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Abstract

In this work, the carbon quantum dot (CQD)–decorated BiFeO3 nanoparticle photocatalysts were prepared by a
hydrothermal method. The TEM observation and XPS characterization indicate that the CQDs are well anchored on
the surface of BiFeO3 nanoparticles. Acid orange 7 (AO7) and hexavalent chromium (Cr(VI)) were chosen as the
model pollutants to investigate the photocatalytic/photo-Fenton degradation and photocatalytic reduction
performances of the as-prepared CQD/BiFeO3 composites under visible and near-infrared (NIR) light irradiation.
Compared with bare BiFeO3 nanoparticles, the CQD/BiFeO3 composites exhibit significantly improved
photocatalytic and photo-Fenton catalytic activities. Moreover, the composites possess good catalytic stability. The
efficient photogenerated charges separation in the composites was demonstrated by the photocurrent response
and electrochemical impedance spectroscopy (EIS) measurements. The main active species involved in the catalytic
degradation reaction were clarified by radicals trapping and detection experiments. The underlying photocatalytic
and photo-Fenton mechanisms are systematically investigated and discussed.
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Background
In recent decades, wastewater containing heavy metal
ions and organic compounds brings serious damages for
environment and human beings. As one of common
heavy metal ions, hexavalent chromium (Cr(VI)) derived
from electroplating, leather tanning, and printing poses
a serious threat for our health owing to its high toxicity
[1]. On the other hand, most of organic pollutants (such
as dyes) are also toxic and non-biodegradable, which
destroy our living environment [2]. Up to now, many
techniques have been developed to eliminate organic
pollutants and reduce Cr(VI) to Cr(III) [3–5]. Among
these methods, photocatalytic and photo-Fenton-like
catalytic techniques are regarded to be the promising
methods for efficient degradation of organic contami-
nants and Cr(VI) reduction in wastewater because of

their inexpensive cost, non-selectivity, and simplicity of
operation [6–9]. The basic steps involved in a photocata-
lytic degradation process can be described as follows:
excitation of photocatalysts, separation and migration of
the photogenerated charges, generation of active species
on the surface of catalysts, and decomposition of organic
compound as well as reduction of Cr(VI) caused by the
redox reaction of active species and photo-induced
charges [10, 11]. The photo-Fenton-like catalytic reac-
tion is based on the synergistic effects of the Fenton
reaction and photocatalytic process. The generation of
active species during the Fenton reaction process can be
promoted after the introduction of suitable light irradi-
ation, which leads to improved catalytic activity [12, 13].
However, the wide application of photocatalytic and
photo-Fenton-like catalytic techniques is limited due to
the large bandgap of photocatalysts only responding to
UV light (which accounts for ~ 5% of sunlight energy)
and their low charge separation efficiency [14]. Gener-
ally, it is known that the visible light and near-infrared
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(NIR) light occupy ~ 45% and ~ 46% of solar energy, re-
spectively, and their application has received a great deal
of interest [15, 16]. As a result, the development of
broad spectrum (UV-vis-NIR) active catalysts with
efficient separation of photogenerated charges is very
important for their practical applications [17–20]. Up to
now, the iron-contained catalysts with narrow bandgap
are considered as ideal candidates in the photocatalytic
and photo-Fenton-like catalytic applications [21–25].
As one of typical iron-contained catalysts, BiFeO3 with

perovskite-type structure is known to be an interesting
visible light-driven photocatalytic and photo-Fenton-like
catalytic material for the degradation of dyes [26–34].
Nevertheless, its catalytic activity is not so strong to
meet the application requirements owing to the high re-
combination rate of photogenerated charges. Moreover,
the light response range of BiFeO3 needs to be further
extended to NIR light region for effective utilization of
sunlight energy. Therefore, many strategies have been
used to overcome these shortcomings [35–40].
Carbon quantum dots (CQDs), as an important class

of zero-dimensional nanocarbon material, have attracted
considerable attentions due to its distinct properties,
such as large surface area, low toxicity, high biocompati-
bility, good water solubility, high chemical stability, good
electrical conductivity, and excellent optical properties
[41–44]. These prominent properties make it a promis-
ing candidate for the practical application in different
fields [41–44]. More importantly, the photoexcited
CQDs are demonstrated to be an excellent electron do-
nors and acceptors to promote the separation of photo-
generated charges in photocatalysts [45]. On the other
hand, CQDs are found to be an unique up-converted
photoluminescence material, which allows the gener-
ation of short-wavelength emission light (from 450 to
750 nm) by the excitation of long-wavelength light (NIR
light, from 700 to 1000 nm) [42, 44]. The up-converted
emission light can be employed as the excitation light
for the production of photogenerated charges in the
semiconductors, which extends their light response

region [45]. As a result, incorporation of CQDs with
photocatalysts is demonstrated to be a promising way to
form excellent hybrid composite photocatalysts [46–52].
Chen et al. prepared CQD/BiFeO3 nanocomposites and
found their enhanced visible light photocatalytic activity for
the dye degradation [53]. To the best of our knowledge,
however, there is no work devoted to the photo-Fenton dye
degradation and photocatalytic Cr(VI) reduction perfor-
mances of CQD/BiFeO3 composite photocatalysts under
visible or NIR light irradiation.
In this work, the CQD/BiFeO3 composite photocata-

lysts were prepared by a hydrothermal route. Their
photocatalytic and photo-Fenton-like catalytic perform-
ance for acid orange 7 (AO7) degradation as well as
photocatalytic Cr(VI) reduction activity under visible
and NIR light irradiation were systematically investi-
gated. The corresponding catalytic mechanism was
proposed.

Methods
Preparation of CQDs
The CQDs were prepared by a hydrothermal method
[54]. Glucose (1 g) was added into distilled water (80 ml)
under magnetic stirring and ultrasonic treatment to ob-
tain a homogeneous solution. Subsequently, this solution
was transferred into a 100-mL Teflon-lined stainless
steel autoclave and heated at180 °C for 4 h. After the re-
action, the resultant solution was filtered by filter paper
twice, and then, the reddish-brown CQDs suspension
was obtained.

Fabrication of CQD/BiFeO3 Composites
BiFeO3 nanoparticles were prepared through a polyacryl-
amide gel route as reported in the literature [55]. The
CQD/BiFeO3 composites were fabricated as follows (Fig. 1):
BiFeO3 nanoparticles (0.1 g) were introduced into distilled
water (70ml), followed by ultrasonic treatment for 0.5 h to
obtain uniform suspension. After that, a certain amount of
CQD suspension was added drop by drop into the BiFeO3

suspension under magnetic stirring. The mixture was

Fig. 1 The schematic illustration of preparation process for CQDs/BiFeO3 composite
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moved into the Teflon-lined stainless steel autoclave (100
ml) and heated at130 °C for 4 h. Finally, the product was
collected by centrifugation, washed with deionized water,
and dried at 60 °C for 8 h. To explore the impact of the
CQDs content on the catalytic actives of the composites, a
series of CQD/BiFeO3 composites with different mass con-
tents of CQDs were prepared by adding different volumes
of CQDs suspension (3, 6, 12, and 24ml). These compos-
ites were correspondingly named as 3C/BFO, 6C/BFO,
12C/BFO, and 24C/BFO.

Photo-Fenton Catalytic and Photocatalytic Degradation of
Dye
The photo-Fenton catalytic performance of the as-
prepared CQD/BiFeO3 composites was investigated
toward the degradation of AO7 separately irradiated by
visible light (300-W xenon lamp with a 420-nm cutoff fil-
ter) and NIR light (300-W xenon lamp with a 800-nm cut-
off filter). In a typical experiment, the photocatalyst (0.1 g)
was placed into AO7 solution (200ml, 5 mg/L), and mag-
netically stirred in dark for 0.5 h to achieve a adsorption-
desorption equilibrium between the photocatalyst and
AO7 molecules. Subsequently, a certain amount of H2O2

solution was added into the suspension, and the xenon
lamp was turned on to start the catalytic reaction. In the
catalytic process, a small amount of the reaction solution
(2ml) was taken and centrifuged to eliminate the catalyst.
The absorbance of the supernatant was measured by a
UV-vis spectrophotometer at 484 nm to obtain the AO7
concentration. On the other hand, the photocatalytic
degradation of AO7 over the samples was performed to
evaluate their photocatalytic activities under the same
conditions in the absence of H2O2.
The recycling catalytic experiments were carried out

to test the catalytic reusability of the samples. After the
first catalytic experiment, the catalyst was separated
from the solution by centrifugation, washed with deion-
ized water, and dried. The collected catalyst was added
into the new dye solution for the next catalytic reaction
with the same condition.
To confirm the reactive species involved in the photo-

catalytic and photo-Fenton catalytic degradation pro-
cesses, the active species trapping experiments were
performed by adding several scavengers under the same
conditions as mentioned above. Ethanol (10% by vol-
ume) and ammonium oxalate (AO, 2 mM) were used as
the scavengers of hydroxyl (·OH) and photogenerated
holes (h+), respectively [56]. N2 purging can expel the
dissolved O2 in the solution, leading to the inhibition of
superoxide (·O2

−) generation.

Photocatalytic Reduction of Cr(VI)
Cr(VI) was employed as another model pollutants to
measure photocatalytic activity of the samples. The

photocatalytic reduction process of Cr(VI) to Cr(III) was
similar to that of the dye degradation. The initial con-
centration of Cr(VI) was 10 mg/l and the photocatalyst
dosage was 0.2 g in 200 ml Cr(VI) solution (i.e., 1 g/l).
The initial pH value of the Cr(VI) solution was adjusted
by H2SO4 to 2~3. The residual concentration of Cr(VI)
solution was detected by UV-vis spectrophotometer
using the diphenylcarbazide (DPC) method [57].

Hydroxyl Radical Detections
Fluorimetry was employed to detect the ·OH radicals
generated on the irradiated samples by using tereph-
thalic acid (TA) as a probe molecule. Generally, the ·OH
will react with TA to generate highly fluorescent com-
pound, 2-hydroxyterephthalic acid (TAOH). The infor-
mation of ·OH can be detected through measuring the
photoluminescence (PL) intensity of TAOH with the
excitation wavelength of ~ 315 nm. Typically, the TA
was introduced into NaOH solution (1.0 mmol l−1) to
obtain TA solution (0.25 mmol l−1). The catalyst (60 mg)
was placed into TA solution (100 ml) under magnetically
stirring for several minutes. After that, a certain amount
of H2O2 was dissolved into above mixture, which was ir-
radiated by visible light (300-W xenon lamp with a 420-
nm cutoff filter) or NIR light (300-W xenon lamp with a
800-nm cutoff filter). At given intervals of irradiation, 3
ml of the reaction solution was sampled and centrifuged
to remove the catalyst. The PL spectra of the super-
natant were determined by fluorescence spectrophotom-
eter. On the other hand, the generation of ·OH in the
photocatalytic reaction was also measured under the
same conditions without the addition of H2O2.

Characterization
The phase purity of the samples was examined by X-ray
powder diffraction (XRD) and Fourier-transform infra-
red spectroscopy (FTIR). The morphology and micro-
structure of the samples were observed by field-emission
transmission electron microscopy (TEM). The chemical
states of the surface elements on the samples were de-
tected by X-ray photoelectron spectroscopy (XPS). The
ultraviolet-visible (UV-vis) diffuse reflectance spectra of
the samples were recorded through a TU-1901 double
beam UV-vis spectrophotometer. The PL spectra of the
samples were determined by a fluorescence spectropho-
tometer. The transient photocurrent response and
electrochemical impedance spectroscopy (EIS) measure-
ments were carried out on an electrochemical worksta-
tion with a three-electrode system. The working
electrode fabrication and test procedures were similar to
those previously reported [56]. Particularly, the photo-
current response measurement was performed under
visible light (300-W xenon lamp with a 420-nm cutoff
filter) irradiation.
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Results and Discussion
XRD Analysis
Figure 2 presents the XRD patterns of BiFeO3, CQDs,
and 24C/BFO. The BiFeO3 and 24C/BFO sample show
similar diffraction patterns, which can be readily indexed
to the rhombohedral BiFeO3 phase (JCPD file no: 74-
2016). No trace of impurities, such as Fe2O3 and Bi2O3,

is found. The results indicate that the high-purity
BiFeO3 is obtained and the introduction of CQDs and
hydrothermal treatment do not obviously change the
crystal structure of BiFeO3. From the XRD pattern of
CQDs, one can see that a broad diffraction peak is
observed at ~ 23.5°, which is mainly attributed to the
amorphous structure of CQDs. Notably, for the compos-
ite, no characteristic diffraction peaks of CQDs are de-
tected owing to the low content of CQDs in the 24C/
BFO sample. To confirm the existence of CQDs in the
composite, the FTIR characterization is performed.

FTIR Analysis
Figure 3 shows the FTIR spectra of BiFeO3, CQD, and
12C/BFO composites. In the case of bare BiFeO3, the
peaks at ~ 440 cm−1 and ~ 560 cm−1 are assigned to the
stretching and bending vibrations of Fe–O, which is
consistent with the reported result [55]. For the CQDs,
the deformation vibration for C–H at ~ 638 cm−1, the
stretching vibration for C–C at ~ 1630 cm−1, and C–OH
stretching at ~ 1120 cm−1 are found [58]. In addition,
the characteristic peaks of BiFeO3 and CQDs are de-
tected in the spectrum of 12C/BFO composite. The re-
sults suggest the existence of CQDs and BiFeO3 in the
composite. Moreover, the peak located at ~ 1380 cm−1 is
attributed to the stretching vibration of O–H from the
absorbed H2O [59].

Optical Absorption Property
It is well established that the optical absorption property
of nanomaterials has an important effect on their per-
formance [60, 61]. The optical absorption property of
BiFeO3, CQD, and CQDs/BiFeO3 composites were in-
vestigated by UV-vis diffuse reflectance spectra, as
shown in Fig. 4a. Compared with BiFeO3, the CQD/
BiFeO3 composites exhibit obviously enhanced optical
absorption capability in the entire UV-vis light region. It
is worth noting that the optical absorption intensity of
the composites gradually increases with increasing the
content of CQDs. This phenomenon can be attributed
to the strong light absorption of CQDs in the UV-vis
light region. To obtain the light absorption edge of the
samples, the first derivative curves of the UV-vis diffuse
reflectance spectra are carried out (Fig. 4b), in which the
peak wavelength is considered to be the absorption edge
of the samples [62]. It is found that absorption edges of
BiFeO3 and CQD/BiFeO3 composites are located at ~
588 nm, suggesting that the decoration of CQDs does
not change the bandgap energy of BiFeO3.

XPS Analysis
The chemical states of elements in the 12C/BFO sample
were monitored by XPS and the results are presented in
Fig. 5. On the Bi 4f XPS spectrum (Fig. 5a), the observed
two strong peaks at 164.1 (Bi 4f5/2) and 158.8 eV (Bi
4f7/2) demonstrate the existence of Bi3+ in the composite
[63]. In Fig. 5b, the Fe 2p XPS spectrum indicates two
obvious peaks at 723.6 and 709.6 eV, which are attrib-
uted to Fe 2p1/2 and Fe 2p3/2. Notably, the broad peak of
Fe 2p3/2 can be divided into two peaks at 712.0 and
709.6 eV, corresponding to Fe3+ and Fe2+, respectively
[40]. In addition, it is seen that the satellite peak of Fe
2p3/2 is found at 717.8 eV. As shown in the XPS

Fig. 2 XRD patterns of BiFeO3, CQD, and the 24C/BFO composites

Fig. 3 FTIR spectra of BiFeO3, CQD, and the 12C/BFO composites
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spectrum of O 1s (Fig. 5c), the obvious peak located at
529.6 eV is attributed to the lattice oxygen and the
shoulder peak at 531.3 eV belongs to the chemisorbed
oxygen of surface vacancies [64]. For the XPS spectrum
of C 1s (Fig. 5d), the signal of C 1s can be divided into
two distinct peaks. The major peak at ~ 284.9 eV is as-
cribed to the C–C bond with sp2 orbital, whereas the
peak at 287.7 eV is caused by the oxygenated carbon.
The results further demonstrate the coexistence of
CQDs and BiFeO3 in the composite [65].

Morphology Observation
The TEM and high-resolution TEM (HRTEM) images
of BiFeO3 nanoparticles are shown in Fig. 6a and b, re-
spectively. It is seen that the bare BiFeO3 possesses a
sphere-like shape and smooth surface with an average
diameter of ~ 120 nm. The lattice spacing of 0.288 nm
belongs to the (110) spacing of BiFeO3. The TEM image
in Fig. 6c indicates that the CQDs are composed of
spherical-like particles with an average particle size of ~
15 nm. From the TEM image of the CQD/BiFeO3 com-
posites (Fig. 6d–g), one can see that the CQDs are

decorated on the surface of BiFeO3 nanoparticles. The
HRTEM image of the 12C/BiFeO3 sample (Fig. 6h) re-
veals the interplanar distance of 0.389 nm corresponding
to the (012) plane of BiFeO3. Alongside of BiFeO3, the
decorated CQDs exhibit amorphous characteristic. This
result suggests the formation of hybrid composite struc-
ture between BiFeO3 and CQDs.
The dark-field scanning TEM (DF-STEM) image

and the corresponding elemental mappings of the
12C/BFO sample are shown in Fig. 7a–e, respectively.
The results reveal that the sample presents not only
uniform distribution of the Bi/Fe/O elements but also
uniform distribution of the C element. This confirms
that CQDs are uniformly assembled on the surface of
BiFeO3 nanoparticles.

Photo-Fenton Catalytic and Photocatalytic Performance
The photocatalytic performance of the samples was first
assessed by the degradation of AO7 under visible light ir-
radiation, and the result is shown in Fig. 8a. Prior to the
photocatalytic reaction, the adsorption (in the dark) and
blank (without catalyst) experiments were carried out. A
small amount of AO7 (~ 5%) is degraded after 3-h irradi-
ation without catalyst, indicating that the self-degradation
of the dye can be neglected. In the photocatalytic reaction,
the photodegradation ability of pure BiFeO3 is weak and
only ~ 33% of AO7 is observed to be decomposed after 3-h
exposure. When BiFeO3 nanoparticles are decorated by
CQDs, the CQD/BiFeO3 composites exhibit obviously en-
hanced photocatalytic activity. Moreover, it is found that
the catalytic activities of the composites are highly related
to the content of CQDs. Among these composites, the
12C/BiFeO3 composite displays the optimal degradation
percentage of ~ 73% after 3-h irradiation, which is 2.2 times
higher than that of bare BiFeO3. However, with further in-
crease of the CQD content (e.g., 24C/BFO), excessive
CQDs decorated on the surface of BiFeO3 nanoparticles
may shield BiFeO3 from absorbing visible light, which leads
to the decrease of the photocatalytic activity.
In this work, the photocatalytic ability of the samples

for the reduction of Cr(VI) under visible light irradiation
was also studied, as shown in Fig. 8b. The blank experi-
ment indicates that the reduction of Cr(VI) after 3-h
illumination in the absence of catalysts is negligible. It is
seen that the CQD/BiFeO3 composites possess much
higher photocatalytic reduction ability than pure BiFeO3.
The reduction efficiency of Cr(VI) over the samples in-
creases in the order: BiFeO3 < 3C/BFO < 6C/BFO <
24C/BFO < 12C/BFO. The result demonstrates the
visible light-driven photocatalytic reduction property of
BiFeO3, which can be obviously improved by the decor-
ation of CQDs.
Besides the photocatalytic activity, it is demonstrated

that BiFeO3 also displays promising photo-Fenton-like

Fig. 4 a UV-vis diffuse reflectance spectra of BiFeO3, CQD, and
CQDs/BiFeO3 composites. b The corresponding first derivative of the
diffuse reflectance spectra
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catalysis ability. Figure 8c shows the photo-Fenton deg-
radation of AO7 over the samples under visible light ir-
radiation with the addition of H2O2, from which one can
see that the degradation percentage of AO7 in the
photo-Fenton-like catalytic process is much higher than
that in bare photocatalytic reaction. For example, about
96% of AO7 is photo-Fenton catalytically degraded over
12C/BFO sample under 3-h irradiation, which has a ~
23% enhancement compared with the photocatalytic
degradation of AO7 (~ 73%). In addition, it is found that
the photo-Fenton catalytic activities between the sam-
ples have an order same to the photocatalytic activities
between the samples. This suggests that the CQD/
BiFeO3 composites can be used as effective photo-
Fenton catalysts for the degradation of dyes.
Generally, the reusability of catalysts is regarded as an

important parameter for their practical application. Ac-
cording to above catalytic results, the 12C/BFO sample
was chosen as the catalyst for the investigation of photo-
catalytic and photo-Fenton catalytic stabilities. Figure 8d
presents the catalytic activities of the 12C/BFO sample
during three successive visible light-driven photocata-
lytic and photo-Fenton catalytic processes. After three
consecutive cycles, the catalytic activities of the 12C/
BFO sample do not undergo obvious decrease. This indi-
cates that the CQD/BiFeO3 composite exhibits good
catalytic reusability under visible light irradiation.

In this work, the NIR light-driven photocatalytic and
photo-Fenton catalytic activities of BiFeO3 and 12C/BFO
were investigated. Figure 9a–c display the time-dependent
photocatalytic degradation of AO7, photocatalytic reduc-
tion of Cr(VI), and photo-Fenton catalytic degradation of
AO7 over BiFeO3 and 12C/BiFeO3 under NIR light irradi-
ation, respectively. It can be seen that bare BiFeO3 exhibits
almost no NIR light photocatalytic activity because it
cannot respond to NIR light, while about 22% of AO7 is
degraded by BiFeO3 during the photo-Fenton catalytic re-
action. In contrast, the 12C/BFO sample displays obvious
NIR light-driven catalytic activities. After 3-h NIR light
irradiation, the photocatalytic degradation of AO7, photo-
catalytic reduction of Cr(VI), and photo-Fenton degrad-
ation of AO7 over the 12C/BFO sample reach ~ 35%, ~
63%, and ~ 49%, respectively. The result indicates that the
introduction of CQDs onto the surface of BiFeO3 plays an
important role in the enhancement of its NIR light-driven
catalytic activity. The NIR light catalytic stabilities of the
12C/BFO sample were also studied by recycling catalytic
experiments, as shown in Fig. 9d. It is found that the
CQD/BiFeO3 composite also has steady NIR light-driven
catalytic activity.

Active Species Trapping
To explore the effect of active species on the catalytic deg-
radation reaction, reactive species trapping experiments

Fig. 5 High-resolution XPS spectra of a Bi 4f, b Fe 2p, c O 1s, and d C 1s for the 12C/BFO composite
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were carried out. Figure 10a and b show the photocatalytic
and photo-Fenton catalytic degradation of AO7 using the
12C/BFO sample with the addition of quenchers under vis-
ible light illumination, respectively. From Fig. 10a, the

introduction of ethanol and AO leads to relatively small in-
hibition on the AO7 degradation. In contrast, the photocata-
lytic degradation of AO7 is dramatically suppressed with N2

purging. This suggests that the ·O2
− is the primary reactive

Fig. 6 a and b TEM and HRTEM images of bare BiFeO3 nanoparticles, respectively; c TEM image of CQDs; d–g TEM images of 3C/BFO, 6C/BFO
12C/BFO, and 24C/BFO respectively; h HRTEM image of 12C/BFO
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species, whereas ·OH and h+ are the secondary reactive
species responsible for the dye degradation. As shown in
Fig. 10b, the degradation percentage of AO7 decreases from
96% (without scavengers) separately to ~ 60% (N2 purging),
~ 71% (adding AO), and ~ 45% (adding ethanol). This re-
veals that ·O2

−, h+, and ·OH participate in the visible light-
driven photo-Fenton catalytic reaction, and ·OH plays a

relatively large role in this process. Figure 10c and d present
the photocatalytic and photo-Fenton catalytic degradation of
AO7 over the 12C/BFO sample in the presence of scaven-
gers with the irradiation of NIR light, respectively. It can be
seen that in the both catalytic processes, the dye degradation
depends on ·O2

−, h+, and ·OH. Particularly, ·O2
− is demon-

strated to be the main active species in the NIR light-driven

Fig. 7 a DF-STEM image of the 12C/BFO composite. b–e The corresponding energy dispersive X-ray elemental mapping images

Fig. 8 a Photocatalytic degradation of AO7, b photocatalytic reduction of Cr(VI), and c photo-Fenton catalytic degradation of AO7 over BiFeO3

and CQD/BiFeO3 composites under visible light irradiation. d Recyclability of the 12C/BFO composite for photocatalytic degradation of AO7,
photocatalytic reduction of Cr(VI), and photo-Fenton catalytic degradation of AO7 under visible light irradiation
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photocatalytic process, whereas ·OH exhibits a key duty in
the NIR light photo-Fenton catalytic reaction.
Figure 11 displays the time-dependent PL spectra of

the TPA solution using the 12C/BFO sample as the cata-
lyst in the photocatalytic and photo-Fenton catalytic re-
action under visible and NIR light illumination. It is seen
that, in all cases of the catalytic processes, the PL emis-
sion peak located at ~ 429 nm becomes intense gradually
with the increase of the illumination time, indicating the
generation of ·OH radicals. Based on the PL signal inten-
sity, it is concluded that more ·OH radicals are generated
in the photo-Fenton process than in the photocatalytic
process, and the visible light irradiation leads to the in-
creased generation of ·OH radicals when compared with
the NIR light irradiation.

Photogenerated Charges Performance
Photoelectrochemical measurement is very useful for the
investigation of the migration and recombination per-
formance of photogenerated charges. The transient photo-
response currents of BiFeO3 and 12C/BFO under visible
light irradiation with several on/off cycles are shown in
Fig. 12a. One can see that the photocurrent density of
12C/BFO is much higher than that of bare BiFeO3,

indicating the effective separation of photogenerated
charges in the CQDs/BiFeO3 composite. Figure 12b dis-
plays the EIS curves of BiFeO3 and 12C/BFO. It is well
known that the semicircle in the Nyquist plot at the high-
frequency region reflects the interfacial charge-transfer
process and a smaller diameter of semicircle means a
lower charge-transfer resistance [66]. The 12C/BFO
sample exhibits a smaller semicircle diameter compared
with bare BiFeO3, suggesting that the migration of photo-
generated charges can be promoted in the CQD/BiFeO3

composites.

Catalytic Mechanism
A possible visible light-driven photocatalytic mechanism
of CQDs/BiFeO3 for the dye degradation and Cr(VI) re-
duction is proposed, as shown in Fig. 13a. When the
CQD/BiFeO3 composite is irradiated by visible light, the
BiFeO3 nanoparticles will be excited to generate photo-
generated electrons and holes. On the other hand, the
electrons in the CQDs can be also excited from their π
orbital or σ orbital to the lowest unoccupied molecular
orbital (LUMO) to obtain photoexcited electrons. It has
been demonstrated that the excited CQDs can act as
excellent electron donors and electron acceptors.

Fig. 9 a Photocatalytic degradation of AO7, b photocatalytic reduction of Cr(VI), and c photo-Fenton catalytic degradation of AO7 over BiFeO3

and CQD/BiFeO3 composites under NIR light irradiation. d Recyclability of the 12C/BFO composite for photocatalytic degradation of AO7,
photocatalytic reduction of Cr(VI), and photo-Fenton catalytic degradation of AO7 under NIR light irradiation
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Therefore, the photogenerated electrons in the conduc-
tion band (CB) of BiFeO3 nanoparticles will easily mi-
grate to the π orbital or σ orbital of CQDs, while the
photoexcited electrons of CQDs will transfer to the CB
of BiFeO3. During the above converse electron migration
process, the separation of photogenerated charges in
BiFeO3 can be promoted, as revealed by photoelectro-
chemical measurement (see Fig. 12a). Thus, more photo-
generated charges are available for participating in the
photocatalytic reaction, leading to the improvement of
photocatalytic activity.
More importantly, the up-converted PL property of

CQDs also plays an important role in the enhancement
of photocatalytic activity. Figure 13b presents the up-
converted PL spectra of CQDs with the excitation wave-
length from 810 to 890 nm, from which one can see that
the up-converted emission peaks are centered at shorter
wavelengths in the range of 400–680 nm. Because the
light absorption edge of the as-prepared BiFeO3 nano-
particles is located at ~ 588 nm (see Fig. 4), the up-
converted emission light (400–588 nm) of CQDs can be
used to excite BiFeO3 nanoparticles to produce photo-
generated electrons and holes, which provides additional
photogenerated charges for the photocatalytic reaction.

This also contributes to the enhancement of photocata-
lytic activity for BiFeO3 nanoparticles.
Besides the yield of photogenerated charges, the

redox ability of photogenerated charges is considered
to be another important factor for understanding the
catalytic mechanism of catalysts. In our previous work,
the CB and VB potentials of prepared BiFeO3 nanopar-
ticles are calculated to be + 0.4 and + 2.47 V vs. NHE,
respectively [55]. From a thermodynamic point of view,
the generation of ·OH will be smoothly achieved be-
cause the VB potential of BiFeO3 is more positive than
the redox potential of OH−/·OH (+ 1.99 V vs. NHE)
[67]. Compared with the redox potential of Cr(VI)/
Cr(III) (+ 0.51 V vs. NHE) [57], the photogenerated
electrons in the CB of BiFeO3 is negative enough to re-
duce Cr(VI) to Cr(III). Another active species ·O2

− can
be obtained from the reaction between the photoex-
cited electrons of CQDs and O2 [68].
Figure 13c presents the visible light-driven photo-

Fenton catalytic degradation mechanism of the dye over
the CQD/BiFeO3 composites. In this case, the photo-
catalytic and Fenton reactions will simultaneously hap-
pen. When H2O2 is introduced into visible light-driven
photocatalytic system, the H2O2 can react with Fe2+ on

Fig. 10 a and b Effects of ethanol, N2 purging, and AO on the photocatalytic and photo-Fenton catalytic degradation of AO7 over 12C/BFO
under visible light irradiation, respectively. c and d Effects of ethanol, N2 purging, and AO on the photocatalytic and photo-Fenton catalytic
degradation of AO7 over 12C/BFO under NIR light irradiation, respectively
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the surface of BiFeO3 to obtain additional ·OH along
with the generation of Fe3+. Simultaneously, the Fe3+ will
be reduced to Fe2+ by the photogenerated electrons of
BiFeO3 and CQDs [69]. During this cycle reaction, more
·OH is produced, which is beneficial for the enhance-
ment of catalytic efficiency.
Figure 13d and e display the photocatalytic and

photo-Fenton catalytic mechanism of the CQDs/
BiFeO3 composite under NIR light irradiation. It is
known that the BiFeO3 do not response to NIR light (>
800 nm). As a result, only CQDs can be excited under

NIR light irradiation in the two catalytic processes.
The photogenerated charges migration and up-
converted excitation of CQDs are similar to those as
depicted in Fig. 13a and b. Because the BiFeO3 cannot
be directly excited by NIR light, NIR light-excited
CQD/BiFeO3 composite has a relatively lower yield of
photogenerated charges compared with the visible
light-excited composite. This is why photocatalytic and
photo-Fenton catalytic activities of the CQD/BiFeO3

composites under NIR light irradiation are weaker
than those under visible light irradiation.

Fig. 11 a and b PL spectra of the TA solution as a function of visible light irradiation time over the 12C/BFO sample in the photocatalytic and
photo-Fenton catalytic reactions, respectively. c and d PL spectra of the TA solution as a function of NIR light irradiation time over the 12C/BFO
sample in the photocatalytic and photo-Fenton catalytic reactions, respectively

Fig. 12 a Photocurrent response plots of BiFeO3 and 12C/BFO under visible light irradiation. b EIS spectra of BiFeO3 and 12C/BFO
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Conclusions
The CQDs were successfully decorated on the surface of
BiFeO3 nanoparticles through a hydrothermal route to ob-
tain CQD/BiFeO3 composites. Under visible and NIR light
irradiation, these composites manifest remarkably en-
hanced photocatalytic degradation of AO7, photocatalytic
reduction of Cr(VI), and photo-Fenton catalytic degrad-
ation of AO7 compared with bare BiFeO3 nanoparticles.
They can be reused without obvious decrease of catalytic
activities. It is found that the introduction of CQDs leads
to the efficient separation of photogenerated charges in
the composites. The improved catalytic activities of CQD/
BiFeO3 composites can be ascribed to the two factors: the
excellent up-converted photoluminescence property and
photogenerated electron transfer ability of CQDs.
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