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Introduction

The search for suitable semiconductors that can act as photo-
catalysts for the splitting of water using solar energy is one of
the most important areas of contemporary physical science.’?
The formation of oxygen from water is challenging since it has
to occur through several steps requiring four positive holes and
the formation of O-O bonds.? TiO,-based photocatalysts have
been extensively studied for their activity for splitting water into
oxygen, but the large band gap of TiO, (>3 eV) ensures that it is
only photoactive under UV-irradiation.* The introduction of
dopants has been demonstrated to be an effective approach to
extend the activity of TiO, into the visible-light region. However,
a decrease in photocatalytic efficiency occurs since these
dopants generally act as charge carrier recombination centres.®
Recently, novel approaches based on creating Ti*" centres have
been proposed in order to overcome this limitation by narrow-
ing the band gap of semiconductor.*® Frei et al. demonstrated a
new class of heterobimetallic photocatalysts containing Ti**
active sites for O, generation under visible-light.”® However, the
photocatalytic efficiency of these materials is still needs to be
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activity (~2148 pmol g~* h™?) for oxygen evolution from water using visible light. The quantum yield was
found to be 65.0% and 20.0% using monochromatic irradiation at 400 and 650 nm respectively.

improved, owing to the low concentration of Ti*" active sites.'*
Therefore, to meet the requirements for efficient water splitting,
the development of new materials or methodologies for
obtaining  high-performance visible-light photocatalysts
remains a tremendous goal.

Layered double hydroxides (LDHs) are a class of 2D inor-
ganic layered matrices," ™ which have been widely used in
photocatalysis,"*"” dye-sensitised solar cells,*® adsorption,*
CO, adsorbents,>**** and functional materials.?*** Garcia et al.
firstly reported the high photocatalytic activity of the ZnCr-
LDHs, which evokes research interest in LDH materials as
photocatalysts.”” In our previous work, we have demonstrated
that Ti-containing LDHs display good photocatalytic activity for
water splitting into hydrogen upon UV-visible irradiation.>* This
is attributed to the abundant Ti-O surface defects serving as
trapping sites to improve the electron-hole separation.
However, we are still to develop controls on both the defect type
and concentration in order to make further advances, as well as
to extend the photoresponse to visible-light region. It is repor-
ted that the size, shape and morphology of semiconductors are
key factors in determining their surface defects, which affects
both the efficiency of charge separation and the photo-
conversion capability.'*® Therefore, we have sought to tune the
defect type and concentration in Ti-based LDH materials via a
bottom-up synthesis approach, which would enhance both the
efficiency of electron-hole separation and the resulting visible-
light photocatalytic oxygen performance.

Herein, we report a facile and efficient synthesis of visible-
light responsive NiTi-LDHs nanosheets.>**” These nanosheets
demonstrate extraordinarily high photocatalytic activity for
oxygen evolution from water (~2148 umol g ' h™"), which we
believe is currently the most effective visible-light photocatalyst
reported for O, production. The reverse microemulsion method
is an effective method for controlling the size, shape and
morphology of the LDH particles at the nanoscale. The density
of Ti*" defects increases gradually upon decreasing the NiTi-
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LDH nanosheets from 90 to 30 nm. The photoluminescence
measurements indicate an effective electron-hole separation,
which is attributed to the abundant surface Ti*" defects serving
as trapping sites which we have confirmed by ESR and EXAFS
measurement. UV-vis absorption measurements reveal that the
absorption edge for the NiTi-LDH nanosheets shifts to longer
wavelengths compared with a conventional microcrystalline
LDH sample, this observation was supported by periodic
density functional (DFT) theoretical calculations which predicts
a decrease of ~1.8 eV in the band gap. This work demonstrates
that controlling the particle size and surface defects in NiTi-
LDHs is a promising strategy for the improvement of the
visible-light photocatalytic behavior for both water splitting and
solar energy conversion.

Experimental section

Materials

Chemical reagents including Ni(NOs),-6H,0, NiCl,-6H,0,
titanium propoxide, TiCl,;, urea, sodium dodecyl sulfate,
isooctane, TiO, (rutile)) WO; were purchased from Sigma-
Aldrich Co. Cr(NO3);-9H,0, Zn(NOs), 6H,0, NaOH, Na,CO;
were obtained from Beijing Chemical Co., Ltd. Deionised and
decarbonated water was used in all the experimental processes.

Synthesis of NiTi-LDH nanosheets using the reverse micelle
method

NiTi-LDH nanosheets with different particle size were prepared
by using the reverse microemulsion method reported by the
O’Hare group.* Typically, sodium dodecyl sulfate (1.08 g for
NiTi-LDH-1, 0.72 g for NiTi-LDH-2), isooctane (50 mL) and
deionised water (1.1 mL) were mixed in a flask with magnetic
stirring, and 1-butanol (1.5 mL) was added dropwise until the
reverse microemulsion was stable and transparent.
Ni(NO3),-6H,O (1.164 g, 0.004 mol) and TiCl, (0.11 mL,
0.001 mol) were then added into the microemulsion and stirred
for one hour. Finally, urea (1.2 g) was added into the mixture
and the resulting solution was aged at 110 °C for 27 h with
refluxing and stirring. The precipitate was collected by centri-
fuging, washed thoroughly with a mixture solvent of ethanol
and water (1 : 1, v/v) for several times and finally air-dried. NiTi-
LDH nanosheets containing different molar ratios of Ni**/Ti**
were prepared by using the same method using different stoi-
chiometric ratios.

Synthesis of NiTi-LDH powdered material using the
coprecipitation method

The NiTi-LDH-3 sample was prepared by coprecipitation. In
brief, a 0.5 mL TiCl, : HCI solution {1 : 1 (v/v)}, Ni(NOs),-6H,0
(0.008 mol), and urea (0.1 mol) were dissolved in deionised
water (100 mL) under vigorous stirring for 27 h at refluxing
temperature (100 °C). The resulting solid was centrifuged,
washed thoroughly and dried at 60 °C.

The synthesis of NiTi-LDH-4 sample was similar to that
described by Kang et al*® Titanium propoxide (0.0013 mol),
NiCl,-6H,0 (0.008 mol), and urea (0.1 mol) were dissolved in
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deionized water (100 mL) under vigorous stirring for 46 h at
refluxing temperature (90 °C). The resulting solid was centri-
fuged, washed and finally dried at 60 °C.

For comparison, a sample of ZnCr-LDH, was prepared using
the coprecipitation method reported by Garcia et al.’”

Results and discussion

Structure and morphology of the NiTi-LDH materials

The XRD patterns of the synthesised NiTi-LDH-n (n = 1-4) are
shown in Fig. S1A.t In each case, the Bragg reflections can be
indexed to a unit cell with rhombohedral R3m symmetry,
commonly used for the description of LDH structures.”” The
basal spacing of these LDHs is 0.716 nm, close to the value of
found for CO;> -containing LDHs. For the NiTi-LDH-n (n = 1, 2)
(i.e. samples prepared by reverse micelle method), the Bragg
reflections are significantly broader and weaker than for the
bulk NiTi-LDH-% (n = 3, 4) samples synthesised by conventional
coprecipitation method, indicating the smaller particle size and
poorer crystallinity for the former two samples. The nature of
interlayer anions in NiTi-LDH-n was investigated using FT-IR
spectroscopy (Fig. S1Bf). An intense IR absorption band at
2235 cm ™' can be assigned to the antisymmetric stretching
vibration (v¢cy) of the cyanate anion (CNO™), which results from
the incomplete decomposition of urea;*® an absorption band at
1384 cm ' can be assigned to the v; (asymmetric stretching)
mode of the interlayer CO;>~ anions.?* The data suggests the co-
existence of both CNO~ and CO;*>~ anions in the NiTi-LDH-n
(n = 1-4). For NiTi-LDH-n (n = 1, 2) the IR spectra provide the
evidence of the presence of CH,, CH; (vcy) in the dodecyl chain
(2958, 2918, 2850 cm '), implying the adsorption of some
dodecyl sulfate anions (DDS) onto the surface of NiTi-LDH-n
(n = 1, 2) sheets. Typical TEM images (Fig. 1A-D) reveal that
NiTi-LDH-n (n = 1-3) display a plate-like morphology with a
lateral dimension of 30 + 20 nm, 60 + 20 nm, 90 + 30 nm,
respectively, accompanied with some inevitable aggregation;

m 0 20 40 60 80 100 120
20 40- 60 80 100 120

Particle Width (nm) =

Particle Width (nm)

Fig.1 TEM images of (A) NiTi-LDH-1, (B) NiTi-LDH-2, (C) NiTi-LDH-3,
(D) NiTi-LDH-4.
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while the NiTi-LDH-4 sample displays rather larger particle size
(~2 pum). The restacking of the LDH nanosheets was investi-
gated by atomic force microscopy (AFM) in tapping-mode. As
shown in Fig. 2 and Fig. S2,} the nano-sized NiTi-LDH-1 and
NiTi-LDH-2 with lateral width of 50-80 nm and thickness of
~2.0 nm are observed from the cross-sectional analysis, and
NiTi-LDH-3 and NiTi-LDH-4 show larger particles (~110 nm
and ~2.2 pm in lateral size) with thickness of ~15 nm and
~700 nm, respectively. The LDHs diameter is close to the TEM
results. Based on the interlayer distance of 0.716 nm from the
XRD patterns (Fig. S17), it is therefore estimated that the NiTi-
LDH-n (n = 1-3) samples consist of ~2, ~3 and ~20 LDH layers;
while NiTi-LDH-4 exhibits the largest packing with ~950 layers.
We believe the small lateral size and thin nanosheet
morphology of NiTi-LDH-n (n = 1, 2) samples provide a large
surface area and sufficient exposure of active centre, facilitating
the improvement of photocatalytic behavior.

The surface area and pore-size distribution of the nano-
sheets and bulk samples were investigated by N,-adsorption/
desorption measurement (Fig. S31). In the cases of NiTi-
LDH-1 and NiTi-LDH-2, the samples show an isotherm
typical of type II with Hi-type hysteresis loop, indicative of
interparticle mesoporosity. However, NiTi-LDH-3 and NiTi-
LDH-4 exhibit typical IV isotherms with H3-type hysteresis
loop, implying the presence of mesopores; furthermore, no
limiting adsorption at higher P/P, was observed, indicating the
existence of macropores. This result is further confirmed by
the corresponding pore size distribution. In comparison with
the NiTi-LDH-3 and NiTi-LDH-4 which show a broader pore
distribution, the nano-sized NiTi-LDH-1 and NiTi-LDH-2 give a
mesopore distribution in the range 3-6 nm with the maximum
at 4 nm. Moreover, a difference in the specific surface area for
these LDH materials was also found: the NiTi-LDH-1 shows a
larger value (169.0 m> g~ '); while the NiTi-LDH-n (n = 2-4)
samples exhibit lower values (127.4 m®> g%, 91.4 m*> g~ " and
109.4 m”> g~ ', respectively). The increasing in the specific
surface area of NiTi-LDH nanosheets should be preferable for
the most efficient exposure of the active sites and the resulting
photocatalytic activity.

AL
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Fig.2 AFM images of (A) NiTi-LDH-1, (B) NiTi-LDH-2; cross-sectional
images of (C) NiTi-LDH-1, (D) NiTi-LDH-2.
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Electronic structure of NiTi-LDH materials

The photoluminescence (PL) behavior is related to the transfer
of the photoinduced electrons and holes, which can reflect the
separation-recombination process of photoinduced charge
carriers. In this study, the PL emission spectra of the NiTi-LDH-
n (n = 1-4) samples were examined in the wavelength range
440-510 nm (Fig. 3A). The bulk LDH material (NiTi-LDH-4)
shows the strongest PL emission peak at 466 nm (A, = 366
nm); while the emission from the NiTi-LDH-n (n = 1-3) samples
becomes significantly weaker than the bulk one, indicating a
depressed rate of electron-hole recombination in the NiTi-LDH
nanosheets. This should be beneficial for the photocatalytic
performance. In addition, the diffuse reflectance UV-vis spectra
of the NiTi-LDH-1 and NiTi-LDH-4 are shown in Fig. 3B. Two
absorption bands in the visible region at approximately 400 and
682 nm were observed, which can be attributed to the ligand-to-
metal charge transfer and the existence of Ni cation, respec-
tively. A significant red-shift of the absorption edge for the
NiTi-LDH-1 and NiTi-LDH-4 sample was found, with respect to
TiO, as a reference sample. Moreover, the band gap was
calculated from the UV-vis diffuse reflectance spectra (Fig. 3B,
inset), which shows that the nano-sized NiTi-LDH-1 has a
reduced band gap (~2.10 eV) than that of NiTi-LDH-4 (~2.40 eV)
and TiO, (~3.22 eV). In addition, cyclic voltammetry measure-
ments of these NiTi-LDH materials were performed to analyse
their electronic structure, and it was found that both

PL intensity

440 460 480 500
Wavelength (nm)

5 a

= ev7/em®)

2

(ahv)
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u N P u - T -
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360 4!;0 560 6(;0 7<I)0 860
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Fig. 3 (A) The fluorescence spectra of (a) NiTi-LDH-1, (b) NiTi-LDH-2,

(c) NiTi-LDH-3, (d) NiTi-LDH-4 (Aex = 366 nm). (B) UV-vis diffuse

reflectance spectra of (a) NiTi-LDH-1, (b) NiTi-LDH-4, (c) TiO,. The

inset in B shows their corresponding plots of (ahw)? vs. hv for the

determination of the direct band gap.
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the oxidation and reduction electric potentials (Eonset,ox and
Eonsetrea) decrease with the decrease of the particle size
(Fig. S47). Accordingly, on the basis of the empirical relation-
ships proposed by deLeeuw et al.,*** the frontier orbitals (the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO)) energy can be determined
as follows:

EHOMO) = —(Eonset.ox T 4.39) eV (1)

E(LUMO) = —(Eonsetrea + 4.39) eV @)

Therefore, the band gap energy can be calculated by AE, =
E(LUMO) - E(HOMO), which was determined to be ~1.98 eV
(NiTi-LDH-1), ~2.05 €V (NiTi-LDH-2), ~2.11 eV (NiTi-LDH-3)
and ~2.23 eV (NiTi-LDH-4), respectively, in agreement with
the results of PL and UV-vis spectra. These results demonstrate
that the band gap decreases significantly in the nano-sized NiTi-
LDH materials compared to the bulk material.

Photocatalytic activity and quantum yields in visible-light
water splitting

The photocatalytic activity of the NiTi-LDHs was investigated by
monitoring the time-dependent O, generation under visible
illumination (A > 400 nm) using AgNO; as a sacrificial reagent.
As shown in Fig. 4A, the NiTi-LDH materials display photo-
catalytic activity with the following sequence: NiTi-LDH-1

40
5] A a
30
= b
o 254
£
320-
~ e
O 154
10 c
5] f
d
0+
5 10 15 20 25 30 35
t (min)
40
1 st Run 2nd Run 3 rd Run
304
s | B
5
=20
o)
10
0 T T

0 15 30 45 60 75 90
t (min)

Fig.4 (A) O, evolution from aqueous solution using 1072 M AgNOs as
the sacrificial acceptor under visible-light: (a) NiTi-LDH-1, (b) NiTi-
LDH-2, (c) NiTi-LDH-3, (d) NiTi-LDH-4, (e) ZnCr-LDH, (f) WOs. (B)
Catalyst cycling for the photocatalytic generation of oxygen in water in
the presence of NiTi-LDH-1.
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(~2148 pmol g * h™") > NiTi-LDH-2 (~1714 umol g * h™ ") >
ZnCr-LDH (~1098 pmol g~* h™") > WO; (~563 pmol g " h™") >
NiTi-LDH-3 (~536 umol g " h™") > NiTi-LDH-4 (~267 pmol g~
h™"). Moreover, the NiTi-LDH materials show photoactivity per
square meter as follows: NiTi-LDH-2 (~13.45 pmol m > h™") >
NiTi-LDH-1 (~12.71 pmol m > h™") > NiTi-LDH-3 (~5.86 pumol
m~?h™") > NiTi-LDH-4 (~2.44 umol m > h™ ). The results show
that the nano-sized NiTi-LDHs exhibit largely-enhanced pho-
tocatalytic activity than that of bulk LDH as well as ZnCr-LDH
and WO;. The water splitting activity of the NiTi-LDHs as a
function of Ni/Ti molar ratio was also investigated. The XRD
patterns of NiTi-LDH nanosheet containing various Ni/Ti ratios
are shown in Fig. S5.f The Bragg reflections may be indexed to
an LDH phase for these samples. The NiTi-LDH nanosheets
with a Ni : Ti ratio of 4 : 1 displays the highest photocatalytic H,
production activity (~2148 pumol g * h™"), in comparison with a
LDH with a Ni:Ti ratio of 2:1 (~1043 pmol g * h™"), 3:1
(~1963 pumol-g~'h™), and 5:1 (~1577 umol g~* h™"), respec-
tively (Fig. S6%). Table S11 summaries many of the previously
reported photocatalysts for water splitting.*> These data
suggest that NiTi-LDH-1 is currently the most efficient visible-
light photocatalyst for photoinduced O, production from
water. In addition, the lifetime and reproducibility of the pho-
toactivity of NiTi-LDH-1 has been evaluated, these samples
show a constant photocatalytic activity (~2100 umol g * h™?)
over 3 consecutive cycles (Fig. 4B). The fate of the metallic Ag
derived from the AgNO; sacrificial reagent was studied by
HRTEM (Fig. S71). The HRTEM images show that Ag nano-
particles (NPs) are deposited on the surface of LDH nanosheets.
The NPs gradually increase in density from the 1st to 3rd cycle
without an obvious change in the NP particle size (4-12 nm).
The deposited Ag NPs may not impose great influence on the
reproducible light absorption and photocatalytic activity.

To optimize the oxygen generation by NiTi-LDH-1, we
determined the O, volume as a function of time with various
photocatalyst concentration (0.5 to 2 g L™ '). As shown in
Fig. S8,t a concentration of 1 g L~ " was found to give the highest
photocatalytic activity (~2148 pmol g~' h™"). The quantum
yield (QY) for incident photon to oxygen conversion is an
important parameter to establish the photocatalytic efficiency
especially in the visible-light region. The apparent QY for O,
generation was tested by using monochromatic light of wave-
lengths corresponding to the maxima of the absorption bands
based on concentration of 1 g L ™" (details of the calculation of
the apparent QY are described in SI). As shown in Fig. 5, using
potassium ferrioxalate as a chemical actinometer, a QY of
~65.0% and ~20.0% was obtained for the NiTi-LDH-1 sample
under monochromatic irradiation at 400 and 650 nm, respec-
tively. The different QY at various visible absorption bands is
due to the different nature of the electronic transition promoted
at each wavelength. To the best of our knowledge, this is the
highest QY reported for photocatalytic generation of O, under
visible-light irradiation (as shown in Table S1}).>> The results
indicate that the nano-sized NiTi-LDH materials prepared by
the reverse microemulsion method are very promising visible-
light photocatalyst for oxygen evolution from water, with high
activity, efficiency, long-term stability and recyclability.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Diffuse reflectance UV-vis spectra (plotted as the Kubelka-
Munk function of the reflectance) of NiTi-LDH-1 and observed
quantum yield for oxygen evolution.

Structure—property correlations

In order to explore the redox ability of the Ti-containing LDH
nanosheets, ESR spectroscopy was carried out to help give an
insight into the chemical surroundings of Ti in NiTi-LDHs
(Fig. S91). The fresh sample of NiTi-LDH-1 exhibits two major
signal at g values of 1.996 (curve a, Section A) and 2.030 (curve a,
Section B) respectively. These signals can be assigned to Ti**
species and O according to their reported values.*® Upon visible-
light exposure for 0.5 h, the signal due to Ti** increases together
with the appearance of a new signal at 2.008 which may attrib-
uted to O, ,**?* No Ti’** signal was detected by ESR from the bulk
sample NiTi-LDH-4 (Fig. S107), a weak Ti** signal for NiTi-LDH-4
could be due to its lower surface area and thereby reduced
concentration of surface Ti*" sites. Kong et al. reported that the
increased ratio of surface defects for TiO, nanocrystals can
significantly improve the separation efficiency of the photo-
generated electron-hole and the resulting photocatalytic activi-
ty.** For the NiTi-LDH nanosheets, it is therefore proposed that
the Ti** species play the key role of trapping sites for electrons,
which facilitates the visible-light catalytic performance.

X-ray photoelectron spectroscopy (XPS) is a well-established
surface analysis technique, which was used to determine Ti
oxidation states in NiTi-LDHs. As shown in Fig. 6d, the XPS
spectrum of NiTi-LDH-4 (Ti 2ps,,) exhibits two peaks at 458.6 eV
and 460.5 eV, corresponding to the binding energy of Ti** and
Ti*", respectively. It should be noted that this sample displays a
large particle size (lateral size: ~2.2 pm; thickness: ~700 nm),
which would lead to a low density of surface Ti species and the
resulting low signal-to-noise in XPS spectrum. In the cases of
NiTi-LDH-n (n = 1-3) nanosheets (Fig. 6a-c), with the decrease
of particle size, the Ti*" defect (2ps/, peak at 458.6 eV) increases
significantly accompanied with a concomitant decrease in the
Ti'" signal (460.5 V). A quantitative analysis of Ti*" and Ti**
surface states for the LDH samples are presented as Table 1. It
was found that the density of the Ti** sites increases markedly
upon decreasing the NiTi-LDH particle size from 2 pm to 30 nm.
The Ti*" surface states for NiTi-LDH-1 account for ~88.0%
(molar percentage), in contrast to ~27.3% of the NiTi-LDH-4
sample. The increased concentration of surface Ti** sites in
NiTi-LDH-1 can be attributed to the particle size effect. The

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Ti 2p XPS-spectra of (a) NiTi-LDH-1, (b) NiTi-LDH-2, (c) NiTi-
LDH-3, (d) NiTi-LDH-4.

Table 1 The quantitative analysis of Ti** surface state in Ti 2p of NiTi-
LDHs based on the results of XPS

Sample Particle size Ti*" concentration (molar percentage)
NiTi-LDH-1 ~30 nm 88.0%
NiTi-LDH-2 ~60 nm 42.7%
NiTi-LDH-3 ~90 nm 47.0%
NiTi-LDH-4 ~2 pm 27.3%

chemical composition of the LDH samples is listed in Table S2.7
It has been reported that a larger fraction of Ti*" results in more
oxygen defects,****¢ which imposes a significant impact on the
electronic properties and favors the efficient separation of
electron-hole pair.** Therefore, the red-shift in the band gap of
nano-sized NiTi-LDH-1 observed in this work can be attributed
to the formation of these Ti** and oxygen defects. Visible-light
absorption results in promotion of electrons from the band
gap localized states, these subsequently react with the electron-
acceptor AgNO;, leaving holes trapped on surface hydroxyl
sites,*” which promotes the oxidation of water.*

The X-ray absorption near-edge structures (XANES) at the Ti
K-edge of the samples (NiTi-LDH-1, NiTi-LDH-4 and rutile TiO,)
are shown in Fig. 7. The pre-edge features can provide sensitive
information about the symmetry of the titanium environment
in these materials. In the case of an octahedral environment,
the pre-edge features give rise to three features usually denoted
as Py, P, and P; corresponding to the quadruple-allowed 1s —
3d transitions (Fig. 7A). The NiTi-LDH-1 exhibits a maximum
peak at ~4987.4 eV, 1.1 eV lower than the reference sample
(NiTi-LDH-4: 4988.5 eV). The decreased absorption energy
indicates a decrease in the oxidation state of Ti*', which have
been previously observed in Ti K-edge XANES spectra.***° The
results suggest that the Ti species in NiTi-LDH-1 probably exists
as a lower oxidation state (Ti?", 3 < d < 4), which is consistent
with the XPS results. In addition, the k2-weighted Fourier
transform of the Ti K-edge EXAFS spectrum of these materials is
shown in Fig. 7B, the corresponding refined local structure
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Fig.7 (A) Ti K-edge, XANES spectra and (B) magnitude of k2-weighted
Fourier transforms of Ti K-edge EXAFS spectra for of (a) NiTi-LDH-1, (b)
NiTi-LDH-4 and (c) rutile TiO».

Table 2 Summary of the local structure around Ti from refinement of
the Ti K-edge EXAFS data

Sample Shell N* R[AP o [AYf AE, [eV]*
TiO, Ti-O 6.00° 1.96 3.07
NiTi-LDH-4 Ti-O 4.70 1.92 0.008 0.20
NiTi-LDH-1 Ti-O 4.33 1.95 0.009 2.89

@ N = coordination number. ? R = distance between absorber and
backscatter atoms. ¢ ¢> = Debye-Waller factor. ¢ AE, = energy shift; R

space fit, Ak = 2.9-11.4 A~Y, Ar = 0.98-2.07 A. ° Fixed as 6 for the first
TiOg shell.

parameters around Ti are listed in Table 2. The first shell of
rutile TiO, represents the nearest-neighbour Ti-O coordination
sphere with an average distance of 1.96 A and coordination
number of 6.00 (curve a). However, distinct variations were
observed for the NiTi-LDH materials. The first shell in the k2-
weighted Fourier transform of the Ti K-edge EXAFS spectrum of
NiTi-LDH-4 (Fig. 7B, curve b) is at a distance of 1.92 A with a
coordination number of 4.70, can be assigned to the Ti-O
octahedra in the LDH layers, both of which are less than those
of TiO,. In the case of NiTi-LDH-1 sample (Fig. 7B, curve a),
further structure distortions in the Ti-O distance (1.95 A) and
coordination number (4.33) are observed. In addition, the
Debye-Waller factor (0.009 A) for the Ti-O bonds for NiTi-LDH-
1 is larger than that of NiTi-LDH-4 (0.008), suggesting a more
distorted octahedral coordination of Ti in NiTi-LDH-1.**"** The
EXAFS study implies that upon decreasing particle size of the
NiTi-LDH, the concentration of Ti*" site increases along with
some structural distortions. Based on the results above, the
increased concentration of Ti** defects is in accordance with the
results of PL behavior and UV-vis spectra.

To further study the electronic structure of Ti** in these NiTi-
LDHs, periodic density functional (DFT) calculations were

956 | Chem. Sci., 2014, 5, 951-958
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Fig. 8 Total and partial electronic density of states (TDOS and PDOS)
for the Ti**-doped NiTi-LDH system. The Fermi energy level £ was set
to zero.

carried out for the NiTi-LDH systems. The NiTi-LDH with Ti**
state was introduced by removing oxygen atoms from the
central surface, thereby creating a Vy;** defect (Scheme S17).
Total electronic densities of states (TDOS) and partial electronic
densities of states (PDOS) analysis (Fig. S11t) reveal that for an
ideal NiTi-LDH system, the VB top is primarily constructed by
the occupied Ni 3d and O 2p orbitals while the CB bottom is
mainly dominated by the unoccupied Ti 3d orbitals; the band
gap transitions from the VB top (highest occupied molecular
orbital; HOMO) to the CB bottom (lowest unoccupied molecular
orbital; LUMO) is ~2.1 eV. In the case of NiTi-LDH with Ti*"
defects, however, the CB bottom is hybridised from both O 2p
orbitals and Ti 3d orbitals (Fig. 8), and the band gap was
calculated to be ~1.8 eV, much lower than that of the ideal NiTi-
LDH system (~2.1 eV). This indicates that the Ti**-doped LDH
exhibits a much wider optical response to solar radiation, which
is in accordance with the experimental results. The extended
energy states, in combination with the energy levels produced
by dopants, may serve as dominant centres for optical excitation
and relaxation. The results reveal that the surface Ti*" defects
could serve as trapping sites to improve the electron-hole
separation as evidenced by PL, which therefore enhances the
visible-light photocatalytic efficiency.

A proposed scheme that couples the structure and O, evolu-
tion process is shown in Fig. 9. The nanosheet LDHs contain Ti**
defects and oxygen vacancies (O,) neighboring the Ti** site as
confirmed by ESR (Fig. S9t). The impurity levels induced by Ti**
self-doping exists in the band gap of LDH as the form of [Vy;*"].**
Upon visible-light illumination, the electron is excited to an
impurity level (the oxygen vacancy trap, Fig. 9A), whose life is
much longer than that in the conductive band.* This facilitates
its interaction with the AgNO; sacrificial agent, and thus
improves the electron-hole separation. The hole left in the
valence band accumulates on the surface Ti** defects, accounting
for the enhanced efficiency in water splitting into O,.

This journal is © The Royal Society of Chemistry 2014
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Fig.9 (A) Proposed structural model of energy states for the Ti** self-
doped NiTi-LDH and (B) schematic illustration of the O, evolution
process over the NiTi-LDH nanosheet under visible-light irradiation.

Conclusions

In summary, Ti**-containing NiTi-LDH nanosheets have been
synthesised through a reverse microemulsion method. These
materials display excellent visible-light photocatalytic activity
and recyclability for splitting water into oxygen. The lateral size
of LDH nanosheets can be tuned from 60 to 30 nm by increasing
the DDS/water ratio, giving a limiting sheet thickness of ~2 nm
which corresponds to ~3 stacking repeats. The NiTi-LDH
sample (~30 nm) exhibits an extraordinarily high photo-
catalytic activity for oxygen evolution (~2148 pumol g~ " h™"),
with a QY of ~65.0% at 400 nm. Currently, one of the most
effective visible-light photocatalyst reported for O, production.
PL spectra demonstrate a weaker electron-hole recombination
for the NiTi-LDH nanosheets compared with bulk sample, as a
result of abundant Ti** surface defects serving as trapping sites
to facilitate the electron-hole separation. In addition, DFT
calculations reveal that the electronic structure of the NiTi-LDH
is modified by incorporating Ti** into the CB structure giving a
much reduced band gap. Overall, this work provides a platform
for the facile preparation of visible-light responsive photo-
catalysts for water splitting, which can be used as a promising
candidates in the field of solar-energy conversion.
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