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a b s t r a c t

Photo-assisted selective catalytic reduction (photo-SCR) has been recognized as a promising strategy for
NOx removal in recent decade, however rational designing of efficient and low-cost catalyst for photo-SCR
remains to be a challenge. In the present work, natural one-dimension attapulgite (ATP) clay was initially
coated with perovskite oxides by sol–gel method, and then coupled with reduced graphene oxide (rGO)
by electrostatic assembly. XRD, TEM, Raman, UV–Vis, XPS, NH3-TPD, H2-TPR and in situ EPR were
employed to characterize the products. Results indicated that the framework was coherently integrated
by ATP skeleton, LaCoO3 particles and rGO nanosheet, while rGO behaved as excellent electronic trans-
mission mediator between ATP and LaCoO3 to achieve indirect Z-scheme system, thus significantly
improved the charge-separation efficiency and redox ability of the nanocomposite. In situ EPR revealed
that the photogenerated holes in the catalysts were captured by NH3 to produce NH2 radical, which pro-
duced NH2NO intermediate followed by decomposing into N2 and H2O. Photo-SCR of NO was performed
using LaCoO3/ATP/rGO as catalyst under simulated solar-light irradiation. Results indicated that the
introduction amount of rGO had critical effect on the NO conversion efficiency, which reached as high
as 95% conversion rate and 100% N2 selectivity even under room temperature when the mass content
of rGO was optimized to 0.6 wt%. In addition, SO2 and H2O tolerance experiment did not find noticeable
deactivation of the obtained Z-scheme photocatalyst, which was attributed to the synergistic resistance
effect between ATP and rGO.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) have been a primary cause of acid rain,
smog and solid particles PM2.5, which leads to a wide variety of
negative impact on human health especially respiratory diseases
[1]. Therefore, effective control of NOx emission is imperative
worldwide. For several decades, selective catalytic reduction with
NH3 (NH3-SCR) has been widely employed as applicable strategy
for removing NOx. However, the process of traditional NH3-SCR is
operated at high temperature window (300–400 �C) bring about
a comparatively high cost, and it is easy to generate by-products
leading to low conversion capacity and selectivity. Therefore, it is
of great significance to develop efficient low-temperature
technology.

Photocatalysis has been considered as an appealing strategy to
remove volatile organic compounds and nitrogen oxides under
ultraviolet light or visible light irradiation, which can work at
low temperature by taking advantage of abundant renewable solar
energy. It has attracted great interest due to its mild operation con-
ditions, low energy consumption and less secondary pollution and
holds great promise in today’s world of energy and environmental
issues. Three approaches including photo-oxidation, photo-
decomposition and photo-assisted selective catalytic reduction
(photo-SCR) for NOx removal have been reported in the past dec-
ades [2–4]. In photo-oxidation deNOx, electron- hole is migrated
to the surface of the catalyst followed by reacting with H2O or O2

to form OH� and O2
�� and oxidize NO into NO3

� or other substance
[5]. However, saturation of nitrates always occurs on the surface
of the photocatalyst which may lead to the corrosion of catalytic
material thus reducing the activity [6]. Alternatively, photo-
decomposition can be able to convert NOx into N2 and other harm-
less compounds. For instance, Xu et al. [7] prepared Ag/TiO2 com-
posite as photocatalyst and Zhao et al. [8] synthesized Ag3PO4/g-
C3N4 for NOx decomposition under different wavelength range of
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light irradiation. However, the conversion rate of nitrogen oxide in
the above work is rather low thus far to reach the requirement of
practical application. More intriguingly, photo-SCR of NOx has
demonstrated remarkable advantages in terms of the low temper-
ature window (even room temperature), high conversion of NO
and high selectivity of N2, which leverages the advantages of both
photocatalysis and conventional SCR. Tanaka has reported a serial
of photocatalysts including TiO2 [9,10] and dye-modified TiO2

[11,12] which could reduce NOx under room temperature. How-
ever, the reaction did not meet the high gas hourly space velocity
(GHSV) conditions when it comes to practical use, and the weak
stability of adsorbed dyes is a challenge in the dye-modified TiO2

system during photo-SCR reaction [13]. Thus, developing new
stable materials which can harvest solar energy catering for the
high-GHSV conditions remains to be a great challenge.

In order to obtain efficient solar energy conversion in photocat-
alytic reaction, it is indispensable to incorporate semiconductor
materials with narrow band gap energy. Perovskite (ABO3) oxides
where A is usually a lanthanide ion or alkaline earth metal ion
and B is a transition metal ion, have been widely reported in pho-
tocatalysis area due to its flexible bandgap engineering. For
instance, Shen et al. [14] synthesized LaFeO3 which exhibited a
superior visible photogradation activity on methyl orange by a
sol–gel route. Kanhere et al. [15] studied the denitrification activity
of rare earth perovskites with various B site in the low tempera-
ture. Meanwhile, it should be pointed out that the particles of per-
ovskite are prone to aggregation due to its large crystal size [16].
Thus, immobilizing the perovskite with a suitable substrate is the
key to address the drawbacks. Attapulgite (ATP), composed of
hydrated magnesium aluminum silicate, has been believed to be
a perfect support which has large-specific surface area and abun-
dant active sites [17]. More interestingly, Zhang et al. found that
ATP containing transition metal ionic substitution in the structure
can change the structural and electronic properties consequently
enable it as a semiconductor [18]. In addition, it is greatly impor-
tant to reduce the recombination of e�–h+ pairs for photocatalytic
reaction. As a two-dimensional nanosheet, reduced graphene oxide
(rGO) has been a good candidate for photocatalytic applications
because of high surface area facilitating the adsorption capacity
of gas and high electron mobility promoting the migration of
photo-generated electrons thus restraining the recombination
electrons and holes [19]. Meanwhile, it has been reported that
rGO can act as solid-state mediator to achieve the indirect Z-
scheme heterostructure [20].

In our previous work, we have successfully loaded a series of
rare earth perovskite on ATP support [21,22]. At present, in order
to sufficiently separate charges and holes and improve the redox
performance, we fabricate LaCoO3/ATP by facile sol–gel method
followed by incorporation with rGO via electrostatic self-
assembly method in order to construct LaCoO3/ATP/rGO ternary
Z-Scheme photocatalyst. The composite-activity on the photo-
SCR removal of NO is investigated by tuning the amount of rGO
to elaborate the factors determining the activity of photo-SCR of
NO.

2. Experimental

2.1. Materials

Flake graphite was furnished by Qingdao Baichuang Graphite
Co., Ltd., China. H2SO4, KMnO4, NaNO3, H2O2, La(NO3)3�6H2O and
Co(NO3)2�6H2O were provided by Sinopharm Chemical Reagent
Co., Ltd., China. N2H4�H2O was offered by Jiangsu Yongfeng Chem-
ical Reagent Co., Ltd., China. C6H8O7�H2O (citric acid) and (CH2OH)2
were provided by Shanghai Lingfeng Chemical Reagent Co., Ltd.,

China. ATP was supplied by Jiangsu Nanda Zijin Technology Group
Co., Ltd. All reagents were of analytical grade without further
purification.

2.2. Synthesis of LaCoO3/ATP/rGO

First of all, oxidized graphite (GO) was prepared by modified
Hummers using flake graphite as raw material [23]. The rare earth
perovskites supported on ATP were prepared by a sol gel method.
The molar ratio of A and B in the LaCoO3 was fixed at 1:1. The
molar ratio of citric acid was twice the total metallic ions, and 3
mL ethylene glycol was used as dispersant. The mass ratio of
LaCoO3 to ATP was 1:1. The mass content of rGO to LaCoO3 was
0.1–1%. Hereafter, the amount of rGO is denoted as 0.1–1 wt%.
An appropriate amount according to the above ratio of aqueous
solutions including cobalt nitrate, lanthanum nitrate, citric acid,
ethylene glycol and ATP were put in a beaker and dispersed in
deionized water to form sol by stirring at 80 �C in a water bath.
The wet gel was dried at 80 �C in a thermostatic drum wind, and
heated to 600 �C at the rate of 2 �C/min for another 2 h to obtain
the LaCoO3/ATP. Subsequently, as-prepared LaCoO3/ATP were dis-
persed in deionized water by adding HCl to adjust pH to 4 and
were mixed with rGO by stirring at 80 �C. The final product was
obtained after drying at 80 �C.

2.3. Characterization

The transmission electron microscopy (TEM) characterization
was performed with a JEOL–2100 operating at 200 kV and the data
were collected with a Gatan 832 CCD. The X-ray diffraction (XRD)
analyses waere implemented with an X-ray diffractometer (Rigaku
D/MAX-2500PC) using Cu Ka radiation which is recorded for 2h
range between 5� and 80� with a scan rate of 0.02�/s. The
microstructures and chemical composition were examined by a
JSM-510 scanning electron microscope (SEM) equipped with an
energy dispersive X-ray spectroscope (EDS). The Raman spectra
were recorded on a JY-HR800 Raman spectrometer. The UV–Vis
diffuse reflectance spectra (DRS) of the obtained catalysts were
carried out by a UV–Vis spectrometer (Shimazu, Japan) with an
integrating sphere. The binding energy of the elements was
measured by X-ray photoelectron spectroscopy (XPS) with a Perki-
nElmer PHI 5300 XPS spectrometer using MgKa. The Photolumi-
nescence (PL) spectrum was carried on a Fluorescence
photometer (LS45) with the excitation wavelength of 300 nm.
The total acidity and the acid distribution of the catalysts were
measured by temperature-programmed desorption (TPD) of NH3

on a Micromeritics ASAP 2920 instrument (Micromeritics, USA)
with athermal conductivity detector (TCD) was carried out in order
to measure the acidity evolution of all samples. Samples of approx-
imately 0.3 g was put into a fixed-bed flow reactor using the flow
gas of N2. The samples were pretreated for 30 min at 400 �C and
then cooled to ambient temperature. After the purge with N2 to
remove the adsorbed NH3 on the surface of catalyst, NH3 was intro-
duced over 30 min. The catalyst was desorpted with N2 at 25–500
�C at 10 �C/min. H2 temperature-programmed reduction (H2-TPR)
was performed also on this instrument. Approximately 50 mg sam-
ples were heated from room temperature to 600 �C with a heating
rate of 10 �C /min and the mixture of H2 (10 vol%) and Ar was acted
as a reducing atmosphere at a flow rate of 30 mL/min.

2.4. Photo-SCR of NO performance

The experiment was carried out in the photo-SCR instrument
(Fig. S1) which was set up by a fixed bed reactor provided by Huasi
Instrument Co., Ltd. (Hunan, China) equipped with NO/NO2 gas
analyzer purchased from Kahn International Co., Ltd. and N2O gas
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