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Graphite carbon nitride (g-C3Ny4) is a promising non-metal photocatalyst for photocatalytic hydrogen pro-
duction, but its performance is still limited due to sluggish charges separation and low utilization of light.
In this work, P-doped and N-doped carbon dots (NCDs) supported g-C3N, were successfully prepared via
hydrothermal and polymerization reactions. The sub-bandgap formed by P-doping enhances the utiliza-
tion of visible light, and the high electron density of P sites is conducive to the trapping of holes. NCDs

Keywords: also improve light utilization and, more importantly, act as electron acceptors and transporters to pro-
g-C3Ny mote electron transport. The built-in electric field formed by the synergy of P-doping and NCDs-loading
N-doped carbon dots greatly promotes the separation of charges. The PCN/NCDs showed a significantly improved hydrogen
P-doping evolution activity of 3731 pmol h~! g~!, which was 6.7 times that of pure carbon nitride (560 pmol

Photocatalyst

. h~1 g-1). This strategy may be generalized to the design of g-C3N4 -based photocatalysts, facilitating the
Hydrogen evolution

separation of charges for enhanced catalytic activity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a clean secondary energy, photocatalytic hydrogen evolution
driven by solar energy is a green technology with great potential
[1,2]. To make this technology sustainable development, low-cost
catalysts need to be developed [3,4]. Since it was reported that g-
C3N4 (CN) can produce hydrogen by photo-splitting water, g-C3Ny
has emerged as a competitive nonmetallic photocatalyst because of
the suitable energy band structure, simple synthesis method, excel-
lent stability, and low toxicity [5-7]. However, the photocatalytic
performance of g-C3Ny is still insufficient due to the low utiliza-
tion of light and rapid surface charge recombination [8,9]. Thus,
various strategies such as precious metals loading, surface mod-
ification, heterojunction construction, element doping, and mor-
phology adjustment have been applied to enhance photocatalytic
water-splitting activity [10-13].

Carbon dots (CDs) have a high development momentum in
the fields of photoelectric conversion and energy catalysis due to
their unique sp2/sp? carbon core structure, rich surface functional
groups and easily tunable electronic structures [14,15]. Incorporat-
ing nitrogen into CDs can optimize their electronic structure to in-
crease photoelectric conversion efficiency or boost electron trans-
port [16,17]. Thus, N-doped CDs (NCDs) in a photocatalytic system
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can act as electron acceptors or transporters, promoting the trans-
fer of generated-electrons to the catalyst surfaces to participate in
catalytic reactions [18,19]. Modification of g-C3N4 with N-doped
CDs improves their photogenerated-electron separation and trans-
fer efficiency [20-23], but few studies have considered hole trans-
fer channels [24,25]. It is foreseeable that the design of cooperative
separation paths for photogenerated electrons and holes can facil-
itate the separation of carriers. The P atom has five valence elec-
trons, and P-doped g-C3N4 is thus an electron-rich system. As the
electron-rich centers of the catalyst, these P sites help the capture
of photogenerated holes [26]. The common doping method is to
use sodium hypophosphite as a phosphorus source, but phosphide
decomposes to form PH3 gas, which is flammable and highly toxic,
leading to safety issues [27,28]. Therefore, a safer synthetic method
needs to be devised to achieve efficient P-doping of g-C3N4/NCDs.

It is supposed that the catalytic activity of g-C3N4 can be
greatly improved by employing NCDs for electron directional sep-
aration and P-doping for hole directional separation. Hence, we
propose a simple method to form a built-in electric field through
the synergistic effect of P-doping and NCDs-loading, which greatly
promotes the separation of charges. The formation of composite
catalyst is illustrated in Fig. 1a. An appropriate amount of NCDs
was mixed with an aqueous urea solution under sonication. The
mixture was freeze-dried to obtain light yellow powders, which
were then calcined to obtain CN/NCDs. CN/NCDs were mixed with
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Fig. 1. (a) The formation diagram of composite catalyst. TEM and HRTEM images: (b) NCDs (inset: HRTEM image, size distribution), (c¢) RPNDs (inset: HRTEM image, size
distribution), (d and e) PCN/NCDs, (f-j) corresponding elemental mapping of the PCN/NCDs composite catalysts.

RPNDs, and PCN/NCDs were obtained after low temperature heat
treatment.

TEM images of the prepared NCDs and RPNDs (Figs. 1b and c)
indicated that they had spherical shape with uniform distribution
and particle size. The average diameters of the NCDs and RPNDs
were 3.3 and 5.8 nm, respectively. HRTEM image (Fig. 1b, inset) il-
lustrated that NCDs had obvious and regular crystal lattice with
an interplanar spacing of 0.21 nm, which is assigned to the (100)
crystal plane of graphite carbon [29]. HRTEM image of RPNDs (Fig.
1c, inset) also exhibited obvious crystal lattice with an interplanar
spacing of 0.34nm, assigned to the (212) crystal plane of mono-
clinic phase phosphorous [30]. The XPS survey spectrum of NCDs
(Fig. S1a in Supporting information) showed three separated peaks
at 285eV, 400eV and 532 eV, which were attributed to C 1s, N 1s,
and O 1s energy levels, respectively. The C 1s spectrum (Fig. S1b
in Supporting information) was deconvoluted into three peaks at
284.8eV, 286.0eV, and 287.6eV, which were assigned to C-C/C=C,
C-N and C-O/C=0 bonds, respectively [31,32]. The N 1s spectrum
(Fig. S1c in Supporting information) exhibited only one peak at
400.4 eV corresponding to the pyrrole-N group [33]. The spectrum
of O 1s (Fig. S1d in Supporting information) can be deconvoluted
into two peaks. The peaks located at 531.6eV and 532.6eV were
assigned to C=0 and C-O bonds, respectively [34].

TEM (Fig. 1d) and SEM images (Figs. S2a-d in Supporting infor-
mation) showed that PCN/NCDs had a sheet-like structure similar
to the CN, which indicated that NCDs-loading and P-doping did not
change the morphology of CN. Some black quantum dots were ob-
served on the composite catalysts (Fig. 1e), demonstrating that the
NCDs were incorporated into the structure network of CN. HRTEM
image of NCDs (Fig. 1e, inset) showed an obvious lattice (0.21 nm)
attributed to the (100) crystal plane of graphite carbon [35]. The
high graphitization degree of NCDs facilitates the rapid transfer
of photogenerated electrons, so as to enhance the catalytic perfor-
mance. Element mapping (Figs. 1f-j) indicated that P element was
dispersed uniformly, which demonstrated the successful doping of
P into the carbon nitride skeleton.

The XRD patterns (Fig. 2a) of all catalysts showed a typical
diffraction peak at 27.5° corresponding to the (002) crystal plane of
CN structure [22], and a weak and small diffraction peak at 13.1°
corresponding to (100) crystal plane of CN structure [36]. The FT-IR
spectra (Fig. 2b) displayed similar absorption peaks, revealing that
the functional groups of CN were remained after NCDs-loading and
P-doping. The absorption peak at 814 cm~! belonged to the bend-
ing vibration of s-triazine [37], and the absorption peaks at 1240,
1316, 1415, 1460, 1576 and 1640 cm~! were attributed to the typ-
ical stretching vibrations of aromatic C-N/C=N heterocyclic com-
pounds [38,39]. The broad absorption peaks at 3000-3500 cm™!
were assigned to -OH/-NH vibration modes, which were caused by
inadequate polymerization of the residual amino groups in the py-
rolysis of urea, or water molecules adsorbed on the catalyst sur-
faces [40].

The C 1s spectra (Fig. 2c) of CN showed three peaks at around
284.8eV, 286.5eV, and 288.2eV, which were attributed to the
graphite carbon (C-C/C=C), C-0/C=0 bonds, and N-C=N bonds, re-
spectively [36,41]. For the PCN catalyst, compared with CN, the
main peak assigned to N-C=N bonds (288.3eV) was shifted by
0.1eV toward a high binding energy direction, indicating that the
electrons were moved towards the P sites. For the CN/NCDs cat-
alyst, the peak of N-C=N bonds (287.5eV) was shifted by 0.7 eV
towards the low binding energy direction, implying that electrons
moved toward s-triazine ring of CN. This may be due to the fact
that the pyrrole-N in the NCDs acts as an electron donor group,
which facilitates the transfer of electrons to the s-triazine ring of
CN. Compared with pure CN, the areas of C 1s peaks assigned
to C-C/C=C bonds (284.8eV) were significantly increased in the
CN/NCDs and PCN/NCDs, largely because the loading of NCDs in-
creased the conjugation degree of the catalyst [42]. The N 1s (Fig.
2d) spectra of CN were separated into two peaks, which were as-
cribed to the C-N=C bonds at 398.5eV, and the tertiary nitrogen
(N-(C)3, 400.4eV) [43]. For the PCN catalyst, the main peak cor-
responding to the C-N=C bonds (398.8eV) was shifted by 0.3eV
towards the high binding energy direction, indicating that the
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Fig. 2. The characterization of composite materials: (a) XRD patterns; (b) FT-IR spectra; XPS spectra of (c) C 1s, (d) N 1s, (e) O 1s, (f) P 2p; (g) UV-vis DRS spectra; (h) band
gap patterns; (i) Mott-Schottky curves; (j) energy-band structures; (k) PL spectra; and (1) EIS Nyquist patterns.

electrons were moved towards the P sites, resulting in negatively
charged P sites. For the CN/NCDs catalyst, the peak of C-N=C bonds
(398.1 eV) was shifted by 0.4eV toward a low binding energy direc-
tion, implying the movement of electrons towards the s-triazine,
resulting in the positive charges of NCDs. After electrons migra-
tion, P-sites (negative) and NCDs-sites (positive) form a built-in
electric field, which accelerates the separation of carriers. For the
PCN/NCDs catalyst, the peak shifts of C 1s (N-C=N at 288.2eV, C-
C/C=C at 284.8eV) and N 1s (C-N=C at 398.6eV) were not ob-
vious compared with CN, which may be the combined result of
the chemical shifts of the peaks in PCN and CN/NCDs. The spectra
of O 1s (Fig. 2e) of all catalysts can be separated into two weak
peaks assigned to the C-O bonds at around 533.3eV and the C=0
bonds at around 531.9eV [44]. In P 2p spectra (Fig. 2f) of PCN and
PCN/NCDs, the peak at around 133.8eV was attributed to the P-
N bonds, which indicated that P replaced C in s-triazine skeleton
[45]. The weak peak at 129.7eV was assigned to the P-P bonds,
which may be due to residual RP nanoparticles [46].

The light absorbance characteristics of all solid samples were
determined by UV-vis DRS (Fig. 2g) with an absorbance range
of 300-800nm. Compared with CN, the PCN, CN/NCDs, and
PCN/NCDs exhibited significantly enhanced absorption intensity,
with a broad tail-like absorbance band from 470nm to 800 nm,
particularly for the PCN/NCDs composites, indicating that the P-
doping and NCDs-loading can greatly improve the utilization of
visible light. In Fig. 2h, the band gaps of CN, PCN, CN/NCDs, and
PCN/NCDs were calculated according to the Tauc-plot method to
be 2.45, 2.43, 2.52, 2.49eV, with sub-bandgaps of 2.42, 2.14, 2.24,
2.02 eV, respectively. The existence of sub-bandgaps increased the
absorption of visible light. In particular, PCN/NCDs exhibited the
smallest sub-band gap, which was consistent with its highest light
absorption ability. In Fig. 2i, the properties of CN, PCN, CN/NCDs,

PCN/NCDs including flat-band (FB) potential, and semiconductor
type were determined by using Mott-Schottky (M-S) plots. The
curves displayed positive slopes, implying that these catalysts were
characteristic of n-type semiconductors with electrons as the main
charge carriers. The intersection of the potential axis and the tan-
gent to the curve reflected the FB potentials of CN, PCN, CN/NCDs,
and PCN/NCDs as —-0.72, —0.74, —0.75, —0.76eV (vs. Ag/AgCl), or
—0.93, —0.95, —0.96, —0.97 eV (vs. NHE), respectively.

Based on the calculated results, the band gap structures of all
catalysts were shown in Fig. 2j. The conduction bands (CB) of
composite catalysts were negative adequately relative to the po-
tential of H*/H, (—0.41eV, NHE) [47], implying that they have a
strong thermodynamic driving force for the protons reduction to
release H,. The charges separation and transport capabilities of
the as-prepared catalysts were measured by PL spectra and EIS
spectroscopy shown in Figs. 2k and 1. The PL intensity of PCN
decreased significantly, implying that the photo-generated carri-
ers were effectively separated, possibly because the holes were
captured by the P sites with high electron density. The PL in-
tensity of CN/NCDs also decreased evidently, which may be ow-
ing to rapid photoexcited-electrons transfer by the NCDs with
high conductivity. The PCN/NCDs catalyst showed the lowest PL
intensity, mainly due to the enhanced synergistic separation of
photo-excited charges by P-doping and NCDs-loading. The P-sites
in PCN/NCDs have high electron density, while NCDs are positively
charged due to the transfer of electrons to CN (based on XPS re-
sults), which can form an internal electric field that promotes sep-
aration of photogenerated charges. The relative size of arc radius
on Nyquist diagram reflects the resistance to the electrons trans-
fer [48]. The transfer resistance of electron-hole pairs followed the
order PCN/NCDs < CN/NCDs < PCN < CN, implying the electrons
transfer efficiency followed in the order PCN/NCDs > CN/NCDs >
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Fig. 3. Photocatalytic hydrogen production performance: (a and b) photocatalytic hydrogen production rate curves (A > 420nm), (c and d) cyclic experiments of PCN/NCDs,
(e) photocatalytic hydrogen production at different wavelength, (f) wavelength-dependent apparent quantum yield (AQY) values and UV-vis DRS of PCN/NCDs.

PCN > CN. The impedance arc radius of PCN/NCDs had the lowest
impedance, meaning that photo-generated charges can be trans-
ferred rapidly, thereby enhancing the catalytic activity.

The photocatalytic hydrogen evolution performance of the as-
prepared catalysts was shown in Figs. 3a-f. The unmodified CN had
an average hydrogen evolution rate of 560 pmol h=! g-! owing
to the low utilization of light and the high recombination proba-
bility of photo-generated charges. The hydrogen evolution perfor-
mance of composite catalysts was significantly improved after P-
doping and NCDs-loading. The hydrogen evolution rates of PCN,
CN/NCDs, and PCN/NCDs were 2447, 3028, and 3731 pmol h~! g1,
which were 4.4, 5.4, and 6.7 times that of bare CN, respectively.
Furthermore, the hydrogen evolution performance of PCN/NCDs re-
mained at 91.2% after four cycles reaction, suggesting its high cat-
alytic stability. The structural stability of PCN/NCDs was further
investigated by SEM, TEM, XRD and XPS characterization of the
recycled PCN/NCDs. As observed in the SEM (Figs. S3a and b in
Supporting information) and TEM images (Figs. S3c and f in Sup-
porting information), the morphology of PCN/NCDs remained un-
changed after the cycling experiments. A number of NCDs nan-
odots (circled in red in Fig. S3g in Supporting information and
confirmed by the HRTEM image of Fig. S3i in Supporting informa-
tion) were uniformly dispersed in the recycled sample, similar to
the fresh catalyst (Figs. S3d and e in Supporting information). The
large nanoparticles (circled in orange in Fig. S3g in Supporting in-
formation) appearing in the recycled PCN/NCDs were Pt nanopar-
ticles (confirmed by HRTEM of Fig. S3h in Supporting informa-
tion), which were the co-catalysts formed by the photo-reduction
of chloroplatinic acid. The XRD patterns (Fig. S4a in Supporting in-
formation) and XPS spectra (Figs. S4b-d in Supporting information)
of PCN/NCDs before and after cycling did not change significantly.
All these results indicate that the structure of the PCN/NCDs cata-
lyst was stable during cycling. The peak areas of C-C and P-P bonds
decreased slightly after cycling (Figs. S4b and d in Supporting in-
formation), implying that there may be a small loss of NCDs and
RPNDs, which may be account for the slight decrease in activity
during cycling. The highest apparent quantum yield (AQY) (Fig. 3f)
of PCN/NCDs was 3.4%, which was achieved at the wavelength of
420nm. In addition, the trend of wavelength-dependent AQY val-
ues was highly consistent with the UV-vis DRS spectrum.

Important microscopic information about the generation, sepa-
ration, capture and recombination of charge carriers in the catalyst

can be obtained by transient photovoltage spectrum (TPV) [49]. As
shown in Fig. 4a, the movement of electrons in catalyst is divided
into three processes: light excitation, charge separation and charge
attenuation. As shown by the TPV curves (Figs. 4b and c), the
transient photocurrent intensity of PCN was significantly enhanced
than that of CN, mainly due to the hole trapping at P sites, which
is favorable for the separation of electrons. The transient photocur-
rent intensity of CN/NCDs was significantly lower than that of CN,
mainly because of the storage and transport of electrons by NCDs.
Therefore, the synergistic effect of P-doping and NCDs-loading can
accelerate the separation of carriers and improve the photocatalytic
activity. Theoretical calculations were undertaken by density func-
tional theory to elucidate the role of P-doping and NCDs-loading in
enhancing light absorption and charges separation. The optimized
structural models and the density of electric states of as-prepared
catalysts are shown in Figs. 4d-k. In general, if the fermi level is in
the range where the density of electronic states value is zero, the
system is a semiconductor or an insulator; if there is a density of
electronic states that crosses the fermi level, the system is a metal
[50]. The density of electronic states for CN (Fig. 4h) showed that
the fermi level was located in the middle of the band gap with
no electron distribution around the fermi level, indicating that CN
had semiconductor properties. Compared with pure CN, PCN had a
narrower band gap at the fermi level (Fig. 4i), and thus had better
light adsorption capacity. The distribution of electronic-states den-
sity at the fermi level indicated that the P-doping optimized the
electronic structure of CN and thus enhanced the electrical con-
ductivity. In CN/NCDs (Fig. 4j), the apparent density of electronic
states crossing fermi levels indicated that the NCDs-loading en-
hanced catalyst conductive properties. It can be seen from PDOS of
PCN/NCDs (Fig. 4k) that, P-doping and NCDs-loading significantly
reduced the energy gap, which was beneficial in improving uti-
lization of light and electronic transition capability. In addition, its
electronic density was the strongest at fermi level, indicating its
highest electrical conductivity, which was consistent with its best
photocatalytic performance.

Based on the above results, a proposed mechanism for the pho-
tocatalytic hydrogen evolution of as-prepared catalyst was illus-
trated in Fig. 4l. The original CN has weak light absorption ability
and a high charge recombination rate, which limits its hydrogen
evolution performance. The sub-bandgap formed by P-doping ob-
viously increases the utilization of light, and the high electron den-
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sity of P sites is conducive to the trapping of holes. Besides, NCDs
have excellent charge-transfer capability, which facilitates the mi-
gration of photo-excited electrons from the s-triazine of CN to the
NCDs. The electrons combine with protons adsorbed on the sur-
faces of NCDs to form atomic hydrogen, which subsequently re-
lease H,. The built-in electric field formed by the synergistic effect
of P-doping and NCDs-loading greatly accelerates the charge carri-
ers separation, and improves the photo-catalytic hydrogen evolu-
tion performance of PCN/NCDs.

In summary, g-C3N4 modified by P-doping and N-doped CDs
was prepared by a simple hydrothermal and calcination treatment.
The PCN/NCDs composite catalyst exhibited superior hydrogen evo-
lution activity of 3731 pmol h=! g1, which was 6.7 times that of
pure CN (560 pmol h~! g=1). This preeminent photocatalytic per-
formance is attributed to its high carrier-separation ability, remark-
able light utilization and excellent conductivity. The sub-bandgap
formed by P-doping obviously enhances the utilization of light, and
the high electron density of P sites is conducive to the trapping
of holes and promotes the separation of carriers. NCDs also im-
prove the utilization of visible light, and more importantly, can
be used as electron acceptors and transporters to promote elec-
tron separation and transport. The built-in electric field formed by

the synergistic effect of P-doping and NCDs-loading greatly accel-
erates the carrier separation, thereby enhancing the performance
of PCN/NCDs photocatalysts. This developed method may be ap-
plied in the rational design of g-C3N4-based photocatalysts with
enhanced catalytic performance.
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