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a b s t r a c t

Achieving a high carrier migration efficiency by constructing built-in electric field is one of the promising

approaches for promoting photocatalytic activity. Herein, we have designed a donor-acceptor (D-A) crys-

talline carbon nitride (APMCN) with 4-amino-2,6-dihydroxypyrimidine (AP) as electron donor, in which

the pyrimidine ring was well embedded in the heptazine ring via hydrogen-bonding effect during hy-

drothermal process. The APMCN shows superior charge-transfer due to giant built-in electric field (5.94

times higher than pristine carbon nitride), thereby exhibiting excellent photocatalytic H2 evolution rate

(1350 μmol/h) with a high AQY (62.8%) at 400nm. Mechanistic analysis based on detailed experimental

investigation together with theoretical analysis reveals that the excellent photocatalytic activity is at-

tributed to the promoted charge separation by the giant internal electric field originated from the D–A

structure.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The production of hydrogen (H2) by absorbing solar light

through an efficient photocatalyst is an ideal goal of renewable

energy conversion [1]. However, the design of stable, efficient and

low-cost photocatalysis remains as a huge challenge [2,3]. An ideal

photocatalyst contains three important conditions: proper band

gap, high carrier mobility and long carrier lifetime, which are

currently limited for most semiconductor photocatalysts [4,5]. Re-

cently, conjugated organic materials have attracted great attention

due to their abundant element resource, good visible-light absorp-

tion, and extensive structural versatility and tunability [6]. Addi-

tionally, the diverse chemical bonds and unique chemical groups

exhibit excellent advantages, resulting in a wide application in so-

lar energy utilization, especially organic solar cells and photocatal-

ysis [7,8].

To date, many conjugated organic materials have excellent ex-

pansion and application in photocatalysis. Among them, the most

representative is polymeric carbon nitride (PCN) reported by Wang

et al. in 2009 [9]. Generally, PCN has two highly symmetrical pla-

nar structures: triazine ring and heptazine ring, which is a key rea-

son for insufficient photocatalytic efficiency. In addition, the low
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carrier-separation rate and weak light-absorption ability are also

two other key reasons.

Searching a suitable method to improve the carrier-separation

rate and light-absorption capacity of PCN is necessary for achiev-

ing efficient photocatalytic performance. In response to this, peer

researchers focused on the crystallization of PCN or the introduc-

tion of electron transfer media [7,10,11]. Based on this, building a

donor-acceptor (D-A) structure in crystalline PCN may be an ex-

cellent means to enhance the activity of photocatalytic H2 pro-

duction. The built-in electric field is formed between the electron-

rich donor and the electron-deficient acceptor due to the poten-

tial difference, which would result in facile exciton dissociation.

Che et al. previously reported a UCN-BI400 D-A structure, achiev-

ing a superior photocatalytic H2 production [12]. Additionally, the

introduction of D-A structure will enhance orbital interactions, de-

gree of π-conjugation and the absorption of visible light, which

are all conducive to the photocatalytic reaction [13,14]. Lu et al.

established a TKCN D-A structure, realizing a light response up to

700nm [15]. It has been proved that the D-A structure can regu-

late the built-in electric field and energy band of PCN, while most

of previous reports focus on direct thermal condensation methods,

which are difficult to modulate the in-plane structure of D-A sys-

tem, thus greatly limiting the charge-separation efficiency.

https://doi.org/10.1016/j.cclet.2023.109252
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Fig. 1. (a) FT-IR spectrum of CN, CCN, MCCN and 160APMCN. (b) XRD patterns of CN, CCN, MCCN and 160APMCN. (c) 13C NMR of CN, CCN, MCCN and 160APMCN. (d) 1H

NMR of CN, CCN, MCCN and 160APMCN. (e) C 1s XPS of CN, CCN, MCCN and 160APMCN. (f) SEM of 160APMCN. (g) TEM of 160APMCN. (h) HRTEM of 160APMCN.

Herein, we have designed a D-A structured crystalline car-

bon nitride (APMCN) photocatalyst for H2 production by embed-

ding 4-amino-2,6-dihydroxypyrimidine (AP) as electron donor. Hy-

droxyl groups in AP could facilitate hydrogen bonds combined with

melamine, which could lead to the retention of heptazine ring

structure in PCN while retaining the structure stability. Moreover,

the unique electron-donating properties of AP embedded in the

heptazine ring could help to form an in-plane built-in electric field

in D-A structure, thus providing enlarged driving force for the spa-

tial separation of photogenerated charge-carrier.

As shown in Fourier transform infrared (FT-IR) spectra of

Figs. S1 and S2 (Supporting information), AP-embedded super-

molecules precursor (AMC) and super-molecules precursor (MC)

formed relatively strong hydrogen-bond characteristic peak at

2000–3500 cm−1, which indicates the formation of supramolec-

ular structure due to strong hydrogen bond during hydrother-

mal process [16]. The peak difference of AMC and MC at 2100–

3600 cm−1 indicates successful synthesis of AP-modified super-

molecules. Through the comparison of X-ray diffraction (XRD) pat-

terns (Fig. S3 in Supporting information), it was found that a

melamine-cyanuric acid structure was formed and introduction of

AP did not change the configuration [16,17]. Subsequently, crys-

talline carbon nitride (MCCN) was obtained by thermally condens-

ing super-molecules precursors by eutectic salts method. From Fig.

1a, 160APMCN and MCCN contain out-of-plane bending vibration

of heptazine rings and ν(C–NH–C) and ν(C≡N) stretching vibra-

tions characteristic peak at 810 cm−1 and a fingerprint region

between 1200 cm−1 and 1700 cm−1 [18,19]. Poly(triazine imide)

(CCN) contains similar three characteristic peak at 810 cm−1 and

a fingerprint region between 1200 cm−1 and 1700 cm−1, which

are attributed to ring sextant out of plane bending, ν(C–NH–C) and
ν(C≡N) stretching vibrations respectively [18,19]. Notably, the sig-

nal of the heptazine ring is weakened in 160AMC compared to

MC due to the introduction of AP. Moreover, by comparing FT-

IR spectrum of MC, 160APMCN and 240APMCN (Fig. S4 in Sup-

porting information), it can be found that there is a change be-

tween 2500 cm−1 and 3650 cm−1, which points to the pres-

ence of O–H and C–H. From Fig. 1b, the XRD patterns of APMCN

presents a stronger diffraction peak at 28.2° than MCCN, which

may be caused by the intercalation of K+. This could narrow the

interlayer distances, facilitating polarization and charge transfer

among the neighboring layers. And CNN presents a poly(triazine

imide) (PTI) phase [20]. These results show pyrimidine-modified

heptazine-based crystalline carbon nitride are successfully synthe-

sized as APMCN.

In addition, nuclear magnetic resonance (NMR) and X-ray pho-

toelectron spectroscopy (XPS) were performed to further define

the final structure. From Fig. 1c, the signals of 13C NMR at 165

and 157ppm can be detected in CN (bulk carbon nitride from di-

rect calculation of melamine), CCN, MCCN and 160APMCN, which

attributed to CN2-(NHx) and C–N3 moieties, respectively [21,22].

The peak at 168ppm may be attributed to C species adjacent to

non-protonated ring N atoms. For CCN, the intensity of peak at

157ppm is weaker than other samples, which suggests CCN is a

poly(triazine imide) structure. The characteristic peaks of MCCN

and 160APMCN are basically the same, because the sensitivity of
13C NMR is relatively low, and weak changes cannot be detected.

Therefore, to demonstrate the intercalation of AP, the 1H NMR is

presented in Fig. 1d, in which peak Ⅰ and peak Ⅱ represent –NHx

in the carbon nitride structure. 160APMCN exhibits a peak Ⅲ in
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Fig. 2. (a) Hydrogen evolution rate of samples under AM 1.5G (20mg, 20%TEOA).

(b) Comparison of hydrogen production rates of different samples. (c) The AQY of

different mass of 160APMCN (20% TEOA (80mL), 3% Pt, and 400nm). (d) Long tests

of photocatalytic H2 production in 160APMCN (20mg photocatalyst, AM 1.5G, and

3% Pt).

a relatively large chemical shift, which could be attributed to the

–CH introduced by AP intercalation. XPS survey spectrum and in-

ductively coupled plasma mass spectrometer (Fig. S5 and Table

S6 in Supporting information) verifies intercalation of K+ in crys-

talline carbon nitride, which would improve charge-transfer capac-

ity due to the formation of K+ bridge [23]. C 1s XPS (Fig. 1e) shows

that the crystalline carbon nitride has a weak –C≡N peak signal at

286.4 eV in addition to the N–C=N and aromatic carbon at 288.1

and 284.8 eV compared to CN [24]. Notably, due to the introduc-

tion of the pyrimidine ring, both the number of aromatic carbons

and C–N=N are increased (Tables S1 and S2 in Supporting infor-

mation).

Scanning electron microscopy (SEM) and Transmission electron

microscopy (TEM) were performed to observe microscopic mor-

phology of samples. CN appears as sheet-assembled bulk of dif-

ferent sizes (Fig. S6a in Supporting information). The morphology

of CCN (Fig. S6b in Supporting information) formed by melamine

reacting with the eutectic salt did not change greatly, but a large

part became bundle-like. However, the super-molecules after the

hydrothermal reaction were thermally polycondensation with the

eutectic salt to form a stamen-like morphology (Fig. S6c in Sup-

porting information). For 160APMCN (Fig. 1f and Fig. S6d in Sup-

porting information), the embedding of AP makes the morphology

size smaller than MCCN. Similar results also appeared on TEM im-

ages (Fig. 1g), in which 160APMCN presents a bundle-like stack-

ing structure while CN is a typical lamellar structure. According to

HRTEM (Fig. 1h), the lattice fringe of 160APMCN is approximately

0.72nm, indicating that D-A crystalline carbon nitride is success-

fully synthesized.

H2 evolution tests were carried out to evaluate the photocat-

alytic performance. As shown in Figs. 2a and b and Fig. S7 (Sup-

porting information), after reacting with eutectic salts, the H2 pro-

duction rate of CCN and MCCN gradually increased, and was about

1.91 times (11.57 μmol/h) and 8.09 times (48.97 μmol/h) higher

than that of CN (6.05 μmol/h), respectively. Notably, after intro-

ducing AP on MCCN, the H2 production activity of APMCN sig-

nificantly increased. The highest H2 evolution rate reached 183.6

μmol/h, which was about 30.34 times that of CN. More details can

be seen in Fig. S8 (Supporting information). According to the re-

sults of Brunner-Emmet-Teller surface area (Fig. S9 and Table S3 in

Supporting information), compared with CN (5.9 m2/g), CCN has

the largest specific surface area (49.1 m2/g), and the specific sur-

face area of MCCN (8.6 m2/g) and APMCN (12.8 m2/g) does not

change significantly. Thus, the efficient photocatalytic H2 produc-

tion rates of CCN and MCCN may be mainly caused by enhance-

ment of carrier separation efficiency. In addition, the O2 evolution

activity and overall water splitting activity were given in Figs. S10

and S11 (Supporting information). 160APMCN also exhibits a bet-

ter activity. To distinguish the activity of introduced AP in different

structures, carbon nitride from thermally condensation reaction

with eutectic salts by using precursors with different mass ratios

to prepare triazine and triazine-heptazine CN (denoted as APCN,

APTH and THCN, the relevant data is in Figs. S12 and S13 (Support-

ing information). From Fig. 2b and Fig. S14 (Supporting informa-

tion), the H2 yield of APCN, THCN and APTH reached 39.55, 54.53

and 136.28 μmol/h, respectively, which is 6.5, 9.0 and 22.53 times

than CN. This indicates that introduction of AP in triazine, triazine-

heptazine and heptazine can promote catalytic activity, and it also

proves that the common modification of D-A structure is most con-

ducive to promoting the evolution of H2.

In addition, mass of photocatalyst was optimized and the un-

derlined role of sacrificial agent was investigated. From Fig. 2c

and Fig. S15a (Supporting information), when the catalyst amount

reaches 300mg, the highest hydrogen production can be achieved,

reaching 1350 μmol/h. The corresponding AQY at 400nm can reach

62.8%. Compared with other sacrificial agent (Fig. S15a), the photo-

catalytic H2 production exhibits higher in triethanolamine (TEOA).

According to Fig. S15c and Table S4 (Supporting information),

APMCN still has good photocatalytic performance under illumina-

tion of λ > 500nm, which is because the supramolecular struc-

ture after hydrothermal has a higher conjugation. Meanwhile, the

sustained hydrogen production capability of APMCN was evaluated

by multiple cycle and 24h long tests hydrogen production experi-

ments (Fig. 2d and Fig. S15d in Supporting information). After four

cycles or 24h long tests, the activity of APMCN still remained high

photocatalytic activity, which indicated that APMCN maintained a

good stability. Finally, we also compared the photocatalytic H2 pro-

duction activity of 160APMCN and other recently reported crys-

talline carbon nitride-based materials (Table S7 in Supporting in-

formation). 160APMCN exhibits an excellent performance with a

relatively high H2 production activity.

In view of the excellent performance of the photocatalyst, in-

vestigation on the factors affecting the activity is further con-

ducted. An ideal photocatalyst needs a strong light absorption

capacity, based on which a higher solar energy conversion effi-

ciency could be possible [25,26]. As shown in Fig. 3a and Fig. S16

(Supporting information), the light absorption ability of heptazine-

based crystalline carbon nitride generated by the reaction of

supramolecular precursors is significantly enhanced. Due to the

formation of super-molecules, the enhancement of conjugation de-

gree in MCCN and APMCN make their absorption band edges red-

shifted [16,27,28]. Similarly, this also explains why 160APMCN has

stronger UV absorption ability than MCCN. The band edges of

MCCN and 160APMCN are basically unchanged, because AP em-

bedding does not significantly increase the C/N ratio of APMCN.

In addition, the energy band positions of catalysts are also crucial

in photocatalytic reactions. According to the Mott-Schottky plots

(Fig. S17 in Supporting information), the slope of samples is pos-

itive, which demonstrate the n-type semiconductor characteristics

of samples. For n-type semiconductors, the potential of conduction

band minimum (CBM) is approximately equal to the as-estimated

flat-band potential [29]. Thus, CBM potential of CN, CCN, MCCN

and 160APMCN can be obtained. 160APMCN has a more positive

CB (−0.83 eV), which could greatly increase electron transmission

kinetics. Therefore, combining UV–vis and Mott-Schottky, a com-
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Fig. 3. (a) UV–vis spectra and (b) band positions of CN, CCN, MCCN and 160APMCN. (c) Geometric structures of CN (left) and APMCN (right). (d, e) The VBM and CBM states

of CN and APMCN. (f) Electrochemical impedance spectroscopy, (g) steady-state PL spectra and (h) TR-PL of CN, CCN, MCCN and 160APMCN.

parison of the band structures of the samples here is given in

Fig. 3b. In addition, first principle calculation based on the den-

sity functional theory (DFT) was carried out. The model structure

is shown in Fig. 3c, and more details can be found in Fig. S18 (Sup-

porting information). According to the energy band structure and

density of states in Fig. S18, the introduction of AP makes more in-

termediate energy levels appear in both conduction band and va-

lence band of APMCN. Besides the C 2p and N 2p orbitals, O 2p or-

bitals appear in both the conduction and valence bands of APMCN,

which are attributed to the intercalation of AP and the eutectic salt

reaction, while K+ ions are not directly involved in the formation

of band edge electric states. In addition, the establishment of the

D-A system makes the valence band maximum (VBM) and CBM

state distributions in APMCN more dispersed and localized on dif-

ferent melon chains. Specifically, VBM is mainly distributed around

pyrimidine-ring, while CBM is located on melon chains without

pyrimidine-ring (Figs. 3d and e).

Electrochemical impedance spectroscopy (EIS), fluorescence

emission and time-resolved photoluminescence (TR-PL) were car-

ried out to investigate the behavior of photogenerated carriers. For

EIS, it represents the charge transfer resistance of catalysts. The

smaller the radius of arc, the smaller the resistance. Obviously, the

arc radius of 160APMCN is smallest among samples (Fig. 3f), indi-

cating introduction of AP is beneficial to reduce the charge transfer

resistance [30]. The decreased charge transfer resistance is positive

for charge transfer of catalysts. The fluorescence emission inten-

sity is determined by the electron-hole pair recombination, and the

stronger the recombination, the greater the intensity. As shown in

Fig. 3g, the highly symmetrical structure of CN seriously hampers

its internal charge transfer, so that an obvious fluorescence signal

at 470nm is found. By thermal condensation with eutectic salts,

the formation of poly(triazine amide) structure and the high crys-

tallinity can alleviate the carries separation efficiency to a certain

extent, hence the signal intensity of CCN decreases [18,31,32]. In

addition, the signal intensities of MCCN and 160APMCN are weak,

which shows that replacing melamine with super-molecular pre-

cursors and thermal polycondensation of eutectic salts further en-

hances the carrier migration due to the increased degree of con-

jugation and the complexity of the molecular structure. The signal

intensity of 160APMCN is weaker than MCCN, which is mainly as-

cribe to the formation of D-A structure upon introducing AP, lead-

ing to the accelerated separation of carriers. Finally, the TR-PL was

carried out (Fig. 3h). Generally, TR-PL was used to study the trans-

port and quenching mechanism of photogenerated excitons. The

average fluorescence lifetime represents the time it takes for an

exciton to fall from an excited state to a steady state after stop-

ping excitation [16]. The average fluorescence lifetime of CN, CCN,

MCCN and 160APMCN are 12.82, 10.46, 9.63 and 9.06ns, respec-

tively, suggesting that the electron transport ability of APMCN is

stronger than CN. More detailed data can be found in Table S8

(Supporting information).

For carries separation, kinetic factors are another very impor-

tant point. From the electron distribution diagram in Fig. 4a, it can

be seen that the introduction of the pyridine ring makes the elec-

tron cloud more concentrated on the C atom on the pyridine ring,

which results in a potential difference in the melon chain with or

without pyrimidine rings. Such distinct electron densities at dif-

ferent sites can induce the generation of built-in electric field be-

tween the melon chains with or without pyrimidine rings. Accord-

ing to the plane charge density calculated in Fig. 4b, APMCN has a

larger difference between positive and negative charge densities,

which can roughly be assumed that APMCN has a larger built-

in electric field intensity. Moreover, the built-in electric field in-

tensity is positively depended on the zeta potential and the sur-
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Fig. 4. (a) The electrostatic potential distribution of CN, CCN, MCCN and APMCN. (b) The planar average density (e/Å) of CN, CCN, MCCN and APMCN. (c) The zeta potential

of CN, CCN, MCCN and 160APMCN. (d) The surface potential and (e) the built-in electric field intensity of CN, CCN, MCCN and 160APMCN.

face potential [33,34]. As shown in Fig. 4c and Table S5 (Sup-

porting information), the absolute value of APMCN zeta poten-

tial (−49.3mV) is the largest than the rest of the samples (CN:

−27mV; CCN: −44.7mV and MCCN: −44.0mV). And according to

the surface potential measured by atomic force microscopy with a

Kelvin probe (Fig. 4d), it can be seen that the surface potential of

APMCN (�E=67.2mV) is higher than that of CN (�E=38.9mV)

and MCCN (�E=42.5mV). The corresponding potential curve is

provided in Fig. S19 (Supporting information). Besides, molecular

dipole moment is also an important factor affecting the strength

of the built-in electric field [14]. As shown in Fig. S20 (Support-

ing information), the dipole of APMCN is 13.46 Debye, which is

much larger than that of MCCN (6.49 Debye) and CN (0.26 Debye).

The larger molecular dipole of the D–A system ensures a large

enough built-in electric field, which benefits the photoinduced car-

rier separation. As a result, the stronger built-in electric field of D–

A catalyst APMCN significantly enhanced the carries separation and

transportation. Furthermore, based the surface photovoltage inten-

sity (Fig. S21 in Supporting information) [35,36], it can be quan-

tificationally obtained that the internal electric field intensity of

APMCN is 5.94 times as high as that of CN (Fig. 4e) [14,37]. Be-

yond that, it is well known that the built-in electric field is closely

related to the dissociation of exciton. The key factor of exciton dis-

sociation is exciton binding energy (Eb) [38–40]. As shown in Fig.

S22 (Supporting information), the temperature-dependent photo-

luminescence was used to evaluate exciton dissociation behavior.

The increased temperature promotes the dissociation of excitons,

which means that there are more free carriers and a decrease in PL

intensity. The Eb of APMCN is the lowest of all samples, only 21.4

meV (CN: 32.2 meV, CCN: 24.4 meV, MCCN: 21.7 meV). This re-

sult indicates that excitons of APMCN accelerated dissociation due

to the formation of giant built-in electric field. As a result, more

free carriers are available to participate in redox reactions, thereby

promoting photocatalytic hydrogen production.

Fig. 5. (a) The optimized geometric structures and (b) Free energy diagram for pho-

tocatalytic H2 production of CN, MCCN and APMCN. (c) A schematic illustration in-

volved in the photocatalytic H2 production process of APMCN.

Finally, in order to understand the reaction mechanism of

APMCN, the free energy during photocatalytic H2 production was

calculated. Fig. 5a gives the optimized geometric structures, in

which it can be seen that the H∗ adsorption all occurs on the C

5
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atoms. The free energy of photocatalytic H2 production is given in

Fig. 5b. The free energy of CN (0.503 eV) changes a little, but it

is a relatively large positive value, which indicates that H atoms

are difficult to be adsorbed [23]. For MCCN, the free energy is

−1.853 eV, H atoms can be easily adsorbed on C atoms, but due

to too low free energy, it is difficult for H∗ to desorb to form H2.

After the introduction of AP, it can be found that the free energy

change of APMCN is the smallest, and the value (0.008) is close

to 0, suggesting that the H∗ adsorption process of APMCN and the

process of H∗ to H2 are easy to proceed. This should also be one of

the important reasons for the high activity of APMCN.

According to all the above analysis, photocatalytic mechanism

of APMCN is given in Fig. 5c. After APMCN was excited by simu-

lated sunlight, photogenerated electron pairs were generated. The

construction of the D-A system results in a significant potential dif-

ference (AP as a donor) between different melon chains in APMCN,

forming an electric field directed towards the melon chain with a

pyrimidine ring. Under the action of an electric field, not only does

it accelerate the migration of charge carriers, but it also causes

spatial separation of charge carriers, greatly promoting the utiliza-

tion efficiency of charge carriers. Finally, the electrons and holes

reach the reaction sites respectively, the electrons react with the

adsorbed H atoms to generate H2, and the holes react with TEOA

to generate the corresponding oxidation products.

In summary, the heptazine-based D-A structure crystalline car-

bon nitride was achieved by introducing electron donor via a

method of super-molecules precursor route. An in-plane built-

in electric field was formed via AP embedding in heptazine

ring, which promises a higher charge-separation efficiency in as-

prepared APMCN photocatalyst. Comprehensive characterization

combined with theoretical analysis demonstrate the established

strong in-plane built-in electric field and the accelerated charge-

separation. As a result, efficient photocatalytic H2 production is

achieved, which is a more decent level than many reported crys-

talline carbon nitride materials. Overall, this work provided a new

route to design high-activity photocatalyst via constructing in-

plane electric field, which is helpful for the development of de-

signing D-A materials to clean energy production.
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