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Abstract
A set of  C3N4 samples has been prepared by using melamine, cyanuric acid and 
barbituric acid as the precursors. The materials were subjected both to physical and 
chemical characterization and were used as photocatalysts for the selective oxida-
tion of aromatic alcohols in water suspension under UV and visible irradiation. The 
photoactivity of the materials versus the partial oxidation of four substituted benzyl 
alcohols was investigated. The type and position of the substituents in the aromatic 
molecule influenced conversion and selectivity to the corresponding aldehyde. The 
presence of barbituric and cyanuric acids in the preparation method has changed the 
graphitic-C3N4 structure, and therefore both the characteristics of the material and 
the ability of light to activate the surface of the photocatalyst. The most active mate-
rial prepared in the presence of melamine and cyanuric acid showed a remarkable 
selectivity towards the aldehyde even under visible irradiation.
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Introduction

Heterogeneous photocatalysis is a widely applied technology to achieve the com-
plete mineralization of pollutants. The use of  TiO2 under UV irradiation has been 
extensively reported to unselectively attack organic species until their mineraliza-
tion to  CO2 and  H2O. However, the use of photocatalysis to obtain chemicals with 
high added value through oxidation or selective reduction of some substrates has 
recently been reported, demonstrating how this technology can be a green alterna-
tive to thermal catalysis processes [1]. In fact, compared with many catalytic oxi-
dation reactions, no toxic by-products are generally formed, and moreover, solar 
radiation could be used by choosing the appropriate photocatalyst. The selective 
oxidation of alcohols to their corresponding aldehydes with  O2 or air is a very 
important chemical transformation from an industrial point of view. According to 
Mallat et al., benzyl alcohols can be readily transformed by heterogeneous cataly-
sis to aldehydes that are relatively resistant to further oxidation [2]. Due to the 
extensive applications of benzaldehydes in pharmaceutical, fragrance and agri-
cultural industry, many efforts have been focused on the benzyl alcohol to alde-
hyde photocatalytic system to obtain an efficient and low-cost system and a wide 
variety of photocatalysts to be used for this type of reaction [3–5]. This reaction 
was carried out in the presence of  TiO2-based photocatalysts [6, 7], although in 
most cases, organic solvents (mainly acetonitrile) were used or the liquid alcohol 
was directly oxidized [8, 9]. Qamar et al. used hypostoichiometric tungsten oxide 
 (WO3−x) modified with Pt and/or reduced graphene oxide (RGO) to obtain a con-
version of ca. 99% with a selectivity to the aldehyde of ca. 80% under simulated 
sunlight and ambient conditions [10]. Also, ternary oxides, as  Bi4O5Br2, have 
been used for the selective photocatalytic oxidation of benzyl alcohol into benzal-
dehyde using acetonitrile as the solvent and a blue LED as the irradiation source. 
Maximum conversion of ca. 90% with 99% of selectivity was found [11].

In a photocatalytic process, when a semiconductor is irradiated by a suitable 
radiation, the electrons are promoted from the valence band to the conduction 
band. Photogenerated electrons can reduce a substrate adsorbed on the surface of 
the photocatalyst, which is generally oxygen if the process is performed in the air. 
In turn, the photoproduced holes, generated in the valence band, allow the dona-
tion of electrons from the adsorbed species, producing the oxidation reaction.

In order to increase the selectivity towards the partial oxidation products in 
the photocatalytic reaction, it is desirable to reduce the oxidizing capacity of the 
photocatalyst. This occurs by decreasing the presence of some photogenerated 
reactive oxygen species (ROS), i.e. hydroxyl radicals (˙OH), superoxide radicals 
(·O2

−), hydrogen peroxide  H2O2 and singlet oxygen (1O2). The most popular pho-
tocatalyst,  TiO2, easily forms, under UV irradiation in an aqueous suspension, 
highly oxidizing ˙OH species that attack non-selectively the organic molecules 
until they are mineralized in  CO2 and  H2O. Consequently, for selective partial 
oxidation purposes, the organic semiconductor polymeric carbon nitride (g-C3N4) 
appears to be a good candidate because it has insufficient potential of the low 
valence band to directly oxidize the water molecules to OH radicals [12].



133

1 3

Selective oxidation of aromatic alcohols in the presence of…

The position of the CB edge of  C3N4 allows the one-electron reduction of  O2 
giving rise to the formation of ·O2

− in aerated suspensions. In addition, in aqueous 
systems, photogenerated ˙O2

−/·O2H species can be transformed into  H2O2, which 
can be involved in subsequent reactions producing also ˙OH [13]. Although water 
is considered the ideal solvent from the sustainability point of view, however, most 
of the selective photo-oxidation reactions are carried out in organic solvents since 
water does not allow an easy control of the reaction path. Antonietti et al. used for 
the first time the  C3N4 polymer as a metal-free photocatalyst for the selective oxida-
tion of benzyl alcohols in the presence of trifluorotoluene as the solvent [14]. Suc-
cessive efforts have given successful results in benzyl alcohol selective oxidation 
by using  C3N4 aqueous dispersions. For instance, Long et al. used a photocatalytic 
reactor working at 0.87 mPa of oxygen pressure and at 100  °C to obtain ca. 80% 
conversion of 4-methoxybenzyl alcohol with a selectivity to the corresponding 
aldehyde of 65% after 3 h of reaction [15]. Thermo-etched [16, 17] co-ordinated to 
 H2O2 [18–20] or P-doped graphitic  C3N4 samples [21] have been successfully used 
for partial photo-oxidation reactions of aromatic alcohols in aqueous suspensions 
obtaining selectively the corresponding aldehydes with excellent yields. Substituted 
benzyl alcohols have been converted to the corresponding aldehydes using carbon 
nitride as the photocatalyst with almost 100% selectivity [18–22], although attempts 
with more complex benzyl alcohols such as piperonyl alcohol have shown worse 
results [20, 21].

The reactivity of benzyl alcohols is drastically influenced by the number of sub-
stituents, as well as their electronic nature and the position of the substituent in the 
aromatic ring [23, 24]. Hammett’s constants (σ) [25] were used to correlate the oxi-
dation capacity of the aromatic species with the nature and position of the substitu-
ent. This has been reported, for example, for phenols photo-Fenton degradation [26], 
or the electrochemical [27] and photocatalytic oxidation of benzyl alcohols in the 
presence of Ru-TiO2 [28].

An important advantage of using the  C3N4 photocatalyst is related to the light 
absorption efficiency that regulates the number of active photoproduced electrons/
holes.  TiO2 requires ultraviolet (UV) irradiation to induce reactions due to its rela-
tively large band gap (about 3.2 eV), but only a low fraction (about 5%) of UV pho-
tons is present in sunlight. Consequently, the use of a photocatalyst which can be 
activated under visible light irradiation is of paramount importance from the practi-
cal viewpoint because visible light accounts for ∼50% of the total solar energy. The 
band gap of the carbon nitride materials overlaps the visible light spectrum of the 
solar irradiation as the band gap is in the range 2.7–2.8 eV [12, 13], corresponding 
to ca. 450–460 nm. Furthermore, a photocatalyst having a high specific surface is 
particularly interesting, providing an increasing amount of active sites for the reac-
tion. The graphitic g-C3N4 obtained from the calcination of melamine gives rise to a 
material with a low specific surface area (SSA) (about 6 m2 g−1). A subsequent heat 
treatment of this sample provides a thermo-etched 2D exfoliated solid with a higher 
specific surface area which in fact shows a greater photocatalytic activity, but this 
powder is obtained with a low yield [16].

Some authors have reported obtaining of nanostructured g-C3N4 materi-
als of well-designed composition and structure by the formation of stable 
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aggregates using some precursor molecules with similar structure which are able 
to self-assemble. This methodology is known as “supramolecular preorganiza-
tion approach” [29]. The precursor molecules would form hydrogen bonding in 
suspension and subsequently generate stable aggregates which define the final 
structure of the  C3N4. Several examples of the supramolecular preorganiza-
tion methodology to obtain  C3N4 are reported in the literature using as precur-
sors melamine along with cyanuric acid, trithiocyanuric acid, barbituric acid, 
2,4,6-triaminopyrimidine, among others, resulting in the development of differ-
ent surface morphologies and features of  C3N4. Also, the introduction of func-
tional groups on the g-C3N4 surface by the use of these precursors can increase 
the SSA and therefore the number of active sites thus improving the adsorption 
of the substrate [30–32]. These functional groups can play different roles on the 
material. For example, according to Tan et al., g-C3N4 rich in cyano groups, pre-
pared by adding cyanuric acid to melamine during the preparation of the photo-
catalyst, showed an increase in the degradation of benzylamine [33]. The cyano 
group in the g-C3N4 framework is responsible for improving the adsorption of  O2 
by causing the electrons of the solitary pair in the structure to be continuously 
involved in the photo-excitation process. The polarization of the cyano groups 
also improves the adsorption capacity of the solid, and therefore generally the 
photocatalytic activity, even if there is no direct correlation between adsorption 
and photoactivity.

Shalom et al. [34] also prepared a  C3N4 structure using a mixture of cyanuric 
acid-melamine as the starting precursor. They added barbituric acid (BA) which 
led to an increase in optical density along with a shift towards red in the light 
absorption of the semiconductor prepared [35, 36].

Antonietti et al. obtained the thermal polycondensation of barbituric acid only, 
as a monomeric precursor to give the final polymeric semiconductor. The authors 
claim to obtain excellent absorption of visible light thanks to the presence of a 
conjugated system highly polarizable in the structure. The material exhibited 
photocatalytic activity for the bleaching of RhB in aqueous solution. RhB pho-
tocatalytic bleaching was attributed to the direct photo-oxidation of the strongly 
adsorbed dye by the photogenerated holes of the solid photocatalyst [37].

In the present research, some materials based on the organic 2D semiconductor 
polymer  C3N4 have been prepared using melamine as the precursor in the pres-
ence of cyanuric and barbituric acids. The semiconductors obtained were sub-
jected both to physical and chemical characterization, and they have been used 
as photocatalysts for the selective partial photo-oxidation of alcohols to the cor-
responding aldehydes in water suspension at room conditions. The aromatic alco-
hols used as the substrates were benzyl alcohol and some derivatives having a 
substituent in the para-position (4-methoxy, 4-nitro and 4-hydroxy). Notably, the 
aldehydes obtained from the partial photo-oxidation of the alcohols are important 
intermediates for the synthesis of fine chemicals, as for instance pharmaceuticals 
and agricultural chemicals. The alcohols were chosen by taking into account that 
the presence of different substituents on the aromatic ring can influence in a dif-
ferent way both the conversion and the selectivity.
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Experimental

Preparation of the photocatalysts

Melamine, cyanuric acid and barbituric acid (Sigma-Aldrich, analysis grade) have 
been used as precursors for the g-C3N4 preparation. A first sample was prepared by 
dissolving 5.1 g of cyanuric acid (Cy) in 100 mL of water and by slowly adding 5 g 
of melamine (molar ratio 1:1). The resulting white suspension was stirred for 1 h 
and heated at ca. 50 °C until complete dryness. The white powder was then calcined 
in a closed ceramic crucible up to 520 °C (2 °C min−1) and left for 2 h at 520 °C. 
After calcination, the resulting white powder was labelled as  C3N4-Cy 1-1-0.

Three further materials were prepared by using the initial cyanuric acid (Cy) 
solution which contained also a certain amount of barbituric acid (B) that was com-
pletely soluble. The melamine was added to the solution containing both cyanuric 
and barbituric acids. Molar ratios of cyanuric acid/barbituric acid 1:0.2; 1:0.5 and 
1:1 were used in these solutions. 5 g of melamine was added to each solution, and 
after 1 h of stirring, the suspension was heated at 50 °C to dryness. Subsequently, 
each white powder was calcined at 520 °C, as previously described. The colour of 
the samples changed from yellow to orange and brown and became darker after the 
calcination procedure increasing the quantity of barbituric acid. The powders were 
labelled as  C3N4-Cy-B 1-1-0.2; 1-1-0.5 and 1-1-1. The numbers in the labels of the 
samples are related to the molar ratios of melamine-cyanuric acid-barbituric acid in 
the samples. Also, a material prepared by using only melamine, labelled as g-C3N4, 
was prepared for the sake of comparison. It was obtained following the method pre-
viously described [16]. In brief, 10 g of melamine was placed in a covered ceramic 
crucible, heated at 520 °C (2 °C min−1) and left for 2 h. The strongly coloured aspect 
of the samples containing barbituric acid reported in Fig. 1a is very similar to that 
of the materials obtained by Antonietti et al. [37] who used only barbituric acid as 
precursor of the  C3N4.

Physicochemical characterization of the materials

XRD patterns were obtained with an X-ray diffractometer (PANanalytical Empy-
rean), equipped with a Cu anode (Kα radiation, λ = 0.15405 nm, operating voltage: 
40  kV, operating current: 40  mA). Scanning electron microscopy (SEM) obser-
vations were performed on the samples after deposition by sputtering of a thin 
gold layer, using an FEI Quanta 200 SEM microscope operating in high vacuum 
at 30  kV. Infrared spectra of the samples in KBr (Aldrich) pellets were recorded 
with 4 cm−1 resolution and 256 scans using an FTIR-8400 Shimadzu spectrometer. 
Diffuse reflectance spectra (DRS) were obtained in air at room temperature in the 
250−800 nm wavelengths range by means of a Shimadzu UV-2401 PC spectropho-
tometer, with  BaSO4 as the reference material. Mixtures of the photocatalysts with 
 BaSO4 in a mass ratio 0.050:1 were used.

A photoelectrochemical characterization was performed to study generation and 
transport of photoexcited charge carriers in the photocatalysts, obtaining information 
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on their electronic properties such as band gap, flat band potential and photoactiv-
ity. The photoelectrochemical characterization was carried out by using a 450  W 
UV–Vis Xenon lamp coupled with a Kratos monochromator, which allowed a mon-
ochromatic irradiation of the specimen filtered through a quartz window present in 
the cell. A two-phase lock-in amplifier was used, coupled with a mechanical chopper 
(frequency of 13 Hz), allowing to extract photocurrent signals from the total current 
circulating in the cell. To estimate the optical band gap, photocurrent spectra were 
corrected for the relative photon flux of the light source at each wavelength. All the 
photoelectrochemical measurements were carried out in 0.1 M ammonium biborate 
tetrahydrate electrolyte (ABE,  (NH4)2B4O7·4H2O; pH ~ 9) at room temperature (RT) 
with a three-electrode configuration using a Pt wire as counter electrode and Ag/
AgCl/sat. KCl electrode (0 V vs. Ag/AgCl = 0.197 V vs. SHE) as the reference elec-
trode. For these measurements, different  C3N4 photocatalysts were deposited on car-
bon paper (Toray 40% wet Proofed-E-Tek).

Photocatalytic activity under UV or visible irradiation

The partial oxidation of four aromatic alcohols, i.e. benzyl alcohol (BA), 4-meth-
oxybenzyl alcohol (4-MBA) 4-nitrobenzyl alcohol (4-NBA) and 4-hydroxybenzyl 
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alcohol (4-OHBA) to their corresponding aldehydes, i.e. benzaldehyde (BAL), 
4-methoxy benzaldehyde (4-MBAL), 4-nitrobenzaldehyde (4-NBAL) and 4-hydoxy-
benzaldehyde (4-OHBAL), respectively, was studied.

The photocatalytic experiments were carried out by using two different set-ups. 
In the first one, 150 mL of aqueous suspension was placed in a Pyrex cylindrical 
photoreactor externally irradiated by six Actinic BL TL MINI 15 W/10 Philips fluo-
rescent lamps emitting in the 340–420 nm wavelength range (main emission peak at 
365 nm) (See Fig. 1b). The lamps were fitted at 3 cm distance from the reactor axis. 
The photon flux reaching the external wall of the photoreactor was measured by a 
radiometer Delta Ohm DO9721 with a UVA probe in the range 315–400 nm and it 
resulted ca. 8 W m−2. The emission in 450–900 nm range was null. The photoreactor 
was equipped by a thimble with circulating water that allowed to keep the tempera-
ture of the suspension at ca. 25 °C.

The second set-up consisted of a cylindrical Pyrex batch photoreactor of 150 mL 
externally surrounded co-axially by a 120 W visible LED strip. The average photon 
flux impinging the reactor was ca. 800 W m−2 in the 450–950 nm range. The LED 
emission in the 315–400 nm range was null (See Fig. 1b). A rotor fun was used to 
avoid any warming up of the system which worked at room conditions.

In both set-ups, the amount of solid in suspension (0.33 g L−1) was enough to 
absorb all the photons emitted by the irradiation source. All the experiments were 
carried at room temperature. Before starting the irradiation, the catalyst was added 
to the solution and the obtained suspension was kept in an ultrasonic bath for 10 min 
and eventually stirred under dark for 30 min to attain the adsorption equilibrium. 
During the experiments, the photoreactors were open, and the equilibrium between 
dissolved  O2 in the aqueous suspension and in the atmosphere was achieved. 
Throughout the reaction, samples of the irradiated suspension were withdrawn every 
30  min and filtered through 0.25  μm membranes (HA, Millipore) to separate the 
photocatalyst particles before the HPLC analyses.

A Beckman Coulter HPLC apparatus equipped with a Diode Array detector was 
used to identify and determine the concentration of the aromatic substrates and their 
intermediates. A Phenomenex KINETEK 5 µm C18 column was used, and the elu-
ent (0.8 mL min−1) consisted of a mixture of acetonitrile and 13 mM trifluoroacetic 
acid (20:80 v:v). Standards purchased from Sigma-Aldrich with a purity > 99% were 
used to identify the products and to obtain the calibration curves.

Results and discussion

Characterization of the photocatalysts

The crystallinity and the layered-stacking mode of the  C3N4-based photocatalysts 
were analysed by XRD. As shown in Fig.  2, the two main diffraction peaks at 
13.2° and 27.6° corresponding to the (100) and (002) crystal layers of g-C3N4 are 
clearly identifiable. The (100) diffraction peak demonstrates the presence of an in-
plane structural packing motif, whereas the (002) diffraction peak is attributed to 
the interlayer stacking of aromatic segments [38, 39]. These two diffraction peaks 
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are in suitable agreement with the reported literature (JCPDS 87-1526). The results 
confirmed the g-C3N4 presence in all of the materials. There is an evident widening 
of the two peaks suggesting the decreasing in the periodicity and crystallinity of 
the samples by increasing the amount of Cy and barbituric acid (B) compared with 
the bare g-C3N4. The position of the peak at 27.6° assigned to (002) plane barely 
changes for the materials containing Cy and B, indicating that the interplanar dis-
tance in the carbon nitride samples is not affected with respect to g-C3N4. This is in 
accordance with previous studies [35, 38]. The widening of the characteristic dif-
fraction peak at 13.2°, corresponding to the in-plane structural packing motif [40], 
indicates that the in-plane repeating heptazine units have lost symmetry by the intro-
duction of Cy and particularly by increasing the B amount.

The surface morphology structure of the powders was examined by SEM. Fig-
ure  3A and B  shows the SEM images of all the samples prepared at two differ-
ent magnifications. As presented in Fig. 3A, the g-C3N4 sample exhibits a typical 
bulk-like morphology appearing as rather compact agglomerates of carbon nitride 
foils that give the impression as scales protruding from the material. This particular 
aspect can justify its low specific surface area value. On the contrary, the morphol-
ogy of the  C3N4-Cy 1-1-0 photocatalyst is completely different. A planar and layered 
structures are visible. The material consists of thin sheets of carbon nitride that are 
partially twisted on themselves. The completely exfoliated morphology of this mate-
rial, due to the presence of cyanuric acid during the preparation, can also justify 

Fig. 2  XRD patterns of all the 
home-prepared  C3N4-based 
materials
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its higher specific surface area compared with all of the other solids. The addition 
of small amounts of barbituric acid causes the  C3N4-Cy-B 1-1-0.2 appearance to 
be similar to the bare g-C3N4 sample although the carbon nitride foils appear thin-
ner compared with those of the pristine material. Figure 3B shows that in the case 
of  C3N4-Cy-B 1-1-0.5 and  C3N4-Cy-B 1-1-1, obtained in the presence of increas-
ing amounts of barbituric acid, the laminated graphitic structure disappeared. In 

(A)

(B)

Fig. 3  SEM micrographs of the  C3N4-based materials at two different magnifications
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particular, in the surface of the  C3N4-Cy-B 1-1-0.5 particles, structures similar to 
craters of volcanoes are visible. Those structures disappeared in the  C3N4-Cy-B 
1-1-1 material, probably because they collapsed due to the large amount of barbitu-
ric acid.

The relatively low specific surface area (SSA) of the g-C3N4 obtained using mela-
mine as the precursor (in the range 4–7  m2  g−1) has been reported before by us, 
while values close to 70 m2 g−1 could be obtained by performing a post-synthetic 
exfoliation procedure [16]. The SSAs of the  C3N4-based materials obtained in this 
research are reported in Fig.  1a. The carbon nitride prepared from the melamine-
cyanuric acid complex possesses an SSA significantly higher with respect to those 
of the other samples, including bare g-C3N4 and close to the value obtained for the 
thermally etched  C3N4 [16, 21]. The introduction of cyanuric acid in the g-C3N4 
structure, according to the literature, would provide more active sites for the photo-
catalytic reaction. In the presence of B, the SSA of the material decreases as shown 
in Fig.  1a, although the values of SSA for the samples prepared by using B are 
higher than that of the bare g-C3N4.

The FTIR spectra of all of the solids are reported in Fig. 4. In general, the spec-
tra confirmed the  C3N4 structure of the materials, showing significant differences 
among the samples. The strong absorption bands in the range 1650–1200  cm−1, 
shown in Fig. 4A, are typical stretching vibrations modes of the heptazine heterocy-
clic ring  (C6N7) units [41, 42]. In particular, the absorption band at 1640 cm−1 can 
be attributed to C–N stretching, while those at 1560 cm−1 and in the range 1200 to 
1350 cm−1 are the typical stretching vibration modes of C–N heterocycles [41–45]. 
The bands at 1315 cm−1 and 1238 cm−1 are due to the stretching vibration of C-NH-
C units. Khabashesku et  al. assign also the transitions located at 1460, 1407 and 
1560 cm−1 to the double semicircle stretchings of s-triazine cycles along with that 
at 810  cm−1 due to the out-of-plane ring bending by the basic structural units of 
the tri-s-triazine [41, 42]. The transitions attributed to stretching and bending of the  
s-triazine cycles are becoming wider and also are shifted by the addition of cyanuric 
acid and particularly barbituric acid in the preparation of the samples. By increasing 
the amount of these additives, the widening and shifting of the signal increase, indi-
cating that the local heptazine structure of the synthesized g-C3N4 is being distorted 
in the samples by the addition of cyanuric acid and barbituric acid. Indeed, the band 
located at 810 cm−1 is present in all of the powders but in  C3N4-Cy-B 1-1-1 sample, 
it is particularly wider and shifted indicating a compromise of the heptazine struc-
ture. The same result is confirmed by the widening of the bands at 1407, 1460 and 
1560 cm−1 which disappear as the amount of barbituric acid increases. Indeed, they 
are absent in the  C3N4-Cy-B 1-1-1 FTIR spectra.

The vibrational transition observed at ca. 890 cm−1 has been assigned to a pattern 
of cross-linked heptazine deformation [46]. Also, the 890 cm−1 vibrational transition 
band disappeared for  C3N4-Cy-B 1-1-0.5 and  C3N4-Cy-B 1-1-1. Tang et al. observed 
a similar behaviour, i.e. the gradual weakening of the bands assigned to the structure 
of heptazine by the introduction of 2,4,6-triaminopyrimidine, and according to the 
AA, this result was due to the modification of the structure where tri-s-triazine basic 
units became disordered and irregular [47].
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Figure  4B  shows the broad group of peaks ranging from 3500 to 3000  cm−1 
which can be attributed to O–H and N–H stretching, due to the presence of hydroxyl-
adsorbed species and free amino groups on the surface [48–50]. The broad peak 
reported from 3000 to 3500 cm−1 contributed by the N–H stretching confirms the 
existence of NH and/or  NH2 groups on the surface caused by incomplete polycon-
densation of the  C3N4. The cyanuric acid presence does not seem to promote further 
polycondensation of g-C3N4, indeed the spectra recorded were similar.

As shown in Fig. 4A, by increasing the amount of barbituric acid in the prepara-
tion of the photocatalyst, the IR transitions attributed to the heptazine heterocyclic 
ring are increasingly less defined, and for the  C3N4-B 1-1-1 showed just wide band 
transitions indicative of a very disordered structure.

In Fig. 4B, the wide band appears even wider and low defined for the  C3N4-Cy-B 
1-1-0.2 sample and furtherly wide and also shifted to 3400 cm−1 for  C3N4-Cy-B 1-1-
0.5 and  C3N4-Cy-B 1-1-1 samples. These findings could be explained by the loss in 
geometry and order of the graphitic structure motifs in the layered structure due to 
the presence of the barbituric acid during the samples preparation.

The optical absorptions of the polymers have been investigated by means of 
UV–Vis diffuse reflectance spectra (DRS). In Fig. 5, the samples show the typical 
broad absorption band which can be ascribed to the charge transfer process respon-
sible for the intrinsic indirect band gap of g-C3N4 [51]. An evident red-shift absorp-
tion edge was observed in the presence of barbituric acid. The presence of barbituric 
acid during the preparation of the  C3N4 materials could afford absorbance in the vis-
ible region, so that both UV and visible radiation can contribute to the photoactiv-
ity of the powders. It was not possible to estimate the optical band gap,  Egap for the 
samples containing barbituric acid due to the large absorption in the visible region, 
as shown in Fig. 5. However, it is worth mentioning that good absorbance in the vis-
ible region does not provide any guarantee for better photocatalytic activity in the 
event of visible irradiation. To determine the optical band gap energies of the sam-
ples which do not contain barbituric acid, the Kubelka–Munk function F(R∞) of the 

Fig. 5   Absorbance of the 
samples a  C3N4-Cy 1-1-
0; b  C3N4-Cy-B 1-1-0.2; c 
 C3N4-Cy-B 1-1-0.5 and d 
 C3N4-Cy-B 1-1-1
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DRS corresponding to the absorbance, reported in Fig. 5, has been used. The band 
gap values, obtained by extrapolating a linear fitting in the Tauc plot [52], i.e. the 
plot of (F(R∞)·hν)1/2 versus incident light energy in eV by considering the powders 
as indirect semiconductors were 2.70 and 2.83 eV, for g-C3N4 and  C3N4-Cy 1-1-0, 
respectively. These values are in agreement with the colour of the materials, shown 
in Fig. 1A, yellow for g-C3N4 and pale yellow for  C3N4-Cy 1-1-0.

In order to study the electronic properties (band gap, flat band potential and con-
ductivity type) of the different photocatalysts, photoelectrochemical measurements 
were carried out. The photocurrent spectra recorded in 0.1 M ABE at the electrode 
potential UE = 1 V versus Ag/AgCl are reported in Fig. 6A. The measured photo-
current is inversely proportional to the barbituric acid amount used to prepare the 
photocatalysts. Notably, for  C3N4-Cy 1-1-0 and  C3N4-Cy-B 1-1-0.2, a photocurrent 
tail was also recorded for λ ≥ 400 nm using a 400 nm cut off filter. By assuming non-
direct optical transitions, it is possible to estimate the band gap values according to 
the following equation:

where for photon energy in the vicinity of band gap, Qph, the photocurrent yield 
(i.e. the photocurrent corrected for the efficiency of the lamp monochomator sys-
tem) is proportional to the light absorption coefficient, hv is the photon energy and 
Eg is the optical band gap [53]. As shown in Fig.  6B, C, D and E  by extrapolat-
ing to zero the (Qph hν)0.5 versus hν plots, the optical band gap values of all the 

(1)(Qphh�)
0.5
�(h�−Eg)

(A)

(D) (E)

(B) (C)

(F)

Fig. 6  A  Raw photocurrent spectra related to different photocatalysts by polarizing samples in 0.1  M 
ABE solution (pH ~ 9) at  UE = 1 V versus Ag/AgCl.  (Qphhν)0.5 versus hν plots relating to photocurrent 
spectra for B  C3N4-Cy 1-1-0; C  C3N4-Cy-B 1-1-0.2; D  C3N4-Cy-B 1-1-0.5 and E  C3N4-Cy-B 1-1-1. F 
Photocurrent versus  UE curves relating to different photocatalysts by scanning the electrode potential at 
10 mV s−1 under monochromatic irradiation (350 nm, i.e. 3.5 eV) in 0.1 M ABE solution (pH ~ 9)
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photocatalysts were estimated. For  C3N4-Cy 1-1-0, a band gap of 2.85 eV was esti-
mated, slightly lower than that estimated before for the g-C3N4, equal to 2.95  eV 
[54]. The Eg value decreases down to 2.75  eV for  C3N4-Cy-B photocatalysts (see 
Fig. 6C, D and E), thus the incorporation of barbituric acid induces a red-shift of the 
light absorption threshold of  C3N4. However, the disorder induced by the barbituric 
acid into the structure, as also confirmed by XRD and FTIR, gives rise to the forma-
tion of a defective phase causing a reduction of the photocarriers separation effi-
ciency accounting for the very poor photocatalytic performance of the  C3N4-Cy-B 
1-1-1 material.

Raw photocurrent (Iph) vs. electrode potential curves recorded under constant 
photon energy (λ = 350  nm, i.e. 3.5  eV) for the investigated photocatalysts are 
reported in Fig.  6F. There is a clear inversion of the photocurrent sign on going 
from anodic to cathodic polarization. The inversion photocurrent potential can be 
assumed as a rough estimation of the flat band potential, necessary to locate the 
Fermi level of the materials. According to Fig. 6F, a flat band potential of ~ 0 V ver-
sus Ag/AgCl can be estimated for all the photocatalysts. Notably, it was not possible 
to record Iph versus electrode potential curve for  C3N4-Cy-B 1-1-1 due to the low 
photoresponse in agreement with its defective structure.

Photocatalytic activity

Preliminary experiments carried out under the same experimental conditions, but 
in the absence of light, evidenced a modest adsorption of the aromatic substrates. 
The adsorption degree was less than 3% for all of the substrates on all of the solids 
after 30 min of stirring. No reaction product was found. It is reported that the addi-
tion of cyanuric acid along with melamine during the preparation of the photocata-
lyst could effectively improve the adsorption ability of the composites. This can be 
attributed, also in accordance with the literature, to the presence of a high porosity 
and to a large number of reactive sites which increase the specific surface area of the 
solid compared with g-C3N4, thus improving both the adsorption capacity and the 
photocatalytic performance [55]. The adsorption ability in the dark of the Cy- and 
B-modified  C3N4 materials prepared in this research did not enhance with respect to 
the g-C3N4 powder, at least in our experimental conditions.

The trend of the concentration of the four model benzyl alcohols oxidation in 
the presence of the various photocatalysts versus the irradiation time under UV 
light is reported in Fig.  7. The BA substrate concentration decreased in the pres-
ence of the  C3N4-Cy-1-1-0 sample, on the contrary, the other materials showed a 
low photocatalytic activity. When the photocatalysts were used for the 4-MBA 
oxidation, the activities were higher than by using BA as the model molecule, i.e. 
4-MBA was more easily oxidized than BA. The  C3N4-Cy 1-1-0 sample completely 
oxidized 4-MBA already after 90 min and the order of activity of the photocatalysts 
was  C3N4-Cy 1-1-0 > C3N4-Cy-B 1-1-0.2 > g-C3N4 > C3N4-Cy-B 1-1-0.5 > C3N4-
Cy-B 1-1-1. As observed for BA, the  C3N4-Cy-B 1-1-1 sample was nearly inactive. 
The most recalcitrant molecules to the oxidation were 4-OHBA and 4-NBA. In both 
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cases, the oxidation of the substrates was very modest even by using the most active 
sample, i.e.  C3N4-Cy 1-1-0, which was observed to be, also for these two alcohols, 
the most active photocatalyst.

The photocatalytic oxidation of the benzyl alcohols gave rise merely to the cor-
responding aldehyde which was, after 4 h of reaction, the only product observed. 
Only in the case of the most active material, i.e.  C3N4-Cy-B 1-1-0, traces of 
the corresponding benzoic acid species were analysed during the oxidation of 
4-MBA after 120 min of UV or 210 min of visible light irradiation. In any case, 
the reaction was very selective to the aldehyde production. The evolution of the 
aldehydes’ concentration corresponding to the runs reported in Fig. 7 is shown in 
Fig. 8.

The trend of the concentration of the four model alcohols oxidation in the pres-
ence of the various photocatalysts versus the irradiation time under visible light is 
reported in Fig. 9.

The concentration of the BA substrate slightly decreased in the presence of all 
photocatalysts, although a low activity was observed in the following decreas-
ing order for the samples  C3N4-Cy 1-1-0,  C3N4-Cy-B 1-1-0.2 and g-C3N4. Nota-
bly, the activity was instead remarkable for 4-MBA, and even under visible 
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Fig. 7  Evolution of the different benzyl alcohols concentration in the presence of g-C3N4 (o);  C3N4-Cy 
1-1-0 (♦);  C3N4-Cy-B 1-1-0.2 (■);  C3N4-Cy-B 1-1-0.5 (▲); and  C3N4-Cy-B 1-1-1 (x) vs. irradiation 
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light, this substrate was the easiest to partially oxidize, being also in this case 
the  C3N4-Cy-1-1-0 sample the most active, followed by  C3N4-Cy-B 1-1-0.2 and 
g-C3N4. 4-MBA was completely oxidized after ca. 210  min in the presence of 
 C3N4-Cy 1-1-0. 4-OHBA was very moderately oxidized in the presence of all of 
the photocatalysts. For each aromatic alcohol, the order of activity of the set of 
photocatalysts is the same obtained under UV irradiation:  C3N4-Cy 1-1-0 > C3N4-
Cy-B 1-1-0.2 > g-C3N4 > C3N4-Cy-B 1-1-0.5 > C3N4-Cy-B 1-1-1. The most recal-
citrant substrate to be oxidized was 4-NBA, and it was more difficult to be par-
tially oxidized even by using the most active photocatalyst, i.e.  C3N4-Cy 1-1-0.

The only products obtained during the irradiation of benzyl alcohols under visi-
ble light were the corresponding benzaldehydes. The evolution of the benzaldehydes 
concentration during the experiments carried out under visible light irradiation is 
reported in Fig. 10. Notably, 4-MBAL was obtained quantitatively (100% selectiv-
ity) after 210 min of irradiation, a time at which the conversion of 4-MBA was also 
100%.

The conversion of the alcohol (X) and the selectivity of the reaction to the cor-
responding aldehyde (S) during the photocatalytic experiments were calculated as 
follows:
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In any case, the aldehyde was the only product analysed in the reagent sus-
pension. Small amounts of aldehyde-derived acid species were found only in the 
presence of the most active photocatalyst  C3N4-Cy 1-1-0, during the oxidation of 
4-MBA after 120 min of UV or 210 min of visible light irradiation. Benzyl alcohol 
conversion and selectivity towards aldehydes after 4 h of reaction in the presence of 
the various photocatalysts under UV radiation are reported in Table 1. Each of the 
figures reported in Table 1 was obtained using the average value of two experiments 
and the error is approx. 1–2%.

The perusal of Table  1 shows that, generally, as far as the conversion is con-
cerned, the most active photocatalyst was  C3N4-Cy 1-1-0 in any condition and for all 
substrates. It is worth noting that this material also has the highest specific surface 
area. By considering the results obtained under UV light irradiation,  C3N4-Cy 1-1-0 
gave rise to the highest conversion with respect to the other photocatalysts. Indeed, 
it reached a 100% conversion of 4-MBA, and in this experiment, the selectivity was 
also 100% after 120 min under UV or after 210 min under visible light irradiation.

(2)X =
(

[alcohol]initial− [alcohol]
)

∕ [alcohol]initial × 100

(3)S =
[

aldehyde
]

∕
(

[alcohol]initial− [alcohol]
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The selectivity figures in Table  1 for 4-MBAL are lower than 100% due to 
the overoxidation of the aldehyde by continuing the irradiation of the system, as 
shown in Figs. 8, 10 in which the concentration of 4-MBAL first increases and 
then, after reaching a maximum, decreases. In these runs also benzoic acid was 
found in the aqueous phase.

Similar results were obtained in the presence of  C3N4-Cy-B 1-1-0.2. Even in 
the presence of this photocatalyst, 4-MBA was oxidized to aldehyde with 100% 
selectivity, and although visible light resulted in a lower conversion than UV 
light, selectivity to aldehyde was always 100%. Notably, as reported in Table 1, 
both 4-NBA and 4-OHBA were converted more significantly under visible light 
irradiation than UV in the presence of the latter photocatalyst. We must consider 
that the reaction products in a photocatalytic reaction could however remain 
adsorbed on the surface of the photocatalysts or be completely mineralized.

The two samples containing the highest amount of barbituric acid were less 
active than the others, particularly  C3N4-Cy-B 1-1-1, which was completely 
inactive.

In order to compare the activity of the various samples, the initial reaction rates 
of the photocatalytic benzyl alcohols conversion and benzaldehydes formation 
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were estimated by the best linear fitting experimental concentration vs. irradiation 
time, considering the initial stages of the reaction and consequently the results are 
reported as initial reaction rates. The values obtained under UV irradiation are 
reported in Fig. 11, where the substrates used are shown in abscises and ordered 

Table 1  Conversion (X) of the benzyl alcohols and selectivity (S) percentages towards the corresponding 
aldehyde after 4 h of irradiation in the presence of the various photocatalysts tested using UV or LED 
(Vis) irradiation

(a) After 120 min of reaction, the conversion was 100% and also the selectivity reached 100% (see Fig. 8 
for 4-MBAL)
(b )After 210 min of reaction, both conversion and selectivity were 100% (see Fig. 10 for 4-MBAL)
Negl. stands for negligible

Substrate Irra-
diation 
set-up

BA 4-MBA 4-NBA 4-OHBA

X SBAL X S4-MBAL X S4-NBA X S4-OHBAL

g-C3N4 UV 10 100 48 75 12 100 20 4
Vis 5 100 48 65 9 100 32 6

C3N4-Cy 1-1-0 UV 29 100 100 51(a) 22 100 31 12
Vis 10 100 100 93(b) 20 100 38 9

C3N4-Cy-B 1-1-0.2 UV 6 100 72 100 2 100 16 11
Vis 5 100 57 100 4 100 23 10

C3N4-Cy-B 1-1-0.5 UV Negl Negl 42 90 Negl Negl 6 8
Vis Negl Negl 12 100 Negl Negl 21 6

C3N4-Cy-B 1-1-1 UV Negl Negl Negl Negl Negl Negl Negl Negl
Vis Negl Negl Negl Negl Negl Negl Negl Negl
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by considering the Hammett constant (σ) of the substituent in para-position with 
respect to the benzyl alcohol group. It is useful to remember that the Hammett 
constant (σ) is a chemical parameter that quantifies the influence of a substituent 
on the reactivity of a molecule with respect to the basic structure in relation to the 
inductive and resonance effects due to the substituent. Electron-donating groups, 
such as –OH or –OCH3, show negative Hammett constants, while electron-
withdrawing groups, such as –NO2, have positive Hammett constants. A relation 
between the Hammett constants and the photocatalytic initial rates of alcohols 
oxidation and aldehyde formation was considered before in the literature [56]. It 
has been reported that for benzyl alcohols, electron-donating substituents in para-
position with respect to the  CH2OH-group promote the reactivity of the substrate 
without compromising the selectivity towards benzaldehydes if compared with 
the unsubstituted molecule [18].

As shown in Fig.  11, the initial reaction rate of benzyl alcohols oxidation 
decreases in the series 4-MBA > BA > 4-NBA. A larger Hammett constant is 
related to a lower reactivity of the aromatic ring, and this finding is valid both for 
the oxidation of alcohol and for the production of benzaldehyde. The reactivity 
here reported for the benzyl alcohols is in good agreement with that observed by 
other researchers who studied the same reaction by using different photocatalysts 
as  TiO2 [57–59],  BiFeO3/carbon nanotubes [60] or  C3N4 as before mentioned. It 
should be noticed, however, that the results are not consistent with the Hammett 
constant of 4-OHBA, since, due to the value associated with this molecule which 
is the smallest among those of the substrates studied, high reactivity should be 
expected. Notably, Yurdakal et al. found results for the 4-OHBA molecule similar 
to those reported in this paper, i.e. a lower reactivity of this substrate in the reac-
tivity sequence of various substituted benzyl alcohols, although the photocatalyst 
used had been in those experiments  TiO2 [57].

The mechanism of the photocatalytic benzyl alcohol oxidation can explain 
the above finding. The photocatalytic oxidation of benzyl alcohol in aqueous 
medium occurs by adsorption of the molecule on the surface of the semiconduc-
tor. According to the literature, in order to obtain the selective partial oxidation 
of the alcoholic group, the interaction of the aromatic substrate with the surface 
of the photocatalyst should take place through the alcoholic group, and the aro-
matic ring should not be involved in the adsorption [57, 58]. On the contrary, the 
total oxidation would require the interaction of the aromatic ring with the surface 
[57–62]. The low activity of the 4-OHBA substrate as regards the oxidation of its 
alcoholic group has been attributed to the interaction of this molecule with the 
surface of the photocatalyst by means of its hydroxyl group instead of the benzyl 
group.

In the presence of other electron donor groups, such as –OCH3, both the reaction 
speed and the selectivity increase. Yurdakal et al. also observed that in the presence 
of  TiO2, selectivity values for the partial oxidation of 4-OHBA are similar to those 
obtained for BA but much lower than those obtained for 4-MBA.

In the presence of other electron-donating groups, such as the –OCH3 one, both 
reaction rate and selectivity increase. Yurdakal et al. observed also in the presence of 
 TiO2 that the selectivity values for 4-OHBA partial oxidation were similar to those 
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obtained with BA but much lower than those obtained for 4-MBA. The adsorption 
of 4-MBA by means of the alcoholic group on the surface of the photocatalyst and 
the inductive and delocalization effects caused by the –OCH3 group on the aromatic 
ring hinder the strong oxidizing attacks that can cause the mineralization of the mol-
ecule [57].

It cannot be excluded a possible reaction of 4-OHBA with the basic sites on the 
photocatalyst resulting in the inactivation or partial poisoning of the  C3N4 photocat-
alyst. This behaviour has been previously observed for acidic heteropolyacids which 
inactivate the  C3N4 surface by an acid–base reaction [63]. Further research is under-
way to investigate the possible inactivation of  C3N4 by reaction with acid substrates.

The initial reaction rate for benzaldehyde formation for each substrate was always 
higher in the presence of the  C3N4-Cy 1-1-0 sample, followed by the  C3N4-Cy-B 
1-1-0.2 and the g-C3N4 ones. The values of the initial reaction rate for benzalde-
hyde formation followed the same trend than for the benzyl alcohol oxidation and, 
remarkably, present very similar values, with the exception of the 4-OHBA. This 
can be explained by taking into account the different adsorption of 4-OHBA on the 
surface of the photocatalysts, as explained above.

The initial reaction rates for the benzyl alcohols oxidation and benzaldehydes for-
mation under visible irradiation are reported in Fig. 12. The figures are similar to 
those shown in Fig. 11, with the exception of the most oxidizable substrate, 4-MBA, 
which halved the initial reaction rate. Also, in this case, the oxidation of benzyl 
alcohol and the formation of benzaldehyde showed very close values. These results 
along with those reported in Table 1 indicate that the use of the visible light irradia-
tion is suitable for the partial oxidation of some benzyl alcohols to aldehydes.

According to the literature, we assume that the oxidation reaction of benzyl alco-
hols proceeds by the mechanism discussed in the following. It is widely accepted, 
as demonstrated in previous studies [64], that superoxide radicals, ·O2
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through the reduction of molecular oxygen by photogenerated electrons act as oxi-
dizing species (Eq.  3). This ROS (reactive oxidant species) would eventually be 
responsible for the partial oxidation of benzyl alcohol to aldehyde in water.

In Fig. 13, some essential steps of the reaction path are illustrated, in agreement 
with the mechanism proposed before by Antonietti et al. [14]. The superoxide spe-
cies formed by the photogenerated electrons on the  C3N4 surface deprotonates the 
adsorbed alcohol forming an alkoxide. We have mentioned before that the ben-
zyl alcohol must be adsorbed by the alcoholic group on the surface of  C3N4. The 
–CH2OH group would be destabilized by the interaction with the surface. The pro-
duced adsorbed alkoxide species could follow an oxidative route by following two 
possible pathways, indicated as (1) and (2) in Fig. 13. In path (1), the adsorbed ben-
zyl alkoxide reacts directly with the photoproducted  h+, as suggested by Antonietti 
[14, 37], giving rise to a carbon radical which evolves to the aldehyde by transfer-
ring a hydrogen to the  HOO· species formed via  O2. Path (2), on the other hand, first 
involves the reaction of the alkoxide with the  HOO· species and then with the hole.

During the photocatalytic experiments, the formation of  H2O2 was monitored. 
It is well known the ability of  C3N4 to form  H2O2 during the photocatalytic pro-
cess in aqueous suspension [14, 64, 65]. Figure  14 shows its concentration in 
suspension using 4-MBA as the substrate both under UV and visible irradiation. 
It is worth remembering that  H2O2 formed can also be decomposed by absorb-
ing UV light (∼400 nm) [66], and this is probably the reason why the amount 
is much lower than that of 4-MBAL reported for the same tests (Figs.  8, 10). 
It should be considered, moreover, that  H2O2 is not a reaction but a transient 
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product. In fact, it is produced but it quickly decomposes particularly under UV 
irradiation into OH radicals that furtherly attack the substrate. We can assume 
that under UV irradiation the formation of  H2O2 would be greater but also its 
decomposition is faster and more  efficient forming higher amount of OH radi-
cals. Consequently, the quantity of  H2O2 measured in solution in both the UV 
and visible systems can be considered of the same order of magnitude.

The most active photocatalyst,  C3N4-Cy 1-1-0, produced the greatest amount 
of  H2O2 which, however, is subsequently likely decomposed to a large extent. 
In the presence of  C3N4-Cy-B 1-1-0.2 and g-C3N4, lower amounts were found 
which increased throughout the photocatalytic experiment. The amount of  H2O2 
formed was always lower in the presence of visible light than in UV light.

Conclusions

The selective photocatalytic oxidation of four aromatic alcohols to their cor-
responding aldehydes has been investigated in water suspension under UV and 
visible irradiation by using as heterogeneous photocatalysts a set of  C3N4 sam-
ples prepared by melamine, cyanuric acid and barbituric acid as the precursors. 
The presence of cyanuric acid slightly modified the  C3N4 structure with respect 
to that obtained by using just melamine. By increasing the amount of barbitu-
ric acid in the preparation, both a decreasing of the order of the structure and 
the ability of light to activate the material were observed, and consequently, 
the photocatalysts showed to be less active. Also, the type of the substituents in 
the para-position of the aromatic alcohol substrate strongly influenced conver-
sion and selectivity of the reaction, being the presence of the electron-releasing 
group (–OCH3) the most beneficial for the reactivity. The most active material 
was prepared in the presence of melamine and cyanuric acid, showing a com-
plete conversion of 4-methoxybenzyl alcohol with a 100% selectivity towards 
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the aldehyde even under visible irradiation, so opening the possibility to use this 
material for selective oxidations under solar conditions.

Memory with Prof. Michel Che

I had the privilege of meeting for the first time Prof. Che in Torino at the Con-
gress to celebrate the retirement of Professor Coluccia; after that, I have met him 
a couple of times in Krakow and in Beijing four years ago. I did not  have the 
fortune to work with him but we did speak about research and he was always very 
stimulating, enthusiast and kind. I remember that after our talk about heteropoly-
acids very informally, during social dinner in Torino, he was so kind to send me, 
by returning to Paris, one of his classical papers in the field. I felt so surprised 
that such a very important Professor, himself, he was sending to me and to Pro-
fessor Palmisano a paper to enrich our work and knowledge. I was very touched 
and grateful. On my side and also on behalf of all the authors of this manuscript, 
we thank you Professor Che; you were an outstanding researcher but also a nice 
person. Your memory continues to inspire us.
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