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A B S T R A C T   

Photocatalysis has emerged as an environmentally friendly technology to develop selective reactions such as the 
oxidation of alcohol to aldehydes. Graphitic carbon nitride (CN) is a metal-free polymeric structure easily 
photoactivated under radiation. This work focuses on the enhancement of the photocatalytic activity of bare CN 
by doping it with phosphorous (P-CN). Different doping levels of P (2–12 wt.) have been explored and the 
samples were fully characterized by XRD, FTIR, N2 physisorption, elemental analysis, XPS, DRS-UV–visible, and 
photoluminescence. A better activity and enhanced selectivity were observed in the P-CN samples if compared to 
the undoped CN in the oxidation of cinnamyl alcohol to cinnamaldehyde in aqueous solution. The presence of P 
was demonstrated to contribute to a better delocalization of photo-generated charges. Moreover, the reactivity 
and selectivity of the CN and P-CN samples were analyzed in water-acetonitrile mixtures, appreciating a better 
selectivity in the presence of acetonitrile to the detriment of the conversion of the cinnamyl alcohol. The pho-
tocatalytic oxidation mechanism over P-CN in aqueous media has been tentatively proposed based on the in-
fluence of the reactive oxidative species generated in the process by chemical scavenger tests. They suggested the 
contribution of superoxide radicals with more selectivity than the photo-generated holes, the second reactive 
species of importance in the overall oxidation scheme. The contribution of hydroxyl radicals was discharged 
since its presence was negligible in a probe test based on the formation of 2-hydroxy-terephthalic acid.   

1. Introduction 

The oxidation of alcohols to aldehydes is one of the most important 
reactions in organic chemistry oriented to the high-scale production of 
added-value organics, as happens in the pharmaceutical industry. Cin-
namaldehyde is one example of these substances, widely used in cos-
metics [1], as a food additive [2,3] taking advantage of its antibacterial 
and antifungal activity [4], or as an ingredient of natural formulas for 
insecticides [5]. The synthesis of cinnamaldehyde at an industrial scale 
has been successfully carried out under catalytic oxidation with O2 with 
noble metals such as Pd [6] or Pt [7]. Diverse techniques are subse-
quently implemented to purify the components of the mixture of the 
reaction, also carried out when obtaining form essential oil of cinnamon 
[8]. Among the available techniques, the most popular include hydro-
distillation [9], steam distillation [10], microwave-assisted hydro-
distillation [11], sonodistillation [12], or column chromatographic 
techniques [13]. 

Recently, the oxidation of alcohols to aldehydes through photo-
catalysis has emerged as an environmentally friendly alternative to 
traditional routes due to the mild pressure and temperature conditions 
[14–16]. Moreover, photocatalysis can be triggered with solar radiation 
which justifies the sustainability of the radiation consumption. The 
selectivity of the photocatalytic oxidation of alcohols to aldehydes has 
been reported to reach the highest values in the presence of an inert 
organic solvent, acetonitrile being the most popular [16]. Nonetheless, 
the disposal of organic solvents is an issue of major concern from an 
environmental point of view. The development of these reactions in 
water may solve this problem; however, the presence of water can 
trigger the production of unselective hydroxyl radicals, contributing to 
poor selectivity control [17,18]. This drawback can be addressed with a 
proper catalyst design. In this sense, graphitic carbon nitride (g-C3N4) 
has shown a competitive bandgap alignment for this purpose since the 
energy of the conduction band enables the formation of photogenerated 
electrons with enough energy to release the reduction of adsorbent O2 
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molecules to superoxide radical. However, due to the energetic value of 
the valence band, the potential of the photogenerated holes in the 
valence band is not enough to oxidize H2O molecules to release the 
formation of hydroxyl radicals [14]. The use of g-C3N4 has been 
demonstrated as a sustainable photocatalyst for the photoproduction of 
added-value chemicals [19]. The doping of the polymeric structure of 
g-C3N4 with non-metal elements has been used as an efficient strategy to 
boost the activity and/or modulate the selectivity of certain reactions 
[20,21]. Among the different elements used as dopant agents, the effects 
of phosphorous doping in g-C3N4 applied to the photoproduction of 
organic substances are the least researched to date. The doping of g-C3N4 
with NH4(H2PO4) has been reported as efficient in raising the selectivity 
to the detriment of the precursor conversion during the photoproduction 
of aldehydes from the oxidation of benzyl alcohol, 4-methoxy benzyl 
alcohol, or piperonyl alcohol [22]. In other work, g-C3N4 was doped 
with H3PO4, and Pd nanoparticles were also deposited on the surface. 
Both modifications enabled to reach a high yield of aldehydes produc-
tion from their benzyl alcohol derivatives, using acetonitrile as solvent 
and H2O2 as an oxidant agent [23]. 

This work reports the study of P doping onto g-C3N4, using sodium 
phosphate as a doping agent, for the photocatalytic production of cin-
namaldehyde in an aqueous solution. Different P doping dosages have 
been investigated within 2–12% (wt.). The crystalline, morphological, 
textural, and optical properties were characterized by diverse tech-
niques such as XRD, FTIR, N2 physisorption, XPS, elemental analysis, 
DRS-UV–visible, and photoluminescence. The behavior in terms of 
conversion and selectivity during the oxidation of cinnamyl alcohol to 
cinnamaldehyde has been investigated in an aqueous solution. The 
undoped and the P-doped samples with the best selectivity were selected 
to investigate the effect of acetonitrile as the solvent, in acetonitrile- 
water mixtures. Finally, the tentative mechanism of oxidation species 
involved in the process was assessed by using chemical scavengers to 
assess the effects of superoxide radical (N2, p-benzoquinone, tiron), 
hydroxyl radical (tertbutyl alcohol), and photogenerated holes (oxalic 
acid, EDTA). 

2. Experimental section 

2.1. Materials and synthesis of the P-CN samples 

All the chemicals used were analytical grade, purchased from 
Merck®, and used as received. For liquid chromatographic analyses, 
HPLC-grade acetonitrile was used as a mobile phase. Ultrapure water 
(18.2 MΩ cm) from a Direct-Q®-UV device (Millipore®) was used for the 
preparation of all the solutions. 

The bare graphitic carbon nitride (CN) was prepared by thermal 
polymerization of melamine (>99%), under an N2 atmosphere (100 mL 
min− 1) at 550 ◦C (heating rate, 10 ◦C min− 1) for 1 h. The P-doping of 
graphitic carbon nitride samples (P-CN) was carried out in a second post- 

treatment step [24], as illustrated in Fig. 1. A certain amount of P 
(2–12% wt. concerning the CN quantity) was added as sodium phos-
phate (65–70% P2O5 basis) to 20 mL of ultrapure water and kept under 
stirring for 2 h. The suspension was thereafter subjected to evaporation 
by heating at 100 ◦C until the complete removal of water. The powder 
was next treated thermally under N2 atmosphere (100 mL min− 1) at 
550 ◦C (heating rate, 10 ◦C min− 1) during 2 h. The resulting brownish 
powder was ground in a mortar. The samples were labeled as P-CN-X% 
where X means the doping P percentage (wt.). 

2.2. Characterization of the P-CN samples 

The crystallinity was analyzed by X-ray diffraction in a Bruker D8 
Discover device working with a Pilatus 3 R 100 K-A detector using Cu Kα 
radiation (1.5406 Å). The diffractograms were registered within a 2θ 
range of 5–65◦ at a rate of 0.034◦ min− 1. The freeware QualX® [25] and 
the Crystal Open Database (COD) were used for the processing of the 
diffractograms. The crystallite size was estimated by Scherrer’s equation 
from the most intense peak and the interlayer spacing was calculated 
from the maximum of the (002) peak. The relation Lcrystal/dlayer was 
used as a rough approximation of the number of layers estimation [26]. 

The structural properties were studied by Fourier Transform 
InfraRed (FTIR) spectroscopy equipped with Attenuated Total Reflec-
tance. The FTIR spectra were recorded in Perkin-Elmer equipment, 
model Spectrum65, within 400–4000 cm− 1. 

The elemental composition was analyzed in a TrueSpec® Micro 
CHNS analyzer from Leco instruments. The chemistry of the surface was 
analyzed by X-ray Photoelectron Spectroscopy (XPS) in a Kratos AXIS 
UltraDLD device equipped with an X-ray source from Al Kα. The regis-
tered spectra were corrected to C1 s peak of adventitious carbon as 
referenced, ascribed to 284.6 eV. The treatment of the data and the 
deconvolution of the spectra were carried out with the software XPSpeak 
4.1®, applying a Shirley background correction for the baseline defini-
tion. The chemical environment of C and P was further studied by solid 
state Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 
in a Bruker Advance NMR spectrometer of 500 MHz equipped with a 
4 mm Cross-Polarization (CP) MAS detector. In the case of 13C spectra, 
CP-MAS experiments were conducted at 10 kHz. For 31P the MAS, tests 
were carried out at 12 kHz. 

The morphology and element distribution in the nanoparticles were 
studied by High Resolution Scanning Transmission Electron Microscopy 
(HR-STEM) imaging in a Thermo Scientific™ Talos™ F200X (200 kV) 
equipped with High-angle annular dark-field imaging (HAADF) detector 
and Energy Dispersive X-Ray spectroscopy (EDX) microanalysis. 

The optical absorption and reflection of the samples were studied by 
Diffuse Reflectance Spectroscopy (DRS) in the UV–visible region using a 
Varian Cary 5E spectrophotometer. The bandgap value was estimated 
from the Kubelka-Munk Function, e.g. F(R∞), applying the Tauc plot 
method assuming indirect electron transitions in the semiconductors 

Fig. 1. Schematic representation of the synthesis steps of CN and P-CN samples.  
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[27,28]. The photoluminescence (PL) technique was used for the anal-
ysis of the recombination rate of the samples. The PL spectra were ob-
tained in a Varian Cary fluorescence spectrometer under an excitation 
wavelength of 365 nm (slit 2.5 nm) and monitored the emission signal 
within 400–600 nm (slit 2.5 nm). 

2.3. Photocatalytic tests of cinnamaldehyde production 

The photocatalytic activity of the prepared samples was evaluated in 
the selective oxidation of cinnamyl alcohol (CA) to cinnamaldehyde 
(CD). The tests were carried out in a photoreactor equipped with two 
UVA lamps emitting at 365 nm (9 W each). The lamps were placed in the 
inner space of an annular photoreactor in whose inner space was 
circulating the aqueous solution with the suspended catalyst. An auxil-
iary jacketed tank contained the solution of cinnamyl alcohol with the 
catalyst and was pumped and recirculated to the photoreactor. The 
temperature was controlled to 20 ◦C by cooling with water in the jac-
keted space of the auxiliary tank. A detailed scheme of the setup is 
available in previous work [29]. Alternatively, lamps simulating 
daylight radiation were used to test the activity of the photocatalyst in 
the visible region (Philips). The spectrum was characterized with the 
help of a BLACK-Comet UV–visible spectroradiometer (StellarNet Inc., 
Florida, USA). Air was bubbled in the auxiliary tank to ensure O2 satu-
ration. The photocatalytic reaction started with the loading of 350 mL of 
CA 1 mM to the auxiliary tank and the catalyst at a dose of 0.5 g L− 1 

until a homogeneous slurry was obtained which was pumped into the 
annular space of the photoreactor. Before the irradiation, a 30-minute 
adsorption step was carried out in the darkness. Then, the laps were 
switched on and samples were carried out regularly. The photocatalyst 
was removed by syringe filters (Millex PVDF, 0.45 µm). 

The concentration of cinnamyl alcohol and cinnamaldehyde was 
determined by High-Pressure Liquid Chromatography (HPLC) coupled 
with photodiode array (PDA) detection. An Alliance e2695 HPLC system 
from Waters™, coupled to a 2998 PDA detector. The stationary phase 
used for the separation of CA and CD was a Zorbax Bonus-RP column 
(5 µm, 4.6 ×150 mm). The mobile phase, pumped at 1 mL min− 1 under 
the isocratic mode, consisted of a mixture of 40% (v/v) acetonitrile and 
60% (v/v) ultrapure water acidified with 0.1% (v/v) of trifluoroacetic 
acid. The injection volume was 50 µL. The quantification was carried out 

at 240 nm for CA and 331 for CD. 
The temporal evolution of CA depletion was fitted to a pseudo-first 

order kinetics, and the observed constant (kCA) was used as a mere 
comparison tool among the prepared catalysts. The selectivity towards 
cinnamaldehyde was calculated from the CD and CA profiles, and an 
average value (SCD) during the whole period tested was calculated. The 
quantum efficiency (QE) of CA photo-degradation was estimated, 
following the IUPAC’s recommendations [30–32] which defines the QE 
as the ratio of the number of molecules reacting through the reaction 
rate (rCA,0), by the photon absorption rate (LVRPA, eα,ν), i.e. the number 
of the photons interacting with the catalyst [33]: 

QE =
rCA0 (molm− 3 s− 1)

eα,ν(Einsteinm− 3 s− 1)
(1)  

where rCA,0 was estimated from the pseudo-first order kinetics (rCA,0 
=kCA⋅CCA,0). The determination of the photon absorption rate (eα,ν), and 
the radiative transfer equation (RTE) was solved considering the ge-
ometry of the used photoreactor [29]. The optical properties were 
determined by the DRS-UV–visible of the catalytic suspensions. Detailed 
descriptions of the mathematical procedure for both optical properties 
and photon rate estimations are provided in previous works [29,34].  
Fig. 2 provides the LVRPA profiles for the different P-CN samples and the 
undoped CN reference. 

The behavior under visible radiation was conducted using a daylight 
simulated radiation with a commercial lamp (Sylvania® F6W/T5/ 
54–765, emitting radiation >400 nm, 6 W) in a modified reaction sys-
tem in which the lamp was inserted in a tubular photoreactor, see details 
in a previous work [34]. 

The contribution of the oxidative species involved in the oxidation of 
cinnamyl alcohol during the photocatalytic process was studied by the 
addition of chemical scavengers [35–37]. The role played by superoxide 
radical was evaluated by adding p-benzoquinone (p-BZQ, 1 mM), diso-
dium 4,5-dihydroxy-1,3-benzenedisulfonate (tiron, 1 mM) or bubbling 
N2, the contribution of hydroxyl radicals by adding tert-butyl alcohol 
(TBA, 10 mM), the role played by the photo-generated holes was sup-
pressed under the presence of oxalic acid (10 mM) or ethyl-
enediaminetetraacetic acid (EDTA, 1 mM), and the influence of single 
oxygen was assessed by adding L-histidine (1 mM). These assays were 
conducted following the same procedure described before, but by 

Fig. 2. Local Volume Rate of Photon Absorption (LVRPA, eα,ν) in the annular space of the photoreactor (left image, dimensions in mm) for the different P- 
CN samples. 
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adding the scavenger to the solution the pH was adjusted to the value of 
the blank test under the addition NaOH and/or HCl solutions 1 M. The 
role played by the HO• was additionally assessed by an indirect probe 
method based on terephthalic acid (TPA) [38,39]. Non-fluorescent ter-
ephthalic acid traps HO• releasing the formation of the fluorescent 
2-hydroxy-terephthalic acid (2-HO-TPA), which can be monitored over 
time as an indirect indicator of the HO• present in the solution. Two tests 
with 2-HO-TPA (1 mM) in the presence and absence of cinnamyl alcohol 
were carried out and compared [40]. The analysis of 2-HO-TPA was 
conducted in a Varian Cary fluorescence spectrometer with an excitation 
wavelength of 315 nm (slit 2.5 nm) and the emission spectra recorded 
within 360–600 nm (slit 2.5 nm), whose maximum peak was located at 
420 nm. The peak area was correlated with the concentration of the 
standard 2-HO-TPA solution within 0.5 and 5 μM. The limit of detection 
of 2-HO-TPA was estimated at 0.21 mM. 

The transformation products during the photocatalytic oxidation of 
cinnamyl alcohol with P-CN were identified by liquid chromatography 
coupled to electrospray ionization under positive mode and mass spec-
trometry detection with a quadrupole time-of-flight, LC-ESI(+)-QTOF. 
The chromatographic separation was carried out in an ultra-high- 
pressure Acquity UPLC, H Class of Waters™, equipped with PDA 
detection. The ionization was carried out in a Zspray™ from Waters and 
the high-resolution mass spectrometry in a QTOF Triwave® Waters™, 
Synapt G2 model. The acquisition conditions were as follows: 3500 V 
capillary voltage, collision energy, X eV, m/z range from 50 to 1000. The 
identification of the transformation products was carried out based on 
MS spectra of precursor using the software MassLynx. 

3. Results and discussion 

3.1. Characterization of the P-CN samples 

Fig. 3 depicts the structural modifications suffered by the graphitic 
carbon nitride sample before and after doping with sodium poly-
phosphate. Fig. 3A depicts the XRD patterns of bare CN and P-doped 
samples at two P loadings. The graphitic carbon nitride structure reports 
two crystalline peaks. The condensation of the precursor, i.e. melamine, 
conducts the formation of tris-s-triazine units distributed in plates of a 
certain number of layers [41,42]. As a consequence, a main and inten-
sive peak located at 27◦ is described, corresponding to the (002) plane 
which appears due to the interplanar aromatic layers from 
π-π * interactions of the heptazine rings [43]. The polymerization 

temperature is linked to the sharpness of this peak and, the number of 
layers, within 22–31 at condensation temperatures of 500 and 600 ◦C, 
respectively, is expected under air atmosphere [44]. A secondary peak, 
barely defined, placed at ca. 13◦ is defined by the (100) plane, a 
consequence of the intralayer spacing of the heptazine rings [45]. 

The modification of the g-C3N4 structure leads to considerable 
modification of the (002) peak, as a consequence of the alteration of the 
number of layers attached to the structure. For that reason, the decrease 
of the (002) peak is frequently analyzed as the degree of modification of 
the layered structure [46]. Thus, doping with a low P dose, i.e. P-CN-4%, 
depicts a decrease of the (002) peak, suggesting a considerable modifi-
cation of the layered interactions, probably due to the incorporation of 
phosphate groups. Some previous works have reported a migration of 
the (002) peak to lower values, suggesting the incorporation of phos-
phate groups into the interlayers of the graphitic carbon structure, 
following a sandwich structure [47]. However, probably due to the 
post-treatment doping scheme followed in this work, it was not the case. 
The location of (002) of CN and P-CN-4% was roughly the same, around 
27.4◦, which provides evidence of a lack of modification of the layer 
spacing, discharging the incorporation of P between layers since the 
interlayer space slightly decreased (see Table 1). Accordingly, P is ex-
pected to be incorporated in the external faces of the plates or the 
heptazine rings. A further rise of P amount destroyed the layered nature 
of CN, as depicted for P-CN-12%, defining a crystalline structure of 
phosphate-based nitrogen organic compounds that were not possible to 
identify due to the complexity of plausible generated species. 

The doping with phosphate also led to considerable changes in the 
FTIR spectra as displayed in Fig. 3B. The absorption characteristics of P- 
CN samples are similar to those of CN, suggesting that the structure of g- 
C3N4 has not been changed after P doping, at least at P doses below 4%. 
At high P doping, some changes in the fingerprint of FTIR spectra are 
envisaged. A wide band located within 3000–3300 cm− 1 due to the vi-
bration of terminal N–H and O–H stretching, which can be associated 
with the primary amine (-NH2) and water molecules adsorbed on the 
surface of the material [48], is defined in the undoped CN sample. The 
increase in P dose led to a considerable decrease in this band, suggesting 
that P incorporation affected the terminal -NHx groups. The aromatic 
tri-s-triazine rings lead to different peaks. Thus, the secondary nitrogen 
(N2 C) and tertiary nitrogen (N3 C) were conducted to well-defined peaks 
located at 1225 and 1312 cm− 1, respectively [49]. Moreover, the peaks 
located at 1391, 1450, 1537, and 1622 cm− 1 can be attributed to the 
aromatic C-N vibration [42,50,51]. A strong peak at 811 cm− 1 appears 

Fig. 3. XRD diffractograms (A) and FTIR spectra (B) of the P-CN samples.  
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due to the out-plane vibration of the heptazine rings [49]. The presence 
of P led to the decrease and definition of the above-mentioned peaks of 
the bare CN sample. Significantly, the P doping contributed to an 
exfoliation effect of graphitic layers, corroborated by a considerable 
decrease in the out-of-plane vibration peak at 811 cm− 1 [52]. When 
doping with over 8% of P, some new peaks appeared as a consequence of 
the significant amount of P in the structure. At 1271 cm− 1 appears a 
peak that can be attributed to the stretching vibration mode of the P = O 
bond [53]. A plausible bonding as P = N was not reflected in the FTIR 
spectra, as no peaks centered at around 1336 and 1430 cm− 1 were 
observed [53]. Additionally, the peak detected at 1094 cm− 1 could be 
interpreted as the P+-O- vibration in phosphate esters, in polyphosphate 
chain P-O-P [54,55]. The N-P vibration usually conducts to an FTIR peak 
centered at 700 cm− 1 [54,56,57] which is consistent with the peak 
located at 701 cm− 1 registered in this work at high P dosages. In brief, 
the above analysis suggests that P was successfully introduced in the 
g-C3N4 structure without changing the original framework at low doping 
doses, contributing just to an exfoliation effect and a plausible bonding 
of P groups to the N atoms. 

The surface chemistry of the doped CN with sodium polyphosphate 
was analyzed by XPS. The sample with the optimum photocatalytic 
behavior, i.e. P-CN-4%, was selected for the evaluation of the chemical 
interaction type with carbon nitride. The XPS spectra are illustrated in  
Fig. 4. The C1 s peak of g-C3N4 is traditionally deconvoluted in three 
main contributions, i.e. a peak of sp2 bonds representative of N = C-N 
bonds (287.7 eV), a peak of sp3 carbon in C-C/C-N bonds (285.6 eV), 

and a peak of sp2 carbon bonds of C-C/C––C (284.4 eV) [34,58]. From 
the C1 s spectrum, the sp2 N = C-N contribution counts as 59% of the 
whole area. In our previous works of the undoped sample [34,59], that 
means the CN sample, the sp2 carbon of N = C-N considerably outlines 
the other two contributions, being 71% of the area contribution. The P 
doping forced a considerable decrease in this contribution, suggesting a 
plausible attack of P to the C positions and replacement as reported in 
the literature [60–62]. The diminishing contribution of the aromatic 
N = C-N could be considered the first evidence of P attacking to C po-
sitions. The N1 s region of graphitic carbon nitride can be interpreted as 
the contribution of three bonds, namely tertiary N from (C)3–N rings 
(N3 C, 399.9 eV), sp2-bonded in the form of N–C––N (N2 C, 398.4 eV), 
and terminal -NHx groups (400.8 eV) [44,63–66]. The N2 C and terminal 
-NHx contributions in the P-CN-4% sample are lower in importance to 
the N3 C peak if compared to the bare CN blank reported in our previous 
works [34,59]. This evidence could be interpreted as a second fact of P 
replacing with C atoms, leading to a higher proportion of N3 C. The 
high-resolution peak P2p spectrum has been deconvoluted in three 
plausible contributions: P–C, P–N, and P-O bonding at 132.6 eV, 
133.7 eV, and 135.0 eV, respectively, according to the literature [67]. 
As portrayed in Fig. 4, the deconvolution led to a majority contribution 
of P-N although the contribution of P-O was lower but considerable. 
However, the contribution of P-C was negligible. The presence of the P-N 
bond suggests the anchorage of phosphate to nitrogen, either due to the 
reaction with terminal amino groups [68–70], supported by the decrease 
of the -NHx stretching band in FTIR, or by the replacement of C in 
triazine rings atoms [62,71,72]. It has been reported a large nitro-
philicity by P atoms, which provide stable P-N polymers. However, the 
larger bond length of P-N (150–170 pm) if compared to C-N in carbon 
nitride (135 pm) compromises the planar structure of P-CN [68]. 
Moreover, due to the possibility of coordination of P with O, the pres-
ence of P-O cannot be discharged. The presence of P-O binging may be 
linked to some terminal hydroxyl groups. The superficial quantification 
of P in P-CN-4% revealed a 4.04% (wt.) of P. The XPS analysis also 
revealed the presence of Na in the structure. From the results of the Na1 s 
spectrum (results not shown), a plausible coordination of Na+ with N 
atoms into the interstitial heptazine rings can be deduced. It has been 
reported that the calcination process in the presence of sodium tripo-
lyphosphate promotes this coordination due to the strong ability of N 
atoms with lone-pair electrons towards metal ions [24], triggered by the 
lower electronegativity of N if compared to O. Finally, the doping with P 
increased the oxygen content, from 4.8% (wt.) of the bare CN to 8.2% 
(wt.) of P-CN-4%. In the O1 s region, the main peak observed originated 
from the sum of two plausible contributions located at 533 and 531 eV, 
assigned to, respectively, terminal -HO [73] and O2- of phosphate 
environment [74] or C––O [73]. Surface O content, see Table 1, was 
raised with the increase of P doping, which suggests the binding of P to 
O, as discussed previously. 

Solid-state 13C and 31P MAS NMR were carried out to verify the 
changes in the chemical environment of C and P of g-C3N4 after doping. 
As illustrated in Fig. 5, the 13C NMR spectrum was modified after the 
incorporation of P in the graphitic framework. Both spectra depicted two 
well-defined signals at ~154 and ~162 ppm, which can be attributed 
respectively to the bay site of C3N corresponding to internal C atoms in 

Table 1 
Crystal and textural properties, elemental composition, and optical properties of P-CN samples.  

Sample Lcrystal (nm) dlayer (Å) n SBET (m2 g− 1) VT (cm3 g− 1) NEA (wt%) CEA (wt%) N/CEA (at.) OXPS (wt%) PXPS (wt%) EBG (eV) 

CN  5.77  3.250 18  9.1  0.050  60.8  35.1  1.485  4.8 -  2.7 
P-CN-2%  7.37  3.245 22  8.4  0.035  53.0  30.6  1.499  8.8 1.78  2.6 
P-CN-4%  7.62  3.250 29  4.2  0.018  50.4  28.7  1.505  8.2 4.04  2.6 
P-CN-8%  6.62  3.236 -  8.7  0.047  36.9  19.6  1.600  16.3 7.84  2.5 
P-CN-12%  19.45  3.131 -  6.6  0.027  12.3  6.7  1.574  24.3 10.6  2.0 

Lcrystal, crystallite size from the (002) peak by Scherrer’s equation; dlayer, interlayer spacing from the (002) peak; n, number of layers; SBET, specific total surface area 
obtained from the BET method; VT, total pore volume obtained from the N2 uptake at p/p0~0.99; C and N composition from elemental analysis (EA); N/CEA, the atomic 
N/C ratio by elemental analysis; O and P content from XPS analysis; and EBG, bandgap energy estimated from the Tauc plot method. 

Fig. 4. XPS spectra of high-resolution elements (C, N, O, and P) of P-CN- 
4% sample. 
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tri-s-triazine rings, and the corner site C2N-NHx atoms attributable to 
those C atoms connected next to bridging -NHx [75–77]. There was no 
appreciated signal a 149 ppm, assignable to cyanuric groups, -C–––N 
[75]. According to the 13C spectra of unmodified CN, the two contri-
butions display a very similar intensity, being the corner contribution 
slightly higher. The P-CN-4% displayed a quite similar 13C spectrum, 
revealing, therefore, a well-preserved framework. However, the doping 
with P promoted the decrease of the contribution of the bay sites, which 
means the peak located at ~154 ppm diminished its intensity, providing 

evidence of partial substitution of P atoms in the corner bay C of the 
g-C3N4 skeleton. The 31P MAS NMR spectrum of P-CN-4%, see Fig. 5, 
described a broad peak due to the low P amount and the presence of 
multiple P-containing species [76]. The signals at roughly − 10 and 
− 20 ppm may be associated with the chemical environment of corner 
and bay phosphorus sites, respectively, whereas a signal at around 
0 ppm can be ascribed to P-O at some edge terminal positions [78,79]. 
Taking this information into account, the 31P spectra of P-CN-4% were 
deconvoluted in three contributions, obtaining deconvoluted peaks 
centered at − 2.2 ppm for P-O, − 10.6 ppm for corner, and − 22.2 ppm 
for bay positions. Therefore, similar conclusions to XPS are withdrawn. 
The insertion of P in the g-C3N4 takes place by replacing C positions, 
either at bay or corner sites [68], including also the formation of P-O 
bindings, ascribed to the presence of hydroxyl groups. 

Elemental analysis was carried out to compare the N/C ratios before 
and after doping with P, see results in Table 1. The unmodified CN 
displayed a value N/C= 1.485 (at.) which is close to the theoretical 
value of N/C= 4/3 expected for g-C3N4. The doping with P led to an 
increase in this ratio: 1.499 (P-CN-2%), 1.505 (P-CN-4%), 1.600 (P-CN- 
8%), and 1.574 (P-CN-12%). This tendency provides alternative evi-
dence of a partial replacement of C by P. From bare CN to P-CN-8%, it is 
observed an increase of N/C ratio, with a waned value describing a 
minimum before further rise of P doping as observed with P-CN-12%. 
This replacement can be attributed, especially at low concentrations of 
P, to the substitution of corner or bay C positions as already reported in 
the literature with similar materials [61]. 

Fig. 5. 13C CP-MAS NMR spectra of CN and P-CN-4% and 31P MAS NMR 
spectrum of P-CN-4%. 

Fig. 6. HR-STEM micrographs and EDX analysis of P-CN-4% sample. TEM images (A-B), HAADF image (D) and their element mapping of C (E), N (F) and P (G), and 
EDX spectra of two selected areas of HAADF image (D). 
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In summary, according to the global results of FTIR, XPS, and 
elemental analysis, it can be hypothesized that P is exchanged by C 
atoms in the graphitic structure [61]. Two points of attack have been 
reported in the literature, i.e. bay and corner carbon [80,81]. Moreover, 
phosphate can also be linked to N atoms, i.e. at the edge or building a 
bridge [69]. Among all these possibilities, the substitution of C seems to 
be preferential, although the positions at margins and defects of the CN 
structure are also plausible as phosphoramide or phosphorimide moi-
eties [61]. 

The morphology and distribution of P were observed by STEM 
technique coupled with EDX analysis. Fig. 6 depicts some pictures of the 
P-CN-4% samples. The images show the presence of laminar particles 
that can be aggregated in bigger associations of up to 500 nm. EDX 
microanalysis led to the elements imaging, i.e. C, N, and P. The EDX 
spectra of two selected areas are also provided, recording the existence 
of P in the sample. The mapping images showed random and almost 
uniform distribution of P dispersion. It should be noticed that the in-
tensity of P mapping was much lesser intense than the corresponding for 
C and N due to the low content of P onto P-CN-4%, i.e. roughly 4%. 

The optical properties were assessed by DRS-UV–visible. Fig. 7A 
depicts the absorption spectra of the samples. Moreover, the spectra of 
the emitted radiation by the lamps is also included. In general terms, an 
intensive absorption enhancement in the UV and visible light regions is 
observed after P doping, and the band gap was narrowed as the P pre-
cursor amount was raised. The bare CN displayed a strong decay of 
absorbance after 420 nm and a bandgap value (see Fig. 7B) of roughly 
2.7 eV. The P-doping enhanced the absorbance in the visible region with 
a partial red-shifted of the absorption spectra and conferred to the ma-
terial a characteristic brownish color [82]. The P-CN samples showed an 
important decrease in the absorbance at 420 nm, which diminished the 
rate of the absorbance decay afterward. This enables the material to 
absorb in the visible region, which is very limited for CN, enlarged as the 
amount of the doping P was increased. This extended absorbance up to 
800 nm has been previously reported in the literature using different P 
precursor and synthesis strategies, such as phosphoric acid [82], phos-
phonic acid [82], hexachloro-tricyclophosphazene [69], or natural P 
sources like phytic acid [81]. Moreover, the bandgap was narrowed 
from 2.7 eV of bare CN to 2.5 eV (P-CN-4%) and 2.0 eV (P-CN-12%). 
Previous works have reported similar behavior by P tuning of g-C3N4, 
further confirmed by DFT calculations [83]. The reason for the 
red-shifted absorption edge has been attributed to the 3p stated of P 
located at the bottom of the conduction band in the g-C3N4, which 
contributes to a stabilization of the conduction band in lower energies 
and therefore a decrease of the bandgap [84–86]. 

Fig. 8 illustrates the photoluminescence (PL) spectra of the samples 

after excitation at 365 nm, the wavelength of the radiation used in the 
photocatalytic tests. The intensity of the PL peak can be associated with 
the recombination rate of the photogenerated charges, an undesirable 
effect for the photocatalytic process. A low-intensity PL signal implies a 
lower recombination rate of photoinduced electrons and holes; that 
means, a higher photocatalytic activity [87]. The PL spectrum of 
undoped CN shows a peak with a maximum centered at 458 nm. The PL 
spectra of the doped samples show that the doping of the P in the 
graphitic carbon nitride led to a dramatic decrease in the PL peak. 
Doping doses over 4% of P were conducted to negligible PL response, 
providing evidence of efficient separation of charges due to the presence 
of defects in the structure after doping, restraining the recombination 
rate of electron-hole pairs after P-doping. This effect has also been re-
ported in previous works [82,88,89] and ascribed to the promoted 
electron delocalization on surface terminal sites after doping and 
structural advantages of P-CN, such as the interconnected nanosheets, as 
deduced from the higher crystal size, that can greatly curtail the charge 
migration [69]. 

3.2. Photocatalytic production of cinnamaldehyde with the P-CN samples 

The photocatalytic activity of P-CN samples was assessed for the 
reaction of oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). 
The temporal evolution of the normalized CA concentration and the 
yield of CD production are depicted in Fig. 9A. The pseudo-first order 
rate constant of CA abatement (kCA) is available in Fig. 9B and Fig. 9C 
depicts the conversion after 5 h of reaction and the average selectivity to 
CD. The use of bare CN led to 37% of CA oxidation, with a selectivity of 
~10%. The modification with P of the carbon nitride improved the 
photocatalytic oxidation of CA at low P doping dosage, i.e. P-CN-2%. 
However, at excessively high P doping (P-CN-12%) the kinetics of CA 
oxidation was worse than the non-doped sample, as the estimated kCA 
and the conversion values at 5 h show. However, in terms of selectivity 
to CD, the presence of P improved the selectivity if compared to the bare 
CN in all the cases. It was observed a maximum selectivity with P-CN-4% 
(SCD=49%). Table 2 summarizes the main kinetic parameters for all the 
tested samples. The quantum efficiency was calculated from the LVRPA 
estimation and the initial rate of cinnamyl alcohol abatement. The order 
of radiation uptake is, following the photocatalytic activity, P-CN-2% 
> P-CN-4% > CN > P-CN-8% > P-CN-12%. It corroborates the tendency 
observed for kCA. Additionally, a test in the presence of visible radiation 
(>400 nm) instead of UVA (365 nm) was conducted. The sample P-CN- 
4% showed less activity under visible radiation. As shown in Table 2, the 
kCA under visible illumination was only 39% of the achieved under UVA. 
The results indicate lower photocatalytic activity under visible radia-
tion, which follows the absorptivity trend of P-CN-4%. However, due to 
the incorporation of P in the structure and the red-shifted absorption 
spectra, the samples performed certain activity under the visible region. 

The use of organic solvents has been widely researched to raise the 
selectivity of the process [90], even to the detriment of the conversion of 
the parent alcohol. Acetonitrile is one of the most studied organic 

Fig. 7. UV–visible absorption spectra of the P-CN samples and the emitting 
radiation spectra of the UVA and daylight lamps used (A) and bandgap deter-
mination of P-CN samples (B). 

Fig. 8. Photoluminescence spectra of P-CN samples.  
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solvents since it raises the selectivity of cinnamaldehyde formation in 
the absence of water [91]. To compare the benefits of P doping over 
g-C3N4, the performance of the non-doped CN and the sample P-CN-4%, 

which displayed the highest CD yield, were further investigated in 
water-acetonitrile mixtures. Fig. 10 illustrates the conversion after 5 h of 
reaction and the average selectivity of CD formation for both catalysts at 
different water-acetonitrile proportions. It can be observed that an 
important decrease in the conversion is observed when adding aceto-
nitrile. However, the reaction becomes more selective to CD formation, 
probably due to the suppression of hydroxyl radical contribution which 
is more unselective than others such as superoxide. Moreover, when 
comparing the CN and P-CN-4% samples, it can be stated a lesser 
selectivity in the presence of acetonitrile for P-CN-4%. The presence of 
phosphate groups on the surface contributes to a higher surface-HO 
presence that might interact with CD during oxidation, which could 
explain the lesser selectivity achieved if compared to bare CN. 

3.3. Photocatalytic mechanism and degradation pathway with P-CN-4% 

The impact of the reactive oxidation species (ROS) involved in the 
photocatalytic oxidation of cinnamyl alcohol over P-CN-4% was tenta-
tively studied by the addition of chemical radical scavengers [35], as 
shown in Fig. 11. It should be noted that the interaction of the chemical 
scavengers in the photocatalytic mechanism is not completely selective 
and should be analyzed with caution [36,37]. 

Firstly, the role played by the hydroxyl radical was assessed by 
adding to the solution tert-butyl alcohol (TBA), due to the high reactivity 
of TBA with HO• (kTBA,HO•=6.2 × 108 M− 1 s− 1) [92]. In the presence of 
TBA, the CA profile was slowed down, although the reaction was not 
completely stopped. The hydroxyl radical has been reported as an un-
selective oxidant species, and in the case of cinnamyl alcohol, the attack 
of HO to the C––C of the alkyl chain releases benzaldehyde or acetal-
dehyde as undesirable byproducts [93,94]. The role played by HO• in 
the degradation mechanism of P-CN-4% activation and CA oxidation 
was further analyzed by the use of 2-HO-TPA as an indirect molecule 
probe of HO• existence. It is well known that TPA can trap HO• selec-
tively leading to the formation of the fluorescent 2-HO-TPA [38]. Fig. 11 
depicts the temporal evolution of 2-OH-TPA during the photocatalytic 
transformation of TPA in the presence of P-CN-4%. As illustrated in the 
spectra recorded (Fig. 11C), the spectra are barely defined, being 
appreciated as an important signal-to-noise ratio that manifests the low 
production of HO•. This fact was further corroborated by the determi-
nation of the temporal evolution of the concentration of 2-OH-TPA, see 
Fig. 11D. From this figure, it is observed that a plateau is reached after 
30–60 min. Noteworthy, the values obtained for the concentration of the 
generated 2-OH-TPA are below the limit of detection. This poor for-
mation of the fluorescent 2-OH-TPA provides evidence of negligible 
production of HO•, whose impact according to the scavengers’ tests was 

Fig. 9. Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). (A) Temporal evolution of the normalized concentration of CA and CD yield. (B) 
Pseudo-first order rate constant of CA abatement. (C) CA conversion at 5 h and average selectivity to CD. Experimental conditions: UVA radiation; V= 350 mL; 
CCA= 1 mM; Ccatalyst= 0.5 g L− 1, T = 20 ◦C. 

Table 2 
Kinetic parameters of the photocatalytic production of cinnamaldehyde with P- 
CN samples under UVA and visible radiation.  

Sample rCA,0⋅103 

(mM min− 1) 
eα,ν⋅108 

(Einstein 
cm− 3 s− 1) 

QE 

(%) 
kCA 

(h− 1) 
XCA at 
5 h 
(%) 

SCD 

(%) 

UVA (365 nm) 
CN 1.383 1.620 0.142 0.083 36.9 9.8 
P-CN- 

2% 
2.950 1.944 0.253 0.177 59.6 22.0 

P-CN- 
4% 

2.500 2.025 0.206 0.150 53.0 49.2 

P-CN- 
8% 

1.300 2.349 0.092 0.078 36.3 35.3 

P-CN- 
12% 

0.450 2.268 0.033 0.027 19.8 20.2 

Visible (>400 nm) 
P-CN- 

4% 
0.985 - - 0.059 25.5 16.1  

Fig. 10. Conversion of cinnamyl alcohol (CA) and cinnamaldehyde (CD) 
selectivity in water-acetonitrile (ACN) mixtures with CN (A) and P-CN-4% (B) 
samples. Experimental conditions: UVA radiation; V= 350 mL; CCA= 1 mM; 
Ccatalyst= 0.5 g L− 1, T = 20 ◦C. 
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suggested to be minimal. According to the reported band alignment for 
g-C3N4, the redox potential of the valence band does not display enough 
potential to trigger the oxidation of water molecules to HO• [14,95]. 

Secondly, the role played by the superoxide radical was assessed by 
adding -p-benzoquinone (p-BZQ), tiron, or removing the dissolved O2 
bubbling N2 instead of air [96]. The use of p-BZQ is widely extended to 
check the role played by superoxide radicals in photocatalysis tests [35], 
due to the high reactivity (kp-BZQ,O2•̶ =109 M− 1 s− 1 [97]). However, 
some authors have recently warned about the complexity of p-BZQ in 
aqueous photocatalytic media [36,37]. For instance, p-BZQ can trap 
electrons (kp-BZQ,e-=1.35 × 109 M− 1 s− 1[98]) leading to the formation of 
semiquinone radicals [37], it displays also a high reactivity with HO•

(kp-BZQ,HO•=6.6 × 109 M− 1 s− 1 [99]), p-BZQ is also photolyzed giving 
rise to extra O2

•– [100], or being photo-activated to release single oxygen 
(1O2) [101]. To overcome these drawbacks, tiron, which is commonly 
used to test the presence of O2

•– [36], was selected for additional anal-
ysis, although it also may react with HO• (ktiron=109 M− 1 s− 1 [102]). In 
the presence of p-BZQ, no significant alteration of the kinetics was 
observed if compared to the blank, and the selectivity was dramatically 
diminished; however, tiron did lead to a ~50% depletion of kCA with no 
so huge affectation to the selectivity. Bearing in mind the lack of HO•

participation, the decrease in the presence of tiron may be taken as proof 
of O2

•–participation. Additionally, a test under N2 displacement of dis-
solved O2 was conducted. It has been reported that an atmosphere of 
pure O2 has led to boosted conversion but very similar selectivity if 
compared to air, Ar, or N2 [103]. In this case, an abrupt decrease in the 
kinetics of CA oxidation was observed, which may suggest a high 
importance of O2

•– in the oxidative process of CA. Nonetheless, it should 
be also considered that in the absence of any electron acceptor such as 
O2, the recombination effect is potentiated, rising as conclusion an 
overrated participation of O2

•–. The results attained with tiron and N2, 
cautiously considered, may provide evidence about the relevance of O2

•– 

in the process if compared to other ROS. 
Thirdly, the importance of the photo-generated holes was studied by 

adding oxalic acid [104] as oxalate anions can be easily oxidized by the 
holes to produce CO2. Oxalate anion also can trap HO•; however, the 
kinetics is slow (kOxalate,HO•= 1.5 × 107 M− 1 s− 1 [105]), and the pro-
duction of HO• has been discharged in P-CN-4%. In the presence of 
oxalic acid, the kinetic of CA oxidation was negatively influenced, 

suggesting the importance of photo-generated holes in the process. For 
further corroboration, EDTA was also tested as a hole scavenger. EDTA 
has been reported as a superior scavenger to oxalic acid due to its strong 
chelating effect and ability to directly fill electrons into the valance band 
[106]. The results attained with EDTA confirm the importance of the 
hole in the CA oxidation. 

Finally, the plausible participation of singlet oxygen (1O2) was 
verified by a test adding L-Histidine (L-H). L-H has a great ability to react 
with 1O2 and HO• (kL-H,HO•= 1.5 × 107 M− 1 s− 1 [35]). As the production 
of HO•, the 60% decrease in kCA may be attributed to the participation of 
1O2. 

The mechanism of oxidation of cinnamyl alcohol involves the pho-
togenerated holes by the formation of an intermediate organic radical 
that could be further oxidized to the aldehyde by the holes [107] or by 
the superoxide radicals [96]. This mechanism would explain the results 
achieved in this work, in which the participation was tentatively iden-
tified as h+ > O2

•– ~ 1O2. 
A tentative proposal of the band alignment was carried out as an 

approach from the estimation of the valence band by XPS and the 
bandgap obtained from the Tauc plot of the absorption data of DRS- 
UV–visible [73,76,79]. Fig. 12A depicts the valence band edge obtained 
from XPS, leading to a slight shift to a higher potential value after 
P-doping, i.e. the redox potential of the holes are 1.10 and 1.26 V for CN 
and P-CN-4%, respectively. After considering the bandgap values, a 
scheme of the bands’ placement is depicted in Fig. 12B, where it is stated 
the unfeasibility of formation of hydroxyl radical from the oxidation of 
water, redox of the pair H2O/HO•, + 2.31 V [108]. On the contrary, the 
formation of O2

•– is favorable, redox O2/O2
•–, − 0.33 V [109]. A com-

parison between CN and P-CN-4% reveals that no substantial changes in 
the band’s alignment occur, so the better performance of P-CN-4% relies 
on the higher migration of charges due to the presence of P defects that 
minimize the recombination effect. 

The products generated during the photocatalytic oxidation of cin-
namyl alcohol were identified by liquid chromatography coupled to 
electrospray ionization under positive mode and mass spectrometry 
with a quadrupole time-of-flight, LC-ESI(+)-QTOF, using the photo-
catalyst with the best performance, i.e. P-CN-4%. Both, positive and 
negative ionization modes were tested, restricting the study under 
positive mode since cinnamyl alcohol and aldehyde were prone to it. 

Fig. 11. Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). (A) The pseudo-first order rate constant of CA abatement with P-CN-4% in the 
presence of chemical scavengers (A) and the CA conversion at 5 h and average selectivity to CD (B). (Photoluminescence spectra of 2-OH-TPA (C) and temporal 
evolution of the concentration of 2-OH-TPA (D) during the photocatalytic transformation of TPA with P-CN-4%. Experimental conditions: UVA radiation; V= 350 mL; 
CCA= 1 mM; Ccatalyst= 0.5 g L− 1; Cscavenger= 10 mM; CTPA= 1 mM; T = 20 ◦C. 
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Cinnamyl alcohol is an allyl alcohol, whose ionization under positive 
mode led to the loss of H2O, [M-H2O]+=117.06054. The detected re-
action byproducts and a plausible degradation pathway is depicted in  
Fig. 13. The aerobic oxidation of cinnamyl alcohol has been reported to 
occur spontaneously under the presence of oxygen and daylight radia-
tion, appreciating the degradation after a long time though, i.e. 54 
weeks [110]. Under these circumstances, the oxidation of CA can take 
place on the allyl alcohol group, leading to the formation of cinna-
maldehyde (CD); alternatively, triggering an epoxy ring if the oxidation 
attack goes through the unsaturation of the allyl chain, generating the 
epoxy-cinnamyl alcohol (epoxy-CA). Both routes have been observed 
during the photocatalytic activation of P-CN-4%; nonetheless, the CD 
appeared in much more intensity in the extracted ion chromatograms if 
compared to epoxy-CA, which suggests a great preference for the 
oxidation of the terminal alcohol, preserving the double bond of the 
chain. Studies of photocatalytic transformation of CA over TiO2-based 
catalysts have concluded that the pathway route addresses the formation 
of CD and benzaldehyde as the main degradation byproducts [111,112]. 
Other catalytic oxidation systems involving the activation of hydrogen 
peroxide over catalysts based on iron or palladium as active species have 
described appreciable contribution of epoxide formation, either in the 
cinnamyl alcohol or aldehyde formulas [113]. Under the action of 

P-CN-4%, the further oxidation of CD led to the generation of cinnamic 
acid (CC), which appeared in similar intensity levels as CD, which is 
consistent with the other studies under the presence of oxygen 
[110–112]. The subsequent oxidation of CC led to the formation of 
phenylacetaldehyde [111], detected at long reaction times, i.e. 5 h. 
Alternatively, a [M-H]+=167.0703 no reported previously was regis-
tered in this work, which according to in silico oxidation prediction tools 
[114], corresponds to hydroxylation of the allyl bond of cinnamic acid. 
However, these two byproducts produced from CC appeared at an in-
tensity of one magnitude order below CC, which as the epoxy derivatives 
led to mass errors in ppm higher than the major compounds. No further 
oxidation to lower transformation products was detected, being the 
release of CD and CC, the most appreciable products detected in the 
photo-oxidation of CA. 

4. Conclusions 

The incorporation of P into graphitic carbon nitride with sodium 
phosphate in a two-step synthesis process has been successfully carried 
out. The crystalline structure suggested that P was incorporated in the 
external faces of the plates or the heptazine rings, attacking the layered 
structure. The FTIR analysis pointed out the decrease of vibration of the 

Fig. 12. Determination of the valence band edge of CN and P-CN-4% by XPS (A) and bands alignment proposal (B).  

Fig. 13. Proposed degradation mechanism of cinnamyl alcohol over P-CN-4%.  
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terminal –NHx groups and the appearance of a P-N bond anchoring of 
phosphate groups to N atoms. This fact was further confirmed by XPS 
analysis, deducing a plausible attack of phosphate to C positions, leading 
to the formation of terminal phosphate groups linked to N. The P is 
expected to be by C atoms in the graphitic structure at two points, i.e. 
bay and corner carbon, as NMR analysis suggested. Moreover, phos-
phate can also be linked to N atoms, i.e. at the edge or building a bridge. 
Regarding the optical properties, an intensive absorption enhancement 
in the UV and visible light regions was observed after P doping, and the 
band gap was narrowed as the P precursor amount was raised, from 2.7 
(bare graphitic carbon) to 2.6 eV (sample doped with 4%). The photo-
luminescence properties of the doped samples showed a dramatic 
decrease in the PL peak. Doses over 4% of P were subjected to negligible 
PL response, providing evidence of efficient separation of charges due to 
the presence of defects in the structure after doping. 

The P doping modified the photocatalytic activity of the oxidation 
reaction of cinnamyl alcohol (CA) to cinnamaldehyde (CD). Although 
the modification with P improved the photocatalytic oxidation of CA, it 
was only achieved at low P doping dosage, i.e. P-CN-2%, the selectivity 
to CD in the presence of P was improved if compared to the bare CN in all 
the cases, reaching a maximum of ~50% (P-CN-4%). The influence of 
the solvent was also studied by carrying out tests on acetonitrile. The 
presence of acetonitrile led to a rise of the selectivity to the detriment of 
lower conversion of the alcohol. The bare CN sample led to almost 100% 
of selectivity in acetonitrile while the P-CN-4% sample only led to 80%. 
Finally, the relative influence of the reactive oxygen species involved in 
the process of photocatalytic oxidation in water was studied. The 
mechanism of oxidation of cinnamyl alcohol involves the photo-
generated holes by the formation of an intermediate organic radical that 
could be further oxidized to the aldehyde by the holes or by the super-
oxide radicals, with a negligible contribution of the hydroxyl radicals. 
The analysis of the transformation products provides evidence of a 
preferential oxidation route of the alcohol group, triggering the oxida-
tion to cinnamaldehyde and subsequent release of cinnamic acid. 
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[14] G. Marcì, E.I. García-López, L. Palmisano, Polymeric carbon nitride (C3N4) as 
heterogeneous photocatalyst for selective oxidation of alcohols to aldehydes, 
Catal. Today 315 (2018) 126–137, https://doi.org/10.1016/J. 
CATTOD.2018.03.038. 

[15] L. Chen, J. Tang, L.N. Song, P. Chen, J. He, C.T. Au, S.F. Yin, Heterogeneous 
photocatalysis for selective oxidation of alcohols and hydrocarbons, Appl. Catal. 
B 242 (2019) 379–388, https://doi.org/10.1016/J.APCATB.2018.10.025. 

[16] Z. Shen, Y. Hu, B. Li, Y. Zou, S. Li, G. Wilma Busser, X. Wang, G. Zhao, M. Muhler, 
State-of-the-art progress in the selective photo-oxidation of alcohols, J. Energy 
Chem. 62 (2021) 338–350, https://doi.org/10.1016/J.JECHEM.2021.03.033. 

[17] L. Xiong, J. Tang, Strategies and challenges on selectivity of photocatalytic 
oxidation of organic substances, Adv. Energy Mater. 11 (2021) 2003216, https:// 
doi.org/10.1002/AENM.202003216. 

[18] S. Hazra, E. Malik, A. Nair, V. Tiwari, P. Dolui, A.J. Elias, Catalytic oxidation of 
alcohols and amines to value-added chemicals using water as the solvent, Chem. 
Asian J. 15 (2020) 1916–1936, https://doi.org/10.1002/ASIA.202000299. 

[19] Y. Wang, X. Wang, M. Antonietti, Polymeric graphitic carbon nitride as a 
heterogeneous organocatalyst: from photochemistry to multipurpose catalysis to 
sustainable chemistry, Angew. Chem. 51 (2012) 68–89, https://doi.org/10.1002/ 
ANIE.201101182. 

[20] W. Zhang, A. Bariotaki, I. Smonou, F. Hollmann, Visible-light-driven 
photooxidation of alcohols using surface-doped graphitic carbon nitride, Green 
Chem. 19 (2017) 2096–2100, https://doi.org/10.1039/C7GC00539C. 

[21] A. Akhundi, A. Badiei, G.M. Ziarani, A. Habibi-Yangjeh, M.J. Muñoz-Batista, 
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