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Polymeric carbon nitride (PCN), as a metal-free photocatalyst, has drawn wide attention in the photocatalytic H2 evolution.
However, the photocatalytic activity of directly synthesized PCN is limited by its low crystallinity. Currently, regulating the melon-
based PCN into tri-s-triazine-based crystalline PCN to further optimize its structure has been proved to effectively improve its
photocatalytic activity. The heptazine-based crystalline carbon nitride, potassium poly(heptazine imide) (abbreviated as K-PHI),
has been used in photocatalytic H2 evolution benefiting from its high crystallinity, as the high crystallinity narrows the bandgap
and increases the light capture efficiency and increases the charge mobility. Nevertheless, the effect of synthesis temperature on
crystallinity has not yet been reported. In this work, the effect of temperature on the crystallinity of heptazine-based crystalline
carbon nitride was studied by one-step synthesis at different temperatures. It shows that the heptazine-based crystalline structure
appears when the temperature exceeds 540°C. Additionally, the crystallinity of all samples is gradually improved with increasing
temperature until the sample begins to decompose beyond 630°C. The sample synthesized at 630°C demonstrates the highest
photocatalytic H2 evolution rate of 1.798mmol h−1 g−1 under visible light irradiation, which is 31.5 times that of bulk PCN. Based
on systematic material characterizations, the mechanism of the effect of synthesis temperature on crystallinity and the contribution
of crystallinity to photocatalytic efficiency were revealed.

1. Introduction

Polymeric carbon nitride (PCN), also named graphitic carbon
nitride (g-C3N4), is a metal-free photocatalyst consisting
mainly of carbon and nitrogen [1]. As a visible light photo-
catalyst, PCN is regarded as one of the most active phases
[2, 3]. PCN can be easily prepared by precursors containing
carbon and nitrogen such as cyanamide, dicyandiamide, mel-
amine, and urea [4–8]. Additionally, compared with photoca-
talysts based on metallic elements, the synthesis of PCN is
cheaper and it can be produced on a larger scale [8–10]. These
special properties allow it to exhibit potential applications in a
variety of fields, such as photocatalytic water splitting for

hydrogen [11, 12], degradation of organic pollutants [13, 14],
photocatalytic reduction of CO2 [15, 16], photocatalytic anti-
bacterial [17, 18], and biomedical sciences [19]. The PCN
was first used in photocatalytic hydrogen production under
visible light irradiation in 2009 [6]. Since then, the PCN
has drawn wide attention in photocatalytic H2 evolution
based on the unique graphite-like structure, medium band-
gap structure (2.7 eV), excellent chemical stability, and
thermal stability [20, 21]. However, melon-based PCN syn-
thesized by thermal condensation of nitride precursors was
limited by its low crystallinity, which leads to a narrow
visible light absorption range, severe electron–hole pair
compounding, and fewer active sites. Therefore, it is
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necessary to enhance its crystallinity and connection
patterns [12, 22].

Potassium poly(heptazine imide) (abbreviated as K-PHI)
is a 2D-layered crystalline CN, which has a higher crystallin-
ity and more complete in-plane structure compared with
melon-based CN (Figure 1) [23, 24]. Unlike PCN directly
synthesized by thermal condensation, the K-PHI is typically
synthesized by a molten-salt (MS) approach that employs
alkali metal halides as a high-temperature solvent and
structure-directing agent, which caused the formation of
highly crystalline structure and nanostructured morphology.
Compared with melon-based PCN, the K-PHI exhibits
significantly improved photocatalytic H2 evolution activity
benefiting from its enhanced separation and transfer effi-
ciency of photoinduced charges owned to more complete
in-plane structure and higher crystallinity. A variety of
approaches for the synthesis of highly crystalline K-PHI
using alkali metal salts as MSs have been reported in previ-
ous studies. For instance, Ou et al. prepared crystalline PCN
nanosheets by synthesizing PCN in LiCl–KCl molten salt
and then exfoliating it via sonication for 15 hr in isopropa-
nol [25]. Zeng et al. synthesized highly crystalline PCN by
using KCl and LiCl as the MS system and melamine as the
precursor [26]. In addition, highly crystalline g-C3N4 hol-
low spheres were prepared by the MS method using KCl
and LiCl as the MS system and cyanuric acid–melamine as a
precursor [27].

Hence, it is a crucial task to start further research on
K-PHI in the field of photocatalysis. On one hand, it is nec-
essary to develop more efficient crystalline CN catalysts by
modulating the specific surface area, reaction active sites, and
charge conversion rate of crystalline CN. On the other hand,
improving the degree of crystallinity of CN is also of great
importance in improving the photocatalytic efficiency of CN
[28]. At present, a large number of modulation studies have
been carried out to improve the photocatalytic activity of K-
PHI, including structural nanosizing [29], defect introduc-
tion [30], morphology adjusting [25], and interface design
[31]. For example, Fan et al. obtained a highly efficient
PCN–KCl nanosheet photocatalyst with the assistance of
KCl [32]. He et al. prepared hollow sodium polyphosphate
(SPP)-MS-CN nanotubes through a green one-step approach
by SPP in situ modulated MS thermal condensation of mel-
amine and directionally mediated triazine and heptazine
units by the SPP content [33]. Li et al. synthesized the

crystalline isotype heptazine/triazine-based g-C3N4 and
investigated the interfacial interactions of its heterojunction
by first principle calculations [31].

Crystallinity is responsible for the photocatalytic activity
of CN, as high crystallinity is an important factor in reduc-
ing the number of carrier complex centers. In addition, as
polymer photocatalysts, high crystallinity narrows the band-
gap and increases the light capture efficiency, and increases
the charge mobility due to the extended π-conjugated system
and the off-domain π electrons [34–36]. Therefore, how to
improve the crystallinity of the CN is, therefore, also a key
issue. In addition to the above strategies, the synthesis con-
ditions of materials may have an impact on the perfor-
mance of K-PHI, including temperature, pressure, and
atmosphere. As a consequence, it is important to get an
in-depth knowledge of the properties under optimal syn-
thesis conditions. The effect of synthesis conditions on the
photocatalytic performance of CN has been studied in pre-
vious studies, but mainly for pristine CN, with less discus-
sion of the crystallinity of crystalline CN. Calcination
temperature is one of the more easily regulated synthesis
conditions and has an intuitive effect on the synthesis of
crystalline CN, whereas the interrelationship between tem-
perature and crystallinity in the synthesis process and the
influence law has been rarely reported.

Herein, the effect of synthesis temperature on the crys-
tallinity of K-PHI was first studied. The K-PHI samples
were synthesized using KCl as a structure-directing agent
under different temperatures (540, 570, 600, and 630°C).
The phase and chemical structures, optical and photoelec-
trical properties, and photocatalytic H2 evolution activities
of the samples were systematically characterized. The influ-
ences of synthesis temperature on the crystallinity coupled
with the resulting photocatalytic activity of K-PHI were
investigated. It was found that the synthesis temperature
aroused a significant effect on the crystallinity of K-PHI
and that the degree of crystallinity increased with increasing
temperature within a certain range. Furthermore, the rele-
vant mechanism was also discussed. This study not only
reveals the influence of the thermal synthesis temperature
on the photocatalytic properties of crystalline CN, but also
highlights the relationship between temperature and the
influence of crystallinity on the microstructure of crystalline
CN, i.e., crystallinity, which is an inspiration for the opti-
mization of crystalline CN.
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FIGURE 1: (a) The structure of melon-based PCN. (b) The structure of heptazine-based K-PHI.
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2. Experimental

2.1. Materials. All chemicals used in this study were of ana-
lytical grade. Melamine was purchased fromAladdin Co., Ltd.
The KCl and alcohol were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. The chloroplatinic acid and triethano-
lamine were purchased from Vetec (Sigma-Aldrich).

2.2. Preparation of Bulk PCN. The bulk PCN was prepared in
the conventional thermal condensation by directly heating
melamine precursor in a muffle furnace. An amount of 10 g
melamine was put into a ceramic crucible, which was wrapped
with aluminum foil and calcined at 550°C for 2 hr with a
heating rate of 10°Cmin−1 in air atmosphere. Finally, the
coarse yellow product was grounded into power and denoted
as PCN.

2.3. Preparation of K-PHI. The K-PHI was prepared by a
simple mixed calcination approach. About 2 g melamine
and 10 g KCl were mixed and loaded in an aluminum
foil-wrapped crucible. Then, four parts of the same mixture
were separately calcined at 540, 570, 600, and 630°C for 2 hr
with a heating rate of 10°Cmin−1 in an air atmosphere and
cooled to room temperature. Subsequently, washing the
obtained products with deionized water to remove the
excess alkali metal ions until the specific conductivity of
the filtrate approaches zero, denoted as KCN-x (x= 540,
570, 600, 630).

2.4. Characterization. All samples were analyzed by X-ray
diffractometer with a Cu Kα radiation and the X-ray diffrac-
tion (XRD) patterns were recorded. The information about the
structure of all samples was measured by Fourier transform
infrared (FTIR) spectra using FTIR spectrometer (Thermo
Fisher Nicolet iS50) in the range of 4,000–400 cm−1 at a reso-
lution of 4 cm−1 with the standard disk method of KBr as
reference sample. The X-ray photoelectron spectroscopy
(XPS) measurements were performed with X’Pert Pro MPD
spectrometer with a Cu Kα radiation to detect elemental com-
position. The morphology and structure of the samples were
investigated with scanning electron microscopy (SEM)
(SU8010, Japan) and transmission electron microscopy
(TEM) (JEOL 200CX). The porosity property of samples was
obtained by nitrogen adsorption and desorption isotherms
using the Micromeritics TriStar 3020 porosimeter. The
Brunauer–Emmett–Teller (BET)method was used to calculate
the specific surface area. The photoluminescence (PL) spectra
of samples were obtained by F-4500 FL spectrometer. The
photocurrent response was measured by a standard three-
electrode electrochemical analyzer on the CHI 760E (CH
Instruments, Inc.), and the fluorine-doped tin oxide (FTO)
glass was used as coating photocatalyst, whereas the platinum
wire and Ag–AgCl electrode were used as counter electrode
and reference electrode. The ultraviolet–visible (UV–vis)
absorption spectrum was measured by using the UV–vis spec-
trometer in the wavelength range of 205–800 nm.

2.5. Photocatalytic Hydrogen Production. The photocatalytic
hydrogen production reactions were taken place in a quartz

reactor (300ml). The photocatalytic reaction was performed
by taking 0.1 g of catalyst powders, which were sonicated and
dispersed in 90ml deionized water, and then adding 10ml of
triethanolamine and 1ml of chloroplatinic acid solution.
Afterward, cover the quartz reactor with the lid and ensure
that the reactor is completely sealed. The solution was stirred
with a magnetic stirrer at a rate of 300 rmin−1 to disperse the
substance evenly and prevent the catalyst powders from sink-
ing at the bottom of the reaction. Moreover, the air in the
reactor was removed with high purity nitrogen, first within
the solution for 5min and then above the liquid level for
10min. After these, position the irradiation light (300W
xenon lamp) directly above the reactor and preheat it in
advance. The temperature of the reaction system was main-
tained at 20°C by circulating cooling water to the reactor
throughout the whole process. First hour of irradiation at
the start of the reaction to drive the platinum loading to the
surface of the catalyst powders, and then the high purity nitro-
gen was used to remove the hydrogen produced during the
photoreduction of platinum above the liquid level about 5min.
Finally, the output hydrogen was taken each interval 1 hr and
analyzed by gas chromatograph (GC 9790). Record the peak
area of each hydrogen output compared to the data where the
standard gas is hydrogen. The relative data for photocatalytic
H2 evolution and apparent quantum efficiency (AQE) calcula-
tion have been listed in Table 1.

2.6. Quantum Efficiency of Samples. The AQE of samples was
investigated by calculating the amount of hydrogen produc-
tion in a series of bandpass filters, whose λ= 400, 420, 450,
500, and 600 nm, under the monochromatic light exposure.
Then, all the data were recorded and calculated using the
following equation:

AQE¼ 2 × number  of   hydrogen  molecules
number  of   incident  photo

  ×  100%;

¼ 2 ×M × NA

Etotal
Ephoto

  × 100%;

¼ 2 ×M × NA × h × c
S × P × t × λ

  ×  100%:

ð1Þ

TABLE 1: The specific data for photocatalytic H2 evolution and AQE
calculation.

Parameter Description Data

S Irradiated area 38.5 cm2

T Cooling temperature 20°C
v Stirring speed 300 rpm
t Reaction time Determined in the test
λ Wavelength 355, 420, 450, 500, and 600 nm

P

Wavelength (nm) Power density (mWcm−2)
355 5.88
420 23.53
450 24.52
500 29.87
600 31.30
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In the formula, M represents the mole number of hydro-
gen evolution (mol). In addition, NA, c, and h are the Avo-
gadro constant (6.022× 1023mol−1), the speed of light
(3.0× 108m s−1), and Planck’s constant (6.626× 10−34 J s).
P is the power density of monochromatic light irradiation
and S is the irradiation area (cm2). The t and λ represent the
photoreaction time (s) and wavelength of monochromatic
light (m).

3. Results and Discussion

3.1. Crystal and Chemical Structure Analysis. The XRD dif-
fraction patterns of all samples were used to identify the crys-
tal structure, as shown in Figure 2(a). The PCN exhibits two
obvious diffraction peaks located around 13° and 27°, which
corresponds to (100) and (002) lattice planes. The (100) lattice
plane represents in-plane structural packing motif of repeat-
ing heptazine units and (002) lattice plane corresponds to
interlayer stacking of the conjugated aromatic system, respec-
tively. The samples of KCN570, KCN600, and KCN630 show
two diffraction peaks similar with PCN, indicating the analo-
gous classical structure. However, the (002) diffraction peak
upshifted from 27.54° of PCN to 28.18° of KCN630, which

reflects a higher degree of stacking order and a narrower
interlayer distance (Figure 2(b)). The crystallinity of
KCN570, KCN600, and KCN630 was also calculated by
Jade 6.0. As a result, the proportion of crystallinity in
KCN570, KCN600, and KCN630 is 18.94%, 40.98%, and
48.05%, respectively. This result indicates that the proportion
of crystallinity of the samples increases with enhancing the
temperature. Additionally, the (100) diffraction peak shows a
downshift from 12.88° to 7.98° (Figure 2(c)), which indicates
complete in-plane polymerization of heptazine units from
melon-based PCN to PHI and conjugating a more crystalline
structure [37]. Meanwhile, the samples’ diffraction peaks at
higher calcination temperatures exhibit sharper edges, result-
ing from better crystallinity.

The chemical structure of samples was further investi-
gated by FTIR, as shown in Figure 2(d). No obvious differ-
ence could be observed in the spectra of samples synthesized
at different calcination temperatures compared with PCN. It
can be seen that all the samples show a peak at 800 cm−1,
corresponding to the out-of-plane bending vibration of
tri-s-triazine rings. The peaks observed in the region of
850–1,800 cm−1 correspond to the typical stretching modes
of tri-s-triazine derivatives and are more intensive in K-PHI
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FIGURE 2: (a) XRD patterns; (b) XRD partial enlarged detail in range of 26°–30°; (c) XRD partial enlarged detail in range of 6°–20°;
(d) FTIR spectra.
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samples compared with PCN. The peaks observed in the
2,800–3,500 cm−1 can be assigned to stretching vibrations of
−NH and −OH, which are resulted from the terminal amino
and adsorbed H2O. In addition, the peaks of K-PHI samples
at this range are much lower than PCN, which can be attrib-
uted to the reduced content of terminal amino in the formers
due to the formation of tri-s-triazine group crystal structure
with the deeper deamination. Besides, a weak peak of crystal-
line CN samples at 2,170 cm−1 can be observed, correspond-
ing to the cyano groups [8, 38].

The valence states and chemical environments of the
constituents of the samples were tested by XPS. Figure 3(a)
represents the survey spectra of PCN and KCN630. The C,
N, and K elements are observed in the spectra and identified
as several dominant peaks, as shown in Figure 3(b)–3(d).
The survey XPS spectra of all K-PHI samples show obvi-
ously similar spectra. Moreover, no peaks of other elements
are organized, except for C, N, and K, meaning that all the
samples kept the same chemical composition and chemical
states. The C 1s spectra of PCN and KCN630 can be
further deconvoluted into three peaks by Gaussian distribu-
tion, located around 288, 286.8, and 285 eV, respectively.
Figure 3(b) depicts that the peak located at 288 eV is
assigned to sp2-hybridized carbon of N–C=N, which is
the aromatic carbon species in tri-s-triazine heterocycles
[37]. Two other peaks at 286.8 and 285 eV could be ascribed

to C≡N and carbon contaminants in the samples, respec-
tively [39]. Figure 3(c) shows the high-resolution N 1s spec-
tra of two samples. It could be seen that the N 1s spectra are
deconvoluted into four peaks at 401, 400, 399, and 398.4 eV.
The intensive peaks located at 401, 400, and 399 eV are
assigned to tertiary nitrogen groups [N–(C)3], the terminal
amino groups (C–N–H), and the amino groups (−NH2).
Noticeably, the binding energy of [N–(C)3] upshift from
400.9 for PCN to 401 eV for KCN630 is owing to the inter-
action of N–K on account of removing terminal amino
groups in construction of PHI structure. The peak at
398.4 eV is due to sp2-hybridized atoms (C=N–C) in the
tri-s-triazine rings. Figure 3(d) represents the K 2p peaks of
K-PHI samples, and the two dominant peaks at 295.5 and
292.7 eV are attributed to the doping of K+ in the PCN
framework. In addition, it is clearly seen that the potassium
alkali metal-doped PCN shows a positive shift, as shown in
Figures 3(b) and 3(c), corresponding to C 1s andN 1s binding
energies, which is indicated by the formation of an interaction
between the doped ions and PCN aromatic ring, presumably
through chemical coordination [40]. According to previous
research, K+ ions doped in tri-s-triazine-based crystalline
PCN are thought to be present between the layers of the
CN unit and the ions may act to attract adjacent layers,
thus leading to a reduction in layer spacing and facilitating
charge transfer.
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FIGURE 3: XPS spectra of PCN and KCN630: (a) survey; (b) C 1s; (c) N 1s; (d) K 2p.

Journal of Nanomaterials 5



3.2. Morphology Characterization. The morphology informa-
tion of all samples was observed by SEM and TEM.
Figures 4(a) and 4(b) show that the morphology of PCN,
directly polymerized from melamine, is large, lumpy, and
irregular. However, the samples, synthesized at different
temperatures by mixing KCl, become more and more slack
gradually with increasing calcination temperature. The cubic
KCl crystals cannot be identified any more in visual
(Figure 4(c)–4(f)), which result from the KCl high tempera-
ture MS penetrating between the resulting crystal particles,
preventing interconnection of the particles and enhancing
the dispersion of the crystals. Thus, there is little agglomera-
tion in the product after dissolution and washing. This could
effectively increase the surface area and improve the crystal-
linity of samples. According to the previous research, the
photocatalysts with an enlarged surface area could provide
more active sites and absorption sites for reaction, which are
one of the most imperative reasons for enhancing the photo-
catalytic activity. The TEM images of KCN630 are shown in
Figure 4(g)–4(i). The TEM observation also reveals the
structure of samples. It can be investigated that KCN630
exhibits a two-dimensional agglomerated layer and shows a
round-edged flake morphology with rolled edges. Figure 4(g)
shows that each layered lamellar structure of the sample is
not completely agglomerated, and irregular pores are pres-
ent. This may indirectly expose more active sites in the lower

layer and increase the reaction area through pores. Further-
more, the fringe with lattice spacing of about 0.95 nm can be
observed clearly in KCN630 (Figure 4(i)) on account of high
crystallinity, which corresponds to the XRD diffraction peak.
The difference in crystallinity between KCN630 and PCN
can also be clearly observed from the electron diffraction
pattern. The PCN shows the electron diffraction pattern of
fuzzy diffraction ring, while that of KCN630 behaves like a
speckle diffraction pattern, which indicates that the crystal-
linity of KCN630 is much higher than that of PCN
(Figures 4(b) and 4(g), inset).

In addition, in order to prove the above conclusion, the
nitrogen adsorption–desorption isotherms and pore size dis-
tribution curves of samples were measured and shown in
Figures 5(a) and 5(b). The BET-specific surface areas of
PCN and KCN630 are 9.12 and 26.50m2/g, respectively.
The latter is 2.9 times the former. The enlarged surface
area indicates that KCN630 can offer more active sites and
further confirms the higher crystallinity and dispersibility of
KCN630. In comparison, the specific surface area of KCN630
is less affected by the small-size effect of the reduced particle
sizes of temperature-treated K-PHI and the increased degree
of coagulation, as the temperature is too high to cause signif-
icant oxidative etching effects and the smaller crystal size and
more dispersed structure result in a significant increase in
specific surface area. The increase in specific surface area also
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FIGURE 4: (a) SEM and (b) TEM images of PCN (insert electron diffraction patterns); SEM images of (c) KCN540, (d) KCN570, (e) KCN600,
and (f) KCN630; (g) TEM images of KCN630 (insert electron diffraction patterns); (h) and (i) high-resolution TEM of KCN630.
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means that more active sites are generated. Furthermore, a
lot of mesopores with pore diameter of around 2–4 nm are
measured in the KCN630 sample (Figure 5(b)), which is also
beneficial to the photocatalytic H2 evolution and accords well
with the SEM and TEM results.

3.3. Optical and Photoelectrical Properties. The optical prop-
erties play an important role in the photocatalytic activity, so
the UV–vis diffuse reflectance spectra (DRS) of all samples
were tested and shown in Figure 6(a). From these measure-
ment studies, it is found that the PCN sample shows a typical
n-type semiconductor with the absorption edge at 466 nm.
Samples of K-PHI show integrally increased optical absorp-
tion performance when the thermal condensation tempera-
ture increases, which is attributed to the improved
crystallinity and K+ doping. Therefore, the sample KCN630
exhibits the strongest light absorption activity with the
absorption edge at 464 nm. This may be due to its planar
lamellar structure with irregular pores, which is beneficial to
the entry of light sources to enhance light absorption (see
above). Furthermore, the related bandgaps are obtained by
calculating the Kubelka–Munk transformed function between
αhν1/2 and hν, as shown in Figure 6(a). From the graph, the
bandgaps energy of all samples can be obtained to be about
2.43, 2.48, 2.54, 2.60, and 2.59 eV, respectively. The PCN
shows a large bandgap at 2.59 eV compared to samples of
K-PHI, and the bandgaps of K-PHI samples are relatively
narrow, resulting from the small-size effect of the reduced
particle sizes of temperature-treated K-PHI and the increased
degree of coagulation. In addition, the doping of K+ ions in
tris-s-triazine-based crystalline PCN, as mentioned above,
attracts adjacent layers and reduces the layer spacing, which
is also one of the main reasons for the reduced bandgap.

The PL is a useful evidence to study the photoinduced
charge separation and transfer. The PL spectra of all samples
were tested, as shown in Figure 6(b). All the samples show
only a kind of luminescence peak in the spectrum, and the
PCN displays a strong characteristic intensity compared with
K-PHI samples. In contrast, all the modified samples have
similar but highly quenched PL peaks, and the peak intensity
shows further weakening at increased synthesis temperature.
A comparative study of the overall intensity of all samples

shows that photoinduced recombination of electrons and
holes is significantly inhibited in the K-PHI crystal structure
and exhibits obvious photocatalytic properties because of its
lower intensity, which is ascribed to the further increased
crystallinity of the former, the presence of minor defects,
and the introduction of impurity levels between gaps [40].
To further understand the separation and transfer of photoin-
duced electron–hole, the ns-level time-resolved fluorescence
decay spectra were calculated and fitted with biexponential
decay kinetics, as shown in Figure 6(c) and Table 2. The aver-
age fluorescence lifetime of PCN and KCN630 is 1.04 and
1.26ns, respectively. It is not difficult to analyze that both
the lifetime components representing both short and long
decay components (τ1 and τ2) of K-PHI samples are extended
compared with PCN, consistent with the suppression of PL
described above (Figure 6(b)). This further confirms that the
recombination of light-induced electron–holes is delayed due
to changes in electronic structure and increased crystallinity,
thereby enhancing catalytic activity.

In addition, the photocurrent measurements could also be
used to investigate the photogenerated charge separation and
transfer process. The transit photocurrent responses of samples
weremonitored by using intermittent on-off irradiation cycles,
as shown in Figure 6(d). Compared to the PCN standard, the
K-PHI samples exhibit a significantly higher photocurrent
intensity and strength with increasing synthesis temperature,
reflecting the better separation and transfer of photoinduced
electron holes, in line with the above analysis. The sample of
KCN630 shows the highest photocurrent, which is beneficial to
photocatalytic activity. The electron paramagnetic resonance
(EPR) spectra results of the samples are shown in Figure 6(e).
After light irradiation for 5min, KCN630 exhibits a stronger
EPR signal than PCN, indicating that more photoelectrons
were generated in KCN630, which is beneficial for the
photocatalytic H2 production reaction. In addition, KCN630
also shows a larger surface photovoltage intensity upon PL
(Figure 6(f)), which is also attributed to the higher crystallinity
of the former. This result is an agreement with the EPR.

3.4. Photocatalytic Activity. The photocatalytic hydrogen
evolution activity of all samples was tested under visible light
irradiation (λ≥ 420 nm). All samples demonstrate a stable
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FIGURE 5: (a) N2 adsorption–desorption isotherms and (b) pore size distribution curves of samples.
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and linear hydrogen evolution reaction for 4 hr (Figure 7(a)).
The average hydrogen production per hour of the samples is
shown in Figure 7(b). As shown in Figure 7(b), it is clearly
shown that the hydrogen production rate of PCN is about
0.057mmol h−1 g−1 and the K-PHI at 540, 570, 600, and
630°C is about 0.073, 0.141, 0.522, and 1.798mmol h−1 g−1,
respectively. Obviously, the results show that the K-PHI
prepared at 630°C exhibits the highest photocatalytic activity,
which is 31.5, 24.6, 12.8, and 3.4 times that of PCN, KCN540,
KCN570, and KCN600, respectively, corresponding to the
improved photoinduced charge separation and transfer due
to high crystallinity. There is a clear correlation between
the photocatalytic activity and the synthesis temperature of
the samples, as shown by the fact that the higher the tempera-
ture of the synthesized sample, the stronger the photocatalytic
activity of the sample, which is consistent with the specific
surface area. Thus, it can be proved that the synthesis

temperature of the sample affects the photocatalytic activity.
The higher calcination temperature may enhance the higher
photocatalytic hydrogen production efficiency, benefiting
from the high crystallinity and nanostructured morphology.

In order to determine the stability of the KCN630 sam-
ple, the photocatalytic experiments with a period of 4 hr
were carried out over 12 hr, and the results are shown in
Figure 7(c). It is worth noting that the three-cycle test for
K-PHI shows clear similarities, demonstrating their good
stability in photocatalytic hydrogen evolution. Furthermore,
the AQE value of KCN630 was also measured at different
monochromatic light irradiations (different wavelength
ranges) and shown in Figure 7(d), which is consistent
with its UV–vis absorption spectrum, demonstrating that
the photocatalytic H2 evolution of K-PHI depends on the
wavelength of the light.

To assess its performance objectively, we compare it with
the heptazine-based CN photocatalysts reported so far. As
shown in Figure 8, although the photocatalytic activity of
KCN630 is less than the nanoscale crystalline CN samples,
they are still better than most heptazine-based crystalline CN
materials with plain morphology [8, 26, 29, 31, 41–49].

The photocatalytic H2 evolution mechanism is illustrated
in Figure 9. Themechanism of photocatalyticH2 evolution can
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FIGURE 6: (a) UV–vis DRS spectra and insert figure of Kubelka–Munk transformed function, (b) PL spectra, (c) ns-level time-resolved
fluorescence lifetime spectra, (d) photocurrent of samples, (e) EPR spectra, and (f) surface photovoltage.

TABLE 2: The exponential fitting results of ns-level time-resolved
fluorescence spectra.

Sample τ1 (ns) A1 (%) τ2 (ns) A2 (%) τA (ns)

PCN 1.04 50.00 1.04 50.00 1.04
KCN630 8.58 0.01 1.26 99.99 1.26
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mainly be stated in three steps: photoinduced electron holes
were generated from samples under visible light irradiation; the
separation and transfer of photoinduced electron holes; and
surface redox reaction. In general, the inherent nature of regu-
lation to improve the photocatalytic H2 evolution activity was
focused on these three processes. In this study, the formation of
crystalline structure and the improved photocatalytic H2 evo-
lution activity are mainly attributed to the more effective
deamination. The electrons and holes are generated under
visible light irradiation, and the photoinduced holes are
quenched by a sacrificial electron donor (triethanolamine) in
solution. Then, the photoinduced electrons quickly transfer to
Pt nanoparticle co-catalyst to reduce H+ into H2. The samples
exhibit gradually improved photocatalytic H2 evolution rate
with the enhancement of temperature, which is due to that
higher temperature can promote the polymerization of in-
plane heptazine units and further promote the separation
and transfer of photoinduced charges.

4. Conclusions

In summary, the effect of temperature on the crystallinity
of heptazine-based crystalline CN was studied by one-step
synthesis at different temperatures. All heptazine-based crys-
talline CN (K-PHI samples) illustrates highly boosted photo-
catalytic activity compared with PCN. The improvement of
photocatalytic activity is mainly attributed to the enhanced
charge separation and active sites owing to both high crys-
tallinity and nanostructured morphology. Additionally, the
photocatalytic H2 evolution rate of K-PHI is gradually
enhanced with the improvement of calcination temperature,
which is attributed to the gradually improved crystallinity.
The optimal sample (synthesized at 630°C) exhibits the high-
est photocatalytic H2 evolution rate of 1.798mmol h−1 g−1,
which is 31.5 times that of bulk PCN. This work confirms
that increasing the temperature within a certain range can
make progress in the microstructure of crystalline CN, i.e.,

8

6

4

2

0 1
Time (h)

KCN630
KCN600
KCN570

KCN540
KCN

H
2 p

ro
du

ct
io

n 
(m

m
ol

 g
–1

)

2 3 4

0

ðaÞ

2.0

1.8

1.6

0.4

0.2
0.057 0.073

0.141

0.522

1.798

0.0
PCN KCN540 KCN570 KCN600 KCN630

Samples

H
2 p

ro
du

ct
io

n 
(m

m
ol

 g
–1

 h–1
)

ðbÞ

8

6

4

2

0

0 2 4 6 8 10 12
Time (h)

1st run 2nd run 3rd run 

H
2 p

ro
du

ct
io

n 
(m

m
ol

 g
–1

)

ðcÞ

300 400 500 600

2.0

1.5

Wavelength (nm)

Ab
so

rb
an

ce
 (a

.u
.)

AQ
E 

(%
)

1.0

0.5

0.0

ðdÞ
FIGURE 7: (a) Time-varying photocatalytic H2 production and (b) average hydrogen production rate of all samples; (c) cycling hydrogen
production test; (d) wavelength-dependent AQE (right axis) and UV–vis light absorption spectrum (left axis) of KCN630.

Journal of Nanomaterials 9



crystallinity, which can enhance the photocatalytic activity
and this mechanismmay promote the crystallinity regulation
of heptazine-based crystalline CN.
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