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Abstract: In this study, nitrogen-doped graphene quantum dots (N-GQDs) and a TiO2 nanocomposite
were synthesized using a simple hydrothermal route. Ammonia water was used as a nitrogen source
to prepare the N-GQDs. When optically characterized by UV-vis, N-GQDs reveal stronger absorption
peaks in the range of ultraviolet (UV) light than graphene quantum dots (GQDs). In comparison
with GQDs/TiO2 and pure TiO2, the N-GQDs/TiO2 have significantly improved photocatalytic
performance. In particular, it was found that, when the added amount of ammonia water was 50 mL,
the content of pyridinic N and graphitic N were as high as 22.47% and 31.44%, respectively. Most
important, the photocatalytic activity of N-GQDs/TiO2-50 was about 95% after 12 min. The results
illustrated that pyridinic N and graphitic N play a significant role in photocatalytic performance.

Keywords: N-doped graphene quantum dots; TiO2; photocatalytic performance; pyridinic N;
graphitic N

1. Introduction

In recent decades, increasing environmental pollution has attracted more and more attention,
especially the discharge of dye wastewater from factories. It is therefore appropriate to find an
effective, low-cost and pollution-free replacement for traditionally problematic energy production.
Photocatalysis could be one of the most effective measures to solve the problems of energy shortage and
environmental pollution [1–4]. In many semiconductor metal oxide materials, for example, titanium
dioxide (TiO2) is extensively used as a photocatalyst [5–7], due to its beneficial characteristics. It is
inexpensive, non-poisonous, and has excellent chemical and physical stability [5,8]. Although it has so
many superior properties, use of TiO2 as a photocatalyst is limited by some disadvantages in practical
application, such as a wide band gap (3.2 eV) and a high electron-hole recombination rate, which
leads to low photocatalytic efficiency [3,9–11]. To perfect the photocatalytic activity of TiO2, various
measures were utilized, such as many ions being doped into the lattice of TiO2 [12], sensitization via
absorbed molecules [13–15], compound with other materials [16,17], and the surface being coated with
other cocatalysts possessing excellent performance [18–21]. Among the methods mentioned above,
surface loading with other cocatalysts is relatively facile and effective in enhancing the photocatalytic
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activity of TiO2. Although some auxiliary catalysts can improve the photocatalytic performance of
TiO2, for instance Pt, Au and Ag, their high cost limits their application [22,23]. Therefore, it would be
significant to find highly efficient, simple and eco-friendly cocatalysts which enhance the photocatalytic
performance of TiO2.

Graphene quantum dots (GQDs) are a novel kind of 0D carbon nanomaterial with dimensions
below 10 nm. In addition to all the properties of graphene, GQDs also have unique edge effects
and quantum confinement [24]. GQDs are widely used in various fields due to their excellent
physical and chemical properties. They are used in photovoltaic devices [25], catalysis [26–30], drug
delivery [31], and cell imaging [32–35]. GQDs are environmentally friendly materials with strong
anti-chemical corrosion and anti-ultraviolet (UV) irradiation capabilities. Pure GQDs display low
catalytic activity due to their high exciton binding energy [36]. In many past studies, GQDs as auxiliary
catalysts effectively improved the photocatalytic performance of TiO2 [37], and some reports showed
that the doped GQDs displayed excellent effects on improving the photocatalytic performance of
TiO2, for example, when nitrogen [38], sulfur [3] and nitrogen and sulfur co-doped [39]. However,
there is little work on the effect of different N-bonding structure for the photocatalytic performance of
nitrogen-doped GQDs (N-GQDs).

In our study, N-GQDs with different N contents were synthesized by a facile hydrothermal
stratagem using different volumes of ammonia water and GQDs. N-GQDs were attached tightly
to the surface of TiO2 with a facile hydrothermal method. The photocatalytic performance of
N-GQDs/TiO2 was tested by introducing methyl orange (MO). A possible mechanism for improving
photocatalytic performance was also investigated and analyzed by comparing the photocatalytic
effect of N-GQDs/TiO2 and pure TiO2. All the results showed that N-GQDs effectively improved
the photocatalytic performance of TiO2, in which pyridinic N and graphitic N play a decisive role.
This work may provide a new perspective for the future study of complexes based on N-GQDs.

2. Results and Discussion

Unless otherwise specified, the N-GQDs-50 with the best optical performance was selected for
various characterizations.

2.1. Morphology and Structural Characterization of GQDs and N-GQDs

Figure 1a–d displays the transmission electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) images of GQDs and N-GQDs-50. Figure 1a,b shows the TEM images of
GQDs and N-GQDs-50, and the size distribution is homogeneous. The size of GQDs and N-GQDs-50
ranged from 2–16 nm and 1–5 nm, the average diameter was 8.66 nm and 3.12 nm respectively (insert in
Figure 1a,b). The reduction in the size of N-GQDs-50 was likely to be due to further decomposition of
GQDs during the subsequent hydrothermal reaction (refer to the experiment for details). The HRTEM
images show that the plane lattice spacing of GQDs and N-GQDs-50 was 0.21 nm, which is similar to
the in-plane lattice spacing of graphite (002) [40,41]. Figure 1e shows a TEM image of TiO2 nanoparticles
with the thin film. After the hydrothermal reaction, the N-GQDs were compounded on the surface of
TiO2. With the oxygen-containing functional groups of N-GQDs, the hydroxyl functional groups of
TiO2 may be able to construct functional and relatively stable composites.

XRD was employed to determine the crystalline structure of GQDs and N-GQDs-50. It was clear
from the pattern (Figure 2a) of pure TiO2 that there were two types of TiO2, namely anatase and rutile.
Peaks at 2θ = 25.6◦, 37.18◦, 48.25◦, 54.02◦, 55.24◦ and 62.7◦ represented (101), (004), (200), (105), (211) and
(116) planes of anatase. Others at 41.44◦ and 56.82◦, represented (110) and (114) of rutile, which identified
with P25. The XRD pattern of N-GQDs-50 showed the peaks of N-GQDs/TiO2-50 were the same as that
of TiO2, indicating that the structure of TiO2 was not affected by N-GQDs. FT-IR spectroscopy can also
characterize samples. As shown in Figure 2b, broad absorption bands at 480–700 cm−1 were associated
with stretching vibrations of Ti-O-Ti and Ti-O-C. The peak at 1380 cm−1 was related to nitrate ion and
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the peak at 1633 cm−1 was due to δH2O vibration of the water molecule [42]. The figures of FT-IR
indicated that N-GQDs was successfully coupled with TiO2.Catalysts 2018, 8, x FOR PEER REVIEW  3 of 12 
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N-GQDs-50 and N-GQDs/TiO2-50 composites.

To further investigate the composition of GQDs and N-GQDs, XPS (X-ray photoelectron
spectroscopy) measurement was employed. Figure 3a shows the full XPS spectra of GQDs, N-GQDs-50
and N-GQDs-100. Peaks can be seen at approximately 284 eV (C 1s), 399.08 eV (N 1s) and 531.08 eV
(O 1s) in all the samples. Compared to GQDs, the intensity of N 1s peak N-GQDs-50 and N-GQDs-100
was relatively enhanced, indicating that the N was successfully doped into the GQDs through the
hydrothermal reaction with ammonia water. The results in Table 1 further show that the N content of
N-GQDs-50 and N-GQDs-100 was higher than GQDs, and the content of N-GQDs-50 was the highest,
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reaching 10.64%, also indicating that N-GQDs were synthesized successfully. The high-resolution
spectrum of N 1s region of N-GQDs-50 and N-GQDs-100 was divided into three peaks at 398.9 eV
(pyridinic N), 399.6 eV (pyrrolic N) and 401.5 eV (graphitic N) [25,43].
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Figure 3. The full XPS spectra (a) of GQDs, N-GQDs-50 and N-GQDs-100. High-resolution N 1s
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Table 1. The atomic percent (%) GQDs, N-GQDs-50 and N-GQDs-100 from XPS data.

Samples C (at%) O (at%) N (at%)

GQDs 73.51 18.82 7.67
N-GQDs-50 71.41 17.95 10.64

N-GQDs-100 70.36 19.22 10.42

2.2. Optical Properties

Optical properties were used to characterize the physical nature of carbon-based materials.
As‘shown in Figure 4, the optical absorption ability of GQDs (0.07 mg/mL) (Figure 4a) and N-GQDs-50
(0.07 mg/mL) (Figure 4b) was investigated by UV-vis spectrometer. GQDs displayed a wide absorption
peak at 400–500 nm, which was similar to previous studies [44,45]. Compared to GQDs, N-GQDs-50
was also detected as having a strong absorption peak in the UV region at approximately 344 nm.
Obviously, differences between GQDs and N-GQDs-50 in UV-vis spectra indicated that GQDs doped
with N atom resulted in a strong absorption peak in the UV range.Catalysts 2018, 8, x FOR PEER REVIEW  5 of 12 
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According to the results of UV-vis absorption spectrum, the excitation wavelength of 310–390
nm was chosen for photoluminescent (PL) measurement. In this experiment, both GQDs and
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N-GQDs-50 displayed excitation-independent PL behaviors, which were contrary to previous work on
carbon-based fluorescent materials [41]. The emission peak of GQDs (Figure 5a) was approximately
540 nm and N-GQDs-50 (Figure 5b) was observed at approximately 520 nm. The excitation wavelength
of 350 nm, with an emission peak of N-GQDs had blue shifted 20 nm compared to the GQDs in
Figure 5c, which was most likely due to the reduction in size of N-GQDs-50 (see inserts of Figure 1a,b).
This phenomenon is consistent with the trend observed by other quantum dots due to the quantum
confinement effect at smaller particle size [46]. Figure 5d shows the PLE spectrum of N-GQDs-50
under the emission wavelength at 520 nm. One of the peaks was observed at 388 nm, which was in
accordance with the PL results.Catalysts 2018, 8, x FOR PEER REVIEW  6 of 12 
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Figure 5. The PL spectra of GQDs (a) and N-GQDs-50 (b) under excitation with 310–390 nm.
(c) Comparison of GQDs with N-GQDs under irradiation with 360 nm wavelength. (d) PLE spectra
of N-QDs-50 when fixing emission wavelength at 520 nm. (e) Typical electronic transitions of triple
carbenes in the optical spectrum of N-GQDs. (f) Comparison of N-GQDs-50 with N-GQDs/TiO2-50
under irradiation with 330 nm wavelength.

The photoluminescence excitation (PLE) spectra showed that luminescence from N-GQDs could
correspond to transitions at 278 (4.46 eV) and 388 (3.2 eV) nm, which could have been the result
of transition between the σ and π orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), as shown in Figure 5e. Fluorescence performance was improved by the combination with
photo-generated carriers. However, one way to improve photocatalytic performance was to inhibit
the recombination of photo-generated carriers so that they could react with organic pollutants on
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the surface of photocatalysts. Thus, Figure 5f shows that N-GQDs/TiO2-50 possesses excellent
photocatalytic activity. The multiplicity of carbine ground-state was connected with energy differences
(δE) between the σ and π orbital. According to previous reports, δE should be less than 1.5 eV [47].
In our study, δE of N-GQDs was 1.26 eV, which demonstrated that δE was within the theoretical value.

2.3. Photocatalytic Activity and Possible Mechanism for Improving Photocatalytic Activity

The concentration C/C0 of undegraded MO was used to indicate photocatalytic performance of
different catalysts. MO without a catalyst degrades differently under UV light in Figure 6a,b. Pure TiO2

nanoparticles displayed fine photocatalytic activity by UV irradiation, and the degradation rate of MO
reached approximately 57% within 12 min. The photocatalytic performance of GQDs/TiO2 was higher
than pure TiO2, which reached about 65%. Although the photocatalytic performance of GQDs/TiO2

was preferable to that of pure TiO2, the effect was not satisfactory. MO degradation by N-GQDs/TiO2

was much higher than that of other catalysts. In particular, the degradation of MO by N-GQDs/TiO2-50
reached 95% within 12 min, indicating that the content of graphitic N played a significant function on
photocatalytic activity. As shown in Table 2, with the increase of ammonia water content, the content
of pyrrolic N obviously increased, while the content of pyridinic N and graphitic N were lessened.
The content of pyridinic N and graphitic N of N-GQDs-50 were higher than that of N-GQDs-100, up to
22.47% and 31.4%, respectively.

Catalysts 2018, 8, x FOR PEER REVIEW  7 of 12 

 

GQDs/TiO2 was preferable to that of pure TiO2, the effect was not satisfactory. MO degradation by 
N-GQDs/TiO2 was much higher than that of other catalysts. In particular, the degradation of MO by 
N-GQDs/TiO2-50 reached 95% within 12 min, indicating that the content of graphitic N played a 
significant function on photocatalytic activity. As shown in Table 2, with the increase of ammonia 
water content, the content of pyrrolic N obviously increased, while the content of pyridinic N and 
graphitic N were lessened. The content of pyridinic N and graphitic N of N-GQDs-50 were higher 
than that of N-GQDs-100, up to 22.47% and 31.4%, respectively. 

 
Figure 6. (a) The relationship between the concentration of undegraded MO and illumination time 
for different photocatalysts. (b) The relationship between the logarithm of C/C0 and irradiation time 
of different photocatalysts. 

Table 2. The content (%) of doped-N and the different N species of N-GQDs-50 and N-GQDs-100. 

Samples N (at%) Pyridinic N (at%) Pyrrolic N (at%) Graphitic N (at%) 

N-GQDs-50 10.64 22.47 44.09 31.44 

N-GQDs-100 10.42 16.38 53.03 30.59 

To further study the ability and stability of photocatalytic MO degradation by N-GQDs/TiO2 

composites, the cyclic stability experiment of photocatalytic degradation of MO by N-GQDs/TiO2-50 
was investigated (Figure 7a). After five cycles, the N-GQDs/TiO2-50 was yet to show a good 
photocatalytic effect. As shown in Figure 7b, the photocatalytic performance of N-GQDs/TiO2-50 
and pure TiO2 was slightly reduced, but the photocatalytic activity was still excellent, reaching over 
90%. Their results show that the photocatalytic activity of TiO2 could be greatly enhanced by 
modifying TiO2 with effective methods. 

 
Figure 7. (a) Recycle stability of the photocatalytic decomposition of MO by N-GQDs/TiO2-50. (b) 
Repetitive photocatalytic decomposition of MO for TiO2 and N-GQDs/TiO2-50 photocatalysts. 

Figure 6. (a) The relationship between the concentration of undegraded MO and illumination time for
different photocatalysts. (b) The relationship between the logarithm of C/C0 and irradiation time of
different photocatalysts.

Table 2. The content (%) of doped-N and the different N species of N-GQDs-50 and N-GQDs-100.

Samples N (at%) Pyridinic N (at%) Pyrrolic N (at%) Graphitic N (at%)

N-GQDs-50 10.64 22.47 44.09 31.44
N-GQDs-100 10.42 16.38 53.03 30.59

To further study the ability and stability of photocatalytic MO degradation by N-GQDs/TiO2

composites, the cyclic stability experiment of photocatalytic degradation of MO by N-GQDs/TiO2-50
was investigated (Figure 7a). After five cycles, the N-GQDs/TiO2-50 was yet to show a good
photocatalytic effect. As shown in Figure 7b, the photocatalytic performance of N-GQDs/TiO2-50 and
pure TiO2 was slightly reduced, but the photocatalytic activity was still excellent, reaching over 90%.
Their results show that the photocatalytic activity of TiO2 could be greatly enhanced by modifying
TiO2 with effective methods.
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Scheme 1 explains the probable mechanism of degradation of MO by N-QGDs/TiO2 composites.
As an n-type semiconductor, TiO2 was able to create electron-hole pairs [44]. Under UV irradiated light,
the electron of TiO2 transferred from the valence band to the conduction band to form an electro-hole.
Electro-holes reacted with absorbed O2/OH- to produce ·O2/·OH so as to degrade MO. N-GQDs
attached to the surface of TiO2, absorbing UV light and raising the excitation of electrons. The excited
electrons then transferred to the conduction band of TiO2. With TiO2 as the base of catalytic reaction,
the N-GQDs as an unexceptionable electron migration area on the surface of TiO2 could effectively and
rapidly transmit photogenerated electrons, inhibiting the fast binding of photogenerated electron-hole
pairs, and thus greatly improved the catalytic efficiency of TiO2. Compared with GQDs, N-GQDs
showed a strong absorption peak in the UV region. Therefore, N-GQDs/TiO2 displayed strong
photocatalytic activity by UV light. The oxygen in MO also combined with electros on N-GQDs to
generate ·O2

−, which may have played a significant role in photocatalytic activity [6]. As the main
N-binding configuration, pyridine N only existed at the edge of the GQDs, which could be used as the
oxygen-reduction active site to enhance the activity of a catalyst. Furthermore, the graphitic N was the
electron transfer site [43]. Thus, N-GQDs/TiO2 displayed good photocatalytic performance, and the
pyridinic N and graphitic N played a significant position in photocatalytic performance.
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from reagent agent (manufacturer, city, country). Deionized water was used in all the experimental
processes. All the chemicals were purchased from shanghai, China.

3.2. Preparation of N-GQDs

GQDs were prepared using a simple hydrothermal method [48]. Then N-GQDs samples
(N-GQDs-50, N-GQDs-100, -numbers represent the volume of the added ammonia water) were
synthesized by a simple hydrothermal method. Briefly, 0.1 g GQDs was dispersed in 50 mL H2O,
and added to different volumes of ammonia water (50 mL and 100 mL). The mixed homogeneous
solution was transferred into a Teflon-lined steel autoclave and then heated at 180 ◦C for 12 h. After
cooling to room temperature, the obtained solution was filtered with a 0.22 µm filter membrane,
and the filtered solution was dialyzed for 24 h using a 3500 Da dialysis bag to remove excess ions.
Finally, the obtained N-GQDs were dried at 70 ◦C in air for the subsequent experiment.

3.3. Preparation of N-GQDs/TiO2

N-GQDs/TiO2 composites were synthesized by a simple hydrothermal method. Weighed
0.4 g Degussa P25 TiO2 was dispersed into 200 mL N-GQDs aqueous solution (0.2 mg/mL) by
ultrasonication (500 W, 40 kHz) for 30 min. Then the solution was transferred into Teflon-lined steel
autoclave and then heated at 180 ◦C for 24 h. After cooling to room temperature, the product was
washed three times by centrifugation with deionized water and anhydrous alcohol, then the collected
sediment was dried at 70 ◦C in air to obtain the N-GQDs/TiO2-50 composite. The GQDs/TiO2 and
N-GQDs/TiO2-100 composites were also synthesized under the same conditions for comparison.

3.4. Photocatalytic Activity Measurements

The photocatalytic performance of the obtained samples was explored by degrading MO in quartz
tubes at the UV light irradiation of a 600 W mercury lamp, and the photocatalytic experiment was
carried out at room temperature. The distance between solution and lamp was 10 cm. The experimental
procedure is as described: 50 mg samples were dissolved in 50 mL MO (5 mg/L). The resulting solution
was roughened without treatment for an hour to achieve adsorption and desorption equilibrium
between the catalyst and MO. Then the solution was put under the mercury lamp for illumination with
magnetic stirring and 4 mL solution was removed every 3 min to a centrifuge for 5 min (8000 rpm)
to remove catalyst particles. The concentration of MO after centrifugation was measured by a
UV/vis/near infrared (NIR) spectrometer. The expression formula of degradation rate of MO is
C0−C

C0
. The concentration of undegraded MO can be expressed as C/C0. In this study, C represents the

concentration of MO after irradiation, C0 represents the original concentration of MO before irradiation.

3.5. Characterization

Morphology of samples was measured by transmission electron microscopy (TEM, HT7700,
Hitachi, Tokyo, Japan), and X-ray photoelectron spectroscopy (XPS) data were characterized by an
ESCALAB 250Xi electron spectrometer (ThermoFisher Scientific, Waltham, MA, USA) with Al Kα

Radiation (1486.6 eV). X-ray diffraction (XRD) patterns of samples were recorded within 5–80◦ (2θ)
using a Rigaku D/MAX 2550 diffractometer (Rigaku, Tokyo, Japan) carried out at 40 kV and 100 mA.
Fourier transform infrared spectroscopy (FT-IR) was investigated using a Perkin-Elmer spectrum.
The UV-vis absorption spectrum was measured by using a UV/vis/NIR spectrometer (Perkin-Elmer,
Lambda 750, PerkinElmer, Shelton, CT, USA). The photoluminescent (PL) and photoluminescence
excitation (PLE) spectra (Carry Eclipse Fluorescence Spectrophotometer, Agilent Technologies Ltd.,
Cheadle, UK) were carried out using a fluorescence spectrophotometer.
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4. Conclusion

In this study, we synthesized N-GQDs/TiO2 composites by two facile hydrothermal methods.
The results show that N-GQDs/TiO2 exhibit excellent photocatalytic performance, and the ability to
degrade MO for cyclic stability. In addition, the photocatalytic activity of N-GQDs/TiO2 is associated
with the content of graphitic N and the higher content, the better of photocatalytic activity. In particular,
it was found that when the amount of ammonia water added was 50 mL and the contents of pyridinic
N and graphitic N were as high as 22.47% and 31.44%, respectively. The photocatalytic performance of
N-GQDs/TiO2-50 reached about 95% in 12 min. This accomplishment may provide a new perspective
for the future study of composities based on N-GQDs.
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