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a  b  s  t  r  a  c  t

Hydrogen  generated  from  solar-driven  photocatalytic  water  splitting  has  the  potential  to  be a  clean,
sustainable  and  abundant  energy  source.  Herein,  we  demonstrate  that  Pd–MgNix nanospheres/black-
TiO2 porous  films  serve  as a highly  efficient  and  convenient  catalyst  for photogeneration  of  hydrogen
from  water.  Near-complete  suppression  of  surface  recombination  ensures  the  excellent  photocatalytic
vailable online 19 October 2015

eywords:
d–MgNix nanospheres
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activity  of Pd–MgNix nanospheres/black-TiO2 porous  films,  corresponding  to high  hydrogen  production
rates  (34.93  mmol  h−1 g−1).  The  result  is  promising  for overall  solar  water  splitting  in a  simple  system,  and
is  encouraging  for  application  of  this  surface  modification  strategy  to  other  candidate  semiconductors.

©  2015  Elsevier  B.V.  All  rights  reserved.
uppression of surface recombination

. Introduction

Solar-to-chemical energy conversion, which does not emit
reenhouse gases and only obtain clean and storable molecular
uels such as hydrogen (H2), is the ultimate goal for scientists in the
eld of energy generation [1]. Driven by increasing energy needs,
ecreasing fossil fuel resources and environmental concerns of
uclear energy, the search for utilization of solar energy to produce
2 from water is necessary to carry out. In nature, cyanobacteria
erformed a way to split water into H2 and oxygen (O2) by sunlight
round 3 billion years ago [2]. The energy-conversion efficiency of
atural photosynthesis can reach about 7% under optimum condi-
ions, although an efficiency of less than 1% is usually expected for

early all forms of life on earth [3,4]. Currently, mankind has been
rying to emulate natural photosynthesis through some artificial

aterials, hoping to find an alternative for nonrenewable and pol-
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luting fossil fuels [5]. Since the first report in 1972 by Fujishima and
Honda that TiO2 could act as a photochemical water-splitting cata-
lyst [6], over 100 photocatalysts have been discussed [7]. Among the
various types of photocatalysts, TiO2 has been extensively studied
for several decades due to its abundance, nontoxicity, and stability.
Furthermore, as an efficient photocatalyst for splitting water, TiO2
has a conduction band minimum that is higher than the H2/H2O
level and a valence band maximum that is lower than the H2O/O2
level [8].

Photocatalytic reactions in solid-state catalysis are determined
primarily by three reaction processes: (i) light-harvesting processes
[8,9], (ii) charge generation and separation processes [10,11], and
(iii) catalytic reaction processes [12–14]. The overall efficiency is
determined by the balance of thermodynamics and kinetics of these
processes. In recent decades, intensive work for these processes
has been undertaken, both experimentally and theoretically, to
improve the performance of the widely used TiO2-based catalysts.
Regarding to narrowing the band gap of TiO2, much research has
focused on selective doping of metallic, nonmetallic and mixed ele-

ments (e.g. C, N, Fe) into the lattice of TiO2 [15]. However, problems
such as thermal instability and increased carrier recombination
centers pose significant limitations for this strategy [16]. Recently,
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Fig. 1. (a) Schematic diagram of the deposition configuration, (b) schematic illus

lack-TiO2 (TiO2−y or reduced TiO2), which involves the Ti3+ or
xygen vacancy [17], has been demonstrated to possess the large
olar absorption and exhibit substantial solar-driven photocatalytic
ctivities [18,19]. Therefore, the black-TiO2 can offer the essential
dvantage in absorbing visible and infrared light. However, issues
f limited specific surface area and recombination of electron-hole
hould be further addressed before practical application of black-

iO2.

On the other hand, directly constructing 3D architecture on
orous substrates can partially overcome the above issues, thereby

eading to a dramatic improvement in the water-splitting per-

ig. 2. (a) EPR spectra of pristine TiO2 porous film, BTPF and PMNBTPF (the insets show
nd  right insets correspond to the orange square and green ring in the relevant image wit
nset  is the relevant magnification image by HRTEM). (d) High magnification images corr
n for the preparation of PMNBTPF grown on the �-Al2O3 porous ceramic wafers.

formance of the active materials [20–22]. Compared to the
conventional 2D planar architecture, photocatalysts based on 3D
porous architecture can show several critical advantages, such as
facilitating mass transfer of the water and H2, and increasing the
active surface area [23]. Recent work has confirmed the great ben-
efit of 3D architecture in enhancing the photocatalytic activity of
TiO2 [24,25]. Thus, 3D black-TiO2 films are anticipated to show

excellent photocatalytic water-splitting performance. In addition
to increasing the surface area, it is more important to optimize the
photogenerated electron-hole separation characteristics over the
black-TiO2 surface. Notably, suitable cocatalysts/black-TiO2 system

 the photographs of these films). (b) Top view FESEM image of PMNBTPF (the left
h high magnification, respectively). (c) Cross-sectional TEM image of PMNBTPF (the
esponding to the marked area in the inset of Fig. 2c.
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Table  1
Deposition conditions of each layer to produce the multilayer film. In table, “Mg–Ni” is represented as the co-sputtering of Mg and Ni targets. “40–16” is corresponding to
the  work power of each target during co-sputtering process.

Layer Work power (W)  Target Time (min) Pressure (Pa) Ar flow rate (sccm) O2 flow rate (sccm)

c
n
t
m
s
t
u
y
T
a
fi
w
a
a

s
fi
c
r
t
a
m
M
t
c
e
e
b
i
i
w

2

2

t
m
c
V
t
(
o
l
a
t
d
l
v
a

2

X
K

TiO2 700 Ti 180 

MgNix 40–16 Mg–Ni 1/2 

Pd  20 Pd 2/3 

an effectively reduce the photogenerated electron-hole recombi-
ation because cocatalysts are able to serve as electron (hole) sinks
o expedite interfacial electron (hole) transfer [26,27]. The develop-

ent of cocatalysts in photocatalytic reactions goes through from
ingle metal to multi-component cocatalysts including noble metal,
ransition metal, and/or metal oxide etc. Two or more components
sually result in multifunctional or synergetic effects in photocatal-
sis, which may  greatly enhance the photocatalytic activity [28].
hrough these investigations, it is reasonably assumed that the easy
ccessibility of multi-component cocatalysts/black-TiO2 based 3D
lms can help its commercial production. Mg-Ni alloy thin films are
ell known materials for absorption and desorption of hydrogen

t room temperature in atmosphere [29], however, the materials
re less discussed in a catalyst system.

Here, we use a simple �-Al2O3 porous ceramic wafer as the raw
ources to synthesize Pd–MgNix nanospheres/black-TiO2 porous
lms (PMNBTPF) for efficient water splitting into H2. The hierar-
hical porous morphology of ceramic wafer and self-doped Ti3+ are
etained in the obtained systems to offer more absorption and reac-
ion sites for enhanced catalytic reactions. Metals (Pd and MgNix)
re the electron transfer mediator, contributing to the enhance-
ent of electron-hole separation and interfacial charge transfer.
oreover, metal Pd and partially oxidized MgNix alloy acted as

he reduction and oxidation sites can further avoid the surface
harge recombination. The analysis of the photoluminescence (PL)
mission spectra shows nearly complete elimination of surface
lectron-hole recombination for PMNBTPF. Compared with pure
lack-TiO2 porous films (BTPF, its structure shown in Support-

ng information), PMNBTPF can yield over an order of magnitude
mprovement in the effectiveness of solar-driven photocatalytic

ater-splitting (34.93 mmol  h−1 g−1 of hydrogen production rates).

. Experimental section

.1. Sample preparation

The �-Al2O3 porous ceramic wafers with around 1.15 mm
hickness were applied as the substrates. Firstly, Pd/MgNix/TiO2

ultilayer film with 3D architecture was deposited using a direct
urrent magnetron sputtering (dcMS) system (Shenyang Tengao
acuum Technology Co. Ltd., JSS-600) to sputter planar round metal

argets (purity > 99.5 wt.%) in pure Ar (99.99%) or mixed Ar/O2
99.99%) atmosphere at room temperature. The schematic diagram
f the deposition configuration is shown in Fig. 1a. Using a load-
ock system, the base pressure of the deposition chamber was  kept
t 5.0 × 10−4 Pa. Thereafter, the power was charged on the metal
arget with injection of corresponding gas and the layer/film was
eposited. Details of the deposition conditions of each layer are

isted in Table 1. After deposition, the fresh film was  annealed in
acuum annealing furnace at 600 ◦C for 5 min  to form the PMNBTPF,
s described in Fig. 1b.

.2. Film characterization
The chemical composition of the film surface was analyzed by
-ray photoelectron spectroscopy (XPS) with monochromated Al
� radiation on at a pass energy of 29.4 eV. All binding energies
1.0 35 5
0.5 40 0
0.5 40 0

were referenced to the C1s peak (285.0 eV) arising from adventi-
tious carbon. Electron paramagnetic resonance (EPR) spectra were
taken on a JES FA-200 (JEOL) continuous-wave EPR spectrometer
by applying an X band (9.1 GHz) and a sweeping magnetic field
at 120 K. Aiming to determine the microstructure of the film, field
emission scanning electron microscopy (FESEM, Magellan 400) and
high-resolution transmission electron microscopy (HRTEM, Tecnai
G2 F20 S-Twin) were employed to observe the surface and cross
section of the film. The synchronous analysis of the component
content and structure is performed by scanning transmission elec-
tron microscopy (STEM, Magellan 400) with a High Angle Annular
Dark Field (HAADF) detector and energy dispersive X-ray spec-
troscopy (EDS). Photoluminescence (PL) spectra were measured at
room temperature on a fluorescence spectrophotometer (Fls-920,
Edinburgh).

2.3. Photocatalytic H2 generation

The photocatalytic H2 production experiments were performed
in a 550 mL  Pyrex glass vessel at ambient temperature and N2
atmosphere, and two openings of the vessel were connecting a
gas chromatograph (D7900P, Techcomp), as depicted in Support-
ing Information. An AM 1.5 solar power system was used as light
irradiation source. In a typical photocatalytic experiment, 0.19 mg
of catalyst subtracting from the weight of substrate was placed into
an aqueous methanol solution (40 mL,  25%). Methanol was used as
a sacrificial reagent to avoid the anodic reaction generating O2 from
H2O.

3. Results and discussion

To determine the relationship between the black-TiO2 and pres-
ence of Ti3+, low temperature EPR spectra were recorded in Fig. 2a.
BTPF and PMNBTPF with dark color both gave rise to a very strong
EPR signal, while no signal was seen for the pristine TiO2 porous
film (white, its preparation shown in Supporting Information). It is
well-known that the major features in this spectrum (g1 = 1.982 and
g2 = 2.004) belong to the paramagnetic Ti3+ centers in a distorted
rhombic oxygen ligand field [30,31] and single electron-trapped
oxygen vacancies (SETOVs, or reduced O2

−) [32,33], respectively.
The SETOVs usually play the role of a recombination center of
photogenerated electron-hole resulting in a bad photocatalytic
behavior. Compared with BTPF with black, PMNBTPF with more
light color (dark gray in Fig. 2a) only showed a slightly weaker
intensity of EPR signal at g1 = 1.982. On the basis of these results,
the presence of rhombic Ti3+ is unambiguously verified in the
PMNBTPF, which is a key factor in the excellent stability of our
sample. As regards the absence of EPR signal at g2 = 2.004 for
PMNBTPF, it is rational reason that the black-TiO2 layer capped by
Pd–MgNix nanospheres would be difficult to adsorb atmospheric
O2 to form O2

−. Fig. 2b displays the top view FESEM images of
PMNBTPF with different magnification. The observed images of
PMNBTPF revealed a 3D porous structure originated from �-Al2O3

substrate. Moreover, Pd–MgNix nanospheres with a diameter of
about 20 nm loading on the black-TiO2 layer were highly dispersed
and nearly free-stacked. In order to further uncover the microstruc-
ture, PMNBTPF was  examined by TEM and HRTEM, as shown in
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ig. 3. XPS analysis of PMNBTPF: (a) Pd 3d spectra; (b) Mg  1s spectra (the inset is Ni
DS-line measurements for PMNBTPF.

ig. 2c and d. The black-TiO2 layer had a dense and continuous
olumnar structure and the layer thickness was 500 nm. Pd–MgNix
anospheres on the surface of black-TiO2 layer were as a single

ayer with around 20 nm thickness, in line with FESEM images. The
RTEM images gave some lattice fringes with spacing of 0.354 nm,
.224 nm and 0.234 nm on the film surface, which can be indexed as
he (1 0 1) plane of anatase TiO2, the (1 1 1) plane of face-centered
ubic (fcc) structures of Pd and Pd–MgNix [34,35], respectively. It
hould be pointed out that Pd–MgNix nanospheres made up of the
ure Pd nanospheres and the Pd–MgNix alloy nanospheres, where
he size of the former was  smaller than that of the later. The well-
ispersed and small-sized Pd–MgNix nanospheres are desired to
nhance the photocatalytic activity concerning the strong metal-
upport interaction [36,37].

XPS is a powerful tool to examine the change of surface chem-
cal bonding. It is briefly outlined that the Ti 2p XPS spectrum of
MNBTPF was almost identical for that of BTPF, which was broader
t lower binding energy than pristine TiO2 porous film because
f the appearance of Ti3+ (shown in Supporting information) [38].
ig. 3a is typical XPS spectrum of Pd 3d of PMNBTPF containing two
roup peaks corresponding to Pd 3d5/2 and Pd 3d3/2. After imple-
enting the deconvolution with Lorentzian-Gaussian distribution

unction, the Pd 3d5/2 spectrum displayed two peaks at 335.7 eV and
36.6 eV, which are assigned to metallic Pd (Pd0) and intermediate
pecies PdOx/2 (Pdx+), respectively [39,40]. Generally speaking, a
ery thin location or island (monolayer range) covering a Pd core

ould be prone to yield tiny amounts of PdOx/2 in the air. In addi-

ion, XPS spectra of Mg  1s and Ni 2p of PMNBTPF are shown in
ig. 3b. The peak positions of the metallic state and oxide state of
g was reported as 1303.3 eV and 1305.3 eV for Mg  1s spectrum,
ectra). (c) HAADF-STEM image with corresponding elemental distribution map and

respectively [41]. This means that MgO  existed at the surface of
Pd–MgNix nanospheres. Meanwhile, Ni 2p3/2 peaks at 852.9 eV and
856.6 eV could be attributed to metallic state and hydroxide state
of Ni, respectively [42]. Apparently, oxidized Mg  or Ni should be
an integrated part of MgNix alloy, because the peak with the high
intensity located at around 1305.3 eV or 856.6 eV.

To further investigate the content and distribution of composi-
tion, STEM image coupled with EDS mapping and line data for the
PMNBTPF are exhibited in Fig. 3c. According to the EDS mapping, Pd
nanospheres were supported on the black-TiO2 layer, while MgNix
alloy can be hardly recognized owing to its low content leading to
weak signal as well as distinct noise signal (shown in supporting
information). However, elemental distribution by the spectrum line
mode indicates that the variation trend of Pd and MgNix was  almost
consistent, which implies the existence of Pd–MgNix nanospheres.
Besides, the atom ratio of Pd, Mg  and Ni for the nanospheres is
around 17:2:1 calculated by EDS data, in agreement with the XPS
results.

The PL emission spectra are useful to understand the efficiency
of the charge carrier trapping, migration, transfer and separation
and to estimate the fate of photogenerated electrons and holes in
semiconductor since PL emission results from the recombination of
free carriers [43]. The PL properties of PMNBTPF were compared to
that of BTPF, as presented in Fig. 4a. For BTPF, three main emission
peaks were located at about 387 nm, 450 nm, and 465 nm labeled
by dash lines, which are equivalent to 3.20 eV, 2.76 eV, and 2.67 eV,

respectively. The relatively weak PL peak at about 387 nm is usu-
ally ascribed to the emission of bandgap transition with the energy
of light approximately equal to the bandgap energy of anatase
(387.5 nm). The strong peaks observed in the wavelength range
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F  production of H2 from methanol aqueous solution for BTPF and PMNBTPF (the inset is
p olar light).
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Fig. 5. Schematic description of the proposed mechanisms of electron-hole separa-
ig. 4. (a) PL spectra of BTPF and PMNBTPF. (b) Comparison of the photocatalytic
hotographic illustration of direct photocatalytic water splitting under simulated s

rom 440 to 500 nm result from the recombination of electrons and
oles at surface trap sites (oxygen vacancies). Compared with BTPF,

 considerable fluorescence quenching was observed in PMNBTPF.
nly a tiny peak at 494 nm for PMNBTPF is derived from bound exci-

ons [44]. The quenching of fluorescence indicates a close contact
etween black-TiO2 layer and Pd–MgNix nanospheres and a quick
ransfer of photogenerated electrons from black-TiO2 to Pd–MgNix
ia the favorable [45]. Besides, it is another sound reason for the
ecrease of fluorescence that metallic Pd and oxidized MgNi alloy
an serve as electron and hole sinks to promote the separation of
he charge carriers [46].

Generally, a near-complete suppression of surface recombina-
ion of electrons and holes is often associated with an excellent
hotocatalytic water-splitting behavior [47,48]. The H2 generation
f BTPF and PMNBTPF is illustrated in Fig. 4b. Control experiments
howed no appreciable H2 production in the absence of either
rradiation or photocatalyst, suggesting that H2 was  yielded by pho-
ocatalytic reactions on TiO2-based films under solar illumination.
nder the solar light irradiation, a lot of bubbles collected on the

urface of PMNBTPF, and then coalesced to grow until rising, as
bserved in the inset of Fig. 4b. As reported in previous work, the
overage of the film surface by the gas bubbles directly reduced
he contact between the reaction solution and the film and blocked
he electron transfer. Thus, the increase of the big bubbles gives
ise to the decrease of hydrogen production when the illumination
ime increases. In order to improve the phenomenon, we will try
o minimize the bubble size and reduce the residence time of bub-
le staying in the film surface in future study. Fortunately, even

f under this conditions, the PMNBTPF steadily produced H2 gas
p to 34.93 mmol  h−1 g−1, almost ten times higher than the BTPF
3.72 mmol  h−1 g−1). Our PMNBTPF displays a noticeable improve-

ent, which even surpasses the best ranks (≈10 mmol  h−1 g−1)
mong the TiO2-based photocatalysts [18,19]. The energy conver-
ion efficiency for solar hydrogen production, defined as the ratio
etween the energy of solar-generated H2 and the energy of the

ncident sunlight, reached around 83% for PMNBTPF.
To further evaluate the photocatalytic efficiency of PMNBTPF,

he turnover frequency (TOF) and turnover number (TON) were
alculated by their definitions. TOF is equal to the number of
eactant molecules converted per minute per catalytic site for
iven reaction conditions, and TON results from multiplication of
OF and the lifetime of the catalyst [49]. In this work, the active
ites for PMNBTPF should be distributed at half the number of
he Pd–MgNix nanospheres. On account of the morphology of the
anospheres, we propose roughly that the nanoshperes are uni-

orm balls with a diameter of 20 nm.  Thus, during the photocatalytic
ater-splitting, the number of active sites for PMNBTPF are about
.89 × 1018 obtained using the related formula (shown in Support-
ng Information). After irradiated by solar light for 3 h, the values
f TOF and TON are 0.73 × 10−3 s−1 and 7.91 for PMNBTPF. Exhil-
ratingly, the sample was very stable because they almost kept
tion and photocatalytic reaction on PMNBTPF.

up the same H2 generation in several photocatalysis cycles in a
month (shown in Supporting Information). In addition to hydro-
gen production from water splitting, we examined photocatalytic
decomposition of pure rhodamine B (RhB) (0.6 × 10−3 M,  20 mL)
and a mixture solution (20 mL)  of RhB (0.2 × 10−3 M)  and methyl
orange (MO) (0.2 × 10−3 M)  using PMNBTPF as the photocatalysts
to further evaluate the photocatalytic activity of the films (shown in
Supporting Information). Photodegration of RhB and mixture solu-
tion was nearly completed after 120 min  for PMNBTPF. All these
investigations demonstrate that PMNBTPF promises an excellent
photocatalytic activity.

On the basis of the above results, the possible mechanisms
for high H2 production are proposed as the following, which is
schematically exhibited in Fig. 5. Three processes would occur: (i)
the incident photons are absorbed by black-TiO2 layer to generate
the photoexcited electron-hole pairs over the surface of TiO2, (ii)
the electrons and holes are transferred from the black-TiO2 layer
into the Pd–MgNix nanosphere, (iii) oxidation reaction and reduc-
tion reaction take place on oxidized MgNix and metallic Pd by holes
and electrons, respectively, resulting in the production of H2 gas.
First of all, the metallic particles loading on black-TiO2 layer can
help the electron-hole separation and improve the quantum yield
by accelerating the removal and transfer of electrons [50,51]. Since
the Fermi level of metallic particles (i.e. Pd, Ni) is lower than that of
black-TiO2 [26,52], electron transfer from TiO2 to metallic particle
in process (ii) is reasonable. Accordingly, oxidized MgNix regions
are able to trap holes very well [53]. Although TiO2 itself could act
as the oxidation sites, when oxidized MgNix locates on the surface
of TiO2, the holes would be prior to transferring to oxidized MgNix.
Therefore in this case, metallic Pd and oxidized MgNix should be
the main reduction and oxidation sites for H2 evolution and photo-

catalytic methanol reforming. Because of the presence of little CO
and O2, it is believed that the good oxidation ability of PMNBTPF
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an give rise to the total oxidation of methanol to CO2 rather than
O. The photocatalytic reaction proceeds as follows [28]:

COOH + 2h+ → CO2 + 2H+ (1)

H+ + 2e− → H2 (2)

pparently, to complete the whole reaction, the proton (H+) is
ransported from the oxidation sites to the reduction sites. Thus,
he photocatalytic reactions are very efficient and fast for the oxi-
ation and reduction sites in the same nanospheres with intimate
ontact. In addition, it is necessary to point out that methanol is
ardly dehydrogenated to produce H2 and formaldehyde (HCHO).
ecause the characteristic carbonyl C O bond vibrations of HCHO

s difficult to be observed in Fourier transform infrared (FTIR)
pectra of the aqueous methanol solution reacted by Pd–MgNix
anospheres/black-TiO2 porous films (shown in Supporting Infor-
ation).

. Conclusion

In conclusion, a novel Pd–MgNix nanospheres/black-TiO2
orous film was deposited by dcMS and annealed at high tem-
erature. The resultant composite film showed an excellent
hotocatalytic activity toward H2 production from water-splitting
nder solar light irradiation, as compared with black-TiO2 porous
lm. The enhanced photoactivity lay crucially on the contribu-
ion role of unproductive surface electron-hole recombination. A
ynergetic effect between the transfer of charge carriers and the
xidation and reduction reaction occurring in different sites leaded
o the near-complete suppression of surface recombination.
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