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ARTICLE INFO ABSTRACT

Keywords: The selective oxidation of added-value aromatic alcohols into aldehydes of high interest via photocatalysis has
Graphitic carbon nitride been postulated as a green and competitive oxidative reaction at mild conditions. This work is focused on the
Boron design of a tertiary graphitic carbon nitride (g-C3N4) based photocatalysts competitive for the photocatalytic
Ruthenium . . . . P

Benzaldehvde production of benzaldehyde in an aqueous solution. The polymeric g-C3N4 has been modified in an easy one-pot
Photocatal};/ sis green synthesis scheme, with the incorporation of boron in the polymeric structure and the deposition of

ruthenium nanoparticles. The Ru ratio within 0.5-4% was assessed. The photocatalysts were fully characterized
(XRD, FTIR, XPS, Ny isotherms, DRS-UV-visible, and PL) and the photocatalytic activity was assessed in the
oxidation of benzyl alcohol to benzaldehyde in an aqueous solution. The incorporation of boron enhanced the
selectivity towards benzaldehyde due to enhanced separation charges suggested by the photoluminescence
technique; whereas ruthenium improved the reaction rate of the alcohol, affecting negatively the selectivity
though. The sample containing 1% of Ru was selected as the optimum in terms of selectivity. The relative
contribution of the involved reactive oxidant species was assessed by chemical scavenger tests, highlighting the
contribution of the photo-generated holes followed by O3 . The analysis of the band’s alignment of the g-C3N4
before the modification with boron and ruthenium supports the enhancement by rising the redox potential of the
holes released in the valence band.

1. Introduction Photocatalysis emerges as an environmentally friendly alternative

for the production of aldehydes of high interest under a greener

Aromatic aldehydes are organic substances bearing an aromatic ring
and a formyl substituent. These organic substances are of paramount
interest since are used in the industry of dyes, fragrances, and flavoring
in the food industry or as pharmaceutical precursors. Benzaldehyde
(CeHsCHO) has paramount relevance in organic synthesis as a raw
material, for instance, it is widely used to flavor almonds, as an additive
in personal care products, and in dye manufacturing, as an additive due
to its antibacterial or antifungal properties. At large scale, benzaldehyde
is synthesized from the hydrolysis of benzal chloride or the air oxidation
of toluene. The current industrial process of benzaldehyde
manufacturing involves the oxidation of toluene, either in the vapor or
liquid phases. Nonetheless, the procedure requires rather high temper-
atures and pressures, leading to low yields due to the formation of by-
products [1]. Milder conditions can be obtained if catalysts are used in
the oxidation process [2].

* Corresponding authors.

approach, at mild temperature and pressure conditions, without
requiring additional solvents as other technological alternatives [3].
Furthermore, the use of semiconductors active under radiation sources
of low-energy such and renewable as sunlight or UVA potentiates the
interest in this alternative. Titanium dioxide has been largely researched
in the photocatalysis field due to its potential semiconductor properties;
however, photoexcitation is limited to the UV region and inefficient
separation of photogenerated charges [4]. As a consequence of the effort
paid in the development of new potential semiconductors, graphitic
carbon nitride (g-C3N4) appeared as a promising alternative with a lower
bandgap (2.7 eV) if compared to the benchmark titania polymorphs due
to the improved absorption in the visible region and tunable structure to
improve the electronic and optical properties [5,6]. The graphitic
g-C3Ny is built by aromatic nitrogen-containing heteroatoms scaffolded
with tris-s-triazine units which are interconnected via tertiary amines,
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with a unique delocalized stacking of C3Ny4 layers and high electronic
conductivity. Among the diverse applications in the field of photo-
catalysis, g-C3N4 has been studied as a candidate for the photocatalytic
production of benzaldehyde [7-9]. The energy of valence and conduc-
tion bands compromises an alignment that promotes the reduction of Oy
into superoxide radical but is unable to generate hydroxyl radical, which
launches the unselective oxidation of alcohols [10]. The tunable struc-
ture of g-C3Ny4 has been proven effective to develop imperfections which
leads to the enhance the harvesting of radiation and improves the sep-
aration of photogenerated charges via non-metal doping [11,12].
Among them, the modification with boron has been demonstrated to
raise the selectivity of benzaldehyde formation from benzyl alcohol
oxidation [13]. Furthermore, the deposition of low amounts of noble
metals such as Au, Pd, Pt, Ag, Ir, Rh, or Ru onto the g-C3N4 supports the
improvement of the reaction rate, upgrading the separation charges
[14-18]. The presence of metal nanoparticles can act as electron sinks to
capture photoinduced electrons from the conduction band of g-C3Ny4
[19].

This work develops the preparation of a ternary-modified g-C3Ny4
photocatalyst in a one-pot-step synthesis scheme applied for the pho-
tocatalytic oxidation of benzyl alcohol to benzaldehyde. Two modifi-
cations have been included in the structure of g-C3N4 simultaneously;
firstly, with boron modification aimed at the enhancement of benzal-
dehyde selectivity; and secondly, Ru deposition for the raise of the
conversion of benzyl alcohol. Different boron-modified g-C3N4 samples
under Ru loading within 0.5-4% (at. wt) were prepared and charac-
terized with XRD, FTIR, Nj isotherms, DRS-UV-visible and photo-
luminescence techniques. The activity towards benzyl alcohol oxidation
was tested, assessing the alcohol conversion and selectivity to the
aldehyde production to optimize the metal loading. The oxidation
mechanism in terms of the reactive oxidant species involved in the
process was accomplished for the optimized Ru content in terms of
benzaldehyde selectivity.

2. Experimental section
2.1. Materials and catalyst synthesis

The chemicals used were analytical grade at least, acquired from
Merck®, and used as received. HPLC-quality acetonitrile was used as a
mobile phase in chromatographic analysis. Ultrapure water (18.2
MQ-cm) from a Direct-Q®-UV device (Millipore®) was used for the
preparation of all the solutions.

The graphitic carbon nitride (g-C3N4, CN) was synthesized from
pyrolysis of melamine (rate 10 °C-min~", holding temperature 500 °C, 2
h). As a result, a yellowish solid was obtained. This solid was suspended
in water to discharge those particles that are not successfully suspended
in the solution. The suspended particles were collected by filtration and
dried at 80 °C. The boron-modified CN was prepared by pyrolysis under
an Nj atmosphere as described in a previous study. CN and NaBH4 were
mixed at the same mass ratio and grounded in a mortar. The mixed
powder was next calcined at 450 °C (ramp 10 °C min~}, 1 h). The
resulting brownish material (NaBCN) was cooled down to room tem-
perature, washed several times with water, and dried at 80 °C. The
NaBCN samples with ruthenium deposited were prepared following a
similar procedure in which NaBH, played a double role, as both boron
precursor and reduction agent. Thus, CN and NaBH4 were mixed at
equal mass ratios in a mortar. Next, a desired amount of ruthenium was
added as RuCls, and dissolved in 0.9 mL of water. This volume was
estimated to carry out an incipient wetness impregnation method over
1.5 g of solid NaBCN. The ruthenium solution was dropwise added to the
mixed powder wetting all the solid particles. Next, the wet solid was
calcined at 450 °C (heating rate, 10 °C min~!, 1 h). The resulting solid
was cooled down, washed, and dried as done with the NaBCN blank
sample. The samples containing ruthenium were labeled as NaBCN-xRu
where x stands for the atomic ruthenium to mass percentage in the
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sample.
2.2. Characterization of the catalysts

The crystalline structure was analyzed using powder X-Ray Diffrac-
tion (XRD) in a Bruker D8 Discover device working with a Cu Ka radi-
ation source (. = 1.5406 A), equipped with a detector Pilatus3R 100 K-A
registering within a 20 range of 6-80° at a rate of 0.04° min~'. The
software QualX® and the Crystal Open Database (COD) were used for
the identification of the crystal phases in the obtained diffractograms.

The structure was further studied by the stretching of the bonds by
Fourier Transform InfraRed (FTIR) analysis, displayed in a Perkin-Elmer
model Spectrum65 device within 400-4000 cm ™.

The surface porous properties were assessed by Ny adsorp-
tion-desorption at 77 K performed in a Sync 200 equipment from 3 P
Instruments©. Samples were degassed overnight at 150 °C under a
vacuum. The specific surface area was obtained by the Brunauer-
Emmett-Teller method (Sggr), and the total specific pore volume (V)
was calculated from the Ny uptake at p/po~0.99. The Barrett, Joyner,
and Halenda method (BJH) was applied to analyze the average (4 V/A)
and most frequent (dV/dD) pore diameter.

X-ray Photoelectron Spectroscopy (XPS) was applied for the study of
the elemental composition present at the surface of the materials in a
Kratos AXIS UltraDLD device working with an X-ray source from Al Ka.
The spectra were referenced to the Cls peak of adventitious carbon to
284.6 eV. The software XPSpeak 4.1® was used for the deconvolution of
the peaks, considering a Shirley background correction.

The optical properties were assessed through Diffuse Reflectance
Spectroscopy (DRS) in the UV-visible region in a Varian Cary 5E spec-
trophotometer. The Kubelka-Munk Function, F(R,), was obtained from
the reflectance spectra, and the bandgap was estimated from the Tauc
plot method considering indirect electron transitions [20]. The recom-
bination rate of the photo-generated electrons was assessed by photo-
luminescence (PL) analysis in a Varian Cary Eclipse device under an
excitation wavelength of 365 nm.

2.3. Photocatalytic experiments

The NaBCN-Ru catalysts were tested for the selective photocatalytic
oxidation of benzyl alcohol to benzaldehyde in a borosilicate glass
annular jacketed photoreactor equipped with two UVA lamps emitting
at 365 nm (9 W each). Detailed information on the experimental setup
can be found in a previous work [21]. The lamps were centered in the
inner space and the aqueous solution with the slurry catalyst was
circulating by the jacketing space. The slurry was constantly pumped
from an auxiliary jacketed tank, cooled with water to 20 °C, in which the
catalyst was kept suspended through magnetic stirring in the bottom. To
ensure O, saturation, the air was bubbled in the auxiliary tank. The
radiation reaching the liquid phase was quantified by an in situ chemical
actinometry, based on the photo-reduction of ferrioxalate complex
combined with a polyoxometalate salt (NapSiW;20¢) to monitor the
temporal abatement of the ferrioxalate complex into COy [22]. The
actinometry tests were carried out with oxalic acid 60 mM, FeCl3-6 H,O
5 mM, and H4SiW12049 1 mM. The pH of the solution was adjusted to 4.5
with the addition of diluted 0.1 M HCl and NaOH to avoid the plausible
auto-decomposition of the polyoxometalate complex. Taking into ac-
count the quantum yield value during the photo-production of
(SiW12040)% (¢ = 0.18 mol-Einstein ' at 365 + 10 nm) [22], the radi-
ation intensity value estimated was Ip = (3.5 + 0.2)x 10~* Einstein
L Lmin~1.

The photocatalytic tests of benzaldehyde production started by
loading the aqueous solution of benzyl alcohol 0.5 mM. After, the
photocatalyst was added at a dose of 0.5 g-L ™! in the auxiliary tank until
homogeneously dispersed the solid in the reaction system. Before the
irradiation, an adsorption step of 30 min was displayed in the darkness.
Next, the lamps were switched on, and samples were regularly extracted
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for analysis. The photocatalyst was removed from the extracted samples
by syringe filters (PVDF, 0.45 um).

The concentration of the aromatic alcohols and their aldehydes was
quantified by High-Pressure Liquid Chromatography (HPLC) in an HPLC
Alliance e2695 from Waters™ coupled to a 2998 photodiode array
UV-visible detector. The stationary phase consisted of a Zorbax Bonus-
RP column (4.6 x150 mm, 5 um). The mobile phase, pumped at 1 mL
min~}, was fed under an isocratic program with 90 pL of sample injec-
tion. For the analysis of benzyl alcohol (BA) and benzaldehyde (BD), a
mixture of 30% acetonitrile (A) and 70% acidified water (B, 0.1% v/v
trifluoroacetic acid) was pumped, conducting the quantification at 215
for BA and 248 for BD.

The temporal evolution of BA abatement was adjusted to a pseudo-
first order kinetics, and the observed constant (kga) was calculated as
a mere tool of comparison between the performances of the NaBCN-Ru
samples. Also, the selectivity (S) as calculated from the BD profiles, and
an average value during the whole period tested was calculated as
follows:

Savemge = (1)

The quantum efficiency (Qg) of BA photo-degradation was quanti-
fied, following the IUPAC recommendations [23-25], which defines the
Qg as the ratio of the number of molecules reacting through the reaction
rate (rpa,0), by the number of the photon which interacts with the
catalyst, i.e. the photon absorption rate (e*") [26]:

V'BA
e(l.l)

(mol m=3 s71)

sh)

where rpa o was estimated from the slope of the temporal evolution of
the Cpp with the tangent at the initial reaction time. The determination
of the photon absorption rate (e*"), and the radiative transfer equation
(RTE) was solved considering the geometry of the used photoreactor
[21]. Firstly, the determination of the optical properties of the catalytic
suspensions is required. Detailed description of the mathematical pro-
cedure for both optical properties and photon rate estimations are pro-
vided in previous works [13,21].

The contribution to the BA oxidation by the reactive species
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generated during the photocatalytic process was assessed by adding
different chemical scavengers. The influence of superoxide radical was
investigated with Ny bubbling, or the addition of p-benzoquinone (pBQ,
1 mM) or disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron,
1 mM). The contribution of hydroxyl radicals was assessed by adding
tert-butyl alcohol (TBA, 10 mM) while photo-generated holes were
suppressed under the presence of oxalic acid (OA, 10 mM). These assays
were conducted following the same procedure as the blank test and
adjusting to the same initial pH value (pH=9 + 0.5).

3. Results and discussion
3.1. Characterization of the NaBCN-Ru photocatalysts

Fig. 1 A depicts the changes registered in the crystalline structure of
the CN after boron modification and Ru deposition. The XRD pattern of
the CN sample displayed the two main characteristic peaks generated as
a consequence of the polycondensation of melamine to generate the tris-
s-triazine units [27]. The main peak, located at around ~27°, reports the
(002) plane defined by the interplanar aromatic layers from
n-n * interactions of the heptazine rings. A secondary peak, much less
intense, placed at ~13°, is attributed to the (100) plane, whose presence
is reported by the intralayer spacing of the heptazine rings. The incor-
poration of boron in the CN structure led to a considerable decrease in
both XRD peaks due to the partial loss of crystallinity in the structure
[28], as shown in the pattern for NaBCN. The Ru deposition in the
presence of NaBH4 led to NaBCN-Ru samples, which led to the complete
removal of the intralayer heptazine (100) facet, suggesting a high
distortion of the in-plane aromatic structure [29]. The Ru doping in the
CN structure has been reported in the literature at low Ru loadings,
which explains the deformation of the crystalline in-plane of the hep-
tazine rings given to the disappearance of the (100) facet in their XRD
pattern [16,29]. Moreover, the interplanar (002) peak considerably
diminished its intensity, probably due to the partial loading of ruthe-
nium, as already reported in the literature for other Ru modifications of
CN materials [30,31]. A Rietveld refinement of the XRD patterns led to
detect the presence of halite, NaCl (COD 00-900-8678), in all the
samples containing Ru, as a consequence of the reaction between
chloride and sodium, respectively contained in Ru and boron precursors,

tri-s-triazine
ring

NaBCN-0.5Ru

Absorbance (a.u.)

NaBCN-2Ru

NaBCN-4Ru

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Fig. 1. XRD patterns (A) and FTIR spectra (B) of NaBCN-Ru samples.
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RuCls and NaBH,4. Furthermore, the sample with the highest content of
Ru, namely NaBCN-4Ru, also displayed the presence of tricalconite,
Nag[B405(0H)4]3-8 H,O (COD 00-900-2675). However, no metallic Ru
peaks were identified, probably due to the low intensity they may
appear [30-32], especially taking into account the possible overlapping
problems with NaCl and tricalconite.

The structural modification of the CN structure with both B and Ru
incorporation was further analyzed by FTIR, see Fig. 1B. The distortion
of the intraplanar heptazine rings with Ru insertion can be corroborated
in the FTIR footprint of NaBCN-Ru samples. The peals were smoothed,
with an important loss of their definition. The CN sample displayed well-
defined broadband at 3000-3500 cm !, attributable to -NH, and -NH-
groups [33]. Also, the CN spectrum showed a peak at ~ 810 cm™?, re-
ported by the out-of-plane bonding vibration characteristics of the
condensed triazine units [34]. The modification with boron of the
graphitic structure of the carbon nitride led to a great depletion of this
band. A group of peaks within 900 and 1800 cm™! defined by the vi-
bration of the aromatic C-N rings of the heptazine units were fully
registered in the CN sample [35]. The intense peaks at 1620, 1530, and
1390 cm™! can be assigned to the aromatic C-N stretching vibration,
whereas the peaks at 1310 and 1230 em! appear due to the stretching
vibration of C-N-(C)-C or C-NH-C bonds, respectively [36,37]. The
modification with boron considerably modified the intensity of these
peaks, but still, the characteristic footprint registered in the pristine CN
was recognized in the NaBCN sample. However, the further addition of
Ru particles erased the defined pattern peaks of the heptazine units.

The textural properties of samples were analyzed by N adsorption-
desorption isotherms at 77 K. The isotherms are depicted in Fig. 2 and
the main characterization results are shown in Table 1. The Ny phys-
isorption isotherms in the samples described the typical type IV pattern
behavior with H3 hysteresis loops [38-40], characteristic of mesoporous
with aggregates of plate-like particles [41]. The BET surface area of all
the samples was below 10 m? g~!, typical reported values for graphitic
carbon nitride prepared from the polymerization of melamine [42]. A
slight mesoporosity was registered in the hysteresis loops with an
average pore size of around 3 nm. The modification of the original CN
sample either with B and Ru led to a decrease in the surface properties, i.
e. BET area pore volume.
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Fig. 2. N, adsorption-desorption isotherms (A) and BJH pore size distribution
(B) of NaBCN-Ru samples.
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Table 1
Textural and optical properties of the NaBCN-Ru samples.
Sample SpeT Vr (em®  Dayerage Dfrequent Epg Evs
(m? g™ (nm) (nm) (V)  (eV)
g
CN 9.1 0.050 30.2 3.5 2.7 1.0
NaBCN 4.0 0.018 13.2 2.9 2.6 1.3
NaBCN- 3.1 0.014 11.9 3.5 2.4 -
0.5Ru
NaBCN- 2.9 0.012 11.9 3.5 2.3 1.9
1Ru
NaBCN- 2.8 0.014 10.6 2.9 2.0
2Ru
NaBCN- 2.5 0.017 9.2 3.9 2.6
4Ru

Sger: total specific surface area by BET method; Vy: total pore volume; Dayerage
and Dfrequent: average and most frequent pore diameter by BJH method,
respectively; Epg: bandgap by Tauc plot method; Eyp: valence band energy by
XPS.

The chemical nature of the surface of CN, NaBCN, and NaBCN-4Ru
samples was assessed by the XPS technique. The high-resolution XPS
spectra of Cl1s, N1s, Bls, and Ru3p are depicted in Fig. 3. As illustrated,
the incorporation of B and Ru highly modifies the XPS spectra due to the
structural changes incorporated. The spectra were deconvoluted
following the contributions reported in the literature for graphitic car-
bon materials. The C1s peak of g-C3N, is commonly deconvoluted in sp?
N=C-N (287.9eV), sp°> C-C/C-N (285.2eV), and sp? C-C/C—=C
(284.4 eV) bonds [43]. The sample CN displayed a major contribution of
sp? carbon in the form of N = C-N bonds. The bonds attributable to sp®
C-C/C-N or sp?> C-C/C=C raised their relative contribution with the
modification with boron as shown in NaBCN and NaBCN-4Ru samples.
Moreover, a secondary peak regarding Ru3ds/, appeared at an energy of
~280 eV [44]. The Ru3d core levels overlap the Cls region, making
difficult the analysis of Ru species by exclusive analysis of Ru3d. For that
reason, the Ru3p level, equally accessible as Ru3d, was analyzed for the
study of the oxidation state of Ru. The peaks in Ru3p were successfully
assignable to Ru 3ps,2 (484.0 eV) and 3p;,2 (461.1 eV) of metallic Ru’
[44-47]. The N bonds were analyzed in the N1s region, considering the
following contributions C3-N (N3 ¢, 399.9 eV), N-C=N (N3 ¢, 398.4 eV),
N-Hy (401.0 eV) and B=N-C (399.0 eV) [28,43,48,49]. The CN samples
presented a high contribution of N contained in the aromatic rings
(N3 ), tertiary N (N3 ), and a small proportion of terminal NHy was
observed. The NaBCN samples displayed the three contributions;
nonetheless, the sample NaBCN-1Ru only showed a peak located at
~192 eV. The modification con NaBH,4 created defects in the structure,
reducing the N3 ¢ creating B=N-C bonds. In the case of NaBCN-1Ru, the
presence of B=C-N was inferior to the case of NaBCN, probably due to
the reduction of ruthenium to create Ru’. The B1s peak was deconvo-
luted in three contributions elemental boron (186.8 €V), B-N (190.3 eV),
and B related to oxides or hydroxides (191.9 eV) [49-51]. While the
three oxidation states of B are envisaged in the NaBCN sample, when
adding the ruthenium precursor to the synthesis, the contribution of BN
was not registered.

The optical properties were assessed by the DRS-UV-visible tech-
nique. The CN sample displayed radiation absorption in the UV region
with a sharp decrease of over 400 nm. The absorption peak around
300-400 nm has been associated in previous works with
n-7 * transitions in the conjugated ring systems heptazine units [52].
The absorbance of the NaBCN sample was red-shifted improving the
absorption in the visible region [13]. The addition of ruthenium
enlarged the absorption in the visible region, as depicted in the spectra
of Fig. 4A. The Kubelka-Munk function is depicted in Fig. 4B for the
determination of the bandgap energy (see values in Table 1). The
bandgap of CN (2.7 eV) was reduced after boron modification in NaBCN
(2.6 eV) and further decreased up to 2.0 eV after Ru addition.

Fig. 5 illustrates the local volumetric rate of photon absorption with
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CN

196 194 192 190 188 186 184
binding energy (eV)

NaBCN-1Ru
Ru3p

NaBCN-1Ru
C1s+Ru3d

202 290 288 286 284 282 280 278 404 402 400 398 396 394 400 485 480 475 470 465 460 455
binding energy (eV) binding energy (eV) binding energy (eV)

Fig. 3. High-resolution XPS spectra of N1s, Cls, and Bls and Ru3p regions of CN, NaBCN, and NaBCN-4Ru samples.
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Fig. 4. Absorption DRS-UV-visible spectra (A) and Tauc plot method for the bandgap determination (B) of NaBCN-Ru samples.
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Fig. 5. Local volumetric rate of photon absorption of CN (A), NaBCN (B), and Ru containing samples: (C) NaBCN-0.5Ru, (D) NaBCN-1Ru, (E) NaBCN-2Ru and (F)

NaBCN-4Ru.

the radial distance for the different samples. Although optical differ-
ences regarding the absorption of radiation were registered in the visible
region, at the emitting wavelength of the lamp used, i.e. 365 nm, the
differences between the samples were minor. For that reason, the photo
absorption rate values (average) and the profiles for each sample are
quite similar.

3.2. Photocatalytic production of benzaldehyde with NaBCN-Ru samples

The influence of ruthenium presence on the activity of the photo-
catalysts was assessed in the selective oxidation of benzyl alcohol to
benzaldehyde. Fig. 6 depicts the temporal evolution of the remaining
concentration of BA and the efficiency of BD production. Also, the
observed pseudo-first order rate constant of BA disappearance (kga) and
the average selectivity of BD formation for each catalyst is summarized
in Table 2 and Fig. 6.

The CN sample displayed roughly 15% conversion of BA which only
was oriented in a 33% BD formation. The modification with NaBHy, i.e.
the sample NaBCN, raised the BA conversion to 24% and the selectivity
to BD. The deposition of Ru particles onto the NaBCN drastically
enhanced the photocatalytic activity, improving the kinetics of BA
gradually as the Ru amount increases. As depicted in Fig. 7A, the kops
value was 1.8-6.3-folded depending on the Ru amount incorporated,
ranging from 0.5% to 4.0%. The presence of noble metal particles

contributes to enhancing the separation of the photogenerated charge as
reported in the literature for diverse semiconductors. In this case, Ru
acts as an electron sink after the photo-activation of NaBCN, minimizing
the undesirable recombination effect. The quantum efficiency shown in
Table 2 follows a similar trend to the kopg, as the photon absorption rate
calculated is very similar in each case (see Fig. 5). The presence of Ru
enhanced the Qg value by folding within 3-8 times depending on the Ru
load.

An analysis by photoluminescence of the samples provided support
to this theory. The emission PL spectrum of CN, see Fig. 7B, has a well-
defined peak at 455 nm, whose intensity was quite diminished by the
modification with NaBH4. The incorporation of boron in the structure
has been reported as an effective way to create structural defects that
enhance the electronic separation of the photo-generated charges [13,
28,48]. Besides, the further Ru deposition eliminated any emitted PL
photon, leading to plain PL spectra which suggests an enhanced reduc-
tion of the recombination effect due to the improved electrical con-
ductivity and electronic migration of charges [16,17,45]. The
photogenerated electrons are expected to migrate from g-C3N4 to
interfacial Ru due to its affinity to capture electrons acting as a sink
which inhibits the recombination effect [45].

Regarding the selectivity, see Fig. 7A, the presence of Ru does not
exert a positive effect except at a very low concentration, NaBCN-0.5Ru,
with a slight improvement if compared to the NaBCN sample, 69.8 vs
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Fig. 6. Photocatalytic production of benzaldehyde with NaBCN-Ru samples at different Ru ratios. Temporal normalized concentration of benzyl alcohol (A) and
benzaldehyde (B). Experimental conditions: V= 350 mL, T = 20°C, Cga o= 0.5 mM; Ccar= 0.5 gL’I; pH=9.5+0.2.

Table 2
Kinetic parameters of the photocatalytic production of benzaldehyde with
NaBCN-Ru samples.

Sample rBA,g-IO3 Qg kga BA conversion Average BD
(mM (%) (b at 3 h (%) selectivity (%)
min1)

CN 0.243 0.03 0.035 14.6 33.0

NaBCN 0.405 0.04 0.055 24.3 65.5

NaBCN- 0.867 0.09 0.102 40.2 69.8

0.5Ru

NaBCN- 1.267 0.13 0.186 61.0 67.5

1Ru

NaBCN- 1.367 0.14 0.214 64.8 62.7

2Ru

NaBCN- 2.375 0.24 0.351 83.3 57.3

4Ru

65.5%. A further raise of Ru decreases the selectivity value. There is,
therefore, a confronted effect between selectivity and activity. Consid-
ering the results obtained, and the objective of minimization of the noble
metal content, 1% of Ru content was selected as the optimum in a
compromise of high activity and selectivity. The NaBCN-1Ru sample
was selected for further study.

3.3. Photocatalytic mechanism of BA oxidation with NaBCN-1Ru

The relative influence of the different reactive oxidant species (ROS)
involved in the photocatalytic activation of NaBCN-1Ru was tentatively
by a chemical scavenger study [53]. Fig. 8A shows the temporal evo-
lution of BA depletion registered in the blank test and the presence of the
selected scavengers, whereas Fig. 8B depicts the pseudo-first order rate
constant in each case. The impact of superoxide radical (O3 ) was
studied by replacing the air bubbling with Ny, with the addition of
para-benzoquinone (p-BQ) or tiron. The formation of O3  takes place by
the reduction of dissolved O adsorbed in the surface of the photo-
catalyst with the photogenerated electrons. The removal of O, by
replacement with Ny led to a 44% decrease in the kgs compared to the
blank. The use of p-BQ is widely extended in the scavengers’ studies in
photocatalytic processes [54], due to the affinity of this substance with
03 (kp-Q,02e-=1 x10° M~! 57! [55]). The addition of p-BQ decreased

the kpa considerably, i.e. 81%. Nonetheless, p-BQ can also trap HO®
(kp-Bo,HO»=6.6 x10° M ! s [56]) and be photolyzed under UVA ra-
diation. It has been reported that the photo-reduction of quinones in
aqueous systems yields the formation of HO® and semiquinone radicals
which makes difficult the interpretation of the results [57]. Moreover,
the use of p-BQ hides risks due to plausible interactions with the targeted
to be converted into substances easily photolyzed [58]. For these rea-
sons, alternative scavengers should be considered before any definitive
conclusion. Tiron has been reported as a reliable alternative due to the
higher reactivity with superoxide radical, Kiiron,02e-= 5 X 10° M tst
[59], compared to the kinetics of the reaction towards HO®, Kiiron,
HOe= 1.0 X 10° M 1s71 [60]. The presence of tiron reduced the kgp to a
36% extent. Taking these results into account, it can be concluded that
the oxidation of BA is influenced by O3 , but not exclusively. The
contribution of HO® was evaluated by the addition of TBA, second-order
rate constant krga Hoe= 6.2 X 108 M~! 57! [61]. The effect of TBA was
low, with only an 18% of reduction in the kgp for the blank test, so the
contribution of HO® radical can be expected to play a minor role. Finally,
the influence of the photogenerated holes was assessed by the presence
of oxalic acid [62]. The oxalate anion after being adsorbed onto the
surface of the photocatalyst is oxidized by the holes to release COy [41].
Although oxalate anions also can react with HO®, the kinetics is slow
Koxalate,Hoe= 1.5 % 10’ M~ ! s71 [63]. Under the presence of oxalic acid,
the kg was reduced by 64% concerning the blank test, being, therefore,
the most relevant species in the process. In summary, the importance of
the ROS involved in the process of BA oxidation was: h* > 03 > > HO".
Other studies involving TiO, have identified the importance of holes
[64] and superoxide [58] in the process of benzaldehyde production.

Fig. 8B also includes the average selectivity of benzaldehyde pro-
duction in the presence of the selected scavengers. In the presence of
superoxide radical scavengers, i.e. Ny, p-BQ, and tiron, the selectivity
was slightly improved if compared to the blank test. The presence of HO®
has been demonstrated to be an unselective route of oxidation [58]. In
this sense, the addition of TBA did not affect the selectivity of the pro-
cess, due to the low impact of HO® in the process. In the case of the
suppression of the holes, the selectivity decreased. This fact provides
evidence of the higher selectivity of the holes to the formation of
benzaldehyde if compared to the superoxide radical.

Considering the results obtained in the scavengers’ studies and data
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obtained by XPS at low energies, a mechanism based on the bands’
alignment is proposed (Fig. 9). As aforementioned, modification of CN
with B did not display any substantial change in the bandgap value;
however, a decrease from 2.6 eV (NaBCN) to 2.3 eV (NaBCN-1Ru) was
observed with Ru incorporation. Fig. 9A depicts the XPS spectra at low
energies for the evaluation of the minimum valence band energy of
NaBCN (1.3 eV) and NaBCN-1Ru (1.9 eV). The obtained energy values
are relative to the Fermi level of each material, however, they may
suggest a stabilization of the valence band with the deposition of Ru at
small proportions on a well-defined CN-B active support. The deposition
of Ru is expected to make the photogenerated holes possess higher redox
potential (see Fig. 9B), supporting the evidence observed in the scav-
engers’ tests, which displayed a higher impact on the oxidation of the
alcohol.

4. Conclusions

The modification of the polymeric structure of graphitic carbon
nitride results in an efficient strategy to tune the activity of the resulting
semiconductor and the selectivity to the oxidation of benzyl alcohol to
benzaldehyde in an aqueous solution. This works provides a one-step
synthesis route for modification of the g-C3sNy4 structure with boron
doping and Ru® deposition. The creation of defects on the graphitic
structure via B modification enhanced the selectivity towards benzal-
dehyde due to the improved separation of the photogenerated charges as
the photoluminescence response suggested. The deposition of Ru’
considerably improved the degradation rate of the alcohol since it acts as
an electron sink; however, the rise of Ru content rises the conversion
unselectively, i.e. decreasing the selectivity of benzaldehyde. A metal
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proportion of around 1% reached a compromise between both effects.
The photo-generated holes followed by the superoxide radical demon-
strated to be the main reactive oxidant species involved in the oxidation
process. The holes impacted to a higher extent in the selectivity of the
process. The estimated valence band energies of the modified graphitic
carbon nitride with B and Ru deposition suggest an increase in the redox
energy for the valence band with ruthenium deposition, enlarging the
oxidative potential of the photo-generated holes.
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