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Abstract

Post-annealing treatments constitute a simple and cost-effective strategy to tailor the struc-
ture and photocatalytic performance of polymeric carbon nitride (PCN). In this work, PCNs
synthesized from melamine and urea were subjected to post-annealing at 580 ◦C under air
and CO2 atmospheres to elucidate the role of hydrogen bonding, as well as other structural
modifications induced by oxidizing atmospheres, on photocatalytic water splitting. Com-
prehensive structural, chemical, and textural characterization (XRD, FTIR spectroscopy,
XPS, SSNMR, HRTEM, BET, TGA, and UV–Vis DRS) reveals that post-annealing induces
markedly different effects depending on the precursor. For melamine-derived PCN, the
treatment selectively disrupts hydrogen bonds between melon strands without introducing
nitrogen vacancies, amorphization, or framework shortening. This structural rearrange-
ment increases surface area, reduces particle size, slightly widens the band gap, and
enhances water–framework interactions, resulting in a twofold improvement in the hydro-
gen evolution rate (HER), reaching ~3300 µmol h−1 g·cat−1 under visible-light irradiation.
In contrast, urea-derived PCN undergoes only minor structural modifications, including
slight exfoliation and possible nitrogen deficiency, which do not translate into a measurable
enhancement of photocatalytic activity. These results demonstrate that selective hydrogen-
bond disruption is a key factor governing charge transport and photocatalytic efficiency in
PCN. Importantly, the optimized melamine-derived PCN achieves HER values comparable
to those of urea-derived PCN while maintaining a substantially higher synthesis yield,
highlighting its potential for scalable solar hydrogen production.

Keywords: urea; melamine; photocatalysis; H2 evolution rate; post-annealing; H-bonds

1. Introduction
The urgent need to reduce greenhouse gas emissions and mitigate the effects of fossil

fuel overconsumption has sparked intense research into sustainable energy solutions.
Among these, photocatalytic water splitting for hydrogen (H2) production stands out as a
promising strategy to harness solar energy and generate clean fuel [1,2].

Polymeric carbon nitride (PCN) has emerged as a promising photocatalyst due to
its low cost, simple synthesis, chemical stability, and suitable band gap for visible light
absorption (in the range of 2.7 eV). Its unique electronic structure provides a strong thermo-
dynamic driving force for various redox reactions, making it useful for applications like
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water splitting, CO2 reduction, and pollutant degradation. However, despite its advan-
tages, pristine PCN faces significant challenges that hinder its photocatalytic performance,
including limited light absorption, small surface area, fast electron-hole recombination,
and low electrical conductivity. These limitations must be addressed to fully unlock its
potential for sustainable energy and environmental applications [2–5].

The structure of polymeric carbon nitride (PCN) is primarily based on strands of
melon, composed of tri-s-triazine (heptazine) units, which are connected through covalent
bonds along the Y-plane. These strands are connected by hydrogen bonds, which preserve
the long-range atomic order within each layer, creating a two-dimensional layer structure.
These layers are held together by van der Waals interactions along the Z-plane, allowing
for the formation of a stable 3D network [6].

Modifying the structure of polymeric carbon nitride is one of the most studied ap-
proaches to improve the photocatalytic efficiency of the semiconductor [1,4,5,7,8]. Although
many methods, such as copolymerization and heteroatom doping, have shown promis-
ing results, they often involve complex processes and high costs. Therefore, developing
simple, scalable, and cost-effective approaches to fine-tune the structure and boost the
photocatalytic performance of PCN remains a key research focus.

Post-annealing treatments have proven to be a simple and economical method to
enhance the photocatalytic efficiency of polymeric carbon nitride by inducing several
structural changes:

(1) The incorporation of vacancies/defects [7,9], which has been shown to enhance
photocatalytic activity. Nitrogen vacancies inhibit the radiative recombination of photoex-
cited charges [7], while carbon vacancies facilitate electron transfer from the CB due to a
negatively shifted position [9]. Thus, depending on which element creates the vacancy, the
properties of PCN can differ significantly. Nitrogen vacancies result in a slightly narrowed
band gap and extended visible light absorption [7], whereas carbon vacancies cause a blue
shift, decreasing absorption and increasing the band gap [9].

(2) Oxygen doping can occur when the post-annealing treatment takes place under
oxidizing atmospheres [3,9]. O-doping in the PCN lattice has been reported to modify its
intrinsic electronic and band structure, shifting the absorption edge to 498 nm and enhanc-
ing its visible-light photoactivity. This process can increase the surface area, broaden the
material’s response to visible light, and improve the separation efficiency of photoinduced
charge carriers [3,10].

(3) Amorphism, meaning a reduction in long-range atomic order, has been found to
lower the band gap to 1.90 eV by merely heating partially crystalline PCN, which originally
has a band gap of 2.82 eV. As a result of this modification, amorphous PCN demonstrated
significantly higher hydrogen generation activity compared to crystalline PCN due to its
extended light absorption range and suppressed radiative recombination [11].

(4) Reducing the particle size and/or creating holes within the layers [8,12–15] also
boosts the photocatalytic efficiency by increasing the specific surface area, exposing more
new edges, and providing additional catalytically active sites. Furthermore, the reduction
in particle size leads to an increase in the band gap and a blue shift in absorption due to
the quantum confinement effect (QCE). As a result, the photogenerated electrons retain
their strong reducing power, while the mobility of the generated holes improves, leading to
enhanced oxidation efficiency.

The reduction in particle size can occur through three distinct processes, which are
worth differentiating: (4.1) Shortening of melon strands along the Y-plane due to the
breaking of covalent bonds, which provides the previously described advantages [15].
(4.2) Breaking of hydrogen bonds along the X-plane [8,14], which is more beneficial than the
previous process due to the 7.9 eV potential barrier across the hydrogen-bonded regions,
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which makes the transport of charge carriers between the melon strands difficult. For this
reason, the selective breaking of hydrogen bonds can substantially enhance photocatalytic
activity by suppressing radiative electron-hole recombination. (4.3) Decrease in layer
alignment along the Z-plane due to exfoliation processes [2,12,16]. As with hydrogen bonds,
eliminating these interactions is highly beneficial due to the large 33.2 eV potential barrier
between the layers, which prohibits the transport of charge carriers between them [8].

In this study, we focus on further enhancing the catalytic efficiency of these nitrides
through a simple and cost-effective post-annealing treatment under two different atmo-
spheres (air and CO2) at 580 ◦C—a temperature previously identified as optimal for the
selective disruption of hydrogen bonds in layered carbon nitride [8], without the use of
any additives or salt intercalation. Furthermore, building upon our previous work [1],
which established the optimal synthesis conditions for producing PCN from urea and
melamine precursors, we evaluate how this post-treatment affects PCNs derived from these
different precursors, which naturally yield materials with higher (melamine) or lower (urea)
hydrogen-bond densities [17], while also assessing the influence of oxidizing atmospheres
that have been shown to enhance the photocatalytic efficiency during PCN synthesis [1].

The photocatalytic performance of polymeric carbon nitride is evaluated through
hydrogen production via a photocatalytic photoreforming process in the presence of a
sacrificial electron donor. Triethanolamine (TEOA) is used to efficiently scavenge photo-
generated holes, thereby suppressing charge recombination, while platinum nanoparticles
act as a co-catalyst to promote electron trapping and catalyze proton reduction. This exper-
imental configuration enables a reliable assessment of structure–activity relationships in
PCN by minimizing kinetic limitations associated with surface redox reactions [18–20].

2. Results and Discussion
2.1. Characterization of the Photocatalyst

The solid yields obtained in the synthesis of the precursors, i.e., SYCN-M = 48 ± 1 wt.%
and SYCN-U = 3 ± 1 wt.%, were similar to those described in our previous article [1] and
by other authors [3]. The thermal treatments produced noticeable changes in the coloration
and density of the precursors (i.e., CN-M and CN-U) that were visible to the naked eye
(Figure 1). Regarding the solid yield (SY), the results were identical for both atmospheres
when CN-M was used as a precursor (46–48 wt.%), and slightly different for CN-U, with
a lower SY obtained in air compared to CO2 (34 vs. 49 wt.%). These results are in good
agreement with the post-treatment (air, 540 ◦C, 2 h) previously carried out by our group on
CN-M in a horizontal furnace using a ceramic crucible [3], highlighting that the different
configurations studied (vertical furnace vs. horizontal furnace) do not produce a substantial
difference in the post-annealing performance under an air atmosphere. However, with the
CO2 atmosphere, differences in the configuration were observed, with the solid yield being
much lower in the vertical furnace (46 vs. 86 wt.%) [3]. This suggests a greater effect of the
post-reaction, likely due to the increased contact between the gas and the solid.

 

Figure 1. Photographs of 100 mg of polymeric carbon nitride samples synthesized from melamine
and urea, together with the corresponding solid yields (SYs) obtained after synthesis and
post-annealing treatments.
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2.1.1. Chemical Structure Characterization (Elemental Analysis, FTIR, XPS and NMR)

The results from the elemental analysis of the PCN samples are shown in Table 1.
The results show that the CHN content of all the samples was very similar, with
C = 35.6 ± 0.1 wt.%, N = 61.5 ± 0.5 wt.%, and H = 1.61 ± 0.02 wt.%. Oxygen was the
only element whose concentration varied more between samples, ranging from 1.1 to
1.7 wt.%. As expected, the samples synthesized from urea exhibited a larger amount of
oxygen (1.3–1.6 wt.%) than those made from melamine (1.06 ± 0.02 wt.%) [1]. Previous
studies have reported that PCN exposure to oxidizing atmospheres (i.e., air and CO2) under
certain thermal treatments can result in additional oxygen being incorporated within the
samples [3,9]. However, under our thermal conditions, only CN-U-Air presents a slight
increase in oxygen concentration.

Table 1. Elemental analysis and C/N atomic ratio.

Sample C (wt.%) H
(wt.%) N (wt.%) O

(wt.%)
C/N

(a. r.) a

CN-M 35.7 1.6 62.2 1.1 0.67
CN-M-Air 35.7 1.6 61.8 1.1 0.67
CN-M-CO2 35.7 1.6 61.8 1.1 0.67

CN-U 35.3 1.6 61.3 1.6 0.67
CN-U-Air 35.4 1.6 60.7 1.7 0.68
CN-U-CO2 35.6 1.6 61.4 1.3 0.68

a Atomic ratio.

The elemental composition corresponds to an empirical formula of C3.0N4.4H1.6O0.1,
which closely matches values previously reported in the literature for materials synthesized
using comparable methodologies [18,21]. These results confirm that the obtained material
can be identified as Liebig’s melon phase [C3.0N4.5H1.5], whose hydrogen content is known
to vary within the range of 1.1–2.0 wt.% depending on synthesis conditions [22–24], and
the C/N atomic ratio is 0.67. We can evidently rule out the structure of a perfect g-C3N4

(C/N = 0.75) and that of a CN fully composed of s-triazine structures (C/N = 0.60) [1,25].
The slight increase in C/N atomic ratio from 0.67 in the pristine CN-U to 0.68 in the
annealed CN-U-Air/CO2 samples could indicate a nitrogen-deficient material [7].

The FTIR spectra (Figure 2) of all PCN samples displayed characteristic infrared vi-
brations corresponding to the tri-s-triazine unit fingerprint. The peaks at 800 cm−1 and
890 cm−1 are attributed to the out-of-plane bending vibrations of tri-s-triazine and N-H
deformation, respectively [26]. The strong absorption bands at 1221 and 1307 cm−1 are
characteristic of C-NH-C bridges between cyameluric rings [24]. The vibrations associ-
ated with the cyameluric ring and the terminal amines were observed at 1450 cm−1 and
1625 cm−1, respectively. Additionally, all the samples exhibited N-H stretching bands
within the range of approximately 2850–3400 cm−1. Peaks at 1730 cm−1 and 2158 cm−1,
which can be attributed to oxygen-containing functionalities such as C=O and C-O, have
not been detected in our PCN polymers [3,19], indicating again that no significant oxidation
process has occurred.

Further observation on an enlarged view of the peak corresponding to the out-of-
plane bending vibrations of tri-s-triazine units of PCN samples (Figure A1 in Appendix A)
showed a slight shift to higher wavenumbers in the post-annealed PCN samples. This
phenomenon is related to the decrease in electron cloud density due to a lower amount of
hydrogen bonds in the PCN [17].
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Figure 2. FTIR spectra of PCN samples.

The XPS survey spectra presented in Figure 3 show that the main peaks correspond
to C 1s (~285 eV) and N 1s (~400 eV). Additionally, all samples displayed a minor peak
corresponding to O 1s, which appeared around 530 eV. The main difference between the
spectra is the higher intensity of the oxygen peak observable in the CN-U-Air sample, in
agreement with the elemental analysis results.
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Figure 3. XPS spectra of the PCN samples.

The N 1s signal (Figure 4) showed three distinct peaks: a dominant one at approxi-
mately 398.5 eV, attributed to sp2-hybridized pyridine nitrogen in C-N=C from the hetero-
cyclic ring, followed by two smaller peaks at 399.5 eV, corresponding to the N–(C)3 tertiary
nitrogen, and 400.8 eV, associated with the terminal amino groups C-NHx [18,20]. The
precursors and the annealed samples have presented almost identical signals, demonstrat-
ing that the applied thermal treatment does not produce highly significant changes in the
chemical structure of the PCNs (Figure 4).
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CN-U-CO2

N 1s

C-N=C N-(C)3 -NHx
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Figure 4. Deconvolution of XPS N 1s spectra of PCN samples.

The C 1s signal (Figure 5) displayed two primary peaks: a smaller one at 284.8 eV and
a larger one around 287.8 eV. The latter can be attributed to C=C (sp2) from adventitious car-
bon and to sp2-bonded carbon in N–C=N from the heterocyclic ring [10]. The position and
shape of the N–C=N peak remain essentially unchanged across all samples, in agreement
with the N 1s spectra, demonstrating the preservation of the carbon–nitrogen backbone
after post-annealing. Minor variations in the relative intensity of the C–C contribution are
observed, particularly for urea-derived samples, which can be attributed to surface-related
effects and adventitious carbon rather than to intrinsic structural modifications of the
polymeric carbon nitride.

C 1s

C 1s

C-C
(adventitious) N-C=N

282 283 284 285 286 287 288 289 290 291
Binding Energy (eV)

CN-U

CN-U-Air

CN-U-CO2

CN-M

CN-M-Air

CN-M-CO2

Figure 5. Deconvolution of XPS C 1s spectra of PCN samples.
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The 13C CP/MAS SSNMR spectra (Figure A2) display two primary signals: the one
between 150 ppm and 160 ppm is attributed to the CN3 units of heptazine, while the signal
between 160 ppm and 170 ppm is assigned to amine-bearing carbons, CN2(NHx) [24,27,28].
Consistent with the XPS spectra, the peak shapes observed for the PCN precursors and the
annealed samples are nearly identical.

Figure 6 shows the 1H NMR spectra of the PCN samples. The two characteristic signals
corresponding to the amino groups (Ha, ca. 8–9 ppm) and residual water (Hw, ca. 3–4 ppm)
are clearly observed [28–30]. The post-annealing treatment produces opposite effects on the
residual water signal depending on the PCN precursor. In the case of melamine-derived
PCN (CN-M), post-annealing causes a shift of the Hw peak from 3.6 ppm to 3.7 ppm for
both CN-M-Air and CN-M-CO2, indicating the formation of hydrogen bonds between
water molecules and the PCN framework [29,31]. In addition, the intensity of the Hw signal
gradually increases from pristine CN-M to the post-annealed samples, with CN-M-CO2

exhibiting the highest intensity, suggesting that a larger number of water molecules are
strongly associated with the network through hydrogen bonding.

234567891011
Chemical shift (ppm)

CN-U

CN-U-Air

CN-U-CO2

CN-M

CN-M-Air

CN-M-CO2

Ha = 8.4 ppm

Hw = 3.6 ppm

Ha = 8.7 ppm

Hw = 3.9 ppm

Figure 6. 1H solid-state MAS NMR spectra of PCN samples synthesized from melamine and urea
before and after post-annealing treatments. The signals corresponding to amino protons (Ha) and
residual/adsorbed water (Hw) are indicated. The arrows indicate the direction of the shift of the
maximum signal for the annealed PCN samples relative to their corresponding precursor materials.
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In contrast, post-annealing of urea-derived PCN (CN-U) leads to a shift of the Hw
signal from 3.9 ppm toward lower chemical shifts (~3.7 ppm). Moreover, under a CO2

atmosphere, the peak intensity remains nearly unchanged, which suggests a reduced
formation of hydrogen bonds between water molecules and the PCN structure [29,31].

Regarding the amino-group signal (Ha), the chemical shift remains essentially constant
for all PCN samples. However, a decrease in peak intensity is observed in some cases,
particularly for CN-M-Air, indicating an enhanced proton exchange process between the
amino groups and adsorbed water molecules [19,29].

To semi-quantitatively evaluate the degree of polymerization, two indices have been
calculated using the results from FTIR and NMR techniques. The results are presented
in Table 2.

Table 2. FTIR, XPS and NMR indices.

Sample HNH2/Hring a ACN2(NHx)/ACN3

CN-M 80 2.0
CN-M-Air 77 2.0
CN-M-CO2 78 2.0

CN-U 77 1.9
CN-U-Air 78 1.9
CN-U-CO2 77 1.8

a HNH2/Hring index calculated with the height of the bands at 1625 cm−1 (HNH2) and 1450 cm−1 (Hring).

The HNHx/Hring index was calculated as the ratio between the intensity of the NHx

band (1625 cm−1) and that of the cyameluric ring region (1450 cm−1) in the FTIR spectra [1].
This index showed very similar values for all PCNs studied, both before and after thermal
treatment. The ACN2(NHx)/ACN3 index was also determined from the ratio of the areas of
the CN2(NHx) (160–170 ppm) and CN3 (150–160 ppm) regions in the 13C CP/MAS SSNMR
spectra (Figure A2). PCNs synthesized from melamine exhibited an ACN2(NHx)/ACN3

ratio of 2.0, slightly higher than that calculated for urea-derived PCNs (1.8–1.9), indicating a
greater proportion of carbon species near peripheral –NHx groups [19], in good agreement
with the literature [1]. In addition, comparison between PCNs obtained from the same
precursor confirms once again that post-annealing does not lead to an increased number of
terminal –NHx groups.

Based on the results presented in this section, we conclude that the annealing treat-
ments did not induce very significant changes in the chemical structure, apart from a slight
oxidation in the CN-U-Air sample. Furthermore, FTIR, XPS, and NMR analyses, together
with the calculated indices, confirm that annealed PCNs do not show any decrease in their
degree of polymerization. However, the post-annealing treatment appears to induce notice-
able changes in the hydrogen-bonding network, suggesting that a larger number of water
molecules are strongly associated with the PCN framework in the post-annealed CN-M
samples, together with an enhanced proton exchange process between amino groups and
adsorbed water molecules. This behavior may be attributed to the disruption of hydrogen
bonds between melon chains, which renders the N–H bridges linking the tri-s-triazine units
more accessible for hydrogen bonding with water molecules.

2.1.2. Structural and Textural Characterization (XRD, HRTEM and BET Area)

Figure 7 shows the XRD patterns of the synthesized PCNs. Two typical diffraction
peaks centered at ~13.0◦ and ~27.7◦ (2θ), ascribed to the (100) and (002) crystal planes,
represent in-plane packing and interlayer periodic stacking, respectively.
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Figure 7. XRD patterns of PCN samples.

Consistent with the work of Tyborski and Fina [32], our results indicate that the
primary phase of the samples studied was composed of melon sheets. The XRD theoretical
patterns of a melon structure proposed by Lotsch et al. [33] are shown with dotted lines.

Further observation of the enlarged view of the (100) peak in Figure A3 reveals the
partial disappearance of the (100) crystal plane in the annealed samples, suggesting a
decrease in the degree of order in the planar structure unit [34]. The weakening and
broadening of the 13.1◦ peak have been associated with nitrogen vacancies [35] and the
breaking of hydrogen bonds in the intralayer framework [8,17]. However, based on the
previous observations, only the possibility of hydrogen-bond breaking seems likely.

In agreement with Lan et al., the PCNs synthesized from urea show weaker intensities
for the 13.1◦ peak compared to those made from melamine, indicating a lower amount of
interlayer hydrogen bonds formed during the polymerization of urea in comparison to
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melamine [17]. Furthermore, regarding the annealing atmosphere, this decrease is more
pronounced in air than in CO2.

On the other hand, the enlarged view of the (002) peak (Figures 8 and A4) shows that
the diffraction angles (2θ) of the (002) peaks for CN-M and CN-U appear at 27.79◦ and
27.73◦, respectively, in good agreement with the results reported for other PCNs synthesized
up to 600 ◦C [1,32,36]. The thermal treatments lead to a decrease in the intensity of the (002)
peaks in all cases. Once again, this decrease is more pronounced with the air atmosphere
than with CO2. The signal intensity of the samples synthesized from melamine decreases
more significantly compared to the precursor, as CN-M exhibits a much more intense peak
than CN-U (Figures 8 and A4). Additionally, a shift of the (002) peak to higher diffraction
angles is observed (Figure A3), indicating that the thermal treatments cause a reduction in
the interlayer distance of the resulting PCNs [34]. This phenomenon could be due to the
undulated layers gradually becoming planar during the process [12].

Figure 8. Enlargement of the (002) XRD peak corresponding to the interlayer stacking of π-conjugated
aromatic systems of: (a) PCNs synthesized from melamine and (b) PCNs synthesized from urea.
Within the images, the position (2θ) and the full width at half maximum (FWHM) of each peak
are specified.

For a deeper understanding of the XRD data, some parameters were calculated (Table 3)
via Bragg’s law (Equation (1)) and the Debye–Scherrer equation (Equation (2)).

Table 3. In-plane distance of the tri-s-triazine (dTSTZN) and s-triazine (dSTZN) units, the interlayer
distance of the layer stack (dinterlayer), the average thickness of graphitic stacks, and the number of
layers of PCN samples.

Sample dTSTZN (Å) dSTZN (Å) dinterlayer (Å) Thickness of Stacks (nm) No. Layers

CN-M 6.89 5.01 3.21 9.2 29
CN-M-Air 6.92 5.05 3.20 9.7 30
CN-M-CO2 6.93 5.02 3.19 10.0 31

CN-U 6.93 4.98 3.21 7.1 22
CN-U-Air 6.88 5.04 3.21 6.8 21
CN-U-CO2 6.94 4.99 3.20 7.0 22
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In agreement with our previous work and studies by other researchers [1,37,38], the
in-plane distances of the tri-s-triazine (dTSTZN) and s-triazine (dSTZN) units in the PCN
samples were approximately 6.9 and 5.0 Å, respectively. The stack thickness was greater for
CN-M-atm samples (9.2–10 nm) compared to CN-U-atm samples (6.8–7.1 nm), consistent
with literature reports [1,39,40]. The interlayer distance (dinterlayer) was similar across all
samples, with the largest shift observed for the CN-M precursor under a CO2 atmosphere,
where dinterlayer changed from 3.21 (CN-M) to 3.19 (CN-M-CO2). As a result, CN-M-atm
samples had more layers (29–31) than CN-U-atm samples (21–22) (Table 3).

The decrease in intensity of the (002) XRD peaks has been associated with various
factors: (1) nitrogen vacancies [35], (2) lack of long-range order in atomic arrangements
(amorphism) [11], (3) a lower number of aligned layers due to exfoliation processes [12,16],
and/or (4) a smaller planar size resulting from reduced polymerization or hydrogen
bonding [8,12,36,41]. However, based on the results obtained from the techniques discussed
above, the shift of the (002) reflection toward higher diffraction angles, and the layer
thickness values estimated using Scherrer’s equation (Table 3), amorphization can be ruled
out for all PCN samples, as well as exfoliation in the case of the annealed CN-M samples.
Instead, the observed changes are more consistently attributed to a reduction in hydrogen
bonding between melon strands for these samples. In contrast, the CN-U samples, which
did not show evidence of breaking the hydrogen bonds between the strands in the previous
analyses, exhibited a slight decrease in the stacking thickness following annealing.

High-resolution transmission electron microscopy (HRTEM) images of the PCN sam-
ples synthesized from melamine and urea are shown in Figures 9 and 10. The black dots
represent Pt nanoparticles (NPs). CN-M exhibits a sheet-like morphology with rolled
edges [42], and the thermal treatment clearly reduced the particle size of the CN-M sheets
(Figure 9). In contrast, CN-U samples display a two-dimensional, agglomerated, lamellar-
like morphology [1]. For PCNs synthesized from urea, no significant change in particle size
due to heat treatment is observed. From the HRTEM images, it appears that the PCNs have
discotic components stacked in an approximately planar arrangement or polymeric units
arranged with a relatively regular spacing, rather than a graphitic structure with stacked
layers [43].

Figure 10 shows additional HRTEM images of the PCNs taken at higher magnification.
The arrows indicate areas where the smallest Pt NPs have been observed. Additional
regions with small Pt NPs in CN-M-Air and CN-M-CO2 are shown in Figures A5 and A6.
Furthermore, Figure A7 presents a comparison of a small, isolated Pt NP (~5 nm) and a
larger Pt NP (17 × 21 nm), which is composed of the aggregation of smaller nanoparticles
(3 × 5 nm) over CN-U-Air.

It appears that the annealed samples (CN-M-Air, CN-M-CO2, and CN-U-CO2) exhibit
some areas with very small and well-distributed Pt nanoparticles (≤2 nm), which were not
found in the precursors (i.e., CN-M and CN-U). Kang et al. [8] reported that by breaking
the hydrogen bonds, the Au NPs disperse more effectively and have smaller sizes. Recent
studies have also demonstrated through DFT calculations that metal single atoms can be
hosted in the pore cavities of polyheptazine imide (6.81 Å), leading to band gap narrowing
and a significant improvement in photocatalytic OER performance [5,44].

The insets in Figure 10 show histograms of the Pt NPs, along with the mean size and
the number of particles analyzed. These results indicate that the precursor used in the
synthesis of PCNs affects the size of the Pt NPs. PCNs synthesized from melamine exhibit
smaller sizes and better distribution. The histograms for CN-M and CN-U show a mode of
2–5 nm and 5–12 nm, respectively.
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Figure 9. HRTEM images of PCN samples.

https://doi.org/10.3390/catal16020184

https://doi.org/10.3390/catal16020184


Catalysts 2026, 16, 184 14 of 33

 

Figure 10. High-resolution TEM images of PCN samples showing the morphology of the carbon
nitride matrix and the distribution of Pt nanoparticles (dark contrast). Arrows indicate regions where
the smallest Pt nanoparticles are observed. Insets show particle size distributions, average particle
size, and the number of analyzed particles.
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It seems that the annealing treatment in air reduces the size of the Pt NPs, shifting the
mode to 1–3 nm for CN-M-Air and 3–6 nm for CN-U-Air. Regarding the annealing under
a CO2 atmosphere, there is no clear evidence of a change in the Pt NP size based on the
histograms obtained. However, areas with very small and well-distributed Pt NPs were
also observed. This result aligns with the XRD data, where a greater change was observed
when annealing occurred in air.

Figure 11 shows the N2 adsorption–desorption isotherms and the BJH pore-size distri-
bution for all the prepared photocatalysts. The values for SBET, total pore volume, and peak
pore size for the PCN samples are provided in Table 3. All the samples displayed a type-IV
adsorption–desorption isotherm, which is typical of mesoporous materials [42]. The BJH
pore-size distribution was consistent across all samples, showing a narrow distribution
centered around 3.5 nm and a wider range of pores between 10 and 100 nm, with peaks
observed between 42 and 93 nm. However, the total pore volume was significantly influ-
enced by the precursor used. Previous studies suggest that urea-derived samples tend to
have higher SBET and pore volume compared to those derived from melamine [4,20,39,42].
This difference has been attributed to the oxygen content in the urea precursor, with
the formation of CO2 during polymerization potentially hindering grain growth, thus
increasing the surface area of the PCN [42]. However, the urea precursor has also been
reported to produce a greater degree of polymerization than melamine [1]. Therefore, it is
likely that the inhibition of grain growth is due to the lower amount of hydrogen bonding
within a layer.

Figure 11. N2-sorption isotherms and pore-size distribution for the PCN samples.

The results from the present study (Table 4) show that our precursors (CN-M and
CN-U) exhibited greater surface areas than PCNs from other studies [4,42,45]. Additionally,
it has been shown that all the thermal treatments tested increased the SBET and total pore
volume; moreover, this increase was very similar for the two oxidizing atmospheres studied
(i.e., air and CO2). However, when compared with the previous literature, it seems that our
treatment has not been very effective in increasing the surface area [9,13].
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Table 4. The SBET, total pore volume and peak pore size for the PCN samples.

Sample SBET (m2/g) Total Pore Volume (cm3/g) Peak Pore Size (nm)

CN-M 26.3 0.108 60
CN-M-Air 47.7 0.180 93
CN-M-CO2 58.4 0.177 70

CN-U 74.2 0.266 42
CN-U-Air 100.3 0.299 67
CN-U-CO2 102.5 0.316 59

The CN-M precursor experienced the greatest increase in surface area. The BET surface
areas of CN-M-Air (48 m2/g) and CN-M-CO2 (58 m2/g) were approximately 2 times higher
than that of CN-M (26 m2/g). Bao et al. [46] reported a similar increase in SBET (1.7 times)
when CN-M was heated at 500 ◦C for 4 h in a muffle furnace.

On the other hand, the BET surface areas of CN-U-Air (100 m2/g) and CN-U-CO2

(103 m2/g) were only about 1.4 times higher than that of CN-U (74 m2/g), but the highest
surface values were achieved.

The high surface area and large pore volume of the thermally treated PCNs can be
attributed again to the reduced layer thickness and/or X–Y size by layer-splitting [36,46],
as well as to defects and vacancies [7,9,47].

2.1.3. Thermal Stability (TGA)

The thermal stability of the as-prepared PCN samples was assessed using thermogravi-
metric analysis (TGA). The DTG curves for all PCN samples (Figure 12) displayed a distinct
peak within the temperature range of 692 to 708 ◦C. The samples showed stability up to
600 ◦C (mass loss < 0.6 wt.%), indicating the robust structure of the tri-s-triazine-based
units in the materials [37,48]. Consistent with our previous findings and those of other
researchers [1,49], differences in thermal stability were observed depending on the precur-
sor; melamine-derived nitrides exhibited greater thermal stability than those derived from
urea. Furthermore, it appears that the thermal treatments in both air and CO2 atmospheres
reduced the thermal stability of the CN-M precursor. However, for the CN-U precursor,
only the CO2 treatment resulted in a decrease in thermal stability.
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Figure 12. DTG curves of the decomposition process of PCN samples when heated at 10 ◦C/min
under N2 atmosphere (300 mL/min).
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The reduction in thermal stability of the samples has been attributed to several factors:
(1) a higher content of s-triazine units, as s-triazine-based structures have been shown to be
less stable than tri-s-triazine-based polymers [50]; (2) the formation of surface defects [2];
(3) small particle size due to low polymerization or hydrogen-bond breaking [15]; and/or
(4) a reduced number of layers (exfoliation process) [51]. The differences observed between
precursors can be attributed to the fewer layers in the PCNs derived from urea. However,
the variations seen between the CN precursors and the annealed PCNs are more likely
related to a smaller particle size and/or surface defects.

2.1.4. UV–VIS Absorption Properties

The DRS spectra are presented in Figure 13, with the insets illustrating the different
colors of the synthesized PCN samples. The UV–VIS spectra (Figure 13a,b) show that all
samples exhibit a peak absorption band at λ < 450 nm. This is attributed to π → π* electron
transitions within the conjugated aromatic ring system of the tri-s-triazine and s-triazine
units, which are crucial for the photocatalytic activity of the PCNs [18,37]. No significant
absorption tail was observed at longer wavelengths, suggesting an absence of n → π*
transitions involving lone pairs on the nitrogen atoms at the edges of the heptazine and
triazine rings, or a significant deformation in the layers [18,37,52]. The annealing treatment
applied to CN-M resulted in a slight reduction in the precursor’s color, making it more
whitish and leading to a decrease in absorption. In contrast, when the same treatment was
applied to the CN-U precursor, color changes were observed only in the air-treated sample,
which turned slightly more yellow, resulting in an increase in absorption. This change in
color is entirely consistent with the oxidation observed in the previous analyses [10,11].

Figure 13. UV–VIS diffuse reflectance spectra of CN-M-atm samples (a) and CN-U-atm samples (b).
Insets show photographs of the photocatalysts. Kubelka–Munk plots of CN-M-atm samples (c) and
CN-U-atm samples (d), showing fits to obtain the band gaps.
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Determining the band structure of PCN is a crucial task. The band gaps of photocata-
lysts designed for water splitting should range from 2 eV to 3.1 eV in order to overcome
thermodynamic losses and overpotentials in the photocatalytic process, as well as to enable
absorption in the visible range [50]. The band gaps of the polymeric carbon nitride samples
were calculated using the Tauc plot (Figure 13c,d). The direct band gap energies of all the
photocatalysts were found to be between 2.92 and 3.04 eV. The band gaps calculated in this
study align well with the values reported in the literature [20,39,45,49,53]. The annealing
treatment performed on the melamine precursor (CN-M) resulted in a slight increase in the
band gap. In contrast, the band gaps of CN-U-Air and CN-U-CO2 were identical to that of
the precursor. Once again, it is noted that the changes induced in the melamine precursor
were different from those in the urea precursor.

The increase in the band gap has been linked to two main factors: (1) a higher content
of s-triazine units [1,50]; and/or (2) the Quantum Confinement Effect, due to a reduction in
particle size in any direction (X, Y, Z). Lower polymeric PCN and/or the reduced presence
of H-bonds in the plane, which cause smaller particle sizes in the X–Y plane, present larger
band gaps [54–56]. Additionally, the reduced thickness of the stacked layers caused by
exfoliation processes results in a blue shift in the wavelength [12,16]. Taking everything
mentioned into account, it can be concluded that the decrease in particle size due to the
breaking of H-bonds is the most plausible reason for the observed increase in the band gap
in the CN-M-Air and CN-M-CO2 samples.

On the other hand, O-doping and the loss of long-range order in the atomic arrange-
ments of PCN samples have been reported to cause red shifts in wavelength, leading to
shorter band gaps [10,11]. The O-doping generated in the CN-U-Air sample is too small to
cause any modification of the band gap, consistent with the minor increase in the oxygen
wt.% observed in the elemental analysis.

2.2. Photocatalytic H2 Production Activity

The results of the photocatalytic analyses are shown in Figure 14. Between 3 and 4
replicates were made for all the PCN samples. To evaluate the statistical power of the
results, a two-tailed unpaired t-test was performed with the software GraphPad (8.0.2).
The p-values obtained from this test are shown at the top of Figure 14a. The photocatalytic
H2 evolution of all PCN photocatalysts for 4 h is presented in Figure 14b. The error bars in
the two graphs represent the standard deviation (SD) of the mean.

The results obtained for the precursors’ performance (CN-M and CN-U) are consistent
with our previous work [1] and that of other authors. Thus Martin et al. [45] reported a
HER value of 3300 µmol/h·gcat for a PCN synthesized by urea. Also, Huang et al. [57]
obtained HER values of 1805 µmol/h·gcat with nitrides synthesized from melamine in air
atmospheres with 3 wt.% Pt and 10 vol.% TEOA and incident light with λ ≥ 400 nm.

The photocatalytic efficiency of the CN-M precursor (1739 ± 151 µmol/h·gcat) has
been improved by the two post-annealing treatments studied, obtaining average HER
values of 3185 ± 649 µmol/h·gcat and 3361 ± 879 µmol/h·gcat for air and CO2 atmospheres,
respectively. Which implies an improvement factor of ~2 (Table A1). These increases
have proved to be significant, with p-values of 0.0140 (CN-M vs. CN-M-Air) and 0.0272
(CN-M vs. CN-M-CO2). However, no differences were found between the atmospheres.
These results are in very good agreement with our previous study, where similar post-
treatments (Air/CO2, 540 ◦C, 2 h) were done on CN-M in a horizontal furnace using a
ceramic crucible, giving rise to an improvement factor of ~2 (Table A1) [3]. This result
makes it clear that the different configurations studied (vertical furnace vs. horizontal
furnace) do not produce a substantial difference in the post-annealing effectiveness.
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Figure 14. (a) Comparison of the photocatalytic hydrogen evolution rates (HER) of polymeric carbon
nitride samples under visible-light irradiation, including statistical analysis (p-values) obtained from
a two-tailed unpaired t-test. (b) Time-dependent H2 evolution profiles measured over 4 h. Error bars
represent the standard deviation of the mean.
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Also, other authors, i.e., Li et al. [13] and Luo et al. [58], have demonstrated that it is
possible to improve the photocatalytic efficiency of nitrides synthesized from melamine
through post-annealing treatments conducted in air by an improvement factor of 12 and
10. However, differences in the thermal treatment performed or the varying concentration
of the co-catalyst studied make it difficult to directly compare their results with ours.
Additionally, it should be noted that our precursors exhibit particularly good photocatalytic
yields compared to the PCN bulks in the literature, as we have selected the best synthesis
conditions obtained in our previous study [1].

On the contrary, these same post-annealing treatments performed on the CN-U
precursor have not modified its photocatalytic efficiency. No significant difference
was found between the HER values of CN-U (3364 ± 174 µmol/h·gcat), CN-U-Air
(3338 ± 674 µmol/h·gcat) and CN-U-CO2 (3811 ± 641 µmol/h·gcat), with p-values of
0.9827 (CN-U vs. CN-U-Air) and 0.3085 (CN-U vs. CN-U-CO2).

To the best of our knowledge, very few studies have evaluated how annealing post-
treatments improve the photocatalytic efficiency of nitrides synthesized from urea. Mo-
hamed et al. [59] evaluated the influence of post-annealing temperatures on the fabrication
of carbon nitride thin film from urea on FTO glass. The results show an improvement in
the photocurrent density at annealing temperatures of 150 ◦C to 350 ◦C. However, above
that temperature, the treatment was not beneficial. Furthermore, An et al. [60] reported
that post-annealing at 670 ◦C under an inert atmosphere can significantly improve the pho-
tocatalytic efficiency with respect to bulk urea’s PCN (improvement factor = 4). However,
it should be noted that their PCN was synthesized at 550 ◦C, compared to the 600 ◦C we
used, so our CN-U exhibits a much better HER, making it more difficult to improve its pho-
toactivity. Additionally, our post-annealing was performed at a much lower temperature.
Therefore, it seems consistent that no improvements are observed under our conditions.

The stability was also evaluated for one of the best photocatalysts synthesized,
i.e., CN-M-Air, and the precursor for comparison (Figure 15). Stability was evaluated
over 12 h (three cycles). The results showed a rapid loss of the photocatalytic efficiency of
the improved catalyst (CN-M-Air), reaching HER levels identical to the CN-M precursor in
just 12 h.

 
Figure 15. Stability of CN-M and CN-M-Air for the photocatalytic H2 evolution for 12 h.
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Although CN-M-Air exhibits a gradual decrease in photocatalytic hydrogen evolution
upon consecutive cycles (Figure 15), it is essential to assess whether this loss of activity
is associated with structural degradation of the material. To this end, X-ray diffraction
measurements were performed on CN-M-Air after one (4 h) and three (12 h) consecutive
photocatalytic cycles.

As shown in Figure 16, the XRD patterns recorded after cycling display no significant
changes in the position or shape of the characteristic (002) reflection of polymeric carbon
nitride when compared with the pristine CN-M and CN-M-Air samples. This observation
indicates that the bulk framework and interlayer stacking of PCN remain structurally
stable during prolonged photocatalytic operation. Therefore, the observed activity decay
upon cycling cannot be attributed to a collapse or transformation of the PCN crystal
structure detectable by XRD but is more likely related to surface or interfacial deactivation
phenomena, such as co-catalyst deactivation, adsorption of reaction intermediates, or
reversible changes in hydrogen-bonding interactions under aqueous reaction conditions.

 
Figure 16. X-ray diffraction (XRD) patterns of CN-M, CN-M-Air, and CN-M-Air after one (C1, 4 h)
and three (C3, 12 h) consecutive photocatalytic hydrogen evolution cycles, focusing on the (002)
reflection of polymeric carbon nitride.

2.3. Correlation Between Structure Properties and the Photocatalytic Activity

Based on the comprehensive characterization results discussed in the preceding sec-
tions, it can be concluded that the post-annealing treatment (580 ◦C for 2 h under air or
CO2) induces markedly different effects depending on the precursor employed, melamine
or urea. Melamine-derived polymeric carbon nitride (CN-M) undergoes a disruption of
the hydrogen bonds connecting the melon strands, which allows a larger number of water
molecules to become strongly associated with the PCN framework in the post-annealed
CN-M samples, as evidenced by the 1H NMR results. As a consequence, the annealed
CN-M samples exhibit a reduced particle size (HRTEM), decreased thermal stability (TGA),
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an increased specific surface area (improvement factor ≈ 2, BET), and a slight widening
of the band gap from 2.92 to 3.04 eV (UV–Vis). Importantly, these changes are achieved
without inducing nitrogen vacancies, amorphization, or shortening of the melon strands,
which could otherwise compromise the catalytic performance in the hydrogen evolution
reaction (HER).

Accordingly, the enhancement in HER activity observed for the CN-M-Air and
CN-M-CO2 samples (improvement factor ≈ 2) is attributed to the disruption of hydro-
gen bonds between melon strands and the consequent increased availability of bridging
–NH groups to interact with water molecules and facilitate their redox processes. This
interpretation is in good agreement with previous reports [8,17]. In particular, Kang et al.
demonstrated that the potential barrier across hydrogen-bonded regions (7.9 eV) is suffi-
ciently high to severely hinder charge carrier transport between melon strands, indicating
that hydrogen bonding adversely affects intralayer charge transport [8].

In contrast, urea-derived polymeric carbon nitride (CN-U) does not show an increased
association of water molecules with the PCN framework, as indicated by the 1H NMR
spectra. Nevertheless, minor structural modifications are observed upon post-annealing.
Elemental analysis suggests the possible presence of nitrogen vacancies, while a slight
oxygen doping in the CN-U-Air sample is confirmed by elemental analysis, XPS, and
UV–Vis measurements. In addition, XRD results indicate a slight degree of exfoliation.
These changes lead to a modest increase in specific surface area (improvement factor ≈ 1.4,
BET) and a reduction in thermal stability (TGA). However, the structural modifications
induced by post-annealing in urea-derived PCN are not sufficiently pronounced to produce
a measurable enhancement in the hydrogen evolution rate. These findings are consistent
with the intrinsically lower hydrogen-bond density in urea-derived PCNs compared to
those derived from melamine, as previously reported [17].

As can be seen from our results (CN-M vs. CN-U) and the literature [4,17,20,39],
the photocatalysts synthesized from urea are more efficient at H2 production from water
splitting than those synthesized from melamine. However, as previously mentioned,
the urea precursor has the major drawback that the yield of its synthesis is very low
(SYCN-U = 3 ± 1 wt.%). In contrast, the yield of PCN from melamine is considerably high
(SYCN-M = 48 ± 1 wt.%).

With this study, we have demonstrated that it is possible to match the photocatalytic
hydrogen production between CN-M and CN-U by performing a simple annealing post-
treatment of the CN-M sample under air or CO2 atmospheres (580 ◦C/2 h), which causes
H-bond breaking within the melon strands. This is particularly noteworthy given that the
overall yield of the synthesis of the photocatalysts CN-M-Air (23 wt.%) and CN-M-CO2

(22 wt.%) is still considerably higher than the yield of the synthesis of CN-U (3 wt.%).
However, as we previously observed, the improvement in photocatalytic efficiency due to
the post-treatment is lost in 12 h. X-ray diffraction analysis performed after consecutive
photocatalytic cycles indicates that this activity decay is not associated with detectable
changes in the bulk crystal structure of polymeric carbon nitride. Further work will focus
on improving the long-term stability of the activity enhancement.

3. Materials and Methods
3.1. Photocatalyst Synthesis
3.1.1. Polymeric Carbon Nitride Synthesis

The polymeric carbon nitride (PCN) synthesis was performed following the method-
ology established in our previous work [1]. Melamine (M, Alfa Aesar, Ward Hill, MA,
USA) and urea (U, Sigma-Aldrich, St. Louis, MO, USA) were chosen as precursors for
PCN synthesis via thermal polymerization. Approximately 20 g of each precursor was

https://doi.org/10.3390/catal16020184

https://doi.org/10.3390/catal16020184


Catalysts 2026, 16, 184 23 of 33

placed in a lidded crucible and calcined at 600 ◦C for 2 h in a horizontal furnace, with a
heating rate of 5 ◦C/min under a static air atmosphere (20 mL/min). The resulting powders
were thoroughly washed with deionized water, followed by sequential treatments with
HCl (1M) and NaOH (1M), and rinsed again with deionized water to eliminate unreacted
species and potential surface contaminants. The final samples were labeled as CN-precursor
(i.e., CN-M and CN-U).

3.1.2. Post-Annealing of PCNs

The experimental setup for the post-annealing treatments, along with the temperature
curves recorded by the thermocouple, is shown in Figure 17. A total of 400 mg of bulk PCN
was placed on a porous alumina support, positioned at the center of a vertical furnace,
and heated to 580 ◦C at a rate of 5 ◦C/min under two oxidizing atmospheres: air and
CO2 (300 mL/min). After maintaining the target temperature for 2 h, the samples were
cooled to room temperature over 9 h and 30 min. The resulting materials were labeled as
CN-precursor-atmosphere (i.e., CN-M-Air, CN-M-CO2, CN-U-Air, and CN-U-CO2).

 

Figure 17. (a) Schematic diagram of the experimental setup used for the post-annealing treatment
of polymeric carbon nitride samples under controlled gas atmospheres. (b) Temperature profiles
recorded during the thermal treatment of CN-M and CN-U samples under air and CO2 atmospheres.
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3.1.3. Co-Catalyst Deposition

Platinum (Pt) nanoparticles were deposited onto the photocatalyst surface by means
of a photochemical reduction of H2PtCl6. Aqueous stock solutions of deionized water and
the platinum precursor (H2PtCl6·(H2O)6) were prepared beforehand, and an appropriate
volume was introduced to obtain a final metal loading of 3 wt.%. The photodeposition
was conducted in a 500 mL quartz-window Pyrex reactor under ambient pressure and at a
controlled temperature of 25 ◦C.

For each experiment, 29.1 mg of polymeric carbon nitride was dispersed by ultrason-
ication in 150 mL of an aqueous solution containing 13 vol.% triethanolamine (TEOA),
which served as a sacrificial electron donor. Prior to irradiation, the reactor was sealed
and purged with nitrogen for 30 min at a flow rate of 200 mL min−1 to remove dissolved
oxygen. The suspension was then irradiated for 4 h using a 300 W Xe lamp equipped with a
cutoff filter (λ > 320 nm). After completion of the reaction, the photocatalyst was recovered
by filtration, thoroughly washed with deionized water, and dried overnight at 80 ◦C.

3.2. Photocatalyst Characterization

Elemental (ultimate) analysis was carried out according to the ASTM D 5373-02
protocol to quantify the carbon (C), hydrogen (H), and nitrogen (N) contents using a LECO
CHN2000 analyzer (LECO Corporation, St. Joseph, MI, USA). The oxygen (O) content was
determined separately by direct measurement with a LECO VTF-900 instrument (LECO
Corporation, St. Joseph, MI, USA).

Thermogravimetric measurements were conducted on a TA Instruments SDT 2960
thermoanalyzer (TA Instruments, New Castle, DE, USA) to evaluate the thermal stability
of the materials. Approximately 4 mg of each sample was placed in platinum crucibles and
heated from room temperature to 900 ◦C at a ramp rate of 10 ◦C min−1 under a nitrogen
flow of 100 mL min−1.

Diffuse reflectance UV–Vis spectra of the synthesized photocatalysts were recorded
using a Shimadzu UV-2450 spectrophotometer (Shimadzu Corporatio, Kyoto, Japan). The
reflectance data were converted using the Kubelka–Munk function, and the apparent
optical band gaps were estimated from Tauc plots.

Textural characteristics, including the Brunauer–Emmett–Teller specific surface area
(SBET) and total pore volume (Vt), were obtained from nitrogen adsorption–desorption
isotherms measured at 77 K with a Micromeritics ASAP 2420 system (Micromeritics Instru-
ment Corporation, Norcross, GA, USA). Prior to analysis, the samples were degassed under
vacuum at 200 ◦C for 12 h to remove adsorbed moisture and volatile species. Pore-size
distributions were calculated using the Barrett–Joyner–Halenda (BJH) method based on
the Kelvin model.

The crystalline structure of the prepared photocatalysts was examined by X-ray diffrac-
tion (XRD) using a Bruker D8 Advance diffractometer equipped with Cu Kα radiation
(Bruker Corporation, Billerica, MA, USA). Data were collected over a 2θ range of 5–70◦

with a scanning speed of 1.2◦ min−1.
The in-plane distances of tri-s-triazine and s-triazine units, as well as the interlayer

spacing of stacked layers, were calculated using Bragg’s law:

dhkl =
n ·λ

2· sin(θ)
(1)

where dhkl denotes the spacing between lattice planes with Miller indices (hkl), θ is the
Bragg angle, n represents the diffraction order, and λ is the wavelength of the incident
radiation (1.5406 Å). The crystallite sizes associated with tri-s-triazine and s-triazine-based
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polymers, along with the average thickness of graphitic PCN stacks, were estimated using
the Debye–Scherrer equation:

Crystallite size (L) =
K ·λ

β· cos(θ)
(2)

where K is the Scherrer constant (0.9) and β corresponds to the full width at half maximum
(FWHM) of the diffraction peak.

Surface elemental composition and chemical states were analyzed by X-ray photoelec-
tron spectroscopy (XPS) using a SPECS system equipped with a Phoibos 100 hemispherical
analyzer (SPECS Surface Nano Analysis GmbH, Berlin, Germany). Monochromatic Al Kα

radiation (1486.74 eV) was employed at an X-ray power of 100 W and an anode voltage of
14.0 kV. Spectra were acquired in constant pass energy mode, using 50 eV for survey scans
and 10 eV for high-resolution core-level spectra. Data processing and peak fitting were
performed with CasaXPS software (2.3.26).

Fourier-transform infrared (FTIR) spectra were collected on a Bruker Vertex 70 spec-
trometer fitted with a deuterated triglycine sulfate (DTGS) detector (Bruker Corporation,
Billerica, MA, USA) and a Golden Gate diamond ATR accessory. Each spectrum was
acquired by averaging 64 scans at a resolution of 4 cm−1 over the range of 4000–500 cm−1.

Solid-state NMR experiments were performed on a Bruker AVANCE III wide-bore
spectrometer (Bruker Corporation, Billerica, MA, USA) operating at 400 MHz and equipped
with a 4 mm CP-MAS probe. One-dimensional 1H–13C cross-polarization MAS spectra
were recorded using a CP pulse sequence with 2200 scans at a spinning rate of 10 kHz. In
addition, one-dimensional 1H single-pulse MAS spectra were acquired using a 4 ms π/2
pulse, 4 scans, and a spinning frequency of 12 kHz.

High-resolution transmission electron microscopy (HRTEM) was performed on a
Tecnai F30 (FEI) (FEI Company, Hillsboro, OR, USA) at 200 kV.

3.3. Photocatalytic Activity Test

Photocatalytic hydrogen evolution tests were carried out using the same experimental
setup previously employed for co-catalyst photodeposition. In a typical run, approximately
30 mg of the photocatalyst was ultrasonically dispersed in 150 mL of an aqueous solution
containing 13 vol.% triethanolamine (TEOA). The reaction vessel was then sealed and
flushed with nitrogen at a flow rate of 200 mL min−1 for 30 min to remove dissolved
gases. Subsequently, the nitrogen flow was lowered to 20 mL min−1 and maintained for an
additional 30 min prior to light irradiation.

The suspension was irradiated for 4 h using a 300 W xenon lamp equipped with a
cutoff filter (λ > 320 nm). The amount of hydrogen generated was quantified at 15 min
intervals using an online Agilent 490 micro-gas chromatograph fitted with a thermal
conductivity detector and a 5 Å molecular sieve column, with argon employed as the
carrier gas.

4. Conclusions
This work demonstrates that post-annealing treatment at 580 ◦C under air or CO2 at-

mospheres induces markedly different structural and physicochemical effects in polymeric
carbon nitride depending on the precursor used. For melamine-derived PCN (CN-M),
post-annealing leads to the disruption of hydrogen bonds between melon strands without
introducing nitrogen vacancies, amorphization, or shortening of the polymeric frame-
work. This structural rearrangement increases the accessibility of bridging–NH groups,
enhances the interaction with water molecules, and improves charge transport between
layers. As a result, CN-M samples exhibit reduced particle size, increased surface area,
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slightly widened band gap, and significantly enhanced hydrogen evolution reaction (HER)
activity (improvement factor ≈ 2).

In contrast, urea-derived PCN (CN-U) shows a much weaker response to post-
annealing. Although minor structural changes such as slight exfoliation, O-doping, and
possible nitrogen vacancies are observed, these modifications only lead to modest in-
creases in surface area and reduced thermal stability, without a measurable improvement in
HER performance.

The photocatalytic efficiency of the CN-M precursor achieved HER values similar
to the more efficient, but low-yield, CN-U (≈3300 µmol/h·gcat). This demonstrates a vi-
able method to obtain high-performance photocatalysts with a significantly higher overall
synthesis yield (CN-M-Air at 23 wt.%, CN-M-CO2 at 22 wt.%) compared to the CN-U pre-
cursor (3 wt.%). However, the results showed that the improvement in catalytic efficiency
is lost within 12 h, despite the preservation of the bulk crystal structure as evidenced by
XRD analysis.
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Appendix A

Table A1. HER values for PCN photocatalysts, using Pt as a co-catalyst and TEOA as the sacrificial
electron donor.

Precursor Gas Furnace
SP (◦C)

Dwell
(min)

Pt
(wt.%)

TEOA
(vol.%)

Indicent
Light (nm)

HER
(µmol/h·g)

Impr.
Factor Refs.

Melamine

- - - 3 13 λ > 320 1739 - This work
Air 580 120 3 13 λ > 320 3185 1.83 This work
CO2 580 120 3 13 λ > 320 3361 1.93 This work
Air 540 120 3 13 λ > 320 4749 2.11 Catal. Today (2024) [3]
CO2 540 120 3 13 λ > 320 3896 1.77 Catal. Today (2024) [3]

Air 520 270 3 12 λ > 400 1508 11.7 Adv. Energy Mater.
(2016) [13]

St. Air 550 120 1 10 λ > 420 ~750 10 Appl. Catal. B-Environ.
(2018) [58]

Urea

- - - 3 13 λ ≥ 320 3364 - This work
Air 580 120 3 13 λ ≥ 320 3338 0.99 This work
CO2 580 120 3 13 λ ≥ 320 3811 1.13 This work

N2 670 120 1.1 10 λ > 420 ~5000 ~4 Appl. Catal. B-Environ.
(2022) [60]

Dicyandiamide Ar 540 120 6 10 λ ≥ 440 ~150 ~9 Adv. Mater. (2016) [8]

Dicyandiamide Ar 620 120 3 10 AM 1.5
λ ≥ 200 9.6 15.5 Appl. Catal. B-Environ.

(2018) [14]
Dicyandiamide Air 550 120 3 10 λ > 400 2.0 12.5 RSC Adv., (2020) [61]

Cyanamide Air 550 120 3 10 visible light 13.7 2.15 Nanoscale, (2015) [62]
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Figure A1. Enlargement of the ~800 cm−1 FTIR peak corresponding to the out-of-plane bending
vibrations of tri-s-triazine units of PCN samples.

 
Figure A2. 13C CP/MAS SSNMR spectra of PCN samples.
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Figure A3. Enlargement of the (100) XRD peak corresponding to the intralayer long-range atomic
order of PCN samples.

Figure A4. Enlargement of the XRD peak corresponding to the interlayer stacking of π-conjugated
aromatic systems (002) of all PCN samples.
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Figure A5. HRTEM images of CN-M-Air. Areas of the smallest Pt NPs found (≤2 nm) are shown in
the images.
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Figure A6. HRTEM images of CN-M-CO2. Areas of the smallest Pt NPs found (≤2 nm) are shown in
the images.

 

Figure A7. HRTEM images of CN-U-Air. Comparison of isolated Pt NPs (~5 nm) and large Pt NPs
(17 × 21 nm) composed of the aggregation of small nanoparticles (3 × 5 nm).
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