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Synthesis and antimicrobial activity of ZnTi–layered
double hydroxide nanosheets†

Yufei Zhao,a Chengle J. Wang,b Wa Gao,a Bei Li,a Qiang Wang,c Lirong Zheng,d

Min Wei,*a David G. Evans,a Xue Duana and Dermot O'Hare*b

Narrow size dispersion ZnTi–layered double hydroxide (LDH) nanosheets with lateral dimensions in the

range 40–80 nm have been synthesised using a reverse microemulsion method. Electron Spin

Resonance (ESR) and X-ray photoelectron spectroscopy (XPS) measurements reveal that Ti3+ sites are

generated within these nanosized LDH platelets. The data show that the concentration of Ti3+ cations in

the nanoplatelets is size-dependent, the 40 nm nanoplatelets have a bandgap of ca. 2.3 eV. The

combination of photochemcially activity and nanoparticle size results in materials that exhibit high

antipathogen activity under visible light. The biocidal efficacies of the LDHs have been investigated

under visible light. The ZnTi–LDHs display size-dependent cytotoxicity against S. cerevisiae, S. aureus and

E. coli in culture. The 40 nm ZnTi–LDH nanoplatelets (ZnTi–LDH–RM1) are the most potent resulting in

95% cell death. These nanoplatelets are more active compared to a conventionally prepared ZnTi–LDH

or the nanoparticulate metal oxides WO3 and TiO2 (P25). The nanosized ZnTi–LDHs severely inhibit the

growth of S. cerevisiae, S. aureus and E. coli in culture.
1. Introduction

The search for efficient, stable and cost-effective heterogeneous
photocatalysts for environmental cleanup is a fascinating
scientic and technological challenge for the conversion of
solar energy into chemical energy. Since the TiO2 semi-
conductor is a widely used wide-bandgap photocatalyst,1

considerable efforts have been focused on modifying the band
structure of TiO2 to make it sensitive to visible-light, such as
doping with transition metal or nonmetal ions.2 Furthermore,
the introduction of Ti3+ sites has been reported to be an effec-
tive way to improve the solar absorption by narrowing the
bandgap of semiconductor. Several methods have been
explored in order to produce Ti3+ sites, including thermal
treatment under vacuum or reducing conditions, and high-
energy particle (laser, electron, or Ar+) bombardment.2d

However, these approaches generally suffer frommultiple steps,
harsh synthesis conditions or expensive facilities, which restrict
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their practical application. Therefore, how to develop a facile
and cost-effective strategy to synthesize Ti-based photocatalysts
for excellent visible-light photocatalysis still remains a chal-
lenging goal.

Layered double hydroxides (LDHs)3 are one type of 2D
inorganic layered materials, which have attracted intensive
attention because of their broad applications in photo-
catalysis,4–7 adsorption,8 CO2 capture,9–11 drug delivery,12–14 and
as functional additives in polymer matrices.3,15,16 Recently,
much interest has been focused on the Cr- and Ti-containing
LDH materials for their potential for photocatalytic oxygen
generation,4,17 dye-sensitised solar cells,18 and the decomposi-
tion of organic pollutants.19 In our previous work, we have
demonstrated that Ti-containing LDHs may display enhanced
photocatalytic behavior.20 The excellent photocatalytic activity
is attributed to the abundant surface defects of the catalyst
serving as trapping sites for photogenerated electrons. In this
work, we report the preparation of ZnTi–LDHs nanoplatelets
via the facile reverse micelle “bottom-up” route previously
reported by O'Hare and co-workers.21,22 We nd that these
nanoplatelets are photoactive. Given the growing interest in
the use of LDHs in biology we have studied the effects of these
nanoplatelets on S. cerevisiae, S. aureus and E. coli in culture
under visible light.

The reverse microemulsion method is rather effective in
tailoring the size, shape andmorphology of the LDH particles at
the nanoscale. We have been able to prepare uniformly
dispersed ZnTi–LDH nanoplatelets with lateral sizes ranging
from 40 to 75 nm by controlling the surfactant concentration.
This journal is ª The Royal Society of Chemistry 2013
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We nd that the nanoplatelets contain Ti3+ sites and the density
of these sites increases upon decreasing the particle size. The
photoluminescence measurements indicate a more effective
electron–hole separation for these ZnTi–LDH nanoplatelets
compared with a bulk ZnTi–LDH sample; the high charge
separation is attributed to the abundant surface Ti3+ defects
serving as trapping sites for electrons, which was conrmed by
ESR and EXAFS. UV-vis absorption measurements reveal that
the absorption edge of LDH nanoplatelets shis to longer
wavelength region compared with the bulk LDH sample. DFT
calculations conrm a decreased band gap (�2.3 eV) is obtained
by the addition of Ti3+ defects. Therefore, the control of the
particle size and surface defects in ZnTi–LDH nanosheets
demonstrated that this approach offers a promising strategy for
the utilization of these materials for visible light induced
photochemistry.
2. Experimental section
2.1 Materials

Chemical reagents including Zn(NO3)2$6H2O, TiCl4, urea,
sodium dodecyl sulfate, isooctane, TiO2 (rutile), and b-Zn(OH)2
were purchased from Sigma-Aldrich Co. Deionised and decar-
bonated water was used in all the experimental processes. P25
TiO2 was kindly supplied by Degussa Co., Ltd. The bacterium
strains used in this work are Escherichia coli (E. coli), Staphylo-
coccus aureus (S. aureus), and Saccharomyces cerevisiae (S.
cerevisiae).
2.2 Synthesis of LDH catalysts

2.2.1 ZnTi–LDH–RMn (n ¼ 1–3) nanoplatelets by reverse
micelle. ZnTi–LDH nanosheets samples with different particle
size were prepared by using the reverse microemulsion method.
Typically, sodium dodecyl sulfate (1.08 g for ZnTi–RM1, 0.72 g
for ZnTi–RM2, 0.36 g for ZnTi–RM3), isooctane (50 mL) and
deionised water (1.1 mL) were mixed in a ask with magnetic
stirring, and 1-butanol (1.5 mL) was added dropwise until the
reverse microemulsion was stable and transparent.
Zn(NO3)2$6H2O (0.600 g) and TiCl4 (0.11 mL) were then added
into the microemulsion and stirred for one hour. Finally, urea
(0.900 g) was added into the mixture and the resulting reactant
was aged in an autoclave at 90 �C for 45 h. The precipitate was
centrifuged and washed thoroughly with a mixture solvent of
ethanol and water (1 : 1, v/v) for several times and nally dried
at 60 �C for 24 h.

2.2.2 ZnTi–LDH-bulk material by using coprecipitation
method. The ZnTi–LDH-bulk material was prepared by co-
precipitation of zinc and titanium salts from homogeneous
solution according to the method reported by our group.23

0.22 mL of TiCl4, 1.19 g of Zn(NO3)2$6H2O and 3.0 g of urea were
dissolved in 100 mL of deionised water under vigorous stirring.
The resulting reactant was aged in an autoclave at 130 �C for 48
h. The precipitate was centrifuged and washed thoroughly with
water and nally dried at 60 �C for 24 h.

For comparison, the photocatalyst K2Ti4O9 with a layered
structure was synthesised according to a solid state reaction by
This journal is ª The Royal Society of Chemistry 2013
heating the mixture of TiO2 and K2CO3 (with a 10% stoichio-
metric excess) at 960 �C for 10 h.

2.3 Antimicrobial studies

2.3.1 Growth inhibition study. Antibacterial test was con-
ducted according to the procedure described by Xu et al.24

S. cerevisiae and S. aureus were chosen as models of Gram-
positive bacteria while E. coli as model of Gram-negative
bacteria. The bacterium (S. cerevisiae, S. aureus or E. coli) was
cultured to a mid-log phase in culture medium (YPD broth for
S. cerevisiae and S. aureus; LB broth for E. coli) and re-dispersed
in culture medium (5 mL) aer washing to obtain a concen-
tration of �105 colony forming units (CFUs) mL�1. The catalyst
(0.5 mg mL�1) was then dispersed in the suspension of bacteria
and incubated at suitable temperature (30 �C for S. cerevisiae
and S. aureus; 37 �C for E. coli) under visible-light (l > 400 nm)
with shaking at 120 rpm. The growth behavior of bacteria was
monitored by measuring the optical density at 600 nm (OD 600)
based on the turbidity of the suspension using UV-vis spec-
troscopy (Beijing PGENERAL TU-1901 spectrometer).

2.3.2 Biocidal performance. All the target bacterias were
cultured to a mid-log phase in culture medium. The bacterias
were harvested by centrifugation, washed with phosphate buffer
saline (PBS, pH ¼ 7.2) and re-suspended in PBS with the
concentration approximately of 105 CFUs mL�1. The catalyst
(LDHs, WO3 or P25 TiO2: 1 mg mL�1) was immersed in the
bacteria suspension under visible-light (l > 400 nm). The
mixture was incubated at 37 �C with a gentle shaking at
120 rpm. The control test was carried out following the same
procedure without adding any catalyst. Aer 4 h of incubation,
the number of viable bacterias was determined by the colony
counting method. The kill percentage of bacteria was calculated
by (Ncontrol � Nsample)/Ncontrol � 100%, where Ncontrol and Nsample

represent the number of viable bacteria in the blank test and
target sample, respectively.

For the S. cerevisiae, the samples aer treatment with
different catalysts were stained with propidium iodide dye,
followed by incubation in the dark at 4 �C for 5 min. Subse-
quently, the samples were washed with sterilised distilled water
twice and observed using an immunouorescence microscope
(OPTEC).

2.3.3 Statistical analysis. The photochemical experiments
were conducted three times to conrm their reproducibility.
The data are expressed as the mean values with standard
deviations (SD). Statistical signicance was evaluated by a t-test
with p ¼ 0.05.

2.4 Computational details for electronic structure
calculation

(See ESI†).

2.5 Characterisation

Powder XRD (has been dened before) patterns of the samples
were collected using a Philips PANalytical X'pert Pro diffrac-
tometer with Cu-Ka radiation at 0.022� s�1 scan speed from 1�

to 70� with l ¼ 1.5406 Å, 40 kV, 40 mA. The morphology of the
J. Mater. Chem. B, 2013, 1, 5988–5994 | 5989
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Fig. 1 TEM images of (A) ZnTi–LDH–RM1, (B) ZnTi–LDH–RM2, (C) ZnTi–LDH–
RM3, (D) ZnTi–LDH-bulk; HRTEM images of ZnTi–LDH–RM1 at (E) low and (F) high
magnification. The inset shows the corresponding particle size distribution.
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lm samples was investigated using a Hitachi S-3500N SEM
with an accelerating voltage of 20 kV. The IR spectra were
recorded on a Bio-Rad FTS 6000 FTIR Spectrometer equipped
with a DuraSamplIR II diamond accessory in attenuated total
reectance (ATR) mode in the range 800–4000 cm�1; 100 scans
at 4 cm�1 resolution were collected. The strong absorption in
the range 2500–1667 cm�1 is from the DuraSamplIR II diamond
surface. Fluorescence emission spectra were recorded on a RF-
5301PC uorophotometer (1.5 nm resolution) in the range 440–
500 nmwith the excitation wavelength of 366 nm. UV-vis spectra
were recorded on a Beijing PGENERAL TU-1901 spectrometer in
the wavelength range 300–800 nm. The morphology of the LDH
ake was characterised by JEOL JEM-2010 high-resolution
transmission electron microscope with an accelerating voltage
of 200 kV, and Hitachi H-800 TEM with an accelerating voltage
of 200 kV. AFM (Multimode Nanoscope IIIa, Veeco Instruments)
was used to determine the size and thickness of LDH nano-
sheet. The specic surface area determination was performed
by BET methods using a Quantachrome Autosorb-1C-VP
analyzer with outgas temperature 120 �C for 6 h. XPS data was
recorded using a PHIQ2000 X-ray photoelectron spectrometer
equipped with a monochromatic Al K X-ray source. ESR data
were recorded on a JES-FA200 Electron Spin Resonance Spec-
trometer, JEOL. The Ti and Zn K-edge XANES measurements of
the samples were performed at the beam line 1W1A at Beijing
Synchrotron Radiation Facility (BSRF), Institute of High Energy
Physics (IHEP), Chinese Academy of Sciences (CAS) at room
temperature in the transmission mode.
Fig. 2 AFM images of ZnTi–LDH–RM1: (A) a 570 � 570 nm area, (B) three-
dimensional image and (C) the cross-sectional image.
3. Results and discussion
3.1 Structure, particle size and morphology of the ZnTi–LDH
nanosheets

The ZnTi–LDH nanosheets were prepared using the reverse
microemulsion method developed by O'Hare and co-workers.21

The XRD data of the ZnTi-LDHs are shown in Fig. S1.† An
intense (003) Bragg reection was observed for all three
samples, corresponding to the intercalation of dodecylsulfate
anion (DDS) in the ZnTi–LDH galleries. The basal spacing
increases from 31.1 Å (ZnTi–LDH–RM1) to 40.5 Å (ZnTi–LDH–

RM3), which is possibly related to the surfactant density and
orientation as a function of DDS concentration in the prepara-
tion process. Additionally, IR spectra (Fig. S2†) provide the
evidence of the presence of CH2, CH3 (nCH) in the dodecyl chain
(2958, 2918, and 2850 cm�1), as well as the symmetric and
asymmetric S]O stretching modes of the sulfate group (1193
and 1060 cm�1). The typical SEM images of the three samples
(Fig. S3†) exhibit sheet-like nanocrystals that aggregate into
microspheres in the range 100 nm to 1 mm. However, the ZnTi–
LDH-bulk (Fig. S3D†) which was synthesised by co-precipitation
is composed of numerous two-dimensional thin nanoakes
with a lateral size of �2 mm and a thickness of 80–120 nm.

TEM images of all three samples (Fig. 1A–C: ZnTi–LDH–

RM1, ZnTi–LDH–RM2, ZnTi–LDH–RM3) display a plate-like
morphology with lateral dimension of 40 � 20 nm, 60 � 30 nm
and 75 � 30 nm, respectively, accompanied with the inevitable
platelet aggregation. The ZnTi–LDH-bulk sample shows a
5990 | J. Mater. Chem. B, 2013, 1, 5988–5994
lateral particle size of �1 mm. The HRTEM images of ZnTi–
LDH–RM1 are shown in Fig. 1E and 1F, substantial aggregation
of the LDH nanoplatelets was observed. The short and stag-
gered lattice fringe (Fig. 1F) indicates a poorly crystalline
structure of the nanoplatelets, in contrast to the ZnTi–LDH-bulk
with a clear lattice fringe (Fig. S4†). Fig. 2 shows the AFM images
of ZnTi–LDH–RM1, from which the well dispersed particles
with a lateral size of �80 nm and thickness of �9 nm are
observed (Fig. 2C). Based on the interlayer distance of 31.08 Å
(XRD results) and the thickness of 9 nm (AFM results) for ZnTi–
LDH–RM1, it is therefore estimated that the ZnTi–LDH–RM1
nanoplatelet is composed of �3 repeated monolayers. It has
been reported that the enhanced catalytic activity of poorly
crystalline nanoparticles arises from the generation of more
surface defects e.g. stacking faults, steps and point defects.
These defects generate metal sites with low coordination
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Ti 2p XPS spectra of (a) TiO2, (b) K2Ti4O9, (c) ZnTi–LDH-bulk and (d) ZnTi–
LDH–RM1.
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number compared with high-crystalline materials.25 We believe
the small particle size and low crystallinity are a key inuence
on the resulting photoactivity behavior, which will be discussed
later.

The surface area and pore-size distribution of the particles
are two key factors affecting photoactivity. The nanoplatelet
samples ZnTi–LDH–RM1 and ZnTi–LDH-bulk sample were
investigated for their surface area and porosity property by N2-
adsorption/desorption measurement (Fig. S5†). In both cases,
typical IV isotherms with H3-type hysteresis loop are observed,
implying the presence of mesopores; no limiting adsorption at
higher P/P0 was observed, indicating the existence of macro-
pores. The ZnTi–LDH-bulk sample shows a narrow pore distri-
bution (4–7 nm with the maximum at 4.8 nm). In contrast, the
nano-sized ZnTi–LDH–RM1 gives a broad mesopore distribu-
tion in the range 3–11 nm with the maximum at 6.8 nm.
Moreover, a difference in the specic surface area of the two
LDH materials was also found: the ZnTi–LDH–RM1 shows a
specic surface area of 159.0 m2 g�1, much larger than that of
the ZnTi–LDH–bulk sample (128.5 m2 g�1). The larger specic
surface area and wider pore distribution of ZnTi–LDH–RM1
would be preferable for the mass diffusion/transportation and
the resulting catalytic performance.26
Fig. 4 (A) Ti K-edge, XANES spectra and (B) magnitude of k2-weighted Fourier
transforms of Ti K-edge EXAFS spectra for: (a) rutile TiO2, (b) ZnTi–LDH-bulk and
(c) ZnTi–LDH–RM1.
3.2 Electronic properties of ZnTi–LDH nanosheets

ESR spectroscopy was carried out to get a further insight into
the electronic nature structure of ZnTi–LDH–RM1 (Fig. S6†). A
fresh sample of ZnTi–LDH–RM1 exhibits one major signal at a g
value of 1.996 (curve a, section A), which can be assigned to an
Ti3+ cation by reference to the previously reported value.27 Upon
visible light exposure for 20 min, the signal of Ti3+ increased
signicantly (curve b, section C).28 This indicates that the visible
light irradiation induces production of Ti3+.29 In our previous
report, we have demonstrated that the excellent photocatalytic
behavior of Ti-containing LDHs is related to its depressed
electron–hole recombination process, as a result of the abun-
dant surface defects which serve as trapping sites for photo-
generated electrons.20 It has also been reported that the electron
trapped on the Ti3+ ions can produce superoxide anion radicals
(O2

�) from surface-absorbed O2, and the O2
� radicals and these

serve as primary oxidizing species in photocatalytic oxidation
processes.29 X-ray photoelectron spectroscopy (XPS) has been
used to study the Ti centres located close to the surface of the
LDHs. As shown in Fig. 3a and 3b, the XPS spectra of TiO2,
K2Ti4O9 exhibit a Ti 2p3/2 peak at 458.8 and 457.8 eV, corre-
sponding to the binding energy of Ti4+.30 For the sample of a
conventionally prepared ZnTi–LDH (ZnTi–LDH-bulk; Fig. 3c),
two peaks at 457.7 and 460.0 eV are observed, corresponding to
the Ti4+ 2p3/2 and Ti3+ 2p1/2, respectively. In the case of ZnTi–
LDH–RM1 nanoplatelets (Fig. 3d), the scanned Ti4+ 2p3/2 XPS
spectrum is observed at 458.5 eV with enhanced Ti3+ content
(2p3/2 peak at 461.0 eV). The quantitative analysis of Ti4+ and
Ti3+ density of the two LDH samples is presented in Table S1.† It
was found that the Ti3+ state in ZnTi–LDH–RM1 accounts for
�27.0% (molar percentage), in contrast to�14.7% for the ZnTi–
LDH-bulk sample and �0% for TiO2 and K2Ti4O9. The largely
This journal is ª The Royal Society of Chemistry 2013
enhanced relative content of surface Ti3+ defect in the sample of
ZnTi–LDH–RM1 can be attributed to the particle size effect,
which is responsible for visible-light absorption with promotion
of electrons from the band gap localized states to the conduc-
tion band or to surface-adsorbed electron scavengers.31

X-ray absorption near-edge structure (XANES) is another
powerful technique for studying individual metal centres in
solids. The Ti K-edge XANES of three Ti-containing samples
(rutile TiO2, ZnTi–LDH-bulk and ZnTi–LDH–RM1) are shown in
Fig. 4, the pre-edge features can provide sensitive information
about the Ti site symmetry within these materials. In the case of
an octahedral Ti site, the pre-edge features give rise to three
peaks usually denoted as P1, P2 and P3 corresponding to the
quadruple-allowed 1s / 3d transitions (Fig. 4A, inset).5 The
intensity of the P2 peak increases with the increase of site
distortion.32 In the case of ZnTi–LDH–RM1 (curve c), the P2
feature is even more intense and shis to low energy, indicative
of lower coordination number of the Ti in the LDH nanosheets
compared with ZnTi–LDH-bulk. In addition to the pre-edge
features, there are three spectral features peaks (denoted as A,
B, and C) that are assigned as the dipole-allowed 1s / 4p
transitions, which is also an indication of the Ti local structure.5

The ZnTi–LDH–RM1 exhibits a maximum peak at �4985 eV,
�2 eV lower than the reference samples (ZnTi–LDH-bulk and
J. Mater. Chem. B, 2013, 1, 5988–5994 | 5991
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Fig. 5 (A) Thefluorescence spectra and (B)UV-vis diffuse reflectance spectraof (a)
ZnTi–LDH–RM1, (b) ZnTi–LDH-bulk, (c) TiO2 and (d) K2Ti4O9. The inset shows their
corresponding plots of (ahn)2 vs. hn for the determination of the direct band gap.
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rutile TiO2: �4987 eV). The decreased absorption energy indi-
cates a decrease in average oxidation state of Ti4+, which has
been substantiated in Ti K-edge XANES spectra previously.33,34

The results suggest that the Ti species in ZnTi–LDH–RM1
probably exists in a lower average oxide state (Tid+, 3 < d < 4),
which is consistent with the XPS results described above. In
addition, the magnitude of k2-weighted Fourier transforms of Ti
K-edge EXAFS is shown in Fig. 4B, and the corresponding local
structure parameters around Ti are listed in Table 1. The rst
shell of the rutile TiO2 represents the nearest-neighbour Ti–O
coordination sphere with an average distance of �1.96 Å and
coordination number of 6.00 (curve a). However, distinct vari-
ations were observed for the ZnTi–LDHmaterials. The rst shell
in the FT spectra of ZnTi–LDH-bulk (Fig. 4B, curve b), with a
distance of �1.93 Å and coordination number of 5.09, can be
assigned to the Ti–O octahedra in the LDH layer, which is less
than those of TiO2. In the case of ZnTi–LDH–RM1 (Fig. 4B, curve
c), a further depression in both the Ti–O distance (1.92 Å) and
coordination number (4.79) is observed. In addition, the Debye–
Waller factor (0.005 Å) for the Ti–O shell for ZnTi–LDH–RM1 is
larger than that for ZnTi–LDH-bulk (0.004 Å, Table 1), which
suggests a more distorted octahedral coordination of Ti in
ZnTi–LDH–RM1.35,36 Similarly, the XANES around the Zn K-edge
also provides evidence that the Ti undergoes a more serious
structural distortion (Fig. S7 and Table S2†) in ZnTi–LDH–RM1
compared with ZnTi–LDH-bulk. The EXAFS results indicate that
on decreasing particle size of LDH, the density of Ti3+ species
increases along with more serious structural distortions.

The photoluminescence (PL) behavior of a material is related
to the transfer of the photoinduced electrons and holes, which
can reect the separation–recombination process of photoin-
duced charge carriers. In this study, the PL emission spectra of
the ZnTi–LDH–RM1, ZnTi–LDH-bulk, P25 TiO2, and K2Ti4O9

sample were examined in the wavelength range 440–500 nm
(Fig. 5A). It can be seen that K2Ti4O9 shows the strongest
emission peak at 466 nm (lex ¼ 366 nm), indicating the highest
recombination process for the electron–hole. The observed PL
intensity of the samples decreases in the following order:
K2Ti4O9 > TiO2 > ZnTi–LDH-bulk > ZnTi–LDH–RM1, implying
that ZnTi–LDH–RM1 possesses the lowest efficiency for elec-
tron–hole recombination. In addition, the comparison of the
corresponding absorption spectra clearly shows that the
absorption edge of the ZnTi–LDH–RM1 is red-shied with
respect to the ZnTi–LDH-bulk sample. Moreover, the band gap
calculated from the UV-vis diffuse reectance spectra (Fig. 5B,
Table 1 Local structure parameters for Ti estimated by EXAFS analysis

Sample Shell Na Rb [Å] s2c [Å2] DE0
d [eV]

TiO2-rutile Ti–O 6.00e 1.96 3.07
ZnTi–LDH-bulk Ti–O 5.09 1.93 0.004 �0.8
ZnTi–LDH–RM1 Ti–O 4.79 1.92 0.005 �0.8

a N ¼ coordination number. b R ¼ distance between absorber and
backscatter atoms. c s2 ¼ Debye–Waller factor. d DE0 ¼ energy shi; R
space t, Dk ¼ 2.9–11.4 Å�1, Dr ¼ 0.98–2.07 Å. e Fixed to 6 for the rst
TiO6 shell.

5992 | J. Mater. Chem. B, 2013, 1, 5988–5994
inset), reveals that the nano-sized ZnTi–LDH–RM1 (�2.80 eV)
has the lowest band gap in comparison with ZnTi–LDH-bulk
(�3.10 eV), TiO2 (�3.22 eV) and K2Ti4O9 (�3.48 eV). Both the
XPS and PL spectra are consistent with the existence of abun-
dant surface Ti3+ sites in the nanoplatelets of ZnTi–LDH–RM1.

DFT calculations have performed for the ZnTi–LDH systems
in order to support to our conclusions regarding the electronic
structure of these materials. A ZnTi–LDH lattice containing Ti3+

was created by removing oxygen atoms from the surface,
thereby creating a VTi

3+ defect (Scheme S1†). Total electronic
densities of states (TDOS) and partial electronic densities of
states (PDOS) analysis (Fig. 6, S8 and S9†) reveal that for the
ideal ZnTi–LDH system, the VB top is primarily constructed by
the occupied Zn 3d and O 2p orbitals while the CB bottom is
mainly dominated by the unoccupied Ti 3d orbitals; the band
gap transition from the VB top (highest occupied molecular
orbital; HOMO) to the CB bottom (lowest unoccupied molecular
orbital; LUMO) is �3.0 eV. In the case of ZnTi–LDH with Ti3+

defect, however, the CB bottom is hybridised from both O 2p
orbitals and Ti 3d orbitals (Fig. 6B and S9†), and the band gap
was calculated to be �2.3 eV, much lower than that of the ideal
ZnTi–LDH system (�3.0 eV). This indicates that the Ti3+-doped
LDH exhibits a much wider optical response to solar radiation,
in high accordance with the results of UV-vis absorption
spectra. These extended energy states, in combination with the
energy levels produced by dopants, may serve as dominant
centers for optical excitation and relaxation. An additional
advantage of this dopant system is that it provides trapping
sites for photo generated carriers and prevents them from rapid
recombination, thus promoting electron transfer and photo-
catalytic reactions.37
Fig. 6 Total and partial electronic density of states (TDOS and PDOS) for (A) the
ideal ZnTi–LDH system, (B) the Ti3+-doped ZnTi–LDH system. The Fermi energy
level EF was set to zero.
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Fig. 8 (A) The biocidal efficacy of inorganic materials against (A) S. cerevisiae, (B)
S. aureus under visible-light irradiation (l > 400 nm): (a) ZnTi–LDH–RM1, (b) ZnTi–
LDH–RM2, (c) ZnTi–LDH–RM3, (d) ZnTi–LDH-bulk, (e) WO3 and (f) P25 TiO2.
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3.3 Antibacterial performance of the ZnTi–LDH nanosheets

In recent years, much attention has been paid on the
development of antibacterial materials for medical devices,
implants, household products, and food packaging due to an
increasing requirement to limit the proliferation of disease-
causing microbes.24,38–40 Our spectroscopic studies show that
these Ti-containing LDHs nanoplatelets are photochemically
active and a result of the generation of Ti3+. Given that
photocatalysis is regarded as a promising approach to solve a
number of environmental remediation issues we have inves-
tigated the antibacterial performance of a number of these
materials. The growth of S. cerevisiae, B. subtilis and E. coli in
the presence of the LDH materials and TiO2 nanoparticles
(P25) was studied under visible-light irradiation. As shown in
Fig. 7, P25 slightly suppresses the growth of these three
bacteria; the sample of a conventionally prepared ZnTi–LDH
(ZnTi–LDH-bulk) displays an enhanced antibacterial effect,
with the inhibiting bacteria growth of 80% (S. cerevisiae),
22% (S. aureus) and 81% (E. coli), respectively. However, in
the presence of the nanoplatelets (ZnTi–LDH–RM1), the
growth of all the three bacteria was severely inhibited in 8 h
of the culture period: �85% (S. cerevisiae), 65% (S. aureus)
and 100% (E. coli) of the inhibiting bacteria growth were
achieved.

The cytotoxicity of the LDHs as a function of particle size was
also investigated using a colony-counting method for both
bacteria S. cerevisiae and S. aureus. The materials WO3 and P25
TiO2 were studied for comparison, they show some antimicro-
bial activity, with kill percentage of�20% (WO3) and 13% (TiO2)
for S. cerevisiae in the PBS solution, respectively (Fig. 8A). In
contrast, the ZnTi–LDH materials display substantially
enhanced activity against these bacteria with the following
sequence order: ZnTi–LDH–RM1 (95%) > ZnTi–LDH–RM2
(82%)z ZnTi–LDH–RM3 (80%) > ZnTi–LDH-bulk (56%). In the
case of S. aureus (Fig. 8B),�93% of bacteria were killed by ZnTi–
LDH–RM1, which is superior to ZnTi–LDH-bulk, WO3 and TiO2.
The results above show that the nano-sized ZnTi–LDHs exhibit
much higher biocidal activity than that of the bulk LDH in
addition toWO3 and TiO2. ZnTi–LDH–RM1 presents the highest
activity in these antimicrobial studies. In addition, the biocidal
activity of some of these materials towards S. cerevisiae was
conrmed by immunouorescence microscopy. Aer 4 h
culture, increased dead S. cerevisiae can be seen for ZnTi–LDH-
bulk and TiO2 (Fig. 9B and C) under visible-light irradiation, in
comparison with no catalyst (Fig. 9D); while dead bacteria with
Fig. 7 Bacterial growth curves of (A) S. cerevisiae, (B) S. aureus and (C) E. coli in
culture medium upon visible-light irradiation in the presence of ZnTi–LDH–RM1,
ZnTi–LDH-bulk and P25, respectively.

This journal is ª The Royal Society of Chemistry 2013
much higher density can be observed with the presence of ZnTi–
LDH–RM1 (Fig. 9A), indicating excellent visible light induced
antibacterial activity for these nano-sized LDHs. Etacheri et al.
reported that the C doped TiO2 exhibits a 2-fold higher visible-
light induced antibacterial activity in contrast to TiO2 (P25).41

Our results, for the ZnTi–LDH nanosheets show these materials
are exhibit a factor of 5 higher antipathogen activity compared
to TiO2.

Using ESR and XPS (Fig. S6† and 3) we nd that the particle
size of the ZnTi–LDH nanosheets is a major factor that effects
the concentration of Ti3+ and oxygen vacancies (Ov) in these
materials. Upon visible-light illumination, the electrons are
trapped on the Ti3+ ions to produce superoxide anion radicals
(O2

�) in the presence of surface-absorbed O2, the O2
� radicals

serve as primary oxidizing species in photocatalytic oxidation
processes. In addition, the holes can abstract electrons from
water and/or hydroxyl ions to generate hydroxyl radicals (_OH).
These reactive oxygen species (O2

� and _OH) are strong and
nonselective oxidants, which damage all types of bacteria by
attacking cell membrane to cause cell lysis.42 The observed
lower band gap and higher charge separation for these Ti3+-
doped LDH nanosheets accounts for their higher photocatalytic
activity compared with TiO2.
Fig. 9 Immunofluorescence micrographs of S. cerevisiae after 4 h treatment in
PBS solution upon visible-light irradiation in the presence of (A) ZnTi–LDH–RM1,
(B) ZnTi–LDH-bulk, (C) P25 TiO2 and (D) blank (dead bacteria was stained in red).

J. Mater. Chem. B, 2013, 1, 5988–5994 | 5993
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4. Conclusion

In summary, Ti3+-doped ZnTi–LDH nanoplatelets have been
synthesized through a facile reverse microemulsion method. By
varying the DDS concentration, the lateral size of LDH nano-
platelets can be controlled in the range from 40 nm to 75 nm in
diameter, with a thickness of ca. 9 nm. The spectroscopic data
show that thesenanoplatelets containTi3+ cationswhich results in
photochemcially activity under visible light. The combination of
photochemcially activity and nanoparticle size results inmaterials
that exhibit high antipathogen activity under visible light.
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