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A B S T R A C T   

Mimicking natural photosynthesis to make solar power into hydrogen energy is widely perceived as a promising 
and sustainable way to alleviate the energy crisis and environmental pollution. However, adding metallic co-
catalysts and even noble metal cocatalysts into carbon nitride-based photocatalysts still seriously restrict the 
practical development of photocatalytic water splitting. To address these issues, we carefully design and 
construct a metal-free photocatalytic system through grafting 0D nitrogen-doped graphene quantum dots (N- 
GQDs) on 2D porous ultrathin carbon nitride (PUCN). The incorporated N-GQDs can act as electron collectors to 
promote the charge separation/transfer on PUCN, and also can extend the photoabsorption region of PUCN. 
Thus, the metal-free N-GQDs/PUCN photocatalyst exhibits a drastically enhanced hydrogen production rate of 
1248 μmol g− 1 h− 1, which fetches up to about 208 times as high as that of PUCN (6 μmol g− 1 h− 1). Notably, the 
photocatalytic performance of N-GQDs/PUCN is close to that of Pt/PUCN with the same cocatalyst amount (1706 
μmol g− 1 h− 1), and metal-free N-GQDs/PUCN photocatalyst outperforms most of the reported carbon nitride- 
based photocatalysts with metallic cocatalysts for photocatalytic water splitting. This work offers new insight 
to construct metal-free carbon nitride-based photocatalysts, which will be beneficial for the practical develop-
ment of photocatalytic water splitting.   

1. Introduction 

With economic growth and environmental challenges, it is necessary 
and urgent to develop sustainable energy for easing energy shortages [1, 
2]. Solar power, a sustainable and clean energy source, has attracted 
much attention since the 1970s [3]. Photocatalytic water splitting into 
hydrogen energy is considered as a most potential strategy for energy 
conversion [4,5]. After unremitting efforts, researchers have designed 
and developed a series of semiconductor photocatalysts [6,7]. However, 
the poor solar-to-hydrogen conversion efficiency of semiconductor 
photocatalysts seriously restricts the practical development of photo-
catalytic water splitting, which is due to the poor charge separation/-
transfer efficiency, light-harvesting capability and surface reactions [8, 
9]. Therefore, the development of high performing photocatalysts is 
necessary to meet this challenge [10,11]. In recent years, carbon nitride 

(g-C3N4) quite gets solicitude for photocatalytic water splitting owing to 
its excellent physical properties and adjustable composition/morpho-
logy/chemical structure [12–14]. Unfortunately, most carbon 
nitride-based photocatalysts limited by the low light utilization effi-
ciency (λ < 470 nm), the tardy rate of charge transfer from the inside 
phase to the surface, and limited active sites [15,16]. Various strategies 
of crystallinity engineering, defect engineering, morphology control, 
heterojunction construction and element doping have been developed to 
achieve efficient photocatalytic water splitting of carbon nitride-based 
photocatalysts [17,18]. In particular, 2D porous ultrathin carbon 
nitride (PUCN) possesses stronger redox capacity to increase the catalyst 
performance than bulk g-C3N4 due to the strong quantum effect [19,20]. 
The unique morphology of PUCN has a larger specific surface, which is 
beneficial to accelerate surface oxidation-reduction reactions. Although 
the creation of ultrathin and porous structure can exhibit high hydrogen 
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evolution rate, the carbon nitride-based photocatalytic water splitting 
still needs noble metals (for instance Pd, Ag, Pt, and Au) cocatalyst [21]. 
Noble metals with a large work function can form schottky barrier with 
g-C3N4, which not only can be regarded as an excellent electron capture 
trap to accelerate the electron transfer process, but also can effectively 
reduce the energy barrier of hydrogen evolution reaction [22]. How-
ever, high price and scarcity of precious metal limit their widespread 
use, massive efforts has been carried out to develop noble-metal-free 
cocatalysts for high-performance photocatalytic water splitting [23]. 

Recently, earth-abundant transition metals (for instance Cu, Ni, Co, 
and Fe), transition-metal-based cocatalysts and nanocarbon-based sub-
stances have been widely used to substitute the noble metals cocatalyst 
for photocatalytic water splitting [24–26]. Among them, graphene 
quantum dots (GQDs) are late-stage 0D luminescent nanomaterials in 
the nanocarbon-based substances with sizes smaller than 10 nm [27]. 
They are widely used because of their good electronic properties, water 

solubility, unique properties of non-toxicity and intense photo-
luminescence, while are attracting more and more attention in the field 
of photocatalytic water splitting [28]. Doping is an significant method 
to optimize the energy band structure and optical properties of GQDs 
[29]. Due to the abundant amino groups as ionic groups, 
nitrogen-doped GQDs (N-GQDs) possess better visible light absorption, 
electrical conductivity and abundant edge activity sites than GQDs [29]. 
Their inherent conjugated π structure not only provides good electron 
storage and transfer, but also promotes hybridization with other semi-
conductors. It is expected that the introduction of N-CQDs as 
noble-metal-free cocatalyst can accelerate charge migration between 
semiconductors and enhance the separation of space charge carriers. 
This offered a new possibility for the development of hybrid nano-
materials with high photocatalytic activity. Chen and co-workers 
employed N-CQDs co-catalysts to realize the efficient charge separa-
tion of BiO2− x nanosheets [30]. Recently, N-CQDs co-catalysts were 

Fig. 1. (a) Schematic illustration for the preparation of N-GQDs/PUCN. (b) SEM image of 2 wt% N-GQDs/PUCN. (c-d) TEM images of 2 wt% N-GQDs/PUCN. (e) 
HRTEM images of N-GQDs/PUCN. (f-j) EDS elemental mappings of 2 wt% N-GQDs/PUCN. 
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introduced into a series of semiconductor photocatalysts for achieving 
excellent hydrogen evolution performance [27]. To this end, direct 
anchoring 0D N-CQDs onto 2D PUCN should be an alternative approach 
to form cost-effective photocatalytic system for water splitting. 

In this work, metal-free N-GQDs/PUCN photocatalysts based on 0D 
N-CQDs anchored on 2D PUCN for photocatalytic water splitting is 
successfully constructed, which considerably enhances the photo-
catalytic performance of PUCN. Detailed characterization studies show 
that the N-GQDs/PUCN photocatalyst has several advantages. First of 
all, the intimate interfacial contact between N-GQDs and PUCN is 
conducive to the formation of high-quality interfaces, which can accel-
erate the charge separation/transfer. Secondly, the incorporated N- 
GQDs can be acted as co-catalyst, which is beneficial to charge separa-
tion/transfer and also broaden the light absorption range of PUCN. 
Among them, the 2 wt% N-GQDs/PUCN has the best photocatalytic 
activity, the hydrogen generation rate of 1248 μmol g− 1 h− 1, which 
fetches up to about 208 times as high as that of PUCN. Significantly, the 
photocatalytic performance of N-GQDs/PUCN is close to that of Pt/ 
PUCN (1706 μmol g− 1 h− 1), which signifies N-GQDs can be used to 
substitute the noble metals cocatalyst for photocatalytic water splitting. 

2. Results and discussion 

As illustrated in Fig. 1a, N-GQDs were successfully loaded on the 
surface of PUCN by a solvothermal method to prepare metal-free N- 
GQDs/PUCN photocatalyst. Scanning electron microscope (SEM), 
element mapping, transmission electron microscope (TEM) and high- 
resolution TEM (HRTEM) were utilized to investigate the morphology 
and composition of 2 wt% N-GQDs/PUCN (Fig. 1b-j). SEM and TEM 
images (Fig. 1b,c) show that PUCN possesses a porous ultrathin struc-
ture. This is mainly because during the preparation of PUCN, hydro-
chloric acid (HCl) and ammonia (NH3) escape and corrode the porous 
channels on the surface of PUCN, resulting in the formation of porous 
ultrathin structure. It can be seen from the TEM image (Fig. 1d,e) that N- 
GQDs are spread over the surface of PUCN, and its average size range is 

about 5–8 nm. The HRTEM image (Fig. 1f) clearly shows the crystal 
structure of the N-GQDs with lattice spacing of 0.22 nm, corresponding 
to the (100) lattice plane of a crystalline graphitic structure [31]. The 
element mapping images show that the surface of 2 wt% N-GQDs/PUCN 
photocatalyst is evenly distributed with C and N element (Fig. 1g-j). The 
crystal and chemical structures of PUCN and N-GQDs/PUCN were 
analyzed by X-ray diffraction (XRD) characterization. XRD pattern of 
PUCN (Fig. 2a) obviously shows a strong diffraction peak at 
27.3◦correspond to the (002) crystal plane of typical graphite interlayer, 
which belongs to the in-plane stacked diffraction peaks of g-C3N4 [32]. 
The diffraction patterns of N-GQDs/PUCN are similar to that of PUCN, 
manifesting that the introduction of N-GQDs has minimal impact on the 
chemical structure of PUCN. Fourier transform infrared spectroscopy 
(FT-IR) characterization can further verify the chemical structure of 
N-GQDs/PUCN (Fig. S1). The broad peaks range from 3000 to 3600 
cm− 1 are allocated to the stretching vibrations of the N-H bond of the 
amine group and the O-H bond of the hydroxyl group and the residual 
absorbed H2O [33]. Meanwhile, the peaks from 1200 to 1700 cm− 1 are 
belonging to C-N and heterocycles, and the peak at 807 cm− 1 are the 
breathing vibration modes of tri-s-triazine unites [34,35]. The above 
information shows that the basic crystal structure of PUCN is not broken 
after the introduction of N-GQDs. The successful introduction of N-GQDs 
can be further verified by the Raman spectrum (Fig. 2b), two typical 
peaks at 1586 cm− 1 and 1344 cm− 1 are observed, which are assigned to 
the crystalline G band and the disordered D band of N-GQDs, respec-
tively [31,36–38]. The above two weak peaks can also be found in 
N-GQDs/PUCN, this is probably due to the small doping amount of 
N-GQDs. X-ray photoelectron spectroscopy (XPS) spectra can dissect the 
element composition of PUCN and 2 wt% N-GQDs/PUCN (Figs. 2c,d and 
S2). XPS survey spectra show three signals at 288.0, 399.0 and 532.0 eV, 
which belong to C 1s, N 1s, and O 1s, respectively (Fig. S2c). The 
observation of O 1s in the PUCN and 2 wt% N-GQDs/PUCN is largely 
thanks to the adsorbed water on the surface [39]. The C 1s 
high-resolution spectra of PUCN (Fig. 2c) shows three peaks are posi-
tioned at 284.3, 286.1 and 287.7 eV belong to C-C, C-NH2 and N-C-N2, 

Fig. 2. (a) XRD patterns and (b) Raman spectra of PUCN and N-GQDs/PUCN. XPS spectra of PUCN and 2 wt% N-GQDs/PUCN: (c) C 1s and (d) N 1s.  
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respectively [40,41]. Similar C species are also resolved by C 1s 
high-resolution spectra of 2 wt% N-GQDs/PUCN, indicating the incor-
porated N-GQDs do not change the coordination environment of PUCN. 
In Fig. 2d, the high-resolution N 1s spectra of 2 wt% N-GQDs/PUCN 
match well with that of PUCN due to the low ratio of N-GQDs. Specif-
ically, the high-resolution N 1s spectra shows four peaks at about 398.2 
(N1), 399.7 (N2), 400.7 (N3), and 404.0 eV (N4), corresponding to 
sp2-hybridized N in the triazine ring (C––N-C), tertiary N group (N-C3), 
amino group (C-N-H), and π electronic excitation, respectively [42]. The 
results of HRTEM, XRD, FT-IR, Raman spectrum and XPS spectra 
together confirm that the N-GQDs really exist in the N-GQDs/PUCN 
photocatalyst, and the incorporated N-GQDs cause no structural damage 
of PUCN. 

As presented in Fig. 3a, the hydrogen evolution performance of 
PUCN and N-GQDs/PUCN were measured under visible light 
(λ ≥ 400 nm) irradiation. PUCN has a low photocatalytic hydrogen 
production rate of 6 μmol g− 1 h− 1. With the introduction of N-GQDs, the 
composite materials significantly increased the catalytic performance. 
The hydrogen evolution of 1 wt%, 2 wt%, and 3 wt% N-GQDs/PUCN 
reached as 411, 1248, and 529 μmol g− 1 h− 1. The optimal loading ratio 
of 2 wt% N-GQDs/PUCN was about 208 times comparable to PUCN. It 
proved that the incorporation of N-GQDs can act as noble-metal-free 
cocatalysts to promote the photocatalytic hydrogen evolution reaction 
obviously. However, when further increasing N-GQDs/PUCN ratio to 
3 wt%, the photocatalytic activity of N-GQDs/PUCN is lowered to some 
extent. That may be due to the excess N-GQDs would lead to the light 
shielding effect in N-GQDs/PUCN composite, resulting in a certain 
deactivation of light adsorption capability [43]. Meanwhile, the pho-
tocatalytic stability of 2 wt% N-GQDs/PUCN is investigated by cycling 
experiment under visible light irradiation. As shown in Fig. 3b, after 5 
cycles, the activity of the 2 wt% N-GQDs/PUCN only shows slight de-
clines due to the consumption of triethanolamine (TEOA) [44], and the 
XRD, FT-IR and HRTEM data (Figs. 3c, S3 and S4) of 2 wt% 
N-GQDs/PUCN has not changed obviously, indicating that 
N-GQDs/PUCN has good stability [45,46]. The apparent quantum 

efficiency (AQE) trend line shows an agreement with the UV–visible 
absorption spectra, its corresponding value of 2 wt% N-GQDs/PUCN 
with central wavelengths of 405 and 420 nm are 11.5% and 0.9% 
(Fig. 3d and table S1). Therefore, the above results demonstrate that the 
metal-free N-GQDs/PUCN is a promising and efficient photocatalyst. 

The optical properties of PUCN and N-GQDs/PUCN were explored in 
depth by UV–visible absorption spectra (Fig. 4a). The PUCN presents a 
clear absorption edge at ca. 460 nm, and the introduction of N-GQDs 
leads to a significant growth of the light absorption within the visible 
range, which results in an enhanced utilization of visible light [47]. This 
can help to generate a large number of carriers to participate in the 
photocatalytic reduction reaction [48]. To further explore the carrier 
separation/transfer behavior of N-GQDs/PUCN, steady-state photo-
luminescence (PL), photocurrent, and electrochemical impedance (EIS) 
tests were carried out. The PL spectra (Fig. 4b) were obtained by excited 
at 460 nm and the strong emission peaks was observed in PUCN and 
N-GQDs/PUCN. Compared with PUCN, the fluorescence intensity of 
2 wt% N-GQDs/PUCN was significantly decreased, which suggests that 
the introduction of N-GQDs increased the carrier separation efficiency 
[49]. This is because the incorporated N-GQDs can efficiently extract 
electrons from PUCN to promote the charge separation/transfer. 
Correspondingly, the photocurrent test results in Fig. 4c. Compared with 
PUCN, the photocurrent intensity of 1 wt%, 2 wt%, and 3 wt% 
N-GQDs/PUCN in 0.1 M phosphate buffer (pH = 7.0) are improved to a 
certain extent, which indicates a faster carrier separation/transfer per-
formance [50,51]. It is proved that N-GQDs plays an important role in 
electron transport paths. The results of EIS were measured in 0.1 M 
phosphate buffer and 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (pH = 7.0), 
which were presented in EIS Nyquist plots (Fig. 4d). Compared with 
PUCN, the charge transfer resistance of 1 wt%, 2 wt%, and 3 wt% 
N-GQDs/PUCN are lower, which suggests the beneficial charge trans-
portation in N-GQDs/PUCN by the intimate interfacial contact between 
N-GQDs and PUCN [52–54]. It is consistent with the result that the 
implantation of N-GQDs can reduce the charge transfer barrier and in-
crease the charge density of PUCN. 

Fig. 3. (a) Photocatalytic hydrogen evolution over PUCN and N-GQDs/PUCN. (b) Photocatalytic stability of 2 wt% N-GQDs/PUCN. (c) XRD spectra of 2 wt% N- 
GQDs/PUCN before and after photocatalytic reaction. (d) AQE of 2 wt% N-GQDs/PUCN with different monochromatic wavelengths. 
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To understand the band structure of GQDs/PUCN, the bandgaps 
values of PUCN is estimated to be 2.87 eV according to Kubelka-Munk 
function in Fig. 5a. The valence band (VB) are recorded to determine 
the position of PUCN, which is about 1.67 V (Fig. 5b). Therefore, the VB 
potential of PUCN is more negative than the reduction potential of H+/ 
H2 (0 V vs. NHE), which thermodynamically favors hydrogen evolution 
reaction. As displayed in Fig. 5c, the flat-band potential of PUCN is 
measured by the Mott-Schottky plots, which is determined to be 
− 1.20 V [55]. The conduction band (CB) potential of PUCN can be 
nearly equal to the flat-band potential of PUCN because g-C3N4 is a 
n-type semiconductor, so the CB potential of PUCN is − 1.20 V (vs. 
NHE).[49] The photocatalytic mechanism of metal-free N-GQDs/PUCN 
photocatalyst was proposed in Fig. 6. Under simulated sunlight, the 
electrons in the VB of PUCN are excited and transferred to CB of PUCN, 
along with the remaining holes in the VB of PUCN. Then, the incorpo-
rated N-GQDs can be acted as electron collectors to extract electrons 
from PUCN, thus facilitating the transfer of photogenerated electrons 
across the dense interface from PUCN to N-GQDs. Finally, N-GQDs play 
the role of guiding electrons to participate in the hydrogen generation 
reaction. 

3. Conclusions 

In summary, we develop a metal-free N-GQDs/PUCN photocatalyst 
composed of low-content dispersed 0D N-GQDs onto 2D PUCN. The as- 
prepared N-GQDs/PUCN displays good photocatalytic hydrogen evolu-
tion activity (1248 μmol g− 1 h− 1), which is every bit a peer to the same 
amount of Pt/PUCN. The greatly raised photocatalytic performance of 
N-GQDs/PUCN profits from the enhanced light efficiency and the 
accelerated charge separation/transfer by the incorporated metal-free 
cocatalyst N-GQDs. The present metal-free system shows the great po-
tential on the optimization of photocatalytic hydrogen evolution activity 
via implanting metal-free cocatalyst onto the surface of g-C3N4, 
providing new ideas for the rational design of metal-free carbon nitride- 
based photocatalysts. 
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