
Size-Dependent Photocatalytic Activity of Carbon Dots with 
Surface-State Determined Photoluminescence

Yiqun Zhoua, Elsayed M. Zahranb,*, Bruno A. Quirogaa, Jennifer Pereza, Keenan J. Mintza, 
Zhili Penga, Piumi Y. Liyanagea, Raja R. Pandeyc, Charles C. Chusueic, Roger M. Leblanca,*

aDepartment of Chemistry, University of Miami, Coral Gables, Florida 33146, USA

bDepartment of Chemistry, Ball State University, Muncie, Indiana 47306, USA

cDepartment of Chemistry, Middle Tennessee State University, Murfreesboro, Tennessee 37132, 
USA

Abstract

Carbon dots (CDs) were synthesized by a microwave-mediated method and separated by size 

exclusion chromatography into three different size fractions. There was no correlation of the size 

with photoluminescence (PL) emission wavelength, which shows that the PL mechanism is not 

quantum-size dependent. UV/vis absorption and diffuse reflectance spectroscopies showed that the 

light absorption properties as well as the band gap of the CDs changed with the size of the particle. 

The combination of FTIR and XPS measurements revealed the composition on the surface of each 

fraction. The three CDs fractions were separately used in the photocatalytic degradation of organic 

dyes under simulated sunlight irradiation. The catalytic activity of the as-prepared CDs was found 

to increase as the size of the particles decreased. Complete degradation of both rhodamine B 

(RhB) and methylene blue (MB) was achieved in 150 min by the 2-nm CDs. The scavenger studies 

showed that the holes and superoxide radicals are the main species involved in the photocatalytic 

degradation of the dye by the 2-nm CDs. These CDs displayed high stability in the degradation of 

organic dyes for multiple cycles. The 2-nm CDs displayed promising photocatalytic degradation of 

p-nitrophenol (PNP) . These results demonstrate for the first time the application of bare carbon 

dots in the degradation of environmental contaminants.
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1. Introduction

Environmental protection and energy crisis are two critical issues brought by the rapid 

growth of population and increasing daily demand. To avoid the implications of these issues, 

while considering the sustainability in the development, new resources are being widely 

explored such as solar energy. For this, photoactive materials are drawing much attention 

due to the unlimited sunlight energy and potential application as a catalyst for hydrogen 

generation via water splitting and for pollutants degradation [1, 2]. Since hydrogen is 

considered as a renewable and sustainable energy resource, photocatalysis has become one 

promising solution to solve both issues.

Since the discovery of TiO2 as the photocatalyst by Honda and Fujishima in 1972, in the 

past 40 years [3], much efforts have been devoted to developing photocatalysts that act 

efficiently under visible light irradiation. To date, there are varieties of photocatalyst 

including metal oxides such as TiO2 [4], Fe2O3 [5], ZnO [6], ZnS [7], BiVO4 [8], metal 

chalcogenides, for example, CdS and MoS2 [9], and nitrides, especially graphitic carbon 

nitrides [10]. However, the majority of photocatalysts contain metals, which poses a risk of 

secondary pollution to water bodies after the degradation of the contaminants. In addition, 

sulfides are not stable and photocorrosion is easy to occur [11]. Even though oxides are 

stable in aqueous solution and low cost, most of them usually possess large band gap [12]. 

Therefore, the development of nontoxic, stable and efficient photocatalysts is desirable for 

applications such as the photocatalytic water splitting and the photocatalytic degradation of 

pollutant.

Carbon dots (CDs), as a new family member of carbon-based nanomaterials, have been 

widely synthesized with various methods, such as pyrolysis within autoclave [13], 

hydrothermal/solvothermal reaction with refluxing [14], fast microwave-assisted 

synthesis[15], laser ablation [16], and ultrasonication with high frequency [17]. Due to their 

ultra-small size, this class of nanomaterials exhibits unique properties that are distinctively 
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different from their bulk counterpart. Because of their high photoluminescence (PL), good 

biocompatibility, water dispersity, low toxicity, abundant electron donors and acceptors, and 

controlled surface state [18], CDs are becoming promising materials in various fields 

including engineering [19], drug delivery [20, 21], bioimaging [22, 23], sensing [24, 25], 

catalysis [26], and energy conversion and storage [27–29].

In addition, carbon dots exhibit tunable fluorescent quantum yield (QY) based on the 

starting precursors [30], preparation methods [31], and post-treatment [16]. For instance, the 

highest QY value to date has reached 93.3% when CDs were prepare with citric and tris-

(hydroxymethyl)aminomethane (Tris) through a microwave-mediated route [32]. Besides the 

success in the enhancement of QY, the mechanism of the PL of CDs is one of the most 

disputed topics [33]. The explanation of the mechanism resonates among two main causes, 

namely the size effect and surface state [34], which is inspired by traditional quantum dots 

even though the size effect is not often used to explain the PL mechanism of CDs. The 

surface state comprises of the functional groups on the surface of CDs nanoparticles as well 

as the energy traps, which determine the emission of CDs by the generation and transition of 

excitons [35]. Considering CDs are semiconductors, the excitons generate electrons and 

holes [36]. When CDs are excited, the electrons in the valence band transit to the conduction 

band. By vibrational relaxation, the electrons will move to the energy levels caused by 

surface states of CDs. However, the introduction of oxygen and nitrogen elements and 

related chemical bonds will produce impurity levels in the surface states, which leads to the 

narrowing of band gap between the surface states and valence band [37]. Consequently, the 

fluorescence emission is generated along the electrons transition from these energy levels to 

the valence band. Due to the single or multiple band gaps between the valence band and 

surface states, the emission exhibits uniform or various PL wavelengths, which explains why 

some CDs exhibit excitation wavelength-independent or -dependent PL [38]. This whole 

process is illustrated in Scheme 1.

Since CDs are photoluminescent semiconductors with a specific energy band gap between 

the valence and the conduction bands [39], they have the potential to drive photocatalytic 

redox reactions. For instance, these properties make CDs a good candidate for photocatalytic 

water splitting into hydrogen and oxygen [40]. Furthermore, the photocatalytic redox 

activity of CDs was utilized in vivo to generate reactive oxygen species (ROS) to cause the 

death of hypoxic tumor cells [41]. However, though photocatalytic water splitting is 

promising for hydrogen generation and photodynamic therapy, it has been challenging to 

design photocatalysts with efficient solar to hydrogen conversion due to the recombination 

of the electron/hole pairs and the fast backward reactions [42]. In addition, most traditional 

photocatalysts, such as TiO2 and ZnO can only utilize UV light with band gaps greater than 

3.0 eV [3]. Therefore, the development of stable photocatalyst that absorb in the visible light 

with narrow band gap is very much sought. Carbon-based materials such as graphitic carbon 

nitride (g-C3N4) has emerged as a promising photocatalyst with a band gap of 2.7 eV that is 

situated for visible light reactions [43]. Therefore, considering the similar polymeric 

structure of CDs as g-C3N4, and the abundant electron donors and acceptors on CDs, the 

photocatalytic properties of CDs should be investigated. Recently, CDs have been integrated 

in heterostructures to enhance the activity of various photocatalysts [44, 45] and they are 

able to play manifold roles in heterogeneous photocatalysis. For example, they are 
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photoelectron mediator and acceptor, photosensitizer, reducing agent, and they can enhance 

adsorption capacity [46, 47]. Furthermore, there are many advantages that facilitate the 

application of CDs as photocatalyst. First, they are well-dispersed in water, which yields a 

homogeneous phase to efficiently absorb water on their surface [48]. Additionally, CDs are 

non-toxic; they will not contaminate the body of water or have adverse effect on human 

health. However, even though CDs have been utilized to enhance the photocatalytic activity 

of various metal oxide nanomaterials such as Fe2O3 [49], TiO2 [50], ZnO [51], SnS2 [52], 

and BiOBr [53], there are fewer studies on the photocatalytic properties of bare CDs, 

especially on the photocatalytic dye degradation [54]. Otherwise, the photocatalytic activity 

of bare CDs is usually negligible [55].

Herein, in this study, we focus on the study of the photocatalytic activity of the bare CDs as 

well as the influence of size on the photocatalytic performance. The CDs were synthesized 

via a microwave-assisted reaction of citric acid as carbon precursor and 1,2- 

phenylenediamine as nitrogen dopant. After purification by size exclusion chromatography, 

we obtained three CDs fractions with different sizes. These CDs demonstrated size 

dependent photocatalytic activity in the degradation of organic dyes. The mechanism of the 

dye degradation was analyzed using various charge-carrier scavengers from the viewpoint of 

generation of superoxide and hydroxide radicals. The stability test was conducted to reveal 

the effectiveness of CDs in the long term of dye degradation. The CDs were employed in the 

photocatalytic degradation of, p-nitrophenol (PNP), one of the most hazardous refractory 

pollutants with high stability and solubility in water [56], to demonstrate their application 

for various environmental contaminates.

2. Experimental

2.1 Materials

Citric acid (99.5–100%) was purchased from VWR (West Chester, PA, USA). 1,2- 

phenylenediamine flakes (99.5%), rhodamine B (RhB), methylene blue (MB) and IPA 

(isopropanol alcohol) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Benzoquinone (98+%) and p-nitrophenol (PNP) (99%) were bought from Alfa Aesar 

(Haverhill, MA, USA). EDTA (disodium ethylenediaminetetraacetic acid) was procured 

from J.T. Baker Chemical Co. (Phillipsburg, NJ, USA). The distilled water used was purified 

using a Modulab 2020 water purification system acquired from Continental Water System 

Corporation (San Antonio, TX, USA). The water had a pH of 6.62 ± 0.3 at 25 ± 0.5 °C with 

a resistivity of 18 MΩ·cm and surface tension of 72.6 mN·m−1. The SEC was performed 

using GE Healthcare Sephacryl S-300 (Uppsala, Sweden) as the matrix. The Whatman® 

qualitative filter paper, Grade 3 (diameter: 70 mm) were bought from GE Healthcare Life 

Sciences. Argon gas was bought from Airgas (Miami, FL, USA). All chemicals were used 

without further treatment.

2.2 Methods

The UV/Vis absorption spectra of three CDs fractions were obtained by using a Cary 100 

UV/Vis spectrophotometer and a 1cm optical cell. A Fluorolog (Horiba Jobin Yvon) 

spectrometer was used to record the fluorescence emission spectra of sample with a slit 
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width of 5 nm used for both excitation and emission. As for the determination of 

fluorescence quantum yield, a Varian Cary Eclipse spectrometer was used to record the 

fluorescence spectra of samples and standards. Fourier-transform infrared (FTIR) 

spectroscopy data were obtained with a PerkinElmer FTIR (Frontier) spectrometer by using 

the attenuated total reflection (ATR) technique with air as background. XPS data was 

acquired using a Perkin-Elmer PHI 560 system with a double-pass cylindrical mirror 

analyzer operated using a Mg Kα anode with a hʋ = 1253.6 eV photon energy operated at 

250 Watts and 13 kV. Zeta potential measurements were made by using a nano series 

Malvern Zetasizer. AFM images were obtained with an Agilent 5420 atomic force 

microscope by using the tapping mode. TEM was performed by using a JEOL 1200X TEM.

2.3 Synthesis and Purification of CDs

To prepare the long emission wavelength CDs, 0.02 g citric acid and 0.28 g 1,2- 

phenylenediamine were dissolved in 10 mL deionized H2O. Subsequently, the mixture was 

placed in a crucible and heated in a microwave oven for 7 min under 700 W until all the 

water was evaporated. The remaining black powder was dispersed in deionized water and 

the solution exhibited blue PL under UV lamp. After purification by filtration and SEC, 

three photoluminescent eluents were collected, which indicated three CDs fractions. The 

synthesis of CDs and three CDs fractions are shown in Fig. 1a and b, respectively.

2.4 Photocatalytic evaluation of CDs

First, 3 mg of each CDs fraction was mixed with 200 µL RhB (10 mg/L) aqueous solution 

and 3.8 m L deionized water in a 4-mL UV/vis cuvette. After 2-min ultrasonication to 

completely disperse CDs fraction in deionized water, the cuvette was placed in front of a 

solar simulator (Oriel Instruments, Newport Corporation) with high power mercury-xenon 

light source (310 W) with vigorous stirring at 200 rpm. Similar procedure was implemented 

with MB and PNP. However, in order to keep the UV/vis absorption below 1 to have a high 

light transmittance, the amount of MB should be readjusted. After the pilot experiment, 3 

mg of each CDs fraction was mixed with 1 mL MB (10 mg/L) aqueous solution and 3 mL 

deionized water. The rest of the procedure remained the same. Then the UV/vis 

spectroscopy was performed on the aqueous solution of dyes (RhB or MB) and CDs 

fractions (1, 2 or 3). The UV/vis absorption of the reaction was recorded every 10- min of 

irradiation interval. For PNP degradation, 3 mg of CDs fraction 3 was mixed with 1 mL 

(0.02 g/L) PNP aqueous solution and 3 mL deionized water. This very same procedure was 

repeated as needed.

3. Results and discussion

3.1 Characterization

Various techniques were applied to reveal the optical, structural, morphological, and electric 

properties of CDs. UV/vis absorption spectrophotometry was applied to illustrate the 

conjugated structures including C=C, C=N, and C=O. In Fig. S1a, we can observe peaks at 

242, 272 and 324 nm for C=C, C=N, and C=O, respectively in fraction 1 [57, 58]. 

Additionally, there is a peak at 390 nm in the lower-energy region, which might be attributed 

to the absorption cross section of NO2 [59]. In Fig. S1b, we can observe peaks at 258, 280 
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and 323 nm for C=C, C=N, and C=O, respectively, in fraction 2. However, the peak in the 

lower-energy region was shifted to longer wavelength (417 nm), which could be ascribed to 

longer conjugated structures. In Fig. S1c shows peaks for C=C (250 nm), C=N (271 nm), 

C=O (341 nm) in fraction 3 and a similar peak in the lower-energy region at 417 nm.

The fluorescence emission spectra recorded the versatile PL behaviors of three CDs 

fractions. From the spectrum in Fig. 2a, we can observe that the emission of fraction 1 is 

independent of excitation wavelength. In addition, the maximum excitation and emission 

wavelengths of fraction 1 is 375 and 438 nm, respectively, which explains the blue PL as 

shown in Fig. 1b. In Fig. 2b, the emission is also excitation-independent, and the maximum 

excitation and emission wavelengths are 400 and 565 nm, respectively, which confirms the 

yellow PL of fraction 2. On the other hand, fraction 3 (Fig. 2c) displayed more than one 

emission peaks. For instance, when excited at 350 nm, fraction 3 shows emission peaks at 

370, 391, and 414 nm. These peaks are excitation-dependent, which is a typical feature of 

CDs. However, since the wavelength of excitation is 365 nm in Fig. 1b, the emission 

wavelength is around 500 nm, which corresponds to green PL that was observed. Surface 

state-controlled PL is commonly attributed to the origin of CDs’ PL. Based on the excitation 

independent nature of fractions 1 and 2, we expect they should possess a uniform and defect 

free surface state. Based on the excitation dependent PL of fraction 3, we hypothesize there 

might be an abundance of defects in the atomic lattice of CDs, which causes the excitation 

dependence and the random trend of PL color in fractions 1–3, which has been confirmed 

later by XPS measurement. Accordingly, the fluorescence quantum yield (QY) of fraction 1, 

2 and 3 was calculated according to Equation S1 to be 39.2 %, 4.3 %, and 5.1 %, 

respectively. The QY of fraction 1 and 3 was measured with quinine sulfate dissolved in 

0.05 M H2SO4 aqueous solution as standard solution with the QY of 55 %. However, 

according to the degree of overlap in the emission spectra of standard solution and sample, 

fraction 2 was measured with tris(bipyridine)ruthenium (II) chloride in H2O as the standard 

solution with the QY of 2.8%. In comparison to fraction 1, the lower QY of fraction 2 and 3 

might result from the aggregation-caused quenching [60], which is indicated by the low zeta 

potential values of −17.2 and −10.7 mV for fraction 2 and 3, respectively. The absolute value 

of zeta potential decreases from −20.5 and −10.7 mV for fraction 3, which indicates the 

tendency of aggregation increases as the size of the CD decreases.

ATR-FTIR measurements were conducted to analyze the functional groups of the three 

fractions. As displayed in Fig. 3, all the three fractions have N-H or O-H (3341–3058 cm−1), 

C=C or C=N (1635 cm−1) and C=O (1896 cm−1) groups. This suggests that the three 

fractions are similar regarding the chemical composition. This is consistent with UV/vis 

absorption spectra results in Fig. S1 that show the presence of C=C, C=N and C=O in the 

conjugated structures. Note that the N-H and O-H groups enhance the water dispersity of the 

CDs. Nonetheless, the stability of fraction 3 colloidal solution is better than that of fraction 

2, while fraction 2 is better than fraction 1. This observation could be explained by the 

carbonization degree of fraction 1 > fraction 2 > fraction 3, which is demonstrated by the C 

content shown in Table S1 in the supporting information. Therefore, even though the three 

fractions share similar functional groups, the surface states and properties may vary 

depending on the relative abundance of each functional group and the elemental composition 

at the top-most (~100 Å) surface layers.
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To corroborate this theory, we conducted XPS analysis to study the surface composition of 

each CDs fraction. Atom mole fraction results (with fwhm and % deconvoluted peak areas 

in parentheses) are summarized in Table S1 in the supporting information. Fig. 4 shows the 

XPS stackplots for the C 1s, N 1s and O 1s core levels of the CDs fractions 1 (a), 2 (b), and 

3 (c). The C 1s core level BE at 288.3 eV observed in all fractions denoted carboxylic acid 

[61]. The O-H and C=O groups have been elucidated by the FTIR (Fig. 3) and UV/Vis 

absorption (Fig. S1) spectra. There was no noticeable trend in compositional change in the C 

1s levels between various fractions. The N 1s core levels for all samples show a BE peak 

center at 399.1 eV consistent with an imine (C=N) group within a ring system [62], which 

was confirmed by the UV/vis spectra (Fig. S1) and FTIR spectra (Fig. 3). Noteworthy is the 

fact that there are two observable O 1s oxidation states that varied in relative quantity 

between the fractions. The O 1s core levels for all fractions show BE peak centers at 530.9 

and 532.7 eV, consistent with acetate-like O atoms [63] and an O-containing polymeric 

structure [64], respectively. This result matches the C=O revealed in the FTIR data.

From integrated peak area analysis of the deconvoluted oxidation states (Table S1 in the 

supporting information) in the XPS spectra, the following self-consistent trends were 

observed. The lower O 1s BE state decreased in the descending order: a (48.4%) > b 

(27.5%) > c (12.5%). Simultaneously, a decrease in overall atomic % N was observed in the 

descending order: a (1.6%) > b (1.0%) > c (0.7%). A decrease in overall atomic % C was 

observed in the descending order: a (87.1%) > b (78.5%) > c (66.1%). There was also a 

decrease in the amide –COOH oxidation state as denoted in the relative integrated peak 

areas in the C 1s level at BE = 288.3 eV in the descending order: a (16.0%) > b (11.1%) > c 

(7.8%).

As Observed from the AFM images (Fig. 5), the three fractions exhibited different sizes as 

we previously expected from the CD separation through the SEC. The size of fraction 1, 2 

and 3 is estimated around 5, 3 and 2 nm, respectively, according to Fig. 5a, b and c). The 

average particle size of each fraction has been confirmed by the TEM images shown in Fig. 

5d, e and f. From the histograms of TEM images, we can observe the size of fraction 1, 2 

and 3 is 4.48±1.38, 3.61±0.92 and 2.24±0.45 nm, respectively. The combination of AFM 

and TEM data revealed the typical spherical CDs morphology with narrow size distribution. 

In addition, the random PL color of CDs fractions in a size gradient revealed that the 

quantum size effect is not controlling the PL mechanism of these CDs fractions. This is 

consistent with the CDs reported by Cao et al., [65].

3.2 Photocatalytic dye degradation

In order to explore the photocatalytic activity of the as-prepared CDs, considering the 

negative zeta potential of CDs fractions, positively-charged organic dyes were selected for 

photocatalytic dye degradation. Therefore, the degradation of RhB and MB was conducted 

in presence of 0.75 mg/mL of CDs under simulated sunlight. Neither RhB or MB was 

degraded in the presence of fraction 1 (Fig. S2a and b). As the size of CDs decrease to 3 nm 

in fraction 2, partial degradation of MB was noticed only in the first 20 min (Fig. S2d). On 

the other hand, no significant degradation of RhB was found for reactions catalyzed with 

fraction 2 (Fig. S2c). On the contrary, the 2-nm CDs of fraction 3 demonstrated significant 
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degradation of RhB and MB, which was both completed in 150 min (Fig. S2e and f). As 

presented in Fig. 6a, fraction 3 exhibited substantial photocatalytic activity in the 

degradation of both RhB and MB. Within 60 min, RhB and MB naturally degraded by 20 

and 60%, respectively. With the addition of fraction 3, within the same time, the degradation 

of both dyes was observed at dye absorption peaks at 554 and 664 nm to increase up to 50 

and 90%, respectively. The pseudo-first order reaction rate constants were 1.3×10−2 and 

3.6×10−2 min−1, which exhibited the excellent photocatalytic activity in contrast to most 

previously reported bare carbon dots. For instance, Yang et al. showed CDs/TNS and 

CDs/P25 composites showed enhanced photocatalytic activity in the degradation of RhB, but 

there was no dye degradation in the presence of CDs alone [66]. Furthermore, Huang et al. 

mentioned the reaction rate constant for their nitrogen-doped CDs was 5.1×10−4 min−1 

while for TiO2, a widely used photocatalyst, it was 1.5×10−2 min−1 [67]. It suggests the 

obtained bare CDs with smallest size could be considered as a promising alternative for the 

common photocatalyst to achieve homogeneous photocatalysis. In addition, in order to 

illustrate the importance of surface modification to CDs in terms of photocatalysis, Kang et 

al. compared the CDs and N-doped CDs in the degradation of methyl orange (MO) (a 

negatively charge dye model) [17]. As a result, 90% MO degraded within 120 min, which 

benefited from the presence of N-doped CDs. In comparison, bare CDs exhibited lower 

efficiency and the MO degradation only occurred in 30% with 120 min. Compared to their 

N-doped CDs, even though the efficiency of our CDs fraction 3 is similar, there was no need 

of further surface modification, which further shows the advantage of the synthetic approach 

of CDs fraction 3. Additionally, the wavelength-dependent activity of fraction 3 was 

conducted with a UV cut off filter (λ<420 nm). As displayed in Fig. 6b the rate of RhB 

degradation decreased (k = 2.5×10−3 min−1) compared to the one without filter (k = 

1.3×10−2 min−1). This comparison demonstrates that the photocatalytic activity of the as-

prepared CDs is driven by visible light.

The significant difference in the activity among various CDs fractions as well as fraction 3 

in the presence and absence of filter can be explained in light of band gap energy exhibited 

by each material as measured by diffuse reflectance spectroscopy (Fig. 7). As displayed in 

Fig. S3, no semiconductor properties were noticed for fraction 1. On the other hand, band 

gap energies were calculated for fraction 2 and 3 from the spectra in Fig. 7a and b to be 2.36 

and 2.04 eV, respectively. Just as revealed by the XPS, fraction 3 has higher content of O in 

terms of overall atoms, the band gap [37], and result in the narrow band gap of fraction 3. 

Also, the band gap of fraction 3 is 2.04 eV, which reveals the absorption band edge at around 

550 nm and it confirms the photocatalytic capability of fraction 3 under the visible light 

irradiation. According to these values, the as-prepared CDs of fraction 2 and 3 can be 

considered as direct semiconductors with narrow band gap that is well-suited for 

homogeneous photocatalytic degradation reactions. In addition, based on the ratio of C and 

O overall atomic content of each fraction (F1, 8:1; F2, 4:1, F3, 2:1), it is hypothesized that 

the stability of the C-O bond has the following order (F3<F2<F1), which contributes to the 

higher photoactivity of fraction 2 and 3.

To further investigate this hypothesis and probe the mechanism of the reaction, the 

photocatalytic degradation of RhB and MB by CDs (fraction 3) was conducted in the 
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presence of various charged radical scavengers and analyzed with the pseudo-first order 

reaction rate constant obtained from the RhB absorption peak at 554 nm.

First, the photocatalytic degradation of RhB was conducted in presence of EDTA to 

scavenge the holes. It is generally accepted that photocatalytic reactions are initiated by 

photochemically generated electrons (e−) and holes (h+) [68]. As it is observed from Fig. S4, 

RhB and MB, especially RhB, have little degradation in the natural state. However, Fig. 8 

and S5a showed significant decrease of the dye degradation rate constant in presence of 

EDTA indicating the mechanism of oxidization of the organic dyes by the holes.

In addition, the second mechanism is the generation of ROS (reactive oxygen species) such 

as superoxide anions and hydroxyl radicals. To examine the presence of such species, 

benzoquinone (BQ) and isopropyl alcohol (IPA) that had been verified as excellent 

scavengers [68, 69], were employed to scavenge •O2
− and •OH, respectively. The 

comparison in Fig. 8 and S5, demonstrates that the addition of BQ significantly inhibited the 

photocatalytic degradation of RhB. This indicates that electrons from the conduction band of 

the CDs are donated to the dissolved molecular oxygen to generate •O2
–, which oxidize the 

RhB. On the other hand, no appreciable change was noticed in the degradation rate of RhB 

in presence of IPA, which indicates that the oxidation of water by the hole is not impossible. 

To further elucidate this hypothesis, we used argon gas to flush away oxygen originally 

dissolved in water for 1 hour and insulate the system from oxygen from the environment by 

using a balloon filled with argon gas. The dye degradation was inhibited compared with the 

aerobic reaction, which suggested the oxygen dissolved in water also played a certain role in 

the dye degradation. Another external factor that should be considered is the electrostatic 

adsorption of dyes onto CDs. Therefore, the adsorption of RhB was performed in dark and 

the results are recorded in the UV/vis spectrum in Fig. S6. It was noticed that the absorbance 

of RhB slightly increased in the first 20 min due to the stirring-initiated desorption. 

However, after 20 min, no remarkable change in the absorbance was noticed until 60 min. 

This indicates minimal effect of the electrostatic adsorption on the degradation of the 

organic compounds. Furthermore, it has been found that RhB molecules can also be excited 

under visible light irradiation to form RhB* radicals [70]. In this case, these radicals can be 

adsorbed onto the surface of CDs and transfer electrons from/to the conduction/valence 

bands. In addition, the electrons can activate O2 to form •O2
−, which also enhances RhB 

degradation and the overall photocatalytic efficiency of CDs. Thus, the RhB degradation 

mechanism might not be only dependent on the holes and superoxide radical anions 

generated at the valence and conduction bands, respectively, but also related to the self-

photosensitization of RhB molecules, which is illustrated in Fig. 9.

In addition, fraction 3 of CDs was employed in the degradation of PNP, one of the most 

hazardous organic pollutants. To avoid the interference of self-degradation of PNP caused by 

the UV light, a >420 nm cut off filter was applied to allow only visible light irradiation of 

the PNP aqueous sample in presence of the 2-nm CDs. Under the visible light irradiation, no 

significant degradation of PNP was noticed in absence of the CDs (Fig. S7a). However, the 

degradation of PNP in presence of the 2-nm CDs occurred shown in Fig. 10a and the 

degradation rate constant was 2.16×10−3, which was measured based on Fig. 10b. It is 

noteworthy that the PNP displayed red shift from 313 to 402 nm upon mixing with the 2- nm 

Zhou et al. Page 9

Appl Catal B. Author manuscript; available in PMC 2020 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CDs. This was attributed to the change in the pH from 7.5 to 9.5 that was measured after 

adding the CDs. Therefore, the rate constant was calculated using the absorbance at 402 nm. 

Furthermore, Fig. 10b demonstrated that within 150 min, PNP only degraded 30 % and the 

reason is the same as the result shown in Fig. 6b. However, upon the removal of the filter to 

utilize the full spectrum including UV light, within the same time, PNP degraded 70 % (Fig. 

S7b) and the rate constant can be enhanced up to 6.17×10−3.

3.3 Photocatalyst stability test

Fraction 3 was tested for its stability after the dye degradation lasted for 150 min. In order to 

completely remove the residues of RhB, the same solution containing fraction 3 was 

exposed to the solar simulator for 1 h. Subsequently, we added another fresh 20 µL RhB to 

the solution, which was irradiated by the solar simulator. The UV/vis spectrum was recorded 

each 30 min until the peak at 554 nm disappeared. The whole process was repeated four 

times. Fig. 11 shows the degradation of RhB over time. There is no significant decrease in 

the photocatalytic activity of the CDs of fraction 3 and can be reused for another degradation 

cycle, which reveals good stability. After four cycles of dye degradation experiment, fraction 

3 was characterized by UV/vis and fluorescence spectroscopy measurement and the results 

were presented in the supporting information as Fig. S8. We observe no obvious differences 

in activity after multiple uses of the photocatalyst, which again confirms the stability of 

fraction 3 as the photocatalyst.

4. Conclusions

A microwave-assisted approach was adopted to create tunable sized CDs that showed unique 

photoluminescent (PL) behavior, structural properties, and photocatalytic activity and 

stability. However, there was not a trend between size of CDs and the PL color (wavelength). 

This shows the PL mechanism of CDs cannot be explained by quantum confinement. The 

diffuse reflectance spectroscopy analysis indicated semiconductor (fraction 3) properties 

with a narrow band gap of 2.04 eV. The size of the CDs demonstrated significant effect on 

their photocatalytic activity in the degradation of organic dyes. The 2- nm CDs showed 

substantial degradation of RhB and MB under simulated sunlight irradiation. The 

mechanism of the dye degradation was analyzed by using sacrificial scavengers and argon 

protection, separately. We observed the photocatalytic dye degradation catalyzed by the 2-

nm CDs is mainly attributed to the oxidation of the dye by the holes and superoxide radical 

anions. Fraction 3 was applied to degrade other organic pollutants such as p-nitrophenol and 

it showed 70% degradation upon irradiation by full spectrum. Also, fraction 3 demonstrated 

good stability as a photocatalyst for multiple cycles of dye degradation. The study, for the 

first time, reports a size-dependent photocatalytic dye degradation of CDs, showing a 

comparable result to those of many metal-containing photocatalysts. These results point out 

the potential of bare CDs with smaller size as excellent photocatalysts in the pollutant 

degradation, important for future environmental protection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Bare CDs were first studied for the size-dependent photocatalytic degradation 

of dyes.

• CDs in the smallest size (2 nm) exhibits a narrow band gap of 2.04 eV, the 

best photocatalytic capability and excellent stability.

• 2-nm CDs showed promising application of bare CDs in the photocatalytic 

degradation of p-nitrophenol (70% within 150 min).

• The main mechanism of the photocatalytic degradation of organic compounds 

due to the hole in valence bands of CDs and the generated superoxide anion 

radicals.

• There was no correlation of the size of CDs with PL emission wavelengths, 

which shows that the PL mechanism of such CDs is not quantum size 

dependent.
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Scheme 1. 
The illustration of electron transition of CDs upon excitation.
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Fig. 1. 
(a) The precursors and microwave-mediated synthesis of CDs. (b) The aqueous solutions of 

three CDs fractions with a concentration of 0.1 mg/mL (top-down: fraction 1, 2 and 3) after 

purification. (The left column is under regular light; the right column is under the UV light 

at 365 nm).
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Fig. 2. 
The fluorescence spectra of fraction 1 (a), 2 (b) and 3 (c). The concentration of fraction 1,2 

and 3 is 0.000192, 0.056 and 0.25 mg/mL, respectively.
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Fig. 3. 
The FTIR spectra of fraction 1, 2 and 3 in solid state with air as background.
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Fig. 4. 
XPS core levels of O 1s, N 1s and C 1s orbitals of fraction 1 (a), fraction 2 (b), and fraction 

3 (c), of the CDs.
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Fig. 5. 
The AFM images of fraction 1 (a), 2 (b) and 3 (c); the TEM images of fraction 1 (d), 2 (e) 

and 3 (f). The scale bars represent 10 nm.
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Fig. 6. 
(a) Photocatalytic degradation of RhB and MB as a function of irradiation time; (b) 

Wavelength- dependent activity test of fraction 3 in the RhB degradation w/o filter. The 

concentration of fraction 3 is 0.75 mg/mL.
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Fig. 7. 
Diffuse reflectance spectroscopy measurement. Plot of (αhʋ)2 vs. photon energy for all the 

three CDs fractions. F2 (a) and F3 (b).
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Fig. 8. 
Photocatalytic degradation rate constants of RhB in the presence of EDTA, BQ, IPA, argon 

and no scavenger by fraction 3
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Fig. 9. 
Schematic diagram of the interaction between CDs and dyes in the photocatalytic dye 

degradation.
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Fig. 10. 
(a) PNP degradation in presence of CDs (fraction 3) using the filter; (b) the measurement of 

degradation reaction rate constant. The concentration of fraction 3 is 0.75 mg/mL.
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Fig. 11. 
The stability test of fraction 3 with RhB degradation over time. The grey square represents 1 

hour of exposure to sunlight. The concentration of fraction 3 is 0.75 mg/mL.
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