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ite nanofibers for photocatalytic
hydrogen evolution

Xiaojiao Yang, a Xuelian Wu,b Jun Lia and Ying Liu *a

TiO2-based materials for photocatalytic hydrogen (H2) evolution have attracted much interest as

a renewable approach for clean energy applications. TiO2–Au composite nanofibers (NFs) with an

average fiber diameter of �160 nm have been fabricated by electrospinning combined with calcination

treatment. In situ reduced gold nanoparticles (NPs) with uniform size (�10 nm) are found to disperse

homogenously in the TiO2 NF matrix. The TiO2–Au composite NFs catalyst can significantly enhance the

photocatalytic H2 generation with an extremely high rate of 12 440 mmol g�1 h�1, corresponding to an

adequate apparent quantum yield of 5.11% at 400 nm, which is 25 times and 10 times those of P25 (584

mmol g�1 h�1) and pure TiO2 NFs (1254 mmol g�1 h�1), respectively. Furthermore, detailed studies indicate

that the H2 evolution efficiency of the TiO2–Au composite NF catalyst is highly dependent on the gold

content. This work provides a strategy to develop highly efficient catalysts for H2 evolution.
Introduction

Photocatalytic hydrogen (H2) evolution has drawn great atten-
tion as a promising approach to overcome the energy crisis by
converting solar energy to H2 fuel directly.1–3 On the basis of
Fujishima's pioneering work,4 numerous semiconductor-based
photocatalysts have been developed to produce H2 (such as
TiO2,5 CdS,6 ZnO,7 Cu2O,8 etc.). TiO2 has attracted much atten-
tion owing to its excellent properties including low cost, envi-
ronmental friendliness, strong oxidizing power and high
stability.9 However, the photocatalytic efficiency of TiO2-based
materials is still limited, with a low solar light harvesting
capability due to its wide band gap and high charge recombi-
nation rate.10 Therefore, it is important to develop TiO2-based
photocatalysts for increasing the light harvesting and
promoting the photoinduced charge separation during the H2

generation process.
Numerous attempts have been devoted to improving the H2

generation efficiency of TiO2 materials including doping,11

metal deposition,10,12 and heterostructures formation.13 Chiu14

has designed a quaternary Ti–Nb–Ta–Zr–O mixed-oxide nano-
tube arrays; Hsieh15 has conducted compact deposition of In2S3
nanocrystals on the TiO2 nanowire array; Li16 has prepared by
electrodepositing a Cu2O layer on the surface of Au particle-
coated TiO2 arrays; Chang17 has synthesized CdS/CdSe co-
sensitized brookite TiO2 nanostructures with hydrogen doping
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(H:TiO2/CdS/CdSe) in a facile solution reaction. All these TiO2-
based materials were developed to enhance the amount of
accessible charge carriers, modify the electronic structure,
improve the hole injection kinetics for the photo-
electrochemical water splitting.

Combining TiO2 with highly dispersed noble metal nano-
particles (NPs) as cocatalyst is a feasible approach for
enhancing the photocatalytic performance.18 Among the noble
metal NPs (i.e. Au,19,20 Ag,21 Pt,22 Pd23,24), gold with nite NPs size
can spatially separate the photogenerated charge carriers.3,25

Much efforts have been focused on TiO2 NPs as matrix and
different size or shape of gold NPs, to understand the ne-
tuning the surface plasmon resonance effect.26 Pu and his
colleagues27 have reported that the photocatalytic ability of TiO2

nanowires can be effectively enhanced in the entire UV-visible
region by adopting different shapes of the decorated Au nano-
structures. Compared to other nanostructures, TiO2 nanobers
(NFs) possess additional advantages due to its specic
morphologies with large aspect ratio and large specic surface
area for photocatalytic activity.28 Yoshikawa29 has proved that
the TiO2 NFs catalyst can promote the opportunities for pho-
tocatalytic H2 evolution. Xia and Li30,31 successfully fabricated
the TiO2 NFs and its composite deposited with gold NPs.
However, there are seldom literatures studying the TiO2–Au
composite NFs as photocatalyst for H2 generation and the effect
of gold content on photocatalytic performance.

Herein, TiO2–Au NFs composites with different gold content
were fabricated via electrospinning combined with subsequent
calcination. The gold NPs are in situ reduced during the calci-
nation process while the polymer components are decomposed
and removed to form TiO2 NFs.32 The gold content is tuned by
controlling the amount of gold precursor added during
RSC Adv., 2019, 9, 29097–29104 | 29097
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synthesis process, and all the chemicals are mixed homoge-
nously in solution with molecular level. The H2 evolution with
TiO2–Au NFs catalyst has been investigated.
Methods
Materials

Polyvinylpyrrolidone (PVP, Mw � 1 300 000) and chloroauric
acid (HAuCl4$3H2O, $99.9%) were purchased from Aldrich (St.
Louis, MO, USA). Titanium isopropoxide (TTIP, C12H28O4Ti,
$99.9%), ethanol (EtOH) and acetic acid (HAc) were obtained
from Chengdu Kelong Chemical Reagent Factory (Chengdu,
China). All chemical reagents were analytically pure and used
directly without further purication.
Fabrication of TiO2–Au composite NFs with different gold
content

TiO2–Au composite NFs catalysts were synthesized through
electrospinning (ES) combined with subsequent calcination
process as shown in the schematic diagram (Fig. 1). In a typical
process, PVP were dissolved in EtOH to obtain 7 wt% PVP–EtOH
polymer solution, and then 1.5 g of TTIP were added into
a mixture of 3 mL HAc and 3mL EtOH, mixing with 6.43 g of the
previous PVP–EtOH solution to form PVP–TTIP ES solution.33 A
given amount of gold precursor (HAuCl4$3H2O) were added
directly into the PVP–TTIP solution under vigorous stirring to
form PVP–TTIP–Au ES solution and the mass ratio of Au/TiO2 in
the nal products were 0 wt%, 3 wt%, 6 wt%, 9 wt%, and
12 wt%, respectively. The as-spun precursor NFs were obtained
aer a typical ES process, and then calcined at 500 �C for 2
hours in air to get the nal products of TiO2 NFs and TiO2–Au
composite NFs with different gold content, which were denoted
as TiO2–Au-0 wt% (equaled to bare TiO2 NFs), TiO2–Au-3 wt%,
TiO2–Au-6 wt%, TiO2–Au-9 wt%, and TiO2–Au-12 wt%,
Fig. 1 Schematic diagram illustrating the formation of TiO2–Au
composite NFs.

29098 | RSC Adv., 2019, 9, 29097–29104
respectively. The commercial titania catalyst of Degussa P25 is
chosen as the benchmark.

Photocatalyst characterization

Themorphologies and structures of the TiO2–Au composite NFs
were characterized by scanning electron microscope (SEM,
Inspect F50, FEI, USA) and X-ray diffractometer (XRD, DX-2000,
HAOYUAN, China), using Cu Ka1 l ¼ 1.54056 �A radiation. The
average ber diameter and particle size of samples were deter-
mined with soware of Nano Measurer performed on SEM
images. Transmission electron microscope (TEM) and high-
resolution transmission electron microscope (HR-TEM)
images, as well as energy-dispersive X-ray spectra (EDS) were
obtained on a JEOL 2100F microscope to evaluate sample
morphology and further conrm crystalline structures and
elemental compositions. Photoluminescence (PL) spectra were
performed with an excitation wavelength of 320 nm by a spec-
trouorometer (FluoroMax-4, Horiba, Japan). UV-visible diffuse
reectance spectra (UV-vis) were obtained on a Shimadzu UV
3600 spectrophotometer.

Photocatalytic activity evaluation

The photocatalytic H2 generation performances of all the
samples were evaluated under full spectrum irradiation (a
300 W xenon arc lamp) for 3 hours. In a typical procedure,
30 mg of each prepared catalysts was dispersed in 150 mL of
water/methanol mixture with the volume ratio of 9 : 1 under
ultrasonic. In order to avoid the inuence of air, argon was
purged into the system half an hour to remove the air. And then
the as-prepared suspension solution was irradiated under light
(xenon lamp, 300 W) with magnetic stirring, and a water jacket
was used to remove the thermal catalytic effect. The irradiation
intensity for photocatalytic experiment was 380 mW cm�2.
During the photocatalytic H2 generation process, the evolved
gas was analyzed by using a gas chromatography (GC, 8A, Shi-
madzu) with an interval of 30 min.34 Apparent quantum yield
(AQY) of H2 evolution were determined by using the equation of
AQY (%) ¼ (number of reacted electrons/number of incident
photons) � 100%.35

Results and discussion
Gold content effects on morphologies and structures

Themorphologies of TiO2 NFs and TiO2–Au composite NFs with
different gold content were investigated by SEM as shown in
Fig. 2. It can be seen that the TiO2 NFs (average diameter of 160
nm) possess a rough surface while the TiO2–Au composite NFs
still have brous morphology, but with well dispersed bright
dots, that were identied as gold NPs by XRD and TEM results.
The gold NPs disperse homogeneous in all the TiO2–Au
composite NFs with different gold content. In order to check the
effects of gold content on the particle size, the average size of
gold nanoparticles for each sample were determined from
measurements of SEM images performed on 100 particles using
the soware Nano Measurer. The gold nanoparticles can be
divided in two types: one is uniform gold particles, another is
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images of TiO2–Au composite NFs with different gold content calcined at 500 �C in air for 2 h: (a) 0 wt%; (b) 3 wt%; (c) 6 wt%; (d)
9 wt% and (e) 12 wt%.

Fig. 3 XRD patterns of P25, TiO NFs and TiO –Au-12 wt% composite
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the nonuniform gold nanoparticles on the surface of TiO2 ber.
Firstly, by analyzing the SEM images carefully, it can be seen
that the gold nanoparticles with uniform size were of �10 nm,
which is contributed to the crystal of TiO2 that preventing the
growth of gold. And this comments also are conrmed by the
related TEM images as shown in Fig. 4.

Secondly, the gold nanoparticles with nonuniform size and
disturbing by the gold contents on the surface of TiO2 NFs. The
nanoparticles are more easily to migrate and aggregate to form
larger nanoparticles with increasing of the gold content, that
can overcome the inhibition from TiO2 crystals. So the higher
gold content the larger particle size should make sense in
logical. However, the size of particle on the surface didn't have
the direct relationship with gold content, it was random form
tens of nanometer. The seed formation and particle growth are
complicated and inuenced by many factors of thermody-
namics and kinetics, especially during the calcination process.
Thus the size of gold nanoparticle on the surface of TiO2–Au
NFs with different contents were nonuniform. As increasing the
gold content, the number of gold NPs increase, and the gold
content in the nal product can be varied precisely by the
amount of gold precursor added in the ES solution.

It has been gured out by Wang et al.34 that the intensity of
the diffraction peaks of gold grows as increasing the gold
content. Thus the sample with highest gold content of 12 wt%
has been chosen and analyzed to check the difference between
TiO2 NFs and TiO2–Au composite NFs more clearly. The crystal
structures of P25, pure TiO2 NFs and TiO2–Au composite NFs
(with gold content of 12 wt%) were determined by XRD as
shown in Fig. 3. The XRD patterns of P25 and TiO2 can be well-
indexed to anatase (JCPDS card no. 00-021-1272). To check
carefully, there are three others peaks for P25 could be found at
2q¼ 27.4�, 36.1�, and 41.2� indexed as the (110), (101), and (111)
planes of rutile (JCPDS card no. 00-021-1276), respectively.32

Comparing to pure TiO2, the XRD patterns of TiO2–Au
composite NFs are also well-indexed to anatase and there is no
peaks related to rutile phase. Meanwhile, there are three addi-
tional peaks located at 2q ¼ 44.4�, 64.6�, and 77.5�, that corre-
spond to the (200), (220), and (311) planes of the gold cubic
phase (JCPDS card no.00-004-0784).32 The commercial Titania
Degussa P25 is the composite of anatase and rutile, while the
sample of TiO2 NFs and TiO2–Au composite NFs are mainly of
anatase. These results conrm that the TiO2–Au composite NFs
are composed of anatase and gold, and the crystal sizes were
This journal is © The Royal Society of Chemistry 2019
determined to be 20 nm and 8 nm based on the XRD patterns by
using Scherrer's equation.

From TEM images (Fig. 4a), it can be seen that the NFs is well
decorated with spherical NPs, where the average size is�10 nm.
The crystallographic (111) plane of gold and (101) plane of
anatase are observed clearly with the corresponding lattice
distance of 2.2 �A and 3.3 �A in the HRTEM images shown in
Fig. 4b. Hence, the HRTEM results of TiO2–Au composite NFs
conrm that the gold NPs are well dispersed into TiO2 NFs
matrix, which is in accordance with the XRD results. Further-
more, the added elemental composition of gold and titanium
(during the preparation of the photocatalysts) were matching
with the composition of elements analyzed by EDS shown in
Fig. 4c. Murdoch et al.36 have reported that gold NPs with the
size range of 3–30 nm deposited on TiO2 are highly active,
whereas there is no inuence on the H2 generation rate over the
3–12 nm range. Moreover, gold NPs with similar size has better
functionalization effect on anatase than rutile NPs. Thus, the
TiO2–Au composite NFs with gold NPs (�10 nm) and anatase
matrix of TiO2 NFs are supposed to show good photocatalytic
performance for H2 evolution.
Gold content effects on optical properties

Photoluminescence (PL) measurement was conducted on all the
samples with an excitation wavelength of 320 nm, to evaluate
2 2

NFs.

RSC Adv., 2019, 9, 29097–29104 | 29099
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Fig. 4 (a) TEM image of TiO2–Au-12wt% composite NFs; (b) high-resolution TEM image of Au NPs embedded TiO2 NFs showing the Au and TiO2

lattices; (c) EDS spectrum of TiO2–Au-12 wt% composite NFs.
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the effects of gold content on the photoinduced charge transfer
and charge recombination loss.37 As shown in Fig. 5, the PL
spectra of each sample have three main emission peaks located
at 394 nm, 413 nm and 467 nm within a board emission band
ranging from 375 nm to 500 nm. Comparing the PL intensity of
all the samples, P25 possesses the highest intensity which is
followed by TiO2. Aer doping with gold NPs, the PL intensity of
TiO2–Au is lower than TiO2, and the intensity gradually
decreases as the gold content increasing. Au as an electron
acceptor had a quantitative effect on the mediation of interfa-
cial charge transfer. When the Au content increased, the emis-
sion lifetime was reduced, suggesting the signicant decrease
in the charge carrier separation at the interface.38 It is reported
that a higher PL peak intensity corresponds to a higher
Fig. 5 Photoluminescence spectra of P25, TiO2 NFs, and TiO2–Au
composite NFs with different gold content.

29100 | RSC Adv., 2019, 9, 29097–29104
incidence of photogenerated carriers recombination within
titanium powders.39 The lower PL intensity for TiO2–Au samples
is attributed to the electrons transfer from TiO2 conduction
band to gold NPs; in this case the electron–hole recombination
is restricted. Thus the photoexcited electrons are conned
within gold NPs while holes remain at the TiO2 valence band.40

Consequently, TiO2–Au composite NFs catalyst can signicantly
inhibit the recombination of photogenerated charge carriers.

The UV-vis absorption spectra of all the samples are shown
in Fig. 6. Comparing with the pure TiO2 NFs and P25 that can
only absorb UV light, the TiO2–Au composite NFs have signi-
cant light absorption in the visible region (�380–780 nm) due to
the surface plasmon resonance (SPR) effect of gold. In general,
the semiconductor band gap is related to the light absorption
capability where a decreased band gap indicates the increasing
of absorption edge.41 The absorbance curve of TiO2–Au
composite NFs exhibited an absorption edge red shi from
ultraviolet to visible region compared with that of TiO2 NFs. As
increasing the gold content, the intensity of the SPR absorption
peak in the visible region is dramatically increased, while the
position of the SPR absorption peak shied non-monotonically.
The position and intensity of SPR absorbance peak are strongly
depended on multiple factors, such as environment dielectric
properties, the particle size, shape, size distribution and
contents of gold NPs.42 The gold NPs of TiO2–Au composite NFs
with different contents have different average size and distri-
bution that was discussed in detail at the SEM parts. This could
be the possible explanation for the non-monotonically shi.

As shown in Fig. 6b, the Tauc plots based on the UV-vis
curves determine the band gaps, that are 3.15 eV and 2.75 eV
for TiO2 NFs and TiO2–Au composite NFs, respectively.43,44 The
reduced band gap of TiO2–Au composite NFs suggests that the
presence of gold NPs can effectively increase the absorption
edge and enhance the photocatalytic efficiency. It is also bene-
cial for extending the light absorption to the visible light
range, that is one of the vital factors to improve the photo-
catalytic H2 generation performance.45 Therefore, TiO2–Au
composite NFs photocatalyst can be excited by visible light,
resulting in an enhancement of H2 generation.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 UV-visible absorption spectra of (a) P25, pure TiO2 and TiO2–Au composite with different gold content; (b) Tauc plots of TiO2 and TiO2–
Au-9 wt%.
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Gold content effects on photocatalytic H2 evolution

The H2 evolution activity was compared among the P25, TiO2

NFs, TiO2–Au composites NFs with different gold content, and
the H2 evolution rate is compared by normalized as per gram of
catalyst and per hour of irradiation time (as shown in Fig. 7).
The linear increase of all the samples in the evolved H2 indi-
cates the stability of the catalyst. The lowest H2 evolution
activity of 584 mmol g�1 h�1 was obtained from commercial P25
with the specic surface area of 53.2 m2 g�1, while the activity
increases more than 2 times of TiO2 NFs (1254 mmol g�1 h�1)
with the specic surface area of 18.7 m2 g�1. The photocatalytic
efficiency were promoted for TiO2–Au composite NFs, attrib-
uting to the excitation of surface plasmon band by Au NPs. The
excess of Au NPs loading on TiO2 can enhance the local elec-
tromagnetic eld and generate high-energy hot electrons.46 As
the gold content increasing from 3 wt% to 6 wt%, while the
specic surface area decreased from 11.9 m2 g�1 to 9.5 m2 g�1,
leading to a higher H2 generation. The TiO2–Au composite NFs
with the gold content of 9 wt%, showing a specic surface area
of 8.4 m2 g�1, possesses the best photocatalytic performance of
12 440 mmol g�1 h�1, which is almost 21 times higher than P25
and nearly 10 times of TiO2. However, further increase of the
Fig. 7 H2 evolution of P25, TiO2 NFs and TiO2–Au composite NFs catal

This journal is © The Royal Society of Chemistry 2019
gold content to 12 wt% resulted in the H2 production of 1605
mmol g�1 h�1, which is comparable with TiO2–Au-3 wt% (1602
mmol g�1 h�1). Au with relatively high content may function as
recombination centers to invoke interfacial charge recombina-
tion instead of promoting charge separation.46

In order to exclude the contribution of specic surface area,
the H2 evolution rate was normalized for each sample. As shown
in Table 1, the specic surface areas were decreased from 18.7
m2 g�1 to 7.2 m2 g�1, as the gold contents increased from 0 wt%
to 12 wt%. It had the same results that TiO2–Au-9 wt% was the
optimal sample of 1481 mmol h�1 m�2, which was 135 times
higher than P25 (11 mmol h�1 m�2) and 22 times better than
TiO2 (67 mmol h�1 m�2). It indicates that gold content is the
predominant factor rather than the specic surface area for the
photocatalytic efficiency. Meanwhile, the apparent quantum
yield (AQY) of H2 evolution for all the catalysts have been
determined and provided in Table 1. The highest hydrogen
generation rate of 12 440 mmol g�1 h�1, corresponding to the
AQY of 5.11% at 400 nm, is achieved for TiO2–Au composite NFs
with the gold content of 9 wt%. And the AQY are 0.24%, 0.52%,
0.66%, 1.19%, and 0.66% for P25, 0%, 3%, 6%, and 12%,
respectively. When Au NPs with a suitable amount (9 wt%) were
loading on TiO2, the interfacial charge transfer of NFs was
yst with different gold content under light irradiation.

RSC Adv., 2019, 9, 29097–29104 | 29101
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Table 1 H2 evolution rate, apparent quantum yield at 400 nm, specific surface area and H2 evolution rate normalized with specific surface area
of each sample

Sample P25 0% 3% 6% 9% 12%

H2 evolution rate/mmol g�1 h�1 584 1254 1602 2888 12 440 1605
Apparent quantum yield at 400 nm 0.24% 0.52% 0.66% 1.19% 5.11% 0.66%
Specic surface area/m2 g�1 53.2 18.7 11.9 9.5 8.4 7.2
H2 evolution rate normalized with
specic surface area/mmol h�1 m�2

11 67 135 304 1481 223

Fig. 8 Scheme of the photocatalytic H2 generation mechanism of TiO2–Au composite NFs.
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highly mediated to render the facilitated electron scavenging
from TiO2, giving rise to an increased amount of photoexcited
free electrons that could be extracted for further utilization.47

These results indicate that the doping of gold NPs plays a posi-
tive role in increasing the H2 generation efficiency, and the
photocatalytic performance also has direct relation with the
gold content.
Photocatalytic mechanism

The possible photocatalytic H2 generation mechanism of TiO2–

Au composite NFs from water/methanol under light irradiation
is proposed (Fig. 8). The TiO2–Au composite NFs catalyst is
photoexcited under light irradiation to generate the electron–
hole pairs. The excited electrons from the valence band are
transferred to conduction band, and then be more easily
immigrate to the gold NPs band, due to the positive potential of
gold compared with the conduction band level of TiO2. Thus,
the gold NPs act as efficient sinks for the excited electrons,
whereby it can prolong the lifetime of the charge carriers.19

Meanwhile, the gold NPs can also generate hot electrons owing
to the surface plasmon resonance effect.32 The hot electrons can
be transferred to the adjacent TiO2, greatly enhancing the
potential light-harvesting capabilities of photocatalytic devices.
Ratchford has been reported that the electron-injection effi-
ciency from Au NPs to the TiO2 ranges from about 25% to 45%,
and the hot electrons spatial distribution is affected by the
plasmonic eld, with a higher generation rate for stronger
electric eld intensities.48 Due to electromagnetic wave is
transverse wave, the mostly incident light propagating approx-
imately along the interface normal that are absorbed, so the
optical electric eld will be almost parallel to the interface. The
relative weak light absorption efficiency and near eld
29102 | RSC Adv., 2019, 9, 29097–29104
enhancement may be not benecial to generation of a large
number of hot electrons.49 Thus the content of gold should have
an optimal value. The adsorbed H2O molecules react with the
electrons on gold NPs to form the hydroxyl radicals (OHc) and
hydrogen ion (H+), and then the hydrogen ions (H+) are reduced
and converted into hydrogen molecules (H2) by the photo-
generated electrons trapped on the gold NPs. Meanwhile, the
methanol (CH3OH) molecular as hole scavenger, react with the
holes le on the valence band of TiO2 and to be further oxidized
to CO2 and H2O.34 The gold NPs play two roles during the
photocatalytic H2 evolution process, one is to enhance the light
harvesting of TiO2–Au composite materials from UV region to
visible region and generate more charge carriers under light
irradiation by surface plasmon resonance effect, and another
one is to work as the electron sink to reduce the recombination
rate of electron–hole pairs. This proposed mechanism demon-
strates that the TiO2–Au composite NFs catalyst can enhance
the photocatalytic performance for H2 production.

Conclusions

In summary, TiO2–Au composite NFs were successfully fabri-
cated by electrospinning combined with subsequent calcina-
tion. Gold NPs with uniform size (�10 nm) have been dispersed
homogenously in TiO2 NFs matrix (with average ber diameter
of 160 nm). The TiO2–Au composite NFs photocatalyst showed
excellent photocatalytic H2 generation from a water/methanol
mixture under light irradiation. The H2 production rate of the
TiO2–Au composite NFs catalyst with the gold content of 9 wt%
was dramatically enhanced to 12 440 mmol g�1 h�1, corre-
sponding to an adequate apparent quantum yield of 5.11% at
400 nm, which is 21 times and 10 times higher than that of P25
(584 mmol g�1 h�1) and TiO2 NFs (1254 mmol g�1 h�1),
This journal is © The Royal Society of Chemistry 2019
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respectively. These results illustrate that gold NPs can facilitate
the generation and transfer of photoinduced electron–hole
pairs and play a vital role in boosting the H2 production effi-
ciency, which could be achieved by tuning the gold content to
an optimal value. Furthermore, such TiO2–Au composite NFs
catalysts have signicant potential for photocatalytic H2 evolu-
tion and also provide a new strategy in solar energy conversion.
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