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a b s t r a c t
In this study, the carbon dots/nanodiamonds (CDs/NDs) heterojunction is synthesized through 
microwave heating treatment with the mixed solution of citric acid, urea and NDs as precursor. 
The CDs/NDs show superior photocatalytic efficiency (98.1% MB degradation) and a higher rate 
constant (17.9 × 10–3 min–1). The high photocatalytic performance of CDs/NDs materials is attributed 
to the enhanced separation of photogenerated carriers. This study indicates that the unique CDs/
NDs heterojunction is the potential for the rapid and efficient treatment of organic pollutants in 
wastewater.
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1. Introduction

As a promising technology against environmental 
problems, the photocatalysis driven by solar light has 
attracted much attention [1]. Traditionally, semiconductor 
materials of TiO2, ZnO, and Cu2O have been widely used 
as photocatalysts over several decades, due to their eco-
nomic nature, chemical inertness, and resistant to corrosion 
[2–4]. However, these semiconductor photocatalysts usually 
show ultraviolet range activity, due to their wide band gaps 
[2,5]. Moreover, it is still a significant challenge to attain 
efficient durable charge separation for photocatalysis with 
semiconductor photocatalysts [6,7]. Nowadays, the prepa-
ration of prominent photocatalyst is still core technology 
[8,9], and the wide photo absorption range and high sep-
aration efficiency of the photogenerated charge carriers are 
necessary for an ideal photocatalyst [10].

As a kind of zero-dimensional semiconductor, carbon 
quantum dots (CDs) are distinctive from other carbon 

nanomaterials, due to their unique physical, chemical, elec-
tronic, and optical properties [11,12], which make them 
possible applied in many fields. Especially, the CDs have been 
widely used to enhance the photocatalytic efficiency in 
recent years [13]. Actually, CDs act as a hole acceptor to pro-
mote photogenerated carrier separation, due to their excel-
lent carrier transfer ability, it could also be used as electron 
reservoirs and photosensitizers in visible-light-driven pho-
tocatalysis [14–16]. It is known that the photocatalysis kinet-
ics significantly enhanced when the surface structure of the 
photocatalyst is modified [13]. Hence, the heterostructures 
of semiconductor catalysts (such as TiO2, ZnO, Bi2WO6, etc.) 
with CDs are found to further promote their charges sepa-
ration along with transportation, and ultimately the photo-
catalytic activity enhances [2,17–20]. Therefore, it is interest-
ing to exploit a novel composited semiconductor related to 
CDs as a heterostructure photocatalyst.

The nanodiamonds (NDs) have excellent carrier mobil-
ity and large specific surface area, facilitating the transfer of 
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photogenerated carriers to the photocatalyst surface [14,21], 
and creating more reactive chemical surface groups [14,19], 
thus, the NDs have been widely used to as catalysts [22], 
composites [23] and magnetic sensors [24]. Nowadays, the 
NDs are successfully produced in large amounts at low cost 
and less toxic, due to the advanced and environmentally 
friendly purification techniques [25,26]. Furthermore, the 
advantages of high room temperature thermal conductiv-
ity, chemical stability, breakdown voltage, and resistance to 
photobleaching insure NDs against the thermal, chemical, 
and electric damages during the process of photocataly-
sis or photo-electrocatalysis [14,27]. However, the photo-
catalytic performance of CDs/NDs heterojunction has not 
been studied yet.

In this study, the preparation, characterization, photocat-
alytic activity, and mechanism of CDs/NDs heterojunction 
as a green photocatalyst are investigated.

2. Experimental section

2.1. Microwave synthesis of CDs/NDs

Microwave heating treatment was utilized to synthesize 
CDs/NDs composites with citric acid, urea and NDs mixed 
solution as precursor. First, 0.600  g of urea and 3.000  g of 
citric acid were dissolved into 10  mL of ultrapure water 
in a glass beaker. Second, 0.046 g of NDs with the average 
particle size of ~5  nm was dispersed adequately into the 
citric acid-urea solution via ultrasonic processing. Third, 
the mixed solution was put in a microwave oven (WD900B, 
GalanZ) for microwave treatment at 900 W, until the solu-
tion was evaporated to dryness and dark-brown solid 
was produced. Fourth, the samples were centrifuged and 
washed with ethanol until the pH value reached approxi-
mately 7, following the samples were dried at vacuum dry-
ing oven (DZG-6020, Senxin) to further dehydrate at 75°C 
for 6 h. Finally, the dry solid was grinded into powder with 
an agate mortar. Then, the powder of CDs/NDs compos-
ite material was obtained. In addition, CDs were prepared 
according to above procedures without adding NDs.

2.2. Characterization

The microstructures were indicated by a transmission 
electron microscopy (TEM) (JEOL JEM2100). The crystal 
lattice structures were shown by X-ray diffraction (XRD) 
(XRD-6000 Shimadzu, China Life Building, 16 Chaowai 
Street, Chaoyang District, Beijing) and high-resolution trans-
mission electron microscopy (HRTEM) (JEOL JEM2100). 
Fourier transform infrared (FTIR) spectroscopies were 
conducted using the Nicolet (Thermo Fisher Building 
6, 27 Xinjinqiao Road, Pudong, Shanghai) spectrometer 
with a resolution of 4  cm–1. Photoluminescence properties 
were recorded by a Horiba Jobin Yvon spectrometer with 
an excitation wavelength of 330 nm.

2.3. Photocatalytic activity measurements

The photocatalytic activity of CDs/NDs composites was 
evaluated with Methylene blue (MB). A 500  W Xe lamp 
(GXZ500) was used as the simulated solar light source. 
The distance between the lamp and suspension was 15 cm. 

Typically, 0.002 g of catalysts including CDs, NDs, and CDs/
NDs, respectively, were dispersed in an aqueous MB solu-
tion (50 mL, 10 mg L–1) and magnetically stirred in the dark 
for 1  h to attain the adsorption–desorption equilibrium. 
Next, 200 μL of H2O2 were added into each photoreactor, 
then it was illuminated under solar light. Then, at certain 
time intervals, 3  mL suspension was withdrawn from the 
reaction and subjected to centrifugation. The MB concen-
tration was monitored using a UV-vis spectrophotometer 
(UV-1240 Shimadzu) at the wavelength of 664 nm.

3. Results and discussion

3.1. Characterization of CDs/NDs composites

The CDs/NDs particles with nearly uniform size are 
shown in TEM (Fig. 1a). The ND is coated with CDs, and 
granularity analysis software (Nano Measurer 1.2) shows 
that the mean diameter of CDs/NDs is 6.45  nm (Fig. 1b). 
As shown HRTEM image in Fig. 1c, the lattice fringe spac-
ing of 0.206  nm corresponds to (111) crystal plane of dia-
mond [28,29]. The strong diffraction spots in the selected 
area electron diffraction (SAED) pattern confirms the 
evidence of crystalline diamond. Furthermore, the rings 
correspond to the (111), (220), and (311) crystal planes of 
diamond [30]. The ratio for the square of the ring radius 
of 3:8:11 indicates the diamond structure. It demonstrates 
that the heterojunction consists of CDs and NDs.

The XRD over a range of 2θ angles from 10° to 70° is 
shown in Fig. 2. The broad peak centered at 23° is assigned 
to the amorphous carbon [31]. In the diffraction pattern of 
NDs, the peak at 43.9° is assigned to the (111) plane of cubic 
diamond [14,25]. The obvious peak at 23° and 43.9° in the 
XRD pattern of CDs/NDs indicates the materials is primarily 
composed of NDs and amorphous carbon.

FTIR spectra of CDs, NDs, and CDs/NDs are presented 
in Fig. 3. The peaks at 1,184; 1,384; and 1,713 cm–1 belong 
to the C–O–C symmetrical stretching vibration, C–H 
in-plane bending vibration, and C=O stretching vibration 
in COOH, respectively [2,7,13,32]. The peaks at 1,641 cm–1 
of NDs is ascribed to C=O [33]. The broad band in the 
range of the 3,300–3,700  cm–1 are assigned to compound 
with hydroxyl group O–H stretching vibration, which rep-
resents the huge number of outstanding hydroxyl groups 
on the surface of the CDs, NDs, and CDs/NDs [7,34]. The 
presence of hydrophilic and carboxyl functional groups 
over CDs and CDs/NDs surface denotes the excellent water  
solubility [2,35].

To study the optical properties of CDs, NDs, and CDs/
NDs, UV-vis absorption is carried out. As illustrated in 
Fig. 4, the absorption spectrum of CDs exhibits a broad peak 
around the range of 250–290  nm, which is ascribed to the 
typical absorption of an aromatic π system or the n–p* tran-
sition of the carbonyl [33,36], and it is found to be broader 
in CDs/NDs. Two peaks at 248 and 350 nm appeared in the 
excitation spectrum, and the absorption peak at around 
350  nm underwent a slight redshift after combining with 
NDs, which means the increased N-doping level. As a 
result, the CDs/NDs has a better external quantum yields 
compare with CDs [4].

As a typical signature, photoluminescence behavior 
is considered as most significant property for CDs [2]. 
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Fluorescence emission spectra of CDs, NDs, and CDs/NDs 
demonstrated in Fig. 5 clearly reveal that the emission peaks 
of CDs and CDs/NDs locate at 428  nm. Remarkably, the 
emission intensity increases significantly after adding NDs, 
it suggests that hybridization of NDs and CDs as a novel 
heterojunction could highly improve the separation effi-
ciency of photogenerated electrons and holes [7]. The band 
gap is determined by applying the Tauc model in the high 
absorbance region following the equation: αhν = D(hν – Eg)n, 
where α, h, v, D, and Eg represent the absorption coefficient, 

Planck’s constant, light frequency, proportionality constant 
and band gap, respectively [37]. Furthermore, the n value 
is determined by the features of the transition for a semi-
conductor: n = 1/2 for direct transition (CDs) and n = 2 for 
indirect transition (NDs) [38,39]. Therefore, combined with 
the tauc plots calculated from UV-vis absorbance spectra, 
the bandgaps of CDs and NDs are calculated to be 2.16 and 
3.25 eV, respectively.

Fig. 1. TEM of (a) CDs and (b) corresponding size-distribution graph, (c) HRTEM of CDs/NDs, and (d) SAED pattern of CDs/NDs.

Fig. 2. XRD spectra of CDs, CDs/NDs, and NDs.
Fig. 3. FTIR spectra of CDs, CDs/NDs, and NDs. 
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3.2. Photocatalytic degradation of MB

The degradation efficiency of the as-prepared samples is 
defined as follows [7,40]:
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where C and C0 represent the MB concentration at time t and 
the equilibrium, respectively. The error analysis is calculated 
using the following standard deviation formula [13]:
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where σ is the standard deviation, xi is the observed value, 
and μ is the mean value.

As shown in Fig. 6a, 64.9% MB is removed with bare 
H2O2 at the solar-light irradiation time of 210 min. After the 

solar-light irradiation for 210  min, 98.1% of MB is photo-
degraded by CDs/NDs, while only 88.9% (66.1%) of MB is 
degraded by bare CDs (NDs) with equal amount of H2O2. The 
results denote that CDs/NDs exhibit better photocatalytic 
performance than bare CDs and NQs for MB degradation.

Moreover, the kinetics of MB degradation is investi-
gated in Fig. 6b. The experimental data are fitted with the 
pseudo-first-order-kinetic equation by Eq. (3) [7,13]:
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where k is the apparent reaction rate constant (min–1). The 
values of k are obtained by non-linear regression, and the 
results are shown in Table 1, where it is clearly shown that 
the apparent rate constant of CDs/NDs (17.9  ×  10–3  min–1) 
for MB degradation is obviously higher than CDs and 
NDs (10.1  ×  10–3 and 5.8  ×  10–3  min–1). It denotes that the 
composite materials of NDs and CDs can enhance the 
photocatalytic activity to degrade MB with H2O2.

Fig. 4. UV-vis absorption spectra for CDs, NDs, and CDs/NDs. Fig. 5. Photoluminescence spectra of CDs, NDs, and CDs/NDs.

Fig. 6. (a) Photocatalytic degradation of MB in the presence of H2O2, CDs + H2O2, NDs + H2O2, and CDs/NDs + H2O2 under solar-light 
irradiation (error bars represent standard deviation of triplicate runs) and (b) kinetic fit for the degradation of MB.
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3.3. Photocatalytic mechanism of CDs/NDs

As a strong oxidizing agent, HO• radical generated by 
the decomposition of H2O2 under solar-light irradiation 
could decolorize most of MB dye as follows [13,41]:

H2O2 + hν → 2HO	 (4)

MB (C16H18ClN3S, 3H2O) + HO• → Degradation	 (5)

Therefore, 65% MB is removed with bare H2O2 at the 
solar-light irradiation time of 210 min (Fig. 6).

The CDs could produce electron-hole pairs under solar-
light irradiation [16]. Furthermore, CDs exhibit excellent 
optical property of down- and up-converted photolumines-
cence, and the ability to absorb long wavelength light and 
producing radicals with solution species, which makes CDs 
widely used in photocatalysis [42]. To illustrate the elec-
tronic structures of CDs, molecular orbital (MO) theory is 
widely used [43]. In most cases, n → π* and π → π* tran-
sitions could easily occur in CDs, due to their low transi-
tion energies [44]. The π-states can be ascribed to aromatic 
sp2-hybridized carbons, which could form π-MO through 
the overlap of vertical PZ orbital [44]. Because of the π–π 
conjugation effect in CDs, the energy gap between π-states 
and π*-states decreases gradually, as the number of con-
joint aromatic rings increases [43,45]. The n-states of CDs 
could be ascribed to functional groups containing elec-
tron lone pairs in heteroatoms. If the heteroatoms with 
electron lone pairs are bonded to aromatic sp2-hybridized 
carbons, electron transitions can occur from the n-states 
of the heteroatoms to the π*-states of the aromatic rings  
(n → π*) [44].

When CDs is used to enhance the photocatalytic effects 
on MB degradation with H2O2 under solar-light irradiation, 
the ground states of CDs can be excited into excited states, 
due to the electron transitions from nonbonding orbital 
and π bonding orbital to π antibonding orbital (n → π* and 
π → π*). Then, the photoinduced electrons could produce 
superoxide radical anions O2

•– and H2O2 through scav-
enging the molecular oxygen, which adsorbs on the CDs 
surface [13,46].

CDs + hν (solar light) → CDs (e–
cb + h+

vb)	 (6)

O2 + e–
cb → O2

•–	 (7)

2H+ + O2 + 2e– → H2O2	 (8)

The photogenerated hole (h+
vb) can oxidize OH– or H2O 

into OH radical [13,46]:

H2O + h+
vb → HO• + H+	 (9)

H2O2 + O2
•– → HO• + O2 + OH–	 (10)

MB (C16H18ClN3S, 3H2O) + h+
vb → Oxidation	 (11)

MB (C16H18ClN3S, 3H2O) + e–
cb → Reduction	 (12)

MB (C16H18ClN3S, 3H2O) + HO• → Degradation	 (13)

The as-produced superoxide radical anions (O2
•–) and 

hole produced by the transfer of photoinduced electron 
would oxidize the MB dye as follows [13,47]:

MB (C16H18ClN3S, 3H2O) + O2
•– → CO2 + H2O	 (14)

MB (C16H18ClN3S, 3H2O) + h+
vb → CO2 + H2O	 (15)

In addition, the H2O2 molecules adsorbed on CDs could 
be decomposed into HO• radicals with strong oxidation abil-
ity, which efficiently oxidizes the MB [1,42]. Therefore, the 
semiconductor photocatalytic mechanism is one of pathways 
for CDs to photodegrade MB.

The effect of dye sensitization on MB photodegrada-
tion under visible light irradiation should not be neglected. 
Excited MB is able to inject an electron into the conduc-
tion band of CDs. Usually, the photocatalysis of MB with 
CDs under visible light irradiation involves the following 
reactions [41]:

MB + hν (visible light) → MB*	 (16)

MB• + CDs → MB•+ + CDs (e–)	 (17)

CDs (e–) + O2 → CDs + O2.
•–	 (18)

MB•+ → degradation of MB•+	 (19)

After losing an electron, the MB molecule (i.e., D•+) could 
react with hydroxyl ions to produce HO• radicals, which 
can oxidize MB efficiently via steps (20) and (21), or inter-
act with other radical species (i.e., O2

•–, HOO•, or HO•) to 
generate intermediates those ultimately lead to CO2 [41].

MB•+ + OH– → MB + HO	 (20)

MB + 2HO• → H2O + oxidation products	 (21)

O2
•– + H+ → HOO	 (22)

HOO• + H+ +CDs (e–) → H2O2 + CDs	 (23)

H2O2 + CDs (e–) → HO• + OH– +CDs	 (24)

MB•+ + O2
•– → DO2 → products	 (25)

MB•+ + HOO• (or HO•) → products	 (26)

Table 1
Pseudo-first-order rate constants (k) of MB degradation when 
using H2O2, CDs + H2O2, NDs + H2O2, and CDs/NDs + H2O2 as 
photocatalytic reagents

Photocatalytic reagents k (10–3 min–1)

H2O2 4.9
CDs + H2O2 10.1
NDs + H2O2 5.8
CDs/NDs + H2O2 17.9
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Therefore, dye sensitization is another pathway for 
CDs to photodegrade MB.

It has been reported that the bound π electron in sp2-
hybridized C atoms is weak, and free electrons will pro-
duce, when the π orbitals overlap effectively [14,48]. In this 
situation, the electronic coupling between NDs and CDs 
occurs, which would influence the electronic structures of 
NDs and CDs. In CDs/NDs, because of the suitable band 
structure between CDs and NDs, including staggered 
bands, large Fermi level difference, and the electron-donat-
ing behavior of CDs, photogenerated carriers at the CDs/
NDs interface cannot recombine [14,42,49]. Furthermore, 
NDs has been considered a promising photocatalyst mate-
rials owing to its high carrier mobility, large specific surface 
area, small Bohr radius and large exciton binding energy, 
which may quickly capture the photogenerated carriers 
in the adjacent CDs and promote carrier separation [14]. 
The enhanced mechanism of the solar-light-driven pho-
todegradation of MB with the CDs/NDs demonstrated in 
Fig. 7. The band gaps of CDs and NDs are determined to 
be 2.16 and 3.25 eV from the Tauc plot of UV-vis absorp-
tion spectra, the corresponding valence band maximum 
(VBM) and conduction band minimum (CBM) are 2.35 
and –0.9 eV for NDs [39,50] and 3.57 and 1.41 eV for CDs, 
respectively. Therefore, the hole in the VBM of NDs prefers 
to recombine with the electron from the electron-rich CBM 
of CDs [51], to form the direct Z-scheme heterojunction 
photocatalyst. Thus, the separation of the photogenerated 
charges is facilitated, decreasing the occurrence of elec-
tron-hole recombination and leading to an increase of the 
CDs/NDs photocatalytic activity.

4. Conclusions

The CDs/NDs heterojunction is synthesized through 
a facile microwave method. The photocatalytic activities 
of CDs/NDs are evaluated by the photodegradation of 
MB, which is used as the target organic pollutant. After 
the hybridization with NDs, the photocatalytic activity 
of CDs for the degradation of MB increases dramatically 
under solar-light irradiation. CDs/NDs display superior 

photocatalytic efficiency with nearly 98.1% removal of 
MB (10  mg/L) in 210  min, while only 88.9% of MB is 
degraded by bare CDs. Moreover, the apparent rate con-
stant of CDs/NDs (17.9 × 10–3 min–1) for MB degradation is 
also higher than CDs (10.1 × 10–3 min–1). The excellent pho-
tocatalytic performance of CDs/NDs materials is attributed 
to the enhanced separation of photogenerated carriers.
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