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Biomass components toward H, and value-added products by
sunlight-driven photocatalysis with electronically integrated
AU-TiO,: concurrent utilization of electrons and holes

A premium method to convert biomass components to value
added products, that goes into making fuels, pharmaceuticals,
has been demonstrated by direct sunlight driven photocatalysis.
Negatively charged atom-like gold clusters integrated with
titania has been used as photocatalyst, which converts biomass
components into value added products along with green hydrogen
in sunlight, and contributing to sustainable development and
preserving climate. Particularly the demonstration of C-C bond
cleavage of glycerol to the simpler molecules highlights the
potential to cleave bigger biomass components into value added
products.
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While the progress of photocatalytic overall water splitting is hindered mainly by sluggish oxygen evolution
kinetics, photocatalytic hydrogen generation using biomass components, such as glycerol as a sacrificial
reagent, is a prudent way to efficient hydrogen production. Can we also utilize holes effectively to
oxidize the sacrificial agent to value-added products (VAPs)? Towards answering this question of
concurrent utilization of electrons and holes, a successful attempt has been made. Herein, we report
a facile photo-deposition method to prepare well-dispersed plasmonic Au integrated with P25-TiO,.
XPS studies show the nature of gold to be electron-rich or anionic, demonstrating strong electronic
integration with titania and possible charge transfer from oxygen-vacancy sites to gold, which in turn
helps the simultaneous production of large amounts of H (18 mmol h™ g™%) and VAPs (glycolaldehyde,
dihydroxyacetone, and formic acid) formation from glycerol. Elemental mapping and HRTEM images
demonstrate a uniform distribution of Au on TiO,, leading to strong Au-TiO, nano-heterojunctions, and
hence a high photocatalytic activity. H, yield decreases by 4 and 18-fold with glucose and cellulose,
respectively, compared to glycerol. A systematic photocatalytic study was carried out under aerobic and
anaerobic conditions to understand the glycerol oxidation products. In addition to H,, 4-10% of glycerol
in 5 h was oxidized to VAPs in direct sunlight underscoring the high activity associated with Au@TiO,.
Further, the C-C cleavage of glycerol also occurs to a significant extent. Hence, significantly prolonged
irradiation is expected to result in improved results with longer-chain biomass components to VAPs. It is
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Sustainability spotlight

Present research is towards addressing the circular economy by converting biomass component molecules to value added products, namely glyco-
laldehyde, dihydroxyacetone and formic acid, along with hydrogen by direct sunlight driven photocatalysis. While conventional heterogeneous catalysis
of biomass conversion requires high temperature/pressure, present method achieves the same at ambient conditions with solar energy. Further CO, is
almost completely avoided in the present work by not producing the same in the reaction and by employing solar energy for reaction. Further solar energy
is effectively stored in the chemical bonds of value added products. Therefore, this research contributes to the circular economy. Present work aligns with
the goals 7 of “Affordable and Clean Energy” 12 of “Responsible Consumption and Production” and 13 of “Climate Action” in the UN's Sustainable
Development Goals.

Introduction

Fossil fuels for global energy are like glucose to the human

“Catalysis and Inorganic Chemistry Division, CSIR - National Chemical Laboratory, K . .
body, which move the entire world but are also the main cause

Dr Homi Bhabha Road, Pune 411 008, India
*Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201 002, India. ~0f CO» emission and hence contribute to climate change;
E-mail: cs.gopinath@ncl.res.in however, unlike fossil fuels, the global energy demand can be at

+ Electronic supplementary information (ESI) available: Contains photographs for  least partially fulfilled by renewable energy sources, e.g., solar
the dispersion of the catalyst suspens.ion fa\ftershof irradiati(?n (S1), zeta poten.tial and wind energy.l Hydrogen as a fuel is ideal for high gravi-
(S2), NMR spectra (S3), glycerol oxidation product analysis (S4-S6), plausible metric energy (120 M] kgfl) compared to any other fossil fuel

reaction pathway of glycerol to VAPs (S7), X-ray diffraction (S8), and HRTEM
images (S9). See DOI: https://doi.org/10.1039/d25u00145d and produces no harmful by-products, except water, when
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subjected to combustion. However, in the present scenario,
>95% of hydrogen is produced by fossil fuels, such as steam
reforming of methane/naphtha, resulting in greenhouse gases
as by-products and causing global warming. To deal with global
warming and the future energy crisis while considering limited
fossil fuel availability, combining solar energy and biomass/
biowaste can lead to sustainable and green energy by solar
water splitting (SWS).>* Can we also concurrently convert
biomass to value-added products (VAPs), so that the whole
process could be considered green? We are partially successful
in our efforts to convert biomass to H, and VAPs.

SWS at zero potential can fulfill the future energy demand;
however, the main drawback is its low efficiency. It has been 50
years since the first report of SWS appeared in 1972, and we are
still far away from finding an efficient photocatalytic system of
hydrogen generation from SWS.? Certain factors hamper effi-
ciency, such as (1) sluggish oxygen evolution kinetics, (2) high
rate of electron-hole recombination, and (3) 3-5 orders of
difference in time scales of photophysical and photochemical
processes.®®

Since biomass components, such as cellulose and glucose,
have very low economic value and glycerol is a by-product of
biodiesel industries; it is worth employing them as feedstock
and/or sacrificial agent. It is also known that the production of
biodiesel and hence glycerol generation is also increasing every
year by 10%. The conversion of glycerol into VAPs is a point of
attraction in the present era, as its under-utilization is posing
a threat to the biodiesel industry; glycerol availability at a very
low price should be exploited commercially.>** Glycerol could
be used in photocatalytic water splitting not only to increase H,
production but also as a sacrificial reagent to consume holes for
partial oxidation to VAPs.”™ The same concept can be
extended to other biomass components for their conversion to
VAPs.

Plasmonic metals (Au, Ag, Cu) integrated with semi-
conductors are known to enhance charge separation and work
as a photosensitizer due to the surface plasmon resonance
(SPR) effect, via either the direct electron transfer or resonant
energy transfer.’**® Since TiO, is a well-known stable semi-
conductor, the large bandgap and high electron-hole recom-
bination result in low efficiency. Plasmonic metals, especially
gold shows significantly different absorption spectra with
different particle sizes and morphologies and can be integrated
with TiO, to utilize visible light in direct sunlight.**-*> However,
in SWS, the overall kinetics is mainly hindered due to the four-
electron O, evolution process, therefore, to enhance the overall
kinetics, a sacrificial reagent,” such as methanol, triethanol-
amine, sulphide-sulphite is normally employed, which
consumes holes rapidly and minimizes electron-hole recom-
bination. From the term sacrificial, it is clear that these chem-
icals increase hydrogen production; however, can we prudently
utilize holes, so that hole consumption leads to the conversion
of sacrificial agents to VAPs too? Hence, a versatile catalyst is
required to meet the dual purpose of photocatalytic H,
production as well as oxidation of low-value sacrificial agent
(biomass component) specifically into VAPs.>*>”

482 | RSC Sustainability, 2023, 1, 481-493

View Article Online

Paper

Zang et al.*® employed Au/TiO, system for photo-reforming
of ethanol; they obtained 7 mmol h™" g~' of H, generation
with formaldehyde and carbon dioxide as by-products but did
not quantify the by-products. Wang et al.** attempted photo-
catalytic H, generation using Ag,O/TiO, system, however, the
reported H, yield was 0.3 mmol h™' ¢, and there was no VAP
reported. For the Cu/TiO, system, several researchers have
attempted photo-reforming of glycerol as a model sacrificial
reagent. Trang et al.*° reported 16 mmol h™" g~ " H, yield under
direct sunlight; however, there are no VAPs reported. With
1.6 mmol h™*' g7' of H,, Montini et al. produced CO,, CH,,
glycolaldehyde, and di-hydroxy acetone by converting glycerol
into VAPs.** In the majority of the literature, authors mostly
paid attention to H, production and not much on the selectivity
of the oxidation products; however, in the present study, we
exploited the large-scale and concurrent utilization of electrons
and holes toward hydrogen and VAPs, respectively.

Herein we report the Au@TiO, composite, prepared via the
facile photo deposition method, by taking advantage of the
positive zeta potential of TiO,. Elemental mapping and X-ray
photoelectron spectroscopy (XPS) was employed to under-
stand the distribution and electronic environment of the
Au@TiO,, respectively. The photocatalytic hydrogen evolution
reaction (HER) was carried out with Au@TiO, in aqueous glyc-
erol, which also showed high glycerol conversion and selectively
to three major VAPs. HER studies were also carried out with
glucose and cellulose. "H NMR was employed to identify and
quantify the oxidation products.

Experimental section
Synthesis of Au/TiO, composite

Electronically integrated and highly-dispersed Au@TiO, was
prepared by a modified procedure of controlled photochemical
deposition. 200 mg P25-TiO, was dispersed in 100 ml of water :
methanol (60 : 40) solution in a 250 ml quartz round bottom
(RB) flask; after stirring for 10 min. 3.08 mg of the Au-precursor
(HauCl,-3H,0) was added to prepare 0.5 wt% Au-containing
TiO,. Other compositions were also prepared in a similar
manner with the required amount of Au-precursor. The solution
was subjected to N, purging in the dark for 30 min. with stirring
for uniform interaction of [AuCl,] " with TiO,. It is very likely
that gold-center is attracted to oxygen vacancy sites. This solu-
tion was subjected to UV lamp irradiation for 1 h. After irradi-
ation, the solution was centrifuged and washed with hot water
(338 K) for several times, and then dried in the oven at 343 K.
Different wt% of Au with 0.1, 0.5, and 1% with respect to TiO,
were also synthesized and they are denoted as 0.1Au@TiO,,
0.5Au@TiO, and 1Au@TiO,, respectively.

Photochemical hydrogen production measurement

For photocatalytic hydrogen production, 3 mg of any Au@TiO,
catalyst was taken in a 50 ml borosilicate RB flask, with 20 ml of
different percentages of aqueous glycerol (0.14, 0.6, and 1.4 M
glycerol), and subjected to 10 min of N, purging. Then, the
photocatalyst was irradiated with light under one sun condition

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(100 mW cm 2 with a 450 W Newport solar simulator fitted with
a 1.5 AM filter) or direct sunlight (average light intensity was 60
mW cm™?). Hydrogen was the only gas-phase product, and it
was confirmed and quantified by GC (Agilent 7890A) analysis.

Photochemical glycerol oxidation measurement

To measure the glycerol oxidation products, 5 mg of the catalyst
was initially dispersed in 5 ml of 0.05 M glycerol aqueous solution,
and then kept under nitrogen or oxygen purging for 30 min,
depending on the type of the reaction carried out subsequently. It
was realized from the initial measurements with the same glycerol
concentration (as that for the above-mentioned H, production) for
oxidation, the conversion was low and this made the NMR analysis
also difficult for the product identification. In view of this diffi-
culty, a few other catalyst : glycerol ratios were also evaluated and
optimized to the maximum glycerol conversion along with the ease
of product identification. The maximum glycerol conversion to
value-added products was observed with a 5 mg catalyst in a 5 ml
solution of 50 mM glycerol. The solution was kept under nitrogen
or oxygen purging for 30 min, depending on the type of reaction
carried out subsequently, after that, the catalyst-glycerol suspen-
sion was irradiated under one sun condition or direct sunlight. All
oxidized products of glycerol were quantified using Agilent GC
(7890A) and "H NMR. Liquid product identification and quantifi-
cation were carried out by NMR (Bruker AV 500), with 1 mmol KHP
(potassium hydrogen phthalate) as the internal standard.
I Nea

SN

X Ccal

where Cy, Iy, Icaly Neaty Nx, Cear are the concentration of the product,
integral area of the product, integral area of the standard, number
of protons from the standard and the product, and concentration
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of the standard, respectively. Various liquid products were
measured by NMR and hydrogen through GC, and the reproduc-
ibility was within a 5% error margin.

Materials characterization

Diffuse reflectance UV-Vis measurement was carried out on a Shi-
madzu spectrophotometer (model-Uv2550) with spectral grade
BaSO, as the reference material. Powder X-ray diffraction (XRD)
data were collected on a Pan analytic X'pert pro dual goniometer
diffractometer using Cu-Ko. (1.5418 A) radiation with a Ni filter.
HRTEM analysis of the material was conducted on a JEOL JEM F-
200 HTEM instrument operating at 200 kV equipped with EDX
(energy dispersive X-ray analysis). XPS analysis was carried out on
an instrument from Thermo Fisher Scientific Instruments, UK
with monochromatic Al Ka as the X-ray source with 6 mA beam
current and operating at 12 kV. All the spectra were calibrated, with
respect to adventitious carbon observed at 284.9 eV. Glycerol
product quantification was carried out with Bruker AV 500, with
NS-32, DS-4, SW-24.9934 ppm with water suppression sequence
using Bruker Top Spin. Many characterization tests were repeated
using at least three sets of samples/materials prepared in different
batches. An Agilent GC (7890A) was used for gas analysis with
a molecular sieve-coated packed column using TCD as a detector.
Zeta potential measurements were performed on a Brookhaven
Instruments NanoBrook series zeta potential analyser.

Results and discussions
UV-visible absorption by Au@TiO,

UV-visible reflectance spectrum was measured and converted to
absorption. UV-Vis spectra were recorded on all Au@TiO,

Absorbance (A.U)

L

1Au@TiO,

0.1AU@TiO,  0.5Au@TiO,

1Au@TiO,

TiO,

300 400 500

600 700 800

Anm

Fig. 1 UV-visible absorption spectra of TiO,, 0.1Au@TiO,, 0.5Au@TiO,, and 1Au@TiO,, inset shows the image of all photocatalysts. SPR feature

was observed at 545 nm for all xAu@TiO,.
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photocatalysts and the results are shown in Fig. 1, along with
parent TiO,. SPR (surface plasmon resonance) absorption
features were observed on all Au@TiO, materials at 545 nm,
irrespective of Au content.*> While 0.1Au@TiO, showed low-
absorption intensity, the other two compositions show
comparable absorption behaviour with an increase of SPR
intensity, associated with higher absorption ability in the visible
region compared to 0.1Au@TiO,. It is also to be noted that the
colour associated with the photocatalyst appeared to be
increasingly becoming deep purple (inset image of Fig. 1). It is
likely that the deep purple colour associated with 1Au@TiO,
could be preventing more light absorption, compared to
0.5Au@TiO,, which resulted in low photocatalytic hydrogen
evolution, and the same is discussed in the later section.

Solar hydrogen production

Solar hydrogen production was measured under one sun (100
mW cm ?) and direct sunlight in Pune, Maharashtra, India,
from February to May with an average light intensity of 60 mW
cm 2, It is to be noted that sunlight power fluctuates between 52
and 70 mW cm > depending on the time of the day, cloud cover,
etc. However, for practical purposes, we considered 60 mW
cm? as the average solar power. 60-65 mW cm 2 power was
observed for at least 50% of the total reaction time. Solar
hydrogen evolution measurement was carried out systemati-
cally under different reaction conditions. During hydrogen
evolution measurement, 3 mg of the catalyst was used with
20 ml solution and kept under irradiation without stirring. It is
to be noted that a uniform suspension, without settling of any
particles, was observed with the catalyst in an aqueous glycerol
solution, and hence the experiments were carried out without
stirring (see photos shown in Fig. S1 in ESIf). In Fig. 2a,
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different weight percent loadings of Au on TiO, were subjected
to hydrogen evolution under direct sunlight with 0.6 M glycerol
as a sacrificial reagent. TiO, gave 0.86 mmol h™" g ' of
hydrogen, after loading with Au (xAu@TiO,), and absorption of
composite shifted to the visible light range due to the SPR effect
of Au, as shown in UV-Vis absorption spectra (Fig. 1), indicating
the strong absorption at 545 nm resulting in higher H,
production. With 0.1 wt% of Au loading, hydrogen evolution
was observed to be 7.4 mmol h™" g™, which is 8-fold higher
than that of bare TiO,.

While increasing the weight% of Au from 0.1 to 1, 0.5%
exhibited the highest hydrogen production (18 mmol h™* g™*)
than the 1% Au-containing (16.5 mmol h™' g~') composite
under direct sunlight. It is to be noted that comparable SPR
feature intensity was observed for 0.5 and 1 wt% of Au@TiO,,
reflecting a similar observation as in solar hydrogen produc-
tion. These observations hint that the Au-dispersion remains
the same for 0.5 and 1 wt% of Au. In fact, a marginally lower H,
yield was observed with 1 wt% Au, indicating that there could be
other changes. This is supported by a significant change
observed with Au 4f binding energy and the same is explained
later in the XPS section. Some of the top results reported for H,
production with Au and Cu-based systems from literature are
compiled in Table 1. Results obtained from the current studies
are superior to the results reported earlier with hydrogen and
VAPs production, as shown in Table 1; also, direct sunlight
irradiation shows significantly better results than with one sun
condition. Reported higher hydrogen production, than that
from this study, is invariably observed under UV irradiation;
needless to say that significant UV light absorption by titania
too contributes to the total activity. While glycerol was used as
a sacrificial agent by a few groups for hydrogen generation, no
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(a) Photocatalytic hydrogen yield observed for (a) different wt% of Au on TiO, and (b) 0.5Au@TiO, at different pH conditions; to maintain

the pH, 0.01 M HCland NaOH were used as acid and base, respectively. 5% glycerol was used as a sacrificial reagent under direct sunlight with an

average light intensity of 60 mW cm™2.
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Table 1 Top H; production results reported in the literature for Au@TiO, along with the reaction conditions

H,
Catalyst Light source and power  (mmol h™* g”')  Reaction conditions VAPs Ref.
1.5% Au/TiO, P25 UV light 28.3 10% glycerol in water NA 11
(6.5 mg in 20 ml solution)
1% Au/TiO, P25 One sun (UV-Vis) 0.307 Water : methanol = 3:1 NA 16
(20 mg catalyst in 40 ml solution)
5% Au/TiO, UV-Vis (100 mW cm ™)  8.06 30 vol% methanol in water NA 36
hierarchical (50 mg catalyst in 100 ml solution)
spheres
0.5% Au/TiO, UV light 29 10% glycerol in water NA 37
nanorods (6.5 mg catalyst in 20 ml solution)
2% Au/TiO, UV light 30.3 10% glycerol in water NA 38
(6.5 mg catalyst in 20 ml solution)
0.3% AuTiO, Simulated light 0.2 1% TEOA with water (250 mg with NA 39
(21.1 mW cm?) continuous flow of nitrogen)
1% Au/TiO, Solar lamp 2.55 5% glycerol in water (50 mg in NA 40
anatase (10.7 mW cm?) 50 ml solution)
Cu,O/Bi,03/TiO, UV-Vis 6.2 5% glycerol NA 41
Cu,O/TiO, 400 W metal 4.7 5 v/v% glycerol/water (100 mg NA 42
halide lamp catalyst in 200 ml) with pH 10
Cu,0/TiO, SB-110P/F lamp 15.3 5 v/v% glycerol/water (2.5 mg NA 43
(100 W), 365 nm catalyst in 25 ml)
CuO,-PtO,/TiO 300 W xenon lamp 1.3 10% glycerol (50 mg catalyst NA 44
in 100 ml)
3% Cu/TiO, 100 mW cm > 0.05 1% acetic acid (25 mg in 25 ml) CH,, CO, 45
0.5% Au@TiO, One sun condition 15 5% (0.6 M) glycerol in water Dihydroxyacetone, Current
(100 mW cm?) (3 mg in 20 ml) glycolaldehyde, work
formic acid
0.5% Au@TiO, Direct sunlight 18 5% (0.6 M) glycerol in water Dihydroxyacetone, Current
(60 mW cm ?) (3 mg in 20 ml) glycolaldehyde, work

other VAPs of glycerol were observed or reported in the litera-
ture. This factor makes the current work far superior in terms of
the concurrent utilization of holes and electron charge carriers
for versatile light energy to chemical energy conversion to H, as
well as VAPs.

As shown in the structural characterization studies in the
following sections, the highest hydrogen generation activity
observed with 0.5Au@TiO, is attributed to an atom-like sub-
nanometre Au cluster dispersion over TiO,, as discussed in
the later sections. Furthermore, photocatalytic hydrogen
evolution measurements at different pH values were carried out
with 0.5Au@TiO, catalyst with 5% glycerol under direct
sunlight, and the results are shown in Fig. 2b. The pH change
was achieved with the required amount of dilute (0.01 M) HCl
and NaOH under acidic and alkaline conditions, respectively,
and pH change was ensured using a pH meter (Mettler Toledo
seven compact S210). Interestingly and critically, the highest
amount of hydrogen was observed at neutral pH; hydrogen
production was found to decrease on either increasing or
decreasing the pH to basic or acidic conditions. In the acidic
pH, zeta potential is close to the zero-point charge, which
results in significant agglomeration of TiO, particles and hence
a decrease in photocatalytic activity was observed, however,
under basic pH conditions, due to the abundantly-available
hydroxyl groups, the dissociation of Ti-OH is decreased

© 2023 The Author(s). Published by the Royal Society of Chemistry

formic acid

drastically. The zeta potentials measured for all three pH
conditions are shown in Fig. S2 (in ESI{) fully supporting this
result. These factors are known to hinder the photocatalytic
activity, and it was suggested from the kinetic model by
Estahbanati et al.*® At neutral pH (pH = 7) good dispersion of
the catalyst in the water/glycerol was observed. Even after a few
days, we did not observe any settling of the catalyst (Fig. S1t) but
a highly-dispersed uniform suspension was maintained, which
is also an interesting observation in the present work. In
general, with powdered catalyst, due to the stirring, significant
scattering of the light occurs and the same reduces the light
absorption by the catalyst; if there is no stirring, the catalyst
would settle at the bottom of the reactor and also reduces the
photoactivity of the composite; this problem could be overcome
by making the catalyst in a thin film form (as in Si PV) or should
be dispersed in the solution throughout the reaction.**

Three different glycerol concentrations (1, 5, and 10%) were
employed to understand the effect of sacrificial reagent
concentration; activity was measured periodically with
0.5Au@TiO, in 20 ml aqueous glycerol solution under one sun
condition and the results are shown in Fig. 3a. An interesting
trend in results was observed, and the following points deserved
to be highlighted. (1) 5% (0.6 M) glycerol containing aqueous
solution showed a constant H, yield of 15 mmol h™* g™* as
a function of irradiation time; among the three different

RSC Sustainability, 2023, 1, 481-493 | 485
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Sacrificial Agent

(a) Photocatalytic hydrogen yield observed with 0.5 wt% of Au over TiO, with different concentrations of glycerol under one sun condition

(100 mW cm™2, AM 1.5 filter). (b) Photocatalytic hydrogen yield observed with different biomass components as sacrificial reagents using 0.5 wt%
Au on TiO, under direct sunlight with an average intensity of 60 mW cm™2.

glycerol concentrations (1, 5, and 10%), indeed, 5% showed the
best performance. (2) While 10% (1.4 M) glycerol concentration
also showed a constant H, yield of 11 mmol h™' g™, it is lower
than that at 5% glycerol concentration. (3) In contrast to the
above two points, 1% (0.14 M) glycerol-containing solution
showed the lowest H, yield, although initially, it showed 7 mmol
h™' g™ yield, H, yield reaches a plateau at later hours. The
influence of the sacrificial agent concentration on hydrogen
generation has been addressed significantly in the
literature.**~** Dependence of the hydrogen generation has been
demonstrated with different concentrations of the reactant.
Beyond a threshold concentration of the sacrificial agent, active
sites are saturated with those molecules and the same decreases
the photoactivity. In the present case, the viscosity factor of
glycerol also adds to the diffusion issues, which decreases the
rate at 10% glycerol concentrations. Generally, the observed
results indicated that an optimum glycerol concentration was
required to achieve the best performance in the present exper-
iments; except hydrogen, no other gaseous product was
observed. For the oxidation product of the glycerol, due to the
high concentration of glycerol employed for the results shown
in Fig. 2 and 3, it was challenging to identify and quantify the
product by NMR. Another set of the study was carried out to
explore the products of glycerol oxidation at low glycerol
concentrations, which will be discussed later.

In addition to glycerol, glucose, and cellulose were also
evaluated as sacrificial agents; it is known that they all have
similar building blocks, except for chain lengths. The average
H, yield obtained is shown in Fig. 3b. 20 ml of 0.35 M glucose
solution was employed with 3 mg of the catalyst (0.5Au@TiO,),
this is mainly to maintain the similar number of carbon atoms
as that of 5% glycerol solution. 4.1 mmol h™' g~' H, yield was
observed under direct sunlight with glucose, while glycerol
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solution exhibited 18 mmol h™" g™ ". A four-fold decrease in H,
yield with glucose is attributed primarily to the 6-carbon unit;
more difficult C-C cleavage is the leading/silent reaction also
occurs, which consumes a significant number of electrons and
protons and slows down the overall kinetics. However, the
result was still significant, and, in fact, it opens a new window to
the utilization of biomass components for photocatalytic
hydrogen production. One more reason for the lower activity
with glucose, compared to that with glycerol as a sacrificial
reagent, is due to the settling of the catalyst in the bottom of the
RB flask; due to this, the light absorption capacity decreases and
results in lower photoactivity. In the case of cellulose, 200 mg of
cellulose was taken in 20 ml water with 3 mg catalyst and sub-
jected to direct sunlight irradiation for 5 h. Because cellulose is
not soluble in water, activity decreased drastically to 0.8 mmol
h™" g™ '. To improve and produce an efficient sacrificial reagent
for photocatalytic hydrogen production, the solubility of cellu-
lose needs to be increased but without employing harsh basic or
acidic conditions. Dispersed cellulose particles in the solution
would tend to scatter the light, rather than light absorption,
which also results in lower photoactivity.***~*° Ideally a system-
atic approach from waste biomass components to hydrogen and
any VAP would be more appealing.®™*> Our efforts to identify any
oxidation products of glycerol from the results shown in Fig. 1
and 2 was not successful, due to high glycerol and low catalyst
content. Hence the conditions were modified to enhance the
oxidized product concentration and the observed results are
shown and discussed in the following sections.

Glycerol oxidation by direct solar photocatalysis

Glycerol oxidation products were measured from systematic
photocatalytic experiments. 5 mg of 0.5Au@TiO, with 5 ml of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocatalytic glycerol oxidation with 0.5%Au@TiO, under (a) direct sunlight with an average intensity of 60 mW cm™2, and (b) one sun

condition (100 mW cm™2)

0.05 M glycerol was used for photocatalytic glycerol oxidation.
These experiments were carried out in aerobic (purged with O,),
anaerobic (purged with N,), and dry air conditions. Represen-
tative product analysis data obtained using NMR are shown in
Fig. S3 in ESI.T Fig. 4 shows the data on photocatalytic glycerol
oxidation carried out under the three conditions mentioned
above, and the products observed along with hydrogen under
(a) direct sunlight, and (b) under one sun condition. Three
major liquid products, namely, glycolaldehyde, dihydroxyace-
tone, and formic acid, were observed under both reaction
conditions. In anaerobic conditions under direct sunlight, 0.32,
0.12, and 0.17 M g~ * of glycolaldehyde, dihydroxyacetone, and
formic acid were observed, respectively, in 5 h; along with the
liquid products, 32 mmol g~ of hydrogen was observed in 5 h
reaction time. When purging was carried out using dry air, the
amount of oxidation product was also found to be increased;
0.49, 0.19, 0.13 M g * of glycolaldehyde, dihydroxyacetone, and
formic acid, respectively, were observed along with 23 mmol g~
hydrogen in 5 h; 2.8 mmol g~ of CO, was also observed in the
gaseous products. In the case of the aerobic condition, the
overall product formation rate increased twice that of anaerobic
conditions, along with glycerol conversion. Significant over-
oxidation to CO, (7.5 mmol g ') was also observed, and
hydrogen generation decreased to 1.9 mmol g *. This indicates
that in the presence of oxygen, oxidation of glycerol also occurs
instead of water reduction. Expectedly, oxygen helps in the
oxidation of the glycerol, through superoxo/peroxo radicals by
electron consumption or the oxygen reduction reaction, this in
turn decreases the hydrogen production.

Under one sun condition, similar liquid, and gaseous
products were observed with the same trend. However, over-
oxidation was comparatively lower with a smaller amount of
CO, production (5.3 mmol g~ ') under one sun condition than
under direct sunlight. An interesting observation to be noted is

© 2023 The Author(s). Published by the Royal Society of Chemistry

. All product concentrations were for five hours of the reaction time in both panels.

the significantly large amount of formic acid and smaller CO,
under one sun irradiation and aerobic conditions, compared to
direct sunlight irradiation. A careful comparison of both results
revealed that while glycolaldehyde was observed at the same
level, formic acid was observed to increase at the cost of dihy-
droxyacetone under one sun condition. It is also to be noted
that the temperature of the solution and the catalyst increases
to around 333 K under direct sunlight, while the same was
observed to be 320 K under one sun condition, carried out
under laboratory ambient conditions. Hence, the overall
increase in the reaction rate in direct sunlight may be partly
attributed to an enhancement in temperature. Controlled
experiments were also carried out at 333 K under one sun
condition to ensure the temperature effect in direct sunlight.
The results observed at 333 K are equivalent to those of sunlight
conditions within the experimental accuracy. This further
confirmed the influence of temperature under both natural and
simulated light conditions. More power (100 mW cm™ %) under
one sun condition leads to the decomposition of dihydroxyac-
etone to formic acid. More experiments under a controlled
atmosphere are required to ascertain the extent of the influence
of the temperature and illumination power. In addition, the
advantage of higher temperature and lower light power with
direct sunlight may be utilized in a prudent manner. These
experiments suggest that with regulated oxygen content,
aqueous glycerol can be a very efficient reactant to generate
VAPs along with hydrogen. A simple back calculation by
accounting for all the carbon-containing products, including
CO,, originating from the oxidation of glycerol, leads to glycerol
conversion levels between 6 and 13% in 5 h with 52% selectivity
for glycolaldehyde under anaerobic conditions. High TON
values of 1280 and 920 were observed with 0.5Au@TiO, for
hydrogen under anaerobic and dry air conditions, respectively,
while high TON values (68-113) were observed for VAPs under
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aerobic conditions (Tables S4-S6 in ESIt). A marginal decrease
in hydrogen production by 1Au@TiO, than that by 0.5Au@TiO,
suggested the higher activity associated with Au-clusters with
the latter. We attribute this to the high dispersion of gold and
electronic integration with TiO, with the latter. By changing the
batch to a continuous flow type with controlled oxygen or dry
air, the higher activity would be possible by minimizing CO,.
More experiments in this direction are desired. The present
results also demonstrate the cleavage of C-C bonds occurring
from glycerol all the way to formic acid and then to CO,, and
Fig. S71 shows a plausible pathway for glycerol oxidation to
VAPs. Hence, there are possibilities existing to fine-tune the
reaction conditions to maximize the value-added liquid oxida-
tion products with hydrogen production. As formic acid is ex-
pected to undergo fast oxidation to CO,, a product separation
stage and recirculation of unreacted glycerol would be a good
idea for achieving higher glycerol conversion to the same VAPs.

Structural analysis and elemental mapping

XRD, HRTEM, and elemental mapping methods were employed
to understand the structure and morphology of the photo-
catalysts. XRD results of TiO, and xAu@TiO, are shown in
Fig. S8.1 As expected, anatase and rutile features were observed

c—— 30 nm

O K

View Article Online
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in both photocatalysts. However, after gold integration with
TiO,, no difference is discernible in the XRD pattern up to
1 wt% of Au integrated TiO, compared to virgin TiO,; indeed,
0.5 and 1 wt% of Au loading is too small and this could be one
reason for the absence of any gold features in the XRD results.
However, it rules out the clustering of gold atoms to big particle
size(s). This naturally leads to the question of the status of gold
in xAu@TiO, the photocatalysts.

To understand the structural and/or integration aspects of
Au and its distribution over TiO,, HRTEM analysis was carried
out and the representative results are shown in Fig. S9.7 TiO,
particles with an average size of 20 &+ 1 nm were observed, which
is typical for P25 TiO,. However, after careful investigations of
multiple batches of 0.5Au@TiO,, we did not observe any Au
particle over TiO,. Nonetheless, it is essential to understand the
role of gold to understand the SPR features at 545 nm, as shown
in Fig. 1, and very high photocatalytic activity was observed for
hydrogen generation and glycerol oxidation under solar irradi-
ation conditions. To investigate this phenomenon, we carried
out elemental mapping, and the results are shown in Fig. 5.
Elemental mapping gives an idea about the small Au-cluster
formation on TiO,, and demonstrates the homogeneous
distribution of Au on TiO, particles. Ti and O mapping shown in

c——— 30 nm

Au M

Fig.5 STEM image of 0.5%Au@TiO, and corresponding elemental distribution for Ti (green), Au (yellow), and oxygen (red) at scale bar of (a—d)
30 nm. A very uniform distribution of Au over TiO, nanoparticles could be observed at high resolution.
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Fig. 5 panels follow the expected trend In their distribution.
However, in the case of Au (yellow), a very fine and homoge-
neous dispersion of Au on TiO, particles was observed. It is to
be noted that the atomic weight of gold is more than four times
that of titanium, and gold content in terms of the atomic
percent is about 0.12-0.14% in 0.5Au@TiO,. Although many
earlier studies have reported Au@TiO, such a fine distribution
has not been shown; uniform distribution is shown, probably,
for the first time, with a photo deposition method. It is to be
noted that the zeta potential of TiO, P25 is positive, and hence
negatively charged metal-ion precursor could be loaded over
TiO,. During nitrogen purging in the dark, the negative charge
[AuCl,] " is expected to be uniformly deposited over TiO, upon
UV irradiation, and [AuCl,] " gets reduced to Au with uniform
dispersion.”® We also speculate the oxygen vacancies on the
titania surface could be a possible driving force for a very high
distribution. Under irradiation conditions, pre-deposited gold
precursor ions get homogenously reduced over TiO,. Indeed
this leads to a highly integrated xAu@TiO,. The lower the
amount of gold deposited, the better the distribution observed.
The low atom percent of Au and its high dispersion on titania
are the reasons that its features could not be detected in XRD,
while UV-Vis absorption shows the characteristic SPR feature.
The specific surface area of Au on TiO, is likely to be higher,
which results in high hydrogen production as well as glycerol
conversion to VAPs. A number of earlier studies indicated the
electronic and structural integration of the catalyst components
leading to a facile charge transfer between semiconductors and
the metal towards efficient photocatalytic activity, which was
also analyzed by XPS and discussed in the next section.

X-ray photoelectron spectroscopy studies

XPS provides information on the electronic interaction between
various components as well as the surface composition of
composite materials. To understand the electronic interaction
between TiO, and Au, XPS studies were carried out and the

(a) Ti 2p (b) O 1s
=
=
£
<
P
2
2
=
TiO,
., Y VS SN A . T P T  IE——
456 459 462 465 528 530 532
Binding Energy/ eV
Fig. 6 (a) Ti 2p, and (b) O 1s core level spectra of TiO, P25 and

0.5Au@TiO,. Ti** and Ti** are given in blue and red traces, respec-
tively. Red, blue, and green traces in O 1s corresponds to TiO, lattice
oxygen, O-associated with Ti** and OH group, respectively.
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results are shown in Fig. 6. The deconvolution of Ti 2p core level
shows that Ti was present in two different states for Ti** (457.45
+ 0.05 eV) and Ti*'(458.6 + 0.05 eV); however, Ti*" was
predominantly available (92%), while only 8% of Ti** was
available on the virgin TiO, surface.®® However, with
0.5Au@Ti0,, there was a decrease in the Ti*" content by 50% (to
4%) as that of pristine TiO,, and this is attributed to the
deposition/integration of gold with those sites. As metal atoms
are known to be electrophilic, there is a driving force to deposit
gold in Ti*" or oxygen vacancy sites. This integration also leads
to charge transfer from TiO, to Au and makes the composite
electronically integrated. In Fig. 6b, O 1s spectra of TiO, and
0.5Au@TiO, are shown. Three different oxygen species observed
at 529.75 + 0.05 eV (red trace), 530.45 + 0.05 eV (blue trace),
~531.8 eV (green trace) are attributed to lattice oxygen of TiO,,
oxygen associated with Ti**, and the hydroxyl group, respec-
tively. While there was no change in the hydroxyl group inten-
sity was observed before and after Au-integration, the
percentage of oxygen associated with Ti** decreased marginally
in the O 1s spectra. This reiterates that gold cluster deposition
occurs selectively at the defect sites.

Fig. 7 shows the Au 4f spectrum of 0.5Au@TiO,. Generally,
bulk and metallic gold species appear at 84 + 0.1 eV for the Au
4f,, core level in the XPS spectrum.>>® However, interestingly,
there was a large negative shift of 0.9 eV was observed with the
Au 4f core levels of 0.5Au@TiO,. Almost 1 eV shift to low BE
suggests a large charge transfer from titania to gold. This
observation could be possibly due to a combination of the
following reasons. (a) As mentioned in the discussion of Ti 2p
and O 1s, Au species gets integrated into the defect site of TiO,,
which is fully supported by the observation of a 50% decrease in
Ti** content in 0.5Au@TiO,, compared to that in virgin TiO,.
These XPS results also point toward an electronic integration
between Au and TiO,, and helping to create metal-
semiconductor nano-Schottky or heterojunctions. Such junc-
tions are essential for electron-hole pair separation, which in
turn increase the utilization of the charge carriers through
redox reactions. (b) Small clusters of gold are expected to behave
differently than nanoclusters or bulk gold. Elemental mapping
indicates the extensive distribution of small gold clusters. Due
to the small size of such clusters, gold is likely deposited
uniformly on the interior and exterior surfaces of the pores of
titania. (¢) Small clusters are expected to be electrophilic and
prefer to bind at sites richer in electrons. This leads to a pref-
erential interaction between defect sites of titania and small
gold clusters. Combining the above factors makes the gold
cluster behave more like anionic gold. However, a significant
reduction in BE shift was observed with 1Au@TiO, (0.6 eV at
83.4 eV compared to that with metallic gold at 84 eV) and shows
a reduction in anionic character compared to that with
0.5Au@TiO, (Fig. 7b). Although the gold content was doubled,
hydrogen generation was observed to be marginally lower,
suggesting that the state of gold does matter for the best
performance. This synergy between the metal and semi-
conductor helps toward the charge separation, which in turn
helps high photocatalytic glycerol oxidation to VAPS and
hydrogen evolution.
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Fig.7 XPS spectra for Au 4f core levels for (a) 0.5Au@TiO, and (b) 1Au@TiO,. Compared to the standard metallic gold 4f,,, feature at 84.0 eV, the
appearance of the same at 83.1 and 83.4 eV for 0.5Au@TiO, and 1Au@TiO,, respectively, underscores the difference in electronic integration

between Au and TiO,, and the extent of the anionic character of gold.

Mechanism

The integration of the plasmonic metal with semiconductors
can lead to efficient photocatalytic activity. Based on the
experimental data obtained from various studies and discussed
in the earlier sections for Au@TiO,, a possible reaction mech-
anism is proposed in Fig. 8. TiO, exhibits a bandgap of 3.2 eV,

which absorb only 4-5% of the UV light present in the solar
spectrum, the electron and hole separation is, indeed, one of
the main issues for the low efficiency of photocatalytic activity
with virgin TiO,. Small and highly-dispersed gold cluster inte-
gration enhanced its light absorption capacity to the visible
region, amplifying its electron-hole generation via the LSPR

N
Glycerol

Fig. 8 Possible mechanism for plasmon-induced Au@TiO, toward photocatalytic hydrogen generation and glycerol oxidation towards the
value-added products. Ef levels shown are indicative and not to the scale; however, an upward shift under illumination occurs due to electron
storage in gold clusters. Abbreviations: Ex(Ul) Fermi level under illumination, Ex(BI) Fermi level before illumination or fresh catalyst, GCA (gly-

colaldehyde), DHA (dihydroxyacetone).
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effect of gold particles, which is evident from the UV-Vis spectra.
Also, the electronically integrated anionic Au-clusters with TiO,
suggest a negative shift of the Fermi level of the composite,
which is more facile for charge separation and enhances
hydrogen generation 20 times, compared to that in virgin
Ti02.57’58

Photocatalysis involves both photophysical and photo-
chemical processes. It is well-known that the time scale of
photophysical (= ns) and photochemical (= ps) processes are
very different and it is necessary to address this issue.® By
selectively storing electrons in gold, utilization of holes, which
are also known as the minority charge carriers, for oxidation
increases to a large extent. Basically, the charge separation
enhances both the reduction and oxidation aspects of the
photocatalysis and hence an overall increase in the activity is
observed. Further, the integration of Au helps in the photo-
physical process via the LSPR effect and as an electron sink for
efficient charge separation, this leads to an enhanced redox
process and underscores the dual functional character of the
gold clusters with light absorption as well as catalysis. XPS
results show that gold is present as anionic gold, which also
proves the electron transfer is occurring from TiO, to gold,
where water reduction is taking place. However, the oxidation
process occurs via holes present in the valence band of TiO,,
from glycerol to VAPs (Fig. S7t). Glycerol and glucose require
low oxidation potential (0.4 V vs. RHE with Pt/C and 0.4 vs. RHE
with Au, respectively) than water,”*® while VB of TiO, is around
2.7 V with high oxidation potential. The potential required for
both reduction and oxidation is met with the above arrange-
ment, which helps in the large utilization of holes, resulting in
low charge recombination and high photocatalytic activity. The
large dispersion of atom-like gold clusters observed in STEM
results (Fig. 5) supports the effective charge carrier separation
as well as its utilization. Further, by depositing gold at the
oxygen vacancy sites, not only electronic integration was ach-
ieved, but charge recombination was also minimized. These
factors increased the charge utilization and improved the redox
activity towards H, and VAP formation. A significantly high
formic acid formation underscores the high potential associ-
ated with holes and helps achieve C-C cleavage of glycerol
components. This particular aspect should be utilized to tackle
other biomass components too.

Conclusions

We synthesized xAu@TiO, (x = 0.1, 0.5, and 1 wt%) composites
via facile photo-deposition, with small Au clusters uniformly
deposited and electronically integrated on TiO,. 0.5Au@TiO,
exhibits maximum hydrogen yield in direct sunlight with glyc-
erol as a sacrificial agent compared to other biomass compo-
nents. This study focused on two aspects; (1) novel integration
of gold with TiO, and its large distribution due to small clusters,
which increases the effective charge transfer between semi-
conductor to metal and reduces the electron-hole recombina-
tion. (2) Glycerol is not only a promising sacrificial reagent but
could be oxidized to value-added products under aerobic
conditions. This aspect helps in the utilization of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photogenerated electrons and holes to hydrogen and value-
added products of glycerol, respectively. Glucose and cellulose
were also shown to exhibit hydrogen generation activity, and it
is suggested to explore them more with different catalyst
systems to find a potential solution for hydrogen and value-
added products. We believe the low activity with glucose/
cellulose, compared to glycerol, is due to the consumption of
charge carriers in breaking C-C bonds in the initial hours.
Hence, prolonging the reaction for a longer time in sunlight is
expected to produce VAPs and more hydrogen. Alternately, 1.5
and 2 sun conditions could be employed to perform the glycerol
and glucose oxidation reactions, which is expected to increase
the temperature further, in addition to light power. More work
in this direction is likely to improve the activity in the desired
direction of the biomass components to VAPS and hydrogen.

The preparation method can be utilized to prepare different
noble metal integrated TiO, composites, a combination of SPR
active metal and another transition metal in the form of alloy or
bimetal co-catalysts is likely to provide more options for tuning
the redox potential and hence the possibility of selectively
producing one value-added product at a time and hence
product separation step could be avoided. A combination of
such co-catalysts with different semiconductors could also be
evaluated for partial oxidation of biomass components by
photocatalysis.®® With an ideal catalyst, one may be able to
achieve maximum C-C cleavage towards making 100% of C1-
oxygenates, such as formic acid and formaldehyde. For
maximum light absorption, thin-film and powder form with
proper dispersion have the potential for large-scale applica-
tion.**”*> Recent work by Domen et al. on a 100 m”> photo-
catalyst panel for water splitting in sunlight indicates the
possibility to circulate a thin layer of suspension over large area
devices for the maximum absorption of sunlight to maximize
the reactivity.®® Less expensive system should be more practical
and sustainable for large-scale synthesis, but earlier literature
reports did not address the identification and quantification of
the oxidized VAPs produced during hydrogen evolution. In fact,
we suggest the practitioners of photocatalysis move from
employing a mere sacrificial agent to generating VAPs, as this
makes an attractive proposition.

It has been 50 years since the announcement of the first
proof of concept of water splitting by Fujishima and Hondaj;®
however, photocatalytic hydrogen evolution research and tech-
nology is still at the infantry level. We believe that a small step
suggested in the present manuscript could significantly impact
these strategies and can potentially make the photocatalytic
hydrogen evolution and glycerol oxidation process by photo-
catalysis attractive.
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