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ty and Ins
A B S T R A C T

Largely limited by the high dissociation [36_TD$DIFF]energy of the O��O bond, the[37_TD$DIFF] photocatalytic [35_TD$DIFF]molecular oxygen
activation is highly challenged, which restrains the application of photocatalytic oxidation technology for
atmospheric pollutants removal. Herein, we design and fabricate the InP QDs/g-C3N4 compounds. The
introduction of InP QDs promotes the charge transfer within the interface resulting in the effective
separation of photo-generated carriers. Furthermore, InP QDs greatly facilitates the activation of
molecular oxygen and promote the formation of O2

��
[38_TD$DIFF] under visible-light illumination. These conclusions

are identified by experimental and calculation results. Hence, NO can be combined with the O2
��
[39_TD$DIFF] to form

O��O��N��O intermediate to direct conversion into NO3
�. As a result, the NO removal ratio of g-C3N4 has

a onefold increase after InP QDs loaded and the generation of NO2 is effectively inhibited. This work may
provide a strategy to design highly efficient materials for molecular oxygen activation.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Photocatalytic oxidation for effective pollutant removal has
been grown rapidly in present due to its environment-friendly and
economically attractive features [1–8]. Highly limited by large
dissociation energy of the O��O bond, the activation of molecular
oxygen is deemed to be the rate-limiting step in the process of
photocatalytic oxidation [9,10]. Typically, molecular oxygen
activation on the surface of photocatalysts proceeds electron
reduction to generate reactive oxygen species (ROS). Hence, the
surface of photocatalysts might be required to offer electrons to
molecular oxygen which could promote its activation [11–13].

Quantum dots (QDs) have drawn growing interests due to the
wide application in photocatalysis [14–17]. Distinguishing from
traditional semiconductors, the sizes of quantum dots are
extremely small in all three dimensions, which makes photoin-
duced electrons can more quickly tunnel to the surface to
participate in photocatalytic reaction [14,17]. Among numerous
quantum dots, InP QDs have attracted concerns in environmental
and biological applications [18–20]. Different from thewidespread
used Cd-based QDs, InP QDs present the lower toxicity and the
electrons and holes in them show the weaker attraction [18,19].
Moreover, InP QDs reveals a favorable absorption ability for solar
titute of Materia Medica, Chinese
light [20,21]. The above characteristic makes it be a promising
candidate for molecular oxygen activation. Unfortunately, same as
frequently-used QDs, there are some defect states on the InP QDs,
which might be the recombination centers for photoinduced
electrons and holes, [41_TD$DIFF]affecting the catalytic performance [16,22,23].

To address this issue, most efforts have been focused on loading
the QDs on two-dimensional (2D) materials to construct a
heterojunction [24,25]. Among 2D materials, graphitic carbon
nitride (g-C3N4) nanosheets have elicited ripples of attention in the
photocatalytic realm owing to the excellent visible-light response,
tunable electronic structure and favorable chemical stability [26–
32]. Importantly, the honeycomb-like structure of g-C3N4 nano-
sheets formed by tri-s-triazine units could make it be the ideal
support to load QDs [16,33–36].

Inspired by the above considerations, we construct InP QDs and
g-C3N4 nanosheets compounds by a facile method. As displayed in
Scheme 1, InP QDs can be bonded with the adsorbed molecular
oxygen to promote its activation. Meanwhile, with the light
illumination, the molecular oxygen is further activated to convert
into O2

��
[38_TD$DIFF] to promote the NO deep oxidation.

A typical method was applied to synthesize the g-C3N4

nanosheets. 15 g of urea was put in a semiclosed alumina crucible
and heated up to 550 �C in the muffle furnace (Holding time: 1 h).
InP QDs were prepared by the method reported in our previous
study [20]. The InP QDs and g-C3N4 nanosheet compounds were
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of the role of InP QDs in the g-C3N4 to promote
molecular oxygen activation.
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Fig. 1. NO remove ratio (a), NO2 selectivity (b) and product distributions (c) of
different samples under visible-light illumination (l> 420 nm).
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synthesized as follows. 500mg g-C3N4 nanosheets were dispersed
in 15mL deionized water. After that, a certain amount of InP QDs
solution (Concentration: 7.6mg/mL) was added to the above
solution. Then, mixed solution was stirring at 20 �C for 2 h and
frozen-drying (pre-frozen at�80 �C for 2 h) for 36 h. After that, the
obtained samples were collected and labeled as x%InP/g-C3N4

(x: mass percent of InP QDs and g-C3N4 nanosheet).
All the phases were characterized by X-ray diffraction (XRD) set

at 40 kV/40mA with Cu Kα radiation. Microstructures were
characterized by transmission electron microscopy (TEM, Tecnai
G2 F30). Surface chemical states and compositions were detected
by X-ray photoelectron spectrometer (XPS, Thermo ESCA-
LAB250Xi). The ultraviolet-visible diffuse reflectance spectrum
(UV–vis DRS) were measured by Shimadzu spectrophotometer
(UV-2600) equipping with the integrating sphere (Reflectance
standard: Ba2SO4). The fluorescence spectrophotometer (F-7000)
was used to measure the photoluminescence spectroscopy (PL)
spectrum (Excitation wavelength: 320 nm). Time-resolved fluo-
rescence emission spectra were recorded on time-resolved
fluorescence spectrometer (PL-TCSPC) of HORIB-FM-2015. The
electron spin resonance (ESR) spectrum of radicals spin-trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was measured on
Bruker E500 spectrometer. The sample was added in 50mmol/L
DMPO solution tank (methanol dispersion for DMPO-O2

��
[38_TD$DIFF] and

aqueous dispersion for DMPO-
�
[42_TD$DIFF]OH) and was detected under

visible-light illumination (l> 420 nm).
Photocatalytic nitric oxide (NO) oxidation tests were evaluated

in a homemade continuous flow reactor, which reported in our
previous works [5,10,37]. Typically, 0.2 g of sample was divided
into two parts and dispersed in the culture dishes (Diameter:
10 cm). The flow rates of NO and Air were set to be 10mL/min and
2 L/min (NO initial concentration: 500 ppb). A metal halide lamp
(150W) worked as the light source with a visible light filter
(l> 420 nm). The light intensity was 41mW/cm2. The concentra-
tion of NO was continuously detected on the NOx analyzer
(Thermo, model 42c-TL).

Dispersion corrected density function theory (DFT-D) was
applied in this study. All the calculations were performed in the
Cambridge Sequential Total Energy Package (CASTEP) code of
Materials Studio software [38]. The Perdew-Burke-Ernzerhof (PBE)
functional of generalized gradient approximation (GGA) theory
was performed in current study [39,40]. The k-point and cut-off
energy were individually set to be 2� 2�1 and 380 eV. InP/g-C3N4

model was fabricated with 2�1 (001) InP and 1�1 (001) g-C3N4

surface (Vacuum thickness: 15 Å).
Nitric oxide (NO) is an integral part of atmospheric pollutants,

which has brought multitudinous environmental problems. As the
typical photocatalytic oxidation process, photocatalytic NO re-
moval technology generally proceeds a two-step oxidation
reaction. The undesirable toxic byproduct NO2 is usually generated
due to the partial oxidation of NO. Hence, the NO oxidation process
requires precise control to promote NO deep oxidation. Based on
these, photocatalytic NO removal tests under visible light
illumination over g-C3N4 and InP/g-C3N4 compounds are carried
out in Fig.1. The g-C3N4 sample reveals a NO removal ratio of [43_TD$DIFF]20.2%.
Meanwhile, there is a large amount of NO2 generation, which
comprises [44_TD$DIFF]39.4% in the final product distribution. It should be
noted that the NO removal efficiencies are highly enhanced after
InP QDs loaded. The [33_TD$DIFF]0.5%InP/g-C3N4 compound presents the best
removal ratio of [45_TD$DIFF]39.6%, which has almost doubled from pristine g-
C3N4. More interestingly, the generation of toxic NO2 is extremely
inhibited with the introduction of InP QDs. The NO3

� distribution
in the final products is enhanced from 60.6% [46_TD$DIFF]to 85.6%. In brief, the
introduction of InP QDs enhances the NO removal ratio and
effectively inhibits the generation of NO2. As presented in Fig. S1
(Supporting information), the NO removal ratio of has a slight
decrease [47_TD$DIFF](2.9%) after five recycling tests. Furthermore, UV–vis DRS
of used [33_TD$DIFF]0.5%InP QDs/g-C3N4 sample has slightly changed compared
with the fresh sample ([48_TD$DIFF]Fig. S2 in Supporting information). The
above results suggest that InP QDs/g-C3N4 compound has favorable
stability.

As investigated in Fig. S3 (Supporting information), the main
characteristic diffraction peak of XRD pattern for g-C3N4 appears at
27.3�, which is indexed to the (002) plane. After InP QDs loaded, the
position of characteristic diffraction peak indexed to (002) plane
has a slight positive shift compared to g-C3N4.Meanwhile, the peak
at 12.9� indexed to (100) plane has disappeared. Furthermore, the
peaks indexed to InP cannot be found even if the loading
concentrate of 2%. Hence, the highest loading concentrate sample
(2%InP QDs/g-C3N4) is selected as a representative to explore the
influence of InP QDs in the morphology of g-C3N4. [49_TD$DIFF]As depicted in
Fig. S4 (Supporting information[50_TD$DIFF]), the g-C3N4 sample presents a
nanosheetmicroscopicmorphology. [51_TD$DIFF]Furthermore, themicroscopic
morphology of pure InP QDs is presented in Fig. S4b. The average
size of pure InP QDs is ca. 2�4 nm. Hence, it is difficult to observe
the presence of InP QDs in the TEM of its compound due to the
small size of InP QDs ([48_TD$DIFF]Fig. S4c in Supporting information).
Meanwhile, as shown in HRTEM ([52_TD$DIFF]Figs. S4d and e), there are no
obvious lattice fringes observed in pure g-C3N4 as well as InP QDs.
Hence, it is difficult to distinguish the g-C3N4 and InP QDs
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according to HRTEM image of InP QDs/g-C3N4 compound in
Fig. S4f. To indicate the presence of InP QDs in InP QDs/g-C3N4

compound, the EDS elemental mapping is presented in Fig. S5
(Supporting information). It is obvious that C, N, O, In and P
elements are uniformly distributed over the whole area of the
sample, indicating the successful introduction of InP QDs.

To further confirm the existence of InP QDs and explore the
influence of it in the surface chemical composition and chemical
states of g-C3N4, XPS patterns of g-C3N4 and [33_TD$DIFF]0.5%InP QDs/g-C3N4

compound are shown in Fig. S6 (Supporting information). For g-
C3N4, three C 1s peaks located at 288.3, 286.2 and 284.8 eV are
ascribed to C��N, C��O and C��C bonds, [53_TD$DIFF] respectively. In N 1s
spectra, two main peaks at 400.4 and 398.8 eV are individually
assigned to N��(C)3 and N��C [54_TD$DIFF]bonds. In O 1s spectra, the
characteristic peak appearing at 532.5 eV is ascribed to C��O
bonds. After InP QDs loaded, the main characteristic peaks in C 1s,
N 1s and O 1s spectrum are similar to that of g-C3N4. In addition, in
In 3d spectra, there are two new peaks appearing at 452.6 and
445.1 eV assigned to In��[55_TD$DIFF]P bonds. Correspondingly, two new peaks
at 133.5 and 129.2 eV in P 2p spectra are ascribed to P��[56_TD$DIFF]In and P��O
bonds, respectively. These indicate that InP QDs are successfully
loaded on g-C3N4. It should be noted that the peaks ascribed to the
bonds of g-C3N4 shift to the low binding energy orientation (ca.
0.1�0.2 eV) after InP QDs introducing,which are observed in C 1s, N
1s and O 1s spectrum. It is identified that the electrons transfer
from InP QDs to g-C3N4 after the compound fabricated.Meanwhile,
DFT calculations are performed to further explore the properties of
InP/g-C3N4 interface in Fig. S7 (Supporting information). The
potential energy of InP is much higher than that of g-C3N4,
resulting that 1.25e of electrons can transfer from InP to g-C3N4

driving by this force. This result agrees well with the XPS analysis.
Based on the XPS valence band spectra (Fig. S8 in Supporting
information) and band gaps (Fig. S9 in Supporting information) of
g-C3N4 and InP QDs, the positions of valence band and conduction
band are determined in Fig. S10 (Supporting information).
Combined with the direction of the built-in electric field, the
photocatalytic mechanism of InP QDs/g-C3N4 compound is shown
as follows. Under light irradiation, electrons are excited from the
valence band to the conduction band of g-C3N4 and InP QDs,
respectively. Due to the formation of built-in electric field in the
interface, the holes in InP QDs are recombinedwith the electrons in
g-C3N4. Benefiting from this, the photoinduced electrons are
accumulated in the InP QDs side of InP QDs/g-C3N4 compound,
which is beneficial to the separation of photo-generated carriers.

To understand the possible roles of InP QDs in enhanced
performance, solar light absorption is firstly investigated by UV–
vis spectrum in Fig. S11 (Supporting information). It is obvious that
the absorption edge and corresponding band gaps ([48_TD$DIFF]Fig. S9a in
Supporting information) have rarely changed after InP QDs loaded.
Different from it, the steady-state PL spectrum in Fig. 2a have
notable changes with the introduction of InP QDs. The PL intensity
of InP QDs/g-C3N4 compounds is much lower than that of g-C3N4,
[(Fig._2)TD$FIG]

Fig. 2. Steady-state (a) and time-resolved (b) PL spectra of g-C3N4 and InP
QDs/g-C3N4 compounds.
proving that the recombination of photogenerated charges in
compounds is effectively inhibited. It is identified by the time-
resolved PL spectrum in Fig. 2b. The lifetime of photogenerated
electrons in g-C3N4 is decreased from 6.86 ns to 6.16 ns after InP
QDs loaded. The above results illustrate that the existence of InP
QDs promotes the effective separation of photogenerated charges,
resulting in that photogenerated electrons could fast transfer from
g-C3N4 to InP QDs.

During the process of photocatalytic oxidation surface reaction,
molecular oxygen activation has a crucial role on its performance.
The activation of molecular oxygen typically needs to undergo the
following steps. (I) Molecular oxygen is adsorbed on the surface of
the catalyst. (II) Adsorbedmolecular oxygen obtains electrons from
the surface to convert into reactive oxygen species (O2

��
[57_TD$DIFF]). Based on

this consideration, themolecular oxygen adsorption on g-C3N4 and
InP/g-C3N4 surface are simulated by DFT calculations in Table S1
(Supporting information) and Fig. 3. It is obvious that the
adsorption energy of molecular oxygen adsorbed on [58_TD$DIFF]different
sides of InP/g-C3N4 (Eads = �0.95 and �0.55 eV) are both more
negative than that on the g-C3N4 surface ([59_TD$DIFF]Eads = �0.19 eV). This
indicates that introducing InP can significantly enhance the
adsorption ability of g-C3N4 for molecular oxygen. Furthermore,
the molecular oxygen prefers to adsorb on the InP side due to the
lower adsorption energy of�0.95 eV than that of the g-C3N4 side. It
is interesting that the adsorbed molecular oxygen is bond with the
InP surface to form the O-In bond in Fig. 3a. As a result, molecular
oxygen can obtain the most electrons of 0.42[60_TD$DIFF]e from the InP surface
to promote its activation, which is identified in Table S [61_TD$DIFF]2. To better
uncover the process of photocatalyticmolecular oxygen activation,
an electron has been added into the system to simplistically
simulate the photo-generated electron (e�). Compared to the
adsorption energy given in Table S [62_TD$DIFF]1 (Supporting information), it is
interesting that the introduction of electron promotes the
adsorption ability of molecular oxygen on InP/g-C3N4, while it
has a little adverse effect on g-C3N4. Meanwhile, the larger change
of adsorption energy on the InP side of InP/g-C3N4 proves that the
introduction of electron mainly facilitates the molecular oxygen
adsorption ability of the InP side compared with g-C3N4 side.
Benefiting from this, in Table S3 (Supporting information), there
are more electrons (0.49e) transferring from the InP surface to
molecular oxygen to promote its activation. To further confirm the
above results, the DMPO spin-trapping ESR experiments are
carried out in Fig. 3b. The detected DMPO-O2

��
[63_TD$DIFF] signals of the 0.5%

InP QDs/g-C3N4 are much stronger than that of the g-C3N4 under
visible-light illumination. Except for O2

��,[64_TD$DIFF]
�
OH is also the important

active specie for atmospheric pollutant removal. As shown in
Fig. S12 (Supporting information), the introduction of InP QDs
promotes the generation of

�
[65_TD$DIFF]OH. Nevertheless, the humidity is

controlled under [66_TD$DIFF]2% in the photocatalytic NO oxidation test, which
Fig. 3. (a) Molecular oxygen adsorption configures on g-C3N4 and InP/g-C3N4,
(b) DMPO spin-trapping ESR spectra (O2

��
[32_TD$DIFF]) of g-C3N4 and [33_TD$DIFF]0.5%InP QDs/g-C3N4

compound under visible-light illumination (l> 420 nm).
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is reported in our previous work [41]. This indicates that there are
fewH2Omolecules existing in the reaction process, resulting in the
few

�
[65_TD$DIFF]OH generated. Hence, O2

��
[57_TD$DIFF] is considered to the main active

species during the process of photocatalytic oxidation reaction.
Furthermore, the effect of InP QDs in the dissociation of O��O bond
is explored by DFTcalculations as presented in Fig. S13 (Supporting
information). According to the previous work, the broken of O��O
bond in O2molecule is needed to overcome a high energy barrier of
5.20 eV [42]. For pure g-C3N4, the dissociation energy of O��Obond
is 4.61 eV. After introducing InP QDs, the dissociation energy is
highly decreased by 2.26 eV, manifesting 2-fold enhancement than
that on pure g-C3N4 surface. In brief, the molecular oxygen
activation and the dissociation of O��O bond are facilitated with
the introduction of InP QDs and its activation can be further
promoted to generate O2

��
[57_TD$DIFF] under light illumination.

Based on the above results, the process of NO oxidation is
simulated as shown in Fig. S14 (Supporting information) by DFT
calculations. When NO adsorbs on the surface, it can combinewith
the adsorbed O2 to spontaneously convert into O��O��N��O
intermediate. Hence, NO conversion to NO2 only needs to
overcome an energy of 0.29 eV. When NO2 further converts to
NO3

�, a higher energy barrier of 2.92 eV is required. More
interestingly, the energy barrier of NO direct conversion to NO3

�

is only 0.57 eV,which is slightly higher than that of NO2 generation.
It is indicated that NO prefers to combine with the adsorbed
molecular oxygen to form O��O��N��O intermediate and directly
convert into NO3

�. This explains the reason that the main product
is NO3

� observed in photocatalytic NO removal evaluations.
In summary, we successfully design and construct the InP QDs

and g-C3N4 compounds. With the introduction of InP QDs, the
recombination of photogenerated charges is effectively sup-
pressed, which identified by both theoretical and experimental
results. More importantly, the InP QDs works as the active site to
capture molecular oxygen. The adsorbed molecular oxygen is
bonded with InP-QDs, resulting that it can obtain ample electrons.
Furthermore, the light illumination can further promote the
activation of molecular oxygen to generate O2

��.[67_TD$DIFF] The existence of
O2

��
[57_TD$DIFF] promotes the formation of O��O��N��O intermediate.

Benefiting from this, the NO can directly convert into NO3
�.

Consequently, the NO removal ratio is almost double increased
after InP QDs loaded and NO2 generation is highly inhibited.
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