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ABSTRACT: Catalytic glycerol conversion by means of either photon or thermal energy is of
great importance and can be realized by metal supported on TiO2 systems. Although various
procedures have been employed to synthesize efficient metal/TiO2 catalysts, the promotional
mechanisms for both reactions are still unclear due to the lack of well-defined systems. Here,

we have deposited gold nanoparticles on a series of highly crystalline anatase TiO2 substrates
with different crystallite sizes (7, 12, 16, 28 nm) by both direct precipitation and sol-
immobilization methods to examine the effect of metal deposition methods and TiO2 sizes on
both photo- and thermal catalytic glycerol reforming. For photocatalytic H2 evolution from glycerol, optimum
performance was observed for the Au supported on 12 nm TiO2 for both deposition methods. For thermal catalytic
glycerol oxidation, all catalysts show a similar selectivity to glycerate (>70%) regardless of the TiO2 size and metal
deposition method; however, the metal deposition method significantly influences the catalytic activity. In situ UV-vis

spectrometry reveals that the optimized photocatalytic performance originates from enhanced charge transfer kinetics and
a more negative Fermi level for proton reduction, whereas electrochemical analysis reveals that the promoted glycerol

oxidation is caused by the enhanced oxygen reduction half-reaction.

. INTRODUCTION

Biomass-derived polyols have been recognized as feedstocks for
the production of pharmaceuticals, polyethers, and foods. '
Efficient conversion of polyols to these value-added products by
means of catalysis has attracted huge interest for decades.>~® For
example, the utilization of glycerol as a versatile building block
for the synthesis of chemicals and fuels via thermal and
photocatalysis has been extensively inves-tigated,f”10 as biodiesel
production has increased drastically in

recent years in which glycerol is an abundant by-product
(10 wt %).1*

As a highly functionalized molecule consisting of three
hydroxy! groups, a range of products can be synthesized from
glycerol via thermal catalytic oxidation using designed
catalysts.lz'13 The most commonly used catalysts for glycerol
oxidation are noble-metal-supported nanoparticles (NPs). It

has been shownlthat the use of supported monometallic (Au,

Pd, Pt) and bimetallic (Au-Pd, Au-Pt) NPs shifts the selectivity
to glyceric acid and tartronic acid with improved stability and
activity, whereas the addition of Bi to the noble metal NPs
enhances the selectivity in glycerol oxidation to dihydrox-
yacetone.l‘l'15 Besides, the particle size, oxidation state,
microstructure of metal NPs, and nature of the support
(porosity, acid—base properties) can also be used to regulate
the activity and selectivity in glycerol oxidation.® Moreover,
the selective oxidation of glycerol under base-free reaction
conditions has enabled new pathways for the production of
value-added products.“'18

Meanwhile, hydrogen production via photocatalytic glycerol
reforming under UV or solar irradiation under ambient




conditions has been also investigated and is considered as a

promising green energy source.**2% In order to overcome the
low quantum efficiency of pristine photocatalysts, incorpo-
ration of various semiconductor heterojunctions and metal-
semiconductor interfaces has been widely explored.21_23 It has
been reported that engineering the size, microstructure, and
chemical composition of the promoters and the semiconductor
support all influences the charge transfer kinetics of the
photogenerated charge carriers, resulting in significant
variations in the Hz production rate.>?4%5 A mechanistic

study on noble-metal-modified TiO2 reveals that photo-
reforming of glycerol mainly occurs via the oxidative C-C
cleavage, resulting in the formation of glycolaldehyde and
formaldehyde as the dominant products (61%).10 Meanwhile,
the oxidation of primary or secondary carbon leads to the
formation of glyceraldehyde (26%) or dihydroxyacetone
(13%), respectively. Similar results are also observed for other
metal NP (i.e., Pt, Cu, Ni)-decorated TiOz.19

Although thermal and photocatalytic glycerol reforming
processes are performed under different conditions, noble

metal NPs supported on semiconductors (i.e., TiO2, CuO,

NiOx) are widely used as catalysts for both processes.%_31
Note that both thermal and photocatalytic glycerol conversions
are oxidative reactions but performed under different reaction
conditions. While the thermo-process is performed under
aerobic conditions with heat as the energy source, the photo-
process takes place under deaerated conditions initiated by
photon energy. This also results in a difference of dehydrogen-
ation products: water and molecular hydrogen for thermal and
photocatalytic glycerol reforming, respectively. While the
noble metal NPs are the active species in the thermal catalytic

process,le"32 the metal NPs are generally considered as
cocatalysts and electron reservoirs for controlling charge

transfer in the photocatalytic process.25’33 However, it should
be noted that electronic and geometric effects of the
semiconductor support and the interaction between the metal
NPs and the support will also influence the thermal and
photocatalytic glycerol reforming performance. It has been
reported that the selectivity and turnover frequency (TOF) of
metal NPs in glycerol oxidation can be controlled by tuning

the identity of the support.34 Meanwhile, we have shown that
the type of photogenerated radical on the surface of Pd/TiO2

depends on the crystallite size of anatase TiOz.35

In order to improve the catalytic performance, various metal
deposition methods (i.e., sol-immobilization, precipitation,
vapor deposition) have been employed to modify a variety of
semiconductor supports.ls'36 It is generally considered that the
enhanced catalytic performance of some catalysts is related to
a smaller particle size and homogeneous distribution of the

metal Nps.37:38 However, contradicting results have also been

reported on the medium and large metal NPs.2%40 previous
electrochemical analysis shows that both the activity and
selectivity in glycerol oxidation are strongly dependent on pH
and the catalyst; however, these results are based on metal
single-crystal electrodes, and thus, the effect of the support has
been ignored.e’z'41 This indicates that the promotional effect of
metal NPs in both thermal and photocatalytic glycerol
reforming still needs to be investigated using well-defined
systems and in situ techniques.

Here, we report how the TiO2 support size and the metal
deposition methods influence the photocatalytic H2 produc-

tion from glycerol and thermal catalytic glycerol oxidation. In
order to realize this, we have synthesized a series of highly

crystalline anatase TiO2 NPs with well-defined crystallite sizes
ranging from 7 to 28 nm, which were then loaded with Au NPs
via the direct precipitation or sol-immobilization method. We
used in situ UV-vis spectroscopy and electrochemical analysis
to probe the promotion effects.

- EXPERIMENTAL SECTION

Synthesis and Characterization of Photocatalysts.
Synthesis of TiO2 Particles. Highly crystalline TiO2 powders
with different crystallite sizes were prepared via a supercritical
synthesis approach by employing a continuous flow reactor.*? The
supercritical solvent and the reactant are isopropanol mixed with
deionized (DI) water and titanium isopropoxide (TTIP, ACROS,
98%), respectively. By tuning the solvent composition, flow rate,
reaction temperature, and pressure, anatase TiO2 particles with
averaged crystallite sizes of 7, 12, 16, and 28 nm were
synthesized, as listed in Table S1 in the Supporting Information.*>
After the reaction, the suspensions containing as-prepared TiO2
particles were centrifuged, washed with DI water, and dried
overnight at 120 °C.

Deposition of Au NPs on TiO2. Both direct precipitation
(DP) and sol-immobilization (SI) methods were utilized to
deposit 1 wt % Au NPs on the aforementioned anatase TiO2
particles. For the DP deposition, the TiO2 powders were first
dispersed in DI water (~10 mg L_l). Then a NaAuCl4 solution
(43 pmol of NaAuCls-2H20) was added to the suspension
together with urea under vigorous stirring. The catalyst was
filtered, washed three times with DI water, then suspended in
DI water, and subsequently reacted with a freshly prepared
NaBHg4 solution (0.1 M, n[NaBHa4]/n[Au] = 4) under vigorous
stirring at room temperature (RT). The sample was filtered,
washed, and dried at 80 °C for 4 h. For the Sl deposition, solid
NaAuClsg-2H20 (43 pmol) and polyvinyl alcohol (PVA,
m[Au]/m[PVA] = 1:1) solution were added to 130 mL of DI
water. After 3 min, 0.1 M NaBH4 (n[NaBHa4]/ n[Au] = 4)
solution was added to the yellow solution under vigorous
magnetic stirring, resulting in the formation of a ruby red
Au(0) sol. The fresh Au colloids (acidified at pH = 2 using
H2S04) were immobilized by adding the TiO2 powders under
vigorous stirring. The catalysts were filtered, washed on the
filter, and dried at 80 °C for 4 h. The amount of Au was
calculated to be 1 wt % Au/TiO2 for both preparation methods.
The Au/TiO2 samples prepared by DP and SI methods are
denoted as Aupp/TiO2 and Ausi/TiO2, respectively.

Catalyst Characterization. X-ray diffraction (XRD) was

used to analyze the crystallinity and crystallite size of the
samples by using an X-ray diff ractometer (SmartLab, Riqaku)

operating with Cu Ka radiation. A scan rate of 0.04° s ~ and
integration time of 10.0 s were used for all measurements. The

averaged crystallite size of TiO2 was determined via Rietveld
refinement of the diffraction patterns.44'45 The crystallinity of
the as-synthesized TiO2 was analyzed by mixing the sample

with a 100% crystalline CaF2 reference in a 1:1 weight ratio.
The crystallinity of the sample was then calculated by
comparing the integrated peaks of anatase (101) and CaF2
(111) using eq 146

crystallinity = 0.763 x A anatase(101) / ACaF2 (111) x 100 (1)

The loading of Au on each catalyst was determined by
atomic absorption spectroscopy (AAS) using a PerkinElmer
3100 spectrometer. Samples for transmission electron micro-
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scopic (TEM) characterization were prepared by drop-casting
catalyst—ethanol suspensions on a holy carbon coated copper
grid. An FEI Titan 80—-300 kV TEM was used to obtain high-

resolution images. The mean particle diameters of TiO2 and
Au NPs were calculated by analyzing 200 particles. X-ray
photoelectron spectroscopy (XPS) analysis was carried out
using a Kratos Axis Ultra spectrometer equipped with a
monochromatic Al Ka source (10 mA, 15 kV). Pass energies
of 40 and 160 eV were used for high-resolution scans and
survey scans, respectively. The XPS spectra were calibrated
using adventitious carbon (binding energy of C1s = 284.8 eV).

Catalytic Testing. Photocatalytic Performance. Photo-
catalytic H2 evolution was investigated using glycerol as the
scavenger. Prior to the experiment, the fresh photocatalyst (50
mg) was dispersed in 22.5 mL of DI water and cleaned by UV
irradiation (Optimax 365, 365 nm LED, photon flux: 4 x 10Y

photons s_l) for 2 h to remove any surface adsorbed organic
contaminations. 2.5 mL of glycerol was added to the reactor to
form a 10 vol % glycerol—catalyst—water suspension (25 mL).
The reactor was then connected to a quadruple mass
spectrometer (QMS, Hiden HPR-20), and the partial pressures
of m/z = 2 (H2), 18 (H20), 28 (N2), 32 (O2), and 44 (COy2)
species were monitored in situ. Before irradiation, the reactor
was evacuated via a by-pass pump to remove the O2 (C[O2] <
10 ppm). UV irradiation was then commenced for 2 h to

initiate the photocatalytic H2 evolution under room-temper-
ature conditions using the same LED light source as described
above. More details of the photoreactivity measurements and
related calculations can be found in the Supporting
Information.

Heterogeneous Liquid Phase Glycerol Oxidation.
Glycerol (0.3 M) and the catalyst (n[glycerol]/n[metal] =
1000) were mixed in DI water (total volume of 10 mL) and
4 equiv of NaOH in the reactor, which was pressurized at

300 kPa N2 at T = 50 °C. The gas supply was eventually

switched to O2 under vigorous stirring to initiate the
reaction. Aliquots were extracted periodically and analyzed
by a high-performance liquid chromatography (HPLC)
using a column (Alltech OA-10308, 300 mm x 7.8 mm)
with UV and refractive index (RI) detectors. Aqueous
H3PO4 solution (0.1 wt %) was used as the eluent. Products
were identified by comparing with standard samples.
Mechanism Analysis. In Situ UV-vis Analysis. The
photoreduction of methylene blue (MB) was followed under
deaerated conditions to evaluate the kinetics of photo-

generated charge carriers and the apparent Fermi level (EF) of
all photocatalysts.21 First, 100 mL of photocatalyst suspension
(10 mg L_l) was prepared, UV-cleaned for 2 h, and transferred

to a homemade in situ UV-vis reactor.*’ Then 1 mL of MB
(500 pM) was added into the suspension under vigorous

stirring. The suspension was subsequently purged by N2
continuously for 30 min under dark conditions. Meanwhile, the
suspension was circulated using a macromagnetic stirrer that
was placed under a flow-cell cuvette placed in a UV-vis
spectrometer (UH-4150, Hitachi). UV irradiation was then
commenced after the MB ad/desorption equilibrium was
reached. Simultaneously, UV-vis spectra were recorded in situ
at given time intervals for all samples. The characteristic
absorption peak located at 664 nm is used to determine the
evolution of MB. More details can be found in our previous

work and the Supporting Information.?>*’
Electrochemical Characterization. The cyclic voltammo-
grams (CV) during glycerol oxidation were recorded by a

potentiostat (AUTOLAB PGSTAT 30) using a three-electrode

system. The Au/TiO2 catalyst deposited on glassy carbon, a Pt
mesh (99.99%, 25 x 25 mm, Advent), and a Ag|AgClI
electrode (3 M KCI, Metrohm) were used as the working
electrode (WE), counter electrode (CE), and reference
electrode (RE), respectively. The electrolyte was 0.1 M NaOH.
Prior to the CV analysis of glycerol oxidation, the Au/TiO2
catalyst film was swept in the potential range of —0.3 to 0.6 V
versus Ag|AgCl at a scan rate of 50 mV s~L until stabilization.
Then 5 mL of glycerol was added into the electrolyte to form a
10 vol % glycerol electrolyte. Glycerol oxidation was recorded
in the range of —0.6 to 1.5 V versus Ag|AgCl with a scan rate
of 10 mV s™L. The CVs of all Aupp/TiO2 samples were also
measured in a 1 M NaOH electrolyte (-0.8 to 1.0 V vs SHE)
under both deaerated and aerated conditions using glassy
carbon as the CE.

. RESULTS AND DISCUSSION

Physical Properties. The as-synthesized TiO2 powders
solely consist of anatase, as evidenced by the XRD patterns

shown in Figure 1a. Anatase TiO2 powders with averaged
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Figure 1. (a) XRD patterns of pristine TiO2 with different

crystallite sizes (7, 12, 16, 28 nm). Crystalline CaF2 has been
added to enable crystallinity analysis. (b,c) XRD patterns of Au

NPs loaded on TiO2 by DP and SI methods. The diffraction peaks
of anatase (A) and CaF? are labeled.

crystallite sizes of 7, 12, 16, and 28 nm have been successfully
synthesized, as confirmed by Rietveld refinement of the XRD
patterns. In addition, the crystallinity of all samples is similar
(>95%) according to eq 1. Figure 1b,c shows the XRD patterns
of TiO2 powders after loading with Au NPs via DP and Sl
methods, respectively. The XRD patterns for each sample
show no obvious changes, suggesting that neither DP nor SI
deposition affects the physical properties of the TiO2 support.
Diffraction peaks from the Au NPs cannot be detected due to a
similar low loading of all Au/TiO2 catalysts according to AAS
analysis (~1 wt %, Table S2 in the Supporting Information).

TEM analysis reveals that the averaged particle sizes of the
anatase TiO2 supports after Au deposition are 6 £ 0.5, 10 £ 1,
17 £ 3, and 35 = 10 nm for the 7, 12, 16, and 28 nm samples,
respectively. The good agreement between the TEM and XRD
analysis reveals that the TiO2 particles show very low
agglomeration. Figure 2 shows high-resolution TEM
(HRTEM) images of Au NPs loaded on TiO2 with different
crystallite sizes via DP and SI methods. Mainly polycrystalline
Au NPs are presented on the TiOg support, which is in good
agreement with previous reports.4 4% We have also analyzed
the averaged particle sizes of Au NPs in all samples. While a
similar particle size distribution with averaged particle size of
approximately 4-6 nm is observed for the Au NPs supported
on 7, 12, and 16 nm TiO2 prepared by the DP method, Au
particles of larger size (~12 nm) and a broader size distribution
are observed for Au NPs supported on 28 nm TiO2 via the DP
method (Figure S3a in the Supporting
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Figure 2. (a—d) HRTEM images of Au NPs deposited on TiO2 with
different crystallite sizes by DP method. (e-h) HRTEM images of Au

NPs deposited on TiO2 with different crystallite sizes by SI method.

Information). The larger size of Au NPs observed on 28 nm
TiO2 may result in a relatively poor performance in both
photo- and electrocatalytic glycerol conversion. In comparison,
the Au NPs supported on 12, 16, and 28 nm TiO2 via the SI
method show a similar size distribution with averaged particle
size of approximately 4-6 nm (Figure S3b in the Supporting
Information). We also noticed a slightly larger averaged
particle size (~8 nm) and a broader size distribution of Au NPs
supported on the 7 nm TiO2. According to the TEM image of
this material (Figure S2a in the Supporting Information), the
large Au NPs (~8 nm) are supported on TiO2 clusters that
contain several small TiO2 NPs (~7 nm). Therefore, we
consider that the agglomeration of small TiO2 enables the
deposition of large Au NPs. Such a mismatch of the size may
result in a weak interaction of the metal and TiO2 support, thus
resulting in a poor performance. In addition, elemental
mapping of two representative Au/TiO2 catalysts also shows
that Au NPs are homogeneously deposited on TiO2 (Figure S4
in the Supporting Information).

We have further examined the chemical composition of the
AU/TiO2 samples from both preparation methods using XPS.
The survey scans reveal that all samples consist of Ti, O, C,
and Au (Figure S5 in the Supporting Information). The
deposition of Au shows a negligible impact on the oxidation

state of Ti, as evidenced by the intense Ti* signals shown in
the Ti2p spectra (Figure Sa).50 Correspondingly, the high-
resolution scan of Au4f indicates that all Au NPs are in their
metallic form (Au4f7/2 = 83.1 eV) regardless of the deposition
methods and the TiO2 support size (Figure 3c).36 Itis also
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Figure 3. High-resolution XPS spectra of (a,b) Au4f and (c,d)

Ti2p of Au NPs loaded on TiO2 by DP and SI methods. The
regions marked in gray indicate the possible peak broadening
caused by the charging effect.

worth noting that a weak peak broadening caused by a
charging effect is observed in both Ti2p and Au4f spectra
of the Au deposited on 28 nm TiO2 via the DP method
(marked in gray). The charging effect arising from the
insufficient neutralization of localized electrons may result
from the large crystallite size of TiO2 NPs that are
insufficient in charge transfer compared to that of smaller
TiO2 NPs. However, this will not influence the oxidation

state analysis of the material. Furthermore, all TiO2
samples show a comparable Au4f/Ti2p ratio, suggesting a
similar Au exposure on the TiO2 surface with different
crystallite sizes (Table S3 in the Supporting Information).
Catalytic Performance. According to previous inves-
tigation, the photoreforming of glycerol under deaerated
conditions using metal/TiO2 photocatalyst mainly follows the
oxidative C-C cleavage process, resulting in the formation of
glycolaldehyde and formaldehyde as the dominant species in
the liquid phase.10 Since both geometric and electronic
structures of the metal cocatalyst strongly influence the
reaction Kinetics and selectivity in alcohol conversion,21’50'51

we focus on the effect of the Au deposition method and TiO2
crystallite size on the gas phase product(s) during photo-
catalytic glycerol reforming under deaerated conditions. Figure

4a depicts the time-resolved photocatalytic Hz evolution using
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Figure 4. (a) In situ profiles of photocatalytic H2 evolution from
aqueous glycerol solution (25 vol %) using Au NPs deposited on

TiO2 with different crystallite sizes by DP and SI methods. (b)
Comparison of AQE of photocatalytic H2 evolution using
different photocatalysts. The pristine TiO2 show no activity.54

all photocatalysts under UV irradiation. A significant enhance-
ment in H2 evolution is observed upon increase in the
crystallite size of TiO2 from 7 to 12 nm, and a further increase
in crystallite size results in a reduction of the H2 evolution
rate. Interestingly, this trend is independent of the deposition
methods. We have also evaluated the reusability of two
representative samples, both of which show excellent stability
within four consecutive cycles (Figure S6 in the Supporting
Information). To further evaluate the effect of the deposition
method on the photocatalytic performance, we have plotted the
apparent quantum efficiency (AQE) as a function of the TiO2
crystallite size for both deposition methods, as demonstrated in
Figure 4b. Similar AQE values are observed for the Aupp and
Aus| deposited on TiO2 with the same crystallite size,
suggesting that, although there is some variation in the particle
size of Au, the deposition methods show a weak influence on
the photocatalytic performance compared to that of the
crystallite size of TiO2. Additionally, our Au/TiO2
photocatalyst shows an optimum quantum efficiency of ~15%,
which is comparable to reported values of Au/TiO2
samples.52' The promotion mechanisms will be discussed in
detail in the Mechanistic Studies section.

We have further studied the thermal oxidation of glycerol
using all Au/TiO2 catalysts, as presented in Figure 5. Although
glycerol is mainly converted to glycerate with a selectivity of
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Figure 5. (a) Heterogeneous glycerol oxidation using Au NPs

deposited on TiO2 with different crystallite sizes by DP and Sl
methods. (b) Comparison of TOF of glycerol oxidation using
different catalysts.

approximately 70-80% (Table S4 in the Supporting
Information) for the whole series of Au/TiO2 samples
regardless of the deposition method, the conversion efficiency

is strongly dependent on both metal deposition method and

crystallite size, as demonstrated in Figure 5a. While a similar
optimum catalytic performance is observed at the Au
supported on 12 nm TiO2 for both deposition methods, a

large deviation in efficiency is noted for Au supported on TiO2
via the direct precipitation process compared to that of the sol-

immobilization process. All catalysts present an exponential
fi

conversion of glycerol, which suggests a pseudo- rst-order

reaction kinetics, though two of the Aupp/TiO2 samples (with

7 and 28 nm TiO2) show very slow reaction rates. The

turnover frequencies after 2 h of reaction (TOF2n) of all
samples are demonstrated in Figure 5b for better comparison.

For the Aupp/TiOz2 catalysts, a 7-fold enhancement is observed

by increasing the TiO2 support from 7 to 12 nm. A further

fi
increment in the size of TiO2 results in a signi cant drop of the

performance, and the catalyst becomes almost inactive when

the size of TiO2 reaches 28 nm. Although a similar trend in the
catalytic performance is observed for the Ausi/TiO2 series, the

variation in performance is insignificant. In addition, the
optimized TOF observed for Ausi/ TiO2 (12 nm) is 3 times

better than that of Aus| supported on Degussa P25 and is
comparable to that of Au supported on activated carbon.”>°
Although Au NPs are the active species for thermal catalytic
glﬁcerol conversion, the metal—support interaction  strongly

in uences the catalytic performance. Generally, the promo-

tional e ect is considered to be linked to the optimized particle B
size of Au NPs; however, it is still unclear from a reaction

kinetic level. Therefore, we have further investigated the
promotional mechanisms by employing electrochemical
analysis in detail in the Mechanistic Studies section.

Mechanistic Studies. Previous investigation on Au-Pd
bimetallic NPs supported on TiO2 reveals that tuning the
kinetics of charge carriers is crucial in optimizing the
photocatalytic H2 evolution performance.Zl Therefore, we
anticipate that the variation in both deposition method and
crystallite size of TiO2 in uences the charge c:rlrier kinetics :
and thus the photocatalytic performance. Figure 6a,b compares
the in situ UV -vis spectroscopy recorded during methylene
blue (MB) reduction under deaerated conditions using
selected Au/TiO2 photocatalysts. Note that the bleaching of
MB molecules to its MB“~ anion can be used to titrate the
number of e ective photogenerated electrons and the Kinetics
of the charge carriers,”*> as depicted in the following
equation:

hv,N2 ,photocat
2MB + 2e cg— 2MB -

— MB+ MB? ~(colorless) )
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Figure 6. (a,b) Representative in situ UV-vis spectra recorded during
photocatalytic MB reduction under deaerated conditions using Au
NPs loaded on TiO2 by DP and SI methods. (c,d) Time profiles of

photocatalytic MB reduction using Au NPs loaded on TiO2 by DP
and SI methods.

While the Aupp NPs supported on 12 nm TiO2 show a
gradual depletion of MB to almost zero upon irradiation, the
Aupp NPs supported on 28 nm TiO2 show a much more rapid
initial depletion rate after which the remaining MB reaches an
equilibrium (Figure 6a). The Ausi NPs supported on 12 nm
TiO2 shows a similar trend to Aupp NPs on the same TiO2,
whereas the Aus| NPs supported on 28 nm TiO2 show a much
slower reduction of MB.

We have further plotted the evolution of MB as a function of
irradiation time to rationalize the effect of deposition methods

and TiO2 crystallite size, as shown in Figure 6¢,d. Furthermore,
the apparent Fermi levels (EF) of all Au/TiO2 have also been
estimated by employing the Nernst equation

Ep=g0+ 2059 o 1oq(vB]/ [MB2 )

2 3)
where E? is the two-electron redox potential of the MB/MBZ™
couple (0.01 V vs SHE). For all Aupp/TiO2 samples, the

photoreduction of MB follows an exponential decay and
reaches equilibrium except for the Aupp on 12 nm TiO2,

suggesting pseudo-first-order reaction Kkinetics where the

photoreduction is limited by the number of excited electrons.
Although the depletion rate of MB using Aupp on 12 nm TiO2
is slow, the near complete reduction of MB suggests a
significant shift of EF (-58 mV vs SHE) compared to those for
the rest of the Aupp/TiO2 photocatalysts, thus revealing a

more reductive energy level of the photocatalyst system that is
beneficial for photocatalytic hydrogen reduction. Similarly, the
high photocatalytic performance of Ausi NPs supported on 12

nm TiO2 in comparison to the rest of the Aus)/TiO2 )
photocatalysts can also be contributed to the more negative

EF (-31 mV vs SHE).

Since the photocatalytic glycerol reforming and the
heterogeneous thermal catalytic oxidation of glycerol are
carried out under diff erent reaction conditions (neutral pH and
deaerated conditions vs basic and aerated conditions), we
believe that the promotion mechanisms are different. There-
fore, we have employed electrochemical analysis to probe the
possible promotion effect in the glycerol thermal oxidation
under alkaline conditions. Compared to other ex situ
characterization techniques, the electrochemical CV analyses
allow us to investigate both oxidation and reduction half-
reactions in glycerol oxidation under reaction conditions.
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Figure 7a first presents the CV profiles of all Au/TiO2
catalysts prepared by the DP method in the 0.1 M NaOH
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Figure 7. (a) CV profiles of glycerol electrooxidation using Au
NPs loaded on TiO2 with different crystallite sizes by DP
methods. The electrolyte was 0.1 M NaOH with 10 vol %
glycerol. (b,c) CV profiles of Aupp/TiO2 in 1 M NaOH measured
under deaerated conditions and aerated conditions, respectively.

electrolyte in the presence of 10 vol % glycerol under ambient
conditions. All Au/TiO2 catalysts show activity in electro-
chemical oxidation of glycerol with the Au on 12 nm TiO2
yielding the highest activity (onset potential at ~0.9 V vs
SHE). The activity of the Au/TiO2 catalysts also shows a
similar size-dependent trend to that observed in thermal
glycerol oxidation (12 > 16 > 7 > 28 nm). Furthermore, all
AU/TiO2 catalysts provide very similar electrooxidation
curves, confirming that all catalysts exhibit a similar selectivity
that agrees well with the thermal catalytic performance. No
gas evolution was observed below 1.4 V versus SHE,
indicating that the water oxidation is negligible.

We have further probed the mechanisms by CV analysis in 1
M NaOH under aerated and deaerated conditions. As presented
in Figure 7b, all Aupp/TiO2 catalysts show similar CV
profiles, revealing that the glycerol conversion is not limited by
the oxidative capacity of the catalyst. The Au NPs supported
on TiO2 with different sizes exhibit distinct CV profiles in the
negative potential range under aerated conditions, as
demonstrated in Figure 7c. The Aupp NPs supported on the 12
nm TiO2 show a much higher current density than the other
catalysts, suggesting a superior oxygen reduction
performance.55' ® The electrochemical oxygen reduction
activity of the Aupp/TiO2 samples is size-dependent and
follows the order of 12 > 16 > 7 > 28 nm, which agrees well
with both thermal and electrochemical oxidation of glycerol.
Therefore, it suggests that the Au on medium-sized TiO2
promotes the aerobic glycerol oxidation by accelerating the
oxygen reduction half-reaction. In addition, CV analysis of
a representative Ausi/TiO2 catalyst (12 nm TiO2) also
confirms that the oxygen reduction half-reaction determines
the overall performance in glycerol oxidation (Figure S7 in
the Supporting Information).

M concLusions

Here, we have studied the promotional mechanisms of Au
supported on TiO2 in photo- and thermal catalytic glycerol
reforming. Gold NPs have been loaded on a series of anatase
TiO2 supports with different crystallite sizes (7, 12, 16, 28 nm)
by both direct precipitation and sol-immobilization methods.
For photocatalytic H2 evolution from glycerol, a similar

optimum performance was observed for the Au on 12 nm TiO2
regardless of the Au deposition method. In situ UV-vis
spectrometry reveals that the optimized photocatalytic
performance originated from an enhanced charge separation
and a more negative Fermi level for proton reduction. For
thermal catalytic glycerol oxidation, although an optimum

performance was observed for the Au supported on 12 nm
TiO2, the metal deposition method significantly influences
the catalytic activity. Electrochemical analysis reveals that
the enhanced glycerol oxidation can be assigned to the
enhanced oxygen reduction power.
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