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Porous g-CsNs-based nanoarchitectures by playing with sustainable precursors: role of

urea/melamine ratio on the structure/properties relationship.
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Abstract

In this study, porous g-C3N4 based nanoarchitectures were obtained by a facile and
effective in-situ synthesis method, that entailed the thermal treatment of different
melamine (M) and urea (U) precursor mass ratios (in particular M/U = 50:50, 20:80),
which were then compared with g-C3N4 obtained from pure M and U. The role of the
melamine/urea mass ratio on morphology, structure, BET surface area, porosity, optical
and vibrational properties of the g-C3N4 -based materials, was analysed in detail by
means of many characterization techniques, including FESEM, AFM imaging, XRD,
HRTEM, Raman, FTIR, UV and PL spectroscopies, BET and TGA analyses. It will be
shown that samples obtained from different M and U precursor mass ratios combine the
advantage of high thermal stability and significant reaction yields, which are due to
melamine action, and greatly improved surface area and short migration paths, which
are due to urea effect, thus providing the suitable conditions for charge transfer within
the interfaces. The results may shed light on effective improvements in the
structure/properties of g-C3Ns based nanoarchitectures, aiming at peculiar functional

materials.
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1. Introduction

Layered materials, also known as 2D materials, constitute a class of materials consisting
of individual atomic or molecular layers, resulting in a two-dimensional structure [1].
Common examples of layered materials include graphene, which comprises a single
layer of carbon atoms arranged in a honeycomb lattice, transition metal dichalcogenides
(TMDs), consisting of layers of transition metal atoms sandwiched between chalcogen
atoms (e.g., MoS>, WSe>) [2], and other graphene analogous, including Silicene,
Phosphorene, boron nitride (BN), and graphitic carbon nitride (g-C3Na4) [3]. In recent
years the research in the field of 2D materials forming homojunctions (i.e., two adjacent
structure domains of the same semiconductor material) [4,5] or heterojunctions (i.e.,
combination of two or more materials, e.g. MoS2>/graphene oxide, MoS2/TiO;, etc.) [6,7]
has been very active. The ability of these junctions to confine electrons and holes to
specific regions within the semiconductor structure (leading to, e.g., enhanced carrier
mobility, reduced electron-hole recombination, and improved device efficiency) and to
modify the energy band gap makes them particularly attractive [8,9].

As for g-C3Ny, it is a layered material that consists of stacked layers of carbon and
nitrogen atoms arranged in a hexagonal lattice structure. These layers are composed of
tri-s-triazine units, forming planar honeycomb layers that are weakly bound together by
van der Waals forces. g-C3Ni, a polymeric metal-free semiconductor, has been
considered a challenging material, due to its thermal and chemical stability, non-
toxicity, tuneable band gap and visible light activity, but also due to its environmentally
friendly and sustainable properties [10,11]. Hence, widespread applications, including
removal of toxic metal ions, degradation of dye pollutants, selective organic
transformation to fine chemicals, photocatalytic hydrogen and ammonia production,
carbon dioxide reduction, metal-free organic syntheses, water splitting, solar light-
driven photo-redox catalysis, photoelectric conversion as well fuel cells have been
developed [12-19]. Based on combined computation and experimental studies [20-22], the
g-C3Ns complex layered structure, made by highly condensed g-C3Ns domains
embedded in a framework of partially condensed strings, that is, the melon structure,
has been well highlighted, also considering the role of the interactions between layers
and rows in affecting the polymerization degree. Due to the heptazine-based
architecture, g-C3N4 has a m-conjugated electronic structure, responsible for the visible

light absorption at about 460 nm, which explains the typical pale-yellow colour [22].



Besides the aforementioned chemical inertness, that is responsible for the lack of
reactivity to many conventional solvents [16,23], other drawbacks concerning the
photocatalytic activity, should be then considered, including the high recombination rate
of the photoinduced electron—hole pairs, the poor charge carrier mobility, the low
specific surface area.

To overcome such drawbacks, heterojunctions or composite structures with innovative
architectures made by g-C3N4 combined with metals or other semiconductors have been
developed, aiming at improving the surface properties, the surface area, etc., then the
charge separation at the interfaces and the lifetime of the photoinduced charge carriers
[21,22,24-34] .

Taking into account the fact that the energy gaps of g-C3Ns derived from different
nitrogen rich precursors are quite similar [35], forming g-C3N4/g-C3N4 metal-free
homojunctions can provide alternative ways to address the limits of g-C3Ny itself. As a
matter of fact, there is an extensive literature on the coupling of two g-C3N4 coming
from environment-friendly N-containing precursors, via not expensive and easy
synthesis methods [36]. Concerning this, it is well known that the peculiar properties of
g-C3N4/g-CsNy interfaces are strongly depending on the synthesis processes, i.e. on the
different precursors and on their ratio, on the reaction rates and/or temperatures, which
are all affecting the condensation degree, the stacking order, the formation of defects,
as well as the band gap junctions [22,24]. Although several thermal condensation
processes, starting from single nitrogen-rich carbon-based precursors such as
dicyanamide [18,37-39], cyanamide [40-42], melamine [43-46], urea [47-49], thiourea [50-53]
and ammonium thiocyanate [54] have been carried out, the role of the two N-containing
precursors at once and the effect of their ratios on the photocatalytic property of the g-
C3N4/g-C3N4 metal-free homojunction, at molecular level, are still unclear [36,55]. In this
respect, some photocatalytic mechanisms, including the type II, Z-scheme and S-
Scheme ones, have been proposed to explain the charge transfer routes between the
conduction band (CB) and the valence band (VB) of g-C3Ns-based 2D/2D
homojunctions [56,57].

However, the enhanced effects of isotype homojunctions obtained from thiourea/urea
or urea/dicyanamide or cyanamide/urea have been already ascribed, by the way, to
higher surface area and then to more available active sites for the absorption of reactants,
to thinner layer thickness and to porous nanostructures, which allow the photogenerated

charges to cover shorter distances, then to reach faster the surface. More in detail, the



effective interfacial contact in 2D/2D structure combines both the advantages. i.e. high
surface area and short migration routes, thus providing the suitable conditions for charge
transfer within the interfaces [36,55,56,58,59].

In this contribution, g-C3Ns-based structures, obtained by a facile and effective in situ
synthesis method, that entailed the thermal treatment of different melamine/urea
precursor ratios, were compared with g-C3N4 as obtained from melamine and urea
pristine precursors. To this end, in-depth analysis on the role of the melamine/urea mass
ratios on morphology, structure, BET surface area, porosity, optical and vibrational
properties of the obtained materials, was provided. On this matter, also the mixed nature
of the g-CsN4 system alone, made of condensed g-CsN4 domains embedded in a less
condensed “melon-like” framework, should be taken into account [20].

The aim was to determine the most effective urea/melamine mass ratios for synthesizing
g-C3Ny based systems, from sustainable precursors through simple and environmentally
friendly synthesis methods, to be exploited for large scale applications.

Concerning this, the photocatalytic efficiency of all samples towards methylene blue
(MB) photodegradation, as a model system for organic contaminants, has been
investigated. Due to its complex structure, the MB cationic dye is non-degradable, thus
causing long-term water pollution [60]. Along these themes, in this contribution the role
of urea/melamine precursors ratio on the peculiar photocatalytic performances was also

highlighted.

2. Materials and Methods
2.1. Materials and synthesis methods

Melamine (Cs3HgNs, Sigma-Aldrich Melamine 99% M2659) and urea powders
(CH4N20, Merck art. 8487, analytical grade) were used as precursors, as received
without further purification processes. In this study, different g-C3Ns samples were
obtained via thermal polymerization of a mixture of urea and melamine, about 1.5 grams
in total mass, with different mass ratios (i.e., 98:2 (Uos-C3N4), 90:10 (Ugo-C3N4), 80:20
(Ugo-C3N4) and 50:50 (Uso-C3N4) of urea and melamine respectively), and compared
with two g-C3N4 samples, as obtained from single precursors, i.e. from pure melamine
(M-C3Ny) and pure urea (U-C3N4), respectively. Concerning Uog-C3N4 and Ugp-C3Na,
same results are shown in supporting information, for sake of brevity. More in detail,

the suitable amount of powder precursors was grinded and mixed for a while in a mortar,



to ensure the uniform distribution of the before mentioned mass ratios. Then, the
powders were introduced in ceramic crucibles and wrapped with aluminium foil to avoid
the leakage of the precursors during heating. The crucibles have been heated up 1°C per
minute in a muffle furnace (Nabertherm B400) to a temperature of 550°C and kept for
2h. After natural cooling at room temperature, the samples were grinded in a mortar and
the collected pale-yellow powders were weighed to carry out a preliminary evaluation

of the reaction yields, (Table 1 and Figure S1).

2.2. Characterization methods

Morphology, structure and spectroscopic properties of the obtained samples were
investigated, by means of the following techniques.

Field Emission Scanning Electron Microscopy (FESEM) analyses were carried out by
using FIB-FESEM/EBSD/TOF-SIMS Tescan S9000G microscope. In order to avoid
any charging effect, the samples were coated with a chromium layer (Bal-tec SCD050
sputter coater) 5 nm in thickness, before performing the analysis.

Atomic Force Microscopy (AFM) analyses were performed in the Intermittent-Contact
(IC) mode by means of a modified Nanosurf Easyscan2 AFM instrument, equipped with
a 10 um scan-head, inside a shielded and acoustically insulated enclosure on a high-
performance anti-vibration platform.

Bright Field Transmission Electron Microscopy (BF-TEM) overview images and
Selected Area Electron Diffraction (SAED) patterns were collected via a Tecnai F20
(FEI), a 200 kV TEM with a Schottky emitter.

High Resolution Transmission Electron Microscopy (HRTEM) was carried out using an
image-Cs-corrected JEOL JEM-2200FS TEM (Schottky emitter), operated at 200 kV
and equipped with an in-column imaging filter (Q-type). The microscope is equipped
with a direct electron detection (DED) camera (Gatan K2 Summit), which was used for
HRTEM analyses to have a larger field-of-view at a lower dose rate in HRTEM mode.
Concerning TEM specimen preparation, a spatula tip of powder for each sample was
added to isopropanol, sonicated (10 min.) and drop-cast onto holey carbon on Cu grids.
X-ray diffraction (XRD) patterns were obtained by means of PANalitical PW3050/60
X’Pert PRO MPD X-ray diffractometer with a Cu radiation (K«=1.54060A) and a Ni
filter in Bragg-Brentano configuration, equipped with a X’cellerator detector. The

diffractograms were acquired in the 5°<26<70° range with an acquisition step of 0.01°.



XRD deconvolution of individual patterns was obtained in the 2 theta = 11-31° range
using a multiple peak fit with pseudo-Voight functions to identify the individual
component. Peak parameters, including FWHM, were determined for the main XRD
reflections, as obtained from the X-ray diffraction profile fitting.

N> adsorption-desorption experiments were performed at 77 K by means of
Micromeritics ASAP 2020 instrument (Micromeritics, Norcross, GA, USA) to
investigate the porosity properties of the materials obtained via thermal polymerization
of a mixture of urea and melamine with different mass ratios. Before analysis, the
samples were outgassed overnight at 423K. The surface area (Sper) was calculated by
the Brunauer—Emmett-Teller (BET) equation (in the relative pressure range of 0.15—
0.25 p/p0). Total pore volume was obtained from the amount of N> adsorbed at the 0.97
p/p0. Micropore surface area and volume were calculated from N> adsorption isotherms
using the Harkins and Jura t-plot equation. Mesopore surface area (Smeso) Was calculated
by subtracting the micropore surface area (Smicro) from the total surface area (Stwt). The
pore size distributions (PSDs) were derived from the N2 adsorption isotherms using a
non-negative least square fitting on the adsorption isotherm data by applying the density
functional theory (DFT) method (N2-DFT model, slit geometry) by means of the
MicroActive Datamaster 5.02 software (Micromeritics)

Raman measurements were performed by a Renishaw Raman Microscope 1000
instrumentation and a 785 nm exciting laser line (diode Renishaw laser). Laser light
(with a final power at the sample of 0.06 mW) was focused through a 20x ultra-long-
working-distance Olympus objective (NA = 0.4), so obtaining a final laser light power
density of 0.03 mWm™. Each presented Raman spectrum has been obtained as the
average of three spectra (each one corresponding to 20 acquisitions of 20”) recorded on
3 different points of the same sample. Back-scattered light has been collected through
the same objective, analysed by means of a 1200 I/mm grating and recorded through a
Peltier cooled NIR enhanced detector.

FTIR spectra were acquired by means of a Bruker VECTOR22 spectrometer equipped
with a cryogenic MCT detector with 2 cm™! resolution in transmission mode. Due to the
high absorbance of the samples in the IR spectrum, the materials dilution inside KBr
salt (2% by weight) was necessary. Each sample was pressed in the form of self-
supporting pellet and then analyzed under dynamic vacuum at 298 K.

UV-visible spectra were obtained by means of Cary 5000 UV-vis-NIR

spectrophotometer equipped with a diffuse reflectance sphere, in the diffuse reflectance



(DR) mode. Due to the strong absorption, the samples were diluted in
polytetrafluoroethylene (PTFE) powder (about 2% of sample by weight) and the spectra
were acquired in the 2500-190 nm wavelengths range after collecting PTFE powder
100% reflectance baseline used as a reference. The energy gap values have been
computed by means of Tauc’s plots.

Photoluminescence (PL) spectra have been obtained at RT using a 350 nm excitation
light of a conventional Xe arc lamp (HORIBA Jobin Yvon Fluorolog-3 instrument). To
minimize reflections of the incident light, the samples were placed at 15° from the
specular direction.

The thermal stability of the samples obtained from pure urea, pure melamine and from
50:50 mass ratio was investigated by thermogravimetric (TG) analyses with a heating
rate of 20°C/min up to 900 °C either under N> gas or under air flows (being the last one
for samples obtained from pure precursors) by means of TAQ600 (TA Instruments, New

Castle, USA) instrument.

2.3. Photocatalytic performances assessment

Each g-CsN4 based sample (5 mg) was dispersed via soft sonication in 10 ml of
methylene blue (MB) water solution (12.5 mg L") and kept 30 minutes under dark
conditions at room temperature to equilibrate the systems. The concentration of MB in
water can be assumed to be representative of a wastewater system. The light irradiation
experiments were performed in air at atmospheric humidity conditions utilizing a SOL
2/500S lamp (Honle UV technology, Munchen, Germany). The lamp provided a solar-
like spectrum covering a range from UV to IR radiation (approximately 295-3000 nm).
The power density was around 450W/m2, which is comparable to the annual irradiance
at the Equator. To control the temperature at 298+5 K and to prevent the MB thermal
degradation, a homemade air fan system and a thermostatic bath were used during the
light exposure. After irradiation, the sample dispersion was centrifuged at 8000 rpm for
15 min. Photocatalytic degradation of MB has been investigated using UV-vis
spectroscopy (Cary 5000 UV-vis-NIR spectrophotometer) in the transmission mode.
The intensity of the adsorbed MB manifestations (C) was used to obtain C/Cyp vs. time
plots, where Co is the concentration, corresponding to the initial intensity before

illumination.



Please, all figures should be in colour.

3. Results and discussion

A preliminary evaluation of the reaction yields was necessary to understand the
observed mass differences between M-C3Ns and U-C3N4, (Table 1 and Figure S1).
Interestingly, the reaction yield of M-C3N4 accounted for about 48% of the initial
amount of melamine, while U-C3N4 showed a yield of about 4% of the initial amount of
urea. Based on this, dual-precursor samples were prepared with progressively increased
melamine percentage, to achieve higher reaction yields still keeping the peculiar U-C3N4
properties. As a matter of fact, the reaction yield is increasing with the melamine
percentage, also considering all the synthetized samples including the 98:2 (Ugg-C3Ny)
and the 90:10 (Ugo-C3N4) ones, not discussed in this contribution, for sake of brevity
(Y[%] in Table 1 and black line in Figure S1). Notice that, the computation of the
expected Uog-, Ugo-, Ugo- and Uso-C3N4 reaction yields (Ycomp[%0] in Table 1 and red line
in Figure S1), gives significantly different values from the experimental ones (m[g] in
Table 1 and black curve in Figure S1).

More specifically, the experimental values are higher than the expected ones, which
suggests effective and synergic interactions between the pristine components, thus

favouring the growth of g-C3N4/g-C3N4 end products (vide infra).

Table 1. Experimental and estimated values of the reaction yields, where, mo[g] = initial amount of precursors,
m[g] = obtained amount of samples, Y[%] = obtained percentage yield, mcomp [g] = expected amount of samples
and Y comp [%] = computed percentage yield.

Sample  mo[g] m[g] Y [%] Mcomp[g] Yeomp[%)]
U-CsNy 153 0.06 4 0.06 4

Ugg- CsNs 1.50  0.10 7 0.08 5

Ugo- CG;Na 1.50  0.17 11 0.13 9

Uso- CGNa 150 029 19 0.19 13

Uso- CsNy 153 0.53 35 0.40 26
M-CsNs 147 071 48 0.71 48

Although, in general, higher yields can be found in the literature [61], the occurrence of
incomplete reactions as well as the formation of by-products cannot be excluded under the
adopted conditions. In order to give insight on the stability and on the structure/properties
relationship of the synthetized materials, a detailed overview of the obtained results will be

given in the following.



3.1 Thermogravimetric analyses

Thermogravimetric (TG) and first derivative thermogravimetric (DTG) analyses were
performed to assess the thermal stability of the synthesized samples. TG and DTG curves of
M-C3N4, Uso-C3N4, Ugo-C3N4 and U-C3Ny, treated under nitrogen flow, are illustrated in Figure
1 a-d.

Temperature (°C)
200 400 600 800 200 400 600 800

100 : ‘ : — .
() \i (b) \_\
: 3

50-
—
O
%
S0 2
-2 -
— i o
= o
D [
o |© (d) =
= 5 =
- | -
] @
50 2

0_

200 400 600 800 200 400

Temperature (°C)

Figure 1. TG (dotted lines) and DTG (full lines) profiles of: M-C3Nj (a), Uso-C3N4 (b), Uso-C3N4 (¢), and U-
C3N4 (d) under N> gas flow. At the bottom of (a, d) deconvolution bands of the DTG signals are shown.

For all the samples a slight weight decrease (ca. 1.5 wt.%) attributed to physisorbed H>O is
observed at temperatures below ca. 200 °C, while the whole weight loss occurs in the 600-
780°C range. Some more, it was found that the M-C3N4 exhibits higher thermal stability, as it
decomposes completely at around 778 °C, whereas U-C3N4 is the least stable, with a
decomposition temperature of 766°C. Notably, the behaviour of the mixed compositions (Uso-

C3N4 and Ugo-C3Ny) falls between that of M-C3N4 and U-C3Ny, as also confirmed by the



observed shift in DTG peak maxima positions from 740 °C (M-C3N4) to 724°C (U-C3Ns). A
close analysis of the whole shape of the DTG curves, also considering the weak shoulder at
slightly higher temperatures for all samples, reveals a complex decomposition process
consisting of several overlapping transformations, as shown from the Gaussian deconvolution
analysis (Figure 1 a, d). A detailed investigation of the obtained Gaussian curves is out of the
scope of this contribution, however we can reasonably conclude that during the progressive
degradation process different heptazine ring building units with different arrangements and
thermal stabilities are developing. According to the discussed results, the following order of

thermal stability: M-C3Ny4 > Uso-C3N4 > Ugo-C3N4 > U-C3N4, can be ultimately confirmed.

For comparison, TGA of M-C3N4 and U-C3N4 has been carried out also under air flow (Figure
S2 in SI). As expected, all the main exothermic peaks occur at a slightly lower temperature,
thus demonstrating the high thermal stability of g-C3N4 also under an oxidizing atmosphere.
From these results, it comes out that the obtained metal-free materials are highly stable and can

be completely degraded without any residue.

3.2. Morphology by FESEM and AFM analyses.



The morphologies of the melamine and urea-derived g-C3sN4 samples are SEM, FESEM
and AFM imaged in Figures 2 a-e and 3 a-e. As previously discussed [20], the M-C35N4
shows complex and differently elongated aggregates, as well as large lamellar and

hollow structures 5—15 pum in size, at the adopted resolution (Figure 2a).

0.2
Length (um)

Figure 2. M-C3;N4 FESEM images on different regions (a-b), enlarged view (c) of a selected area in (b). 3D
AFM image (d) and AFM height profiles (e) along three selected lines, as shown in the inset therein.

The high level of aggregation due to the stacking of micron-sized lamellas is explained
with sintering effects, which in turn reflects on the low surface area (vide infra). Detailed
high resolution FESEM image (Figure 2b) and the enlarged view (c) on a selected area
in (b) clearly highlight the dense arrangement made by a large amount of
interconnecting lamellas. Further insight into the material's structure, that is into the
compact aggregation state and the robust nature of the particle assembling, after
sonication in solution, is revealed through AFM images (Figure 2d) and AFM height
profiles (Figure 2e), along a few aggregates. More isolated 3D structures are observed
on the flat freshly cleaved mica support, and the related complex profile envelope
suggests the presence of differently sized aggregates, ranging from 10 to several tens of

nanometers, still present even after sonication.



Conversely, the U-C3N4 sample exhibits a porous and open structure, which consists of
thin curly nano-sheets, resulting in the formation of a large amount of micro/nanopores,

in agreement with the high specific surface area (vide infra) (Figures 3a, b, ¢).

0.0 0.2 0.4 0.6
Length (um)

Figure 3. U-C3N4 FESEM images (a-b), exploded view (c) on the selected region in (b). 3D AFM image (d) and
AFM height profile (e) along the selected line, as shown in the inset therein, of sample.

From the AFM image (Figure 3d) and the height profile (Figure 3e), the U-C3Ng4
particles appear to be arranged also into small aggregates 10-20 nm in size. Therefore,
in both the melamine- and urea-derived g-C3N4 samples, the formation of more or less
extensive aggregates, is confirmed, at the adopted resolution, whose vertical size can be
estimated in the range of tens of nanometres. Notice that, the high degree of aggregation
observed from FESEM and AFM analyses, prevents us from evaluating accurately the
crystallite size, then from matching the scattering domain values, as obtained from XRD
analysis (vide infra).

According to some authors, the distinct morphology of M-C3N4 and U-C3N4 samples

can be explained with the different condensation pathways [62]. In particular, during the



thermal condensation of urea, the presence of oxygen causes the gas evolution of
different compounds, i.e. H>O, NH3, CO2 thus forming highly porous structures and a
large amount of folded nanosheets, unlike the bulk-like structure of the M-C3Na4, where
mainly condensed g-C3Ns domains, embedded in a less condensed “melon-like”
framework, have been thoroughly shown [20,63].

The morphologies of two melamine/urea derived g-C3N4 samples (i.e. 50:50 (Uso-C3Ng)
and 80:20 (Ugo-C3N4) are also FESEM (Figures 4 a, b and Figures 5 a, b,) and AFM
(Figures 4 ¢, d and Figures 5 ¢, d) imaged. For the 98:2 (Ugg-C3N4) sample, see Figure
S3 in Supporting Information).

pd)
w
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Figure 4. Usp-C3N4 FESEM image (a), exploded view (b) on  Figure 5. Ug-C3N4 FESEM image (a), exploded view (b) on
the selected region in (a). 3D AFM image (c) and AFM height  the selected region in (b). 3D AFM image (c) and AFM height

profiles (d) along two selected lines, as shown in the inset  profiles (d) along two selected lines, as shown in the inset
therein. therein.

It is worthy of attention that, moving from Uso-C3Na, to Ugo-C3N4, samples, the more
stacked lamellar structures change into thinner and/or folded nanolayers inside a porous
structure (Figures 4 a, b and 5 a, b). Hence, the porous structure becomes progressively
predominant with the increase of the urea amount in the melamine/urea mass ratio. At
the same time, the aggregation level, appear to decrease gradually from Uso-C3N4, to
Usgo-C3N4 and the formation of dense agglomerates due to the melamine precursor is
mostly hindered. In fact, as aforementioned, the release of gaseous components due to
the decomposition of urea co-precursor has a key role in forming highly porous

structures. However, from a careful observation of FESEM images displayed in Figures



4 a, b and 5 a, b, it comes out that the Uso-C3N4, and Ugo-C3N4, samples appear as a
combination of M-C3Ngstacked layered structures, that are tightly enveloped by U-C3N4
thinner nano-sheets (Uso-C3N4 in Figure 4 a-b) or sandwiched between ultrathin coiled
layers (Ugo-C3N4 in Figure 5 a-b).

In figures 4c-d and 5c-d, portions of Uso-C3N4 and Usgo-C3Ng surfaces are 3D-AFM
imaged, that confirm the local formation of less aggregated nanostructures, also more
isolated and progressively smaller in height moving from the Uso-C3N4 (Figure 4c¢) to
the Ugo-C3N4 (Figure 5¢) sample. Actually, from the observed height profiles along
different directions, (insets in Figures 4d, and 5d), the vertical sizes of the aggregated
nanoparticles can be estimated in the range of ten and units of nanometres for Uso-C3N4
and Ugo-C3N4 samples, respectively, though, in case of Ugo-C3N4 samples, greater sizes
cannot be excluded. This agrees with the highly heterogeneous nature of the Uso-C3N4
and Usgo-C3N4 samples. It seems that, moving to either M-CsN4 and U-C3N4 samples,
the related height profiles increase. Conversely, samples obtained from a mixture of
both precursors show less dense networks, which leads to a consequent easier
fragmentation, also compared to U-C3N4 sample.

From a more in-depth analysis of Ugo-C3N4 sample, as shown by high-resolution
FESEM images, (Figures 6a-c), an extensive porous and apparently flexible network,

made by curly thin and small layers, has been well highlighted.

Figure 6. Ugo-C3N4 FESEM image (a), exploded views (b-c) on the selected regions in (a).



This consists of a variety of mesopores, at the adopted resolution, which could give rise
to good permeability and conceivably to a plethora of different nano-scale interfaces.

Notice that, from N> adsorption-desorption isotherms (vide infra), that were carried out
on the as-prepared samples, the average pore size and pore volume values will be
provided with higher accuracy and will be compared with the preliminary indications

obtained by FESEM investigations.

3.3. Structure by TEM, SAED, XRD and HRTEM analyses

3.3.1. TEM and SAED analyses

From a more careful analysis of the evolution of the nanocrystalline structures, as a
function of the melamine/urea mass ratio, BF-TEM images and SAED patterns were
acquired on all the samples (Figure 7a-d). Moving from M-C3N4, Uso-C3N4, Ugo-C3N4
up to U-C3N4, the morphology is remarkably changing from the bulkier flakes of M-
CsN4 to the thinner and crinkled layers of U-C3N4 sample, in agreement with the
previously described FESEM images.



500 nm

Figure 7. BF-TEM images of M-C3N4 (a), Uso- C3Ny4 (b), Uso- C3Ns (¢), and U-C3N4 (d) with corresponding SAED
patterns in the insets.

In SAED patterns (insets in Figure 7a-d), all the samples show diffraction rings on a
diffuse background, suggesting a material composed of nanometer-sized domains. The
highest intensity rings occur at spacings of 6.8 A and 3.2 A: the first spacing is due to
the in-plane packing of heptazine units, and it could be assigned to the (210) diffraction
planes of an orthorhombic unit cell, while the second spacing is due to the (002) planes,
i.e. the inter-layer @ — 7 stacking in the slightly hydrogenated g-C3N4 structure reported
previously (ICSD 194747) [20,64-68]. In particular, slightly stretched and enlarged spots
on weak diffraction rings are observed for M-C3N4 sample, which is indicative of the
preferred orientation of larger crystalline domains. Moving to urea containing samples,
the ring corresponding to (002) planes of g-C3N4, due to the crinkled and rolled-up thin
foils with the extended face parallel to (001) planes of the structure, turns to become

more intense.



These spacings are consistent with the diffraction peaks observed in the XRD patterns

of the samples (vide infra).

3.3.2. XRD patterns
The XRD patterns of all samples are shown in Figure 8. Notably, two main peaks are

observed for each sample: 20 =13.1° and 26=27.4° for M-C3N4, 20=13.0° and 20=27.6°
for Uso-C3Na, 20~13.0° and 20~27.6° for Ugo-C3N4, 20~12.8° and 26~27.5° for U-C3Na.
The XRD features are consistent with layered g-C3N4 systems, according to literature
data [64-69]. The intense XRD peak at 20 = 27° (002 crystal planes), corresponding to a
distance d(002) = 3.2 A, is attributed to the inter-layer m — 7 stacking [20,64,65], as before

discussed from SAED pattern.

M-C.N,
Uso-CaNy
Usgo-C3Ny
U'CSN4

Counts (a.u.)

20 (°)
Figure 8. XRD patterns of the synthetized samples: U-C3Ny (red line), Ugo- C3N4 (blue line), Uso- C3N4 (green line) and M-
C3Ny (black line).

Notice that, a small shift of (002) reflection toward higher 20 values for Ugo-C3N4 and
Uso-C3N4 samples can be highlighted, which reflects on a decreasing of interlayer
distance.

The feature at 20 = 13°, corresponding to a distance d(210) = 6.8A, is due to the in-plane
packing of heptazine units, and is assigned to the (210) diffraction planes of an

orthorhombic unit cell, as before shown from SAED pattern [20,64-68].



Notably, all the XRD patterns show broad and weak reflections at approximately 26 =
18° and 20 = 22° which are due to the residual presence of hydrogen-bonded
triazine/heptazine units inside the framework [20].

Furthermore, from the computed integrated intensity ratios between the 20 = 27° and 20 = 13°
diffractions peaks for the M-C3N4 and U-C3N4 samples, higher values were obtained in case of
M-C3N4, which can be attributed to the higher level of aggregation of M-C3Na, already
observed from FESEM images, and to the preferential orientation of the extended (002) face
parallel to the support (Figure S4 and Table S1) [62,70]. Notice that a high polymerization
degree could be shown also from FTIR results (vide infra). Conversely a lower intensity for
the peak at about 27° would indicate a lower level of aggregation with the presence of thinner
foils, as obtained for U-C3N4. Hence, we can state that the ratio between the 20 =~ 27° and 20 =
13° diffraction peaks could provide information on the aggregation level, hence on the
morphology of each sample. Some more, from XRD patterns, the domain sizes can also be
obtained. Regard to this, the coherently scattering domain sizes (Dnki) were calculated from the
Scherrer’s equation: Dni = kA/BcosB, where A is the X-ray wavelength, 3 is the FWHM of the
diffraction line corrected by the instrumental broadening, 0 is the diffraction angle, and K is
the Scherrer’s constant or shape constant, which could be assumed to be 0.9, in agreement with

Alizadeh et al.[71].

In particular, from the 20 = 13° and from 20 = 27° diffraction peaks, the in-plane
coherence lengths (Dy i.e. D210) and the out-of-plane coherence lengths (D1 i.e. Doo2)

respectively, were estimated for all the samples (Table 2).

Table 2: Diffraction peaks of (210) and (002) planes with the corresponding in-plane coherence lengths
(D)), out-of-plane (D) and shape anisotropy from (D,/D.) ratio.

Sample 20° (210) D/ (nm) 20° (002) D1 (nm) Dy/ Dy
M-C3Ng 13.1 8.6 274 5.1 1.7
Uso-C3N4 13.0 9.6 27.6 7.3 1.3
Usgo-C3N4 13.0 16.3 27.6 7.2 2.5
U-C3N4 12.8 9.0 27.5 5.3 1.7

According to some authors [72,73], the coherence scattering lengths were defined as
approximately 1/FWHM for the 20 = 27° and for 26 = 13° diffraction peaks (Table 2),
which enables the size of the crystallite domains to estimate, along perpendicular and
parallel directions with respect to the layers in the orthorhombic g-Cs3Ns phase.

Concerning this, the increase of coherence length was related to higher degrees of



crystalline perfection, on the contrary, a lower coherent length results in more
disordered crystalline samples [73]. Additionally the shape anisotropy, defined as the
ratio between the domains dimensions along parallel and orthogonal directions (D,/D.)
[72], can also been obtained (Table 2).

As for the Dy and D. scattering domains given in Table 2, quite similar values are
obtained for M-C3N4 and U-C3Ng, although slightly higher for U-C3Na.

This means that the peak broadening would be determined not only by the crystallite
finite size, but also by a variety of factors including dislocations, stacking faults,
twinning, etc. These are responsible of higher FWHM values, which would lead to lower
coherence scattering length (Figure 8 and Figure S4). Since these factors are not
considered, the coherence scattering domains are larger than those predicted by Scherrer
equation, in particular for more defective urea-derived samples.

Concerning the Uso-C3N4, and more remarkably the Usgo-C3N4 mixtures, higher
coherence scattering lengths, respect to U-C3N4 and M-C3Ns are obtained, thus
suggesting remarkably higher intra-layer and inter-layer crystalline orders for both the
materials made from the different precursors. Also, a peculiar shape anisotropy can be
obtained for Ugo-C3N4 sample, as shown by the higher coherence length along (210)
planes, whereas values closer to M-C3N4 and U-C3N4 are shown for Uso-C3N4 sample,
probably due to the relevant role played by the high proportion of melamine precursor.
The evident discrepancy between the FESEM, AFM results and the scattering domains
obtained from XRD analysis, can be reasonably explained with the high level of
aggregation, due to restacking phenomena, which results in the formation of networks,

though with different level of porosity.

3.3.3. HRTEM and FFT images

Beside TEM and SAED analyses, HRTEM images combined with fast-Fourier
Transforms (FFTs) of melamine and urea-derived g-C3N4 samples (Figures 9-12) give
detailed structural information, concerning mainly interlayer spacing and orientation

spread, thus providing a local view of the crystal structure of the material.



Figure 9. M-C3N4 HRTEM images (a, d) with the enlarged views (b, €) and the corresponding FFTs (c, f) on (b)
and (e) regions respectively. The indexing refers to the structure ICSD 194747.

In particular, in Figures 9a-c, a M-C3Njy flat area (a), with an enlarged view (b) of a selected
region in (a) are HRTEM imaged with the corresponding FFT pattern (c). The magnified
HRTEM image and the corresponding FFT are compatible with [001] orientation (Figure 9b-
c). The bright arcs are assigned to the (210) and (020) diffraction planes of the in-plane packing
of heptazine units within an orthorhombic symmetry. The arc shape of (210) and (020)
reflections proves the in-plane twist due to misalignment of the heptazine strands, i.e. the
strands are not perfectly aligned, which would result in regular spots on the FFT.

Beside flat areas, on M-C3N4 sample many folded regions can also be highlighted in Figure 9d.
The magnified HRTEM image a selected region in (d) and the corresponding FFT pattern
(Figures 9e-f), show well-defined fringes and intense diffraction spots, respectively, associated
with (002) planes due to the inter-layer n — © stacking of the orthorhombic symmetry.

Moving to Uso-C3Ny4 sample, from HRTEM image of a flat region (Figure 10a) and from the
enlarged view of a selected area therein (Figure 10b), fringes corresponding to (002) crystalline
planes are also observed. The FFT (Figure 10c) on a selected area in Figure 10a shows a twisted
distribution of spots corresponding to (210) planes, which means that crystallites have random

orientation within the selected area.



Figure 10. Usp-C3Ns HRTEM image (a) with enlarged view (b) and FFT (c) of the two selected regions. The
indexing refers to the structure ICSD 194747.

From HRTEM images of the Usgo-C3Ns4 sample, regions corresponding to (002) planes, at
different magnification, can be highlighted (Figure 11a-b). A selected area in correspondence
of a folded flake in Figure 11a is HRTEM imaged in Figure 11b, where fringes corresponding
to (002) crystalline planes are also observed. Considering the FFT image of the selected flat
area (Figure 11c), rings and bright spots are mainly observed, due to the (210) diffraction
planes, which means the crystallites orientations become even more random distributed than in

the above-discussed samples.



Figure 11. Ugo-CsN; HRTEM image (a) with enlarged view (b) and FET (c) of the two selected regions. The
indexing refers to the structure ICSD 194747.

Lastly, regions of the U-C3N4 sample are HRTEM imaged in Figures 12 a-e. More in detail,
from Figure 12a an extended and heterogeneous area with the simultaneous presence of flat
and folded flakes can be highlighted. Moving to the magnified HRTEM image of a flat area
(Figure 12b) and to the corresponding FFT (Figure 12c), the prevailing presence of rings,

typical of randomly oriented crystallites, confirms the disordered nature of the U-C3N4 sample.

2

Figure 12. U-C3sN4y HRTEM image (a) with enlarged views on two areas (b, d) and FFT patterns (c, e) of two
selected regions. The indexing refers to the structure ICSD 194747.



It is noteworthy, that the edges of the flakes are also folded (Figure 12a), hence from the high
resolution image and FFT pattern shown in Figure 12d and Figure 12e, respectively, the (002)
planes are obtained.

In conclusion, HRTEM analyses highlight the evolution from bulky crystals to
randomly oriented polycrystalline systems, when going from M-C3Ns to U-C3Ng4
samples, via intermediate situations shown by Uso-C3N4 and Ugo-C3Na.

In summary, HRTEM confirms the results obtained by XRD and SAED analyses and
allows to identify at a local level the arrangement of nanocrystalline domains within the

g-C3N4 fragments.

3.4. N2 adsorption/desorption isotherms, pore size distributions.
The 77K N> adsorption/desorption isotherms and the pore size distributions of all

samples, are shown in Figures 13 a-b, while their porosity properties are summarized in

Table 3.
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Figure 13. 77K N, adsorption—desorption isotherms (a), corresponding pore size distributions (b) in terms of
incremental surface area of: U-C3Ny (red line), Ugo-C3Ny (blue line), Uso-C3N4 (green line) and M-C3Ny (black line).

Table 3: BET surface area (S), micropore (Smicro) and mesopore (Smeso) surface areas.

Sample - (?ET) Smizcm Smezso
[m7/g] [m7/g] [m~/g]
M-C3N4 8.6 0.7 7.9
Uso-C3Na 34.8 2.7 32.1
Usgo-C3N4 64.8 6.3 58.5
U-C5Ny 64.4 11.3 53.0

The isotherms of the four samples are of type IV (BDDT Classification) [74] with the
hysteresis loops shape of a H3 type, which could suggest the formation of slit-shaped



pores, thus indicating the main mesoporous character of the samples (Figure 13 a) [74].
Considering the hysteresis loops in Figure 13a, a shift to lower pressure values with
increasing urea content is observed, thus reflecting on the higher surface area values of
the corresponding samples. More in detail, also by comparing the results reported in
Table 3, for U-C3Ni, Uso-C3N4, Usp-C3Ns and M-Cs3N4, the BET surface area is
progressively decreasing, with the aggregation level, as expected. This has been
explained with the release of CO> during the condensation pathways in urea-derived
C3N4 samples, which is responsible of higher surface area, thus suppressing the advance
of grain boundary [52]. As for the porosity results, a wide family of meso/macropores in
the 30-1000 A range is shown for all the samples, together with the additional
contribution of small micropores lower than 15 A in size, (Figure 13b). Namely, from
the results of the incremental surface area (Figure 13b), significant differences
concerning the pore size distribution can be highlighted, when melamine derived g-C3N4
and urea derived g-C3N4 samples are compared. In particular, M-C3N4 mainly shows
meso/macroporous structures, whereas the U-C3Ny surface area is due to a contribution
of either micro- or mesoporosity. For this reason, the higher amount of urea content
within the mixed systems (i.e. Uso-C3N4, Ugo-C3N4) results, as expected, in the
increasing of the microporosity of the samples (Figure 13b and Table 3). However, when
considering the mesopores region (in the 20A - 500A size range), beside the M-C3Ny
low incremental surface area, due to the high level of aggregation of stacked micron-
sized lamellas, a higher incremental surface area is observed for Ugo-C3N4 as compared
to that of U-C3N4. This means that the presence of a specific amount of melamine (20%
by weight) inside the urea powder could promote the formation of larger voids, thus
increasing the mesoporosity of the final sample.

Indeed, as confirmed from FESEM images, Ugo-C3N4 consists mainly of thin layers
located either on the exterior surface or inside of bulkier C3N4 domains, whose stacking
is mostly hindered, thus enhancing, in both cases, the whole mesoporosity.

Notice that, beside the BET surface area, also the pore structure could play a crucial role in

affecting any catalytic activity.

3.5. Vibrational properties by Raman investigations
Raman spectra of the g-C3N4 samples, acquired with 785 nm laser line, are reported in Figure
14 a,b. Wide and extended features are obtained, although overshadowed by an extensive

fluorescence background (Figure 14a). Identifying the single Raman features is quite difficult



(Figure 14a), however after background removal, the typical g-C3Na features i.e. at 1236 cm™,
1215 ecm™ , 980 cm™ , 770 cm™ and 707 cm™ in all samples can be easily identified, which

agrees reasonably well with the many data reported in literature [75-78] (Figure 14b).
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Figure 14. Raman spectra recorded with 785 nm excitation laser before (a) and after (b) background subtraction:
M-C;3Ny (black line), Uso-C3Ny4 (green line), Ugo-C3N4 (blue line), and U-C3Ny (red line)

The feature centered at about 1236 cm™!, together with the 1215 cm! shoulder, can be assigned
to the typical stretching vibration modes of C=N and C-N bonds inside the heterocycles and
usually they are related to the presence of defects and/or disorder in the graphite-like structure
[66,79] . The weak peaks at 1154 and 770 cm™!, clearly visible in M-, Uso- and Uso-C3Na, (Figure
14b) are both assigned to the A1’ vibrations of tri-s-triazine (heptazine) rings [76] or, according
to other authors [66], to E’ semi-circle stretching vibrations together with the NH> rocking
mode. Notice that, the strong 707 cm™! feature is also assigned to A, vibrations of heptazine
rings breathing modes [66].

Based on literature data [77], the 770 cm™ and 707 cm™ couple of peaks are due to layer-layer
deformation vibrations, being the I770/I707 intensity ratio also indicative of the layer stacking
amount. In particular, a small intensity ratio is typical of a bulk system, while the ideal 1-layer
g-C3N4 shows a I770/1707 of about one. Concerning our samples, the increased urea precursor
content leads to a decreased I770/1707 ratio, hence a lower amount of stacked layers may be
expected, in agreement with morphology (see FESEM and HRTEM images) and BET surface
area measurements. Indeed, this peculiar behavior can also affect the electronic properties, thus
causing quantum confinement effects and, consequently, higher energy gap for samples with

higher urea content (vide infra).



The broad feature centered at 980 cm™! is assigned to the s-triazine ring breathing mode of
residual melamine species [76,80], which means that a complete transformation has not been
obtained, in agreement with FTIR results (vide infra). It is known that, the 980 cm! feature
has been assigned to different graphitic phases and polymorphs of g-C3Ns, which means that it
can be currently considered as an index of condensation level in g-C3N4 based systems [75,81].
By this time, to perform a more detailed assignment of Raman spectra of the different g-C;N,
systems, a periodic quantum-mechanical investigation at the Density Functional Theory level
(DFT), by means of the periodic simulation code CRYSTAL23 [82] was performed. More in
detail, according to our previous work, the simultaneous presence of a few condensed g-C3N4
domains embedded in a less condensed “melon-like” framework has been shown [20].

In this regard, we adopted the model proposed by Fina et al. based on their XRD and neutron
diffraction analyses [64]. The computational set up (Paragraph S5) and computed Raman
spectrum (Figure S5) are reported in Supplementary Information, for sake of brevity.
However from the careful analysis of the experimental Raman features (Figure 14b), compared
to the computed ones (Figure S5), three main regions can be easily identified: (i) 3500 cm™ -
3000 cm! region, due to NH, and NH terminal groups, (ii) 1800 cm™ - 900 cm™ region, due to
in-plane heptazine rings deformations, (iii) 900 cm™ - 600 cm™ region, due to out-of-plane
heptazine rings deformations. In particular, a detailed assignment can be found in Table S2,
from which a well agreement with the experimental results can be shown.

Notice that, the 980 cm! feature is absent on the computed Raman spectra, because the isolated
triazine rings are not present in the model [Figure S5].

In conclusion, we can state that the Raman features clearly account for the different level of
layer stacking in samples obtained from different M and U precursor mass ratios, moving from

bulkier flakes (i.e. M-C3N4) to porous and less dense networks (i.e. U-C3Ny).

3.6. Vibrational properties by FTIR spectra



The FTIR spectra of the as-prepared samples are compared in Figure 15. From a detailed
analysis of FTIR spectra previously obtained from melamine [20,22,81,83], the accurate
assignment of all the features has been carried out. In general, quite similar absorptions
in the main three regions (i.e. 3000-3500 cm™', 1750-1100 cm™ and 900-700 cm™") can
be actually identified for all g-C3N4 samples, thus confirming similar lattice modes

[62,84].
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Figure 15. FTIR spectra of M-C3Nj4 (black line), Uso-C3N4 (green line), Ugo-C3N4 (blue line), and U-C3Ny (red line).
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More specifically, the broad absorption in the 3500-3000 cm™! range has been assigned
to the combination of symmetric and asymmetric stretching modes of NH/NH:> terminal
groups, of a melon-like structure, while the broadening is explained with H-bonding
interactions [65-67,85-91]. Some more, wide absorptions in the 1750-1100 cm! range,
due to the typical fingerprint of C-N and C=N stretching modes of N-containing
heterocycles #-!l can be recognized in all samples together with the sharp peaks in the
900-700 cm™! range due to the breathing mode/out-of-plane bending vibration of the
heptazine units [65,67,86,88]. Triazine unit and N-H bending vibrations are identified by

maxima at 804 and 885 cm™!, respectively.

Notice that, moving along the sequence of spectra from M-C3N4 (black line in Figure
15) to U-C3Ny4 (red line in Figure 15), the integrated area ratios between the (3500-3000
cm™) and (1750-1100 cm™) main regions are increasing, which can be explained with

a plausible higher amount of the terminal units (NH2). The detailed values of the



integrated area are reported for sake of completeness in Table S3. Namely, this provides
a further indication that many defective situations, including amino groups, were
introduced within the urea derived g-C3N4 frameworks, precisely because of the urea
thermal polymerization process.

Lastly all the observed features are confirming the occurrence of complex structures
with different level of defectivity, consisting of condensed g-C3N4 domains embedded

in less condensed frameworks [20].

3.7. Optical properties, energy gap (UV-vis, Tauc plots) and Photoluminescience

properties.

The optical properties of the g-C3N4 samples, obtained from the different precursors,
were investigated by means of UV-Vis spectroscopy. The UV-visible spectra together
with the computed Tauc’s plots for the indirect band gap estimations, typical of bulk
systems, are shown in Figure 16 and insert therein. From Figure 16, the sharp absorption
edge of g-C3Na, due to the transition from HOMO N* 2p,, antibonding orbitals to the
LUMO N?* 2p, and C*" 2px, lowest energy orbitals, can be recognized in all samples

[21].
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Figure 16. UV-Vis spectra and computed Tauc’s plots for band gap estimations (Inset) of M-C3Ny (black line),
Uso-C3Ny (green line), Ugo-C3Ny4 (blue line) and U-C;3Ny (red line).



A significant blue shift towards shorter wavelengths from melamine to urea derived
samples can be highlighted, as result of quantum size effects (Figure 16). More in
details, from the evaluation of the optical band gap, the extrapolated onsets, estimated
by the Tauc’s plots (insert in Figure 16), give an indirect band gap values of 2.72 eV
and 2.59 eV for samples obtained from urea and melamine single precursor,
respectively, which are in good agreement with the values reported in literature
[20,65,67,83,87,92-94]. The observed blue shift of the absorption edge, already ascribed to
the quantum confinement effect [84], can be reasonably explained with the reduced
stacking of the g-Cs3Ns nanosheets due to the gas release during the thermal
polycondensation of urea [55] (vide Raman analysis). As expected, the absorption edges
of the samples obtained from mixed precursors, are in between the before mentioned
energy gaps and the values are increasing with the urea content. In particular, values of
2.66 eV and 2.63 eV have been obtained from Ugo-C3N4 and Uso-C3Ns4 Tauc’s plot

estimations, respectively.

To shed light on the photoluminescence properties of the as-prepared samples, absorption
spectra were acquired, under the 350 nm excitation. The obtained PL spectra exhibit a broad
and intense emission peak at ~460-465 nm, that is almost the same for all synthetized g-C3N4
based samples (black, green, blue and red lines in Figure 17 a-d). These features can be

explained, in general, with electron-hole recombination phenomena (scheme in Figure 17¢).
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Figure 17: PL emission spectra, of M-C3N4 (a), Uso-C3N4 (b), Uso-C3Ns (c) and U-C3N4 (d), samples using 350
nm excitation light. Gaussian fitting: cumulative peak fit and deconvolution components (labelled as 1, 2 and 3)
of PL emission spectra are shown by dotted curves. (¢) Scheme of emission transitions. The dashed vertical arrow
shows excitation transition while the 1, 2, 3 continue arrows show radiative emission transitions. The curled
arrows represent non-radiative relaxation transitions.

The broad and asymmetric character of the emission bands, that are well fitted by grey dotted
lines, means many recombination processes via specific energy levels are simultaneously
contributing to the light emission, maybe even predominant over the fundamental c* - ¢ band-
to-band recombination (scheme in Figure 17¢) [95,96].

From a careful comparison of the emission spectra (Figure 17a-d), the frequency values of the
PL maxima red-shift slightly with the urea precursor content, from ~ 463.5 to ~465.1 nm,
except for Ugo-C3N4, whose emission is blue shifted at ~ 460.3 nm (Table S4).

We may assume that the recombination of photogenerated charges is less favored in Ugo-C3N4
as compared to U-, Uso- and M-C3Na. This can be explained with the porous structure of Usgo-
C3N4, which affects both the light absorption efficiency either the charge separation efficiency,
thus reducing the electron —hole recombination rate. Moving from M-C3N4 (Figure 17a) to U-
C3Ny (Figure 17d), a progressively increased FWHM (full widths at half-maximum) value
(from 76 nm to 95 nm) can also be calculated. This is indicative of the increased surface area
with higher amount of structural defects for urea containing samples, which in turn causes
many emission levels to contribute within the energy gap. (vide infra).

From the PL spectra deconvolution obtained by means of a detailed Gaussian fitting (Figure
17a-d), three main components: (1) in the 450-456 nm, (2) 480-486 nm and (3) 524-529 nm
intervals, can be highlighted with average full widths at half-maximum (FWHM) of about 33
nm, 51 nm, and 82 nm, respectively (Table S4).

Based on this and on the scheme (Figure 17¢), three main transition pathways can be
highlighted, i.e. the 6*— LP (Lone Pair) level at 450-456 nm, m*—LP level at 480-486 nm
and m*— m transitions at 524-529 nm, respectively [66,97,98], the last one typical for all nt-
conjugated carbon-based materials [97-99].

As reported by Chubenko et al. [95,96], a relation between the g-C3N4 polymerization degree
and the intensity ratio of 1 and 2 luminescence features has been found. In fact, when the
polycondensation reaction proceeds, it is known more heptazine units form chemical n-bonds
with each other, thus causing the prevailing of (2) *—LP level emission transitions.
Concerning our g-C3N4 specimens, obtained from progressively increased amount of urea

precursor, the observed higher intensity of the (2) component with respect to the (1) one, could



be indicative of the higher polymerization, that is the higher coherence lengths inside the (210)
planes (see XRD results) of the more extended, even if highly defective, thin layers.

As it is well known, the luminescence properties of the carbon nitride materials are considered
mainly affected by the presence of the sp?> C-N clusters, that form a n-conjugated polymeric
network, and by the lone-pair electrons of nitride, beside states consisting of sp> C-N & band.
According to some authors [95,96], the valence band is made by C-N o-bonds with sp
hybridization (c levels), C-N m-bonds with sp? hybridization (n levels) and LP levels of
nitrogen, while the conduction band is made by o* and ©t* levels. Due to their close position,
excited electrons at the o* levels relax to m* levels, thus providing channels for the charge
delocalization. Hence, a more detailed discussion, beyond our study, should take into account
that a plethora of phenomena, including radiative emissions from o* and/or from 7* to the
valence band and to nitrogen lone pair levels, from nitrogen defect levels inside the forbidden
gap (i.e C=N triple bonds, NH> groups, vacancies) to valence band and to nitrogen LP levels

have to be considered, the last ones shown in scheme (Figure 17¢).

3.8. Methylene blue photodegradation tests

The photocatalytic activity of the all the systems was evaluated, by investigating the MB
degradation in acqueous solution under solar-light irradiation, covering approximately the 295-
3000 nm range. The absorption spectra (not reported for sake of brevity) for the MB photo-
degradation have been used to obtain C/Cy vs. time plots, where Co is the concentration,
corresponding to the initial intensity before illumination.

Figure 18 (a, b) shows the relationship between C/Co vs. photodegradation time and the
obtained apparent rate constants of the different photocatalysts, respectively. Furthermore, 0-,
1- and 2-kinetic order plots were fitted and their goodness of fit, represented by R? values, was
calculated (Supplementary Materials, Table S5). Based on the R? values, we can assume that
the Langmuir-Hinshelwood first-order kinetic model [100] (In Co/C =k, where k is the apparent
first-order constant) fits well our experimental results with photocatalysts, while the MB
photodegradation with no photocatalyst is better described by a 0-order kinetic reaction, as
commonly found in dye degradation [101]. Notice that, after 30 minutes of equilibration
procedure under dark conditions, the samples (i.e., U-C3N4, Ugo-C3N4, Uso-C3N4 and M-C3Ny)
show different adsorption percentages towards MB. In particular, the adsorbed amounts are
about 1%, 2%, 10% and 8% respect to the initial MB concentrations, for M-C3N4, Uso-C3Na,
Usgo-C3N4 and U-C3Ny, respectively.
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Figure 18. (a) MB Photodegradation efficiencies as function of time, (b) apparent rate constants of U-C3N4, Ugo-
C3N4, U50—C3N4 and M-C3N4.

In general, during the whole irradiating time, the best photodegradation performances have
been observed for samples obtained from precursors with higher urea contents, i.e. U-C3Na,
Usgo-C3N4, in agreement with the higher surface area values from BET measurements. As a
matter of fact, the degradation rates are in the following order: M-C3N4 < Uso-C3Ns < U-C3Ny4
< Ugo-C3Ns. Notice that a nonlinear behaviour among Ugo-C3Ns and U-C3Ns must be
highlighted, being the highest photodegradation efficiency surprisingly observed for Ugo-C3Na,
as also reported Niu et al. [55] even if towards RhB photodegradation.

Many factors can be considered to explain the peculiar high photodegradation efficiency of
Uso-C3Ny, including the greatly improved surface area with respect to the other systems, which,
implies an increased amount of active sites, the highest D//D.1 coherent lengths ratio, i.e. the
highest shape anisotropy associated with a large in-plane correlation length with a resulting
turbostratic crystalline disorder [72] and also the lower inter-planar distance that allows to
reduce the charge transport distance from the bulk to the surface of material [102]. Therefore,
after sonication treatments for short time, that are the prerequisite for the subsequent
photodegradation reaction and for AFM investigations, a few layered, highly porous
nanocrystals can be easily obtained, as observed in case of Ugo-C3N4 network. Concerning this
point, the reader is reminded of the Ugo-C3N4 AFM images, that prove a relevant reduction of
the aggregate’s sizes, after sonication processes. Based on these results, we can hypothesize
that extensive contacts among different g-C3N4 nanostructures, made from urea/melamine

80:20 mass ratio, provide a suitable surface area together with many nanochannels inside the



porous network, thus favouring charge transfer between the two components and establishing

feasibly close contacts among different g-C3Na.

4. Conclusions

In this study, g-C3N4 based-materials were synthesized via thermal polycondensation of
different melamine/urea mass ratios as starting precursors, aiming to give some insight
on the role of urea/melamine ratio on the structure/properties relationship of g-C3Na4/g-
CsN4 nanoarchitectures. As well imaged from FESEM/AFM, the stacked micron-sized
lamellas of M-C3N4 change into the porous and open structures consisting of small sized
domains of U-C3N4. From HRTEM imaging, a direct visualization of the bulky-flake
nature of M-C3Ng, as compared to the thinner and more randomly oriented thin layers
of U-C3N4 was also provided, in agreement with XRD data, which gives information on
interlayer distances and on in-plane heptazine packing.

Concerning the D1 and D/ coherence lengths, as estimated from XRD patterns, the Uso-
CsN4, and more remarkably the Usgo-C3N4 mixtures show higher coherence scattering
lengths, respect to U-C3Ns and M-C3N4, thus suggesting a peculiar higher intra-layer
crystalline order for both the materials made from the different precursors.

HRTEM analyses also provide a local crystallographic view of such evolution, i.e. from
bulkier crystal flakes to randomly-oriented thin curly nano-sheets, when going from M-
C3N4 to U-C3N4 samples, via intermediate situations shown by Uso-C3N4 and Ugo-C3Na.
This is confirmed by adsorption/desorption isotherms and pore size distributions, i.e.
the BET surface area is progressively increasing, with the increased microporosity and
polycrystalline nature, moving from M-C3N4 to U-C3Na.

The enhanced content of urea from M-C3N4 to U-C3N4 samples reflects also on Raman
features, also supported by quantum mechanical calculations (Raman).

Additionally, FTIR and Raman spectroscopic features, highlight an increased
defectivity due to the NH and NH> terminal groups (FTIR) together with a low stacking
level moving from M-C3N4 to U-C3N4 samples (Raman), in agreement with FESEM and
HRTEM images. Further evidence of the role of urea in promoting in-plane formation
of extended, even if highly defective, thin layers, comes from the accurate analysis of
PL spectra.

The Ugo-C3N4 samples are particularly challenging due to their peculiar properties with
respect to the other systems, which makes it attractive to many fields, including

photocatalysis.



Indeed, the Usgo-C3Nj4 structure, with its higher energy gap, could also explain quantum
confinement effects typical of few-layered materials.

Some more, besides the high thermal stability (TGA) and significant reaction yields,
due to melamine action, Ugo-C3N4 shows also improved surface area, extensive porous
network, which implies an increased number of active sites and a lower inter-planar
distance due to urea action. This could reflect on extensive contacts among different g-
CsN4 domains, thus establishing more effective interfaces, which favour the charge
transfers between the two components. Based on all these factors, the peculiar high
photodegradation efficiency towards MB degradation of the few layered, highly porous
Usgo-C3N4 network, must be highlighted, also surprisingly superior to that of U-C3Ng.
On the basis of the results discussed so far, we can definitely state that a realistic model,
able to explain the experimental results, implies the combination of different structural
motifs, including the prevailing formation of bulkier flakes for M-C3N4 made by strands
of highly condensed monomers, and thinner/coiled layers for U-C3N4, which gives rise
to less dense networks, i.e. more porous and defective structures.

We point out that this study may give a further contribution to the knowledge of g-C3N4
based-materials, obtained from sustainable and/or recycled precursors, through simple
synthesis methods. The role of the different melamine/urea precursors mass ratios on
the structure/properties relationship was in-depth discussed, by means of a wide variety

of characterization techniques.

Supplementary materials: Paragraph S1. Reaction yields (Figure S1: experimental and estimated
reaction yields. Paragraph S2. Thermogravimetric analysis (Figure S2: Thermogravimetric analysis of M-
C3Ny4 and U-C3Ny4 performed in air flux). Paragraph S3. Morphology of Ugs-C3N4 (Figure S3: 3D AFM
image and FESEM images of Us-C3N4 sample). Paragraph S4: XRD powder diffraction (Figure S4: XRD
powder diffraction pattern of M-C3N4 and U-C3Ny4; Table S1: XRD powder diffraction integrated area
I 210y and Loo2) of M-C3N4 and U-C3Ny). Paragraph S5. Computed Raman spectrum (computational set up;
Figure S5: Computed Raman spectrum of Melon structure; Table S2: Experimental and computed Raman
vibrational modes with relative description). Paragraph S6. FTIR intensity ratio (Table S3: FTIR
integrated area I* and I® on the 3600-2800 cm™' and 1900-750 cm™' main regions). Paragraph S7.
Photoluminescence (Table S4: PL emission spectra and Gaussian deconvolution parameters of all
samples). Paragraph S8. Methylene Blue photodegradation test (Table S5: Goodness of fit of
photodegradation kinetic)
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