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A B S T R A C T

Development of biocompatible photocatalysts with improved charge separation and high selectivity is essential
for effective removal of air pollutants. Iron-containing catalysts have attracted extensive attention due to their
low-toxicity and high natural abundance. Here, carbon quantum dots (CQDs) modified FeOOH nanocomposites
fabricated using a facile hydrothermal route showed enhanced NO removal efficiency (22%) compared to pure
FeOOH. Moreover, generation of toxic NO2 intermediates was significantly inhibited using the nanocomposites,
demonstrating high selectivity for final nitrate formation. Photo-electrochemical results showed that both charge
separation and transfer efficiency were significantly improved by CQDs addition, and the lifetime of photo-
generated carriers was increased eventually. Density functional theory calculations further elucidated that the
suppressed recombination of photo-induced electron-hole pairs was due to enhanced electron migration from the
FeOOH to CQDs. A NO degradation mechanism was proposed based on detection of the reactive oxygen species
using electron paramagnetic spectroscopy. In addition, the nanocomposite showed good biocompatibility and
low cytotoxity, ensuring minimal environmental impact for potential application in large-scale.
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1. Introduction

High concentrations of nitrogen oxides (NOx) in the atmosphere
contribute to environmental problems, such as acid rain and photo-
chemical smog [1–3]. Hence, it is necessary to develop effective mea-
sures to control NOx concentrations. Semiconductor photocatalysis of-
fers an appealing route to remove NOx at ambient concentration [4,5].
However, the development of economically feasible and eco-friendly
photocatalysts with high efficiency remains a challenge.

Iron-containing catalysts have attracted extensive attention for NOx

removal as they have low toxicity, eco-friendliness, and high abundance
in the Earth’s crust [6–9]. Among the reported catalysts, iron (III) hy-
droxide (FeOOH) has been investigated for environmental pollution
control due to its favorable band gap energy (∼2.6 eV) allowing visible
light activation [10]. Unfortunately, FeOOH usually suffers from severe
charge recombination due to inherently poor electrical conductivity,
which greatly hinders broad application [11,12]. Therefore, many
studies have focused on optimizing charge migration in FeOOH by
constructing heterostructures with FeOOH and other materials. Wang
et al. fabricated interwoven Co3O4-carbon@FeOOH hollow poly-
hedrons; the optimized composition and structure showed significant
enhancement of the electrochemical properties [13]. Recently, Li et al.
designed FeOOH/CeO2 and FeOOH/Co/FeOOH hetero-layered nano-
tube arrays for the oxygen evolution reaction; the unique hybrid
structure resulted in low energy barriers of intermediates and low mass-
transfer resistance, enhancing the catalytic reaction [14,15]. Moreover,
electron acceptors are important for fast transfer of the photo-generated
electrons, realizing effective light utilization and high quantum yields
[16–18]. For example, H2O2 was ingeniously introduced as an electron
acceptor into the precursor solution in the presence of FeOOH to im-
prove the photocatalytic activity [19]; H2O2 efficiently trapped elec-
trons and increased the generation of hydroxyl radicals. Various high-
conductivity materials, such as Au, CNT, and rGO, can be coupled with
FeOOH to enhance the photocatalytic activity for pollutant degradation
[20–23].

The conjugated π structures of carbon quantum dots (CQDs) make
them excellent electron transporters and acceptors [24], while the up-
converted photoluminescence (UCPL) effect allows them to absorb solar
radiation over a wide range of wavelengths (ultraviolet to infrared). In
CQDs/TiO2 composite photocatalysts, the CQDs convert visible or in-
frared light to shorter wavelengths via the UCPL effect and enhance
electron transfer along specific directions [25,26]. Recently, various
CQDs-containing nanocomposites were fabricated and showed im-
proved photocatalytic activity, such as CQDs/metal oxide (CQDs/
Fe2O3, CQDs/ZnO, and CQDs/SiO2) [27–30], CQDs/metal (CQDs/Au,
CQDs/Cu) and ternary CQDs/metal/semiconductor (CQDs/Ag/Ag3PO4

and CQDs/Ag/Ag3PW12O40) [31–33] composites. The CQDs in the na-
nocomposites promote the transfer of photoelectrons and hinder the
recombination of charge carriers [34–36]. However, few studies dis-
cussed the effect of electron transfer direction and the relative con-
tributions of UCPL and charge separation, which are critical for ex-
plaining the high photocatalytic activity.

Herein, we developed cost-effective spicule CQDs/FeOOH nano-
composite photocatalysts using a facile hydrothermal process and
tested them for NOX removal at ambient levels. Through comprehensive
experimental characterization and density functional theory (DFT)
calculations, we compared the photocatalytic behavior of the CQDs/
FeOOH composites with that of pure FeOOH and discuss potential
mechanisms.

2. Experimental

2.1. Synthesis of CQDs/FeOOH nanocomposites

All reagents were of analytical grade and used without further
purification. The CQDs/FeOOH nanocomposites were synthesized using

a hydrothermal route by adding various amounts of CQDs to an iron
precursor solution. Specifically, 12mmol of Fe (NO3)3·9H2O was dis-
solved in 20mL of deionized water; then, 48mmol of KOH solution was
added dropwise under vigorous stirring. The dispersed suspension was
sonicated for 30min and different volumes of a CQDs solution were
added. Subsequently, a mixture with 2.5 vol % CQDs was placed in a
50mL Teflon-lined stainless steel autoclave and kept at 100 °C for 6 h.
The as-prepared nanocomposites were purified by washing with dis-
tilled water and absolute ethanol, and then dried in a vacuum oven at
70 °C for 24 h. The CQDs/FeOOH nanocomposites with 1.5%, 2.0%,
2.5% and 3.0% (vol %) CQDs were fabricated and designated as C-Fe-
1.5, C-Fe-2.0, C-Fe-2.5, and C-Fe-3.0, respectively. For comparison,
pure FeOOH was prepared under the same conditions. The CQDs used
here were synthesized as reported previously [37] (see Supplementary
Information for details).

2.2. Materials characterization

The crystal structures of the samples were characterized by X-ray
diffraction (XRD; PANalytical X’pert, Netherlands) using Cu Kα radia-
tion (λ=1.5406 Å). The surface chemical states of the samples were
analyzed using X-ray photoelectron spectroscopy (XPS; Thermo Escalab
250Xi, USA) with monochromatic Al Kα X-rays (hν=1486.71 eV).
Field-emission scanning electron microscopy (FE-SEM; JSM-6700F,
Japan) and high-resolution transmission electron microscopy (HR-TEM;
JEOL JEM-3010, Japan) were employed to investigate the morphology.
N2 adsorption–desorption isotherms were obtained at 77 K using a
Gemini VII 2390 analyzer (Micromeritics Instrument Corp., USA) and
used to calculate the Brunauer-Emmett-Teller (BET) surface areas. The
optical properties were obtained using a Varian Cary 100 Scan UV–vis
system (UV–vis; Agilent Corp., USA) using Ba2SO4 reflection as a re-
ference. Photoluminescence (PL) and steady and time-resolved fluor-
escence emission spectra were recorded using a fluorescence spectro-
photometer (FLS-980, Edinburgh Instrument Ltd., UK). Electron spin-
resonance spectroscopy (ESR; JEOL, JES-FA200, Japan) was under-
taken on samples prepared by mixing the as-prepared photocatalyst in a
25mM DMPO (5,5′-dimethyl-1-pirroline-N-oxide) solution with 50mL
of an aqueous dispersion for DMPO-·OH and 50mL of a methanol dis-
persion for DMPO-·O2

−.

2.3. Photocatalytic NO removal

The photocatalytic activity of the as-prepared samples was in-
vestigated by removing NO at ppb levels in a continuous flow reactor
composed of a 4.5 L rectangular stainless steel vessel with a quartz glass
top panel. Simulated solar light was supplied by a 300W xenon lamp
and a UV cutoff filter (λ > 420 nm) was used to obtain visible light.
The light intensity on the sample surface was measured to be
28.29mW/cm2 (Thorlabs PM100D, USA), and the photocatalytic per-
formances of all samples were estimated under identical test conditions.
The lamp was positioned vertically above the quartz window. For each
experiment, 0.1 g of photocatalyst powder was dispersed in 30mL of
distilled water and placed in a 12.0 cm diameter dish, which was pre-
heated at 60 °C to remove water, cooled to room temperature, and then
placed at the center of the reactor. The NO gas was supplied from a
compressed gas cylinder at a concentration of 50 ppm and diluted to
400 ppb during testing with air from a zero air generator (Model 1001,
Sabio Instruments LLC, USA). Here, the gas stream with a flow rate of
3 L/min was introduced to the chamber in the dark, and the residence
time of NO is 36 s. When adsorption–desorption equilibrium was
achieved, the xenon lamp was turned on and the NO and NO2 con-
centrations were continuously monitored. The removal ratio of NO is
expressed as C/C0 (%), where C is the NO concentration (ppb) at any
given time and C0 is the initial NO concentration (ppb).
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2.4. DFT calculations

All first-principles DFT calculations were implemented using the
Cambridge Sequential Total Energy Package (CASTEP) code with the
plane-wave Vanderbilt-type ultra-soft pseudopotentials approach [38].
The generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerh (PBE) function was used to account for the exchange-correla-
tion potentials and electron-electron interactions [39]. The kinetic cut-
off energy was 400 eV for all calculations and the self-consistent field
convergence criterion was 1.0×10−5 eV. For optimization of the
geometry, the convergence criteria of the energy change and residual
force were less than 1.0×10−5 eV/atom and 0.1 eV/A, respectively.
For bulk FeOOH, the Brillouin zone was sampled in a 2× 2×2 Mon-
khorst-pack k point grid geometry optimization. In addition, a
1× 1×2 Brillouin zone mesh was employed to obtain the geometry
and density of states (DOS) of CQDs/FeOOH. The charge-transfer
properties were calculated from the electron density difference (EDD)
based on Miliken population analysis.

2.5. Cytotoxicity assay

The cytotoxicity was evaluated by testing human alveolar epithelial
(A549) cell growth using a standard methyl thiazolyltetrazolium (MTT)
assay. The optical density (OD) was recorded at 490 nm using a mi-
croplate reader (Multiskan GO, Thermo Scientific Inc., USA), and each
measurement was performed in triplicate. The cell viability was
ODtreated/ODcontrol (%), where ODtreated and ODcontrol are the obtained
optical density with and without photocatalyst, respectively. More de-
tails appear in the Supplementary Information.

3. Results and discussion

3.1. Phase structure and surface elemental composition

The powder XRD patterns of the as-prepared C-Fe-2.5 nanocompo-
site and the pristine α-FeOOH samples are shown in Fig. 1a. Typical
diffraction peaks were located at 2θ values of 21.2°, 33.2°, 36.6°, 41.3°,
and 53.3° corresponding to the (110), (130), (111), (140), and (221)
planes of orthorhombic goethite α-FeOOH with a unit cell of a=4.608,
b=9.956, and c=3.022Å (JCPDS file No. 29–0713). No other im-
purity peaks were detected, suggesting that pure α-FeOOH was syn-
thesized. The C-Fe-2.5 composite showed α-FeOOH peaks with lower
intensity than pure FeOOH, while we observed no diffraction peaks for
the CQDs (2θ–26.0°) [40], probably due to the low concentration and
crystallinity of the CQDs in the composite (consistent with other stu-
dies) [41,42]. The position of the FeOOH peak was very similar for the
composite, implying that the presence of CQDs had no significant ef-
fects on goethite lattice [43].

XPS analysis was performed to verify the existence of CQDs on the
FeOOH and characterize the chemical composition of C-Fe-2.5. The
survey spectrum of C-Fe-2.5 (Fig. 1b) shows Fe, O, and C as main
components. Fig. 1c shows the high-resolution C 1s spectrum of C-Fe-
2.5, which was deconvoluted into three major peaks. Typically, the
peak at 284.6 eV is attributed to the CeC bond of the sp2 orbital, and
the peaks at 286.0 and 287.8 eV are assigned to the sp3 hybridized
carbons from eCOOH moieties, which may be derived from the surface
functional groups on the CQDs. In the Fe 2p region (Fig. 1d), the
binding energies located at 724.0 and 710.2 eV corresponded to the Fe
2p1/2 and Fe 2p3/2 orbitals of Fe3+, respectively. For the nanocompo-
site, the corresponding peaks located at 724.3 and 710.4 eV, which is
positive shift 0.3 and 0.2 eV for Fe 2p1/2 and Fe 2p3/2 orbitals. In ad-
dition, the O 1s spectrum of pure FeOOH and C-Fe-2.5 are shown in
Fig. 1e. The two peaks centered at 528.9 and 530.2 eV are associated
with FeeOeFe and FeeOeH bonds in FeOOH, respectively, and that at
532.1 eV is the characteristic signal of oxygen in surface hydroxyl
groups [12,44,45]. Compared with the pure FeOOH, those peaks for

FeeOeFe and FeeOeH shift by∼0.4 eV and ∼0.3 eV toward higher
binding energy. The increased in binding energy of XPS peaks can be
caused by the decreased electron density. Meanwhile, these peaks shift
further evidence the successful introduction of CQDs on the surface of
α-FeOOH, and suggested the strong electron interactions between
FeOOH and CQDs [20]. The UV–vis absorption spectra of the as-pre-
pared samples are shown in Fig. 1f; it is clear that the pristine FeOOH
harvested most of the UV and visible light. By extrapolating the linear
part of the (ahv)2 vs. photon energy curve (where a is the absorption
coefficient), the bandgap energy was estimated to be 2.1 eV (see Fig.
S1) [46]. After CQDs modification, the absorption strength increased,
particularly in the visible region, suggesting CQDs are an outstanding
optical response material.

3.2. Morphology

The morphology of the pure FeOOH, pure CQDs, and C-Fe-2.5
composite were investigated using SEM (see Supplementary
Information) and TEM. As shown in Fig. S2a and b, the as-prepared
FeOOH showed a homogeneous spicule structure ∼600 nm in length
and ∼50 nm in width. This morphology was confirmed by the TEM
results (Fig. 2a). The spicules had a lattice spacing of 0.25 nm, con-
sistent with the d-spacing of the (111) plane of FeOOH (Fig. 2b). The as-
prepared CQDs nanoparticles showed the typical spherical structure
with a diameter of 5–10 nm (Fig. 2c). HR-TEM images (inset, Fig. 2c)
showed a lattice spacing of 0.34 nm, attributed to the (002) plane of
graphite carbon, verifying that graphite-phase CQDs were obtained.
The spicule structure of FeOOH was preserved after CQDs addition,
while this nano-structure tended to aggregate (see Fig. S2c and d). Note,
that the specific BET surface area of FeOOH increased dramatically
after CQDs modification, reaching 130.6 m2/g, four times higher than
that of pristine FeOOH (32.0m2/g); see Table S1. We propose that the
agglomeration was responsible for changes in the surface properties.
Fig. 2d and e show TEM images of C-Fe-2.5, where the CQDs were
scattered on the FeOOH surface (Fig. 2d). The HR-TEM analysis
(Fig. 2e) confirmed the presence of FeOOH in accordance with the
corresponding fast Fourier transformation (FFT) shown in Fig. 2f.
Overall, the XPS and HRTEM results indicated successful preparation of
CQDs/FeOOH nanocomposites; it is expected that the intimate surface
contact between the FeOOH and CQDs would be advantageous for ef-
ficient interfacial charge migration.

3.3. Photocatalytic activity for NO degradation

The photocatalytic NO removal efficiency of as-prepared CQDs/
FeOOH nanocomposites was tested under simulated solar and visible
light irradiation (λ > 420 nm). Fig. 3 shows C/C0 (%) values vs. irra-
diation time (t) for the various photocatalysts. Obviously, no nitric
oxide can be converted in the absence of photocatalyst under visible
light irradiation. Here, the photo-degradation efficiency of the com-
mercial P25 was also evaluated. For pure FeOOH, it showed negligible
NO removal efficiency under visible light irradiation compared with
P25, attributed to a high recombination rate. In comparison, the NO
removal efficiency increased substantially after introducing CQDs,
suggesting that the as-prepared CQDs/FeOOH nanocomposites have a
good development potential for air purification. when the CQDs loading
increased from 1.5 to 2.5%, the NO degradation efficiency was en-
hanced. The optimal NO removal ratio was obtained at 2.5 vol % CQDs
loading, where nearly 22% of initial NO was removed within 30min.
However, a further increase to 3 vol % CQDs loading resulted in an
obvious decrease in NO removal. The CQDs/FeOOH composites showed
a similar trend in NO removal under simulated solar light (Fig. S3), with
C-Fe-2.5 showing the best performance (∼34% of the initial NO was
removed). The enhanced photocatalytic activity is attributed to the
excellent electron conductivity of the CQDs and suppression of re-
combination of photoinduced carriers from FeOOH.
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It has been reported that NO2 (a byproduct of photocatalytic de-
gradation of NO) is much more toxic than NO [47,48]. Therefore, NO2

yields during NO degradation were monitored simultaneously (Fig. S4a
and b). The concentration of NO2 intermediates was below 6 ppb for all
composite photocatalysts in comparison with commercial P25, sug-
gesting that the initial NO (at 400 ppb) was largely transformed into
NO3

− for CQDs/FeOOH nanocomposites instead of NO2. Fig. S5a shows
the results of multiple photocatalytic NO removal runs using C1eFe-2.5
to demonstrate the photocatalytic stability. A small reduction in activity
between the first and fifth runs was observed, indicating that the ma-
terial was relatively unstable for long-term use. The used photocatalyst
was refreshed by washing in deionized water; retesting showed that the
activity was recovered (sixth run). Moreover, the XRD spectra of the

used composite were unchanged, illustrating that the catalyst was
structurally stable (see Fig. S5b). The reduced activity probably arose
from the accumulation of NO3

− on the catalyst surface, impeding the
NO reaction.

3.4. Charge separation and charge transfer mechanism

The main reason for the poor photocatalytic performance of pure
FeOOH was rapid recombination of the photo-induced carriers; hence,
the charge separation was evaluated using transient photocurrent
density vs. time curves (Fig. 4a). When the light source was turned on,
the current density of C-Fe-2.5 rapidly increased to 1.12 μA/cm2 and
remained stable until the light was switched off. The photocurrent

Fig. 1. (a) XRD patterns of pristine FeOOH and C-Fe-2.5. (b) XPS survey spectrum of C-Fe-2.5. (c) C1s spectrum of C-Fe-2.5. (d) Fe2p spectrum of FeOOH and C-Fe-
2.5. (e) O1s spectrum of FeOOH and C-Fe-2.5. (f) UV–vis absorbance curve of FeOOH and C-Fe-2.5.
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density was 3.3 times higher than that of pure FeOOH (0.34 μA/cm2),
suggesting that the CQDs promoted charge separation. This was con-
firmed by photoluminescence (PL) spectra where C-Fe-2.5 exhibited a
weaker PL signal than pure FeOOH, indicating efficient reduction of
charge recombination (see Fig. S6). Moreover, EIS data of the as-pre-
pared samples (Fig. 4b) showed that the semicircle in the Nyquist plot
for C-Fe-2.5 was much smaller than that of pure FeOOH, indicating a
lower charge transfer resistance. Hence, the CQDs are thought to en-
hance separation and transfer of photo-induced carriers.

To compare the photo-excited carrier kinetics of FeOOH before and
after CQDs modification, nanosecond-level time-resolved fluorescence
spectroscopy was performed (Fig. 4c). The fluorescence decay spectra
were collected at 562 nm, and the fitted results are listed in Table S2;

the radiative lifetime of pure FeOOH was 0.38 ns, slightly shorter than
that of the composites (0.43 ns). Therefore, we propose that the pro-
longed lifetime of photoinduced carriers resulted from enhanced charge
separation and a higher probability of the carriers participating in the
photocatalytic reaction.

In general, CQDs can absorb the visible and infrared light and emit
the shorter wavelength light through the unique UCPL effect. In this
paper, Fig. 1f showed that the bare FeOOH has a strong absorption in
ultraviolet and visible region, and thus we considered that the UCPL
effect derived from infrared region should be a significant behavior
after all the strong visible light response of FeOOH obscuring the
emitted light from UCPL fluorescence. Here, to compare the difference
between solar light and absence infrared light or to verify whether the
UCPL effect played a role in our system, we conducted a control ex-
periment under irradiation at a cut-off wavelength of 800 nm. Fig. S7
show that the NO removal rate for C-Fe-2.5 was∼30% at λ < 800 nm,
which was 3% lower than when exposed to the full solar spectrum
(33%). Therefore, UCPL due to infrared light played a secondary role
(∼9.1%) in NO photodegradation.

To further elucidate the charge carrier transfer between FeOOH and
CQDs, DFT calculations were performed by calculating the electron
density difference (EDD) of CQDs/FeOOH composites. Crystal models
of the FeOOH and CQDs are shown in Fig. 5a and b, respectively, where
the hybrid structure was composed of the FeOOH (111) plane with a
sheet of CQDs (Fig. 5c). After geometrical optimization, a slight incline
in the CQDs sheets towards the FeOOH appeared (Fig. 5d). This change
resulted in charge redistribution at the interface (see the EDD plot in
Fig. 5e). There were 0.38 electrons transferred from the FeOOH to
CQDs at the interface. To gain an insight into the driving force of
electron transfer from FeOOH to CQDs, the energy band structure, total
density of states (TDOS) and partial density of states (PDOS) of FeOOH
and CQDs over the nanocomposites were investigated in Fig. S8. Ob-
viously, partial energy levels of CBM over the DOS of FeOOH are higher
than that of CQDs, which supply the driving force of electron transfer

Fig. 2. (a) TEM and (b) HR-TEM images of pure FeOOH. (c) TEM and HR-TEM (inset) images of CQDs nanoparticles. (d) TEM and (e) HR-TEM images of C-Fe-2.5. (f)
FFT corresponding to the region inside the green box in (e) (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 3. Photocatalytic NO degradation efficiency (C/C0, %) vs. irradiation time
(t) under visible light (λ > 420 nm) over pure FeOOH, CQDs/FeOOH nano-
composites with different CQDs loadings, and P25.
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from FeOOH to CQDs. In addition, Fe3d and C2p states mainly con-
tribute to the TDOS of FeOOH and CQDs, respectively. Thus, electron
transitions occur mainly in Fe3d and C2p orbitals. The above results are
consistent with the EDD results of CQDs/FeOOH. These theoretical
results were consistent with the experimental findings, confirming that
the CQDs primarily served as the main electron transfer path and fa-
cilitated charge separation [49].

3.5. Active species and oxidation mechanism

The role of reactive oxygen species during photocatalytic NO re-
moval was detected through DMPO spin-trapping ESR spectroscopy
(Fig. 6a and b). No signal was detected when the photocatalyst

suspension was in the dark, i.e., no active radicals were generated on
either FeOOH or C-Fe-2.5. Under simulated solar light illumination for
8min, the signals of DMPO-%O2

− with sextet peaks and DMPO-·OH
with quartet peaks were observed for C-Fe-2.5, which were remarkably
enhanced compared to those of pure FeOOH. Hence, both O2

− and %OH
radicals participated in NO removal.

Mott-Schottky plots used to derive the band-edge positions of
FeOOH demonstrated the generation of radicals (Fig. S9). The flat-band
potential (Vfb) of FeOOH was −0.35 V vs. NHE at pH 7 [50]. Using the
bandgap measured from UV–vis spectroscopy, the position of the CB
and VB for FeOOH was -0.35 V and 1.75 V vs. NHE, respectively. The
photoelectrons in the CB of FeOOH reduced O2 to %O2

− as E°(O2/%O2
−)

was about −0.33 eV (Eq. (3)), whereas VB holes were not positive

Fig. 4. (a) Transient photocurrent density vs. time curves of pure FeOOH and C-Fe-2.5 electrodes at 0.2 V vs. Ag/AgCl in Na2SO3 (0.1mol/L) under simulated solar
light irradiation. (b) EIS spectra of sample electrodes measured in a 1mmol/L K3Fe(CN)6-K4Fe(CN)6 solution with applied voltage of 5mV. (c) nanosecond-level time-
resolved transient PL decay curves for pure FeOOH and C-Fe-2.5.

Fig. 5. Crystal models of (a) FeOOH, (b) CQDs, and (c) CQDs/FeOOH nanocomposite used in the DFT calculations. (d) The optimized crystal structure and (e)
calculated electron density difference of the CQDs/FeOOH composite where the blue and yellow regions show electron density accumulation and depletion, re-
spectively (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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enough to generate ·OH radicals as E°(·OH/OH−) was + 1.99 eV vs.
NHE. Hence, the observed ·OH signal was most likely from the reduc-
tion of %O2

− via the ·O2
−→H2O2→ %OH route (Eq. (4) and (5)).

Modification with CQDs prolonged the photoelectron lifetime, thereby
increasing the concentration of radicals.

In general, the photocatalytic performance is positive correlation
with specific surface area. However, in this work, the increased specific
surface area of FeOOH showed non-significant contribution to the ac-
tivity enhancement. As observed (Table S1 and Fig. 3), the surface area
for C-Fe-2.5 is 130.6 m2/g and that of for C-Fe-2.0 is 127.2 m2/g.
However, the NO removal efficiency of C-Fe-2.5 (22%) is apparently
higher than that of C-Fe-2.0 (15%). Furthermore, when the loading
amount of CQDs increased to 3 vol %, C-Fe-3.0 obtained the maximum
BET surface area (151.0m2/g), but it showed decreased NO degrada-
tion efficiency than that of C-Fe-2.5. Therefore, in this work, the ap-
propriate loading amount of CQDs is the major contributor for NO ac-
tivity enhancement rather than the specific surface area enlargement.
On account of the inherent defects of FeOOH which often suffers from
the severe charge recombination and the poor electron transfer cap-
ability, we propose that the improved optical absorption and charge
separation of the composite are responsible for the high NO removal
efficiency [51]. Considering the experiment and theoretical results, we
propose the following NO oxidation pathways and the photocatalytic
NO degradation mechanism shown in Fig. 6c.

FeOOH+hv→ FeOOH* (1)

FeOOH*+CQDs→ FeOOH (h+)+CQDs (e−) (2)

CQDs (e−)+O2→ %O2
− (3)

%O2
−+2H++e−→H2O2 (4)

H2O2+ e−→·OH + OH− (5)

%O2
−/%OH+NO→NO2/NO3

−+H2O/H+ (6)

Under solar irradiation, electrons are excited from the VB to the CB
of FeOOH, generating electron-hole pairs (Eq. (1)). CQDs are excellent
electron conductors and collect electrons from FeOOH and immediately
generate active species, %O2

− and %OH (Eqs.(2)–(5)). Besides, the
partial emitted light from the UCPL effect of CQDs also play a sy-
nergistic role in photoelectron excitation. Subsequently, the absorbed
NO is oxidized to NO3

− by these active species (Eq. (6)) [52].

3.6. Cell cytotoxicity assay

Considering the practical applications of CQDs/FeOOH nano-
composites, an authentic MTT assay with A549 cells was performed to
assess the biocompatibility of the composite. Fig. 7 shows that the cell
viability decreased by 63% with increasing FeOOH concentration from
0.5 to 200 μg/mL. However, the cell viability of C-Fe-2.5 increased with
increasing composite concentration and exceeded that of the pure
control solution, indicating good biocompatibility and low cytotoxicity
for A549 cells.

Fig. 6. DMPO spin-trapping ESR spectra of FeOOH and C-Fe-2.5 with or without 8 min illumination of simulated solar light: (a) DMPO-%O2
− and (b) DMPO-%OH

peaks; (c) Schematic diagrams of photo-induced electron separation and transfer over CQDs/FeOOH photocatalyst.
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4. Conclusions

In summary, CQDs/FeOOH composites exhibited enhanced NO re-
moval efficiencies compared to pure FeOOH under both solar and
visible light. Experimental and theoretical investigations showed that
fast separation and transfer of photo-excited carriers due to the addition
of CQDs were the dominant factors for effective light utilization and
enhanced photoactivity. Good biocompatibility and low cytotoxicity of
the composite was demonstrated. In addition, carbon- and iron-con-
taining catalysts use highly abundant materials, unlike competing
technologies such as Pt-cased catalysts. The findings of this study offer
an effective design and fabrication strategy for developing photo-
catalytic materials for air purification.
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