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with largely enhanced visible light photocatalytic
performance†

Yi Fu, Fanyu Ning, Simin Xu, Hongli An, Mingfei Shao* and Min Wei

Recently, layered double hydroxides (LDHs) have emerged as highly active photocatalysts due to their

unique structure, large specific surface area and semiconductor properties. However, the slow interfacial

kinetics and fast charge recombination are the major obstacles which limit the performance of LDH-

based photocatalysts. Here, we demonstrate the doping of rare earth ions into the host layer of LDHs to

inhibit the charge recombination and increase the charge injection efficiency simultaneously. A series of

terbium ion (Tb3+) doped ZnCr–LDHs (Tb-ZnCr–LDHs) have been successfully synthesized via a co-

precipitation method, and their photocatalytic water splitting activities were evaluated under visible light

irradiation. The sample with a Tb3+ doping content of 0.5% (molar ratio) shows optimal performance for

oxygen evolution (1022 mmol h�1 g�1) among all these Tb-ZnCr–LDH materials. The photoluminescence

and photoelectrochemistry measurements over the Tb-ZnCr–LDH samples prove effective separation of

photo-induced charge carriers and high charge injection efficiency, compared with a pristine ZnCr–LDH.

This strategy can be applied to modify other photocatalysts toward low-cost solar fuel generation systems.
Introduction

Photocatalytic water splitting for the generation of hydrogen
and oxygen has attracted considerable attention for clean and
renewable energy production without fossil fuel consumption
and carbon dioxide emission.1 In the past decades, numerous
photocatalysts have been explored for water splitting utilizing
solar energy, such as metal oxides,2 nitrides3 and suldes.4

Although these materials have shown interesting performance,
the efficiency of the photocatalytic process generally suffers
from limited light absorption, poor charge transport properties
or sluggish interfacial kinetics toward water splitting.5 Recently,
considerable efforts have been focused on this issue by metal6

or non-metal7 ion doping, modication with semiconductors8,9

or loading of water splitting cocatalysts (e.g. Co3O4 (ref. 10) and
Co-Pi (ref. 11)). Nevertheless, achieving cost-effective photo-
catalysts with high performance and desirable stability for water
splitting remains a challenging goal.

Layered double hydroxides (LDHs) are typical two-dimen-
sional (2D) inorganic materials generally expressed by the
formula [MII

1�xM
III
x (OH)2]

x+(An�)x/n$mH2O (MII and MIII refer to
bivalent and trivalent metal cations; An� refers to interlayer
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exchangeable anions).12 Recently, LDHs have been investigated
as photocatalysts (e.g. ZnTi–LDHs,13 NiTi–LDHs14,15 and ZnCr–
LDHs16), owing to their unique intercalation structure with
highly dispersed metal cations, large specic surface area and
remarkable adsorption capacity. So far, several important
strategies have been developed for improving LDH-based pho-
tocatalysts by tuning the composition of host layers,17 inter-
calating guest sensitizers,18 and constructing hierarchical
nanocomposites.19 However, serious recombination of photo-
induced charge carriers is inevitable for most LDH-based
photocatalysts due to the poor charge mobility of traditional
LDHs. Therefore, efforts for facilitating photo-induced elec-
tron–hole separation and improving the interfacial kinetics of
LDH-based photocatalysts are highly necessary.

Lanthanides are renowned for their abundant 4f electrons
and strong coordination abilities.20 When integrated into
a semiconductor matrix, they can serve as adsorption sites for
reactants or create lattice distortion to enhance the separation
of photo-induced electron–hole pairs.21 If appropriate lantha-
nide metal ions are doped into the host layer of LDHs,22–24 the
photocatalytic performance of LDHs would be ameliorated as
a result of the enhanced charge separation efficiency. In addi-
tion, the vacant d-orbitals of rare earth elements and the
distortion of the lattice may contribute to the surface charge
injection process,25 which is of great importance for the pho-
tocatalytic reaction. In spite of a large potential, the lanthanide-
doped LDH materials and their photocatalytic properties have
seldom been studied so far.
J. Mater. Chem. A, 2016, 4, 3907–3913 | 3907
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Herein, a series of Tb3+ doped ZnCr–LDHs (denoted as Tb-
ZnCr–LDHs) have been synthesized via a facile co-precipitation
method, which exhibit largely enhanced photocatalytic water
oxidation performances under visible light. The as-synthesized
Tb-ZnCr–LDH possesses a 2D plate-like morphology with
a lateral particle size of �50 nm and a thickness of �2 nm. It is
found that the sample with a Tb doping ratio of 0.5% displays
superior photocatalytic activity for the water oxidation under
visible-light irradiation, with a much higher photo-induced
charge separation efficiency and stronger photocurrent
response compared with pristine ZnCr–LDH, as conrmed by
photoluminescence and photoelectrochemical measurements.
Thus, this work provides a promising route for the enhance-
ment of photo-response ability and charge injection efficiency
of LDH-based photocatalysts under visible light irradiation by
introducing rare earth ions.

Experimental section
Materials

Analytical grade chemical reagents including Zn(NO3)2$6H2O
(AR, 99%), Cr(NO3)3$6H2O (AR, 99%), Tb(NO3)3$5H2O (metal
basis, 99.99%), AgNO3 (AR, 99.8%) and H2O2 (AR, 30 wt%) were
purchased from Aladdin reagent Co. Ltd. NaOH (AR, 99.5%),
Na2CO3 (AR, 99.5%), and Na2SO4 (AR, 99.5%) were obtained
from Beijing Chemical Co., Ltd. Deionized water was used in all
the experimental processes.

Synthesis of Tb-ZnCr–LDHs

The Tb-ZnCr–LDHs with various molar ratios (r) of Tb3+/(Tb3+ +
Cr3+) (r ¼ 0%, 0.1%, 0.5%, 1%, and 5%) were prepared by a co-
precipitation method, which were denoted as LDH-0%, LDH-
0.1%, LDH-0.5%, LDH-1%, and LDH-5%, respectively. Typically,
aqueous solution A containing Zn(NO3)2$6H2O (0.2 M),
Cr(NO3)3$6H2O and Tb(NO3)3$5H2O (NTb + NCr ¼ 0.1 M) and
aqueous solution B containing 1 M NaOH and 0.5 M Na2CO3

were rst prepared. Then solutions A (50 mL) and B (30 mL)
were simultaneously added into 100 mL of deionized water, and
the pH of the suspension was maintained at approximately 9.
The resulting slurry was transferred into a Teon-lined stainless
steel autoclave and hydrothermally treated at 120 �C for 24 h.
The nal precipitate was ltered, washed thoroughly with
deionized water and dried at 60 �C for 24 h. The product yields
for the synthesized LDH-0%, LDH-0.1%, LDH-0.5%, LDH-1%,
and LDH-5% are 97.8%, 97.5%, 97.5%, 97.3%, and 97.1%,
respectively.

Photocatalytic tests

The photocatalytic experiments were conducted in a 50 mL
Pyrex ask. Typically, the photocatalyst (45mg) was dispersed in
aqueous solution (45 mL), with AgNO3 (0.01 M) as a sacricial
reagent. An airtight silicon stopper was used to seal the head-
space of the reactor, and the suspension was purged with argon
for 30 min. Then the reaction was conducted under the illu-
mination of a xenon arc lamp (150 W; Beijing AuLight Co., Ltd.)
with a UV cutoff lter (l > 420 nm). Water bath equipment kept
3908 | J. Mater. Chem. A, 2016, 4, 3907–3913
at 40 �C was used to avoid the ambient temperature variation
inuence. The oxygen was identied by injecting the reactor
headspace gas into a gas chromatograph (GC-7890II; Tech-
comp. Co., Ltd.) operating under isothermal conditions (30 �C)
equipped with a semicapillary column and a thermal conduc-
tivity detector.
Photoelectrochemical water splitting measurements

All photoelectrochemical (PEC) water splitting studies were
carried out at an electrochemical workstation (CHI 660C, CH
Instruments Inc., Shanghai) in a home-built three-electrode
optical cell, by using Hg2Cl2 as the reference electrode, a Pt wire
as the counter electrode and ITO coated LDH (area: 2 cm2) as
the working electrode. The working electrode was fabricated as
follows: 1 mg of LDHs was dispersed in 1 mL ethanol solution;
200 mL of the suspension was dripped onto the ITO surface and
dried for 15 min; 100 mL of 5% Naon (Sigma–Aldrich) was
coated onto the surface and dried for 10 min. Measurements
were performed in a 0.5 M Na2SO4 (pH ¼ 6.8) solution by cyclic
voltammetry in the potential range from 0 V to +0.7 V. The Tb-
ZnCr–LDH photoelectrodes were illuminated at 100 mW cm�2

using a 150 W xenon lamp with a UV cutoff lter (l > 420 nm).
Amperometric I–t curves of LDHs were recorded at an applied
voltage of +0.6 V.
Characterization

Powder X-ray diffraction patterns of the synthesized samples
were collected on a Shimadzu XRD-6000 diffractometer using
a Cu Ka source, with a scan step of 0.02 degree and a scan range
between 3 degrees and 70 degrees. Fourier transform infrared
(FT-IR) spectra were collected using a Vector22 (Bruker) spec-
trophotometer with 2 cm�1 resolution in the range between
4000 and 400 cm�1. X-ray photoelectron spectra (XPS) were
recorded on a Thermo VG ESCALAB250 X-ray photoelectron
spectrometer at a pressure of about 2 � 10�9 Pa using Al Ka X-
rays as the excitation source. The morphology of the samples
was investigated using a scanning electron microscope (SEM;
Zeiss Supra 55) with an accelerating voltage of 20 kV, combined
with an energy dispersive X-ray spectrometer (EDX) for the
determination of metal composition. The specic surface area
determination and pore volume and size analysis were per-
formed by Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda (BJH) methods using a Quantachrome Autosorb-1C-VP
Analyzer. Prior to the measurements, the samples were
degassed at 100 �C for 8 h. Solid-state UV-vis diffuse reectance
spectra were recorded at room temperature in air by means of
a Shimadzu UV-3000 spectrometer in the 200–800 nm wave-
length range. The samples (100 mg) were pressed into pellets
with a diameter of 1 cm and 0.1 cm in thickness under a pres-
sure of 8 MPa. Fluorescence emission spectra were recorded
using a uorophotometer (RF-5301PC, 1.5 nm resolution) in the
range of 380–570 nm with an excitation wavelength of 350 nm
and slit widths of 3 nm. Transmission electron microscopy
(TEM) images were recorded with Philips Tecnai 20 and JEOL
JEM-2010 high-resolution transmission electron microscopes.
This journal is © The Royal Society of Chemistry 2016
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The electron spin resonance (ESR) data were recorded on a JES-
FA200 Electron Spin Resonance Spectrometer, JEOL.
Results and discussion

The Tb-ZnCr–LDHs were prepared via a co-precipitation
method, and the structure was conrmed by powder X-ray
diffraction (XRD) measurements (Fig. 1). The Bragg reections
of the LDHs with various contents of Tb can be indexed to
a hexagonal lattice with a R3m rhombohedral symmetry with
basal reection planes (003), (006), (012), (110) and (113),26 and
no obvious impurity phase was found. The basal spacing of the
LDHs (d003) is �0.75 nm, which is close to the value of
carbonate-intercalated LDHs.27,28 Fig. 1b shows high resolution
patterns of (110) and (113) reections of the Tb-ZnCr–LDH.
Lattice parameters a ¼ 2d110 and c ¼ 3d003 were calculated and
are summarized in Table 1. The value of parameter a (a¼ 2d110),
which refers to the distance of adjacent metal cations, increases
gradually along with the progressive enhancement of the Tb3+

content from 0% to 1%. This implies the successful doping of
Tb3+ into the brucite layer of the ZnCr–LDH. However, the
parameter a remains unchanged when the doping content is
larger than 1%, indicating that a limited amount of Tb can be
introduced into the LDH host layer. Tb3+ has a much larger
ionic radius of 92 pm than Cr3+ (62 pm). An isomorphic
substitution of Cr3+ by Tb3+ would induce a lattice distortion
that is unfavorable in energy; therefore only a limited doping of
Tb3+ can be achieved.29–31

The obtained LDHs were further characterized by Fourier
translation infrared (FT-IR) spectroscopy (Fig. S1†). A broad
Fig. 1 (a) Powder XRD patterns of ZnCr–LDH samples with different
doping molar ratios of Tb3+ (denoted as LDH-0%, LDH-0.1%, LDH-
0.5%, LDH-1% and LDH-5%, respectively); (b) high resolution XRD
patterns of (110) and (113) reflections of the as-synthesized samples.

Table 1 Cell parameters of various Tb-ZnCr–LDH samples

Catalyst

Lattice parameter

d003 (Å) d110 (Å) a (Å) c (Å)

LDH-0% 7.5320 1.5532 3.1064 22.5960
LDH-0.1% 7.5345 1.5547 3.1094 22.6035
LDH-0.5% 7.5698 1.5562 3.1124 22.7094
LDH-1% 7.5825 1.5560 3.1120 22.7475
LDH-5% 7.6076 1.5559 3.1119 22.8228

This journal is © The Royal Society of Chemistry 2016
absorption band at �3410 cm�1 is due to the stretching vibra-
tions of surface hydroxyl groups and the interlayer water
molecules. Bands at �1360 cm�1 (v3) and �860 cm�1 (v2) are
assigned to the vibrations of carbonate.32 The weak shoulder at
�1045 cm�1 can be ascribed to mode v1 of carbonate.33 Other
bands in the range of wavenumbers less than 1000 cm�1 (786,
575 and 515 cm�1) are ascribed to the translational mode
vibrations of metal–O and metal–O–metal.34 In general, the FT-
IR spectra show no obvious difference for the Tb doped ZnCr–
LDH and pristine ZnCr–LDH, indicating that the structure and
symmetry of LDHs are well maintained aer Tb doping. This is
consistent with the XRD results.

X-ray photoelectron spectroscopy (XPS) was used to gure out
the electronic properties of the prepared LDHs (Fig. 2). The
electron transfer trend between the two elements can be
deduced by the change of the chemical state obtained from XPS
results.35,36 The corresponding peaks of Cr 2p in the Tb-ZnCr–
LDH exhibit an apparent shi of�0.5 eV to lower binding energy
(Fig. 2a), which can be ascribed to the enhanced electron density
of Cr due to the introduction of Tb3+ into the ZnCr–LDH.37

Similarly, a shi of 0.3 eV to lower binding energy is also
observed for the O 1s (Fig. 2b). In contrast, no obvious shi
occurs for the binding energy of Zn 2p, indicating the absence of
electron transfer of Zn (Fig. 2c). Thus, the incorporation of Tb
into the LDH host layer induces electron transfer from Tb to Cr,
which would play an important role in the photocatalytic
performance. In addition, the peak intensity of Tb 3d5/2 and 3d1/2
at 1244.0 eV and 1279.1 eV increases gradually along with the
enhancement of doped Tb3+ (Fig. 2d), implying the involvement
of Tb3+ into the lattice of the ZnCr–LDH. The results above
indicate that the incorporation of Tb3+ into the ZnCr–LDH
matrix leads to a decrease in the positive potential of Cr and O,
which could provide a favourable environment for the trans-
ference of photo-induced electrons and holes.

SEM coupled with EDX and TEM images of the Tb-ZnCr–
LDH are shown in Fig. 3. SEM images of the Tb-ZnCr–LDH show
the presence of 2D nanoakes with a lateral size of 30–50 nm
Fig. 2 XPS spectra of (a) Cr 2p, (b) O 1s, (c) Zn 2p and (d) Tb 3d for the
various Tb-ZnCr–LDH samples.

J. Mater. Chem. A, 2016, 4, 3907–3913 | 3909
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Fig. 3 (a) SEM image of the ZnCr–LDH with a Tb doping molar ratio of
0.5% (LDH-0.5%). (b) The corresponding EDX spectrum, and elemental
mapping images of (b1) Cr and (b2) Tb. (c) TEM image and (d) HR-TEM
image of LDH-0.5%,with the SAEDpattern shown in the inset of panel (d).

Fig. 4 (a) UV-vis diffuse reflectance and (b) photoluminescence
spectra of the Tb-ZnCr–LDH samples with different amounts of Tb.
The inset in (a) shows their corresponding plots for the determination
of the band gap.
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(Fig. 3a and S2†), which is nearly the same as that of the pristine
ZnCr–LDH. The EDX analysis of LDH-0.5% demonstrates the
presence of Zn, Cr and Tb, and the elemental mapping images
suggest that Cr and Tb are highly dispersed (Fig. 3b1 and b2).
The chemical compositions of these Tb-ZnCr–LDH samples are
further studied by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), and the results are summarized in
Table S1.† The determined atomic ratios t well with the
nominal ones, which also gives evidence for the incorporation
of Tb3+ into the LDH host matrix. The corresponding TEM
image (Fig. 3c) reveals plenty of thin nanoakes (�2 nm in
thickness) intercrossing each other. The HRTEM image (Fig. 3d,
inset) shows hexagonally arranged spots for an individual
nanoake of the Tb-ZnCr–LDH, conrming the single crystal
nature.38 A lattice spacing of 0.26 nm is observed, correspond-
ing to the (012) plane of the Tb-ZnCr–LDH phase. This value is
in accordance with the in-plane structural parameter of the Tb-
ZnCr–LDH crystal determined from the XRD characterization
(d012 ¼ 0.25 nm).

The surface area and porosity properties of these prepared
Tb-ZnCr–LDH samples were investigated by low temperature N2

sorption analysis. As shown in Fig. S3,† typical IV isotherms
with an H3-type hysteresis loop are observed in all cases,
implying the presence of mesopores.39 The pore size analysis
based on the isotherms shows that these samples exhibit
a mesopore distribution in the range of 15–18 nm. Since the
surface area is an important factor which inuences the pho-
tocatalytic performance, the specic surface areas of Tb-ZnCr–
LDH samples were obtained and are summarized in Table S2.†
The surface area of LDH-0%, LDH-0.1%, LDH-0.5%, LDH-1%,
and LDH-5% is 166.6 m2 g�1, 174.8 m2 g�1, 187.6 m2 g�1, 158.3
m2 g�1, and 165.9 m2 g�1, respectively. The LDH-0.5% possesses
3910 | J. Mater. Chem. A, 2016, 4, 3907–3913
the largest surface area among these Tb-ZnCr–LDH samples,
which guarantees a sufficient exposure of active sites and the
resulting enhanced photocatalytic behavior.

Fig. 4a shows the UV-vis diffuse reectance spectra of these
Tb-ZnCr–LDH samples. Two absorption bands at 410 nm and
570 nm are observed, which can be attributed to the ligand-to-
metal charge-transfer (LMCT) from the 2p orbital of oxygen to
the 3d orbital of Cr3+ (O 2p / Cr 3dt2g) and from Cr 3dt2g to Cr
3deg, respectively. The absorption band in the range of 200–300
belongs to LMCT from the 2p orbital of oxygen to the 3d orbital
of Zn.32 The introduction of Tb3+ into the ZnCr–LDH matrix
leads to an enhancement of light absorption in the visible-light
region. Moreover, the band gap is calculated from the UV-vis
diffuse reectance spectra (Fig. 4a, inset). The band gap of the
pristine ZnCr–LDH is �2.30 eV, which is consistent with the
previous reports.40 Aer doping with Tb3+, the band gap
decreases to 2.26 eV, 2.09 eV, 2.21 eV and 1.70 eV for LDH-0.1%,
LDH-0.5%, LDH-1% and LDH-5%, respectively. This further
indicates that the light absorption can be effectively extended by
narrowing the band gap of the ZnCr–LDH via Tb-doping. Pho-
toluminescence (PL) behavior reects the separation-recombi-
nation process of photo-induced charge carriers, where a strong
separation ability of photo-induced electron–hole pairs gives
rise to a weak photoluminescence signal.39 In Fig. 4b, the PL
emission spectra of the synthesized Tb-ZnCr–LDH are exam-
ined at an excitation wavelength of 350 nm, and the intensity
decreases as the following sequence: LDH-5% > LDH-0% > LDH-
0.1% > LDH-1% > LDH-0.5%. The results reveal that the
sample of LDH-0.5% possesses the strongest photo-induced
electron–hole separation efficiency resulting from a suitable
This journal is © The Royal Society of Chemistry 2016
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incorporation of Tb3+. However, LDH-5% shows the strongest
PL signal, which could be ascribed to the formation of
a recombination center of photo-induced electrons and holes
caused by an excess amount of Tb3+ in the ZnCr–LDH.

Photocatalytic performance of splitting water into O2 by
using the Tb-ZnCr–LDH was studied under visible-light irradi-
ation with AgNO3 as an electron acceptor. The stoichiometric
reaction occurs as follows:

4Ag+ + 2H2O / 4Ag + O2 + 4H+ (1)

Fig. 5a shows the O2 production from water catalyzed by the
Tb-ZnCr–LDH under visible light illumination using a UV cutoff
lter (l > 420 nm). It is found that the oxygen productivity
increases signicantly from 543 mmol h�1 g�1 to 1022 mmol h�1

g�1 upon the increase of Tb3+ doping from 0% to 0.5%, but
decreases with a further increase of the Tb3+ content. The
photocatalytic activity of these Tb-ZnCr–LDH samples displays
a sequence: LDH-0.5% (1022 mmol h�1 g�1) > LDH-1% (802
mmol h�1 g�1) > LDH-0.1% (711 mmol h�1 g�1) > LDH-5% (632
mmol h�1 g�1) > LDH-0% (543 mmol h�1 g�1). The optimum
activity is present in the sample of LDH-0.5%, indicating that
a suitable Tb3+ substitution (e.g. 0.5% molar ratio) can largely
enhance the photocatalytic performance of the ZnCr–LDH. This
will be further discussed in the following section.

The Tb-ZnCr–LDH maintains a nearly constant photo-
catalytic oxygen production activity over three cycles (Fig. 5b),
indicating a satisfactory stability. It is reported that the depo-
sition of sacricial Ag NPs usually decreases the activity of the
photocatalysts during cycling tests.41 To give a further
Fig. 5 (a) Oxygen evolution over various Tb-ZnCr–LDH samples in the
aqueous suspension under visible light (l > 420 nm) irradiation using 1
� 10�2 M AgNO3 as a sacrificial agent; (b) catalyst cycling tests for the
photocatalytic generation of oxygen from water in the presence of
LDH-0.5%.

This journal is © The Royal Society of Chemistry 2016
illustration, HRTEM images of the used Tb-ZnCr–LDH catalyst
are shown in Fig. S4,† from which we infer that its plate-like
morphology is maintained aer three cycling tests (Fig. S4a†).
However, just a few silver particles with a diameter of �10 nm
are observed on the surface of LDH nanoplatelets (Fig. S4b†),
which is consistent with the EDX elemental analysis results
(Fig. S4c,† Ag percentage: 0.18%). Therefore, the stability of the
Tb-ZnCr–LDH can be ascribed to the chemical stability of LDH
materials. The small amount of Ag deposition does not induce
obvious activity loss. The apparent quantum yield (AQY) of
LDH-0.5% reaches 55% at 450 nm (Fig. 6a), which is much
higher than that of the pure ZnCr–LDH (42% at 450 nm).
Moreover, the activity of the Tb-ZnCr–LDH was further investi-
gated through the turnover number (TON) (see the ESI for
calculation details†). The sample of LDH-0.5% shows a nearly 2
times larger TON value than pristine ZnCr–LDH (Fig. S5†),
further indicating its superior photocatalytic properties.

To investigate the inuence of Tb3+ doping on the ZnCr–LDH
brucite layer, electrochemical impedance spectroscopy (EIS)
and photoelectrochemical (PEC) measurements were carried
out. The semicircle diameter of EIS equals the electron transfer
resistance, which reects the charge transfer properties of the
catalysts. In Fig. S6a,† the Tb3+ doped samples show a smaller
semicircle diameter compared with the pristine ZnCr–LDH,
indicating facile charge transfer by the incorporation of Tb3+

into the ZnCr–LDH.42 However, the sample of LDH-5% gives
a relatively poor photocatalytic performance, which is related to
its high recombination rate of charge carriers proved by the
results of photoluminescence (Fig. 4b). Fig. S6b† displays the
linear sweep voltammetry (LSV) curves of Tb-ZnCr–LDH
samples upon chopped light illumination. LDH-0.5% gives
approximately 1.4 times higher photocurrent density than the
Fig. 6 (a) The apparent quantum yield for the ZnCr–LDH and Tb-
ZnCr–LDH, respectively; (b) correlation curves of charge injection
efficiency vs. potential for various Tb-ZnCr–LDH samples; (c) DMPO
spin-trapping ESR spectra recorded for DMPO–cOH over LDH-0.5%
and pristine ZnCr–LDH, respectively. Conditions: [DMPO] ¼ 0.10 M,
mcat ¼ 2 mg, Vsolvent ¼ 0.5 mL, Xe lamp (l > 420 nm), and ambient
temperature; (d) schematic illustration of the oxygen evolution
process over the Tb-ZnCr–LDH under visible-light irradiation.
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pure ZnCr–LDH, further demonstrating the largely improved
photocatalytic activity of the ZnCr–LDH by Tb3+ doping. The I–t
curves (Fig. S6c†) illustrate a fast photo-response for the ob-
tained Tb-ZnCr–LDH samples due to the enhanced charge
mobility.

The charge injection yield is an important parameter to
evaluate the photocatalytic ability, which is also determined to
study the charge transfer behavior at the surface of the Tb-
ZnCr–LDH. The charge injection yield is obtained according to
the following equation:

JH2O
¼ Jabsorbed � Pcharge separation � Pcharge injection (2)

The photocurrent density of water splitting (JH2O) is a product
of the rate of photon absorption expressed as a current density
(Jabsorbed), the charge separation yield of the photo-induced
carriers (Pcharge separation), and charge injection yield to the
electrolyte (Pcharge injection).25,43 Assuming the charge injection
yield is 100% (Pcharge injection ¼ 1), the photocurrent is only
a product of Jabsorbed and Pcharge separation when measured in the
electrolyte with H2O2 (JH2O2

):

Pcharge injection ¼ JH2O
/JH2O2

(3)

Therefore, we examined the charge injection efficiency of
these Tb-ZnCr–LDH samples with various Tb3+ doping
contents by comparing the photocurrent from water and H2O2

oxidation. The LSV curves under dark conditions and light
illumination are provided in Fig. S6d.† The weak current
signal under dark conditions for the Tb-ZnCr–LDH is ascribed
to the electrochemical oxidation of H2O2. Current-potential
behavior under light illumination (l > 420 nm) in Na2SO4 with
or without H2O2 is recorded and is shown in Fig. S6e.† And the
photocurrent increases signicantly aer adding H2O2. Fig. 6b
shows the charge injection efficiencies calculated from the
photocurrent in the electrolyte of Na2SO4 and Na2SO4 con-
taining H2O2, respectively. The results show that Tb3+-doped
ZnCr–LDH materials exhibit much higher charge injection
efficiency than the pristine ZnCr–LDH, and the optimal value
is presented by the LDH-0.5% sample. A further enhanced
amount of Tb3+ (>0.5%) leads to a decrease in the charge
injection efficiency.

The spin-trapping electron spin resonance (ESR) technique
was employed to investigate the presence of a hydroxyl radical
(cOH) to gure out the redox ability of LDH-0.5% and pristine
ZnCr–LDH. The surface OH group captures photo-induced
holes to form a hydroxyl radical (cOH), which is an essential
process in the reaction.44 According to the previous report,45 the
oxygen evolution reaction scheme is described as follows:

H2O + * / *OH + H+ + e� (4)

*OH / *O + H+ + e� (5)

*O + H2O / *OOH + H+ + e� (6)

*OOH / * + O2 + H+ + e� (7)
3912 | J. Mater. Chem. A, 2016, 4, 3907–3913
The symbol ‘*’ represents the surface of the catalyst.
Firstly, a H2O molecule adsorbs onto the surface of the LDH
catalyst followed by deprotonation to produce a hydroxyl
radical. The hydroxyl radical undergoes a subsequent
oxidation reaction to form *O, which then reacts with another
H2O molecule to produce *OOH. Finally, O2 is released
from *OOH. Fig. 6c shows the ESR spectra of these two
samples, with dimethyl pyridine N-oxide (DMPO) used as
a spin-trapping reagent. The peaks of DMPO–cOH with an
intensity ratio of 1 : 2 : 2 : 1 are clearly observed in LDH-
0.5%, which is stronger than the undoped ZnCr–LDH. The
result veries that the introduction of Tb induces a more
active component (cOH), which is the critical intermediate in
the water oxidation reaction. This can be ascribed to the
improvement in the transport properties of charge carriers
through Tb3+ doping, as demonstrated by the charge injec-
tion measurements.

The proposed scheme for the photocatalytic process of the
Tb-ZnCr–LDH is shown in Fig. 6d. The photoluminescence (PL)
spectrum shows that a suitable incorporation of Tb3+ results in
enhanced separation efficiency of photo-induced electron–hole
pairs. Moreover, Tb3+-doped ZnCr–LDH materials exhibit much
higher charge injection efficiency than the pristine ZnCr–LDH,
which reveals that Tb in the LDH matrix acts as a hole acceptor
to facilitate the charge injection and surface oxidation process.
Consequently, the improved transport properties of charge
carriers give rise to an increased cOH generation on the surface
of the Tb-ZnCr–LDH (ESR, Fig. 6c), accounting for the largely
enhanced photocatalytic activity in the oxygen evolution
reaction.
Conclusions

In summary, Tb3+-doped ZnCr–LDH photocatalysts have been
prepared by a facile co-precipitation method for solar water
splitting. The ZnCr–LDH with suitable Tb3+ doping (0.5%)
exhibits signicantly enhanced photocatalytic efficiency in the
visible light range, which is about a 2-fold increase compared
with that of the pristine ZnCr–LDH. The large photocatalytic
improvement is achieved owing to the efficient separation
ability and transfer properties of photo-induced charge carriers
by the incorporation of Tb3+ into LDH brucite layers. In addi-
tion, the favorable transfer environment for charge carriers
leads to an efficient charge injection process in the photo-
catalytic reaction. This material can be used as a promising
candidate in the eld of high-performance solar energy
conversion.
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