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a b s t r a c t

Metaleorganic frameworks (MOFs) with the advantage of high surface area are attracting growing
concern in photocatalysis, but the limitations of no visible light response and low carrier migration ef-
ficiency also exist in MOFs materials. Carbon quantum dots (CQDs) with unique optical properties are a
novel class of carbon nanomaterials, which have attracted extensive attention in the field of photo-
catalysis. In this work, compositing with CQDs for realizing MOFs visible-light photocatalytic NO per-
formance was elucidated. We synthesized CQDs/ZIF-8 composite via a simple surface soaking approach,
and the 0.5-CQDs/ZIF-8 composite showed the best removal performance of NO, which was ~43%. The
effect of CQDs on boosting visible-light photocatalytic activity of ZIF-8 was explored based on the
photocurrent test, electrochemical impedance spectra, activity tests and radical trapping experiment
under different monochromatic light irradiation, up-conversion photoluminescence spectra of CQDs, and
electron spin resonance spectroscopy measurement. These results demonstrated compositing with CQDs
is an effective way to boost the visible-light photocatalytic activity of ZIF-8, in which CQDs improves the
visible light utilization and carrier separation efficiency. Apart of that, the results fully proved that the
up-conversion effect indeed played a role in driving ZIF-8 into visible light response owing to the still
working holes (hþ) under 500 nm of monochromatic light irradiation. The possible NOx removal
mechanism over CQDs/ZIF-8 composite was then proposed in the work.

© 2019 Published by Elsevier B.V.
1. Introduction

Nitrogen oxides (NOx) pollution to the environment has become a
serious global problem, and its effect on the atmosphere mainly
include the formation of acid rain, the increase of ozone concentra-
tion, and the formation of fly ash in the air [1]. In recent years, with
the development of air purification technologies, environment-
friendly photocatalytic oxidation technology is a promising direc-
tion for air purification undermild conditions. It iswidely recognized
that in a typical photocatalytic process for NOx, the photocatalyst is
excited by light with certain wavelength to generate electron-hole
pairs, and then the separated electrons (e�) and holes (hþ) transfer
to the active sites to form radicals to react with NOx that adsorbed on
the surface of catalysts [2].
Wang), huangyu@ieecas.cn
The activity of catalysts is closely related to its surface area [3,4].
With the development of traditional semiconductor photocatalysts
[5], a class of newly-developed inorganic-organic hybrid porous
materials, namely metaleorganic frameworks (MOFs) have been
rapidly developed. There are many excellent properties of MOFs,
such as high surface area and excellent adsorptive performance,
well-defined crystalline structures and much wider chemical and
structural modularity [6,7]. Therefore, MOFs-based materials are
always applied in the fields of gas adsorption, catalysis, drug de-
livery, sensing [8,9] and so on [10]. Zeolite Imidazole Frameworks
(ZIFs) are made up of metal ions (such as Zn2þ, Co2þ) with imid-
azole or imidazole ligand [11]. Especially ZIF-8, which has a broad
application prospect particularly due to the advantages of large
surface area, thermal and chemical stability and facile synthetic
method [12,13], and is generally used as cocatalyst or host matrices
by simply utilizing the adsorption capability of ZIF-8 shells [14,15].
In recent years, the application of MOFs materials has expanded
into photocatalytic dye degradation [16], CO2 reduction [17] and
hydrogen production [18]. Recent years, Wang et al. firstly
described the performance of pristine ZIF-8 for photocatalytic
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degradation of methylene blue (MB) under UV illumination, and
the photocatalytic mechanism can be illustrated by HOMO-LUMO
theory [19]. However, the application of MOFs in visible-light
driven photocatalysis has been hindered due to the large band
gap energy and low photo-induced carrier mobility [20e25]. In
order to make ZIFs act directly as a visible-light responsive photo-
catalyst, Zhang et al. developed copper doped ZIF-67 material and
studied the visible light driven photocatalytic degradation of MO in
the presence of H2O2 [26]. Recently, Co doping in tuning the optical
property and visible light photocatalytic activity of ZIF-8 for dye
degradation was also demonstrated by Mohamad et al. [27].
However, despite doping metal ions can broaden the light ab-
sorption effectively, it is hard to increase the separating efficiency of
photoexcited carriers at the same time [28]. In addition, doping
metal ions has possible to increase the risk of introducing new
sources of pollution to environment. Therefore, morework needs to
be done in the development of green visible light responsive MOFs-
based materials.

Carbon quantum dot (CQDs) is a new type of fluorescent carbon
nanomaterial, which displays many excellent properties, such as
non-toxic, ultravioletevisible absorption, photoluminescence
properties, photo-induced electron transfer and unique up-
conversion photoluminescence (UCPL) properties, and has been
widely used in the field of photocatalysis [29e31]. Compositing
with CQDs has been proved to be an effective and green way to
improve the carrier separation efficiency and drive photocatalysts
into visible light response due to the photosensitization [32] or up-
conversion effect of CQDs [33].

Therefore, under the premise of maintaining structural stability
and large specific surface area of ZIF-8, for providing it with a new
possibility of visible light response, we proposed to incorporate
CQDs with ZIF-8 by surface soaking modification method. The
photocatalytic activity of CQDs/ZIF-8 composites under visible light
was tested by removing gaseous NO in continuous air flow. The
reason for the visible light response of ZIF-8was deeply studied and
the results demonstrated the CQDs can improve the carrier sepa-
ration efficiency and the up-conversion effect of it did play a role in
driving ZIF-8 into visible light response.

2. Experimental section

2.1. Materials

All reagents were of analytical grade, purchased from Aladdin
(Shanghai, China) and used without further purification.

2.2. Synthesis of CQDs/ZIF-8 composites

CQDs/ZIF-8 composites were synthesized by using a simple
surface soaking method. That is, 0.2 g ZIF-8 was immersed into
20mL methanol and the solution was ultrasonic assisted diffusion
for 10min, then CQDs solutionwas added and magnetic stirring for
30min. Finally, the products were washed with methanol for 3
times, and then dried at 60 �C. CQDs/ZIF-8 composites with CQDs
content of 0.1mL (0.5 vol%), 0.5mL (2.5 vol%) and 2.0mL (10 vol%)
were synthesized and denoted as 0.1-CQD/ZIF-8, 0.5-CQD/ZIF-8 and
2.0-CQD/ZIF-8, respectively.

CQDswas synthesized through an hydrothermalmethod [34], as
described in supporting information. The synthesis of ZIF-8 was
similar to the typical method [35], in brief, 0.561 g of zinc hydroxide
(Zn(OH)2) and 1.854 g of 2-methylimidazole (HmIm) were dis-
solved in 100mL ammonium hydroxide (NH3$H2O) and 40mL
methanol, respectively. Then the solution of HmIm in methanol
was slowly and carefully layered onto a solution of Zn(OH)2 in
ammonium hydroxide (NH3$H2O). After two days, the resulted
solid product was collected via centrifugation and washed with
methanol/H2O (1:1 V/V) for several times, then dried at 60 �C.

2.3. Characterizations

The powder X-ray diffraction (XRD) patterns were performed
using a Philips X'pert PRO SUPER diffractometer with Cu Ka
(l¼ 1.54178 Å) radiation. The morphologies of resulting samples
were characterized by a field emission scanning electron micro-
scopy (SEM) (JEOL JSM-6490, Japan) and transmission electron
microscopy (TEM) (JES-3010, Japan). Chemical composition of the
samples was analyzed using X-ray photoelectron spectroscopy
(XPS, Thermo Escalab 250Xi, USA). The binding energies were
normalized to the signal for adventitious carbon at 284.8 eV. The
Brunauer-Emmett-Teller (BET) surface area and pore structure of
resulted samples were obtained from N2 adsorption/desorption
isotherms at 77 K (ASAP 2020 automatic analyzer). The samples
were degassed at 110 �C prior to analysis. UVeVis Diffused Reflec-
tance Spectrum (UVeVis DRS) of the resulted samples were per-
formed on a Varian Cary 100 Scan UVeVisible system equipped
with a labsphere diffuse reflectance accessory in the wavelength
range of 200e800 nm, and using Ba2SO4 reflection as a reference.
The up-conversion photoluminescence (UCPL) spectra of CQDs was
recorded on a Horiba Fluoromax-4 (France) luminescence spec-
trometer using a Xe lamp as the excitation source. Samples for
electron spin resonance spectroscopy (ESR, ER200-SRC, Bruker,
Germany) were prepared by dispersing 0.05 g of photocatalyst into
25mM 5, 50-dimethyl-1-pirroline-N-oxide (DMPO) solution for
DMPO- �OH or 50mL methanol dispersion for DMPO- �O2

�,
respectively. The light irradiation source was a 300W Xe arc lamp
(PLS-SXE 300, Beijing). The visible light used in this study was
obtained by cutting UV light (l< 420 nm) with an optical filter.

2.4. Photoelectrochemical measurements

Photoelectrochemical properties of the as-prepared sampleswere
evaluatedusingaParstat4000electrochemicalworkstation (USA) ina
conventional three-electrode cell, with a platinum plate as the
counterelectrodeandanAg/AgClelectrodeas the referenceelectrode.
Theworking electrodewas prepared by dispersing the 20mg sample
into 4mLNafion ethanol solution to obtainhomogeneous suspension
byusing the ultrasonic dispersionmethod for 30min. The suspension
was coated onto a F-doped tin oxide-conducting glass and dried at
room temperature. The photocurrent-time curves were measured at
0.2 V versus Ag/AgCl electrode in 0.5mol/L Na2SO3 at ambient tem-
perature under a 300W Xe lamp (l¼ 420 nm). Electrochemical
impedance spectroscopy (EIS) of the samples were measured at a
frequency range of 0.1 Hze100 kHz with an 5mV voltage amplitude
under an open-circuit voltage in a 1.0mmol/L K3Fe(CN)6 and
K4Fe(CN)6 solution.

2.5. Evaluation of photocatalytic activity

The photocatalytic NO oxidation of the as-prepared samples was
performed at ambient temperature in a continuous flow reactor
equipped with an online NOeNO2eNOx analyzer (Model 42c,
Thermo Environmental Instruments Inc., Franklin, MA, USA). The
reactor has a volume capacity of 4.5 L (30 cm� 15 cm� 10 cm). A
300W commercial Xe arc lamp equipped with a UV cut filter to cut
off lights with wavelength <420 nm or monochromatic light filter
(microsolar 300, Perfectlight, China) was vertically placed outside
the reactor. Gaseous No was supplied by a compressed gas cylinder
at a concentration of 48 ppm (N2 balance) in accordance with the
standard of the National Institute of Standards and Technology. The
initial NO concentration was diluted to 420 ppb by an air stream
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supplied by a zero-air generator (Model 1001, Sabio Instruments
LLC, Georgetown, TX, USA), and the flow rate was controlled at 2 L/
min. The concentrations of NO and NO2 were continuously moni-
tored using the NO analyzer at a sampling rate of 0.6 L/min. The
desired relative humidity level of NO flow was controlled by
passing zero air streams through a humidification chamber.

For photocatalytic test, 0.1 g of photocatalyst (ZIF-8, CQDs, P25,
CQDs/ZIF-8 composites) was dispersed in 10mL water to form a
homogeneous suspension, then coated onto one dish (10.0 cm in
diameter), which was subsequently pretreated at 60 �C to steam up
the water and cooled to room temperature before the photo-
catalytic test. The adsorption-desorption equilibriumwas achieved
before the lamp was turned on. The removal ratio (h) of NO was
calculated as h (%) ¼ (1�C/C0)� 100%, where C0 represents the
initial concentration of NO, that is, the concentration at adsorption
equilibrium, and C represents the concentration at a certain time in
the photocatalytic reaction.
3. Results and discussion

3.1. Phase structure, surface elemental composition and
morphology

The prepared ZIF-8 and CQDs/ZIF-8 composites with different
CQDs contents were characterized via XRD. As shown in Fig. 1, the
synthesized ZIF-8 is consistent with the simulated ZIF-8 pattern
[36], the strong peaks at 2q values of 7.3�, 10.3�, 12.7�, 14.7�, 16.4
18.0�, 24.6� and 26.7� are ascribed to the (011), (002), (112), (022),
(013), (222), (233) and (134) reflections of ZIF-8, respectively [37].
The phase purity was not affected by the introduction of CQDs, and
the XRD of composites do not show the characteristic peak for
CQDs (at 26�), which may due to the high dispersion and low
content of the CQDs in the composites, and similar situation also
exists in other jobs [38].

In order to check the chemical states of the elements in the
prepared samples, we carried out XPS of the samples. As seen in
Fig. 2a, the XPS pattern of ZIF-8 confirms the presence of Zn, N and
C elements. Fig. 2b shows the Zn 2p spectra exhibit two intense
peaks at 1022.8 eV and 1046.1 eV, which corresponding to the 2p3/2
and 2p1/2 components [39,40], respectively. However, after the
loading of CQDs, the location of the peaks for Zn 2p accompany by a
Fig. 1. XRD patterns of pure ZIF-8 and CQDs/ZIF-8 composites with different CQDs
contents.
slight shift of 0.3 eV to lower binding energy, reflecting Zn become
less oxidized due to the decoration of CQDs, and resulting in an
increased electron density on Zn [41], which implies that the Zn
may be involved in the interaction of two components. The C 1s
spectra in Fig. 2c is divided into two peaks at 284.8 eV and 285.8 eV,
which can be assigned to the C-C bond with sp2 orbital and C-N
bond [42], respectively. The symmetric peak at 398.9 eV in N 1s
spectra (Fig. 2d) of ZIF-8 is assigned to 2-methylimidazole [43].

We further measured the TEM images of the as-synthesized
materials and the HR-TEM image of the composite, as shown in
Fig. 3. In Fig. 3a, the as-prepared ZIF-8 sample with a size approx-
imately 20e150 nm and an irregular edge outline (inset in Fig. 3a).
Fig. 3b shows that CQDs nanoparticles are 2e10 nm in size, and we
can see from the TEM image that they are all monodispersed
spherical nanoparticles. Furthermore, we calculate the size of 300
nanoparticles and obtained the particle size distribution map, as
can be seen from the inset of Fig. 3b, the size is mainly distributed
around 4e6 nm. Fig. 3c shows the TEM image of 0.5-CQDs/ZIF-8
composite, the particle size is not uniform and there is no obvious
change in morphology after the loading of CQDs, this is also in
consistent with SEM image in Fig. S1. To determine if CQDs is
incorporated into the composite, Fig. 3d shows the HR-TEM image
of the composite, which is the area marked in Fig. 3c, the particle at
the edge of ZIF-8 particles shows the lattice spacing of 0.32 nm,
corresponding to the (002) plane of graphite carbon. This result also
confirms the successful loading of CQDs into ZIF-8.

3.2. Porous structure and optical properties

In general, photocatalytic reaction occurs on the outer surface of
catalysts, the activity of catalysts closely related to the surface area,
the larger the specific surface area of the catalyst, the more active
adsorption centers it can use [44]. N2 adsorption/desorption iso-
therms of ZIF-8 and 0.5-CQDs/ZIF-8 composite were shown in
Fig. 4. It is found the isotherm of ZIF-8 and 0.5-CQDs/ZIF-8 all with a
steep increase at low pressure (P/P0), suggesting they are a typical
type-I behavior and there is a microporous structure [45]. ZIF-8 and
0.5-CQDs/ZIF-8 composite with BET surface areas of 1355.59m2/g
and 1479.05m2/g, the BET surface area of increased about 123.5m2/
g, the increased surface area indicating that the composite may
provide more active sites for photocatalytic reaction [46]. The re-
sults of BET surface area, pore volume and pore size distribution
were shown in Table 1, these results indicating that ZIF-8 maintain
its big surface area and the stability of pore structure after the
incorporation of CQDs.

The UVeVis DRS was performed to investigate the optical
property of the prepared samples, as shown in Fig. 5a, ZIF-8 ex-
hibits a strong UV light absorption at approximately 200 nm,
indicating that ZIF-8 may has an excellent UV photocatalytic per-
formance, and the absorption edge is approximately at 400 nm.
CQDs typically show obvious optical absorption property [34], the
UVeVis absorption result of CQDs solution showed that there is an
obvious optical absorption from ultraviolet to visible region. After
the incorporation of CQDs, the composite have a stronger absorp-
tion compared with pristine ZIF-8, and the visible light absorption
significantly improved, indicating that CQDs with strong light ab-
sorption property contributed to the enhanced light absorption.
The enhanced light absorption also reflects the loading of CQDs into
ZIF-8. According to the KubelkaeMunk equation Ahn¼ k (hn-Eg)1/2,
the band-gap energy (Eg) of ZIF-8 is estimated to be 3.1 eV via the
insert (Ahn)2 vs hn curve of ZIF-8 in Fig. 5b [47,48]. As shown in
Fig. 5b, the XPS valence band spectra determines that the valence
band (VB) edge of ZIF-8 is located at about 2.0 eV, which is more
negative than E0 (OH�/�OH) (2.38 eV vs. NHE), as described in the
previous study [49].



Fig. 2. (a) XPS survey spectra of ZIF-8 and 0.5-CQDs/ZIF-8. (b) Zn 2p spectra. (c) C 1s spectra and (d) N 1s spectra.
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3.3. Evaluation of photocatalytic activity

We evaluated the photocatalytic NO degradation efficiency un-
der visible light irradiation with online NOx analyzer, 0.1 g photo-
catalyst was used in the photocatalytic reaction and the lamp
equipped with a 420 nm filter was turned on after the adsorption-
desorption equilibriumwas achieved. As observed from the activity
tests (Fig. 6a), no nitric oxide can be converted in the absence of
photocatalyst. For ZIF-8, it exhibits almost no NO removal perfor-
mance under visible light irradiation due to the wide band gap of
ZIF-8, and it is also inactive for single CQDs under visible light
irradiation. While CQDs/ZIF-8 composites with different loading
amount of CQDs all exhibit enhanced NO removal efficiency than
pristine ZIF-8. The removal efficiency is improved with the increase
of CQDs loading amount, and the best performance is achieved for
0.5-CQDs/ZIF-8, about 43% of initial nitrogen oxide is removed with
relatively lower NO2 yield compared with commercial P25 as
shown in Fig. 6b. However, excessive loading is not conducive to the
enhancement of photocatalytic performance. When the CQDs
loading amount is further increased to 2mL, the photocatalytic
activity is decreased. In any case, the introduction of CQDs can
significantly drive ZIF-8 into visible-light-responding. Furthermore,
the effect of catalyst dosage on the photocatalytic activity was also
conducted, as shown in Fig. 6c, the photocatalytic efficiency
increased with the increase of the amount of catalyst until excee-
ded 0.3 g. The activity of 0.3 g sample was the same as that of 0.2 g,
probably due to the lighting area is limited by the diameter of dish
used in photocatalytic activity test, the sample is too thick in the
dish to make full use of the sunlight. Fig. 6d shows the photo-
catalytic stability of 0.5-CQDs/ZIF-8 sample for photocatalytic
removal of NO, as seen there is a 9% reduction in activity after 3
cycles. Considering that the decrease in activity may be caused by
the NO3

� occupy the active sites on catalyst, we refreshed the 0.5-
CQDs/ZIF-8 by washing with deionized water. As expected, the
activity recovered a lot (fourth run in Fig. 6d). In other words, the
photoactivity performance of 0.5-CQDs/ZIF-8 could regenerated by
water.

3.4. Effect of CQDs

According to the experimental results, we believe that CQDs
play a crucial role for the enhanced photocatalytic activity under
visible light irradiation.

The transient photocurrent response of ZIF-8 and 0.5-CQDs/ZIF-
8 under intermittent visible-light irradiation are conducted to
determine the separation efficiency of carriers. As shown in Fig. 7a,
ZIF-8 exhibits a weak transient photocurrent response, whereas
0.5-CQDs/ZIF-8 shows much stronger transient photocurrent
response, which is approximately 1.6 times stronger. The relative
size of the radius of the arc in EIS corresponds to the size of the
charge transfer resistance and the separation efficiency of the
photogenerated electron-hole pairs [50]. As seen in EIS, the 0.5-



Fig. 3. (a) TEM image of ZIF-8 (the insert image is the edge image of ZIF-8 sample). (b) TEM image of pure CQDs (the inset is the size distribution map of 300 nanoparticles in this
image). (c) TEM image of 0.5-CQDs/ZIF-8 composite. (d) HR-TEM image of the composite labeled area in (c). (the enlarged area is the lattice fringe of CQDs).

Fig. 4. N2 adsorption/desorption curves of ZIF-8 and 0.5-CQDs/ZIF-8 (The inset shows
the curves of Incremental Pore Volume vs. Pore Width).

Table 1
Comparison of BET surface area, pore volume and pore size distribution for ZIF-8 an

Material BET surface area (m2/g)

ZIF-8 1355.59
0.5-CQDs/ZIF-8 1479.05
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CQDs/ZIF-8 composite has a smaller radius than ZIF-8. On another
note, the result of EIS in Fig. 7b indicating that the charge transfer
resistance and separation efficiency of electron-hole pairs in 0.5-
CQDs/ZIF-8 are improved. There could be two possible reasons for
the result. One reason is the separate efficiency of electron-hole
pairs is improved [51], another reason is the numbers of photo-
generated charge carriers are increased.

In order to further detect which reason or both of them caused
stronger transient photocurrent response of 0.5-CQDs/ZIF-8, we
measured the photocatalytic activity of ZIF-8 and 0.5-CQDs/ZIF-8
under different monochromatic light irradiation (Fig. 7c). Under
365 nm UV light irradiation, ZIF-8 shows a NO removal efficiency of
7.1%, while 0.5-CQDs/ZIF-8 has an activity of 18.3%. Obviously, un-
der 365 nm UV light irradiation, the up-conversion or photosensi-
tization effect of CQDs will not work. Therefore this result also
proves CQDs, as electron mediators, can promote the separation
efficiency of electron-hole pairs of photocatalysts as other
researcher reported [52]. In Fig. 7c, a very interesting result is
found, ZIF-8 shows almost no activity under all visible mono-
chromatic light irradiation, however, 0.5-CQDs/ZIF-8 composite
exhibits effective NO removal efficiency of 16.8, 9.7 and 4.2% under
500, 550 and 600 nm of monochromatic light irradiation,
d 0.5-CQDs/ZIF-8 composite.

Pore volume (cm3/g) Pore size (nm)

0.611 1.940
0.670 1.942



Fig. 5. (a) UVeVis absorption or DRS of CQDs, pristine ZIF-8 and 0.5-CQDs/ZIF-8 composite. (b) XPS valence band spectra of ZIF-8. Insert in (b) is (Ahn)2 vs hn curve of ZIF-8.

Fig. 6. (a) Photocatalytic NO degradation efficiency of ZIF-8, P25, CQDs and CQDs/ZIF-8 composites under visible light irradiation (l� 420 nm). (b) The corresponding NO2 yield. (c)
The effect of different amount of 0.5-CQDs/ZIF-8 photocatalyst on the removal efficiency of NO under visible light irradiation. (d) The cyclic stability of 0.5-CQDs/ZIF-8 photocatalyst
for removing NO under visible light irradiation.
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respectively. Even at 700 nm light irradiation, there is still a
removal efficiency of 2.0%. Therefore, the introduction of CQDs not
only can promote the separation efficiency of electron-hole pairs
but also can increase the excited electron-hole pairs under visible
light irradiation, which thereby result in stronger transient
photocurrent response.

It has been reported that both up-conversion [46] and photo-
sensitization effect [53,54] of CQDs can result in the visible-light
responsive photocatalytic activity of photocatalysts. In this work,
we try our best to detect the role of CQDs that might be played in
driving ZIF-8 as a visible-light responsive photocatalyst.

Firstly, we characterized the UCPL spectra of CQDs, as shown in
Fig. 7d, it can be seen that a short wave-length light of 350e600 nm
can be emittedwhen CQDswas excited by light having awavelength
of 500e900 nm, and the emitted light covers part of ultraviolet area.
This result indicates that the prepared CQDs have up-conversion
effect, which may play a role in driving ZIF-8 into visible light
response. Thenwe test the possible active radicals by using different



Fig. 7. (a) Transient photocurrent responses of ZIF-8 and 0.5-CQDs/ZIF-8 under visible light irradiation. (b) EIS of ZIF-8 and 0.5-CQDs/ZIF-8. (c) NO removal efficiency of ZIF-8 and
0.5-CQDs/ZIF-8 under monochromatic light irradiation at wavelengths of 365 nm, 500 nm, 550 nm, 600 nm, and 700 nm for 30min, respectively. (d) UCPL spectra of prepared CQDs.
(e) Radical-trapping experiments under 365 and 500 nm of monochromatic light irradiation.

X. Wei et al. / Journal of Alloys and Compounds 802 (2019) 467e476 473
radical scavengers under 365 and 500 nm of monochromatic light
irradiation, separately, as seen from Fig. 7e. The addition of p-ben-
zoquinone (PBQ) has strong inhibitory effect (about 73% under
365 nm ultraviolet light irradiation and 77% under 500 nm visible
light irradiation) on the photocatalytic activity. The inhibition effi-
ciency of potassium iodide (KI) on photocatalytic performance is
29% and 20% under 365 nm ultraviolet light and 500 nmvisible light
irradiation, and for addition of tert butyl alcohol (TBA) is 9% and 19%,
respectively. The results indicate the active radical species are
similar under 365 nm ultraviolet light and 500 nm visible light
irradiation, where despite �O2

� is the main active radical, hþ and �OH
also play a role in removing NO. According to EVB e ECB¼ Eg, the
conduction band (CB) of ZIF-8 is calculated to be at� 1.1 eV (vs.
NHE), which is more negative than E0 (O2/�O2
�) (�0.33 eV vs. NHE),

so the �O2
� should be formed by reacting photogenerated e� with

surface oxygen (Eq. (3)). The VB edge of ZIF-8 is located at approx-
imately 2.0 eV, which is not more positive than E0 (OH�/�OH)
(2.38 eV vs. NHE), therefore �OH may attributed to the reduction of
�O2

� [55]. The DMPO spin-trapping ESR spectra of 0.5-CQDs/ZIF-8 in
Fig. 8 also shows the existence of �O2 and �OH, and the enhancing
signals with the extension of irradiation time. If the visible-light-
driven property of ZIF-8 is caused totally by photosensitization ef-
fect of CQDs, the hþ should not work at all under visible light irra-
diation. For example, Zhang et al. found that CQDs mainly donate e�

to the conduction band of the photocatalyst under long wavelength
irradiation (l> 450 nm), enabling wide band gap photocatalyst to



Fig. 8. DMPO spin-trapping ESR spectra of as-synthesized 0.5-CQDs/ZIF-8 in the dark and under visible light irradiation for (a) �O2
� and (b) �OH.
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be visible-light responsive. That means hþ do not involve in the
photocatalytic reaction when CQDs serves as a photosensitizer [32].
Therefore, in this study, we cannot completely rule out the photo-
sensitization effect of CQDs due to the main active radical of ZIF-8 is
happened to be �O2

� under UV light irradiation, but can be sure that
the up-conversion effect indeed play a role in driving ZIF-8 into
visible light response owing to the still working hþ under 500 nm of
monochromatic light irradiation.
3.5. The possible photocatalytic oxidation pathway

For MOFs, the photocatalytic process is occurring between the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) [56e58]. The organic linkers
(HOMO) can act as VB and themetal clusters (LUMO) corresponding
to CB, respectively. MOF-5 is the first example to be used as an effi-
cient photocatalyst,with e� in theCB andhþ in theVB [59]. Similar to
MOF-5, the structure of ZIF-8 contains tetrahedra of Zn4N, theHOMO
is mainly owing to the N 2p bonding orbitals (VB), which form the
imidizole linker, and the LUMO is mainly contributed by empty Zn
orbitals (CB) [19,60]. Then, based on these results, a possible NO
oxidation pathway and schematic model over CQDs/ZIF-8 are pro-
posed as follows: CQDs absorb long wavelength light and emit short
wavelength light, thus, ZIF-8 can efficiently harvest the visible light
from the up-conversion effect of CQDs to form photogenerated
electron-hole pairs (Eq. (1)) [61]. Then e� jump from the VB to the CB
of ZIF-8 [62], which can combinewith O2 adsorbed on the surfaces of
photocatalyst to form �O2

� (Eq. (3)), and some of �O2
� may transform

to �OH (Eq. (4) and (5)) [30,52,63]. Then hþ, �O2
� and �OH can react

with NO in synergy to formNO2 and further be oxidized to NO3
� (Eqs.

(2) and (5)e(7)).
The possible NO photocatalytic oxidation pathway on the

surface of 0.5-CQDs/ZIF-8 photocatalyst under visible light
irradiation:

CQDs (up-conversion): lVisible light / lUV-Vis light

ZIF-8 þ hv / e� þ hþ (1)

hþ þ NO / NO3
� (2)

e� þ O2 / �O2
� (3)
�O2
� þ 2Hþ þ 2e� / H2O2 (4)

H2O2 þ e� / �OH þ OH� (5)

�O2
� þ NOx / NO3

� (6)

2 �OH þ NO / NO2 þ H2O (7)

NO2 þ �OH / NO3
� þ Hþ (8)

Schematic model
4. Conclusions

In this work, ZIF-8 was used as a main photocatalyst for NO
oxidation, in view of it is only active under UV illumination due to
the wide optical band gap, we used CQDs to modify ZIF-8, and the
prepared CQDs/ZIF-8 composites displayed an obviously enhanced
photocatalytic activity under visible light irradiation. The CQDs/ZIF-
8 composite showed stronger photocurrent response than pristine
ZIF-8, because CQDs in CQDs/ZIF-8 photocatalytic system can serve
as electron mediators to promote the separation efficiency and
increase the excited electron-hole pairs under visible light irradi-
ation, which was confirmed by the activity test under different
monochromatic light irradiation. In addition, the effect of CQDs on
driving ZIF-8 into visible light response and enhancing the charge
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separation efficiency was deeply studied through radical trapping
experiment under 365 nm and 500 nm of monochromatic light
irradiation. The results fully proved that the up-conversion effect
indeed played a role in driving ZIF-8 into visible light response
owing to the still working holes under 500 nm of monochromatic
light irradiation. This study indicates that compositing with CQDs
would be a good choice to design and synthesize green visible light
responsive MOFs-based photocatalysts, and provides a possible
way to see if the up-conversion effect of CQDs really plays a role in
driving photocatalysts into visible light response.
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