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Abstract: In this contribution, the hydrogen evolution reaction and photodegradation of Rhodamine
B (RhB) dye were studied using urea-based polymeric carbon nitride (PCN) as photocatalyst. The
effects of calcination temperature and heating rate of the PCN on structural, morphological, optical,
photoelectrochemical, and photocatalytic properties were addressed. Different properties were found
to be crucial in boosting photocatalytic performance dependending on the reaction type. The highest
efficiency in hydrogen evolution was observed in the presence of PCN characterized by the superior
charge transport and charge lifetime properties arising from higher degree of structural arrangement
and lower defect content in comparison to that of other photocatalysts. However, photocatalytic
degradation of RhB was the most powerful when the catalyst exhibited the highest specific surface
area as a key parameter determining its efficiency, although it presented lower charge transport and
charge carrier properties.

Keywords: polymeric carbon nitride; photocatalysis; hydrogen; water splitting; RhB decomposition

1. Introduction

In recent years, polymeric carbon nitride received great interest since its discovery by
Guy–Lussacin in 1815 [1]. Next, a huge increase in interest in polymeric carbon nitride
(PCN) was observed after the theoretical work of Liu and Cohen published in 1989 [2];
they believed that carbon nitrides were harder than diamonds. Several allotropes of
carbon nitride such as alpha (α-C3N4), beta (β-C3N4), graphitic (g-C3N4, GCN), cubic,
and pseudocubic C3N4 were predicted [3]. Among them, polymeric carbon nitride with
2D structures is regarded to be the most stable allotrope of carbon nitride at ambient
conditions [4,5]. Moreover, PCN exhibits many remarkable physiochemical properties,
including nontoxicity, high hardness, thermal, and chemical stability, a low friction coef-
ficient, luminescence, inoxidizability, biological compatibility, and waterproofness [6,7].
These advantages stimulated much research into the use of PCN as a promising catalyst for
many applications, including carbon dioxide activation, oxygen reduction, photocatalytic
decomposition of organic pollutants, and photocatalytic hydrogen generation. Due to a
suitable band gap in the visible light range (~2.7 eV) and outstanding physicochemical
stability, PCN is intensively studied in photocatalytic processes [8]. However, PCN has
disadvantages including structural disorder, low conductivity, low surface area, low effec-
tiveness of electron-hole separation, poor dispersibility, and others that limit their utility.
There are many strategies to improve the photocatalytic performance of PCN and one of
them is the optimization of its synthesis route, which can tune catalytic performance [9].
Others might include preparation of bionanocomposties. Murugan at al. synthesized
gCN@TiO2 nanocomposite with different wt.% of gCN. They reported enhanced PEC
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water splitting performance of nanocomposites compared to that of pure TiO2 and gCN,
which was due to the formation of heterojunction [10].

PCN can be synthesized by different approaches, such as thermal condensation,
thermal nitridation, physical vapor deposition (PVD) [11], chemical vapor deposition
(CVD) [12], solid-state reaction, and solvothermal method [13]. Among these methods,
thermal pyrolysis is a relatively simple technique that does not require additives other
than nitrogen-reach precursors. Depending on reaction conditions, the produced material
exhibits different degrees of condensation, morphological properties, and reactivity. PCN
synthesis via pyrolysis of urea at various temperatures was studied [1,14–16]. For example,
D. R. Paul et al. [15] described the effect of calcination temperature (350–750 ◦C) on the
properties of PCN. PCN obtained at 550 ◦C exhibited 12-times higher activity in comparison
to that of the material synthesized at 450 ◦C. Authors argued that the high photoactivity
is due to the appropriate degree of polymerization and condensation, enhancing light
absorption abilities and a higher surface area resulting in better dye adsorption due to
higher abundance of active sites. D. Das et al. [16] prepared PCN by pyrolysis of urea at four
different temperatures: 350, 450, 550, and 650 ◦C. They stated that synthesis parameters
tailor the number of defects or content of N–H functional groups present in the prepared
materials. The presence of defects can change the lifetime of the carrier in the samples that,
in turn, change PL (photoluminescence) properties and consequently their photocatalytic
performance. J.H. Kim et al. [17] revealed that two parameters such as temperature
and heating rate have the most significant influence on the structure and properties of
PCN. When g-C3N4 is synthesized at a relatively high temperature, the amount of the
obtained samples is reduced. However, the product exhibits optical properties typical
for highly efficient photocatalyst via the increase in the thickness and defects formed in
the PCN nanosheets. PCN also prepared via thermal pyrolysis of melamine (pyrolysis
temperature: 500–700 ◦C; gas atmosphere: air, Ar, N2) [18]. Air atmosphere dominantly
favored a formation of layered PCN structure in comparison to that of those pyrolyzed
in argon or nitrogen. The optimized PCN showed significant photodegradation, with a
degradation rate of 4.4 × 10−2 min−1 of RhB removal under simulated solar radiation.
A large surface area of 42 m2g−1 and suitable band energetics is attributed to better
degradation performance.

The effects of the type of precursor and preparation conditions on the efficiency of
PCN were also studied [3,19,20]. E. Alwin et al. [19] stated that the most efficient was
the synthesis from dicyandiamide (~53%). Whereas the yield of pyrolysis process using
melamine and thiourea as precursors were ~26 and ~11%, respectively. Besides, the general
trends were described: (1) the yield of synthesis of carbon nitride decreases in the following
order: melamine > dicyandiamide > thiourea > urea; (2) higher temperature decreases the
production yield regardless of the precursor used; (3) the specific surface area is inversely
proportional to the synthesis yield and increases in the following order: melamine < di-
cyandiamide < thiourea < urea; (4) higher synthesis temperature gives carbon nitrides
with higher specific surface area, and (5) the reduction of the band gap of carbon nitrides
obtained at higher temperature was observed. Moreover, Y. Zheng et al. [20] confirmed
that the pyrolysis of urea given g-C3N4 with smaller crystalline domains and larger surface
areas in comparison to melamine. They stated that used precursors and temperature of
pyrolysis have a significant impact on the adsorption properties and photocatalytic activity
of the obtained PCN. PCN produced from urea at a higher temperature (650 ◦C) exhib-
ited the highest photocatalytic activity (9-times higher than that of g-C3N4 synthesized
from melamine) in the Rhodamine B (RhB) decomposition under visible light irradiation
(λ > 410 nm).

The current state of the art presents several studies on structural and photocatalytic
properties of PCN dependent on synthesis parameters. These papers report photocatalytic
properties of PCN in hydrogen evolution reaction or dye degradation. However, none of
them illustrated that different properties of a photocatalyst are crucial for the efficiency of
the photocatalytic process dependent on the reaction type. In the present work, polymeric
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carbon nitride was synthesized via direct pyrolysis of urea in the air atmosphere. The effect
of preparation temperature (500–600 ◦C) and heating rate (1–5 ◦C/min) on composition,
structure, and properties of PCN was investigated. Here, the analysis of morphology,
texture, and optical properties tuning heating temperature and heating rate were atten-
tively addressed. The activity of the synthesized samples was studied in the reaction of
photocatalytic hydrogen generation using lactic acid as a sacrificial reactant under simu-
lated solar light irradiation. Additionally, the photoactivity of PCN was evaluated in RhB
decomposition under visible light.

2. Results and Discussion
2.1. Morphology and Structure

Atomic force microscopy was used to characterize topography and thickness of the
prepared polymeric carbon nitrides. The analysis indicated that the formation temperature
has moderate effect on the PCN sizes but significant effect on its thickness (Table 1). The
representative AFM images and height profiles of the materials are presented in Figure S1
(see supplementary material).

Table 1. Flake size and thickness distribution of PCN prepared at 500, 520, 550, and 600 ◦C (500-4, 520-4, 550-4, and
600-4, respectively).

Sample Size Range (mean, std. dev.)/nm Thickness Range (mean, std. dev.)/nm

500-4
520-4
550-4
600-4

25–258 (43, 11.2)
28–396 (49, 13.6)
28–446 (48, 12.8)
27–339 (50, 14.4)

1.8–13.3 (3.9, 1.4)
1.5–12.4 (3.5, 1.2)
1.2–8.5 (2.7, 0.8)

0.8–13.6 (2.4, 0.9)

Transmission electron microscopy was further used to investigate a morphology of
the prepared samples. Figure 1 presents transmission electron microscopy (TEM) images of
PCN synthesized at 500, 520, 550, and 600 ◦C with a heating rate of 4 ◦C/min. Each sample
shows a typical morphology of polymeric carbon nitride with tendency to wrinkle at the
edges. In accordance to AFM analysis, the sizes of the flakes are comparable among the
presented materials with the smallest nanoshets sizes of ~30 nm. No significant difference
between the sample morphology is observed, although an increase in the calcination
temperature affected increase in the transparency of the nanosheets.

X-ray diffraction (XRD) patterns were used to determine the crystal structure of PCN
prepared under different conditions. Figure 2a shows typical XRD patterns of the polymeric
carbon nitride. All the patterns contain diffraction peaks characteristic of carbon nitride,
including peaks at around 13◦, 27◦, 44◦, 57◦, and 81◦, which are related to the (100), (002),
(200), (004), and (220) Brag reflections, respectively (JCPDS: 01-087-1526). The observed
lattice constants are a = b = 4.7420 Å and c = 6.7205 Å, and this shows the hexagonal
phase of PCN [21]. The strongest peak at around 27.3◦ represents the interplanar graphitic
stacking of aromatic rings, and the peak at around 13.1◦ is indicative of in-planar structural
packing motif of tri-s-triazine (heptazine) units in melon [22], demonstrating the formation
of polymeric carbon nitride in the received samples [23]. Moreover, with increase in the
calcination temperature, the (002) peak shifted to a higher angle (27.08◦ to 27.41◦), depicting
the corresponding change in the interlayer distance. This can be interpreted as an improved
interlayer stacking order produced by the higher calcination temperature [24]. Besides, it
can be clearly seen that the (002) peaks become more intense and narrower with increase in
the calcination temperature, indicating more regular structure within the layers of PCN
samples [14]. The (100) peak was found to be intense and narrow for all PCN samples,
providing higher degree of polymerization [15]. Moreover, the (100) peak shifted to a
smaller angle (13.07◦ to 12.70◦) with a rise in calcination temperature, proving lowered
long-range order of the in-plane structural packing in the PCN sheets [24]. Additionally,
the different heating rates also had an impact on the position of the mentioned peaks. In



Catalysts 2021, 11, 651 4 of 15

this case, the opposite relationship was observed. More specifically, (002) peak shifted to a
smaller angle (27.58◦ to 27.26◦), and (100) peak shifted to a higher angle (12.67◦ to 12.98◦)
with a rise in heating rate. This can be explained by the distortion of the tri-s-triazine unit
(heptazine) due to the heating rate, which occurred in-plane instead of interplane.
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Figure 2. (a) X-ray diffraction (XRD) patterns; (b) Fourier transform infrared (FTIR) spectra of polymeric carbon nitride
prepared under different conditions.

Fourier transform infrared (FTIR) spectra of as-prepared PCN samples are shown
in Figure 2b. A strong peak observed at 815 cm−1 was designated to breathing mode
of s-triazine units [25–28], which corresponds to condensed CN heterocycles. The
bands observed at ~1650, 1570, 1410, 1330, and 1240 cm−1 are mainly assigned to the
stretching vibrational mode of C=N. The modes from C–N heterocycles are in the
range of 1200–1650 cm−1 [29–31]. The broad absorption band observed between 3000 and
3600 cm−1 was due to N–H stretching of amino groups and H2O molecules absorbed on the
samples [32–35]. Besides, the significant peak in the 550-2 sample appeared at 2900 cm−1

was attributed to the CH2 vibrations. The presence of the CH2, N–H, and O–H band
indicate the presence of the contamination of hydrogen and oxygen in the samples [36].
The FTIR patterns of the samples are in agreement with the results of XRD.

The chemical composition and relative atomic percentages of the obtained materials
were analyzed by X-ray Photoelectron Spectroscopy (XPS) measurements. The XPS spectra
showed that the obtained samples were mainly composed of carbon and nitrogen, but
also had small amount of oxygen. Assuming a homogeneous distribution in the analyzed
surface layer, the atomic concentration of these elements were calculated and given in
Table 2. The obtained results show that nitrogen, carbon, and oxygen content is similar for
all three samples and the changes are slight. The highest nitrogen content is in the samples
with an intermediate synthesis temperature (i.e., 520 and 550). Oxygen content, in turn, is
the highest in the samples fabricated at the highest synthesis temperature (i.e., 600). The
detailed analysis of the chemical components of carbon and nitrogen was done by peak
fitting procedure applied to the N 1s and C 1s spectra of the obtained samples. The results
are shown in Figure S2 and in Table 3. The binding energy type as well as the relative
contribution of each component to the total area under the peak were calculated. The
spectra for both N 1s and C 1s of the samples present the typical shapes as well as the peak
positions (~399 and ~288 eV for N 1s and C 1s, respectively) [37]. The N 1s spectra present
three main contributions related to C–N3 (N3C), N–C=N (N2C), and N–Hx contributions,
while the C 1s region show three contributions assigned to C–C, N–C=N and C–NHx [38].
The sample obtained at the highest temperature is characterized by the highest content of
C-C/C=C/N3C components and the lowest content of N–Hx among all obtained samples.
The synthesis of PCN from urea results in obtaining different distribution of bonds in
comparison with melamine-derived carbon nitride. Regardless of the precursor type, the
most intense signals come from N2C (N 1s) and N–C=N (C 1s). The difference between
the polymeric carbon nitride types appears in the subsequent bindings. The second most
intense signal for the materials obtained from melamine are N3C (N 1s) and C–C/C=C
(C 1s). Next, in the order are N–Hx and CN–Hx signals [38,39]. In the case of our urea-
derived materials, the intensities of the second and third signals are the opposite. Too low
a process temperature results in a structure with a surface containing many more N–C=N
bonds and noticeably fewer C–NHx and N3C bonds. Increasing the process temperature
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reverses this trend. In general, the spectra of the melamine materials show a very low
oxygen content.

Table 2. C, N, O atomic concentration of polymeric carbon nitride (PCN) synthesized at 500, 520, 550,
and 600 ◦C.

Sample C (at.%) N (at.%) O (at.%)

500-4
520-4
550-4
600-4

36.58
33.9
34.11
36.31

63.23
65.92
65.79
63.19

0.18
0.18
0.1
0.5

Table 3. Chemical composition of 500-4, 520-4, 550-4, and 600-4 calculated from peak fitting procedure
applied to N 1s and C 1s spectra of samples.

Sample N–C=N C–NHx C–C/C=C N2C N–Hx N3C

500-4
520-4
550-4
600-4

77.00
67.02
71.31
63.76

16.41
24.43
22.00
24.96

6.58
8.55
6.69

11.29

87.73
85.68
86.27
87.96

9.69
9.91
9.15
7.22

2.59
4.41
4.58
4.82

The XPS analysis clearly indicates that an increase in the calcination temperature re-
sults in reduction of N–C=N and rising of C–NHx and N3C in the analyzed samples, which
proves reduction of the structural arrangement of PCN and formation of higher amount of
bulk defects. These observations are opposed to those presented by J. Xu et al. [14], which
can be related to different heating rate and time of reaction.

To understand both the calcination temperature and heating rate effect towards the
specific surface area of PCN samples synthesized under different conditions, the nitrogen
adsorption-desorption isotherms together with their corresponding multipoint Brunauer–
Emmett–Teller (BET) plots were conducted and presented in Figure 3 and Table 4, respec-
tively. The porosity of the all obtained samples was tested by the N2 adsorption–desorption
experiment. The typical IV isotherms with H3 hysteresis loops are observed in the samples,
which is typical of mesoporous materials like titanium dioxide nanofibers [40] or carbon
nitride discussed in this article. With the initial increase in the heating temperature, the
structural properties are improved, i.e., the specific surface area and the total pore volume
increase what confirms previous observations [41]. However, from a certain temperature,
these parameters deteriorate again. The highest surface area and total pore volume were
obtained at 550 ◦C and 4 ◦C/min heating rate. At the same time, heating rate conditions
have a significant impact on the specific surface area and total pore volume. The initial
acceleration of the heating rate up to 4 ◦C/min improves the structural properties, but
further increase to 5 ◦C/min results in deterioration of the parameters. Here, PCN heated
at 4 ◦C/min was found to present the highest specific surface area and total pore volume.
Generally, the larger surface area facilitated the adsorption of more contaminants on the
surface of the catalysts and correspondingly provided more active sites, which both could
significantly enhance the photocatalytic water splitting and organic dye degradation per-
formance [14]. Hence, PCN 550-4 is expected to present the highest photocatalytic activity
in the studied reactions.



Catalysts 2021, 11, 651 7 of 15

Catalysts 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

Emmett–Teller (BET) plots were conducted and presented in Figure 3 and Table 4, respec-
tively. The porosity of the all obtained samples was tested by the N2 adsorption–desorp-
tion experiment. The typical IV isotherms with H3 hysteresis loops are observed in the 
samples, which is typical of mesoporous materials like titanium dioxide nanofibers [40] 
or carbon nitride discussed in this article. With the initial increase in the heating temper-
ature, the structural properties are improved, i.e., the specific surface area and the total 
pore volume increase what confirms previous observations [41]. However, from a certain 
temperature, these parameters deteriorate again. The highest surface area and total pore 
volume were obtained at 550 °C and 4°C/min heating rate. At the same time, heating rate 
conditions have a significant impact on the specific surface area and total pore volume. 
The initial acceleration of the heating rate up to 4 °C/min improves the structural proper-
ties, but further increase to 5 °C/min results in deterioration of the parameters. Here, PCN 
heated at 4 °C/min was found to present the highest specific surface area and total pore 
volume. Generally, the larger surface area facilitated the adsorption of more contaminants 
on the surface of the catalysts and correspondingly provided more active sites, which both 
could significantly enhance the photocatalytic water splitting and organic dye degrada-
tion performance [14]. Hence, PCN 550-4 is expected to present the highest photocatalytic 
activity in the studied reactions. 

 
Figure 3. Adsorption-desorption isotherms of polymeric carbon nitride prepared at (a) 550 °C with 
different heating rate conditions and (b) under different temperatures (500–600 °C) with heating 
rate of 4 °C/min. 

Table 4. Brunauer–Emmett–Teller (BET) surface area of polymeric carbon nitride prepared under 
different conditions. 

Sample 550-1 550-2 550-4 550-5 
BET surface area [m²/g] 87.11 ± 0.09 96.98 ± 0.02 116.83 ± 0.10 72.49 ± 0.14 

Total pore volume [cm³/g] 0.072 0.085 0.096 0.065 
Sample 500-4 520-4 550-4 600-4 

BET surface area [m²/g] 44.83 ± 0.13 81.62 ± 0.07 116.83 ± 0.10 94.43 ± 0.01 
Total pore volume [cm³/g] 0.034 0.069 0.096 0.083 

 

2.2. Optical and Photoelectrical Properties 
Diffuse reflectance spectra (DRS) spectra of polymeric carbon nitride prepared under 

different temperatures (500–600 °C) with heating rate of 4 °C/min were measured and 
presented in Figure 4(a). Variation in the absorption edges was observed with the change 
in calcination temperature. The band gap energy of the samples, which were derived from 
the plots of the Kubelka–Munk function, obtained at 500, 520, 550, and 600 °C, were esti-
mated to be 2.91, 2.89, 2.88, and 3.03 eV, respectively. To calculate values of Eg, the Tauc 

Figure 3. Adsorption-desorption isotherms of polymeric carbon nitride prepared at (a) 550 ◦C with
different heating rate conditions and (b) under different temperatures (500–600 ◦C) with heating rate
of 4 ◦C/min.

Table 4. Brunauer–Emmett–Teller (BET) surface area of polymeric carbon nitride prepared under different conditions.

Sample 550-1 550-2 550-4 550-5

BET surface area [m2/g] 87.11 ± 0.09 96.98 ± 0.02 116.83 ± 0.10 72.49 ± 0.14
Total pore volume [cm3/g] 0.072 0.085 0.096 0.065

Sample 500-4 520-4 550-4 600-4

BET surface area [m2/g] 44.83 ± 0.13 81.62 ± 0.07 116.83 ± 0.10 94.43 ± 0.01
Total pore volume [cm3/g] 0.034 0.069 0.096 0.083

2.2. Optical and Photoelectrical Properties

Diffuse reflectance spectra (DRS) spectra of polymeric carbon nitride prepared under
different temperatures (500–600 ◦C) with heating rate of 4 ◦C/min were measured and
presented in Figure 4a. Variation in the absorption edges was observed with the change in
calcination temperature. The band gap energy of the samples, which were derived from the
plots of the Kubelka–Munk function, obtained at 500, 520, 550, and 600 ◦C, were estimated
to be 2.91, 2.89, 2.88, and 3.03 eV, respectively. To calculate values of Eg, the Tauc method
was used, assuming the indirect band gaps of PCN were prepared at different conditions.
When calcination temperature was raised from 500 to 520 and 550 ◦C, almost same value
of Eg was observed. These slight differences could be due to the increased degree of
polymerization of graphitic carbon nitride, resulting in an increase of π-plane conjugation
degree of heptazine rings via N2 atoms [14,42]. When the temperature was further raised
to 600 ◦C, a band gap energy increased what can be a result of strong quantum confinement
effect. This revealed that the band gap in the case of PCN prepared at 520 and 550 ◦C was
narrower than samples prepared at 500 and 600 ◦C. It can be concluded that 520-4 and
550-4 had a higher ability to absorb visible light, which can lead to a better photoactivity in
comparison to that of other samples [14,43].
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The photoluminescence (PL) spectra of the samples were measured at room temper-
ature with an excitation wavelength of 280 nm. As shown in Figure 4b, the 550-4 and
600-4 show a very strong emission peak centered at 439 nm, whose emission wavelength is
shorter than that of 520-4 (440 nm) and 500-4 (445 nm). This effect is due to the enhanced
condensation and packing between the layers caused by the increased temperature (from
500 to 600 ◦C), and the second observation is due to the quantum size effect [44–46], which
can be verified by the fact that increasing calcination temperature leads to both, the gradual
blue-shift of PL peak from 445 to 439 nm and increased PL intensity. These results indicate
that the PL spectrum of polymeric carbon nitrides strongly depends on their structural
defects and textural property.

To estimate valence band (VB) position of the materials, VB XPS spectra were
measured and are presented in Figure 4c. Furthermore, conduction band position of the
samples was calculated from the formula ECB = Eg − EVB, and band diagram is presented
in Figure 4d. The VB and CB positions are shifted to the more positive potentials after
temperature increase, indicating strengthened reducibility of the electrons in CB when one
considers the hydrogen evolution reaction. The presented band diagrams of all materials
indicate the possibility to create hydroxyl radicals because of more positive potentials
of valence bands in comparison with that of OH−/•OH potential (+1.99 eV vs. NHE).
Simultaneously, only PCN prepared at 600 ◦C (600-4) is able to form superoxide radical,
since its CB is more negative than O2/•O2

−potential (−0.33 eV vs. NHE) [47]. However,
this photocatalyst exhibits broad band gap (3.03 eV), indicating lower abilities for solar
light harvesting.

For a deeper understanding of the transport behavior of the photogenerated charge
carriers, transient photocurrent responses were employed under irradiation of 460, 532, 625,
and 727 nm (Figure 5). It indicates the separation efficiency of the photogenerated charge
carriers. The highest photocurrent response is achieved at 460 nm, which is consistent with
the absorption band edge of polymeric carbon nitride prepared under different conditions.
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The result indicates that the photocurrent response of PCN increased with the calcination
temperature rising from 500 to 520 ◦C. Further increase in the preparation temperature
to 550 and 600 ◦C leads to decreased photocurrent response. Comparing heating rate,
the highest photocurrent response is established to the lowest heating rate value 550-1,
which is 1.41 times higher than 550-4. Here, the measurements of photocurrent response
under 460 nm irradiation are in agreement with the measurement under higher excitation
wavelength.
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2.3. Photocatalytic Properties and their Relation to Structural and Physicochemial Properties
of PCN
2.3.1. Hydrogen Evolution Reaction

The hydrogen evolution was carried out to study the effect of calcination conditions
of urea (temperature and heating rate) on the photocatalytic performance of the obtained
polymeric carbon nitride, which is presented in Figure 6a. Since lactic acid was used as
electron donor (hole scavenger), O2 is not produced during the photocatalytic reaction.
Hence, the back reaction to produce water is suppressed, increasing the H2 yield. Among
all PCN samples prepared at 550 ◦C, the most efficient heating rate was established to be
4 ◦C/min, and it evolved ~5 µmol/g in 4 h. Hence, this heating rate value was further
used to establish the optimal calcination temperature. Comparing the effect of calcina-
tion temperature, the maximum hydrogen evolution of ~9 µmol/g in 4 h is achieved at
520 ◦C—it is 1.7 times higher than 550-4. A histogram of H2 evolution rate showing its de-
pendence on preparation conditions is observed in Figure 6b, and the maximum hydrogen
evolution rate of 2.12 µmol/gh is achieved in the 520-4 sample. The highest efficiency of
polymeric carbon nitride prepared at 520 ◦C with heating rate of 4 ◦C/min is attributed
to the most effective charge transport and separation properties, as it was revealed with
chronoamperometry (Figure 5). It means that higher amount of photogenerated electrons
could take part in photocatalytic reduction of protons to evolve hydrogen. The improved
photocurrent response, and as a consequence, the highest photocatalytic activity, was a
result of optimal structural properties. Although, the increase in calcination temperature
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resulted in preparation of PCN with higher BET specific surface area and total pore volume,
the higher content of bulk defects could probably act as recombination sites, which resulted
in deterioration of the photocatalysis rate.
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2.3.2. RhB Degradation Reaction

The photocatalytic activity of PCN synthesized under different conditions was
examined in photocatalytic RhB decomposition under simulated solar light irradiation
(Figure 7a). Additionally, blank test (organic dye decomposition without catalyst) and
popular photocatalyst, TiO2 (P25), was exanimated in the same conditions. The blank test
confirms that RhB cannot be decomposed without use of catalyst. The photocatalytic ability
of PCN is strongly related to the synthesis temperature. The efficiency of sample prepared
at 500 ◦C is established to 55%, whenever all samples prepared at higher temperatures
achieve at least twice times higher efficiency. Among them, the best results are reached for
the samples prepared at 550 ◦C with different heating rates. Full degradation of organic
dye is achieved for 550-2 sample after 5 h of simulated solar light illumination. Other PCN
samples prepared at 550 ◦C exhibit slightly lower efficiency. Additionally, the UV/Vis
spectra of RhB during degradation reaction with PCN 520-4 is shown in Figure S3. The
photocatalytic degradation of RhB under simulated solar light irradiation follows the
pseudo-first-order kinetics model (Figure 7b). Therefore, the rate constant k (1/min) of
dye decomposition was estimated form the slope of ln(C/C0)=-k·t plots, where C0, C,
and t are the initial dye concentration, the dye concentration at time t, and irradiation
time, respectively [46,48]. Table 5 presents the photocatalytic dye decomposition kinetic
parameters, such as pseudo-first-order rate constant and correlation coefficiency. The
estimated rate values of PCN prepared at 550 ◦C with different heating rates are higher than
PCN prepared at other temperatures, indicating faster and more effective photocatalytic
degradation of RhB as a model organic dye decomposition. The highest rate constant
(k = 0.55 min−1) was established for PCN prepared at 550 ◦C with 4 ◦C/min heating rate,
which is almost the same as for TiO2 P25 (k = 0.57 min−1). The highest rate constant of RhB
degradation in the presence of PCN 550-4 is attributed to the highest BET specific surface
area. Although PCN prepared at 550 ◦C was characterized by inferior charge transport
properties and shorter lifetime of charge carriers which was a result of higher defect content
in comparison with PCN prepared at 520 ◦C, it presented higher BET surface area, which
coul play a key role in the acceleration of the reaction rate. Proposal mechanism of RhB
decomposition in the presence of 550-4 is shown below:

PCN + hv→ PCN* (eCB
−, hVB

+)

OH− + hVB
+ → OH• (+1.99 eV vs. NHE)
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OH•+ RhB→ photodegradated intermediates→ degradation products
(e.g., CO2 + H2O)
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Figure 7. (a) Photodegradation of Rhodamine B (RhB) as a function of irradiation time over polymeric carbon nitride
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Table 5. Photocatalytic RhB decomposition kinetic parameters.

Sample k [1/min] R2

500-4
520-4
550-1
550-2
550-4
550-5
600-4
P25

0.13167
0.33779
0.42660
0.48417
0.54865
0.35724
0.24916
0.56510

0.99878
0.98535
0.99197
0.99289
0.98117
0.98510
0.99161
0.99664

3. Materials and Methods
3.1. Synthesis of Polymeric Carbon Nitride

Polymeric carbon nitride was synthesized via heating of urea in air in an alumina
crucible with a cover placed in a muffle furnace. Conditions of the preparation are listed
in Table 6. Samples are named T-h, where T represents temperature of pyrolysis and h
indicates heating rate; for instance, sample named as 500-4 represents PCN prepared at
500 ◦C with heating rate of 4 ◦C/min. Each sample was pyrolysed for 4 h.

Table 6. Preparation conditions of polymeric carbon nitride.

Sample Heating Rate [◦C/min] Temperature [◦C] Time [h]

500-4
520-4
550-1
550-2
550-3
550-4
550-5
600-4

4
4
1
2
3
4
5
4

500
520
550
550
550
550
550
600

4
4
4
4
4
4
4
4

3.2. Characterization

Morphology of the samples was analyzed using TEM (Tecnai F30) with 200 kV accel-
erating voltage. Topography and thickness of the materials were analyzed with atomic
force microscopy (Nanoscope V MultiMode 8). XRD patterns were recorded on Empyrean
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(Aeris, Malvern Panalytical) X-ray diffractometer. FTIR spectra were recorded on Nico-
let 6700 FT-IR Spectrometer. BET-specific surface area and pore volume were measured
by nitrogen sorption in the temperature of liquid nitrogen using a Micromeritics ASAP
2460. The pore size distribution of each sample was calculated using nonlocal density
functional theory (NLDFT) from the desorption branch of the isotherms. The chemical
composition and relative atomic percentages on the surface of the samples were studied
by XPS. The measurements were conducted using Mg Ka (hν = 1253.6 eV) radiation in
a Prevac (Poland) system equipped with a Scienta SES 2002 (Sweden) electron energy
analyzer operating with constant transmission energy (Ep = 50 eV). The analysis chamber
was evacuated to a pressure below 5·10−9 mbar. The PL spectra were measured using
fluorescence spectrophotometer F7000 (Hitachi) with excitation wavelength of 280 nm.
The UV–vis DRS were performed using a Jasco (Japan) spectrometer. Kubelka–Munk
function was used to calculate the band gap energy. Photocurrent response was measured
on Autolab PGSTAT302 N potentiostat in a 3-electrode test cell with a platinum wire as
counter electrode and saturated calomel electrode as reference. The working electrode
was FTO glass with the analyzed material drop-casted from 0.2 % ethanol/nafion solution.
0.5 M sodium sulfate was used as the electrolyte. Photocurrent (chronoamperometry) test
was measured at 0.5 V vs SCE.

3.3. Photocatalytic Reactions

Photocatalytic hydrogen evolution was conducted in an outer irradiation-type reactor
connected to argon. 10 mg of a photocatalyst was dispersed in 20 mL of water and 2 mL
of lactic acid at pH = 1.77 (at 21 ◦C). Prior to the photocatalytic reaction, the reactor was
purged with argon for air removal. Afterwards, the suspension was illuminated with
Xe lamp (150 W) with air mass filter (A.M. 1.5 G) to achieve a simulated solar light. The
photocatalytic H2 evolution rate was analyzed by Young Lin 6500 gas chromatograph (GC,
Micro TCD detector, ValcoPLOT Molesieve 5Å Fused Silica Column and Ar as a carrier).

The photocatalytic performance of the obtained samples was evaluate RhB decompo-
sition under simulated solar light irradiation (halogen 150 W lamp with cutoff light filters
of natural solar conditions, Photon Institute, Poland). Typically, for the reaction carried out
under visible light irradiation, 50 mg of the catalyst was dispersed into 100 mL of aqueous
RhB solution (5 mg/dm3) at pH = 6.25 (at 21 ◦C) in a cylindrical inner-irradiation-type
quartz glass reactor. Visible-light irradiation was proceeded by stirring of the sample in
darkness for 1 h to establish the adsorption-desorption equilibrium. Next, the mixture was
irradiated for 5 h. 3 mL of the solution was used at equal time intervals and the absorbance
was determined by UV-vis spectrophotometer (JASCO V-770). The decomposition effi-
ciency of RhB was calculated according to the following equation: C/C0 where C0 and C
stand for the initial concentration of dye solution and concentration after a predetermined
irradiation time t.

4. Conclusions

In summary, polymeric carbon nitride prepared under different conditions was suc-
cessfully synthesized and used as photocatalyst for hydrogen evolution reaction from water
splitting and RhB decomposition. We found that both the heating rate and calcination
temperature affected photocatalytic efficiency. These results confirm that the photocat-
alytic efficiency of polymeric carbon nitride strongly depend on its structural defects and
textural properties. Moreover, different structural parameters influenced a photocatalytic
performance in different types of reactions. More specifically, charge transport and charge
lifetime properties arising from structural arrangement and defect content in PCN were
found to determine the catalyst with the highest efficiency in hydrogen generation. How-
ever, the highest specific surface area was crucial for the second photocatalytic reaction:
RhB degradation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11060651/s1, Figure S1: AFM images and height profiles of polymeric carbon nitride

https://www.mdpi.com/article/10.3390/catal11060651/s1
https://www.mdpi.com/article/10.3390/catal11060651/s1
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prepared under different conditions: (a) 500-4, (b) 520-4, (c) 550-4 and (d) 600-4. Figure S2. C 1s and
N 1s XPS spectra of polymeric carbon nitride synthesized at 500 ◦C (500-4) (a,b), 520 ◦C (520-4) (c,d),
550 ◦C (550-4) (e,f) and 600 ◦C (600-4) (g,h). Figure S3. UV/vis spectra of RhB during photocatalytic
degradation with catalyst 520-4 irradiat-ed with simulated solar light (150 W Xe lamp with Air Mass
1.5G filter).
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