Eng. Sci., 2021, 16, 374-386

Engineered Science
DOI: https://dx.doi.org/10.30919/es8d478

Gold/Titania Nanorod Assembled Urchin-Like Photocatalysts
with an Enhanced Hydrogen Generation by Photocatalytic
Biomass Reforming

Cai Shi, '* Weijie Yuan,'* Keqi Qu,' Junming Shi,' Malin Eqi,' Xushen Tan,' Zhanhua Huang,"" Felipe Gandara,>" Duo Pan,>>
Nithesh Naik,* Yixiang Zhang' and Zhanhu Guo™>"

Abstract

Herein, we successfully constructed Au/hierarchical urchin-like TiO, architectures (Au/HT) photocatalysts, which were
assembled by crystalline nanorods by one-step solvothermal method under mild conditions. The as-prepared samples
showed an outstandingly renewable H; evolution by the photocatalytic glucose reforming. Au/HT revealed a high H; evolution
rate of 616.23 umol h™* gt under visible-light irradiation at low temperatures without any additional Pt co-catalyst, which was
about 46.23 and 15.81 times than that of P25 and HT, since the (one-dimensional) 1D nanorods could effectively accelerate
electron transfer and restrain the recombination of photogenerated carriers, meanwhile, (three-dimensional) 3D hierarchical
architectures could improve the light capturing capability of HT, and surface-plasmon resonance (SPR) effect of Au
nanoparticles, which further improved the separation efficiency of photogenerated charges, extended the visible light
absorption, and accelerated the H, generation. This work offers a potential way to produce sustainable H; from

environmentally renewable biomass materials using solar energy.
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1. Introduction

Over the past years, it has become evident that there is an
urgent societal need to develop and exploit efficient and clean
energy sources alternative to the traditional fossil fuels.*® The
use of hydrogen (H») as an energy vector offers great promise,
as its combustion does not cause any pollution."® The
generation of H from renewable sources, including solar
energy, water and biomass, which is a most appealing
approach to reach the ultimate goal of a zero emission and
carbon neutral economy.l'**? In this context, H, generation
through photocatalytic water splitting has become a theme of
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extensive research.l***%1 However, in general, the addition of
sacrificial electron donors (such as methanol, organic acids, or
amines, among others) is required,”*%! which inevitably
results in a waste of valuable chemicals. Biomass is the most
abundant renewable resource on earth, and it accounts for a
large part of the energy source for mankind.?*3% Moreover,
natural biomass or biomass-derived substances are quite
suitable precursors for the photocatalytic H» evolution.
Glucose, a kind of simple structure sugar aldoses, is one of the
most significant building block in the carbohydrate family and
it has a high H/C ratio. It can be easily obtained from
renewable biomass, making it ideal for photocatalytic H»
generation.® In the process of photocatalytic glucose
reforming for Hy evolution, electron and hole pairs (e¢7/h") are
generated upon light irradiation with energy higher than the
bandgap of the semiconducting photocatalysts. The e in
conduction band (CB) would reduce water to generate Ho,
while the h" in the valence band (VB) may be captured by H,O
or OH in aqueous solution to form highly oxidizing hydroxyl
radicals (*OH). These strong oxidizing substances (*OH and
h") would oxidize glucose to produce value-added
chemicals.[23
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TiO, remains as the most widely studied semiconductor
photocatalyst, and the mechanism of photocatalytic reforming
process has been extensively researched.F3+4 Although TiO-
has been extensively researched as a photocatalyst, its further
application in the field of photocatalytic H, generation has
been hampered by its inherent shortcomings, notably the
limited light absorption to only UV region and the rapid
recombination of photogenerated carriers.*?41 With an
improved photocatalytic performance, the crystalline
hierarchical TiO, (HT) nanorods effectively accelerated the e
transfer rate and restrained the recombination of
photogenerated carriers.[*4 Moreover, the modification of
the HT with noble metal nanostructures (Au) is a promising
method to further extend the visible light absorption of TiO»
and improve its photocatalytic efficiency.*! The unique
surface-plasmon resonance (SPR) effect of Au offers a large
local electric field and tunable resonance wavelength, which
further improve the separation efficiency of photogenerated
charges, extend the visible light absorption, and efficiently
enhance the photocatalytic activity.[4348.49

In this study, aiming to facilitate the utilization of
renewable energy such as biomass and solar energy, we report
herein the synthesis of AWHT photocatalysts by one-step
solvothermal method under mild conditions. SPR effect was
observed for H, generation. The prepared Au/HT
photocatalysts exhibited significantly enhanced visible light
absorption and e/h" separation efficiency, and the
photocatalytic H, evolution activity from glucose reforming
was also improved prominently. The highest H> production
rate of one of the materials here reported (HTA4) reached
616.23 umol h'! g!, which was 46.23 times higher than that of
commercial TiO, photocatalyst (P25). Finally, the possible
mechanism with the use of Au/HT photocatalysts under visible
light irradiation is proposed, including the promoted charge
transfer and the enhanced light absorption caused by the 3D
hierarchical architectures composed of nanorods and the SPR
effect of Au.

2. Experimental part

2.1. Synthesis of photocatalysts

HT were prepared according to our previous work by a
solvothermal method.®d Firstly, 0.5 mL of titanium
tetrachloride was added to 3 mL of acetone to constitute a
mixture, which was ultrasonicated for 30 min, then placed into
a Teflon-lined autoclave containing deionized water (3 mL)
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and reacted at 135 °C for 48 h. After the reaction, the obtained
HT was centrifuged and washed with ethanol and water, dried
at room temperature. Then, the Au/HT photocatalysts were
obtained using a hydrothermal method. 0.2 g HT were mixed
with different volumes of a 0.01 M HAuCls solution (0.24,
0.49, 1.46, 1.94, and 2.43 mL) in a mixed solution of 20 mL
H>0O and 10 mL of ethanol, and stirred for 30 minutes, then
transferred to a Teflon-lined autoclave, and heated at 140 °C
for 4 h. The resulting Aw/HT photocatalysts with different
initial Au contents (0, 1, 3, 4, and 5 wt%) were washed and
centrifuged with DI water and then dried under vacuum
overnight. The samples were labeled as HTAx, with x =0, 1,
3,4, and 5 wt%, respectively.

2.2 Photocatalytic H; evolution activity

Photocatalytic H, evolution from water splitting. The H»
production test were executed in an airtight Pyrex container
(350 mL), which had a gas discharge and circulation
photocatalytic system under visible light irradiated with a 300-
W Xenon lamp (Hxuv300 Visref, Beijing CEJ Tech. Co., Ltd.,
Beijing, China) on the top. In a typical representative
experiment, the as-prepared photocatalyst (50 mg) was
suspended into 100 mL aqueous solution containing 10% (v/v)
triethanolamine (TEOA) as sacrificial e donor, and
magnetically stirred. No cocatalyst was placed in the
photocatalytic system. The reactor was degassed 30 min by a
vacuum pump to remove air before irradiation and make sure
that the H, production reaction was conducted under vacuum
conditions. The reaction temperature was kept at 279 K by
circulating cooling water. Subsequently, the generated H, was
collected every 30 min and automatically quantified by gas
chromatography (GC-7920, Beijing CEJ Tech. Co., Ltd.,
Beijing, China) with a thermal conductivity detector (TCD),
and N, was used as carrier gas. Each photocatalytic reaction
lasted for 4 h.

Photocatalytic H> evolution from biomass reforming. The
H, production device used in this process was the same as the
H, evolution from water decomposition, and the
environmental conditions of the reaction were also the same.
The difference was that the 100 mL solution containing 10%
(v/v) TEOA was replaced by a glucose aqueous solution (100
mL) with a concentration of 1000 mg L. The slurry was
magnetically stirred for 2 h under dark conditions to realize an
adsorption-desorption equilibrium of glucose on the surface of
photocatalyst. The produced H, was automatically
quantitatively detected by gas chromatography (GC-7920,
Beijing CEJ Tech. Co., Ltd., Beijing, China) with a thermal
conductivity detector (TCD) every 30 min, and N, was used
as carrier gas.

2.3. Photoelectrochemical test

Electrochemical impedance spectra (EIS) and photocurrent
transient response (I-t) were measured in a three-electrode
system [counter electrode: Pt plate; reference electrode:
Ag/AgCl; working electrode: fluorine-doped tin oxide (FTO)
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glass with photocatalyst] on an electrochemical workstation
(CHI660E, Shanghai, China). Na;SO4 aqueous solution (0.50
M) was used as the electrolyte. The light irradiation was
supplied by a 300-W Xenon lamp source (4 > 420 nm). The
preparation of working electrode was conducted as follows: 2
mg of the pulverous sample was placed in 1 mL of ethanol,
ultrasonicated for 30 min, then nafion solution (10 pL) was
added and ultrasonicated for another 10 min to form a slurry.
The slurry (200 pL) was dipped onto the surface of FTO
substrate (1 cm x 1 cm) and baked with an infrared lamp. The
resulting photocatalyst-coated FTO was used as the working
electrode for the subsequent EIS and I-t tests.

3. Results and its discussions

3.1 Characterization of catalysts
The microstructure and morphology of HT were confirmed by
field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM), as depicted in Fig.
1. Figs. la-c shows the FESEM images of synthesized HT.
Nearly spherical aggregates with a diameter in the scope of 5
to 7 um are observed and are all formed by many radially
grown 1D crystalline nanorods. The TEM images, shown in
Figs. 1d and e, further illustrate how the structure of HT is
formed by the aggregation of TiO; crystalline nanorods. The
HRTEM (Fig. 1f) reveals that the individual nanorods with 38
nm in width are highly crystalline, and the measured
corresponding lattice spacing of 0.328 nm corresponds to the
(110) crystal plane of rutile TiO,. The selected area electron
diffraction (SAED) pattern presented in Fig. 1f (inset) shows

"single-crystal-like" diffraction spots.5%51 Figs. 1g-h shows
the TEM images of HTA4 sample (which is the one with the
optimal photocatalytic performance, as discussed below). The
images clearly demonstrate that the Au nanoparticles are
successfully loaded on the TiO, nanorods, and that they are
relatively spherical, with the diameter size ranging from 59-82
nm (the red dotted line). Moreover, the HRTEM (Fig. 1i)
shows a well-contacted interface between Au nanoparticles
and TiO, nanorods, which should be beneficial to facilitate e
transfer from excited Au nanoparticles to HT. The measured
lattice fringe spacings 0f 0.235 and 0.328 nm are in accordance
with Au (111) and rutile TiO, (110) lattice planes.52% The
TEM and corresponding elemental mapping (Fig. 1j) show the
corresponding elemental distribution of HTA4, which confirm
the presence of Ti, O, and Au elements. A chemical analysis
by ICP-OES indicated that the Au loading in HTA4 was 2.56%
Au with respect to HT. These results, along with the XPS
analysis discussed below, demonstrate the successful
deposition of Au nanoparticles on the HT surface.

The powder X-ray diffraction (PXRD) patterns of as-
synthesized HT and HTAx photocatalysts with different Au
contents (1-5 wt%) are shown in Fig. 2a, which further
characterize the phase composition and crystallinity. As we
reported earlier,[*?l the diffraction peaks of HT at 26 = 27.35°,
35.86°, 41.05°, 43.83°, 54.11°, 56.42°, 63.82°, and 69.57° are
indexed to the (110), (101), (111), (210), (211), (220), (220),
and (301) planes of rutile TiO,, while the diffraction peaks
located at 26 =25.22°,47.98°, 62.63°, 68.73°, and 82.26°
belong to the anatase TiO, (101), (200), (204), (116), and (224)
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Fig. 1 (a, b, ¢c) FESEM of HT, (d, e, f) TEM and HRTEM of HT (the SAED taken from the dotted line, Fig. 1f inset), (g, h, i) TEM
and HRTEM of HTA4, (j) TEM and the corresponding elemental mapping images of an individual HTA4.
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lattice planes.*®l From the characteristic diffraction peaks of
HTAX samples, it is clear that rutile TiOs is still present, which
indicates that the incorporation of Au nanoparticles did not
change the main crystal structure of TiO,. Interestingly, for the
HTAx samples, the characteristic diffraction peaks of anatase
TiO; at 260 =25.22° and 47.98° disappear, as compared to HT
PXRD patterns, which may be attributed to the transformation
of part of anatase into rutile phase due to the acidic
environment provided by HAuCly during the preparation of
samples.®*%1 The (111), (200), (220), and (311) diffraction
peaks of Au are observed at 26 = 38.18°, 44.10°, 64.76°, and
77.34°, respectively,®® with higher intensity as the Au amount
increases, as expected. We note that the (200) diffraction peak
of Au overlaps with the (210) of rutile TiO, in the PXRD
pattern of HTAx. However, the clear presence of the rest of
characteristic diffraction peaks confirms the presence of the
Au nanoparticles, which are successfully loaded on the HT
surface. Moreover, these PXRD analysis results agree with
those from TEM analysis.

The surface area and pore structure of HT, HTA4, and
HTAS were also analyzed by N, adsorption—desorption
isotherms at 77 K, and pore-size distributions. As depicted in

Fig. 2b, the isotherms of HT, HTA4, and HTAS show type IV
profile with a H3 hysteresis loop, which indicates the
presence of mesoporous capillary condensation. The existence
of mesopores in the samples is attributed to the interparticle
voids generated during the aggregation of the HT nanorods.
The BET specific surface areas of HT, HTA4, and HTAS were
calculated to be 31, 29, and 25 m* g, indicating that the
specific surface area of the HTA samples decreases after Au
incorporation. And they all exhibited a wide pore size
distribution of 2-50 nm (Fig. 2b inset), with an average pore
size of 7.39, 7.72, and 9.53 nm for HT, HTA4, and HTAS, and
the cumulative pore volume of HT, HTA4, and HTAS was 0.07,
0.07,and 0.06 cm® g™!, respectively. The above data shows that
their specific surface area has changed significantly upon the
incorporation of gold, which can also be explain the lower
photocatalytic H, production of HTAS than HTA4.5"

To get an insight into the surface chemical state and
elemental composition of the as-synthesized HTA4, a
comprehensive XPS analysis was performed, as shown in Figs.
2c-f. Fig. 2c shows the full-scan XPS spectrum of HTA4, from
which it can be clearly seen that the sample contains Ti, O,
and Au, as well as the presence of adventitious carbon. The

45
(a) Au(111) (220) (311) 40 (b)
(2000  _—HT s
P —HTA1 | 357
S —HTA3 | 2 30}%°
o ——HTA4 E 25[3’]
Q —HTAS .;; 20 '%“n
= ©° 10
L L I L N 1 L h o L L L L L
10 20 30 40 50 60 70 80 00 02 04 06 08 1.0
2Theta (degree) Relative pressure (P/P,)
(C) (d) Ti-O O1s
0 1s
3 3
s s
o oy
£ =
= s _ b
1200 1000 800 600 400 200 O 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)
(e) Ti2p 0 Ausr, Auaf
35 3 \
a 8
2 >
%* £ /
c c
7] 2 /_J
5 £ |
£ e AR

468 466 464 462 460 458 456 454
Binding energy (eV)

88 86 84
Binding energy (eV)

90 82

Fig. 2 (a) XRD patterns of HT and HTA with different Au content; (b) Nitrogen adsorption desorption isotherms and the
corresponding pore size distribution of HT and HTA4; (¢)XPS survey spectrum of HTA4, high-resolution XPS spectra of (d) Ols,

(e) Ti2p, (f) Audf of HTA4.
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acquired high-resolution spectra of O, Ti, and Au from HTA4
are shown in Figs. 2d-f. Fig. 2d shows the Ols spectra, and
two peaks are located at 529.6 and 531.0 eV, which belong to
the presence of Ti-O peak and oxygen vacancy (Ov). From the
high-resolution Ti2p XPS spectrum of HTA4 in Fig. 2e, it can
be easily realized the presence of Ti*" and Ti**. Thus, the peaks
centered at 457.9 and 463.7 eV correspond to Ti2ps» and
Ti2p1,2 of Ti**, respectively, while those at 458.4 and 464.1 eV
arise from the spin states of 2ps and 2pi» of Ti*" with a 5.7
eV peak separation.?58 [t can be inferred from the Ti2p and
O1s XPS spectra that the presence of Ti** introduces Ov into
the composites, which is beneficial for the improvement of its
photocatalytic activity.5+%659 Fig. 2f displays the XPS
spectrum of Au4f, which consists of the peaks centered at 82.9
and 86.7 eV, assigned to Au4f;, and Au4fs,, respectively.
These binding energy values indicate the formation of metallic
Au phase (Au’).[°61 The above XPS results further validate
the elemental EDS mapping images, and the successful
incorporation of Au nanoparticles.

In general, the capacity of light absorption, and the rapid
separation of photo-generated charges and successful transfer
to reactive sites on the surface determine the photocatalytic
activity of materials.®2 To investigate the behavior of

photogenerated carriers, we analyzed the optical and
photoelectrochemical properties of the five prepared
photocatalysts, as shown in Fig. 3. Fig. 3a shows the UV—vis
diffuse reflectance spectra (UV—-vis DRS) of HT and various
HTAX samples. Interestingly, HT revealed an absorption band
at around 424 nm in the visible light range, which was
probably due to the doping of Ti*" in HT.13! Compared to HT,
the absorption band edges of HTAx samples showed a
significant red-shift, while the HTA4 sample demonstrated an
absorption edge red shift to 463 nm.

The visible light harvesting capacities of HTAx within
500-600 nm were efficiently heightened with a higher Au
nanoparticle content (SPR effect, the dashed line in Fig. 3a),
particularly for the HTAS sample, %% as expected due to the
accumulation of Au nanoparticles in higher concentrations.
The band gap potentials (Eg) calculated from Tauc plots
(Equation 1) of HT and HTA4 (the sample with optimal
photocatalytic activity) photocatalysts are 2.92 and 2.68 eV
(Fig. 3b), respectively. A lower band gap value is beneficial
for visible light absorption and the enhancement of
photocatalytic activity, which will be described in detail in the
mechanism section.
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Fig. 3 (a) UV-vis DRS, (b) the corresponding bandgap energy, (c) fluorescence spectra of HT and different HTA samples; (d) transient

photocurrent response of HT and HTA4, (e) EIS of HT and

different HTA samples under visible-light irradiation and the

corresponding equivalent circuit of HTA4 (the inset), (f) EIS of HT and HTA4 in the dark and under visible-light irradiation,

respectively.
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ahv = A(hv — Eg)™? (1)
where a, h, v, and A are the absorption coefficient, Planck’s
constant, light frequency, and a constant, respectively, for
direct semiconductors, the value of nis 1.

Afterwards, fluorescence tests were performed to research
the separation and recombination of photogenerated e/h" in
the catalysts. As depicted in Fig. 3c, the obtained strong
fluorescence emission intensity of HT located at 425 and 575
nm indicates a faster e-h” recombination rate, while the
fluorescence intensity of HTAx displays a distinct decrease as
the Au content increases, manifesting that the incorporation of
Au nanoparticles alleviates photogeneration carriers
recombination, and promotes the transfer of charges. Among
them, the weakest intensity of HTA4 implied the highest e™-h*
mobility. The above results were further validated by I-t
measurements. In Fig. 3d, it can be seen that HTA4 exhibits
an enhanced photocurrent response compared to HT. This
further supports the significantly improved photoinduced e
mobility in HTA4 during light illumination.

EIS were further used to validate the charge carriers
transfer behavior of HT and various HTAx photocatalysts
(Figs. 3e-f). As shown in Fig. 3e, the semicircle radius at high
frequency region of HTA4 is obviously smaller than the others,
which reveals a more efficient charge transfer process at the
photoelectrode-electrolyte interface,®® as indicated in the
equivalent circuit of HTA4 (the inset of Fig. 3e). The Nyquist
plots of HT and HTA4 electrodes under visible-light
irradiation and in dark conditions are shown in Fig. 3f. Both
HT and HTA4 exhibit a large impedance radius in dark,
signifying that the generation and transfer of photo-generated
charge carriers are more likely to occur under visible light
irradiation, which is more conducive to the subsequent
improvement of photocatalytic activity. The above results
indicate that the incorporation of the Au nanoparticles into the
catalytic system dramatically improves the separation
efficiency of photogenerated charges, which will be beneficial
to accelerate H, generation at the interface. The separation
mechanism of photogenerated e/h” in HT and HTA4 was

further confirmed by their band structures.

Fig. 4a displays the Mott-Schottky plots of HT and HTA4
samples in dark at frequency of 1 kHz. A positive slope of the
line implies a n-type conductivity. The x-axis intercept of the
curve indicates the flat band potential (Vg,) with the values of
-0.45 and -0.92 V (vs. Ag/AgCl at pH = 6.6), corresponding to
-0.25 and -0.72 V (vs. the normal hydrogen electrode, NHE),
for HT and HTAA4, respectively.[ For n-type semiconductors,
the Ecg of HT and HTA4 are -0.25 and -0.72 V (vs. NHE).
Considering the E; of HT and HTA4 calculated by UV-vis
DRS spectra to be 2.92 and 2.68 eV (Fig. 3b), based on the
empirical formula E; = Eyvg — Ecg, the Evg of HT and HTA4
are +2.67 and +1.96 V vs. NHE. The energy band structure
diagram is shown in Fig. 4b. Compared with HT, the band gap
of HTA4 moves in a more negative direction (CB: -0.25—-
0.72 V), which is advantageous for the photocatalytic H»
evolution (E(H"/H,=0 V vs. NHE)).

3.2. Photocatalytic activity measurement

The photocatalytic activity of the samples was evaluated with
their use in H» evolution reaction from water splitting and
biomass reforming. Fig. 5a reveals a time-dependent
cocatalyst-free photocatalytic H» generation from water over
various HTAx photocatalysts using TEOA as a sacrificial
reagent under a visible-light irradiation. As a blank experiment,
only trace H, was generated with the use of P25 (2.73 pumol
after 240 min) because of the rapid recombination of
photogenerated charge carriers and the narrow light response
scope. In the case of HT, the detected small H» evolution (7.02
umol after 240 min) was attributable to the doping of Ti*" and
the hierarchical architectures formed by the directional
assembly of nanorods, resulting in the proper CB position and
the photogenerated e~ with sufficient reduction ability. For
HTAXx, it is apparent that the amount of H, production
gradually increases as the irradiation time is prolonged. With
increasing the content of Au nanoparticles in samples, H»
production of HTAx increases from HTA1 to HTA4, and then
decreases for HTAS. The decreasing of H, production with
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Fig. 4 (a) The Mott-Schottky plots of HT and HTA4 photocatalysts vs Ag/AgCl at pH = 6.6; (b) Band structure diagrams of HT and

HTAA4.

© Engineered Science Publisher LLC 2021

Eng. Sci., 2021, 16, 374-386 | 379



Research article

Engineered Science

increasing the Au incorporation may be due to the shielding
effect and the formation of charge recombination centers.
Another aspect may be the accumulation of Au may limit its
absorption of light, or the decrease of specific area leading to
the reduction of reaction sites for adsorbed reactants, which is
consistent with the BET analysis in Fig. 2b.®l HTA4 exhibited
the optimal H, generation activity with a rate of 349.75 umol
h'! g'!, which was about 47.52 and 9.89 times higher than that
of P25 and HT, respectively, as shown in Fig. 5b. The
modification of the catalyst with the incorporation of Au
nanoparticles with a SPR effect dramatically improves the
separation efficiency of photogenerated charges and
accelerates the H, generation at the interface.®*%1 HTA4
sample exhibited good stability during the photocatalytic H»
production, and the H; activity was decreased slightly after
five cycles, which might be due to the fact that part of the co-
catalysis Au fell off from the HT crystalline nanorods due to
the centrifugation in the process of recycling (Fig. 5¢).
Photocatalytic reforming of biomass is a promising method
for the sustainable production of Ha. In our study, glucose was
used as a simplified model for H evolution by photocatalytic
reforming. Fig. 5d shows the H, evolution profiles obtained
from the photocatalytic glucose reforming over various
photocatalysts. Similar to water splitting, there was only small
H, evolved over P25 (3.87 pumol after 240 min) and HT (7.59

pmol after 240 min) in glucose solution due to its wide band
gap and the limited visible light absorption. Compared with
P25 and HT, the HTAx catalysts exhibit a remarkably
improved H, production activity by photocatalytic glucose
reforming, with HTA4 showing the highest H, generation rate
(616.23 umol h! g!). The H» evolution performance of HTA4
was about 46.23 and 15.81 times higher than those of P25 and
HT (Fig. 5e). These results manifested that the doping of Ti**
introduces Ov can effectively accelerate the separation of
photogenerated carrier, in addition, the 3D hierarchical
architectures formed by the directional assembly of crystalline
nanorods, and the SPR effect of the incorporated Au
nanoparticles further dramatically prolonged the life of
photogenerated carriers and accelerated the H» generation at
the interface.[% Hydrogen source is very important for
biomass reforming. A large number of experimental studies
have shown that hydrogen comes from the decomposition of
solvent water. Glucose oxidation, while acting as a hole
scavenging agent, can also produce some high-value
chemicals.'*® Considering the glucose is not a typical
biomass, photocatalytic biomass reforming for H, generation
was then expanded to other biomass, such as fructose, xylose,
galactose, saccharose, xylan, and cellobiose (Fig. 6a). Glucose,
fructose, and galactose with smaller substrate size had higher
H, production rate (Fig. 6b).
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The excellent photocatalytic performance of HTA4 is
compared in Fig. 7 with other TiO;-based catalysts reported in
the literatures. Good activity is observed in HTA4 under a
lower reaction temperature without the need of additional Pt
co-catalyst. It is worth noting that the use of natural renewable
biomass as e donor avoids the waste of valuable chemicals,
such as alcohols, organic acids, or amines. It also provides a
valuable reference for our subsequent biomass reforming to
produce H» and the preparation of platform chemicals. In
addition, after 5 consecutive cycles (20 h) of HTA4 stability
experiments (Fig. 5f), the H, production rate was decreased
slightly, which might be due to the coverage of active sites for
H, production by liquid by-products in the biomass reforming
process besides the partial co-catalyst abscissions as
mentioned above. Moreover, the PXRD and TEM
characterizations of the recovered photocatalyst, as shown in
Fig. 8, demonstrate no structural nor morphological change,
which supporting the excellent stability in a long-term
photocatalytic reaction. The above results indicate that the
photocatalytic H, production is feasible in the absence of Pt
co-catalyst, especially in the process of photocatalytic biomass
reforming (where glucose is also used as a hole scavenger).
This offers a very powerful alternative among the practical and
low-cost technologies in the H»-based energy systems.

photocatalysis over HTA4 is explained in Fig. 9. As evidenced
in Figs. 3 and 5, The Ti** doping introduces Ov can form a
new sublevel state at the near bottom of the HT CB, which can
shorten the band gap of HT, and thus speed up the e-h*
separation, then prominently improve the photo-response for
visible light, meanwhile, the 3D hierarchical nanorods
architectures, and the incorporation of Au nanoparticles cause
HTA4 with an enhanced visible light absorption and hindered
the recombination of the photogenerated e/h” pairs. This
combination of factors makes HTA4 as the best photocatalyst
in Hy evolution reaction among the studied samples at low
temperature without any additional Pt co-catalyst. Under
visible light irradiation, HT became active to generate e/h",
the e in the CB of HT migrated to Au nanoparticles motivated
by the Schottky barrier, which improved the separation
efficiency of photogenerated charge carriers. The VB position
of HTA4 was more positive than the standard redox potential
of OH/-OH, indicating the -OH can be generated for the
following glucose oxidation. And the h" remaining in the VB
of HT reacted with sacrificial reagent (TEOA) in the aqueous
solution for photocatalytic H> evolution from water splitting.
Since the CB position of HTA4 (-0.72 V, Fig. 4b) is more
negative than the reduction potential of H/H, (0 V vs. NHE at
pH=7), the accumulated e on Au nanoparticles could react

The potential H, generation mechanism by with H" to form H (Fig. 9a). For photocatalytic H evolution from
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Fig. 7 Comparison of the H, generation activity for some TiO,-based photocatalysts under different (a) wavelength range, (b)
sacrificial reagent and (b) reaction temperature (All details were described in Table S1 in the Supporting Information).
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glucose reforming, the positively charged h* and -OH with a
strong oxidizing ability in the VB of HTA4 would participate
in the glucose reforming process, which lead to the production
of more e that contribute to the photocatalytic H, generation
on the surface of Au nanoparticles. Meanwhile, as shown in
Fig. 9b, arabinose, formic acid, and erythrose are the most
possible products obtained during the process of glucose
oxidization.>7

4, Conclusions

A simple one-step solvothermal approach has been
successfully carried out to prepare Au/hierarchical TiO;

(@) v (vs. NHE)

-1.0

+1.0

OH/-OH
+2.0

architectures as photocatalysts through the assembly under
mild conditions of crystalline nanorods with different amounts
of gold. Among the prepared materials, HTA4 exhibits the
prominent photocatalytic H, generation performance from
glucose reforming at low temperature without any additional
Pt co-catalyst, reaching a H, evolution rate that is about 46.23
and 15.81 times higher than that of P25 and HT, respectively.
The prominent photocatalytic H, generation performance was
ascribed to the particular hierarchical TiO, architectures,
which improved the light capturing capability, restrained the
recombination of photogenerated carriers, and the SPR effect
of Au nanoparticles that further enhanced the separation

OH OH
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Fig. 9 (a) Illustration of H, generation mechanisms and (b) the possible reactions of glucose by photocatalysis over HTA4 under

visible light irradiation.
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efficiency of photogenerated charges and extended the visible
light absorption. In the process of photocatalytic glucose
reforming for H, evolution, the e” in CB reduced the proton of
water to generate Hy, meanwhile, glucose was oxidized by h*,
further promoting the H» evolution. This work demonstrates
promising results to sustainably produce H, from
environmentally renewable biomass by using solar energy,
which is worthy of reference and promotion for the sustainable
development of human beings.
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