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A B S T R A C T

Gold nanoparticles in different proportions (0.5 and 1 %) have been grafted at the surface of a SiO2@g-C3N4
nanotube-based composite (SiO2 nanotubes obtained from halloysite clay) and also g-C3N4 (for comparison
purposes) to test their degradation capacity over the antibiotic amoxicillin proving that the introduction of these
nanoparticles on the catalyst modifies the degradation mechanism followed by the pollutant. Results obtained
show that the introduction of the appropriate percentage of gold NPs in the composite improves amoxicillin
degradation efficiency and establish a direct correlation between the presence of gold NPs and the production of
⋅O2

- .

1. Introduction

As the clean water shortage becomes more evident, wastewater
treatments must reinforce efforts to release to the environment cleaner
water. Nowadays, the ever-growing use of antibiotics is yet to be
matched with a water treatment able to prevent them from being
released to the ecosystems. The main legal instrument for water pro-
tection in Europe, the Water Framework Directive [1] aims at improving
ecological and chemical status of surface water. In order to increase the
available information on recognizing the substances of greatest concern,
the surface water watch list was established in 2013, with updates every
two years. Amoxicillin was included in the 2018 list [2] with concerns
over the occurrence and spread of antimicrobials in the environment, in
line with the European One Health Action Plan against Antimicrobial
Resistance (AMR) [3]. This ability of the microorganisms to become
resistant to the antimicrobial to which they were previously susceptible,
has reached alarming levels worldwide [4] and it has been predicted
that AMRmay cause more deaths than cancer by 2050 [5] Amoxicillin, a
β-lactam antibiotic, is hardly metabolized after its consumption and
around 86 % is excreted [6] and, as well as most antibiotics, is recalci-
trant when being subjected to conventional wastewater treatments [7].

Advanced oxidation processes have generated great expectations in
the last decade. Although they can be energy-demanding systems, its
main advantage is the destruction of the organic compound treated,
which solves the problems presented with the use of other cleaning
systems based on membranes or adsorption mechanisms. These do not
eliminate the pollutant and need a secondary step for the system reuti-
lization or further separation is needed to recover fresh water [8]. The
use of carbon nitride as photocatalyst for wastewater treatment has
generated great progress recently [9–13] as its capacity to absorb visible
light, sets this semiconductor one step ahead of only-UV-light-absorbing
TiO2 [14]. However, the visible light absorption capacity of g-C3N4 is
very limited: its swift electron-hole recombination capacity and wide
band gap raise a challenge regarding and efficient solar-energy utiliza-
tion. Both are tried to be tackled following different strategies: forma-
tion of heterojunctions, surface modification, metal doping or localized
surface plasmon resonance (LSPR) enhancement [15]. Surface modifi-
cation has proven to increase the BET surface of the semiconductor and,
thus, the number of surface reactive sites. The use of a support (usually
both affordable and green) in which g-C3N4 can deposit, ameliorates
agglomeration issues, as it acts as a settle guide [16,17]. The support
used in the starting composite of this work (SiO2 nanotubes) has been

* Corresponding author at: INAMAT2,-Departamento de Ciencias, Edificio de los Acebos, Universidad Pública de Navarra, Campus de Arrosadía E-31006, Pam-
plona, Spain.
** Corresponding author at: Departamento de Química, Centro de Investigación en Síntesis Química (CISQ), Complejo Científico Tecnológico, Universidad de La
Rioja, Madre de Dios 53, 26006 Logroño, Spain.

E-mail addresses: leticia.santamaria@unavarra.es (L. Santamaría), miguel.monge@unirioja.es (M. Monge).

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

https://doi.org/10.1016/j.apsusc.2024.160906
Received 29 May 2024; Received in revised form 26 July 2024; Accepted 3 August 2024

mailto:leticia.santamaria@unavarra.es
mailto:miguel.monge@unirioja.es
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2024.160906
https://doi.org/10.1016/j.apsusc.2024.160906
https://doi.org/10.1016/j.apsusc.2024.160906
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2024.160906&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Surface Science 673 (2024) 160906

2

proven to both increase the BET surface and reduce the electron-hole
recombination of carbon nitride. Different SiO2 structures such as
spheres, hollow spheres or aerogel have been proven to improve both
TiO2 and g-C3N4 catalytic efficiency [18–23]. The enhanced activity of
the composite is mainly associated to its large surface area, thin g-C3N4
stack layers, and high separation efficiency of electron– hole pairs. The
greater dispersion of the carbon nitride together with the porous and
unilayered structure of the SiO2 nanotubes facilitates the separation of
charge carriers which translates into a quenched signal [24]. This may
cause an increase in photocatalytic activity as the existence of the
photoinduced electron-hole pairs is lengthened [25].

Doping the catalyst with noble metals (such as Au, Ag or Pt) can also
significantly enhance the catalyst performance [26]. These plasmonic
nanoparticles are known to be an efficient method to reduce the band
gap of g-C3N4 which broadens the light absorption capacity and further
increase its photocatalytic activity on the visible-light range [27–29].
They have a twofold role: the formation of the Schottky barrier which
forms a pathway from the conduction band of the semiconductor to the
nanoparticles, which act as electron sinks, and the LSPR from the
nanoparticle to the semiconductor which can also reduce the charge
recombination. The use of limited amounts of Au NPs and their role in
the catalysis process in combination with g-C3N4 [30], carbon self-
doping g-C3N4 [31] and in a dual ZnO/C3N4 catalyst [32] has been
lately explored for hydrogen production and also in a combination with
other plasmonic nanoparticles, like platinum [33].

In this work, gold nanoparticles were formed at the surface of a
catalyst composed of graphitic carbon nitride (g-C3N4) 2D-nanosheets
wrapped around silica nanotubes obtained from the acid activation of
the clay halloysite. For comparison purposes, g-C3N4/Au NPs with no
nanotubes were also synthesized and characterized (N2 adsorp-
tion–desorption, PXRD, TEM, DRS, XPS, PL). Two gold percentages were
chosen, 0.5 and 1 wt% of added metal content. The composites were
tested for the degradation of a persistent emerging pollutant in water,
antibiotic amoxicillin, under visible light. The degradation mechanism
of the best performing sample (SiO2@g-C3N4/Au 0.5 %) was studied
with trapping experiments by the use of scavengers that were introduced
to quench the photodegradation: triethanolamine for photoexcited holes
(h+), tert-butanol for hydroxyl radicals (⋅OH) and a N2 atmosphere for
superoxide radicals (⋅O2

- ).

2. Experimental procedure

2.1. Materials

For the synthesis of Au nanoparticles, the precursor [Au(C6F5)(tht)]
(tht = tetrahydrothiophene) was synthesized by standard procedures
reported previously [34]. Triisopropylsilane (98%) and tetrahydrofuran
were provided by Sigma Aldrich and VWR Chemicals, respectively.
Amoxicillin trihydrate was provided by FluoroChem. HPLC-grade
acetonitrile was provided by Scharlab (Barcelona, Spain) and formic
acid (98 %) for HPLC was from Fluka Analytical. Chemicals were used as
received and no further purification was needed.

2.2. Nanocomposites synthesis

The composite synthesis process before the decoration with Au
nanoparticles is described elsewhere [24]. In summary, halloysite clay
(an aluminosilicate found naturally in a nanotube shape) was acid
treated in order to strip the Al2O3 layer and obtain SiO2 nanotubes which
were then used as a support in which g-C3N4 could wrap around. The
composition of the SiO2@g-C3N4 sample is almost half in g-C3N4 (46 %).
Two different percentages of gold were tested (0.5 and 1 wt%) using [Au
(C6F5)(tht)] as organometallic precursor. This gold precursor is reduced
in the presence of the SiO2@g-C3N4 system. First, a suspension of either
SiO2@g-C3N4 or g-C3N4 was sonicated for 10 min with 10 mL of tetra-
hydrofuran in a round-bottomed flask. Then, 6,1/11.6 mg of [Au(C6F5)

(tht)] with 80 mg of triisopropylsilane and 10 mL of tetrahydrofuran
were added together to the flask. The suspension was stirred and heated
under reflux at 70 ◦C for 1 h in dark conditions. The nanocatalyst was
then filtered, obtaining a violet colored powder (see Image 1 and Fig. 1).

2.3. Characterization of the adsorbents

N2 adsorption–desorption at -196 ◦Cwas used in order to assess the
porosity and the crystallites surface of the samples. 0.4 g of each sample
were placed in a Micromeritics ASAP 2020 Plus adsorption analyzer.
Firstly, they were degassed at 200 ◦C for 24 h under vacuum as a pre-
treatment. The Brunauer-Emmett-Teller (BET) equation was used to
determine the specific surface area using the adsorption data (range
0.05–0.20 of relative pressure). The t-plot method was used to estimate
both the external surface area (Sext) and the micropore volumes (Vμp).
Pore size distribution was derived from the adsorption branch of the
isotherm by BJH (Barret–Joyner–Halenda) using Halsey–Faas correc-
tion. Powder X-ray diffraction (PXRD) diffractograms were obtained
with a Bruker D8 Advance Eco X-ray diffractometer. In order to identify
the crystalline phase of the samples, a Ni-filtered Cu Kα radiation (λ =

0.1548 nm) at a 2-theta range from 5 to 80◦ and a scanning rate of 2◦
(2θ)/min were used. The morphological characterization of the samples
was carried out by Transmission Electron Microscopy (TEM). Samples
dispersed in ethanol (2–3 drops) were drop-casted to carbon-coated Cu
grids. The corresponding micrographs were acquired with a Tecnai T20
(ThermoFisher Scientific) at a working voltage of 200 kV. Diffuse
reflectance UV–vis spectra (DRS) of the samples were recorded on a UV-
3600 spectrophotometer (Shimadzu, Kioto, Japan) equipped with a
Harrick Praying Mantis accessory. The Kubelka-Munk function was used
to obtain the solid-state absorption spectra. X-ray photoelectron spec-
troscopy (XPS) analyses were carried out on a Versaprobe III Physical
Electronics (ULVAC) spectrometer equipped with a monochromatized
Al Kα X-ray source (1486.7 eV) in order to obtain the surface elemental
composition. A pass energy of 224 eV was set for the general spectra and
of 27 eV for the elementary spectra. The surface adventitious carbon
peak, C 1 s at 284.5 eV, was used as a reference for all the binding en-
ergies. When required, spectra were deconvoluted with the CasaXPS
2.3.26 program (Casa Software Ltd., UK). A Shimadzu RF-6000 Spec-
trofluorophotometer was employed to record the excitation and emis-
sion spectra of the samples.

2.4. Amoxicillin photodegradation experiments

The photoreaction tests were performed using a Photolab Equipment

Image 1. G-c3N4, SiO2@g-C3N4/Au 1 %, SiO2@g-C3N4/Au 0.5 %, g-C3N4/Au
0.5 %, g-C3N4/Au 1 % samples.
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(LED365-1/450–1/850-1cb, Apria Systems, Spain) equipped with three
lamps providing visible, UV and IR light, respectively. IR light was kept
unlit in order to perform there the adsorption experiments, in the
absence of light. 20 mg of the catalyst was placed in a petri dish con-
taining 20 mL of amoxicillin aqueous solution (5 ppm in Milli-Q water,
neutral pH). The visible lamp (radiation of 124 W/m2) was switched on
and the photocatalyst performance was tested for 120 min under
agitation. The monitoring of the antibiotic concentration was performed
by withdrawing aliquots of 1 mL of the solution every 15 min. The
aqueous solutions were then filtered (0.22 μmol, Durapore) and the drug
concentration was determined with an Agilent modular 1100/1200
liquid chromatography system (Agilent Technologies, USA) equipped
with a G1329A autosampler and a G1315 diode array detector and a
Phenomenex Luna LC C18 100 \AA column. The mobile phase started
85 % of 0.1 % formic acid aqueous solution and 15 % acetonitrile. The
total running time was 20 min with a 1.0 mL/min flow rate and an in-
jection volume of 20 μL. Amoxicillin signal was measured at 228 nm.
The catalytic photoreactions were carried out at natural pH and
photolysis tests, in the absence of a catalyst, were also performed. The
study of the active species responsible for the degradation procedure
was performed with the help of trapping experiments. In order to quench
hydroxyl radicals (⋅OH) and photogenerated holes (h+), triethanolamine
and tert-butanol, respectively, were added to the reactions to act as
scavengers. N2 atmosphere was also used to let out the oxygen present in
the setup and test the presence of superoxide radicals (⋅O2) [35–37].

3. Results and discussion

3.1. Catalysts characterization

The effect that the presence of nanoparticles had on the textural
properties of the samples was examined with N2 adsorption–desorption.
The results obtained are displayed in Fig. 2 and Table 1. All the iso-
therms correspond to a type IV in the IUPAC classification [38], which
are given by mesoporous adsorbents. The presence of a hysteresis loop in
the 0.5–1.0 pressure range confirms the mesoporous structure of the
samples (see Fig. 2a). The decoration of carbon nitride with gold
nanoparticles can have different results in the BET surface of the sam-
ples, with studies reporting an important increase or decrease in their
samples, while other reports no significant changes [39–41]. The BET
surface of the g-C3N4 series seems to slightly increase with the presence
of the NPs while in the SiO2@g-C3N4 series has mixed effects. The
Barrett-Joyner-Halenda (BJH) pore-size distributions of the samples
(displayed in Fig. 2b) clearly reflects the difference between the series:
while the g-C3N4 series has a linear distribution of mesopores, the
SiO2@g-C3N4 series shows that the amount of mesopores increases with
the presence of the gold nanoparticles. A peak situated at the 11 nm pore
diameter, corresponds to the mesoscopic lumen of the SiO2 nanotubes

[42].
The PXRD diffractograms of the samples are displayed in Fig. 3.

Samples with g-C3N4 and no nanotubes (g-C3N4/Au 0.5–1 %) show the
typical diffraction peaks of carbon nitride: a peak situated at 12.9/12.8◦

was accorded to the interplanar packing of the tri-s-triazine unit of
(100) plane and the broad peak at 26.3/27◦ was indexed to the staking
(002) peak of the conjugated aromatic system (JCPDS card 87-1526). In
both samples the presence of metallic gold can be observed with the
peak situated at 38/38.3◦, corresponding to the (111) plane of Au NPs
(JCPDS card No. 04-0784). The sample with 1 % gold displays a bigger

Fig. 1. Structure of the composite used as a catalyst.

Fig. 2. The N2 adsorption–desorption isotherms (a) and pore size distribution
(b) of the samples.

Table 1
Textural properties of the halloysite/melamine-derived photocatalysts with
different percentages of gold.

Sample SBET
(m2/g)

Sext
(m2/g)

g-C3N4 5 4
g-C3N4 + Au 0.5 % 7 6
g-C3N4 + Au 1 % 7 6
SiO2@g-C3N4 26 15
SiO2@g-C3N4 + Au 0.5 % 21 21
SiO2@g-C3N4 + Au 1 % 28 21

L. Santamaría et al.
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peak and also a peak situated at 45◦, which matches to the (200) plane.
The composites with nanotubes (SiO2@g-C3N4/Au 0.5–1 %) feature in
their most intense peaks the presence of silica arranged both as quartz
with peaks at 20.9◦ and 26.7◦ corresponding to (100) and (101) planes,
respectively (JCPDS card No. 046-1045) and cristobalite at 22◦ (101),
31.4 (102) and 36.1 (200) (JCPDS card No. 39-1425). The presence of
both g-C3N4 is thus downsized and less evident, (002) peak appears
together with quartz (101). Although the percentage of added gold is
the same than in the g-C3N4/Au samples (see XPS results), its presence
cannot be detected with PXRD in the samples with nanotubes.

Fig. 4 shows TEM images of the synthesized catalysts. The presence
of nanoparticles is readily observable in all samples. The gold nano-
particles grafted on g-C3N4 display a very homogeneous shape and are
well-distributed throughout the samples proving that the synthesis
procedure was successful. The triazine groups of the g-C3N4 acted in all
samples as a direct growth agent and thus, the size of the NPs was
controlled without the need of a polymer, as proved previously in our
group [43]. Although not shown in the PXRD analysis, the incorporation
of the gold in the silica composite, does not seem to have any effect on
either the distribution or the size of the nanoparticles. Both the size of
the NPs (<10 nm) and their distribution are homogeneous. Sample g-
C3N4/Au 1 % has an average size of 4.91 ± 1.7 nm while the samples
with nanotubes have an average size of 3.56± 0.6 and 3.54± 1.2 nm for

Au 0.5 % and 1 %, respectively. The presence of the nanotubes, which
accounts for a smoother and more extended g-C3N4 distribution, could
have contributed to a smaller Au-NP size. In particular, SiO2@g-C3N4
with 0.5 % Au sample has remarkably homogeneous size distribution.
The increase of volume to surface ratio confers very small Au NPs with
added reactivity [44,45] as they have been found to have electro-
chemical and optical properties that are both shape and size dependent
[46].

Traditional routes for Au NPs preparation such as impregnation,
coprecipitation or ion exchange usually lead to larger particle sizes
(>20 nm) with dissimilar exposed facets on the semiconductors, both
factors not favorable for neither the LSPR effect nor the charge carrier
transfer [31].

The introduction of gold NPs in the structures may confer an
improvement on their optical absorption properties. The UV–vis diffuse
reflectance spectra of SiO2@g-C3N4 and g-C3N4 with Au 0.5/1% are
shown in Fig. 5a and b, respectively. In all cases the mayor absorption
band is located below 450 nm, there is no significant changes on this
limit with the addition of the NPs, as the gold was not incorporated in
the lattice of the g-C3N4 sample, but deposited on its surface [47]. A peak
located at over 500 nm (500–530 range) was observed in the samples

Fig. 3. Powder X-ray diffraction patterns of the C3N4/Au 0.5–1 % samples are
displayed in the first two rows and those of SiO2@g-C3N4/Au 0.5–1 % samples
in the third and last row.

Fig. 4. TEM micrographs of the samples: g-C3N4/Au 1 % (a) SiO2@g-C3N4/Au
0.5 % (b) SiO2@g-C3N4/Au 1 % (c).
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with gold, originating from the surface plasmon resonance of the NPs
[39,48] as it was not present in the starting samples. As expected, this
peak is stronger the higher the concentration in gold [40]. The carbon
nitride series displays more absorbance especially the sample with 1 %
gold which could be related to the fact that metallic gold appears in
PXRD diffractogram in this series. The light harvesting activity of the
NPs is expected to enhance the photocatalytic activity performance
[49]. The band gaps of the samples, based on Tauc plots, are shown in
Fig. 5c and d. Both SiO2@g-C3N4 and g-C3N4 present the same band gap,
of 2.71 eV. Although this value could enable them to harvest sunlight, it
still differs from the ideal band gap of a semiconductor of around 2.0 eV
[50]. Thus, obtaining a narrower bandgap is one of the main goals to be
achieved through the material modification. The heterojunction be-
tween the semiconductor and the gold NPs produces a slight decrease in
the band gap of all the samples. SiO2@g-C3N4 with 0.5 % and 1 % Au
have a 2.69 and 2.67 eV band gap, respectively, while in the case of g-
C3N4 samples with 0.5 % and 1 % Au their band gap is of 2.70 and 2.63
eV. The surface plasmon resonance effect of the NPs is responsible for
the reduced Eg, which can make the material more responsible to solar
light [51].

The surface composition and chemical state of the as-synthesized
samples was further examined with XPS analysis. Fig. 6a displays the
survey spectra of the four samples. The g-C3N4 samples show almost no
oxygen and peaks corresponding to C, N and Au. The latter peak is more
prominent in the sample with 1 % Au. The samples with nanotubes as a
support show also peaks corresponding to both silicon and oxygen, these
two elements represent more than 30 % of the surface composition of
both samples. The total percentage of each element present in the sur-
face of the four samples is collected in Table 2. Gold nanoparticles
represent the 0.7–0.8 % in the samples with 0.5 % of gold and 1.6 % in
the samples with 1 % gold, disclosing that nanoparticles stay in the

surface of the catalysts in a greater proportion and are thus available to
help in the photoreaction. The high resolution spectra of the two Au 4f
peaks, are represented in Fig. 6b and are all situated at 84 and 87.7 eV,
corresponding to Au4f 7/2 and 5/2 respectively and mark the presence
of only metallic gold in the samples [43,52]. The methodology utilized
for the decoration of the samples with gold nanoparticles is thereby solid
and reliable, as the results obtained are consistent. Fig. 6c displays the
high-resolution XPS spectrum for the C1s region, fitted into three peaks.
The most intense peak, located at between 287.6 and 287.8 eV corre-
sponds to the sp2 carbon atoms in the g-C3N4 triazine units (C-N=C). The
peak associated with the C–C bonds is located at 284.5 eV. The high-
resolution spectra of the N 1 s region (Fig. 6d) shows three major
peaks situated at around 398.3, 399.3 and 400.5 eV which correspond to
sp2 N atoms in the triazine unit (C-N=C), N atoms between aromatic
rings (tertiary N-(C)3 groups) and the presence of –NH2 groups,
respectively [53,54]. The presence of gold has not led to a substantial
increase on the binding energies of both C and N 1 s spectra, when
comparing to pristine g-C3N4 and SiO2-C3N4 [51], although in the
samples with nanotubes, a small increase on the biding energies of the
samples has been recorded when the gold percentage has increased from
0.5 to 1. Fig. 6e showcases the high-resolution spectra of O 1 s which
only represents a 2.4–2.7 % in the samples with no nanotubes. In sam-
ples with SiO2, this percentage rises up to 26 %, and the binding energy
of O 1 s is slightly displaced to higher energies, 532.7–532.8 eV,
representative of SiO2 binding. Si 2p spectra is represented in Fig. 6f,
silicon represents around 9 % of the samples with nanotubes and its
binding energy is situated in the 103.4–103.5 eV range which corre-
sponds to a silica chemical bond.

Photoluminescence (PL) studies were used to investigate the
recombination process of the electron-hole pairs photogenerated in the
semiconductor. Fig. 7 shows the PL spectra of the samples performed at

Fig. 5. Diffuse reflectance UV–vis spectrum of the samples with their Tauc plot as an inset.

L. Santamaría et al.
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room temperature and under an excitation wavelength of 365 nm:
Fig. 7a for SiO2@g-C3N4 and 7b for g-C3N4 samples. A higher intensity
would indicate a quicker recombination efficiency of the charge carriers.
The presence of gold NPs on the surface of the samples contributed to the
restraining of the photo-generated e-- h+ recombination. The intensity
decreased in the order: g-C3N4/Au 0.5 % > g-C3N4/Au 1 % > SiO2@g-
C3N4/Au 1 % > SiO2@g-C3N4/Au 0.5 %. Nanotube-containing samples
had a starting vantage point, as the presence of the nanotubes reduced
significantly the carriers’ recombination. Au NPs inhibit the recombi-
nation of the charge carriers and promote a better separation of the
electron-hole pairs while also being responsible for a better light har-
vesting, leading to an enhancement of the catalytic photoactivity of the
samples. Results obtained in the PL spectral pattern perfectly match the

catalytic activity of the samples. In the g-C3N4 series, the quenching of
the signal is slightly greater in the sample containing 1 % Au while in the
SiO2@g-C3N4 series, the 0.5 % Au-sample performs better. The presence
of gold in the samples seems to slightly displace the emission peak to
lower wavelengths. The percentage of gold chosen for the samples seems
to have been appropriately selected. Samples with higher amounts of
gold nanoparticles are usually found to start to produce a lower decrease
in the intensity of the emission peak [39,40].

3.2. Amoxicillin photodegradation performance

Studies in the absence of light were performed simultaneously to
those with the UV or visible light in order to address the possible

Fig. 6. XPS survey, Au 4f, C 1 s, N 1 s, O 1 s and Si 2p spectra of the g-C3N4/Au and SiO2@g-C3N4/Au samples.
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catalyst-contaminant adsorption mechanism. All samples failed to
adsorb any amoxicillin. Considering the pka of amoxicillin [55], when
the pH is close to 7, used in our experiments, amoxicillin is almost fully
negatively charged whereas silica nanotubes are also negatively
charged, thus preventing the adsorption from appearing. Fig. 8 shows
the results obtained when using SiO2@g-C3N4 sample without light and
with either UV or visible light. UV light was effective in removing
amoxicillin from the sample in less than two hours and although visible
light worked at first, it seems to stall pass the 60 min mark.

The decoration of the composites with gold nanoparticles was next
tried in order to improve the catalysts efficacy when under visible light.
Au percentages chosen were 0.5 and 1 % as these outperform lower or
higher percentages [39,40,56]. Results obtained of both the SiO2@g-
C3N4 and the g-C3N4 series with 0 %, 0.5 % and 1 % are displayed in
Fig. 9. Gold NPs samples ameliorate the results obtained with samples
before the noble metal decoration, however the sample SiO2@g-C3N4/
Au 1 % fails to obtain the results of SiO2@g-C3N4 in the first 60 min. In
the series with no nanotubes, both Au samples outperform the g-C3N4
starting sample, and the g-C3N4/Au 0.5 % degrades more than 40 % of
amoxicillin in the first two hours (against the 27 % obtained by g-C3N4/
Au 1 %). Overall, sample SiO2@g-C3N4/Au 0.5 % provides the best
performance, 52 % degradation of amoxicillin vs. 21 % obtained with
the other nanotubes’ samples. The pseudo-first-order kinetics of the
samples are represented in Fig. 10. Sample SiO2@g-C3N4/Au 0.5 % has
the highest rate constant, at 0.0068 min-1, the other two nanotubed
samples (with no gold and 1 % NPs) have similar rate constants with
0.0027 and 0.0025 min− 1, respectively. Sample with only g-C3N4 ob-
tains the lowest value, at 0.0019 min− 1 and sample g-C3N4/Au 0.5 %

Fig. 6. (continued).

Table 2
Surface composition of the (SiO2 nanotubes)@g-C3N4 samples with either 0.5 or
1 % of gold nanoparticles.

Element g-C3N4 + Au
0.5 %

g-C3N4 +

Au 1 %
SiO2@g-C3N4 +

Au 0.5 %
SiO2@g-C3N4 +

Au 1 %

C 45.6 44.2 29 29.6
O 2.7 2.4 26 22.7
N 50.9 51.8 34.6 37.5
Si − – − — 9.7 8.6
Au 0.8 1.6 0.7 1.6

Fig. 7. Photoluminescent spectra of g-C3N4 and the SiO2@g-C3N4 nanohybrid
with different percentages of Au NPs.

L. Santamaría et al.
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succeeds in doubling its reaction kinetics results with a 0.0039 min− 1

rate. Overall, the better performance obtained with SiO2@g-C3N4/Au
0.5 % seems to be a product of both a bigger BET surface, which could
signify a greater probability of pollutant-catalyst interaction, and the
lowest electron-hole pair recombination, as seen in the PL emission re-
sults. These two factors are a direct consequence of the introduction of
the SiO2 nanotubes and gold nanoparticles in the system. The percentage
of gold that gives the best results seems to vary with the synthesis
method and, even though usually situated in the 0.5–1 % region, is
difficult to predict in advance the best result within this range.

The antibiotic amoxicillin bears several organic functional groups
such as carboxylate (–COOH), amino (–NH2), hydroxyl (–OH) or
thioether (− S-). In the case of Au NPs, previous reports show that all
these functional groups can interact with the nanoparticle surface. In the
case of the g-C3N4 surface or the available SiO2 surface, the amoxicillin
molecules would interact through hydrogen bonding between its func-
tional groups such as carboxylate (–COOH), amino (–NH2), hydroxyl
(–OH) and the –NH2 or OH groups at the surface. Therefore, in the
Scheme 1 we show a general interaction between the amoxicillin and the
surface, where the photocatalytic process takes place.

For the study of amoxicillin degradation, carbon nitride has been
combined with a second semiconductor (TiO2, ZnO, MoS2, Fe2O3)
another carbon-based material such as graphene oxide or with noble
metals, such as silver. A comparison of the kinetic results obtained with
the different modifications of C3N4 while trying to improve its photo-
catalytical performance is shown in Table 3. Kinetic values obtained
highlight the recalcitrance of this antibiotic to being degraded. To our
knowledge, the effect of gold nanoparticles on carbon nitride has not
been tested for amoxicillin degradation although it has been proven
successful with dyes such as methylene blue [40] and rhodamine B [48]
or drugs such as paracetamol [43] or antibiotic tetraclycine hydro-
chloride [57].

Study of the degradation process.
Trapping experiments were performed to specify the most relevant

active species in the degradation process. Tert-butanol, triethanolamine
and an inert N2 atmosphere were introduced in the reaction to capture
hydroxyl radicals (OH•), photogenerated holes (h+) and superoxide
radicals (•O2

–), respectively. The formation of the active species is
limited to the band gap of the semiconductor employed, their potentials
have to be included in the semiconductor EVB-ECB limits (around 1.60
eV- -1.11 eV for the SiO2@g-C3N4/Au 0.5 % sample, 2.69 band gap see
Scheme 2). When using carbon nitride as semiconductor, the direct
formation of hydroxyl radicals (2.4 eV) is not allowed, as its potential is
not included in the EVB-ECB interval. Results obtained are represented in
Fig. 11: the presence of triethanolamine, trapping photogenerated holes,

Fig. 8. Amoxicillin adsorption and visible or UV lamp degradation behavior of
SiO2@g-C3N4 (without gold NPs) sample.

Fig. 9. Degradation behavior of SiO2@g-C3N4 and g-C3N4 samples.

Fig. 10. pseudo-first-order kinetics of the samples for amoxicillin degradation.
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clearly affects the degrading process and the nitrogen atmosphere,
quenching the formation of •O2

–, has a similar outcome. Thus, the
amoxicillin degradation process is a combination of the photogenerated
holes and the superoxide radicals. This results clearly display the effect

caused by the gold nanoparticles in the catalyst performance: when the
SiO2@g-C3N4 composite (with no nanoparticles) was studied for the
degradation of norfloxacin antibiotic [24] only the use of triethanol-
amine for trapping the holes (h+) had a significant effect on the catalyst
performance, the addition of Au NPs, displays a combination of both h+

and •O2
–, making the nanoparticles responsible for the superoxide gen-

eration. The presence of the gold on the surface of the semiconductor
nanosheets modified the degradation mechanism, as they are polarized
in charge and absorbed and scattered the incident visible light as a result
of their strong LSPR [58]. Plasmonic photocatalysts come from the Au
Fermi level presence between the CB and the VB of the carbon nitride
[39,59]. Under sunlight irradiation, electrons released from the CB of
the semiconductor can be captured by the NPs, an easily reduce nearby
O2 into •O2

–. The presence of the Au NPs-C3N4 system has previously
been reported to combine both h+ and •O2

– as active species responsible

Scheme 1. Interaction mechamism of the SiO2@g-C3N4 /Au sample with amoxicillin.

Table 3
Pseudo-first-order kinetics of g-C3N4 composites in Amoxicillin degradation.

Sample Pseudo-first-
order kinetic
(min− 1)

Conditions Reference

Fe3O4 NPs/g-C3N4 0.0215 0.25 mM AMOX
1 g/L catalysts
UV light
500 W halogen lamp

[64]

TiO2 0.00078 20 ppm AMOX, 4 g/L
catalyst
vis light
500 W
tungsten–halogen
lamp

[65]
g-C3N4 0.00127
g-C3N4/ TiO2 0.00134
Ag-TiO2 0.00180
Ag/g-C3N4/ TiO2 0.00340

Ag/TiO2/M− g− C3N4 0.0614 5 ppm AMOX,
1 g/L catalyst,
vis light
300 W xenon lamp

[63]
B-g- C3N4 0.00495

g-C3N4/MoS2 (3 %)
0.0575 15 ppm AMOX,

0.5 g/L catalyst,
vis light
300 W Xe lamp

[66]

g-C3N4 0.0075

Ag/g-C3N4/ZnO 0.00166 40 ppm amox,
0.08 g/L catalyst
vis light
300 W lamp

[62]

RGO@g-C3N4/BiVO4 0.0556 10 ppm AMOX,
1 g/L catalyst
vis light
500 W halogen lamp

[67]

g-C3N4 0.0019 5 ppm AMOX,
1 g/L catalyst,
vis light
124 W LED lamp

This work
g-C3N4/SiO2

nanotubes_Au0.5 %
0.0068

2.69 eV

ECB

EVB

OH-/ ·OH=2.4 eV

H+/H2 =0.0 eV
O2/·O2

- =- 0,3 eV

e- e- e- e- e-

h+ h+ h+ h+ h+

O2 ·O2
-

by- products

Amoxicillin

by- products

Amoxicillin

Scheme 2. Degradation active species in the SiO2@g-C3N4 /Au 0.5 % sample.
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for the degradation of Rhodamine B and methylene blue [39,40]. The
present work demonstrates and further confirms that the presence of Au
NPs in the catalyst generates the superoxide radicals (•O2

–). This group
has reported results that go in line with these for the degradation of
ciprofloxacin: the use of g-C3N4 on its own showcases that holes are the
only active species responsible [60] or a combination of Au-Ag NPs with
N-doped carbon/TiO2 uses a combination of holes and •O2

–. However,
some authors obtained different results: Nguyen et al. [61] report only
the presence of only superoxide radicals when using silver NPs in a
C3N4/halloysite composite for the degradation of tetracycline and other
studies report the presence of subsidiary hydroxyl radicals (OH•)
generated either from the presence of ZnO in the C3N4 composite [62] or
from the •O2

– [51,63], the last one also stating that the TiO2/C3N4
combination is responsible for the generation of superoxide radicals.

4. Summary and conclusions

This work reports the effect of gold nanoparticles in a silica nano-
tubes/C3N4 composite for the degradation of the antibiotic amoxicillin
under visible light. Two different percentages of gold were tested (0.5
and 1 wt%) using [Au(C6F5)(tht)] as organometallic precursor which is
reduced in the presence of the SiO2@g-C3N4 nanotube system. This
controlled synthesis process resulted in small (<10 nm) gold nano-
particles, homogenously deposited throughout the samples. Results
obtained showcase the importance of the gold amount in the sample as
0.5 % Au delivered the best results: the SiO2@g-C3N4/Au 0.5 % NPs had
a pseudo-first-grade kinetic constant 3.5 times larger than g-C3N4 and
2.5 times that of SiO2@g-C3N4. Trapping experiments showed that both
holes (h+) and superoxide radicals (•O2

–) performed in the SiO2-C3N4/Au
0.5 % NPs degradation of amoxicillin with the gold nanoparticles being
responsible for both the production of superoxide radicals and the
reduction of electron-hole recombination.
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[43] M. Jiménez-Salcedo, M. Monge, M.T. Tena, An organometallic approach for the
preparation of Au–TiO2 and Au-g-C3N4 nanohybrids: improving the depletion of
paracetamol under visible light, Photochem. Photobiol. Sci. 21 (2022) 337–347,
https://doi.org/10.1007/s43630-022-00172-9.
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