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ARTICLE INFO ABSTRACT

Keywords: The oxidation of alcohols to aldehydes is one of the most relevant reactions in organic chemistry. The currently
Graphitic carbon nitride implemented methods based on expensive noble metallic catalysts, toxic solvents, and high temperature and
Thiosulfate L pressure conditions have released the seek for softer and cheaper alternatives such as photocatalysis. In this
ilfgetﬁ;zt::ytlc oxidation sense, graphitic carbon nitride has been modified with sodium thiosulfate as a source of S and Na* incorporation
Selectivity in the structure, aimed at enhancing the photocatalytic performance on the oxidation of alcohols to aldehydes, i.

e. cinnamaldehyde, benzaldehyde, and vanillin in aqueous solution. Three g-C3N4 samples synthesized from
different precursors, i.e. melamine, thiourea, and urea, were treated with sodium thiosulfate. Urea led to the g-
C3N, with the highest mesoporosity (surface area, 69 m? g ') and photocatalytic activity. The modification with
5 % (wt.) of Na2S203 enhanced the pseudo-first order rate constant of cinnamyl alcohol oxidation from 0.265 h!
(bare sample) to 0.792 h! (NagS203-modified). The characterization of the material suggests a better charge
separation of the photogenerated charges after S and Na' incorporation in the structure, minimizing the
recombination rate of photogenerated charges. The optimum photocatalyst, tested in aqueous solution, was most
selective in the production of benzaldehyde (selectivity, >100 %) > cinnamaldehyde (>23 %) > vanillin (~5 %).
The selectivity was considerably boosted under acetonitrile as the solvent medium, raising in the case of cin-
namaldehyde the 23 % recorded in water to 51 % in pure acetonitrile. The degradation mechanism suggests a
strong influence of the photogenerated holes and the superoxide radical, the latter being more selective in the
oxidation of the alcohol.

or under catalytic scenarios considering metal oxides, noble metals, and
metal-free catalysts. Nevertheless, the required operation conditions

1. Introduction

The production of ketones, aldehydes, and carboxylic acids from the
oxidation of alcohols is one of the paramount reactions in industrial
organic chemistry [1,2]. Cinnamaldehyde has uncountable applications
in the food industry [3] and recently its pharmacological activity has
been valued [4,5]. Benzaldehyde is a raw material with ample appli-
cations in the fields of medicine, chemical industry, printing, and dyeing
[6]. Vanillin has traditionally been used in the food industry as an ad-
ditive due to its flavor and antimicrobial activity [7]. In addition, the
role played by vanillin in the cosmetics and perfumes area is relevant
[8]. Moreover, it has been stated as an emerging intermediate in the
synthesis of pharmaceutical products [9] or even as a therapeutic
molecule [10].

The oxidation of aromatic alcohols to aldehydes has been imple-
mented using traditional oxidants such as ozone, peroxides, or halides,

* Corresponding authors.

under high temperature and pressure raise the cost and complexity. In
this sense, photocatalysis emerges as a green novel technology to pro-
mote certain synthetic pathways that selectively trigger the formation of
some added-value chemicals [11,12]. From all the tested photocatalysts
to date, TiOq stands out by far [13]. However, some free-metals pho-
tocatalysts are acquiring relevance such as graphitic carbon nitride (g-
C3Ny) [14], an organocatalyst with semiconductor properties featured
by polymeric melon laminates with a bandgap of 2.7 eV, i.e. photo-
activation up to 460 nm [15]. g-C3Ny is prepared from the thermal
polymerization of nitrogen-enriched precursors. However, the resultant
g-C3N4 may display excessive aggregation of laminates that result in
limited surface area, reactive sites, and limited visible light harvesting,
both negative for the photocatalytic application [16]. This drawback can
be alleviated by selecting an adequate precursor [17]. The use of sodium
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thiosulfate as a sulfur-containing precursor has been widely imple-
mented in sulfur doping of carbon-based materials. Sodium thiosulfate
decomposes under thermal treatment, triggering the release of sulfur
species that react with the carbon nitride structure [18]. Nonetheless,
the use of thiosulfate in graphitic carbon nitride is quite limited. It has
been used as a sulfur precursor to generate the deposition of elemental
sulfur nanoparticles after modification with citric and ascorbic acid
[19], enlarging the radiation absorption in the visible region, and
improving the reduction of Cr%" to Cr®*. In other work, the carbon
nitride has been modified under an aqueous solution of Na3S,03, aimed
at creating some nitrogen vacancies and acting as potential reactive
sites. Hence, the presence of these irregularities in the structure modu-
lates the formation of HO® in the photocatalytic degradation of fluo-
roquinolones [20].

Based on the lack of information on the use of thiosulfate as a
plausible modifier of g-C3Ny, this work aims to study this strategy for the
enhancement of the photocatalytic properties of g-C3N4 oriented to
improve the photocatalytic transformation of alcohols to aldehydes in
aqueous solution. The influence of three different g-C3Ny4 precursors, i.e.
melamine, thiourea, and urea, has been selected to prepare the bare g-
C3Ny formula. In a second step, a NaySo03 modification of the g-C3Ny
samples obtained has been studied, urea being the most convenient and
the one that largest boosted the kinetics of the oxidation of cinnamyl
alcohol after thiosulfate modification. The ratio thiosulfate: g-C3N4 has
been explored in the range of 1-10 %, with an optimum value centered
at 5 %. The optimum sample was also tested in acetonitrile and water
with other alcohols such as benzyl alcohol and vanillyl alcohol.

2. Experimental section
2.1. Materials and synthesis of S-modified g-C3Ny4

All the chemicals were acquired from Merck®, analytical grade at
least, and were used as received. For chromatographic analysis, aceto-
nitrile of HPLC grade was used. The solutions were made with ultrapure
water from a Direct-Q®-UV purification system (18.2 MQ cm,
Millipore®).

The synthesis of graphitic carbon nitride (CN) was conducted by
thermal polymerization of different precursors (>99 %), i.e. melamine,
urea, and thiourea, by setting a certain amount in a covered ceramic
crucible at 550 °C (heating rate, 10 °C min~1) for 2 h. The resulting
materials were labeled as CNx where ‘x’ stands for the precursor used, i.
e. melamine (CNm), urea (CNu), and thiourea (CNt). The sulfur-
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modification of these carbon nitride materials (SCNx) was carried out
in a second stage, as depicted in Fig. 1. Then, NagS203 (1-10 % wt. to the
CN amount) was mixed with the CNx and ground in a mortar. The
resulting mixture was then thermally treated under Ny atmosphere (100
mL min~1) at 550 °C (heating rate, 10 °C min 1) for 2 h. The obtained
solid was crushed and labeled as SCNx-y% where ‘y’ stands for the S
doping percentage (wt%).

2.2. Characterization of the S-modified g-CsN4 samples

The thermal behavior of the precursors during the polymerization to
g-C3N4 was analyzed using a thermobalance STA 6000 from Perkin
Elmer®. The sample was heated from room temperature to 850 °C
(heating rate, 20 °C min~1) under N, flow (20 mL min ).

The crystal properties were analyzed by X-ray diffraction (XRD). The
diffractometer used was a Bruker D8 Discover, coupled to a Pilatus 3R
100 K-A detector, working with Cu Ka radiation (1.5406 1°\). The dif-
fractograms were registered in the 20 range of 5-65° (monitoring rate,
0.034° min™!). The crystallite size (Lerystal) and the interlayer spacing
(diayer) were calculated with the help of the freeware QualX® to process
the data [21]. The relation Lerystal/dlayer Was considered a tentative
approach to quantify the number of layers [22]. The structural proper-
ties were further evaluated by Fourier Transform InfraRed (FTIR)
Spectroscopy, conducted in a Perkin Elmer FTIR device, model Spectrum
65. The FTIR spectra were recorded in the interval 550-4000 cm'.
Adsorption-desorption isotherms with Ny at 77 K were conducted to
assess the textural properties. The samples were first degassed under
vacuum at 110 °C, in a prep J4 station from 3P Instruments©. Next, the
isotherms were obtained in a Sync 200 physisorption device of 3P In-
struments©. The total specific surface area was calculated by the stan-
dardized Brunauer-Emmett-Teller method (Sggr), and the N3 uptake at
p/po ~ 0.99 was referenced for calculating the total specific pore vol-
ume (V).

The elemental composition was determined in a Flash 2000 device of
CHNS analyzer from ThermoScientific™. The surface chemical envi-
ronment was assessed by X-ray Photoelectron Spectroscopy (XPS). The
device used was a Kratos AXIS UltraDLD, operating with an X-ray source
from Al Ka. The recorded spectra were referenced to the Cq5 peak of
adventitious carbon at 284.6 eV. The data was processed with the aid of
the software XPSpeak 4.1®, and a Shirley background correction was
applied as background.

The morphological properties were examined through Scan Trans-
mission Electron Microscopy (STEM) in a Thermo Fisher Scientific

Addition of thiosulfate
(Na,S,05)

Pyrolysis
(2h,550°C, Ny)

Fig. 1. Synthesis process of the thiosulfate-modified g-C3N4 samples.
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TALOS F200X G2device (20-200 kV) equipped with High-Angle Annular
Dark Field (HAADF) detection and Electron Disperse X-Ray (EDX)
analysis (Brucker X-flash 6 T-30).

The optical properties were evaluated by the Diffuse Reflectance
Spectroscopy (DRS) and photoluminescence (PL) techniques. For the
DRS-UV-visible analysis, a Varian Cary 5E spectrophotometer was used.
The absorbance and reflectance spectra were monitored at 200-2000
nm. From the reflectance signal, the Kubelka-Munk Function, F(Reo)
was calculated, and the bandgap was estimated by the Tauc plot method,
applying indirect electron transitions. The PL spectra were monitored in
a Varian Cary Eclipse fluorimeter, setting an excitation wavelength of
365 nm.

2.3. Photocatalytic production of aldehydes

The photocatalytic behavior of the prepared samples was assessed in
the selective oxidation of cinnamyl alcohol (CA) to cinnamaldehyde
(CD). However, other selected alcohols such as benzyl alcohol (BA) and
vanillin alcohol (VA) were also oxidized to their respective aldehydes
(BD, benzaldehyde; VD, vanillin). The photocatalytic experiments were
conducted in a jacketed cylindrical photoreactor, in whose center two
UVA lamps (365 nm, 9 W each) were placed. The reacting slurry solution
(catalyst dose, 0.5 g L) was pumped through the annular space. The
temperature was controlled at 20 °C with the help of an auxiliary tank
containing the alcohol solution (1 mM), which was pumped into the
annular space of the photoreactor. Specific details of the setup’s scheme
and dimensions can be checked in previous works [23,24]. To ensure the
presence of dissolved O, air was supplied in the auxiliary tank. Before
starting the photocatalytic assay, an adsorption period was conducted in
the darkness to ensure the adsorption equilibrium. Next, the lamps were
switched on, and samples were withdrawn and filtered (Millex PVDF,
0.45 pm) before analysis.

The influence of the oxidative species was evaluated by adding
chemical scavengers that suppress certain reactive routes during the
oxidation of the alcohol to the aldehyde [25,26]. The role played by the
superoxide radical was tentatively analyzed by exchanging air with Ny
bubbling, or the presence of specific inhibitors such as p-benzoquinone
(1 mM) or disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron, 1
mM). The addition of tert-butyl alcohol (TBA, 10 mM) was considered to
remove the action of the hydroxyl radicals. Additionally, the formation
of hydroxyl radicals was detected by an indirect probe method based on
the presence of 2-hydroxy-terephthalic acid (2-HO-TPA) [27,28]. The
non-fluorescent terephthalic acid (TPA) displays a strong ability to trap
HO?®, leading to the formation of the fluorescent 2-HO-TPA. A test in the
presence of TPA (1 mM) was carried out to potentially probe or
discharge the formation of HO®. The presence of 2-HO-TPA was
analyzed in a Varian Cary fluorescence spectrometer. The excitation
wavelength for 2-HO-TPA analysis was set at 315nm and the emission
spectra were recorded at 360-600nm, defining a maximum peak at
roughly 420 nm. The 2-HO-TPA concentration was determined from the
peak area with standard solutions in the range 0.5-5pM. From the
calibration curve, a value of 0.21 pM was calculated for the limit of
detection. Finally, the action of the photo-generated holes was scav-
enged with oxalic acid (1 mM) or ethylenediaminetetraacetic acid
(EDTA, 1 mM).

High-Pressure Liquid Chromatography (HPLC) technique was used
for quantifying the concentration of the alcohols and the aldehydes. The
HPLC device was an Alliance 2695 HPLC from Waters™, with a 2998
photodiode array detector. A Zorbas Bonus-RP column (5pm, 4.6 X
150mm) was used. The pumped mobile phase (1 mLmin~!) was a
mixture of 40 % (v/v) acetonitrile and 60 % (v/v) ultrapure water
acidified with 0.1 % (v/v) of trifluoroacetic acid. The wavelength
selected for quantification was 240nm for CA, 331 nm for CD, 215 nm
for BA, 248 nm for BD, 280 nm for VA, and 248 nm for VD.

The temporal reduction of the alcohol concentration was adjusted to
a pseudo-first order kinetics. Hence, the calculated pseudo-first order
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rate constant (k) was compared among the photocatalytic tests. The
selectivity of the aldehyde’s formation was calculated from the aldehyde
and alcohol temporal profiles, and an average value (S) was estimated
for comparison purposes.

3. Results
3.1. Characterization of the S-modified g-C3N4 samples

The thermal behavior of the three selected precursors during their
polymerization was evaluated with thermogravimetric analysis under
an Ny atmosphere. The TGA profiles are depicted in Fig. 2. The pyrolysis
of melamine depicts a large mass loss between 300 and 400 °C. Firstly, a
rapid deamination of melamine takes place and condensates into melem
(2,5,8-triamino-tri-s-triazine) and other polymeric derivatives [29].
Over 500 °C, melem is transformed into g-CsN4 accompanied by a
gradual weight loss as depicted in the TGA of melamine. The TGA profile
obtained in the case of thiourea can be divided into three stages. It has
been stated that thiourea isomerizes to NH4SCN in the range 140-180 °C
[30], being the proportion thiourea: NH4SCN roughly 1:3 [31]. Next, the
first largest mass loss takes place (76-78 %). In this step the mix of
thiourea and NH4SCN undergoes pyrolysis reactions, leaving the for-
mation of guanidinium thiocyanate and the release of HyS and NH,CN
[31]. Next, the guanidinium thiocyanate decomposes into melamine and
melem at 260-300 °C releasing NH3 and CSy [32]. Finally, from 350 to
450 °C, the decomposition of g-C3N4 is deduced [33]. The TGA plot
shows three steps for the case of urea. The first loss, appreciated at
160-250 °C, is attributed to vaporization and decomposition into
ammonia, cyanic acid, and CO5 [34]. These gases then react with urea to
produce biuret [35]. The second major loss, starting at 230-360 °C, is
linked to the degradation of biuret to produce cyanuric acid and
ammelide [36], one of the precursors of the tri-s-heptazine aromatic
rings of g-C3N4. The final mass loss takes place gradually between 360
and 450 °C. In this stage, residual cyanuric acid and ammelide continue
their decomposition to produce ammeline, which triggers melamine
formation. The formation of stable tri-s-triazine rings and their poly-
merization takes place at over 390 °C, leading to the formation of the g-
C3N4 [37]. The final structure of g-C3sNy is determined mainly by the

100 T T T T T T T
90 urea melamine
80 | ]
70 — 7
60 | ]
50 | ;
40 ]
30 _ .
20 F ]
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Fig. 2. Thermogravimetric analysis of the g-C3N; precursors under
N, atmosphere.
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reaction produced above 350 °C. The heating rate has been stated as
crucial for developing porous structures. Thus, a high heating rate
(15 °C min~') has been demonstrated to scaffold a porous structure,
with a high surface area, a complete g-CsN4 skeleton, and more amino
groups [37], as is the case of the TGA curves of Fig. 2 (heating rate,
20 °C min~1). Temperatures higher than 700 °C promote the complete
degradation of the polymeric material. Based on the results achieved by
the TGA analysis of the three precursors, it can be concluded that the
formation of the g-C3Ny4 occurs by the rearrangement of melamine into
melon units, even when using precursors such as thiourea and urea.
Temperatures over 500 °C provide optimal conditions for defining the g-
C3Ny structure, albeit inferior to 700 °C. For this reason, a standard
value of 550 °C was set as the temperature for synthesizing the CNx
samples. Also, from the results achieved in the TGA, it is appreciated
that the production yield was CNt > CNm > CNu.

The XRD technique was conducted to assess the crystallinity of the
prepared g-C3N4 with the three g-C3Ny4 precursors and their following
modification with thiosulfate. Fig. 3A illustrates the diffractograms of
the CNx before and after modification with 5 % NayS;03. The samples
displayed the typical feather of g-C3N4 with two peaks attributed to the
graphite structure and the tri-s-triazine units [38]. The most intense
peak at approx. 27.4° appears from the piling aromatic units, being the
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small curvature in the planar structure. The modification with NaySO3
contributed to the decrease of the crystalline peaks, especially the (002)
stacking layer. The most intense peak, i.e. (002), was selected for the
crystal size calculation, and the number of layers was calculated [22],
see Table 1. The results suggest that the NayS,03 modification led to a
decrease in the crystal size, except for the CNt. The sample CNt led to the
lowest number of layers, i.e. 19. The CN prepared with melamine
described roughly 29 layers and urea led to 24. After treatment with
NayS50s3, there was a stable decrease with the concentration defined as
19 layers in the case of CNu. Additionally, peaks at low intensity were
registered. Although an attempt to identify the nature of these peaks was
conducted, no clear components were found. These peaks are hypoth-
esized to appear as the consequence of Na presence in the structure, as
corroborated by XPS. However, the complexity of their interaction with
the polymeric structure did not provide any match to the known regis-
tered inorganic compounds in the XRD database even in the sample with
the best definition of these peaks, i.e. SCNu-10 %. This lack of

Table 1
Crystal (XRD), textural (N, isotherms), and optical (DRS-UV-visible) properties
of the CNx and SCNx-y% samples.

result of the (002) crystal face, interplanar distance of the conjugated Sample Leysal (im)  nlayers  Sper(m®g™)  Vr(em®g™)  Egg(eV)
units of roughly 0.325nm. The second peak, much less intense, is the CNm 8.5 29 12.5 0.061 2.60
result of the ordered tri-s-triazine units in the sheets. This peak was SCNm-5% 7.8 24 12.8 0.061 2.60
categorized as the (001) diffraction plane, attributed to the intraplanar CNt 6.3 19 18.9 0.097 2.64
. . ; . . SCNt-5 % 6.3 19 16.7 0.079 2.66
distance. In this case, the precursor nature influenced the location of this CNu 77 24 69.5 0318 2,85
peak, and therefore the d-value, being in the case of CNm 0.68 nm SCNu-1% 7.6 23 69.5 0.288 2.85
(13.1°), CNt 0.66 nm (13.4°), and CNu 0.68 nm (13.0°). This distance SCNu-3 % 7.0 22 66.9 0.284 2.85
was, in all the cases, smaller than the expected in the tri-s-triazine unit, SCNu5% 6.8 21 64.4 0.214 2.75
reported as 0.73nm [39]. This variation can be explained based on a SCNu-10% 6.2 19 400 0177 280
T A AAaananass T T T —— : T out-of-plane
A (002) B tri-s-l?rizlzai:z i —
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(001) NH- "
I
CNu .
CNu

SCNu-1%

SCNu-3%

‘ SCNu-5%
‘ SCNu-10%

Intensity (a.u.)
Absorbance (a.u.)

SCNt-5%

SCNmM-5%

1 L I 1 1 1 L 1 1 1

———— SCNm-5%

SCNu-1%

SCNu-3%

SCNu-5%

SCNu-10%

SCNt-5%

T

L 1 I

I L

5 10 15 20 25 30 35 40 45 50 55 60 65 70 4000
20 (%)

3500 3000 2500 2000 1500

1000 900 800 700 600 500
wavenumber (cm™")

Fig. 3. XRD diffractograms (A) and FTIR spectra (B) of the CNx and SCNx-y% samples.
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coincidence evidences the complexity of the interaction of the impurities
with the structure, discharging any simpler known Na-related inorganic
compound. The doping of g-C3N4 with Na™ has been reported to be
combined with the in-plane N atoms in an ionic bond [40], which in-
creases the electron density of the planar CN, with potential boosted
separation of the charge carriers upon irradiation [40,41]. The available
works dealing with Na-modification with NaOH did not report any
appearance of impurities as here with the sample SCNu-10 %, probably
due to the low concentration of Na if compared to this sample (10 %)
[42,43].

The structural properties of the g-C3Ny4 skeleton were evaluated by
FTIR analysis. The FTIR fingerprints of the CN materials are depicted in
Fig. 3B and the corresponding modified counterparts with NayS»03. The
three CN samples described the typical fingerprint of this graphite-like
sp>-bonded structure [44]. A broad peak placed 3000-3400 cm™}, is
mainly attributed to N—H vibration in the terminal -NH; and -NH-
[45,46]. Remarkably, the presence of terminal nitrile groups was dis-
charged since there was a complete lack of any peak centered on 2360
cm ! [47]. All the samples described an intensive peak located at 800
cm’l, described due to the vibration among the planes [46,48]. The
presence of tri-s-triazine rings describes a particular fingerprint in the
range 900-1800 cm ™. The most important are those located at 1620,
1530, and 1390 cm’l, described by the stretching vibration of the C—N
rings [46,49]. The three precursors led to very similar FTIR spectra. CNu
and CNt described the highest contribution of the terminal -NHy/-NH-
groups. In contrast, melamine described the highest peak at 800 cm ™}, e.
g. the out-of-plane interaction, consistent with the highest peak related
to the interplanar layers in the XRD diffractogram. The modification
with NayS;03 implied a certain loss in the definition of the peaks,
especially impacted on SCNm-5 %. Interestingly, as the dose of NaS,03
increased in SCNu, concretely over 3 %, a peak centered at 2160 em™!
augmented its intensity. This peak can be attributed to a thiocyanate (S-
C = N) or isothiocyanate (S=C=N) stretching, evidence of sulfur
incorporation in the structure by replacing N positions [50,51]. This
peak was not registered in the SCNm-5 % and SCNt-5 %. The sample
prepared from urea denoted sensitivity for a better reaction with
NayS,03 than the others.

Physisorption analysis was conducted to evaluate the textural
properties of the samples. Fig. 4 illustrates the N5 adsorption-desorption
isotherms. All the isotherms can be interpreted, according to the IUPAC
classification, with Type II, characteristic of nonporous materials with a
large contribution of macropores. The knee is not quite sharp, as it ap-
pears at low Ny uptake in all the samples. This means a significant
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overlapping of the monolayer, promoting the multilayer formation [52].
Furthermore, the hysteresis loop, attributable to Type H3 according to
IUPAC’s classification, is commonly observed in aggregated plate-like
particles, such as the case of graphitic carbon nitride materials, but
also if the pore distribution is predominantly made of macropores which
are not filled with pore condensate [52]. The precursor influenced the
BET area of the resulting carbon nitride, being CNm (12.5 m? g~!) < GNt
(18.9 m? g’l) < CNu (69.5 m? g’l). The total pore volume describes a
similar trend. The modification with thiosulfate implied a decrease in
the area, as shown in Table 1. Generally, carbon nitride prepared dis-
plays low surface area [22], unless a physical or chemical modification is
carried out to boost the porosity [53,54]. Regarding the nature of the
precursor, the presence of heteroatoms, such as oxygen and sulfur like
the respective cases of urea and thiourea, favored the formation of
noticeable porosity because of the released volatiles, i.e. CO5 and CSo,
during the thermal rearrangement of melon units into heptazine units.
For this reason, thiourea [55] and urea [56] lead to less crystalline and
more porous carbon nitrides. The modification with thiosulfate of the
CNm and CNt samples barely defined any substantial change in the
surface area when modified at a dose of 5 %. However, in the samples
prepared with urea, a slight decrease is appreciated at low thiosulfate
dosages (1-5 %), until a considerable area decrease was registered at the
highest dose (10 %), i.e. 69.5 m? g’1 (CNu) versus 40.0 m? g’l (SCNu-5
%). This considerable decrease may be attributed to a smoothing effect
after the reaction on the surface and/or an agglomeration effect during
the second thermal treatment.

The composition at the bulk was analyzed by elemental analysis and
at the surface level by XPS analysis, see results in Table 2. A detailed
analysis of the high-resolution spectra of the CNx and SCNx-5 % samples
is depicted in Fig. 5. The C, peak is frequently deconvoluted in sp? N=C-
N (287.9 eV), sp> C-C/C-N (285.2 eV), and sp?> C-C/C=C (284.4 eV)
contributions [57]. These three contributions were described in all the
CNx samples, and an extra contribution in 289-290 eV was observed in
the CNm and CNt, probably because of carboxyl, lactone, and ester
groups [58]. The modification with thiosulfate did not substantially
alter the C;5 deconvolution pattern, with a slight increase of the sp2 Cc-C/
C=C by the loss of sp> C-C/C-N. Also, the peak centered at 289-290 eV of
oxygenated groups (carboxyl, lactone, and ester) disappeared after
treatment probably due to the reducing character of NasS,03. The Nyg
region was deconvoluted as the result of three contributions related to
N-C=N (N3C, 398.4 eV), C3—N (N3C, 399.9 eV), and terminal N-Hy
(401.0 eV) bonds [57,59-61]. The three precursors led to CN materials
with the N-C=N outstands. In CNm, the terminal N-Hy follows in

40 T T T T [l 70 T T T 250 T T T T

_ tA ool B C
= 200 + —— CNu
» 30+ —— CNm § —— CNt —=— SCNu-1%
o —a— SCNm-5% 50 [ —=— SCNt-5% —— SCNu-3%
™ 150 + —v— SCNu-5% 1
g 40 —e— SCNu-10%
= _
g 30 100

2
3 1 20
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pd 10
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Fig. 4. N, adsorption-desorption isotherms at 77 K of the CNx and SCNx-y% samples prepared from melamine (A), thiourea (B), and urea (C).
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Table 2
Surface composition by XPS and elemental analysis of the CNx and SCNx-y% samples.
Elemental analysis (wt%) XPS (wt%) VBxps (€V)

Sample C N H S C N o S Na
CNm 35.2 63.9 1.9 - 42.5 54.6 2.9 - - 21
SCNm-5 % 32.8 58.9 1.7 2.4 42.7 51.5 4.5 1.0 0.3 2.0
CNt 34.9 62.8 2.0 - 41.0 56.4 2.6 - - 2.0
SCNt-5 % 34.2 57.6 1.8 2.1 42.9 50.0 5.1 1.3 0.7 2.0
CNu 29.9 53.2 1.8 - 42.8 54.0 3.2 - 2.0
SCNu-5 % 31.5 55.5 1.5 2.6 42.3 48.5 5.2 2.4 1.6 2.2
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Fig. 5. High-resolution XPS spectra of Cys (left), Ni5 (middle), S, (top-right), and Na;, (bottom-right) of the CNx and SCNx-y% samples.

importance to the sp? nitrogen, while the CNt the sp>N is the second in
importance. The sample CNu displayed a good equilibrium between sp°-
N and terminal N-Hy. The modification with thiosulfate assisted in the
equilibration of these minor contributions. Regarding the region of S,
the thiosulfate samples displayed two contributions, one located at
162-164 eV that could be attributed to C-S-C environment [62], and the
other placed at 168 eV that can be attributed to C-SO»- binding [63,64].
The samples SCNm-5 % and SCNu-5 % displayed more contribution of
the C-SO,- than the C-S-C group, while thiourea as precursor had more
preference for the C-S-C bonds. According to the surface quantification
by XPS, the S content was the highest in the sample SCNu-5 %, e.g. 2.4
%. The thiosulfate modification with the other two precursors led to
barely half of the S content. If these results are compared to the
elemental analysis, see Table 2, it is appreciated that the three SCNx-5 %
samples led to a similar S content of 2.1-2.6 %. The sample SCNu-5 %
displayed a uniform distribution of S among all the samples where the
SCNm-5 % and SCNt-5 % have the sulfur concentrated in the core rather

than on the surface compared to the bulk composition by elemental
analysis. The presence of Na' cation was confirmed, as depicted in the
Najs spectrum of Fig. 5. A peak centered at 1070.5 eV evidences the
presence of Na™ [43], as reported in previous works focused on incor-
porating Na® and N defects in the graphitic carbon nitride structure
[65]. The quantified amount of Na in the SCNx-5 % samples, available in
Table 2, varied from 0.3 to 1.6 % depending on the precursor used.
The morphology of CNu and SCNu-5 %, the precursor and
thiosulfate-modified with the best photocatalytic active, was examined
by the TEM microscopy, leading to the micrographs summarized in
Fig. 6. The CNu imaging was characterized by the presence of randomly
curved films. These films appeared as wrinkled clusters of over 1 pm,
creating cavities as observed in Fig. 6 Aj, supporting the textural mes-
oporosity deduced from Ny isotherms. The use of urea is expected to
develop a porous material due to the release of COy during its poly-
merization, providing porous structures composed of pressed sheets
with irregular roughness [66-69]. The treatment with thiosulfate led to
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Fig. 6. TEM pictures of CNu (A and B) and SCNu-5 % (C and D). HAADF and element mapping of CNu (E and F) and SCNu-5 % (G and H).
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Fig. 7. DRS-UV-visible spectra (A) and Tauc’s plot (B) of the CNx and SCNx-5 % samples.
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particles of smaller size, up to roughly 500 nm in which the roughness is
considerably softened. The presence of sulfur and sodium in the SCNu-5
% was confirmed by EDS mapping although the intensity at which
detected was low, due to the low concentration as the quantification by
XPS suggested.

The DRS-UV-visible characterization was conducted to evaluate the
optical properties. The absorption spectra are portrayed in Fig. 7A, and
the bandgap calculation (Table 1) is depicted in Fig. 7B. All the CN
photocatalysts performed a strong absorption ability in the visible range,
the result of the n-n * electronic transition of the conjugated planes. The
lowest absorption of CNu may be the result of the presence of less
condensed melem or melon oligomers, a fact corroborated by the lower
crystalline structure in this case [70]. This effect impacted the bandgap
of the three precursors, i.e. CNm (2.60 eV) ~ CNt (2.66 eV) < CNu (2.85
eV). Poor crystallinity of g-C3N4 has been reported to promote an
enlargement of the n-n*piling distance, which embraces a wider
bandgap and more charge recombination [71], both detrimental for a
photocatalytic application. The modification of thiosulfate enlarged the
harvesting of radiation in the visible range; therefore, decreasing the
bandgap values, which was more appreciable in the case of the largest
bandgap CN, i.e. CNu.

3.2. Photocatalytic production of aldehydes

The photocatalytic production of aldehydes with the different
graphitic carbon nitride prepared from the different precursors’ for-
mulas was first evaluated with the oxidation of cinnamyl alcohol (CA) to
cinnamaldehyde (CD). Fig. 8 depicts the time course of the CA con-
centration and the related pseudo-first order rate constant (kca). As
illustrated, CA was not photolyzed under the source of irradiation used,
i.e. UVA of 365 nm. The different precursors lead to g-CsN4 with
different efficiency in the oxidation of CA. The melamine was the least
active g-C3Ny, kca = 0.086 h~!. The CNt and CNu improved the results
achieved with melamine, leading to similar activity, kca = 0.241 +
0.019 h™! for CNt and kca = 0.265 + 0.004 h™! for CNu. The photo-
catalytic oxidation reactions are triggered on the surface of the semi-
conductor after irradiation. Both textural and optical properties define
the activity of the material. The optical properties of CNm, CNt, and CNu
in terms of bandgap or photoluminescence response (see Fig. 8C) cannot
solely explain why CNu is the most photoactive. In this case, it seems
that the surface area, much higher in the CNu sample, is the key factor.

The modification with thiosulfate of the CNx samples led to different
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behavior depending on the precursor. Regarding melamine, the photo-
catalytic activity of CNm-5 % was improved concerning the bare CNm,
although the increase in the kca was limited, from 0.086 + 0.003 to
0.224 + 0.005 h™!. In the case of thiourea, the modification with thio-
sulfate led to a detrimental effect, negatively affecting the oxidation
kinetics of CA, 0.241 =+ 0.019 to 0.136 =+ 0.003 h™!. The modification
with 5 % of NayS203 did not substantially change the surface area of the
CNx samples. Therefore, the differences in photocatalytic activity may
rely on the optical properties. According to the photoluminescence of
the samples, see Fig. 8C, the PL peak of thiourea was increased after the
thiosulfate treatment, leading to a poorer separation of charges. The
analysis by photoluminescence has been linked to the electronic
behavior of a semiconductor after irradiation. Hence, after excitation,
the electron-hole pair recombination leads to the emission of a photon of
energy equal to the bandgap energy. Therefore, a low-intensity PL peak
can be associated with a lower recombination effect, undesirable phe-
nomenum for efficient radiation harvesting [72]. The incorporation of
sulfur and Na' contributed to imperfections that minimized the elec-
tronic recombination after excitation [40,42,43], leading to enhanced
photocatalytic activity. The photocatalytic activity described by CNt and
SCNt-5 % is under the response registered by PL. The CNu modification,
i.e. SCNu-5 %, led to the best improvement compared to the rest of the
used precursors. In this case, the kgy was remarkably augmented from
0.265 + 0.004 to 0.792 + 0.044 h™!, which means 3 times folded. The
PL intensity of the SCNu-5 % was considerably lower than the coun-
terpart CNu; therefore, the modification with thiosulfate improved the
charge separation rate, minimizing the recombination effect that posi-
tively impacts the activity performance. As the modification of CNu led
to the best result, the proportion of thiourea was assessed for this
sample.

Fig. 9 depicts the effect of the thiosulfate ratio during the modifi-
cation of CNu. As illustrated, it is observed that the proportion of thio-
sulfate reaches an optimum value for the kinetics of CA oxidation,
located at 5 %. The kcy values matched the behavior of the PL peak,
being the activity inverse to the intensity of the emission peak, CNu-5 %
(0.792 + 0.044 h™!) > CNu-10 % (0.682 + 0.044 h™!) > CNu-3 %
(0.615 + 0.040 h™!) > CNu-1 % (0.341 + 0.012 h™!) > CNu (0.265 =+
0.004 h™1). Therefore, the modification with thiosulfate could be
ascribed to the minimization of the recombination effect by the defini-
tion of imperfections on the surface, despite the case of SCNu-10 % in
which a decrease of the surface area, and therefore the active reacting
sites, was observed.
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Based on the greater photocatalytic performance during CA oxida-
tion, the sample SCNu-5 % was selected for further study. Fig. 10 por-
trays the average selectivity during the 5 h of CA oxidation to CD. The
selectivity of the SCNu-5 % sample was ~20 % whereas the non-
modified CNu achieved 13 %. More interestingly, not only did the na-
ture of the solvent impact kinetics but also the selectivity. In the pres-
ence of acetonitrile (ACN), the sample SCNu-5 % led to a reduction of
the kca to 0.140 4 0.007 h~!. However, selectivity was boosted to 51 %
in the presence of ACN. The use of a water-ACN mixture at 50:50
described intermediate kca and selectivity values. In the presence of

water, cinnamyl alcohol displays great reactivity. The aldehyde forma-
tion passes through a hydration step to form a geminal diol in the
presence of water, which then dehydrogenates to trigger the corre-
sponding acid, making the transient aldehyde formed undetected in the
reaction medium [1]. In the specific case of cinnamaldehyde, the hy-
dration and further oxidation to form cinnamic acid have been reported
as important [1]. This fact explains why the selectivity of CA decays in
the presence of water if compared to organic solvents such as acetoni-
trile or toluene [73]. Moreover, the presence of organic solvent also
promotes a higher solubility of O if compared to water [74]. The lack of
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water and the higher dissolved Oy may lead to a better generation of
superoxide radicals and photogenerated holes, positively impacting the
selectivity to the aldehyde [23].

The effectiveness of the SCNu-5 % sample in water was also tested in
the oxidation of other aromatic alcohols, such as benzyl and vanillyl
alcohol, generating their respective aldehydes. Fig. 10C depicts the time
course of each alcohol and its aldehyde. In the case of benzyl alcohol
(BA), it is observed that the reactivity is lower than the observed for
cinnamyl alcohol, kcpa = 0.792 + 0.044 vs kgp = 0.236 £+ 0.007 h L
Nonetheless, the oxidation was exclusively oriented to the production of
benzaldehyde, leading to a selectivity of 100 %. In the case of the
oxidation of vanillyl alcohol (VA), it was not the case. This alcohol was
the least reactive to the SCNu-5 % sample, kyy = 0.088 + 0.003 hl,
with a poor selectivity to vanillin (VD), only 5 %.

The impact of the different Reactive Oxidative Species (ROS)
involved in the oxidation of cinnamyl alcohol has been elucidated by
adding to the reaction medium different chemical scavengers that
inhibit certain species associated with a higher affinity towards them
[75-77]. Fig. 11A shows the temporal evolution of CA concentration in
the presence of inhibitors. The influence of superoxide radical (03%),
generated after adsorbed O is reduced by the photogenerated electrons
of the conduction band was evaluated by exchanging the air bubbling
with Ny, with the addition of chemical scavengers such as p-benzoqui-
none (p-BZQ) or tiron [23,78]. In the presence of No, the kcy was
reduced, as illustrated in Fig. 11B, which proves the importance of O3 in
the overall oxidative mechanism. However, the absence of Oy may
contribute to a higher recombination effect since the photogenerated
electrons are not consumed. A test with p-BZQ was conducted. The ki-
netics was considerably decelerated, i.e. kcy was 30 % of the blank test.
Although this fact would mean considerable participation of O3, the
results must be interpreted with caution due to the complex chemistry of
p-BZQ which may lead to alternative side-chain reactions [76], such as
reaction with HO®, formation of semiquinone radicals [25], or photol-
ysis that produces extra O3 [79] or 102 [80]. For this reason, tiron was
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also assessed as an alternative scavenger [76]. In the presence of tiron,
the kca value was not substantially altered as observed with p-BZQ.

The role played by the HO® was evaluated in the presence of tert-
butyl alcohol (TBA), due to its high affinity [81]. In the test with TBA,
the CA oxidation kinetic was barely altered; therefore, the influence of
HO® must be discharged. To further confirm the lack of HO®, a probe test
of 2-hydroxy-terephthalic acid (2-HO-TPA) from the reaction of ter-
ephthalic acid (TPA) with HO® was conducted [27]. According to the
considerable signal-to-noise ratio of the fluorescent spectra registered
for 2-HO-TPA with the temporal evolution (Fig. 11C), the amount of 2-
HO-TPA could be predicted as negligible. The quantification led to the
temporal profile of 2-HO-TPA depicted in Fig. 11D, whose values were
all below the limit of detection of the method, stimated as 0.21 pM, a
value much lower than the detected in photocatalytic processes with a
predominant role of the HO® route [28,82].

The plausible contribution of the photogenerated holes to the
oxidative mechanism was assessed by two traditional hole-scavengers,
the oxalate anion [83] and ethylenediaminetetraacetic acid (EDTA)
[83,84]. The addition of oxalate anion decelerated the kinetics of CA
oxidation while EDTA kept it like the blank test. Interestingly, selectivity
was raised in both cases, which may be proof of a more selective
oxidation process in the absence of the photogenerated holes. It should
be considered that the presence of these substances positively contrib-
utes to the kinetics of the process in some cases since it favors the
insertion of extra photogenerated electrons to the conduction band as
the holes are consumed. The faster and greater removal in the presence
of EDTA compared to oxalate has been confirmed as superior due to the
hole consumption by EDTA [83]. Therefore, it seems that the presence of
holes contributes to the degradation process, negatively affecting the
selectivity of the process if compared to the superoxide radical. Finally,
the contribution of single oxygen was evaluated by adding L-histidine
(L-H) to the aqueous medium [26]. Nonetheless, the addition of L-H did
not modify the kinetics of the process.

A plausible mechanism of photo-activation with the band alignment

p-BZQ tiron TBA oxalate EDTA L-H

L L L L L L n L

90 120 150 180 210 240 270 300
time (min)

Fig. 11. Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). The pseudo-first order rate constant of CA abatement with SCNu-5 % in the
presence of chemical scavengers (A), the CA conversion at 5h and average selectivity to CD (B). Photoluminescence spectra of 2-OH-TPA (C) and the temporal
evolution of the concentration of 2-OH-TPA (D) during the photocatalytic transformation of TPA with SCNu-5 %. Experimental conditions: UVA radiation; V =

350mL; Ccao = 1mM; Csenusys = 0.58L 7%

10

Cscavenger = 1mM; CTPA,O =1mM; T = 20°C.
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Fig. 12. Estimation of the valence band edge of CNu and SCNu-5 % by XPS (A) and their band’s alignment proposal (B).

for CNu and SCN-5 % is proposed in Fig. 12. The valence band energy
level was tentatively estimated from the energy edge of XPS (VBxps) at
low energy values, see Fig. 12A. The Fermi level is above the estimated
VBxps value [85,86]. Furthermore, the band edge positions of the
valence band (Eyg) can be calculated as follows [87,88]:

Evg = AE — Eyac +Ws 1)
where AE stands for the difference between the Ep level and the VB
maximum value, Ey, is the energy of free electrons in the hydrogen scale
(4.5eV), and Wg means the work function. The work function Wg can be
considered 4.0eV for g-C3N4 materials [89]. Table 2 shows all the XPS
edge values for the CNx and SCNx-5 % samples. All the CNx materials
display very similar energy edges in their XPS spectra, around +2.0 eV, i.
e. their Eyp is +1.5 eV. However, concerning the values of the SCNx-5 %,
it was only the sample prepared with urea the precursor that performed
an enlargement of the value, concretely the XPS valence band was +2.2
eV, i.e. the Eyg = +1.70 eV. This shifted value after thiosulfate modifi-
cation implies a higher oxidative potential of the holes of the modified
photocatalyst. From the estimated Eyp, the conduction band energy
(Ecp) was determined by subtracting the bandgap energy from the Eyp,
leading to Ecg = —1.35 eV for CNu and Ecg = —1.05 eV for SCNu-5 %.
The value obtained in this work for CNu is within the range of values
reported in the literature [90]. A scheme of the band’s alignment is
portrayed in Fig. 12B for CNu and SCNu-5 %. According to this band
placement, it is stated the unfeasibility of the formation of HO®, since the
redox of the pair HyO/HO® is +2.31V [91]. Conversely, the production
of the O3 is favored, with redox potential O5/03, —0.33V [92]. The
contrast of the band’s energy before and after modification with thio-
sulfate led to an increase in the redox potential of the photogenerated
holes. This fact and the enhanced migration of charges from the pho-
toluminescence emission spectra can be attributed as the main reasons
for the boosted photocatalytic activity difference after thiosulfate
modification.

The sample with the optimum activity, i.e. SCNu-5 %, was submitted
to sequential recycling and reusing tests to examine the material’s sta-
bility. Fig. 13A depicts the cinnamyl alcohol evolution during four
consecutive experiments in water and Fig. 13B illustrates the pseudo-
first order rate constant calculated from each one. As depicted, no sig-
nificant loss of activity was observed. The time-course curves were
completely overlapped among them, with an insignificant deviation at
the beginning of the assay. The alcohol conversion over 180 min was the
same in all the runs. Besides, the pseudo-first order rate constant was
kept stable with a minimal decrease, i.e. 0.792 hlas run), 0.763 h!
(2™ run), 0.693 h! (3" run), and 0.677 h~' (4™ run), which evidences
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Fig. 13. Stability tests of SCNu-5 % sample. (A) Time-course of the CA
normalized concentration. (B) Pseudo-first order rate constant of CA abatement.
(C) FTIR spectra before and after use. Experimental conditions: UVA radiation;
V = 350mL; Cca = 1mM; Ceatatyst = 0.5¢g7!, T =20°C.

the great stability of the material. The material recovered from the last
run was characterized by FTIR. As shown in Fig. 13C, the characteristic
absorbance footprint of the material was maintained, discharging
structural changes after its use.

4. Conclusions
Photocatalytic reactions provide a new platform for synthesizing

added-value organic compounds such as aldehydes from the oxidation of
their alcohols. Hence, the reaction of alcohol oxidation under ambient
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temperature and pressure conditions, water as a solvent instead of the
traditional expensive and toxic organic solvents, and a metal-free
cheaper catalyst such as graphitic carbon nitride has been examined.

The nature of the nitrogen carbonaceous precursor strongly impacts
the crystalline and textural properties of graphitic carbon nitride for-
mulas, leading to the use of melamine for a more crystalline and less
porous g-CsNy, due to the important gases released during the pyrolysis
process of thiourea and, especially urea, which leaves imperfections in
the structure. In the case of thiourea, and remarkably urea, the syn-
thesized g-C3N4 was less crystalline and more porous. This aspect is
essential in photocatalytic performance, with the g-C3Ny4 prepared with
thiourea and urea being the most active. The oxidation rate constant of
cinnamyl alcohol was 0.086 = 0.003 h™! for the material prepared with
melamine, 0.241 + 0.019 h™! with thiourea, and 0.265 + 0.004 h™*
with urea (initial alcohol concentration, 1 mM). The modification with
sodium thiosulfate incorporated enhanced the photocatalytic activity, in
the g-C3N4 prepared from melamine and urea, being the latter consid-
erable, i.e. the pseudo-first order rate constant of cinnamyl alcohol
oxidation kga = 0.792 =+ 0.044 h™!. This improvement was ascribed to
the better separation of charges and reduction of the recombination
effect as suggested by the photoluminescence characterization, origi-
nated by the creation of imperfections on the carbon nitride base, raising
the oxygen content and incorporating S as thiocyanate/isothiocyanate,
C-S-C, and C-SO2 bonds. The selectivity to cinnamyl alcohol of the
thiosulfate sample prepared with urea was enhanced from 13 % (bare g-
C3Ny) to 23 % in aqueous solution. This value was further boosted by
replacing the aqueous media with acetonitrile, increasing it to 51 %.
This sample demonstrated higher effectiveness in oxidizing benzyl
alcohol to benzaldehyde, i.e. 100 % selectivity. The study of the mech-
anism of the reacting species involved in the process suggested the
importance of superoxide radicals and holes, the former being more
selective. The hydroxyl radical impact was negligible due to insufficient
energy for the oxidation of water molecules.
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