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Abstract: In the quest to combat global warming, traditional thermal chemistry processes are giving
way to selective photocatalysis, an eco-friendly approach that operates under milder conditions,
using benign solvents like water. Benzaldehyde, a versatile compound with applications spanning
agroindustry, pharmaceuticals, and cosmetics, serves as a fundamental building block for various
fine chemicals. This study aims at enhancing benzaldehyde production sustainability by utilizing
photooxidation of benzyl alcohol. Gold nanoparticle-based catalysts are renowned for their excep-
tional efficiency in oxidizing bio-based molecules. In this research, Au nanoparticles were anchored
onto three distinct supports: TiO2, ZrO2, and graphitic carbon nitride (g-C3N4). The objective was to
investigate the influence of the support material on the selective photocatalysis of benzyl alcohol.
In the preparation of g-C3N4, three different precursors—melamine, urea, and a 50:50 mixture of
both—were chosen to analyze their impact on catalyst performance. After 4 h of irradiation at
365 nm, operating under acidic conditions (pH = 2), the Au photocatalyst on graphitic carbon nitride
support synthesized using urea precursor (Au@g-C3N4(urea)) displayed the optimal balance between
conversion (75%) and selectivity (85%). This formulation outperformed the benchmark Au@TiO2,
which achieved a similar conversion rate (80%) but exhibited lower selectivity (55%).

Keywords: photooxydation; g-C3N4; benzyl alcohol; benzaldehyde; gold nanoparticles; water solvent

1. Introduction

As the world grapples with escalating energy needs driven by expanding human
activities, the reliance on fossil fuels remains pervasive across many regions. Unfortu-
nately, this reliance carries the heavy burden of greenhouse gas emissions, with carbon
dioxide levels consistently surging. NASA data [1] illustrates this concerning trend, reveal-
ing that in May 2003, atmospheric CO2 concentrations stood at approximately 375 ppm
and that, fast-forward 20 years to May 2023, this figure has spiked to 421 ppm. This
relentless increase necessitates a concerted effort to diminish humanity’s dependency on
fossil resources, propelling the quest for innovative solutions. Among these solutions,
biomass valorization, which can effectively harness an otherwise wasted resource and
reduce significant CO2 emissions, holds significant promise. Biomass, the organic mat-
ter accumulating solar energy within the planet’s vegetation, can be a valuable source
of material and energy. This source encompasses lignocellulosic biomass derived from
agricultural residues, agro-industrial waste, and materials from the paper and textile indus-
tries, among others. These materials yield valuable sugars like xylose and glucose, which,
in turn, provide a foundation for novel molecules and low-carbon or low-greenhouse gas
emission fuels [2,3]. Carbohydrates have already been found to be extensively used in
non-food applications, serving as crucial components in adhesives, additives, and more.
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However, significant economic and scientific challenges must be addressed to unleash
the full industrial-scale potential of this resource. Various strategies have been explored,
including esterification and halogenation, but one of the most vital approaches involves
the oxidation of carbohydrates and furanic compounds to produce bio-based organic
molecules or intermediates applicable across a range of sectors, including pharmaceuticals,
processing, cosmetics, and energy [2,4]. One illustrious bio-based chemical born from these
processes is benzaldehyde, known for its almond-like aroma and found in apricot, cherry,
and peach seeds, among other sources. Within the aromatic aldehyde family, benzaldehyde
plays a prominent role in the perfumery industry, has earned “safe” status for food use
from the American Food and Drug Administration (FDA), and serves as a precursor for
various other aldehydes like cinnamaldehyde and methylcinnamaldehyde [5,6]. While
benzaldehyde can be derived from bio-based raw materials, the predominant industrial
method involves toluene chlorination followed by oxidation, often conducted at elevated
temperatures (65–100 ◦C) [6,7], sometimes necessitating the addition of oxidizing agents
like H2O2 or fluorinated solvents [8,9]. These harsh conditions pose risks and contribute to
increased waste production. Researchers have been looking for new ways to generate a
sustainable, environmentally friendly reaction to produce benzaldehyde. Photocatalysis is
one of the green approaches explored in this paper to form benzaldehyde.

Photocatalysis was born by mimicking nature, especially with photosynthesis. In fact,
the common points are numerous: light conversion, photo-charge transfer and separation,
diffusion, and adsorption of reagents [10]. Developed in the 1960s with a first publication on
the water splitting into H2 and O2 from a TiO2 electrode [11], presently this new approach
offers a transformative alternative to traditional catalysts, unlocking new possibilities and
enhancing safety across a wide spectrum of applications, from environmental solutions
to pharmaceuticals, energy, and chemistry [12–14]. Nevertheless, there remain several
challenges that limit its application on a larger scale [10]. The first one is the improvement
of the light use. Indeed, the principle of photocatalysis is based on the conduction of
the electrons from the valence band (VB) to the conduction band (CB), thanks to the
absorption of an energy light emission. Some strategies are currently in full development,
but it is possible to cite the improvement of the capture of sunlight through the use of
photocatalysts whose structure is inspired by plants. For instance, the hollow-structure
nanoparticles can improve the capture light efficiency owing to the multireflection inside
the sphere [15]. The most common semiconductors have a band gap in the range of
3–6 eV. After conversion, this corresponds to a radiation source in the UV range. However,
the proportion of UV light in sunlight emission is very low (only 4–5%) [16]. Thus, another
strategy is to develop new semiconductors that are more sensitive to sunlight emission
(especially in the visible range). The last strategy for the improvement of light use consists of
the enhancement of the photoelectron-hole separation. Holes are formed when the electrons
are conducted to the CB; however, this state is unstable, and the electrons recombine with
the holes to recover the initial stability. It was constated that on the bands, some redox
reactions occur during this period. Unfortunately, this recombination is too fast; thus,
the photocatalytic efficiency is low [17]. Always inspired by photosynthesis, researchers
try to improve the redox capacities by constructing photocatalysts with heterojunctions.
A second challenge is to optimize the catalytic reaction process by improving the mass
transfer mechanism between the substrate molecules and the active sites. Mesoporous
materials (i.e., TiO2 [15]) possess ordered and tunable pores along with a high specific
surface area. This ensures good accessibility and rapid mass transfer to active centers [18].
Moreover, it is necessary to ensure the durability of the photocatalysts, which is a key issue
that limits their applications. In fact, after several long-term irradiation, the photocatalyst is
poisoned due to the adsorption on the surface of products or by-products. As a result of this
clogging, the photocatalyst loses its activity, either the inhibition of the photon absorption
and/or the inability of the substrate molecules to diffuse to the active sites [19]. Finally,
the last challenge consists of the enhancement of the photocatalyst activity. For this purpose,
two strategies are mainly explored: the preparation of materials with a single-crystal facet
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and the integration of a supported co-catalyst. Crystal facets exhibit high surface energy
as a consequence of high photocatalytic activity because of good separation of the charge
carriers and abundant active surface sites [10]. This strategy enables the enhancement
of the photocatalytic activity at the atomic scale by preparing material with a single and
specific facet, such as TiO2 demonstrated the best photocatalytic activity with the (001)
facet than the others [20]. The second strategy involves combining a semiconductor with
a co-catalyst, which adapts the band structure, improves the interfacial charge transfer,
and provides more active centers. This alternative approach allows the enhancement of
the photocatalytic properties of semiconductor materials [10]. Frequently, noble metals are
used as co-catalyst [21], permitting the facilitation of the interfacial migration of charge
thanks to the formation of a Schottky barrier at the interface between the semiconductor
and the co-catalyst [22]. However, this strategy will be developed and provided through
this study.

Titanium dioxide (TiO2) and its variants stand out, cherished for their stability, cost-
effectiveness, and minimal environmental and human health risks [23,24]. TiO2 has already
achieved widespread use, particularly in photovoltaic power generation [25]. Since the
1950s, carbon-based materials, including fibers, nanotubes, graphene, and mesoporous
structures, have revolutionized numerous fields. These materials form robust covalent
bonds, enhancing properties such as strength, density, hardness, and electronic conduc-
tion capabilities. Among carbon-based semiconductor materials, carbon nitride graphite
(g-C3N4) emerges as a promising contender [26]. Discovered in the 1830s [27], g-C3N4
is comprised primarily of carbon, nitrogen, and traces of hydrogen and is a polymeric
material characterized by the heptazine motif. This structural feature confers upon carbon
nitride graphite excellent electron conduction properties, thanks to its conjugated π-bonds
and nitrogen’s non-bonding doublet [28]. As a result, g-C3N4 emerges as an exceptional
photocatalyst with high photoelectric properties and an appropriate band gap for visible
light (450 nm) [29], distinguishing it from TiO2, which predominantly absorbs near-UV light
(380 nm) [30]. Moreover, this carbon-based polymer can be produced from bio-sourced
precursors rich in nitrogen and carbon, like melamine and urea, using a cost-effective and
solvent-free process [31]. Already, g-C3N4 has found utility in numerous applications,
from hydrogen production [32–34], to water treatment through the photodegradation of
pollutants [35–37] and nitrogen oxide (NO) removal [38,39].

In the context of photooxidation, various studies have delved into the photocatalytic
transformation of benzyl alcohol into benzaldehyde, employing a range of organic sol-
vents such as DMSO, benzotrifluoride, and acetonitrile [40–42]. While water has also
been employed as a solvent by different researchers, it is important to note that these
endeavors have often resulted in limited conversion of benzyl alcohol or modest yields
of benzaldehyde [43,44]. Furthermore, some photocatalytic systems have raised concerns
about potential hazards. For instance, a study involving a CdS/TiO2 photocatalyst demon-
strated promising results with an approximate conversion rate of 60%. Unfortunately,
the degradation of this catalyst can result in the release of highly toxic Cd2+ ions into the
solvent, posing a significant environmental risk [45,46]. On the other hand, g-C3N4 has
gained recognition for its safer profile and has been the subject of numerous investigations.
It has been reported that while g-C3N4 exhibits low conversion rates of benzyl alcohol,
it excels as a highly selective photocatalyst for benzaldehyde [47,48]. This work focuses
on the development of a promising, efficient, and selective photooxidation method for
converting benzyl alcohol into benzaldehyde. This transformation is achieved using an
aqueous substrate solution under mild temperature and pressure conditions, with the
added advantage of employing energy-efficient LED technology as the light source.

Furthermore, this study places special emphasis on the deposition of gold nanoparti-
cles (NPs) onto g-C3N4, a critical aspect that has been thoroughly investigated. Additionally,
different precursors have been employed in the preparation of g-C3N4, and meticulous
attention has been paid to discerning potential distinctions among these various precursors.
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The outcomes of these investigations are thoughtfully compared with the performance of
TiO2 and ZrO2, providing valuable insights into the photocatalytic process.

2. Materials and Methods
2.1. Chemicals

The following chemical compounds were used in the different next sections: ZrO2
(99%), TiO2 (≥98%), HAuCl4(sol.)(30 wt.%, 99.99%), PVA (MW: 9000–10,000), sodium boron-
hydride (NaBH4, ≥96%), urea (99–100.5%), melamine (99%), benzyl alcohol (99.8%, anhy-
drous), benzaldehyde (99.5%), formic acid (≥95%) were all provided from Sigma-Aldrich
(Saint-Louis, MO, USA); nitric acid (HNO3, 67–69%), sulfuric acid (H2SO4, 93–98%) and hy-
drochloric acid (HCl, 35–37%) were provided from SCP Science (Baie d’Urfé, QC, Canada).

2.2. Preparation of Gold NPs on M(M=Zr,Ti)O2

The catalysts containing 2 wt.% gold were prepared by the sol immobilization method
of gold nanoparticles on TiO2 and ZrO2, following a method reported in our previous
works [49]. The metal loading of 2 wt. % permits good dispersion of metallic nanoparticles
and guarantees the optimal charge separation [49,50]. In brief, in 200 mL of distilled water,
115 mg of HAuCl4 solution were added, followed by the addition of a 1.2 mL) of 2 wt.%
PVA solution. After agitation for 2–3 min, a 5 mL of 0.1 M sodium boronhydride solution
was added to reduce gold ions. For efficient reduction of gold ions and immobilization
of gold nanoparticles on support, the molar ratio of Au:NaBH4 was 1:5. The solution
was agitated for 30 min, then 1 g of titanium oxide was introduced. The suspension was
agitated for 2 h and finally filtrated on Büchner, washed with hot distilled water (60 ◦C)
(3 × 200 mL) and ethanol (1 × 200 mL) and dried in an oven overnight at 60 ◦C.

In the case of zirconium oxide, the same procedure was applied as for TiO2; however,
after adding the support, the pH of the suspension was adjusted at a pH around 3, from an
acid solution stock (HNO3, 1 M). All the routes were repeated three times to guarantee the
accuracy of the method.

2.3. Preparation of the Carbon Nitride Graphite Carrier (g-C3N4)

A previous method reported in [51] was used to prepare the supports. Moreover,
three carbon-based carriers were prepared with different carbon/nitrogen precursors: urea,
melamine, and a mix of both (50:50, wt:wt). Then, they were crushed in an agate mortar.
For each precursor, 10 g were placed in a porcelain crucible and put in a calcination oven.
The powders were correctly closed with another porcelain crucible and heated at 550 ◦C
(10 ◦C/min) for 3 h, under static air. Each of the supports was prepared in triplicate.

2.4. Preparation of the Gold NPs supported on Carbon Nitride Graphite

The prepared supports were loaded with 2 wt.% gold NPs by a simple and modified
method previously reported in [52,53]. From the carbon nitride support, 500 mg were
dispersed homogeneously in 50 mL of distilled water by an ultrasonic bath for 1 h. Then,
a HAuCl4 solution was added (57.5 mg), followed by the reduction step with a NaBH4
solution in the same proportion as described in Section 2.2. Afterward, the pH solution was
adjusted to 2 by adding a nitric acid solution at 1 M, and the suspension was mixed for 2 h.
After 2 h, the solution was filtrated on a Büchner. The catalyst was washed with distilled
water until the pH increased at 7 and ethanol (1 × 200 mL), and finally dried overnight in
an oven at 60 ◦C. The synthesis was repeated three times.

2.5. RAMAN Spectroscopy

The Raman spectra were recorded on XploraTM Raman confocal Microscope (HORIBA
Jobin Yvon, Kyoto, Japan) equipped with a multiple-wavelength laser. The excitation
wavelength used in this study was 785 nm sourced by diode laser with a laser power of
90 mW. A 50× (LWD: long working distance; NA: 0.50) objective was used to focus the
laser beam down to a 1.9 µm-diameter spot on the sample. The scattered light was collected
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by the same objective and passed through a notch filter to minimize Raleigh’s scattered
components before detection. The Raman is equipped with a CDD detector cooled with
a Peltier cooling (213 K). The Raman scattered light was collected in the spectral range
100–1200 cm−1. To improve the spectra resolution, a 600 gr/mm grating was used and
acquired one time for 120 s.

2.6. X-ray Diffraction (XRD)

Powder X-ray diffraction patterns were obtained using a D8 Advance X-ray powder
diffractometer (Bruker, Karlsruhe, Germany) equipped with a Cu Kα1 radiation source
(λ = 1.5406 Å) operating at 40 kV and 40 mV and a detector 1D Lynx eyes detector. The in-
tensity data were collected over a 2θ range of 10–70° with a step size of 0.014° using a
counting time of 0.1 s per point. Crystalline phases were identified by comparison with
the reference data from ICDD files. Finally, the crystallite size was evaluated using the
Scherrer equation:

τ =
Kλ

β cos(θ)
(1)

where: τ, crystallite size (Å); K, shape factor (no dimension); λ, the X-ray wavelength
(1.5406 Å); β, the line broadening at half of the maximum intensity (FWHM) (rad); θ, Bragg
angle (°).

2.7. Organic Analyzer: CHNS

To determine the organic elements, the Flash Smart analyzer (Thermo Scientific,
Waltham, MA, USA) was used. For CHNS determination, the samples were weighted
in tin containers and introduced into the combustion reactor. The reactor is filled with
copper oxide followed by wire-reduced nickel and maintained at 950 ◦C. It operates with
dynamic flash combustion of the sample. The N, C, H, and S were detected as N2, CO2, H2O,
and SO2, respectively. The resulted gases were separated on a packed column (Hayesep
2 m × 6 mm) heated at 60 ◦C in an oven and detected by a TCD (thermal conductivity
detector). Each sample was analyzed three times to obtain reliable results.

2.8. X-ray Fluorescence

The relative contents of titanium, zirconium, and gold were determined with the use
of an energy dispersive micro-X-Ray Fluorescence spectrometer M4 TORNADO (Bruker,
Berlin, Germany). For sample characterization, the X-rays Rhodium equipped with a
polycapillary lens was used. The detector used was a Silicon-Drift-Detector Si(Li) with
<145 eV resolution at 100,000 cps (Mn Kα) and cooled with a Peltier cooling (253 K). The el-
ements that can be measured by this instrument unit range from sodium (Na) to uranium
(U). Quantitative analysis was conducted using fundamental parameters (FP) (standard
less). The measurement was made under a vacuum (20 mbar). As elements are present
in stoichiometric compounds formula TiO2 and ZrO2 for Titanium and Zirconium Oxide,
respectively, this knowledge was used for quantification of the weight percent of each
element. For analysis, a few milligrams of dried and ground samples were placed in
a multi-well plate of thickness of 2 mm for each well. For each sample, 36 points were
measured in order to cover the sample surface with a spot size of 200 µm for each point.

2.9. ICP-OES

The elemental analysis was performed by inductively coupled plasma-optic emission
spectroscopy 720-ES ICP-OES (Agilent, Santa Clara, CA, USA) with axially viewing and
simultaneous CCD detection. The quantitative determination of metal content in the
catalysts was made based on the analysis of certificated standard solutions. The ICP
Expert™ software (version 2.0.4) provides the concentration of metal in the sample, allowing
estimating the weight percentage of gold (Au). All the analyses were performed 40 min
after the spectrometer was turned on to achieve a stable plasma as well as a constant and
reproducible sample introduction.
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The sample preparation was made by dissolving 10 mg of dried and ground samples
catalyst in concentrated aqua regia solution (HNO3:HCl) (1:3, v:v). All the sample solutions
were stirred overnight in an ultrasonic cleaner heated up to 80 ◦C and diluted in 20 mL of
ultrapure water before being analyzed by ICP-OES.

2.10. UV-Visible Spectroscopy Analyses

The analyses realized on UV-Vis were conducted on a Lambda 650 apparatus of
Perkin–Elmer (Shelton, CT, USA), on a wavelength scale between 220 and 870 nm. For the
analysis needs, the samples were crushed and conditioned in a quartz cuvette of 1 mm path
length before being carried in the apparatus sample holder. The energies corresponding to
the wavelengths were calculated from the Plank-Einstein relation, such as:

E = h × ν = h × c
λ

(2)

where: E, Energy of the incident emission (converted in eV from the elementary charge:
≈1.60 · 10−19 J = 1 eV); h, Plank constant (≈6.63 · 10−34 J s) ; c, celerity of light (≈3× 108 m s−1);
λ, wavelength of the incident light (nm).

2.11. Transmission Electronic Microscopy (TEM)

The TEM has been performed on a Thermo Fisher Scientific (Waltham, MA, USA)
G2-20 twin TEM with LaB6 filament operating at 200 kV. The bright field images have been
acquired in parallel electron beam with a 20 µm diffraction aperture and using a Gatan
CCD camera.

2.12. Photocatalytic Reactions

The screening of the catalysts was realized for the photooxidation of benzyl alcohol
to benzaldehyde as the main product. The reactions were performed using a LightSyn
Illumin8 (ASYNT, Cambridgeshire, UK) photoreactor, which was dedicated to studying
up to eight reactions per batch. Each quartz tube (8 mL) is equipped with its own LED
illumination (10 W) at 365 nm. Borosilicate glass tubes used for the photocatalytic tests
are highly transparent to UV radiation; however, a slight attenuation effect can affect the
intensity of the light passing through it. Moreover, due to the specificity of the equipment,
it was impossible to conduct specific measurements of this attenuation. Thus, the actual
power reaching the reaction mixture was likely to be slightly lower than the rated power of
the LEDs (≤10 W).

The tubes were loaded with 25 mg of catalysts or supports, then filled with an aque-
ous solution of benzyl alcohol (5 mL, 24.7 mmol/L). Based on the results of the work on
the benzyl alcohol photooxidation [54], the media were first acidified to pH 2 by adding
sulfuric acid. Finally, the reactions were conducted for 4 h, with stirring at 600 rpm, un-
der atmospheric pressure, and without temperature control (increased to 40 ◦C). After the
reaction, the samples were filtrated on nylon filters (0.2 µm) and analyzed on a UHPLC
chromatograph (Shimadzu, Kyoto, Japan) described below.

Moreover, conversion (C), selectivity (S), and yield (Y) were calculated from the
following equations, with BA representing benzyl alcohol and BAL benzaldehyde:

C(%) = [(nBA0
− nBA)/nBA0

]× 100; (3)

S(%) = [nBAL/(nBA0
− nBA)]× 100; (4)

Y(%) = [nBAL/nBA0
]× 100 (5)

where nBA0
represents the initial quantity of BA (mmol), nBA and nBAL the quantities

determined of BA and BAL, respectively, (mmol) after the reaction.
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2.13. HPLC Analysis

HPLC-DAD liquid chromatograph from Shimadzu equipped with diode array de-
tector (DAD) SPD-M20A (λ = 190–800 nm) and binary pumps LC-30AD were used for
the quantitative determination of the products. HPLC analysis is carried out using an LC
column polar column (C18) Kinetex©, 100 Å, 2.6 µm, 100 × 2.1 mm, operated at 22 ◦C.
Analysis is carried out at 197 and 243 nm, detectors cell temperature 22 ◦C. A gradient
elution was used between water with 0.1% formic acid (A) and acetonitrile with 0.1%
formic acid (B), with a total flow at 0.6 mL/min.

3. Results and Discussion
3.1. Gold NPs on Titanium and Zirconium Oxide

Figure 1 displays the Au@TiO2 and Au@ZrO2 X-ray diffraction patterns. For TiO2,
the XRD pattern shows the presence of anatase and rutile phases. Gold NPs were not
observed on TiO2 and ZrO2 catalyst patterns due to their high dispersion and small particle
size [50]. The symbols A and R indicate anatase and rutile phases of TiO2, respectively.
The anatase phase shows 3 major peaks at 2θ: A 25° (101), A 37.6° (004) and A 47.9° (200).
Minor peaks can be also observed for anatase and rutile as follows: R 27.4° (110), R 36°
(101), A 36.9° (103), A 38.48° (112), R 39.2° (200), R 41.1° (111), A 53.8° (105), A 54.2° (211), A
55° (211), R 56.57° (220), A 62° (213), A 62.6° (204) and R 69° (301). The Miller Indices were
assigned according to the PDF Card: 00-021-1272 for Anatase and PDF Card: 00-021-1276
for Rutile. The ZrO2 pattern reveals only the Baddeleyite phase when comparing the main
diffraction peaks and hkl at 28° (−111), 31.4° (111) and 50.1° (022) with those of the PDF
Card: 00-037-1484) from ICDD. These peaks correspond to the monoclinic P21/c crystal
system as reported by [55].

(a)

(b)

Figure 1. XRD patterns of the catalysts: (a) Au@TiO2 replicas. (b) Au@ZrO2 replicas.
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The XRF results presented in Table 1 reveal the quantity of gold loaded onto each
oxide support. While the expected gold content was 2 wt.%, an average of 2.27 wt.% of gold
nanoparticles (NPs) was quantified on TiO2. Conversely, only 1.89 wt.% of gold NPs was
measured on ZrO2. The deviation from the target gold could be attributed to the “matrix
effect” of the metal oxide [56], where the support’s quantity is either underestimated or
overestimated, consequently affecting the gold measurement. In the case of TiO2, it was
likely underestimated, while for ZrO2, the gold content might have been overestimated
based on the results of [56], which could have resulted in a total percentage exceeding 100%
or falling short.

Table 1. Gold content on Titanium and Zirconium Oxide from the XRF analyses.

Replicas Au Content on TiO2 [wt.%] Au Content on ZrO2 [wt.%]

Replica 1 2.30 1.88
Replica 2 2.29 1.88
Replica 3 2.24 1.69

Average 2.27 1.89
Std. Dev. 0.02 0.09

Rel. Std. Dev. [%] 1.08 4.74

Notably, the comparison between replicates for both supports highlights that the
relative standard deviation of gold content is low (1.08% on TiO2 and 4.74% on ZrO2),
confirming the validity of the respective synthesis methods.

3.2. Carbon Nitride Graphite (g-C3N4) Support

Figure 2 represents the XRD patterns and Raman spectra of the supports obtained
from the melamine, urea, and mixed precursors. XRD patterns (Figure 2a) obtained fit
perfectly with the graphitic carbon nitride model (PDF-Card:00-066-0813). On the one
hand, the patterns show an important peak at 27.4° (002), extremely characteristic of the
stacking of the aromatic rings [56]. This is confirmed by the stacking distance estimates
around 0.325 nm for the three g-C3N4 precursors. Thus, the results are close to the stacking
distance value of graphitic materials (0.34 nm) [57]. Although the peak around 13° (100) is
related to the repetition in the plan of the tri-s-triazine motif, the distance is evaluated to be
0.685 nm for all graphitic supports, which is consistent for this type of pattern [57,58].

On the other hand, the intensity of the main peak is not the same for all precursors.
According to the Scherrer equation, the crystallite size was evaluated on the most intense
peak (002) of the g-C3N4 phase: τg−C3N4(melamine) = 77.0 Å, τg−C3N4(mix) = 55.1 Å and
τg−C3N4(urea) = 26.0 Å. Consequently, the carrier acquired from melamine seems to be more
graphitized than that obtained from the mixture of melamine and urea or even from urea
alone. This implies that the more complex the precursor, the more accessible and faster it
is to graphitize the carbon nitride. This phenomenon is due to the mechanism by which
melamine is an intermediate in the urea calcination process [59].

Raman spectra in Figure 2b, provide the vibration of the graphitic carbon nitride.
As shown on the spectra, several signals at low Raman shift (400–600 cm−1) are assigned to
the breathing mode of heptazine. Furthermore, the 4 main peaks at around 700–970 cm−1

(¤) correspond to the breathing mode of heptazine and the final peak, ≈1220 cm−1 (△),
is attributed to the stretching modes of C-N and C=N bonds within the heterocycle [60].
On the other hand, the organic elements analyses confirm that for the three carbon nitride
supports, the same carbon:nitrogen (C:N) mass ratio ≈ 0.58 (Table 2); thus, the molar
ratio is approximately 0.68. This ratio is lower than expected (0.75) due to the presence of
hydrogen traces at the surface of the support. However, the most important loss is caused
by the release of carbon gases during the process. These various results confirm the correct
crystallinity and structure of all the carbon nitride supports prepared.
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(a)

(b)

Figure 2. g-C3N4 supports characterization: (a) XRD patterns. (b) Raman spectra.

Table 2. Organic elements analyses of g-C3N4 supports prepared from different precursors.

Supports C (wt.%) N (wt.%) H (wt.%) C:N

g-C3N4(melamine) 35.15 60.62 1.72 0.5798
g-C3N4(mix) 34.89 60.19 1.68 0.5796
g-C3N4(urea) 33.08 56.84 1.77 0.5820

3.3. Gold NPs on Graphite Carbon Nitride Carrier

The XRD analyses have confirmed two critical aspects: the preservation of the crys-
talline structure within the graphitic support and the effective immobilization of the gold
nanoparticles, as illustrated in Figure 3a. The XRD pattern can be accurately indexed to the
main peak at approximately 38° (111), along with two additional peaks at approximately
44° (200) and approximately 65° (220). These reflections are indicative of a face-centered
cubic (fcc) crystal structure consistent with the PDF Card reference: 00-066-0091. Notably,
variations in the degree of graphitization stemming from the different precursors have
discernible impacts on the crystallinity of the nanoparticles. Consequently, employing
the Scherrer equation, the crystallite sizes were calculated based on the most intense peak
(111) within the gold phase: τAu@g−C3N4(melamine) = 86 Å, τAu@g−C3N4(mix) = 70.6 Å and
τAu@g−C3N4(urea) = 58.8 Å. Because of the previous results for the crystallite sizes of the
supports, there is a correlation between the progress of the graphitization process and
the emergence of crystallinity in the gold NPs. The observed results regarding the crys-
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tallite sizes of the supports suggest a noteworthy correlation between the advancement
of the graphitization process and the development of crystalline structures in the gold
nanoparticles. In terms of the Raman spectroscopy findings, as depicted in Figure 3b, it is
evident that the carbon support remains structurally intact, as indicated by the presence
of characteristic peaks in the range of 700–970 and 1220 cm−1. Moreover, a comparison
of the Raman spectra both before (Figure 2b) and after the immobilization of the gold
nanoparticles underscores the impact of the supported nanoparticles. Notably, the intro-
duction of gold nanoparticles results in a reduction in the intensity of all spectral peaks,
eventually leading to an almost indiscernible spectrum, exemplified by g-C3N4(urea). The
gold nanoparticles serve as a shielding agent, diminishing the propensity of the support
bonds to vibrate. ICP analysis yielded a gold concentration of approximately 1.95 wt%.
Furthermore, the synthesized catalysts underwent evaluation using an organic analyzer,
which revealed a consistent C:N mass ratio of approximately 0.58 across all support types.
This finding indicates the absence of any detectable loss of elements, affirming that the
supports remained structurally sound during the immobilization of the nanoparticles.
Taken together, the characterization results provide assurance that the gold nanoparticles
supported on g-C3N4 are effectively immobilized, with the anticipated metal loading, all
while maintaining the structural integrity of the support throughout the process.

(a)

(b)

Figure 3. Au@g-C3N4 (a) XRD patterns with the g-C3N4 (black) and Gold NPs (red) phases. (b) Ra-
man spectra.
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3.4. UV-Visible Spectroscopy Analyses

The Diffuse Reflectance UV-Visible (DR UV-Vis) spectra, depicted in Figure 4, reveal
distinctive absorption patterns for the various supports and catalysts under examination.
When considering the supports (Figure 4a), TiO2 exhibits the classic near-UV absorption
at around 390 nm. In contrast, the carbon nitride supports display a notable shift towards
the blue region, with absorption occurring at approximately 450 nm. For zirconium oxide,
the absorption is observed in the far UV range, at approximately 250 nm. Upon immobiliza-
tion of the gold nanoparticles, all the catalysts exhibit a distinct peak at 530 nm, indicative
of the characteristic surface plasmon resonance of gold [57,60]. Notably, the introduction
of gold nanoparticles enhances the absorption capacity of the bare supports in the visible
range. Furthermore, the energy gap of the samples was determined based on the Tauc plots
(Figure 4b) and is summarized in Table 3. Across all the catalysts synthesized, the addition
of gold nanoparticles results in a reduction of the bandgap energy when compared to
the corresponding bare supports. As an example, for g-C3N4(urea), the bandgap energy
decreases from 2.78 eV before immobilization to 2.66 eV after synthesis, representing a
reduction of 0.12 eV. Similar observations were made for the other carbon nitride supports,
albeit with differing magnitudes (g-C3N4(melamine): 2.73 to 2.69 eV and g-C3N4(mix): 2.62 to
2.53 eV). In the case of TiO2, the bandgap energy decreases from 3.34 eV to 3.15 eV. These
findings pave the way for conducting photocatalytic tests, particularly under a near-UV
light source.

Table 3. Energy gap of the supports and the catalysts.

Supports Energy Gap (eV) Catalysts Energy Gap (eV)

TiO2 3.34 Au@TiO2 3.15
ZrO2 5.10 Au@ZrO2 4.94

g-C3N4(melamine) 2.73 Au@g-C3N4(melamine) 2.69
g-C3N4(mix) 2.62 Au@g-C3N4(mix) 2.56
g-C3N4(urea) 2.78 Au@g-C3N4(urea) 2.66

(a)

Figure 4. Cont.



Solids 2024, 5 183

(b)

Figure 4. (a) DR UV-Vis spectra of the supports and the catalysts. (b) With the corresponding
Tauc plots.

3.5. Microscopy Analyses of Gold NPs Supported on g-C3N4 (TEM)

Figure 5 depicts the Transmission Electronic Microscopy (TEM) images and the particle
size distributions for Au NPs deposited on the different g-C3N4 nature. All the particles
deposited on the different sources of g-C3N4 are characterized by a spherical shape, with par-
ticle size <10 nm. Nevertheless, the heterogeneity is not the same according to the source of
the carbon nitride precursor. Indeed, the Au@g-C3N4(mix) is the most heterogenous photo-
catalyst, with the presence of large aggregates (>25 nm), also, in average the particles size
is superior (7.25 ± 1.74 nm) with an assessment of 250 particles. For Au@g-C3N4(melamine)
and Au@g-C3N4(urea), the formation of some aggregates was reported too, even though
they are smaller than those of Au@g-C3N4(mix) (13.5 to 20 nm), otherwise the size of the
Au particles is practically identical: 5.07 ± 1.39 nm and 5.24 ± 1.30 nm, respectively.

3.6. Photocatalytic Tests

In the realm of photocatalysis, the choice of the solvent plays a pivotal role in the selec-
tive oxidation of alcohols to their corresponding aldehydes. Several organic solvents have
undergone thorough investigation in this regard, including acetonitrile, toluene, and deep
eutectic solvents [61–63]. However, aligning with the principles of green chemistry, which
advocate for the use of safer solvents [64], the most favorable option remains water. Conse-
quently, the photocatalytic experiments were conducted in aqueous media. Nevertheless,
when employing water as the solvent, it becomes essential to carefully control the pH
to prevent overoxidation or substrate degradation. This is particularly critical in light
of the potential hydroxyl radical attack resulting from the interaction between HO– and
photogenerated holes [64]. The zero-point charge of the carbon nitride support has been
documented in the literature as pH = 2.1 [65]. At lower pH levels, the abundance of H+

ions in the solution leads to their adsorption on the catalyst’s surface, competing with the
substrate for active sites, mainly through interactions with nitrogen atoms. In contrast,
at pH values exceeding the zero-point charge, the catalyst’s surface becomes negatively
charged, which, in turn, promotes interactions with the chemicals to be catalyzed. These
interactions are facilitated through the formation of hydrogen bonds, such as O—H· · ·N or
O—H· · ·π bonds [65,66]. The work [54] conducted extensive investigations into various
pH conditions (ranging from pH = 2, 3, to 5.6) during the photooxidation of benzyl alcohol
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to benzaldehyde under an inert atmosphere, with irradiation at 390 nm. Thus, the pH was
adjusted to 2 using H2SO4 to maintain the zero-point charge for g-C3N4.

Figure 5. Typical TEM images and particle size distributions for Au NPs immobilized on the different
precursors of g-C3N4.

To assess the pivotal role of the light source in photocatalytic activation, a control
experiment without light illumination was conducted (Figure 6). Under identical conditions
as previously detailed in Section 2 but in the absence of 365 nm irradiation, all the supports
and catalysts exhibited markedly low activity. The maximum conversion of benzyl alcohol
was around 12% for Au@TiO2 and slightly exceeded 10% for the bare support. This
indicates that, even in the absence of irradiation, both TiO2 and Au@TiO2 display minimal
catalytic activity. In contrast, the carbon nitride supports and catalysts yielded conversions
of less than 4%. Notably, all samples exhibited the formation of benzaldehyde on the
chromatogram, although the quantities obtained fell below the quantification limit.

Following confirmation of the essential role of light in this reaction, photocatalysis
tests were conducted, and the results are shown in Figure 7, which illustrates the outcomes
following the triple testing of photocatalysts and bare supports. It is worth highlighting that,
as per TEM analysis, C3N4-based catalysts exhibited no discernible difference in particle size,
with a mean size of 5 nm and wide distribution ranging from 2 to 10 nm. This underscores
the validity of comparing the activity of g-C3N4 catalyst, which is the central focus of
this study. In our research, Au@TiO2 and Au@ZrO2 catalysts were exclusively selected
as benchmark catalysts. TEM analysis revealed a mean particle size of 3 nm for both,
with a distribution spanning from 1 to 5 nm [50]. Notably, all catalysts exhibited particle
sizes below 10 nm when considering the distribution. Consequently, all catalysts were
evaluated under identical conditions despite the slight variation in Au particle size. Under
ambient conditions (pressure and temperature) and acidic surroundings (as demonstrated
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in Figure 7a), it was observed that benzyl alcohol did not undergo degradation during
the photocatalytic test. Instead, it displayed a conversion of nearly 10% (Blank Test).
Furthermore, Figure 7a showcases the activity of the catalyst prepared on oxides (TiO2 or
ZrO2), revealing strikingly different performances between the two supports. For Au@ZrO2,
the catalytic activity proved to be low, with a conversion of benzyl alcohol slightly above
10% (yielding less than 5% for benzaldehyde). This underperformance can be attributed to
the high bandgap energy of the support (5 eV). Additionally, due to the lower energy of the
light source used, electron conduction between the support and the gold NPs was impeded,
therefore preventing the NPs from participating in the catalytic mechanism. In stark
contrast, Au@TiO2 exhibited remarkable catalytic activity, with a conversion exceeding
80%, outperforming the support, which achieved a conversion of over 55%. This highlights
the active involvement of the gold NPs in the catalytic pathway. However, the selectivity of
the prepared catalyst for benzaldehyde was approximately 55%, a figure close to TiO2’s
selectivity of around 45%.

Figure 6. Dark test conducted under the following conditions: 4 h, 600 rpm, benzyl alcohol
24.7 mmol L−1, 5 mL, pH = 2 (H2SO4), 25 mg of catalyst (Substrate:Au = 48.6 [mol:mol]), no ir-
radiation, Patm., without control of the temperature.

The results obtained for the carbon nitride graphite supports, presented in Figure 7b,
highlight their exceptional catalytic performance. First, all g-C3N4 supports exhibited a sim-
ilar conversion exceeding 50%. However, the yields of benzaldehyde varied significantly,
ranging from over 25% for g-C3N4(melamine) to more than 40% for g-C3N4(urea). These diver-
gences in yields are particularly noteworthy, considering the corresponding selectivities,
which ranged from 50% to 85%. Notably, the choice of the precursor was found to strongly
influence the selectivity of benzaldehyde. Second, the presence of Au NPs further improved
the photocatalytic performance. For example, the catalyst prepared on g-C3N4(melamine)
displayed an increased conversion exceeding 65%, while Au@g-C3N4(urea) achieved a
remarkable 75% conversion. Moreover, the influence of the g-C3N4 precursors on the selec-
tivity for benzaldehyde remained consistent, varying from 60% for Au@g-C3N4(melamine)
(yield: 40%) to over 85% for Au@g-C3N4(urea) (yield: more than 65%). Interestingly, the sup-
port derived from a mixture of urea and melamine demonstrated characteristics of both
precursors. Based on the results, Au@g-C3N4(urea) emerged as the most effective catalyst
among the g-C3N4 variants. It exhibited a conversion comparable to Au@TiO2 (over 75%
versus over 80%). When comparing all catalysts at the same experimental condition, the car-
bon nitride catalyst demonstrated superior selectivity (more than 85% versus approximately
55% Au@TiO2). Consequently, the final yield of benzaldehyde using carbon nitride was
significantly higher (more than 65% versus approximately 45% for Au@TiO2).
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(a)

(b)
Figure 7. Photocatalytic tests results: (a) TiO2 and ZrO2 supports and based catalysts and blank
test. (b) g-C3N4 supports and catalysts. The photocatalysts and the supports were tested under
the same conditions: 4 h, 600 rpm, benzyl alcohol 24.7 mmol L−1, 5 mL, pH = 2 (H2SO4), 25 mg of
catalyst (Substrate:Au = 48.6 [mol:mol]), λ = 365 nm, Patm., without control of the temperature (after
4 h, temperature naturally increased until 40 ◦C).

Recycling tests for the use of Au@g-C3N4(urea) catalysts in three consecutive reactions
were carried out under the same conditions as those described in Section 2.12. After each
cycle, the catalyst was recovered by centrifugation, washed with distilled water, and dried at
110 ◦C for 2h before being reused. The yield showed a slight decrease of 6%, demonstrating
that the catalyst activity is stable for at least three cycles with the reaction conditions used.
Furthermore, after the 3rd cycle, the recovered catalyst was analyzed by TEM and XRD
to identify potential changes in crystallite and particle size. The crystallite size was also
calculated using the Scherrer equation on the gold peaks before the reaction (BR) and after
the recycling test (AR) of Au@g-C3N4(urea) catalysts. Results show for the three angles of
Au: 38° (BR 58.8 Å–AR 57.9 Å), 44° (BR 49.1 Å–AR 48.8 Å) and 64.5° (BR 62.5 Å–AR 60.1 Å)
no significant change for the crystallite size. The results agree with the catalytic test.
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Figure 8 shows the Au@g-C3N4(urea) photocatalyst after 3 photocatalytic tests. In com-
parison with Figure 5, the particles after the test remain as dispersed as before the test,
with good spreading on the surface and the presence of few aggregates (between
between 15 to 25 nm). Furthermore, mean particle size did not change significantly: from
5.24 pre-test to 5.03 nm post-test (a variation of 4%), and dispersity values remained un-
changed (5.24 ± 1.30 nm–5.03 ± 1.13 nm). In conclusion, photocatalytic conditions do not
lead to a change in particle size or an increase in the number of aggregates.

Figure 8. TEM and particles size distribution of Au@g-C3N4(urea) after photocatalytic test.

Photocatalytic Mechanism

Gold NPs, as a metal, conduce the electrons generated by UV irradiation at a high level
of energy (between the 5d band to the 6sp band [67]). This fast and high energy conduction
generates hot plasmon surface electrons. This phenomenon is well known as local surface
plasmon resonance (LSPR) [67,68]. Those electrons can also participate in the oxidation
of the alcohol when the gold NPs are exposed to their resonance wavelength, as already
presented in Section 3.4. This resonance wavelength is around 530 nm. Moreover, some
tests were performed under green light irradiation, and no relevant photocatalytic activities
were observed by the gold NPs. Thus, the difference in selectivity for benzaldehyde is
related to the difference in the photoconduction mechanism between the two supports.
Therefore, gold NPs participate in the improvement of the electron conduction. As il-
lustrated in Figure 9, the conduction of the electrons between the gold NPs and TiO2 is
based on the Type-II heterojunction [68,69]. Thus, the electrons photogenerated by the
gold NPs are conducted to TiO2 by both conduction bands. The same mechanism applies
to the photogenerated holes. However, concerning g-C3N4, the electron conduction is
realized according to a direct Z-scheme [70]. The difference with the TiO2 mechanism is the
compensation of the photogenerated holes of g-C3N4 with the photogenerated electrons of
gold NPs.

On the other hand, reported by [57], the potentials of the conduction and valence
bands of TiO2 and g-C3N4 provide a better understanding of the side reaction(s) that
occur during a UV irradiation. In fact, both TiO2 and g-C3N4 generate O2 anion radicals
( O2 · ), which is the oxidizing species in the photooxidation of benzyl alcohol. However,
the valence band of TiO2 (2.7 eV vs. ENH) is sufficiently high to permit the formation
of hydroxyl radicals (HO · ) (2.69 eV vs. ENH). Hydroxyl radicals are well known to
be responsible for overoxidation, generating the corresponding carboxylic acid, or even
complete degradation of the substrate [70]. This first approach concerning the mechanistic
differences allows a better understanding of the selectivity variations for benzaldehyde
between the photocatalysts based on TiO2 or g-C3N4.
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Figure 9. Illustration of the photoconduction through gold NPs supported on TiO2 and g-C3N4.
The potential values were obtained from [57].

4. Conclusions

The primary objective of this research was to explore alternative supports, more sus-
tainable alternatives than metal oxides, for photocatalyst development. Graphitic carbon
nitride (g-C3N4) was selected for this purpose due to the abundant and renewable carbon
and nitrogen resources available on Earth. To assess the feasibility of replacing metal oxides
with g-C3N4, an extensive study was conducted in the development of catalysts. Three
different precursors were utilized in the synthesis of g-C3N4 for the immobilization of
2 wt.% of gold nanoparticles (Au NPs). Following various characterization steps, the sup-
ports and catalysts were evaluated through the selective photooxidation of benzyl alcohol
into benzaldehyde. Titanium dioxide (TiO2) and zirconium dioxide (ZrO2) were chosen to
prepare benchmark catalysts. The key findings of this study are summarized as follows:
an easy catalyst preparation method was developed for Au-modified g-C3N4, employing
new synthesis techniques involving ultrasonic baths and aqueous media. Furthermore,
the study highlighted the potential to source the g-C3N4 precursor from sustainable re-
sources, particularly with the use of urea. The successful synthesis of g-C3N4 and the
effective immobilization of gold NPs were demonstrated, with some distinctions observed
based on the precursor used. The catalytic performance confirmed that g-C3N4 catalysts
exhibited better selectivity to benzaldehyde when compared to TiO2 catalysts. Notably,
the g-C3N4 catalyst prepared from urea exhibited the highest photocatalytic activity, achiev-
ing a substantial conversion of benzyl alcohol (75%) and the highest selectivity (85%).

To be exhaustive on the synthesis route of benzaldehyde from the benzyl alcohol
oxidation, the aldehyde could be obtained by several methods such as distillation, extrac-
tion, or high conversion. The distillation seems feasible from an industrial point of view.
This method takes advantage of the difference in boiling points between benzyl alcohol
(bp. 205 ◦C) and benzaldehyde (bp. 179 ◦C) to separate them by fractional distillation.
Another industrial process could be extraction. Indeed, benzyl alcohol and benzaldehyde
have different solubilities in various solvents. Selective extraction using an appropriate
solvent can be employed to separate the two compounds. This could be done in the flow
process when the mixture of substrate and products is quenched in a final reactor with
an adequate solvent to precipitate one of the compounds (residual benzyl alcohol, for
example). Optimum reaction conditions may also be of interest. If benzyl alcohol and
benzaldehyde can be selectively converted into different compounds, such as by further
oxidation of benzyl alcohol to benzoic acid (or esters), separation can be achieved by ex-
ploiting the different reactivities of the products. Also, at 100% conversion, no further
separation is needed.
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This initial approach has made it possible to identify the feasibility of conducting
the aerobic photooxidation of benzyl alcohol into benzaldehyde under mild conditions
from a bio-sourced support (g-C3N4). Moreover, this study shows the potential of this
new carbon support, with better photocatalytic properties than the usual semiconductors
(TiO2). Nevertheless, there is still room for improvement in achieving the green chemistry
principles. Some strategies could focus on the amount of gold supported, the quantity of
photocatalyst, the choice of the acid, the time of the reaction, and the type of the lighting
source (switch to a polychromatic source or even sunlight).
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