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photocatalytic water splitting
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Accelerating the separation and migration of photo-carriers (electron—hole pairs) to improve the photo-

quantum utilization efficiency in photocatalytic overall water splitting is highly desirable. Herein, the

photo-deposition of Ru or Au noble metal clusters with superior electronic properties as a co-catalyst
on the (101) facet of anatase TiO, and the mechanism of intensifying the photocatalysis have been

investigated by calculation based density functional theory (DFT). As a result, the as-synthesized Ru/TiO,
and Au/TiO, exhibit high hydrogen evolution reaction (HER) activity. Such a greatly enhanced HER is
attributed to the interfacial interactivity of the catalysts due to the existence of robust chemical bonds
(Ru—O-Ti, Au-O-Ti) as electron-traps that provide the photogenerated electrons. In addition, the
formation of new degenerate energy levels due to the existence of Ru-4d and Au-5d electronic impurity
states leads to the narrowing of the band gap of the catalysts. In addition, the as-synthesized Au/TiO,
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exhibits more faster HER rate than Ru/TiO,, which is attributed to the effects of surface plasmon

resonance (SPR) as a synergistic effect of plasmon-induced ‘hot’ electrons that enhance the harvesting

DOI: 10.1039/d0ra01996h

rsc.li/rsc-advances

1. Introduction

As both global energy consumption and concerns over envi-
ronmental contamination continue to increase, it is imperative
to develop renewable energy resources that neither rely on fossil
fuels nor emit carbon dioxide. Solar energy has attracted much
interest as one such sustainable and clean energy. Further, it is
very promising to use particulate semiconductors in photo-
catalytic overall water splitting (OWS) to convert solar energy
into clean and efficient hydrogen energy.'* However, it should
be noted that the absorption of sunlight by particulate semi-
conductors is low and only 5% of the ultraviolet region of
sunlight can be absorbed.® Furthermore, it is supposed that the
future photocatalytic systems will have a solar-to-hydrogen
(STH) conversion efficiency of 10%, which is far higher than
the values currently obtained in small-scale trials that are typi-
cally about 1%.® To improve the utilization of solar energy,
various particulate photocatalysts in overall water splitting and
modified semiconductor materials have been investigated.”**
The main approach is to design the band structure, to control
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of the final built-in electric field and promote the migration and separation of the photo-carriers, which
efficiently facilitates hydrogen evolution from the photocatalytic overall water splitting reaction.

the migration of photo-carriers, and to intensify the surface
reaction on the photocatalysts with suitable optical absorption,
fast mobility of the photo-carriers, and efficient surface reac-
tion, by compositional tuning and modified semiconductors,
such as semiconductor coupling, ion doping or metal adsorp-
tion, and dye sensitization.””* For example, Can Li et al
modified Pt/PdS co-catalysts on the surface of CdS and achieved
a high apparent quantum yield (AQY) of 93% for the hydrogen
evolution reaction.® Ag-based nanocomposites have been
applied as photocatalysts with high activity, such as prepared
Ag/g-C3N, nanofibers that enhanced the separation capability of
photoinduced electron-hole pairs.”” Besides, iridium
complexes have been explored as active photosensitizers (PSs)
that increase the AQY due to the absorption of visible light,
leading to charge-separation and long-lived excitation for
hydrogen evolution reaction.’®?® Despite this high AQY, the
STH is only ~1%, which is still far from reaching the minimum
demand for industrialization. It is necessary to search for
effective strategies to improve the STH efficiency of
semiconductor-based catalysts.

In the photocatalytic OWS to produce hydrogen, the band
structure of the semiconductor as the photocatalyst for sunlight
absorption is critical. Titanium dioxide (TiO,) is one kind of an
important oxide that finds extensive application in the field of
photocatalysis,*"** photovoltaics,*»** pigments,* and hydrogen
production,®** due to its favourable properties including non-
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toxicity, chemical stability, and low cost.**** As mentioned
before, the performance in the hydrogen evolution reaction
depends on the band structure of TiO,, which is a wide band-
gap of 3.2 eV and 3.0 eV for anatase and rutile, respectively.**
For hydrogen evolution, a wide band-gap semiconductor can
only absorb ultraviolet (UV) radiation. In addition, the photo-
carriers obtained from light radiation, i.e., electrons (e~) and
holes (h") cannot rapidly migrate to the surface of TiO, for
photocatalytic reaction and some electrons (e¢”) and holes (h")
recombine in the bulk. Furthermore, hydrogen evolution reac-
tion (HER) on the surface of the semiconductor has been
accompanied by oxygen reduction reaction (ORR), which is the
reverse of the overall water splitting reaction. These are the
three main reasons for the low efficiency of STH and AQY based
on the TiO, photocatalysts. In order to overcome these short-
comings, numerous attempts have been made with respect to
change in the band structure of TiO,, such as metal adsorp-
tion*** and modification of the surface.*”

The co-catalyst is important in integrated OWS systems as it
provides active sites on the surface of the photocatalysts and
protects the photocatalyst surface from being oxidized by the
holes.”> Co-catalyst components typically tend to overlap with
the components of the electrocatalysts***® and metal or metal
oxide nanoparticles dispersed on the surface of the semi-
conductor particles are frequently used as co-catalysts.***>*! In
addition, composite material based co-catalyst are of great
interest in many fields, such as HER, CO, and NO, oxidation.** A
typical example is the combination of Pt** and TiO,, which is
catalytically active and promotes H, evolution. The bi-
functional effect on the alloyed interface sites of Cu-based
bimetallic supported CeO, showed excellent activity including
the Cu-Pt**** and Cu-Rh** catalysts for CO oxidation. Graphene
nanoplatelets were found to have eminent optical and electrical
properties as co-catalysts,*® such as graphene/g-C;N, compos-
ites as photocatalyst that achieved AQY for HER.*” The conver-
sion efficiency of bimetallic Pt-Rh supported ceria-zirconia—
alumina (CZA) reached near 100% for NO, and CO oxidation.*®
The FeMnTiO,-based co-catalyst with deposited tourmaline by
the sol-gel method was highly efficient in NO oxidation.*® The
enhancement in the mechanical property of the cis-poly-
butadiene nanocomposite was achieved by the addition of
palygorskite nanofibers modified with the mercaptosilane
coupling agent and HTPB.** However, this mechanism has not
been deduced and these electro-catalysts are not directly
applicable as OWS photocatalysts. It may be because the cata-
lysts are usable in an irreversible electrolysis system but are not
effective in the form of a particulate photocatalyst based on
a reversible process.

In 2008, nano-silver was adsorbed on the surface of TiO, and
significantly improved the photocatalytic degradation activity of
TiO, under UV illumination.** Noble metals with surface plas-
mon resonance (SPR) effect (such as Au,** Ag**) were applied to
photocatalysis. It was found that the introduced nano-gold
could improve the hydrogen evolution under visible light irra-
diation when nano-gold and platinum were loaded on the
surface of WO;.>* These works suggest that the enhanced
mechanism of photocatalysis due to SPR effect is
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electromagnetic near field enhanced by metals that promote the
migration of photo-carriers so as to benefit the photocatalytic
reaction. Except for the SPR effect, the induced metals onto the
semiconductor photocatalysts as the co-catalyst could aggregate
the photogenerated electrons to inhibit the recombination of
photogenerated carriers. The synergistic effect of the co-catalyst
has not been indentified. Remarkably, it is noteworthy that the
interaction of the metal-semiconductor not only helps to
stabilize the fine adsorption of the nanometals on the semi-
conductor but also dramatically affects the electronic structures
and optical properties of the semiconductor.”®

In the present work, we prepared Au, Ru nano-clusters on the
(101) facet of anatase TiO, as the co-catalyst and investigated
the photocatalytic activity of overall water splitting. The
enhancement mechanism of photocatalytic activity was ana-
lysed from the molecular scale by experiments and density
functional theory (DFT) calculations.

2. Experimental section

2.1. Experimental details

2.1.1. Reagents. All the chemicals were analytical grade and
used as received without further purification. Titanium butoxide
(C16H3604Ti, =99%), gold chloride trihydrate (HAuCl,, =99.9%),
and ruthenium chloride hydrate (RuCl;-xH,0, 42% as Ru) were
purchased from Aladdin, Shanghai, and were employed as Ti, Au,
and Ru sources, respectively. Hydrochloric acid (HCI, 36.5%/wt%),
sodium sulfate (Na,SO,), methanol (CH,O, A.R.), and ethanol
(C,Hg0, A.R.) were supplied by Sinopharm Chemical Reagent Co.,
Ltd, Tianjin. Deionized water (DIW) was homemade.

2.1.2. Materials. In the present experiments, the anatase
TiO, sample as the base photocatalyst was prepared according to
the hydrothermal method.*® The typical synthetic route includes
hydrolysis and hydrothermal processes. Before the hydrothermal
process, 60 mL of titanium butoxide was hydrolyzed by the
dropwise addition of 8.2 mL hydrochloric acid (HCl, 36.5%/wt%).
After stirring at room temperature for 16 h, a clear solution was
obtained. Then, this was followed by transfer to a 100 mL Teflon-
lined autoclave, after conducting a hydrothermal process at
180 °C for 36 h and allowing the reaction mixture to cool naturally
to room temperature. Afterwards, the white product was sepa-
rated by centrifugation at 10 000 rpm for 10 min and washing
several times with a mixture of ethanol and deionized water. After
that, the product was dried in air at 120 °C for 3 h.

2.1.3. Preparation of Au, Ru/TiO, photocatalyst. The
synthetic strategy for the Au, Ru nanoparticles involved their
deposition on the anatase TiO, photocatalyst by photo-reduction
methods.”® As given previously, the amount of adsorption is
expressed by the weight of the adsorbate per weight of the pho-
tocatalyst. Briefly, in the photo-reduction route, the TiO, (1 g)
powder was ultrasonically dispersed in 100 mL of 20 vol%
aqueous methanol containing a definite amount of HAuCl, (10.46
mL, 0.956 mg mL ™) or RuCl; (12.9 mL, 0.833 mg mL ") solution,
and then the reduction of Au** or Ru®" under irradiation of
axenon lamp (300 W) for 2 h was carried out, followed by washing
with deionized water and drying in air at 120 °C for 3 h.

RSC Adv, 2020, 10, 20654-20664 | 20655
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2.1.4. Photocatalytic reaction. The photocatalytic H,
production reaction was carried out in a quartz glass reaction
vessel. 0.1 g of the powdered photocatalyst was dispersed in
300 mL of H,O solution and the solution was ultrasonically
treated for 10 min. The temperature was maintained at room
temperature by a flow of cool water during the photocatalytic
reaction. The air in the reactor was completely displaced by the
carrier gas and the reaction mixture was stirred. After this,
irradiation by a Xe lamp (300 W) as the light source was carried
out. The evolved mixture gases were detected with a BFRL 3420A
gas chromatograph (equipped with a TCD detector and molec-
ular sieve-5A column) with argon (Ar) as the carrier gas. The
conditions of temperature in the column (80 °C), injector (60
°C), and detector (120 °C) were preset.

2.1.5. Photoelectrochemical measurements. The photo-
electrochemical measurements were carried out on an AUTO-
LAB workstation (Biologic, SP300) in a three-electrode system,
using photocatalyst-coated fluorine doped in a 1 cm x 1 cm
FTO conductive glass substrate, platinum wire, and saturated
Ag/AgCl electrode as the working, counter, and reference elec-
trodes, respectively. For fabricating the working electrode,
10 mg of the photocatalyst was mixed with 1 mL ethanol, fol-
lowed by at least 20 min ultrasonication with a homogeneous
ink. Then, the suspension ink was spread on the FTO glass with
an area of 1 cm” and the coated FTO was dried at 80 °C for 12 h.
The measurement was performed at a constant potential of
+0.6 V (vs. SCE) in 0.2 M Na,SO, at room temperature. Linear
sweep voltammograms (LSVs) were recorded at a scan rate of
1 mvV s ' A 300 W Xe lamp was used as the light source.

2.1.6. Characterization of the catalysts. The crystallo-
graphic phases of the prepared samples were analysed by an X-
ray diffractometer (XRD-6100, Shimadzu) operated at 36 kv, 30
mA using Cu Ko X-rays (A = 0.15405 nm). The surface and
microstructure of the as-synthesized products were examined
by a field emission transmission electron microscope (FE-TEM/
STM, JEO12100F) equipped with an energy dispersive X-ray
spectrometer (EDS) operated at 200 kV. X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific) was performed
with a monochromatic Al Ko X-ray source. All the binding
energies were compared against the C 1s peak of 284.4 eV as the
internal standard. The Raman spectra were recorded with
a dispersive microscope (HORIBA Jobin Yvon, HR-800). The UV-
Vis diffuse reflectance absorbance spectra (DRS) were obtained
with a UV-Vis-NTR spectrophotometer (UV-2550, Shimadzu)
equipped with an integrated sphere and scanning in the range
of 200-800 nm. The surface chemistry of the photocatalysts was
analysed by Fourier transform infrared spectroscopy (FTIR,
TENSOR27) in the transmission mode from 400 to 4000 cm ™.
Steady fluorescence emission spectra were recorded at room
temperature with a fluorescence spectrophotometer (FLS1000,
Edinburgh Instruments Ltd).

2.2. Computational methods and models

All the calculations of the molecular and electronic structures
for the photocatalysts were based on density functional theory
(DFT) with the exchange-correlation functional at the
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generalized gradient approximation (GGA) level parameterized
by Perdew-Burke-Ernzerhof (PBE),”” as implemented in the
Cambridge Serial Total Energy Package (CASTEP) codes,*®
combined with ultrasoft pseudopotentials (USPP).”® The calcu-
lations were converged at a cut-off energy of 400 eV for the plane
wave basis set while the Brillouin zone (BZ) integrals were
approximated using the special k-point girds with a mesh of 3 x
3 x 2 for geometry optimization and calculations of electronic
properties, and the minimization algorithm was the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) scheme.®® With a view to
avoid the error of underestimating the band gap of the GGA
method, the electronic structure calculations were conducted
using the GGA + U method*® in conjunction with GGA, which
could produce a good band gap for TiO, in comparison with the
experimental results.®* In this research, the effective on-site
coulombic interaction U for Ti-3d was set to 2.5 €V; it was
verified that the calculated band gap of primitive TiO, is 3.2 eV,
which is the same as the experimental value of 3.2 eV.%> The
convergence criteria for structure optimization and electronic
properties were set as follows: (1) the maximal force on the
atoms was 0.01 eV A~%; (2) the maximal atomic displacement
was 2 x 10~ A; (3) the maximal energy change per atom was 2 x
107° eV.

The primitive structure of anatase TiO, was built according
to a previous experimental work.®® The facet (101) of anatase
TiO, was simulated as a periodic (3 x 4) slab with a thickness of
four O-Ti-O layers and with a 10 A vacuum layer (Fig. 1). It has
been proved that the periodic (3 x 4) slab is large enough to
reduce the interactions between the neighbouring adsorbed
metal clusters and to fully release the interfacial strain energy.*
For geometry optimization of the A facet (101), the bottom two
layers of the O-Ti-O atomic layers in the slab were constrained
to their crystal lattice position but the upper two atomic layers
were relaxed.

The structures of the adsorbed Ru or Au clusters on the
anatase TiO, (101) facet were modelled and the optimized
adsorption configurations are given in Fig. 2. In the adsorption
configuration, ten of the Ru or Au atoms were adsorbed on the
anatase TiO, (101) facet. Specifically, the configurations consist
of three layers of adsorbed atoms. Seven atoms were adsorbed
between four O,. and three Oj., Tis. on the interface of M (Ru or
Au noble metal)/TiO, (101) facet and formed M-O, M-Ti bonds,
which were attached to the bottom and sublayers of the inter-
face. For the surface layer, the metal atoms were adsorbed on
the metal atoms of the sublayers (shown in Fig. 2).

(a) .Ti
- Tl6c Sc
2¢
\ \ \
,,,,, NN N

Fig.1 Model of the structure. (a) Side and (b) top view of the (101) facet
of anatase TiO,.

This journal is © The Royal Society of Chemistry 2020
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(a)

\ \
- > - - ~ ~—
Fig. 2 (a) Side and (b) top view of the structural model of the metal

atoms adsorbed on TiO, (101). Gray, red, and gold spheres represent
the Ti, O, and metal atoms, respectively.

(b) —TiO, i
—— Ru/TiOy
— Au/TiOy
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Fig. 3
(EDS).

(a and b) XRD patterns and energy dispersive X-ray spectra

3. Results and discussion

3.1. Microstructure characterization

The X-ray diffraction (XRD) patterns were recorded to ascertain
the crystalline structure of all the samples. As is shown in
Fig. 3a, the XRD patterns of the samples present the anatase
phase, which has the cell parameters @ = b = 3.7852 A and ¢ =
9.5139 A corresponding to the space group D}p-I,;/amd (JCPDS
No. 21-1272). Furthermore, it must be mentioned that the
diffraction of the strongest peak for the (101) facet indicates
that the as-synthesized samples are present in pure anatase
phase and predominantly the (101) facet. The crystallinity can
be calculated from the integrated areas of the main peaks of the
anatase facet (101); the average crystallite size, referred to as the
crystal size, was calculated by the Scherrer equation.** The
crystallite size and contribution of anatase was calculated to be
about 8.3 nm and 84.18%, respectively (Table 1), based on the
full width at half maximum and integrated areas of the (101)
facet peaks. However, no clear peaks of Ru nanoparticles can be
observed upon the adsorption of Ru nanoparticles on the (101)

View Article Online
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Fig. 4 (a, b, and c) TEM images of the TiO,, Ru/TiO,, and Au/TiO,
photocatalysts, respectively; (d, e, and f) HRTEM images of the TiO,,
Ru/TiO,, and Au/TiO, photocatalysts, respectively.

facet of anatase TiO,. The absence of characteristic peaks for Ru
may be attributed to the low content (0.71 wt%) (Table 1) and
high-dispersion of the Ru flakes in the bulk of anatase TiO,. A
similar phenomenon was also observed for the Au/TiO,
samples. Fig. 3b shows the energy dispersive X-ray spectro-
scopic (EDS) information for the Ru, Au energy peaks of the Ru,
Au/TiO, samples, which further confirmed that the Ru, Au
nanoparticles clusters were successfully synthesized by the
photoreduction method.

The general morphology of Ru, Au/TiO, was also investigated
by TEM measurements. As is shown in Fig. 4a-c, the as-
synthesised Ru, Au/TiO, were globular catalysts with dark
spots of Ru, Au nanoparticles. It was obvious that Ru or Au
nanoparticles were dispersed on the (101) facet of TiO, (Fig. 4b
and c) with a small size (10 nm), corresponding to the average
crystallite size determined from the half peak width of the XRD
patterns. HRTEM presented more details on the lattice fringes
(0.35 nm), which match well with the XRD results of (101) facet
of anatase TiO, (Fig. 4d). Ru, Au nanoparticles with 2 nm size
can be found and their lattice fringes (0.21 nm and 0.24 nm,

Table 1 Crystalline properties, average crystallite sizes, and relative atomic ratio (wt%) of the as-synthesised samples determined from the XRD

patterns and EDS, respectively

Crystalline contribution (wt%)

Samples Anatase Amorphous contribution (wt%) Average crystallite size (nm) Relative atomic ratio (Wt%)
TiO, 84.18 15.82 7.9 0

Ru/TiO, 83.93 16.07 8.3 0.707

Au/TiO, 84.07 15.93 8.1 0.71

This journal is © The Royal Society of Chemistry 2020
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respectively, Fig. 4e and f) indicate that noble metal clusters
were successfully adsorbed into the (101) facet from the HRTEM
results, which are consistent with the EDS results (Fig. 4d).

3.2. Surface chemical structures

To detect the surface state of the as-synthesised photocatalysts,
all the samples were analysed by FT-IR, XPS, and Raman spec-
troscopy. The strong absorption observed below 400-1003 cm ™
is attributed to the lattice vibrations of anatase TiO, and the
bands at about 1600 cm™ " and 3340 cm ™' correspond to the
O-H bending modes and stretching of water absorbed on the
(101) facet of TiO,, respectively (Fig. 5a). O-H absorbed on the
(101) facet of TiO,, which was favourable for absorbing the
reduced noble metal particles, was partly preserved after heat
treatment. As is shown in Fig. 5b, five phonon vibrations
observed at 147.8, 200.02, 398.8, 518.75, and 643.56 cm ™ * can be
assigned to the Eg, E3,, Biy, Ay + Bi,, and E3, stretching modes,
respectively. Moreover, two slight shifts in the E; mode for
higher wave-number (147.8 to 150.46, 151.9 cm™ ') were found
for the Ru/TiO, and Au/TiO, samples, respectively (Fig. 5c),
which illustrated that the adsorption of Ru or Au clusters forms
a robust interaction between Ru or Au and anatase TiO,. The
existence of the robust interaction could be confirmed by the
band at about 1404 and 1409 cm ™ observed for the Ru, Au/TiO,
samples (Fig. 5a). Similar results were proved with the HRTEM
results (Fig. 4e and f), indicating the formation of Ru-O-Ti or
Au-O-Ti chemical bonds for the interaction between the Ru, Au
samples and the (101) facet of anatase TiO,.

As is shown in Fig. 6a, two main peaks were observed at the
binding energies of 458.4 and 464.1 eV, corresponding to the Ti
2pss» and Ti 2py, of the Ti*" species, respectively. The energy
separation between the Ti 2pz, and Ti 2py/, states is 5.7 eV,
indicating the formation of the TiO, lattice. Besides, the oxygen
species were also analysed from the O XPS spectra (Fig. 6b); the
signal peak at the binding energy of 529.7 eV was assigned to
the O 1s state of O*~ anion in the TiO, lattice.

‘a) -Tio OH  -CO -OH_-Ti

3340cm |

3 20em™! 3650cm”™!
;ﬂ; -1
B || pees
s —TiO,
=
= i —RuWTiO,
— Au/TiOy
500 1000 1500 2000 2500 3000 3500 4000
‘Wavenumbercm™)
(b) —Ti0, ©)
——Ru/TiO,|Scale I 151.9cm™!
— AWTIO! 4Tt
2 2 5 w/TiOy
K 3 [150.46 -
z z .66cm™ u/TiOy
g " ) 2
£ 0.02¢m’ 518.75cm” &
= Bl 64356em! =
[ Abi 398.8cm Tio,
A’

100 200 300 400 500 600 700 800

) 1 130 135 140 145 150 155 160 165 170 175 180
Raman shift(cm™)

Raman shift(cm™)

Fig. 5 FTIR (a) and Raman (b and c) spectra of anatase TiO,, Ru/TiO,,
and Au/TiO, photocatalysts, respectively.
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Fig. 6 XPS spectra for the Ti 2p, O 1s, Ru 3d, and Au 4f states of the
anatase TiO, (@ and b), Ru/TiO, (c-e), and Au/TiO, (f-h) photo-
catalysts, respectively.

Two main peaks for Ru/TiO, were observed, corresponding
to the Ti 2p3, and Ti 2py, core levels of the Ti** species,
respectively, same as that in TiO,. However, the binding ener-
gies of the Ti*" species in the composite obviously shifted
towards the higher end by about 0.1 eV (Ti 2ps/, and Ti 2p4/,,
respectively) as shown in Fig. 6¢c. Moreover, the binding ener-
gies of Ru 3ds,, and Ru 3d3,, were 280.1 and 284.2 eV, which are
attributed to the Ru® and Ru®" species, respectively. Comparing
the Ru 3d5/, (280.00 eV) peak with the Ru 3d3/, (284.10 eV) peak
in the samples, the binding energy shifted to the lower end by
0.10 eV (Fig. 6€) due to the electrons transferred to the centre of
the d orbital of Ru from the Ti 2p orbital. The same result is also
seen in Fig. 6d by the O 1s peak at the binding energy of
529.7 eV. However, a conspicuous peak was observed at the
binding energy of 531.5 eV, which is assigned to the Ru-O bond
(in Fig. 6d). As for the Au/TiO, photocatalyst, the O 1s peak at
the binding energy of 529.8 eV shifted and increase by 0.1 eV.
Importantly, the peak at 532 eV can be attributed to the Au-O
bond (Fig. 6g). These bonding structures were observed in the
Raman and FT-IR spectra (Fig. 5). Being similar to Ru/TiO,, the
binding energies of the Au 4f;,, and Au 4f;/, states were shifted

This journal is © The Royal Society of Chemistry 2020
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towards the lower values (Fig. 6h) due to the strong metal-
carrier interaction aroused by the electron from the Ti 2p
orbital to the Au orbital. Remarkably, a similar shift was also
seen for Ti 2p (Fig. 6f). The enhancement in the blue-shift (lower
direction) can be attributed to the electron transferred from the
Ti 2p orbital to the Au orbital, which is due to surface plasmon
resonance (SPR) of Au.

3.3.
field

The interaction with electron-traps and local electric

For semiconductors used in photocatalytic OWS, there are three
mains steps as shown in Fig. 7. A semiconductor absorbs the
photons with energies greater than its band gap, upon which
the electrons in the semiconductor are excited from the valence
band (VB) to the conduction band (CB). This generates elec-
tron-hole pairs as the initial step of the photocatalytic process
(step 1). The electron-holes pairs are independently transferred
to the surface of the semiconductor; meanwhile, the recombi-
nation of electron-hole pairs takes place in the bulk and on the
surface of the semiconductors (step 2). Subsequently, they
participate in the HER and OER on the surface of the photo-
catalysts (step 3). Thus, the improvement in the photo-quantum
absorption efficiency and migration of the photo-induced
electron-hole pairs in the photocatalytic hydrogen evolution
from water splitting are highly desirable. Some active sites of
the electron-traps were constructed on the surface of the
specific (101) facet of TiO, to control the migration of photo-
induced electron-hole pairs for inhibiting the recombination
of the carriers.

As mentioned in the above results, the interfaces of Ru, Au/
TiO, were observed in the HRTEM surface (Fig. 4e and f), which
indicated the formed chemical bond as the strong interaction
between the Ru, Au and the (101) facet of anatase TiO,. In
particular, the robust interaction of Ru-O-Ti or Au-O-Ti
chemical bonds was formed after the Ru or Au cluster was
adsorbed on the TiO, (101) facets, as proved by FT-IR, Raman
spectroscopy, and XPS (Fig. 5 and 6).

To further investigate the interaction of Ru-O-Ti and the
interface stability of Ru/TiO,, the DFT method was adopted for
simulation and analysis. The stability of the electronic

H,0

Fig. 7 Schematic illustration of the main processes within the pho-
tocatalytic overall water splitting reaction of semiconductors.
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structures of M/TiO, (101) were estimated by the adsorption
energy Eaqs = Eatom/surface - (Eatom + Esurface)- Here, Eatom is the
energy of an isolated metal atom, Eqyface 1S the energy of the
clean (101) surface slab, and E,com/surface iS the total energy of
the surface with metal atom (M) adsorption.®® Table 2 reports
the calculated adsorption energies for the Ru cluster-adsorbed
facet (101) of anatase TiO,. It was noted that the E,qs (Ru/
TiO,) was negative (—0.79 eV), indicating a favourable process
and the steady adsorption of the Ru clusters onto the anatase
TiO, (101) facets with chemical bonds. Thus, Ru cluster as the
electron-trap was successfully constructed on the anatase TiO,
(101) facets.

The effect of the electron-traps on activity enhancement of
photocatalytic H, evolution in OWS, the interface electronic
structure of electrostatic potential, and Mulliken charge were
calculated based on DFT. The potential distribution can provide
information about the electric field and transfer of the photo-
generated charges in the photocatalytic systems. As reported in
Table 2, the electrostatic potential of Ru/TiO, (101) (2.96 eV) was
lower than that of the (101) facet of original TiO, (7.033 eV). The
local final built-in electric field of the interface of the Ru/TiO,
(101) structure pointed from the noble metal Ru layer of the
TiO, (101) surface layer. In addition, the distribution of Mul-
liken charges can reveal the separated mechanism of carriers, as
is shown in Table 2. The amount of electron transfer from the
TiO, (101) layers to the Ru atoms layers is coincident with the
XPS results (Fig. 6e). The differences in the electrostatic
potential between the (101) facet of the original TiO, and Ru/
TiO, may be due to the photogenerated electrons that tend to
localize close to the adsorbed Ru clusters atoms, thus benefit-
ting the separation of the photogenerated carriers. As is shown
in Fig. 8a, the valence band (VB) and conduction band (CB) of
TiO, were predominantly composed of O 2p states and Ti 3d
states, respectively. As for the image showing the difference
charge density (Fig. 8b), O atoms provide an electron rich region
while Ti atoms provide a vacant orbital in the TiO, lattice. The
DOS of Ru/TiO,, as shown in Fig. 8c, illuminates the adsorbed
Ru clusters that change the electronic properties of the original
TiO,. The electronic states of the Ru 4d impurity appeared at the
top of the VB and the bottom of the CB, and exhibited some
energy dispersion. Not surprisingly, the existence of the dele-
tion region around the Ru clusters and its connection with the
electron enrichment region of O atoms indicated the formation
of the Ru-O chemical bond. The existence of electron enrich-
ment region around the Ru clusters indicates that the transfer

Table 2 The adsorption energy (E,qs), electrostatic potential, and the
Mulliken charge for various configurations

Electrostatic Mulliken charge
Configuration Eaqs (eV) potential (eV) (e)
Free (101) facet — 7.033 2.48
Ru/TiO, (101) —0.79 2.96 2.72
Au/TiO, (101) —0.85 2.23 2.87
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Fig. 8 Density of states (a, ¢ and e) and difference charge density (b,
d and f) of the configuration model of anatase TiO,, Ru/TiO,, and Au/
TiO,, respectively. Red and blue represent electron enrichments and
loss, respectively, and the brighter the colour, the more electrons are
enriched or absent.

of the photoelectrons can be trapped to enrich the electrons
(Fig. 8d).

The enhancement mechanism of the electron-traps for the
photocatalytic overall water splitting is shown in Fig. 9. The
generated electron would overcome the Schottky barrier and
can be directly transfer to the surface of the electron-traps in the

Reductio

Fig. 9 Schematic illustration of the mechanism of electron-traps for
the photocatalytic overall water splitting.
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Ru clusters atoms owing to the existence of the local final built-
in electric field of the interface of the Ru/TiO, (101) structure
pointed from the noble metal Ru layer to the TiO, (101) surface
layer. Further, the electron-traps formed on the surface of the
(101) facet of TiO, by the introduction of noble metal Ru cluster
collect the photogenerated electrons as the active sites for
hydrogen evolution due to the existence of an electron enrich-
ment region around the Ru clusters. Besides, due to the
appearance of the Ru 4d electronic impurity states, a set of new
degenerate energy levels are formed, thus narrowing the band
gap and the promotion of electron migrated from the top of the
Ru 4d electronic impurity state to the CB. Therefore, the
electron-traps efficiently promoted the separation of the elec-
tron-hole pairs and provided active sites of the reduction
reaction of photocatalytic splitting water upon the deposition of
Ru nanoparticles on the (101) facet of TiO,.

To investigate the effects of electron-traps on photocatalytic
H, evolution, the optical responsiveness and degree of recom-
bination of the photoelectron-hole pairs of the photocatalysts
by diffuse reflectance UV-Vis (DRS), the Kubelka-Munk plots
and steady-state fluorescence analysis were carried out. The
diffuse reflectance UV-Vis spectra and Kubelka-Munk plots are
presented in Fig. 10. The anatase TiO, nanoparticles exhibit an
absorption edge at 387 nm and correspond to the band gap of
3.2 eV (Fig. 10b). Compared with the original TiO,, the absor-
bance intensity of Ru/TiO, (101) in the visible region is signifi-
cantly enhanced and corresponds to the band gap reduction of
2.98 eV. It is also proved that Ru/TiO, has a strong light
response ability in the visible region. The steady-state fluores-
cence of TiO, shows an intense emission peak centred at about
443 nm under 380 nm excitation, which is attributed to the
robust recombination of photo-carriers occupying the surface of
TiO, (Fig. 11). The lower PL intensity for Ru/TiO, indicates that
the visible light responses of Ru/TiO, can be enhanced by the
absorbed Ru clusters. The quenching of the PL intensity of Ru/
TiO, demonstrates that the Ru-O-Ti chemical bond can effi-
ciently suppress the recombination of photogenerated carriers
and promote the separation of the electron-hole pairs.

The photocatalytic hydrogen evolution performance of the
as-prepared photocatalysts was measured. As is shown in
Fig. 12a and b, compared with a negligible photocatalytic
activity for H, evolution on the original TiO, particles, Ru/TiO,
showed a powerful photocatalytic activity of about 40.78 pmol
g ' h™', which is greater by about two orders of magnitude.

(a) — Anatase TiOy
— Ru/TiOy

(b) —Anatase TiO2
— RW/TiOy

— AUTIOy

Absorbance(a.u.)
F(K)(eV/m)1/2

300 350 400 450 500 550 600 650 700 750 800 20 22 24 26 28 3.0 32 34 3.6 38 4.0

‘Wavelength(nm) Energy(eV)

Fig. 10 UV-Vis absorbance spectra (a) and Kubelka—Munk plots of
anatase TiO,, Ru/TiO,, and Au/TiO, photocatalysts (b), respectively.
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Fig. 11 The steady-state fluorescence spectra of anatase TiO,, Ru/
TiO,, and Au/TiO, photocatalysts excited by 380 nm light, respectively.
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Fig. 12 (a and b) Photocatalytic H, evolution reactions by various
photocatalysts (anatase TiO,, Ru/TiO,, Au/TiO,); (c and d) cycling test
of photocatalytic H, evolution reactions for Ru/TiO, and Au/TiO,,
respectively. Reaction conditions: 100 mL pure water; catalyst
amount, 100 mg; light source, xenon lamp (300 W); temperature,
25°C.

Except for Ru induced as the co-catalyst that increases the
absorption of light, the exposed active sites as the traps on the
surface of basic TiO, effectively aggregate the photogenerated
electrons for reduction reactions and efficiently suppress the
recombination of electron-hole pairs upon deposition of Ru
nanoparticles on the (101) facet of TiO,. In addition, the
stability of the Ru/TiO, photocatalysts were also cycle-tested
(Fig. 12¢). The amount and rate of H, evolution were constant
after the third cycle, indicating that the photocatalysts are
physically and chemically stable in the photocatalytic hydrogen
evolution reaction.

Photoelectrochemical measurements were conducted to
evaluate the separation of the photo-generated electrons of the
photocatalysts. Aimed at demonstrating the role of the Ru
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clusters in altering the separation of the electrons in Ru/TiO,,
the LSV scans and transient photocurrent responses were
measured. Fig. 13a shows the LSV of TiO,, Ru/TiO,, and Au/TiO,
electrodes in 0.2 M Na,SO, solution under light irradiation.
TiO, exhibited a negligible current, which is attributed to the
robust recombination of photo-carriers that occupy the bulk
and surface of TiO,. Moreover, the photocurrent of Ru/TiO, is
much higher than that of TiO,, indicating that more electron
carriers were produced from TiO, by assembling the surface of
the Ru clusters. As shown in Fig. 13b, compared with TiO,,
significant photocurrent was observed for Ru/TiO, and Au/TiO,
under dark conditions; the dark current could be attributed to
the different carrier concentrations above the barrier level.
Different from the low dark currents of the photocatalysts, as
theirs are photosensitive, the photocurrents under the light
were all higher than the dark currents. TiO, showed a weak
photocurrent response, further confirming the existence of
strong recombination of the photo-carriers. A significant
photocurrent was observed for Ru/TiO,, indicating low recom-
bination of the photo-generated charge carriers. This could be
attributed to the strong interaction and act as electron-traps due
to the deposited Ru clusters, which can efficiently promote the
rapid migration and separation of the photo-generated elec-
tron-hole pairs.

To demonstrate the enhancement activity of TiO, modified
by noble metal clusters for photocatalytic hydrogen evolution
except for the effect of electron-traps, the Au nanoclusters as the
active sites with surface plasmon resonance (SPR) effect were
simulated by DFT and proved by catalytic response results.
Herein, SPR is a phenomenon of resonant oscillation of the free
electron density on the surface of the metal, when the metal
nanocomposite is irradiated by a specific wavelength of incident
light smaller than or comparable to the size of the metal.*® The
calculated adsorption energies of the Au clusters adsorbed on
the (101) facet of anatase TiO, are given in Table 2. Compared
with Ru/TiO,, the E,q4s of Au/TiO, was also negative (—0.85 eV),
which indicated that the Au nanoclusters were steadily adsor-
bed onto the anatase TiO, (101) facets through chemical bonds.
The interface electronic structure of the electrostatic potential
and Mulliken charge were researched to investigate the effect of
SPR on the intensification of the photocatalytic activity. In Table
2, the electrostatic potential of the Au/TiO, (101) structure (2.23
eV) was also lower than that of the (101) facet of original TiO,
(7.033 eV). Under the formation of the Au-O-Ti chemical bond
under the loaded Au clusters on the (101) facet, the final built-in

(a) —Anatase TiOy ss](b) —Anatase TiOy —Ru/TiO2

— Ru/TiOy 2 &fAu/TiOZ

— Au/TiO,

Photocurrent(pA)
2

Photocurrent density(uA/cmz)
2

0
050 100 150 200 250 300 350 400 450 500
Time(sec)

045 0.50 0.55 0.60
Potential vs Ag/AgCI(V)

Fig. 13 (a) LSV scans in Na,SO,4 solution; (b) transient photocurrents
responses of anatase TiO,, Ru/TiO,, and Au/TiO,.
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electric field of the Au/TiO,(101) structure pointed from the Au
cluster to the TiO, (101) surface layer. Also, the differences in
the amount of the electron transfer from the TiO, (101) surface
to the Au atoms layers indicated that the photogenerated elec-
trons tend to localize close to the adsorbed Au clusters atoms,
thus leading to the separation of the photogenerated carriers.
Compared with the configuration of Ru/TiO, (101), the config-
uration of the Au clusters adsorbed on the (101) facet has
a lower value of electrostatic potential (2.23 eV) and larger
amount of transfer of Mulliken charge (2.87¢), which is attrib-
uted to the effect of SPR. The final built-in electric field on the
interface of Au/TiO, was enhanced due to the stronger forma-
tion of Au-O-Ti bond, exciting increase of the number of elec-
trons on the active site of Au clusters. The formation of the local
internal electric field on the interface between the Au clusters
and the (101) facet of TiO, and the generation of the ‘hot’
electron on the surface of the Au cluster atoms when Au/TiO,
was irradiated by the incident light were the effects of SPR in the
application of photocatalysis.

The DOS and difference charge density of Au/TiO, are also
seen in Fig. 8e and f. The electronic states of the Au 5d impurity
level appeared at the top of the VB and the bottom of the CB,
revealing a degree of energy dispersion. The Au clusters, their
connection with the electron enrichment region of the O atoms,
and the existence of an electron enrichment region around the
Au clusters prove that electrons can be trapped to enrich them.
However, compared with the configuration of Ru/TiO, (101),
a stronger intensity of the electronic states of the Au 5d impurity
level was observed (Fig. 8e) and the area of the electron
enrichment region around the Au clusters increased in Au/TiO,
(101) (Fig. 8f). It is indicated that the SPR effect of Au can
increase the generation of electrons and intensify the final built-
in electric field of the interface. The appearance of the Au 5d
electronic impurity states and the formation of a new degen-
erate energy level synergistically narrow the band gap to
increase the absorption of light.

The mechanism of the synergistic effect of electron-traps and
SPR to intensify the photocatalytic overall water splitting is
shown in Fig. 14. Above all, the generated electron would
overcome the Schottky barrier and can be directly transfer to the
surface of the electron-traps in the Au clusters as the active sites
for the hydrogen evolution owing to the existence of the local
final built-in electric field of the interface of the Au/TiO,(101)
structure that points from the Au layer to the TiO,(101) surface
layer and the electron enrichment region. In addition, due to
the appearance of the Au 5d electronic impurity states, a set of
new degenerate energy levels are formed, which narrow the
band gap to increase the absorption of light. Moreover, the
photo-generated ‘hot’ electron can be collected at the surface of
the electron-traps in the Au clusters owing to the excitation of
SPR on the surface of the Au cluster, leading to the enhance-
ment in the local final built-in electric field because of the effect
of SPR, when irradiated by light. Therefore, the improved
utilization of the photogenerated electrons was attributed to the
SPR effect that increased the number of surface electron and
accelerated the migration of electrons upon deposition of Au
nanoparticles on the (101) facet of anatase TiO,.
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Fig. 14 Schematic illustration of mechanism of intensification of SPR.

The optical absorption of Au clusters adsorbed on TiO,
displays an obvious enhancement in the visible region and
obtains a smaller band gap of about 2.79 eV (Fig. 10a and b). A
strong absorption at about 550 nm that emerges in the UV-Vis
spectrum of Au/TiO, is attributed to the effect of SPR. Besides,
the weak intensity of steady-state fluorescence was observed for
Au/TiO, in the PL spectrum (Fig. 11), indicating that Au can
efficiently suppress the recombination of the electron-hole
pair, thus accelerating the electron transfer in the presence of
the Au-O-Ti chemical bond.

Compared with the photocatalytic performance of Ru/TiO,,
Au/TiO, exhibits a greatly boosted evolution rate of H, (114.67
pumol g~ h™"), which was 2.8-fold higher than that of the Ru/
TiO, photocatalyst (Fig. 12a and b). Furthermore, the stability of
the Au/TiO, photocatalyst was also cycle-tested (Fig. 12d), and
the amount of the H, evolution was maintained after the third
cycle. Specifically, Au/TiO, showed a greatly enhanced photo-
current compared to Ru/TiO,, further improving the transfer
and separation of the photogenerated electron-hole pairs,
which can be attributed to the effect of SPR due to the deposited
Au nanoparticles (Fig. 13b).

4. Conclusions

In summary, the Ru, Au clusters deposited on the exposed (101)
facet of anatase TiO, through photo-reduction route has been
employed as electron-traps and active sites for HER. The greatly
enhanced catalytically exposed active sites, as the electron-traps
with an abundance of active sites, could efficiently promote the
separation of the electron-hole pairs, assemble the photo-
generated electrons, and provide active sites for the reduction
reaction in photocatalytic water splitting. Compared with the
electronic structure of Ru/TiO,, Au/TiO, provided the plasmon-
induced ‘hot’ electrons that can increase the generation of
electrons near the surface of the Au clusters; the photo-
generated electron can easily overcome the Schottky barrier and
is rapidly transferred to the surface of the Au clusters under the
harvesting final built-in electric field at the interface between
the Au and (101) facet of TiO, owing to the SPR effect, when
irradiated by light. The combined interface electronic structure

This journal is © The Royal Society of Chemistry 2020
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and the formation of the final built-in electric field promote the
separation of the photogenerated carriers (electron-hole pairs).
Besides, the appearance of the Ru 4d and Au 5d electronic
impurity states, the formation of a new set of degenerate energy
levels was observed, which narrows the band gap, and enhances
the response and the absorption ability. In addition, Au/TiO,
exhibits enhanced photocatalytic activity for H, evolution,
which is attributed to the existence of synergistic effect of the
electron-traps and SPR.
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