the deliberate manipulation of the nanocomposite ORR
activity [11,12]. Notably, the electrocatalytic activity of
AuTiO,-III was rather comparable to that of commercial Pt/C
catalysts [1,2]. In addition, the AuTiO, nanocomposites and Pt/
C both exhibited excellent stability, where the ORR currents
remained virtually invariant after continuous operation at

+0.60 V for ca. 3 h, as depicted in panel (D). One can also see
that AuTiO, showed much better tolerance against methanol
poisoning than Pt/C. For instance, upon the injection of 1 M
methanol into the electrolyte solution, the ORR current at the
Pt/C catalysts dropped by ca. 60% whereas only a 4% decrease
was observed with AuTiO,-III.

Conclusions

In this study, gold-TiO, nanocomposites were prepared by
chemical deposition of gold nanoparticles onto TiO, colloid
surface. Hydrothermal treatment at a controlled temperature
in the presence of ascorbic acid led to the generation of oxygen
vacancies where the concentration varied with the amount of
ascorbic acid added. This led to a deliberate manipulation of
the electrocatalytic activity towards oxygen reduction in
alkaline media. Voltammetric measurements showed that the
nanocomposites with a relatively high concentration of oxy-
gen vacancies exhibited the best ORR activity among the se-
ries, as a result of deliberate manipulation of the binding
interactions of oxygen species on the nanocomposite surfaces
that was facilitated by partial charge transfer from oxygen-
deficient TiO, to gold. The results further highlight the sig-
nificance of metal-substrate interfacial interactions in the
design and engineering of functional nanocomposites as
effective catalysts for fuel cell electrochemistry.
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