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1. Introduction

Graphitic carbon nitride is a well-known and widely studied
semiconductor [1—4] with various possible applications. For
instance, it can be used in photocatalysis [5—7], sensors [8,9],
hydrogen production [10-12], batteries, supercapacitors
[13,14], and many more [15-18]. Regarding photocatalytic
applications, the main advantages of g-C3N, include chemical,
photochemical, and thermal stability, non-toxicity, and most
importantly, low cost and ease of preparation. The narrower
band gap energy (around 2.7 eV) compared to TiO, (3.2 eV)
enables g-C3N, to absorb VIS irradiation and thus significantly
increase the efficiency of light-harvesting for applications
based on photocatalytic processes.

The frequently used procedure for preparing g-CsNy is the
thermal polymerization of a suitable nitrogen-rich precursor
heated in a semi-closed crucible, typically at temperatures in
the range of 500—600 °C. The g-C3N, precursor that has
received the most attention is undoubtedly melamine [19—22].
Other precursors are urea [23—-25], dicyandiamide [26,27],
guanidine [28,29], and ionic liquids, such as 1-butyl-3-
methylimidazolium hexafluorophosphate, which are benefi-
cial as phosphorus sources [30]. However, g-C3N, samples
prepared in this way usually suffer from low specific surface
area and fast electron-hole recombination, which impairs
photocatalytic performance.

Therefore, several strategies have been adopted to improve
g-C3N, photocatalytic performance. Thermal, chemical, or
mechanical exfoliation processes [31—36] are used to increase
the specific surface area of g-C3N,. Various approaches such
as doping g-C3N, with metallic and nonmetallic elements
[37—45], coupling with other semiconductors [46—50], inert
matrices [51—-53], or a combination of both [54,55] have been
used to suppress the electron-hole recombination rate.
Recently, the doping of g-C5N, with non-metal elements has
attracted attention, as it allows lowering of the band gap en-
ergy and tuning of the valence and conduction bands [40,56].
In addition, doping with phosphorus (P-doping) has been re-
ported to be efficient in improving photocatalytic activity
[29,57,58]. Li et al. [59] modified g-C3N4 by phosphorus and
boron to weaken van der Waals interactions between indi-
vidual layers of g-C3N,. The resulting material, ultrathin co-
doped g-CsN, nanosheets, exhibited a high potential for
hydrogen production. Regarding P-doping, it is noteworthy to
mention frequently used precursors, in particular, inexpen-
sive ammonium hydrogenphosphate [60,61], phytic or phos-
phoric acids [62,63], 2-aminoethylphosphonic acid [64] and
hexachlorocyclotriphosphazene (HCCP) [65,66].

Our group has recently reported in situ P-doping of g-C5Ny
using the mixtures of melamine and HCCP [67]. In addition to
promising catalytic activities, the resulting materials showed
interesting structural differences compared to pristine and
other P-doped g-C3Ny. It was demonstrated that the presence
of HCCP affects not only the structure of the final material but
also the nature of the P-doping. Also, a doping mechanism
was proposed, including the indication of possible phos-
phorus positions in the polymeric structure of g-C3Na.

In this work, we follow up on our previous study [67] and
expand the group of g-C3Ny precursors to include urea,

dicyandiamide, and guanidine hydrochloride. The samples
were prepared by a one-pot thermal polymerization proced-
ure and further characterized using the methods of physico-
chemical and phase analysis. The photocatalytic perfor-
mance of the prepared samples was evaluated by the visible
light induced photodegradation of Rhodamine B.

2. Materials and methods
2.1. Chemicals

All of the chemicals used were purchased from companies
listed below in reagent grade, analytical grade, or equivalent
quality. Urea (UR) came from Carl Roth Co. GmBH (Germany),
dicyandiamide (DCDA) was obtained from Merck KGaA
(Germany), guanidine hydrochloride (GUA) was obtained
from VWR LifeSciences (Czech Republic), hexa-
chlorocyclotriphosphazene was obtained from Sigma
Aldrich (USA), Rhodamine B (RhB) was obtained from Fisher
Scientific (USA). The water used for the preparation of all
solutions was deionized and prepared using reverse osmosis
(Aqua Osmotic, Czech Republic).

2.2 Sample preparation

Phosphorus-modified graphitic carbon nitride was prepared
according to our previous study [67] by the 2 h long thermal
polymerization of a mechanical mixture of the given g-C3Ny
(further labeled as CN) precursor (UR, DCDA, and GUA) and
HCCP at 525 °C with a heating rate of 2 °C-min~'. After this
period of heating, the samples were allowed to cool down
inside the furnace. The undoped CN was prepared by the same
thermal treatment of pure precursors (UR, DCDA, and GUA).

For all calcination experiments, the initial mechanical
mixture (5 g) containing the given CN precursor with 0, 1, 10,
20, 30, and 40 wt% of HCCP was placed in a semi-closed
ceramic crucible and subjected to the heat treatment
mentioned above. The sample labelling system is described in
Table 1.

2.3. Characterization methods

2.3.1. X-ray powder diffraction

X-ray powder diffraction (XRD) patterns were measured using
a SmartLab diffractometer (Rigaku, Japan), equipped with a
detector D/teX Ultra 250. A cobalt tube (CoKa,
oq = 0.178892 nm, o, = 0.179278 nm), operated at 40 mA and

Table 1 — Denotation of samples.

Temperature Un-doped samples P doped samples
UR UR-CN URx-PCN*
DCDA DCDA-CN DCDAx-PCN®
GUA GUA-CN GUAX-PCN?

& x - wt% of HCCP in the pyrolysis mixture (1, 10, 20, 30 and 40). As
an example, the sample denoted as UR20-PCN was prepared by
the calcination of urea + HCCP mechanical mixture with HCCP
content of 20 wt%.
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40 kV, was used as a radiation source. The powder samples
were ground in an agate mortar, pressed using a microscope
glass in a rotational sample holder, and measured in a
reflection mode. The samples were rotated at constant speed
of 15 rpm during measurement to eliminate the preferred
orientation effect. XRD patterns were obtained in the 2 theta
range of 5°—90° with a step size of 0.01° and the speed of
0.5°min~.

2.3.2. Elemental analysis

The content of C, N, and H was measured using a combustion
method with a CHSN628 elemental analyser (Leco, USA). In a
typical experiment, the powder sample (100 mg) was weighed
in tin foil cups and transferred to a furnace by the
autosampler.

2.3.3. FTIR spectroscopy

The Fourier transform infrared (FTIR) spectra of the prepared
samples were measured using a Thermo Scientific NicoletiS10
FTIR spectrometer (Thermo Scientific, USA). Measurements
were carried out in the range of 500—4000 cm ™! with a reso-
lution of 2 cm™' using an attenuated total reflection (ATR)
technique. Each spectrum obtained was the average of 64
scans. Before each measurement, the background was scan-
ned to eliminate apparatus and environmental effects.

2.3.4. X-ray fluorescence spectroscopy

X-ray fluorescence spectroscopy (XRFS) was performed using
an energy dispersive spectrometer Spectro XEPOS equipped
with a 50 W Pd X-ray tube. The samples were inserted into a
plastic cuvette sealed with a protective Mylar foil and subse-
quently analysed in the helium atmosphere.

2.3.5.  Scanning electron microscopy

For microscopic investigations of the samples, a scanning
electron microscope (SEM: Tescan Vega) with a tungsten
cathode and energy-dispersive X-ray spectroscopy (EDS:
EDAX) was used. The SEM micrographs were obtained using a
secondary electrons (SE) and backscattered electrons (BSE)
mode with an acceleration voltage of 30 kV. Before measure-
ment, the samples were gold sputtered to ensure adequate
electron conductivity.

2.3.6. UV-VIS DRS spectroscopy

UV-VIS diffusion reflectance spectra were obtained using a
Shimadzu UV-2600 spectrometer (Shimadzu, Japan), equipped
with an integrating sphere 2600 Plus. Pulverised samples were
placed inside a holder, and the spectra were recorded at room
temperature in the range of 200—900 nm. Extra pure barium
sulphate powder was used for baseline registration. The Tauc
plots were used to evaluate indirect band gap energies.

2.3.7. Electrochemical testing

Electrochemical testing was used to determine the VB and CB
energies using Mott-Schottky approach. The electrochemical
measurements were performed in three-electrode system
using Autolab PGSTAT302 potentiometer (Metrohm). Glassy
carbon electrode (GCE) (Metrohm), Ag/AgCl (3 M KClI) electrode
(Metrohm), and Pt sheet (Metrohm) served as a working,
reference, and counter electrode, respectively. For each of the

experiment, the surface of GCE was coated with thin layer of
tested sample by applying of 30 pl of water suspension of
tested sample (10 mg of sample in 5 ml of deionized water) on
a top of GCE tip. In following step, the coated GCE tip was dried
at 85 °C for 30 min. The measurements were conducted in
0.1 M KCl electrolyte (pH = 5.8), and prior the measurement
the electrolyte was purged with nitrogen for 30 min. All elec-
trochemical performances were achieved at room tempera-
ture. For the measurement an AC signal having an amplitude
of 10 mV and frequency 300 Hz was applied.

2.3.8. Photoluminescence spectroscopy

Emission PL spectra were acquired on a spectrometer FLSP920
series spectrometer (Edinburgh Instruments, Ltd.) equipped
with a Xe900 arc non ozone lamp (450 W) and an R928P type
detector (PMT detector). The excitation wavelength of 325 nm
was used for all measurements.

2.3.9. Specific surface area

The specific surface area (SSA) of the samples was measured
at 77 K under less than 1Pa vacuum using a Sorptomatic 1990
device (ThermoFinnigan, USA) with gaseous nitrogen as
adsorbate. SSA values were calculated according to Brunauer
— Emmett —Teller (BET) theory in the relative pressure range
of 0.05—0.25.

2.3.10. Thermal analysis

Thermal gravimetry (TG) of the UR, DCDA, GUA and their
mechanical mixtures with 20 wt% of HCCP were carried out
using a Setaram SETSYS 18TM thermal analyser and an S-type
measuring rod. Samples (10 mg) were placed in an alumina
crucible covered with an alumina lid. The analysis was carried
out in the dynamic atmosphere of argon (the flow rate of
1.5 dm®h %) with the heating rate of 10 °C-min~* from 20 °C to
900 °C.

2.3.11. Determination of the phosphate ions

To determine the presence of nonbonded phosphate ions, the
water suspensions of the synthesized samples (0.015 g in
50 cm® deionized water) were prepared and mixed for 2 h
using an electromagnetic stirrer (250 rpm). After this period,
suspensions were vacuum filtered through a membrane
filtrate paper with porosity of 0.60 um (Pragopor, Czech Re-
public). The concentration of phosphates was determined by
VIS spectrometry using an internally validated molybdenum
blue method. In our case, 30 cm? of a filtrate was taken into a
50 cm?® volume flask and sulphuric acid (5.4 mol dm™3),
(NH4)2M07024.4H,0 and (NHy),Fe(SO4), solutions, each of
5 cm? volume, were added. After 10 min leaving to stand, the
colored solutions were poured into 2 cm optical length cu-
vettes and visible light absorbance (A = 700 nm) was measured
using a Helios p UV-VIS spectrophotometer (UNICAM).

2.3.12. Photodegradation experiment

The photocatalytic activity of selected CN and PCN samples
was evaluated using the VIS assisted photodegradation of
Rhodamine B (RhB) as the model compound in aqueous so-
lution. A LED diode lamp with the maximum light intensity at
420 nm (the light intensity on the irradiated suspension sur-
face was 7 mW cm?) was used for suspension irradiation.
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In a typical photocatalytic procedure, 0.05 g of the pulv-
erised sample was mixed with 165 cm® of the RhB solution
with a concentration of 10 mg-dm~>. The prepared suspen-
sion was stirred at 250 rpm in darkness for 90 min to achieve
absorption equilibrium. In the next step, the prepared sus-
pension was stirred at 250 rpm under VIS irradiation for
90 min and 4 cm?® of samples were taken in 15, 30, 60 and
90 min. The suspensions taken were filtered using a 0.45 mm
pore size syringe filter (CHROMAFIL GF/RC-20/25 filters,
Macherey-Nagel, Germany) to separate the CN material. The
absorption spectra of the residual dye were measured using a
UV-2600 spectrometer (Shimadzu, JP) in 1 cm quartz glass
microcuvettes.

To understand RhB photodegradation, photodegradation
tests were also performed in the presence of ethyl-
enediaminetetraacetic acid (EDTA), 1,4 benzoquinone (1,4-BQ)
and t-butanol (t-Bu) as scavengers of the holes (h*), superox-
ide radicals (¢05) and hydroxyl radicals (eOH).

3. Results and discussion
3.1.  Yield of calcination

The yields of the calcination products for the given precursor
and the amount of HCCP are compared in Fig. 1. The highest
yields in the range of 42—65% were achieved for the DCDA
precursor. Calcination of the mixtures of UR + HCCP and
GUA + HCCP led to a significant decrease in the yield of the
calcination product, reaching a maximum of 29 and 25% for
GUA and UR, respectively. Compared to the previous study on
melamine, where the yields ranged from 63% to 43% at 525 °C
[67], the yields of CN prepared from guanidine and urea CN
precursor are significantly lower. Even with such a high mass
loss in the case of the UR precursor, visible evaporation of the
gaseous products was not observed during heating of the
respective mechanical mixtures.

Figure 1 also shows that the trends in the dependencies of
product yields on HCCP content for GUA and DCDA are similar
and show an almost constant value of up to 10 wt% of HCCP
followed by its decrease with growing HCCP content. In the
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Fig. 1 — Yields of calcination based on HCCP content.

case of UR, Fig. 1 shows an increased tendency of the product
yield up to 20 wt% of HCCP followed by its decrease with the
HCCP content. Our previous research focused on the P-doping
of CN prepared by the same calcination procedure applied to
the mixture melamine + HCCP revealed a continuous
decrease in product yield with the HCCP content [67]. When
the trends in the yields are compared, DCDA and GUA behave
similarly to UR. The product yield of g-C3N, prepared from
pure UR precursor (UR-CN) is the lowest, reaching only 3%.
This indicates that urea is the least thermally stable precursor.

The presence of HCCP enhanced the overall yield of the CN
synthesis. This effect is evident in the case of urea, when 1 wt
% of HCCP in the reaction mixture triples the overall yield, and
10 wt% of HCCP in the reaction mixture increased the yield
more than eight times. The content of HCCP up to 10 wt% in
the reaction mixture appears to benefit the CN yield. This
leads to the hypothesis that HCCP participated in the CN-
forming reactions as a P-donor and an activating agent for
CN precursors.

3.2. Scanning electron microscopy

The character of the CN (both pure and P-doped) particles
synthesized using UR, DCDA, and GUA as the precursors are
shown in Fig. 2 a)-f).

The obtained images indicate that the finest morphology
was obtained for the sample UR-CN (Fig. 2a-b), while both
samples (un-doped and P-doped) prepared from DCDA show a
dense microstructure (Fig. 2c-d). Regarding the sample pre-
pared with UR, the agglomeration effect of HCCP on the final
sample UR-20HCCP is evident since the morphology of the UR-
CN particles (Fig. 2a) shows a very fine microstructure
compared to the particles synthesized using the mixture of
UR+20wt% of HCCP (Fig. 2b). The GUA-CN sample shows the
most organized microstructure (Fig. 2e), and the doping of this
sample with phosphorus caused a slight disintegration of the
particles (Fig. 2f). Comparing the images shown in Fig. 2a, c,
and e, it is evident that the g-C3N, precursor (UR, DCDA or
GUA) is the main reason for the different morphologies of the
final calcination products.

3.3. Elemental composition

The comparison of the theoretical amount of phosphorus (Pt)
carried with the given amount of HCCP and the real amount of
phosphorus determined using the XRFS technique (Pcontent) iS
shown in Table 2.

The results in Table 2 show that the real phosphorus
content increased with increasing HCCP content and
demonstrate that most of the samples had phosphorus yield
higher than 100% (Pcontent/PT > 1). This yield shows that the
given CN precursor was intensively decomposed, while the
HCCP-derived phosphorus remained in the final structure of
the calcination products. This is in good agreement with the
results presented in Fig. 1a, which showed the lowest yield of
calcination products for UR.

However, for the samples DCDA1-PCN, DCDA20-PCN,
DCDA40-PCN, and GUA40-PCN, the amount of captured
phosphorus was lower than the theoretical one. These results
also confirm the highest thermal stability of DCDA and the
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Fig. 2 — SEM images of the samples prepared from urea: a) UR-CN, b) UR20-PCN, c) DCDA-CN, d) DCDA20-PCN, e) GUA-CN, f)

GUA20-PCN.

lowest thermal stability of UR, considering the same decom-
position behavior of HCCP in all mixtures. The over-
representation of phosphorus in the final materials tends to
decrease with the initial content of HCCP in the mixture and
by the CN precursor in the row UR >> GUA > DCDA (compare

Pcontent/Pr in Table 2). The decrease in the Peontent/Pr ratio with
an increased concentration of HCCP is most probably attrib-
uted to the competition between the reaction of HCCP with
the CN precursor and the thermal decay of HCCP. The higher
the ratio of HCCP in the mixture, the more decay of HCCP

Table 2 — Comparison of the theoretical phosphorus content (Pt) and phosphorus content in prepared samples (Pcontent)-

Sample Pr (Wt%/mol%) Pcontent (Wt%/mol%) Pcontent/Pr (Wt%/Wt%) Pcontent/Pt (01%/mol%)
UR1-PCN 0.268/0.065 5.96/1.94 22.24 29.72
UR10-PCN 2.67/0.70 11.3/3.95 4.23 5.64
UR20-PCN 5.35/1.5 12.7/4.40 2.37 2.89
UR40-PCN 10.7/3.68 19.1/7.04 1.19 1.91
DCDA1-PCN 0.268/0.073 0.22/0.07 0.82 0.99
DCDA10-PCN 2.67/0.78 4.65/1.59 1.74 2.04
DCDA20-PCN 5.35/1.69 5.27/1.77 0.99 1.04
DCDA40-PCN 10.7/4.05 6.07/2.05 0.57 0.51
GUA1-PCN 0.268/0.075 0.50/0.16 1.87 2.15
GUA10-PCN 2.67/0.81 3.90/1.30 1.46 1.62
GUA20-PCN 5.35/1.74 7.00/2.39 1.31 1.37
GUA40-PCN 10.7/4.16 8.30/2.79 0.78 0.67



https://doi.org/10.1016/j.jmrt.2022.04.019
https://doi.org/10.1016/j.jmrt.2022.04.019

3324

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:3319-3335

Table 3 — Chemical composition of the prepared samples.

Sample C (wt%/mol%) H (wt%/mol%) N (Wt%/mol%) P (wt%/mol%)* Cl (Wt%/mol%)? O (Wt%/mol%)”
UR-CN 32.8/27.0 2.88/28.4 58.1/41.0 0.82/0.26 <0.01/<0.01 5.40/3.33
UR1-PCN 31.1/26.1 2.87/29.0 56.3/40.6 5.96/1.94 <0.01/<0.01 3.77/2.38
UR10-PCN 27.2/24.5 2.42/26.2 54.9/42.5 11.3/3.95 <0.01/<0.01 4.18/2.83
UR20-PCN 25.1/22.5 2.62/28.1 52.8/40.5 12.7/4.40 <0.01/<0.01 6.78/4.55
UR40-PCN 22.9/21.8 2.29/26.2 50.9/41.6 19.1/7.04 0.13/0.04 4.68/3.35
DCDA-CN 34.2/29.5 2.32/24.0 60.7/44.8 0.10/0.03 <0.01/<0.01 2.68/1.73
DCDA1-PCN 34.0/29.0 2.44/25.0 60.4/44.1 0.22/0.07 <0.01/<0.01 2.94/1.88
DCDA10-PCN 32.4/28.7 2.25/23.9 59.2/44.9 4.65/1.59 <0.01/<0.01 1.50/0.99
DCDA20-PCN 31.5/27.3 2.51/26.1 59.3/44.0 5.27/1.77 0.03/0.01 1.39/0.90
DCDA40-PCN 30.9/27.0 2.45/25.7 58.8/44.1 6.07/2.05 0.05/0.01 1.73/1.14
GUA-CN 33.6/27.9 2.73/27.2 59.5/42.3 0.03/0.01 0.02/<0.01 4.12/2.57
GUA1-PCN 33.0/27.7 2.66/26.8 58.8/42.3 0.50/0.16 0.01/<0.01 5.03/3.16
GUA10-PCN 31.1/26.9 2.51/26.0 57.3/42.4 3.90/1.30 <0.01/<0.01 5.19/3.36
GUA20-PCN 30.6/27.0 2.41/25.5 57.0/43.2 7.00/2.39 0.33/0.11 2.66/1.76
GUA40-PCN 30.6/26.5 2.64/27.5 57.1/42.4 8.30/2.79 0.25/0.07 1.11/0.72

& Determined by ED-XRFS.
® calculated to 100%.

occurs. Similar to the observations of yields (Fig. 1), the
Peontent/Pr Tatios are obviously higher for the UR samples
compared to the GUA and DCDA samples. This indicates that
urea is more reactive with the P—Cl bond in HCCP than GUA
(whose nucleophilicity is altered because of its hydrochloride
nature) and DCDA (whose nucleophilicity is altered as a result
of the presence of electron withdrawing cyanide moiety).

The complete chemical composition of the samples is
summarized in Table 3. Carbon, hydrogen, and nitrogen con-
tents were obtained using elemental analysis, phosphorus
and chlorine contents were analyzed using XRFS, and oxygen
content was calculated as the residue up to 100%. Based on the
data obtained from XRFS, the chlorine concentrations in all
samples are negligible. Measurable amounts of chlorine were
obtained for UR40-PCN and GUA20 (40)-PCN, with the
measured Cl content in the samples DCDA20 (40)-PCN being
very low (Table 3). It should be noted that in the case of the
GUA samples, both HCCP and GUA (guanidine hydrochloride)
can be the source of the chlorine. In the GUA20-PCN sample,
the molar concentrations of chlorine reached the highest
value of 0.11 mol%, which means approximately 1 chlorine
atom per 900 atoms of PCN, and its minimal impact on the
final structure is expected. This is consistent with our previ-
ous work focused on the doping of g-C3N, with phosphorus via
the thermal polymerization of the melamine + HCCP me-
chanical mixture, in which the complete elimination of chlo-
proved by XRFS and X-ray photoelectron
spectroscopy [67].

Table 3 shows that the molar ratios of hydrogen and ni-
trogen appear to oscillate around a typical value for the given

rine was

CN precursor (UR — N: 41 mol%, H: 27 mol%; DCDA — N: 44.5
mol%, H: 24.5 mol%; GUA — N: 42.5 mol%, H: 26 mol%). On the
other hand, the molar ratio of carbon always decreases with
the increased presence of phosphorus (Table 3), which is
especially visible in the case of UR-samples (27.0 mol% of
carbon in UR-CN vs. 21.8 mol% in UR40-PCN) and substantially
less notable in other samples. The concentration of oxygen
varies randomly, and samples prepared from precursors with
one carbon, such as UR and GUA, appear to have higher oxy-
gen concentrations than samples prepared from DCDA. This
observation indicates that at least part of the phosphorus, in
dependence on the particular CN precursor, replaces carbon
in the CN structure.

The contents of phosphorus presented in a form of water
leachable phosphates (Pp) and phosphorus fixed in the P-CN
structure (Pg) are compared in Table 4. The content of fixed
phosphorus was calculated as the difference of Peontent
(Table 2) and Pp.

The presence of the (PO4)*" anions clearly demonstrates the
fact that not all phosphorus introduced by HCCP was firmly
incorporated in the P-doped CN structure. All samples except
DCDA1-PCN show a higher P ¢ content compared to the Pp
content, which signalize the most of the phosphorus is tightly
bonded to the structure. A notable difference in the Py content
can be observed from the data presented in Table 4. The data
also show that the Pr values grow with the phosphorus con-
tentin the case of all samples. The highest values of Pr content
were obtained in the UR-derived samples (up to 14.6 wt%), as
evident in Table 4. This fact is consistent with the previously
discussed reactivity between HCCP and urea and the high

Table 4 — The determined content of soluble (Pp) and fixed phosphorus (P).

Sample Pr (Wt%) Pp (Wt%) Sample Pr (Wt%) Pp (Wt%) Sample Pr (Wt%) Pp (Wt%)
UR1-PCN 5.19 0.77 DCDA1-PCN 0.10 0.12 GUA1-PCN 0.48 0.02
UR10-PCN 9.29 2.01 DCDA10-PCN 3.37 1.28 GUA10-PCN 2.61 1.29
UR20-PCN 9.52 3.18 DCDA20-PCN 3.56 1.71 GUA20-PCN 5.16 1.84
UR40-PCN 14.6 4.53 DCDA40-PCN 3.85 2.22 GUA40-PCN 6.31 1.99
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weight loss of urea during the calcination of the UR + HCCP
mixtures (Fig. 1). The dependency of the fixed phosphorus (Pg)
molar ratio on the molar ratio of the total amount of phos-
phorus (Pcontent) is shown in Fig. 3. Unlike carbon nitrides
derived from UR and GUA, the fixed phosphorus content in the
DCDA-PCN samples stabilized with the increasing HCCP
content in the initial mixture and remained below 4 wt% even
at the highest concentrations of HCCP (Table 4 and Fig. 3). It
implies that each of the CN precursors appears to have its
unique capacity to fix phosphorus from HCCP in its resulting
P-doped CN structure, while the rest of the phosphorus
remained as weakly bonded in the form of water leachable
phosphates.

3.4.  Thermal analysis

The behavior of the pure CN precursors UR, DCDA and GUA
and the mechanical mixtures of UR, DCDA and GUA with
HCCP (20 wt%) was studied using thermal analysis. The mass
changes of the samples during heating are compared in
Fig. 4.

The TG curves pictured in Fig. 4 indicate that the me-
chanical mixtures of CN precursors with HCCP are less ther-
mally stable with an on-set temperature degradation slightly
above 100 °C. Weight loss in this region is caused by the HCCP
decomposition that takes place at more than 100 °C as re-
ported by Sun et al. and Osada et al. [68,69], and it is supposed
that the initial reaction of CN precursors with HCCP led to the
formation of a certain HCCP-CN precursor complex. Both
proposed processes probably led to the elimination of HCl
connected with the weight loss of the samples. Weight losses
connected with the gradual polymerization of pure precursors
UR, DCDA, and GUA accompanied by the elimination of NHs/
H,0 can be identified for GUA at 300 °C, for DCDA at 250 °C and
for UR slightly above 150 °C. The addition of 20 wt% of HCCP
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Si=ems GUA+20HCCP

80
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Fig. 4 — Thermally induced changes of the mass of the
mechanical mixtures of studied precursors UR, DCDA,
GUA and corresponding mechanical mixtures with HCCP
(20 wt%).

always shifted those values to lower temperatures and made
polymerization more gradual with the more complex weight
loss patterns (Fig. 4).

Although the course of the TG curves is different for each
mechanical mixture, the temperatures of the final weight loss
for the given pure CN precursor and its mechanical mixture
with HCCP are similar. The most pronounced decomposition
of the samples based on the UR precursor (in Fig. 4 samples
UR, UR+20HCCP) finished similarly at around 400 °C, for the
samples GUA and GUA+20HCCP at around 720 °C and for the
samples DCDA and DCDA-+20HCCP at around 750 °C. This
observation indicates an increase in the thermal stability in
the order UR < GUA < DCDA. As shown in Chapter 3.1 focused
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Fig. 3 — Relation between the total content of phosphorus (XPcontent) and the phosphorus captured within the CN-structure

(xPg).
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on the calcination yield, the highest weight loss during the
calcination at 525 °C (the temperature used for the preparation
of the CN samples) was observed for UR, followed by GUA, the
significantly higher yield of calcination was observed for
DCDA which is in good relation to the results of the TG anal-
ysis (Fig. 4).

Comparing the TG curves of the UR and UR+20HCCP
samples (Fig. 4), the different course of the TG curve (different
rate of weight loss) registered for the mechanical mixture
UR+20HCCP in two temperature regions, indicate that the
process of incorporation of phosphorus influences the reac-
tion mechanism. The complexity of the UR transformation
was recently illustrated by Kuntz et al. [70]. The authors pro-
posed the model of UR decomposition including the formation
and decomposition of eleven different species, connected
with release of 6 gaseous products and comprising of two-
phase changes. On the other hand, the TG curves of
GUA-+20HCCP and DCDA+20HCCP show similar run with the
TG curves of pure GUA and DCDA.

3.5.  X-ray diffraction
The XRD patterns of CN prepared from UR, DCDA and GUA
and PCN materials prepared from these precursors are shown

in Fig. Sa—c. All registered XRD patterns are dominated by two
peaks with maxima at around 15 and 32° 2 Theta (CoKa),

a)

which are attributed to the (100) and (002) crystal planes of g-
C3Ny, respectively [12]. The positions of the maxima of the
(002) diffraction line did not change in the case of samples
prepared from UR and GUA, as evident in Fig. 5a-c. The posi-
tion of the maximum of (002) diffraction line of the samples
DCDA10-PCN, DCDA20-PCN and DCDA40-PCN is slightly
shifted towards higher 2Theta angles (Fig. 5b), which signal-
izes that the incorporation of the phosphorus in the CN
structure caused the decrease of the (002) interlayer space.
The intensity of (002) diffraction peaks decreased with the
incorporation of phosphorus, indicating the decrease in the
thickness of the g-C3N, particles. Similar observation was
published by Li et al. [71] for spherically shaped g-C3Ng
coupled with carbon dots.

3.6. FTIR spectroscopy

The FTIR spectra of the prepared materials are shown in
Fig. 6a-c. The broad peak, appearing in the region of 3500 to
3000 cm Y, is attributed to the stretching modes of the N—H
and O—H bonds of free surface amino groups, adsorbed
water, and hydroxyl species [72]. The stretching vibrations of
aromatic C—N heterocycles are evidenced with characteristic
bands in the region from 1635 cm™* to 1250 cm™? [73]. The
characteristic peak with maximum at 806 cm ~* corresponds
to the breathing vibration of the tri-s-triazine ring system

b)
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Fig. 5 — XRD patterns of UR (a), DCDA (b) and GUA (c) derived CN and PCN samples.
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Fig. 6 — FTIR spectra of the prepared CN samples and PCN samples from the mixtures of UR + HCCP, DCDA + HCCP and

GUA -+ HCCP calcined at 525 °C.

[74]. Comparing the spectra in Fig. 6, all of the prepared
samples can be considered as graphitic carbon nitride
materials.

The details of the FTIR spectra in the region of
900—1250 cm~* shown in Fig. 6d did not prove the presence of
P—N and P—C bonds in samples derived from DCDA and GUA
mainly due to the strong absorption of the C—N heterocycle in
this region. On the other hand, the sample UR40-PCN shows
enhanced absorption in the 800—1000 cm™' region and the
respective peak could be assigned to the P—N stretching mode,
indicating that the phosphorus was incorporated into the
structure of CN [75]. Similarly, Li et al. [76] observed the peak at
950 cm ™! that indicates the presence of P—N bonds in P-doped
g-C3N, nanowires arrays prepared from the melamine and
phosphoric acid. The chemical analysis of the synthesized
samples (Table 3) proved significantly higher amount of phos-
phorus in the UR-derived samples and thus the presence of
P—N bonds can be attributed to the process of the carbon sub-
stitution by phosphorus in the sample UR40-PCN. At the same
time, the presence of P—C bonds can be excluded from the
consideration. Heterocycles containing P—C or C=P—C (nitro-
gen substitution in the g-C3N, lattice) show strong absorptions
in the regions of 750—600 cm~* where a set of v(P—C) modes is
usually visible [77]. This is not the case for any P-doped mate-
rials prepared within this study. Therefore, it can be concluded

that there is no support on the FTIR spectra for an occurrence of
P—C bonds and the nature of P-incorporation into the structure
is via the substitution of carbon.
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Fig. 7 — Dependency of specific surface area values on the
amount of HCCP in initial calcination mixtures.
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3.7. Specific surface area

The specific surface area values measured for the un-doped
samples prepared from UR, DCDA, and GUA are compared
with those values measured for selected P-doped samples in
Fig. 7.

The highest SSA value of 105 m? g~* was achieved for CN
prepared from UR and the calcination of its mixture with 1 and
20 wt% of HCCP led to a pronounced decrease in this value to
45 and 8 m? g !, respectively, as evident in Fig. 7. This obser-
vation supports the already discussed effect of HCCP on the
agglomeration of UR20-PCN particles in the part 3.2

documented by Fig. 2a) — b). Really low SSA values (below
10 m? g) were obtained in the case of the CN derived from the
DCDA precursor. Treatment of DCDA with HCCP did not show
evident effect on the SSA value (Fig. 7). In the case of samples
prepared using GUA, the SSA value decreased in GUA20-PCN
indicating its negative effect on this parameter.

3.8. UV-VIS DRS spectroscopy

The reflectance spectra of the prepared samples are shown in

Fig. 8a-c, and the evaluated band gap energies (Eg) are
compared in Fig. 8d.
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The reflectance of the materials significantly decreased
below the wavelength of 450 nm and this phenomenon is
associated with the generation of photoinduced electron-hole
pairs. Fig. 8d shows the effect of phosphorus on Eg of the g-
CsN,. In the case of undoped samples, the highest E; value was
achieved for the UR-CN, the second highest value for the
DCDA-CN and the lowest value for the GUA-CN. The differ-
ence between Eg of UR-CN and DCDA-CN is almost 0.1 eV.
Such a high E; value observed for the UR-CN sample is

connected with the obviously higher nanosized character of
the UR-CN particles causing the quantum confinement effect.
The introduction of phosphorus into the UR-CN structure
caused the decrease of the E; values (Fig. 8d). The lowest Eg
value within the samples of the UR-derived CN was obtained
for the sample UR10-PCN and further increasing in the
amount of phosphorus caused an increase in the Eg values. In
the case of the samples from DCDA and GUA, a continuous
increase in the Eg values was observed with the increase in the
HCCP content in the calcination mixtures (phosphorus con-
tent in the resulting samples) (Fig. 8d).

3.9.  Photodegradation activity

The changes in RhB concentration with the time of VIS light
irradiation measured for the prepared samples are shown in
Fig. 9. Prior to irradiation, the suspensions were magnetically
stirred in the dark to reach an adsorption-desorption equi-
librium. As evident from Fig. 9b-c, within the groups of the
samples prepared with the DCDA and GUA precursors, the P-
doped samples exhibit higher photodegradation activity than
un-doped DCDA-CN and GUA-CN samples. Within the DCDA
and GUA samples, the highest photodegradation activity was
observed for DCDA20-PCN and GUA20-PCN samples, indi-
cating 20 wt% of HCCP as optimal in the calcination mixtures.
On the other hand, the extent of RhB photodegradation after
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Fig. 11 — The photodegradation activity of the studied samples under 1 h long VIS irradiation in the presence of scavengers

(SC).


https://doi.org/10.1016/j.jmrt.2022.04.019
https://doi.org/10.1016/j.jmrt.2022.04.019

3330

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:3319-3335

90 min long irradiation did not exceed 32% for these samples,
which was even lower activity compared to previously studied
P-doped samples prepared from the MEL + HCCP mixtures
[67]. A different situation was observed for the samples pre-
pared using UR (Fig. 9a). The highest photodegradation activ-
ity showed the sample UR1-PCN, for which almost 80% of the
RhB degradation was achieved within 90 min of the VIS irra-
diation. The second highest photodegradation activity
showed the un-doped UR-CN sample. The introduction of
higher phosphorus content in the UR-based P-doped samples
significantly decreased the photodegradation activity, indi-
cating the deterioration effect of phosphorus on the UR-
derived P-doped CN samples photoactivity.

To assess the changes occurring at the electrochemical
interface and the values of the flat band potential (Vg),
valence band potential (Vyg), and the conduction band (V¢g)
edge potential, the Mott-Schottky technique was used
(Fig. 10). This method relies on applying a bias voltage to
modulate the width of space-charge interfacial double layer
and, therefore, the value of capacitance when the interface's
solution side can be approximated by the Helmholtz model of
the double layer [78—80]. The Mott-Schottky equation (1) de-
scribes the relation between the space charge capacitance C
and the applied potential V:

1 2 kT
[ eregeNp <V ~ Ve - ?) @

where ¢, is the dielectric constant, ¢ is the dielectric constant
of vacuum, Np, is the dopant density for n-type semiconductor,
T is the temperature, K is the Boltzmann constant and e is the

elementary electron charge. This equation is applicable in the
linear part of the plot & vs V, where the flat band potential is
an intercept of the line with the potential axis.

For n-type semiconductors, it is assumed that flat band
potential is nearly identical to the conduction band (V¢g) edge
potential according to equation (1) and (2).

VCB = VFB(NHE) = V}:‘B + AV —0.059- (7 7pH) (2)

where Vepnug) is the flat band potential recalculated against
NHE electrode at pH = 7, AV is the potential of Ag/AgCl
reference electrode vs NHE. The valence band potential was
calculated according to equation (3).

E
Vg =V + ?g (3)

When the light interacts with the photocatalysts, holes are
formed in the valence band, whereas electrons are transferred
to the conduction band. The reactions concerning the for-
mation of -0, and +OH can be ascribed as follows (4—6).

OH +h'—-OH @)
02 +e — 'O; (5)
H' + -0, —+HO, ()

The calculated energy levels are shown in Fig. 10.

Figure 10 shows that the superoxide radicals can be formed
in the case of all of the samples, while hydroxyl radicals can be
formed only in the case of GUA-CN. In the case of P-doped CN
samples, the insertion of phosphorus into the CN structure led
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Fig. 12 — PL spectra of a) UR-derived samples, b) DCDA-derived samples, and c¢) GUA-derived samples.
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to a decrease in the Eyp energy of the UR and GUA samples,
and at the same time, the potential of their conduction band
was also shifted to more negative values.

To confirm the effect of individual reactive species (h™, 05,
e¢OH) on RhB photodegradation, the appropriate tests were
performed in the presence of their scavengers. Within these
tests, EDTA was used as a holes scavenger, 1,4-BQ was used as
a superoxide radicals scavenger and t-Bu was used as a hy-
droxyl radicals scavenger. From each of the CN precursor
groups, samples showing the highest photodegradation ac-
tivity were tested. The photoactivity values of the selected
samples expressed as the extent of RhB degradation after 1 h
long irradiation are compared in Fig. 11a-c.

In accordance with Fig. 10, Fig. 11 shows the superoxide
radicals are the species responsible for the RhB photo-
degradation in the case of both un-doped CN and P-doped CN
samples. In the case of the UR-derived samples (Fig. 11a), the
photodegradation activity of the samples decreased in the
presence of EDTA as the hole scavenger. In the case of the DCDA
and GUA derived samples, their photoactivity increased in the
presence of EDTA, whereas the same observation was reported
for P-doped CN prepared by thermal polymerization of mel-
amine in the presence of HCCP [67]. For the GUA-CN sample, the
participation of hydroxyl radicals in RhB photodegradation is
documented by the decrease in photodegradation activity
(approximately 30%) in the presence of the t-Bu scavenger.

3.10. Photoluminescence spectroscopy
PL spectra of undoped UR, DCDA, and GUA and samples

co-calcined with 1 and 20 wt% of HCCP are shown in
Fig. 12a-c.

In the case of samples derived from UR, the highest in-
tensity of PL signal was observed for sample UR1-PCN, as
evidenced in Fig. 12a. The intensity of PL peaks is usually
associated with a lower recombination rate of photogenerated
carriers resulting in higher photodegradation activity as
demonstrated, for example, by Zhao et al. [30]. Surprisingly, in
our case, the sample URI-PCN showed higher photo-
degradation activity, although it exhibited higher intensity of
the maxima of PL peak intensity than the un-doped UR-CN
sample. An elevated PL intensity could be related to a higher
number of electron-hole pairs formation, which contributes to
the increase of the number reactive radicals in aqueous sus-
pension. This hypothesis explains the improved photo-
degradation activity of the sample UR1-PCN compared to the
samples UR-CN and UR20-PCN (Fig. 9a), which show an almost
identical value of the maximum intensity of the PL peak. The
highest intensities of the PL peaks for DCDA and GUA-derived
samples were obtained for HCCP content of 20 wt% (samples
DCDA20-PCN and GUA20-PCN), see Fig. 12b-c. Both DCDA20-
PCN and GUA20-PCN showed improved photodegradation
activity, as depicted in Fig. 9b-c. As in the case of UR1-PCN,
this is probably related to the formation of a higher population
of electron-hole pairs. For phosphorus-doped samples derived
from UR and DCDA precursors, the maxima of PL peaks
(Fig. 12a-b) are blue-shifted in the spectrum. In the case of
GUA-derived samples, this blue shift was observed only for
the sample prepared with higher HCCP content (sample
GUA20-PCN), see Fig. 12c. For g-C3N, samples, this shift in the
position of PL peak maxima is usually related to the quantum
size effect of the nanosheet structure. Nevertheless, this is not
the case with our phosphorus-doped samples, where the
specific surface area values decreased after the doping process
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Scheme 1 — Proposal of general pathways during the CN precursors interaction with HCCP.
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(UR-derived samples) or remained almost unchanged (DCDA
and GUA-derived samples), see Fig. 7. Therefore, it can be
argued that the blue shift was probably caused by the changes
in the electronic structure of P-doped CN samples.

3.11. Proposal of the P doping process

In all three CN-precursors, phosphorus is present in two
forms, either as part of the structure (Pf) or as phosphate
(Pp), see Section 3.3. Based on FTIR spectra, the presence of
P—C bonds in the final structure is unlikely, while the
presence of P—N bonds was supported by FTIR analysis
(Section 3.6).

Scheme 1 shows that the origin of P—CN proceeds in
two subsequent phases. During the first phase, the CN-
precursor reacts with HCCP to provide a reactive inter-
mediate product (R-PCCP). This intermediate is undoubt-
edly chemically unstable under the conditions of our
syntheses (525 °C, access to air). Its decomposition, phase
2 in Scheme 1, may proceed in three possible processes:
intramolecular chlorination, elimination of HA-PCCP, or
decomposition of the phosphazene core leading to the
formation of C=N—P—-N=C types of bonds in 6 membered
heterocycles as evident from Scheme 1.

In our previous work [67], focusing on the melamine-based
P—CN synthesized by the same procedure used in this study,
the phosphorus content in the final samples was below 5 wt%.
In our present work, the phosphorus content in the individual
samples was significantly higher, indicating that the P-doping
process is more efficient in incorporating phosphorus atoms
into the final P—CN structure.

Although the reaction scheme is still simplified and it is
supposed that the own P—CN formation process includes a
more complex reaction pathway, its subdivision into two
main phases is a reasonable approach reflecting the results of
the TG analysis.

4, Conclusion

Urea, dicyandiamide, and guanidine hydrochloride were used
as precursors for the preparation of phosphorus doped CN.
The precursors were mechanically mixed with HCCP used as a
source of phosphorus; the resulting mechanical mixtures
were thermally treated at 520 °C. On the basis of the results,
the following conclusions can be outlined:

e The yield of the calcination product depends on the CN
precursor and the presence of HCCP. The lowest yield (3%)
was achieved for samples prepared with urea serving as CN
precursor, and the calcination product yield for this pre-
cursor increased with increasing amounts of HCCP up to
20 wt%, reaching a maximum level of 25%. The highest
calcination product yield was achieved for the DCDA pre-
cursor (65%), followed by the GUA precursor (28%), both of
which showed almost no change in yield up to 10 wt%
HCCP.

Regarding the growing enrichment of the final P-CN
samples with phosphorus, the CN precursors can be or-
dered as follows: UR > GUA > DCDA.

e Two forms of phosphorus were found in the resulting
products: phosphorus fixed in the CN structure and phos-
phorus in the form of phosphates.

o The fixed phosphorus substitutes the carbon in the triazine
structural units of the final P—CN structure.

e The photodegradation activity of the DCDA and GUA-
derived P—CN samples increased with the phosphorus
content up to 20 wt% of HCCP but did not exceed 32%.

e The highest photodegradation activity (80%) was observed
for P-doped CN based on urea with the lowest phosphorus
content (UR1-PCN). This sample is preferable for photo-
degradation purposes with respect to: i) the increased
photodegradation activity; ii) the low amount of HCCP used
for its preparation; and iii) the increased yield of final
product compared to undoped urea derived CN.

e The mechanism of incorporation of phosphorus into the
final CN structure was explained as a two-phase process.

The phosphorus-doped g-CsN, prepared by urea calcina-
tion in the mixture with a low content of HCCP was found to
be an efficient way to improve the yield of the calcination
product and its photodegradation activity.
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