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a b s t r a c t

Anatase TiO2 nanosheets with {001}-{101} surface heterojunction is employed as the typical photocat-
alyst to study surface plasmon resonance (SPR) enhanced photocatalytic Cr(VI) reduction with the help of
selectively deposited Au and Pt nanoparticles. By employing an UV LED with central wavelength of 365
nm and a green LED with central wavelength of 530 nm as the light sources, results indicate the single
green LED has little positive effect on driving the photocatalytic Cr(VI) reduction. In contrast, Au SPR
can significantly improve the photocatalytic Cr(VI) reduction efficiency when both the UV LED and green
LED are simultaneously irradiated. The {001}-{101} surface heterojunction and Pt nanoparticles can fur-
ther improve the Cr(VI) reduction efficiency because of the facilitated hot electrons’ transfer. Our findings
suggest that the synergistic effect among {001}-{101} surface heterojunction, Au/Pt selective deposition,
and excitation wavelength is important for SPR enhanced photocatalytic Cr(VI) reduction activity.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

TiO2 with high reactive facets, especially anatase TiO2 with
exposed {001} and {101} facets, have been widely studied in solv-
ing environment contamination and energy crisis problems all over
the world [1–16]. Because of its low quantum efficiency under the
UV irradiation, various strategies have been employed to modify
TiO2 so as to extend the absorption spectrum to the vis-NIR region
[17–25]. One hot topic in this area is to employ the noble metals
(eg. Au and Ag) with the SPR effect [26–32]. Various reports have
revealed that Au modified photocatalysts can work efficiently
under the visible light irradiation [33,34]. To date, the widely
accepted mechanism of Au SPR in improving the photocatalytic
activity is the enhanced visible light absorption and hot electrons’
injection. However, the commonly employed light source in most
experimental studies is the xenon lamp which has a wide emission
spectrum. The actual role of different wavelengths has been rarely

studied. The mechanism of injecting the hot electrons to photocat-
alyst surface also needs more experimental investigation.

Despite injecting more hot electrons, improving their utilization
efficiency is also important. Recently, Li et al. conducted a system-
atic investigation on electrons and holes’ separation behavior of
sheet-structured BiVO4 [35]. Then similar procedure was employed
to investigate the specific role of different facets in separating the
photo-carriers of anatase TiO2. Several reports indicated that the
electrons and holes are inclined to migrate to the {101} facet
and {001} facet, respectively, of TiO2 nanosheets [36–38]. Thus
the noble metals are inclined to photo-reduced on the {101} facet
[36,39–41]. Yu et al. also proposed the ‘‘{001}-{101} surface
heterojunction” concept to illustrate the positive effect of different
facets on separating the photo-carriers [42]. Besides the special
structure, Pt nanoparticles are also efficient in capturing the
electrons and improving the photocatalytic activity [43–45]. Co-
depositing Au with Pt nanoparticles on such photocatalyst may
be an efficient strategy in improving the utilization efficiency of
photoelectrons.

Inspired by these informative results, we try to investigate the
positive effects of {001}-{101} surface heterojunction and Pt
selective deposition on Au SPR enhanced photocatalytic activity.
Herein, we first deposit the Au and Pt nanoparticles onto the
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{101} facet of TiO2 nanosheets by the photo-reduction method.
The samples deposited with Au nanoparticles can absorb the visi-
ble light around 550 nm. In contrast to conventional wisdom, an
UV LED and a green LED were employed as the light sources to
excite TiO2 and Au nanoparticles, respectively. With detailed struc-
ture and photocatalytic activity analysis, the influence of excitation
wavelength for Au SPR enhanced photocatalytic Cr(VI) reduction
activity is discussed.

2. Experiment

2.1. Preparation of photocatalysts

Anatase TiO2 nanosheets with exposed {001} and {101} facets
were prepared based on previous procedure [46]. In order to
deposit Au and Pt nanoparticles onto the {101} facet, 0.2 g TiO2

and 5 mL methanol were dispersed in 300 mL deionized water.
Then 2 mL HAuCl4 or H2PtCl6 aqueous solution (1 mmol/L) was
added, followed by xenon lamp (300 W, AULIGHT) irradiation for
3 h at room temperature. Purple TiO2AAu and dark TiO2APt were
obtained after centrifugation and drying. The mass ratio of Au or
Pt to TiO2 is �0.2wt%. Similarly, 1 mL HAuCl4 and 1 mL H2PtCl6
were added simultaneously to obtain Au and Pt nanoparticles co-
deposited TiO2 (TiO2AAu/Pt). For comparison, Au and Pt randomly
co-deposited TiO2AAu/Pt(r) was also prepared by NaBH4 (0.01 M,
300 mL) reduction at 60 �C for 1 h.

2.2. Characterization

X-ray diffraction (XRD) analysis was conducted on an ARL X’TRA
X-ray diffractometer using Cu Ka radiation. Scanning electron
microscope (SEM) and transmission electron microscopy (TEM)
analysis were carried on a Hitachi S-4800 and JEOL JEM-2010 elec-
tron microscope, respectively. X-ray photoelectron spectroscopy
(XPS) measurement was conducted on a PHI5000 Versaprobe sys-
tem with monochromatic Al Ka X-rays. The binding energies were
referenced to the C 1s peak at 284.6 eV. UV–vis diffuse reflectance
spectra were measured on a Shimadzu 3101 spectrophotometer.
The absorption spectra were converted by means of the Kubelka-
Munk function. Photoluminescence (PL) emission spectra were col-
lected on a FL3-221 fluorescence spectrophotometer (Jobin Yvon)
at room temperature. FTIR spectra were recorded on a Vector-22
spectrometer in the range of 4000–400 cm�1. Brunauer-Emmett-
Teller (BET) specific surface area was obtained by nitrogen
adsorption-desorption isotherm analysis. Photoelectrochemical
analysis was carried out in a quartz cell with the three-electrode
method with 0.2 M Na2SO4 aqueous solution as the electrolyte on
an electrochemical station (CHI 660E, Chenhua) under the light
sources irradiation. Electrochemical impedance spectroscopy
(EIS) was conducted at open circuit voltage over a frequency range

from 0.1 to 105 Hz with AC voltage of 5 mV. Transient photocurrent
was measured using a 20 s on-off cycle at a bias voltage of 0 V.

2.3. Photocatalytic experiments

Photocatalytic Cr(VI) reduction was carried out according to
previous procedure [47]. Typically, 50 mg photocatalyst and 0.05
mL lactic acid were dispersed in 200 mL K2Cr2O7 aqueous solution
with a Cr(VI) concentration of 5 mg/L. The suspension with a pH
value of �2.5 was stirred for 1 h in the dark to establish the
adsorption-desorption equilibrium. 5 mL of the suspension was
taken out and centrifuged at certain time intervals during the pho-
tocatalytic reaction. The photocatalytic Cr(VI) reduction efficiency
was determined based on the diphenylcarbazide (DPC) method.
Typically, 1 mL Cr(VI) aqueous solution was mixed with 9 mL
H2SO4 aqueous solution (0.2 M), followed by adding 0.2 mL freshly
prepared DPC in acetone (w/v = 0.25%). After stirring for 1 min and
kept still for 10 min, the absorption spectrum centered at 540 nm
was analyzed on the UV–vis spectroscopy. Photocatalytic RhB
degradation was carried out in a similar procedure by replacing
the 200 mL K2Cr2O7 aqueous solution with 100 mL RhB aqueous
solution (20 mg/L). �OH radical analysis was conducted based on
previous work [46]. Photocatalytic experiments with isopropanol,
ethylenediaminete-traacetic acid disodium salt, and benzoquinone
as the scavengers were also conducted [48].

3. Results and discussion

The Au and Pt nanoparticles’ selective deposition was carried
out by the photo-reduction method with methanol as the hole
scavenger, which is different from the NaBH4 reduction method
(Scheme 1). Hence the Au and Pt nanoparticles, respectively, are
selectively deposited on the {101} facets of TiO2AAu (Fig. 1a–c)
and TiO2APt (Fig. 1d–f). The dash line represents the side edges
of the overlapped TiO2 nanosheets (Fig. 1b). In Fig. 1c, typical lat-
tice spacing of 0.235 nm and 0.35 nm are assigned to the (001)
and (101) planes, respectively, of anatase TiO2 nanosheets. The
Au(111) plane with lattice spacing of 0.234 nm and Pt(111) plane
with lattice spacing of 0.224 nm are also observed. Although the
TiO2 nanosheets are easy to overlap with each other, the results
indicate that the {101} facet truly has a higher photo-reduction
activity than the {001} facet. Moreover, the obtained Au has a par-
ticle size of �10 nm, while the Pt nanoparticles are less than 5 nm
under the same experiment condition. This is because of the intrin-
sic properties of Au and Pt, which allows us to simply distinguish
them. Thus TEM images of TiO2AAu/Pt (Fig. 1 g–i) further confirms
that both Au and Pt nanoparticles are well deposited and dispersed
on the {101} facet.

XRD spectra show that the diffraction peaks of all samples are
ascribed to the anatase phase of TiO2 (JCPDS, No. 21-1272)
(Fig. 2a). No diffraction peaks ascribed to Au and Pt are observed,

Scheme 1. Schematic illustration of the differences between {001}-{101} surface heterojunction and NaBH4 assisted Au and Pt deposition on anatase TiO2 with {001} and
{101} facets.
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