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A B S T R A C T

The increasing presence of tetracycline antibiotics in aquatic environments poses serious ecological and health 
risks due to their persistence and potential to promote antibiotic resistance. In this study, we report a sustainable 
and efficient strategy for the photocatalytic degradation of tetracycline using Ag-decorated carbon nanoparticles 
synthesized via a rapid microwave-assisted method. The carbonaceous component was derived from spent coffee 
grounds, promoting a circular economic approach. Structural, optical, and vibrational analyses (UV–Vis, FTIR, 
Raman, TERS, and XRD) reveal significant transformations in both the carbon matrix and silver phase, enabling 
enhanced photocatalytic activity. The optimized hybrid nanocomposite exhibits remarkable performance, 
achieving 95 % tetracycline degradation under simulated solar irradiation within 30 min (solar simulator AM 
1.5, 0.1 W cm⁻² light intensity). Mechanism studies using optical filters and radical scavengers confirm the role of 
interfacial charge transfer and reactive oxygen species in the photocatalytic process. The catalyst maintains its 
activity over four consecutive cycles, highlighting its potential for practical applications in sustainable water 
remediation.

1. Introduction

The contamination of water resources by pharmaceutical residues 
has become one of the most pressing environmental challenges of the 
past decade. Among them, tetracycline antibiotics (TC) are of particular 
concern due to their widespread use in human and veterinary medicine, 
their chemical stability, and their persistence once released into natural 
ecosystems [1]. These compounds enter aquatic systems primarily 
through excretion, agricultural runoff, and improper disposal. Their 
resistance to natural degradation processes [2] and poor removal effi
ciency in conventional wastewater treatment plants [3] result in their 
continuous accumulation in surface and groundwater. Such persistence 
not only disrupts microbial communities and nutrient cycling [4] but 
also fosters the development and dissemination of antibiotic-resistant 
bacteria, representing a serious ecological and public health risk [5]. 
Consequently, there is a strong need for innovative remediation tech
nologies capable of ensuring both efficiency and sustainability [6].

Among the strategies currently under investigation, photocatalysis 

has emerged as a particularly promising approach for the degradation of 
persistent organic contaminants [7–9]. This process relies on the exci
tation of a photocatalyst under light irradiation, generating electro
n–hole pairs that trigger the formation of reactive oxygen species (ROS), 
which subsequently oxidize and mineralize pollutants [10,11]. 
Carbon-based nanomaterials, and in particular carbon dots (CDs), are of 
growing interest because of their unique set of advantages: high water 
dispersibility, tunable surface functionalities, remarkable photo
luminescence, and biocompatibility [12,13]. These properties make 
them suitable candidates for environmental applications, including 
pollutant degradation and sensing.

These features make CDs highly versatile platforms for photo
catalytic and sensing applications. Importantly, their photocatalytic 
activity can be significantly enhanced when combined with plasmonic 
metals such as silver, which act as electron sinks and improve light 
harvesting through localized surface plasmon resonance. This synergy 
accelerates charge separation and increases ROS generation, resulting in 
more efficient pollutant degradation [14–16].
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Sustainability also plays a pivotal role in the design of next- 
generation photocatalysts. Recent studies have demonstrated that 
biomass waste can serve as an abundant and renewable precursor for the 
synthesis of CDs, thus aligning material development with green 
chemistry and circular economy principles. For example, food and 
agricultural residues such as coffee waste or silverskin can be trans
formed into carbon nanomaterials with heteroatom functionalities that 
further enhance photocatalytic performance [17–19]. This approach not 
only reduces the environmental impact of waste disposal but also creates 
added value materials, contributing to resource efficiency [20,21]. 
Herein, we report a rapid, low-cost, and sustainable microwave-assisted 
synthesis of Ag-decorated carbon nanoparticles (MWCNPs@Ag) using 
spent coffee grounds as the carbon precursor. This waste-derived feed
stock introduces heteroatom functionalities into the carbon framework, 
which are known to promote charge transfer processes and enhance 
photocatalytic activity [19–21]. The hybrid nanocomposite benefits 
from the synergistic coupling between the carbonaceous component and 
the silver nanoparticles, which exhibit strong plasmonic features and 
interfacial Ag⋅⋅⋅O bonding interactions [22,23]. In this study it has been 
further developed to impart interesting photocatalytic properties to the 
resulting system. As will be described in detail, the system effectively 
degrades tetracycline in aqueous solution without the need for any 
additional chemical agents, relying solely on light stimulation [23].

These features enable efficient light-driven tetracycline degradation 
under mild condition, without the need for additional oxidants or harsh 
reaction conditions.

Considering some of the most recent and performing photocatalytic 
systems reported for tetracycline degradation (Table S1), based on 
semiconductor heterojunctions and oxide–sulfide composites, they 

typically reach removal efficiencies above 85–95 % under visible or 
solar irradiation [24–33]. Within this framework, the MWCNPs@Ag 
nanostructures developed in this work display a particularly competitive 
performance, achieving 95 % degradation in only 30 min under simu
lated solar light. This positions our material in the upper range of the 
most efficient photocatalysts reported to date, while offering the addi
tional advantage of a rapid and sustainable synthetic route based on 
waste valorization.

The exceptional photocatalytic performance, combined with the 
ultra-fast and scalable synthesis method, makes this material a highly 
promising candidate for practical water remediation applications, while 
simultaneously exemplifying the valorization of biomass waste within a 
circular economy framework.

2. Results and discussion

2.1. Spectroscopic characterization and formation mechanism of CNPs/ 
Ag nanocomposites

The structural and chemical transformations occurring during the 
microwave-assisted synthesis of silver-functionalized carbon nano
particles (MWCNPs@Ag) were thoroughly investigated through a multi- 
technique spectroscopic approach. Beginning with the pristine CNPs 
derived from spent coffee grounds, the initial characterization revealed 
fundamental insights into the starting material properties. UV–Visible 
spectroscopy (Fig. 1a) displayed a completely featureless absorption 
profile across the measured wavelength range, with no observable 
distinct peaks or shoulders. This monotonic absorption behaviour is 
characteristic of highly disordered carbonaceous materials lacking 

Fig. 1. a) Absorption spectra of CNPs exposed to microwave stimulus in presence of different AgNO3 concentrations in the range 220–700 nm. b) Raman vibrations 
(200–2000 cm-1) of the CNPs, MWCNPs and MWCNPs@Ag deposited by drop-cast on a silicon support. c) FTIR spectra of the three nanosystems directly casted onto 
the ATR IRE element. d) XRD pattern recorded for CNPs, MWCNPs, and MWCNPs@Ag over the 10–80◦ 2θ range. The signals of Ag nanoparticles according to JPCS 
file No 04–0783 are reported in blue. For clarity, the positions of the signals discussed in the text are indicated on both the Raman spectrum (panel b) and the XRD 
profile (panel d).

S. Bettini et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 76 (2025) 107873 

2 



extended π-conjugation systems [34]. Complementarily, Raman spec
troscopy analysis (Fig. 1b) further confirms the amorphous nature of the 
untreated CNPs, with spectrum showing complete absence of the char
acteristic D and G bands typically associated with graphitic carbon 
structures [35]. The missing Raman signatures indicate that the initial 
carbon matrix possesses neither crystalline graphite domains nor sig
nificant defect structures that would give rise to these vibrational 
modes. Fourier-transform infrared (FTIR) spectroscopy (Fig. 1c) pro
vides crucial information about the surface chemical functionality of the 
as-prepared CNPs. The spectra exhibited several prominent absorption 
bands corresponding to oxygen-containing functional groups that 
decorate the carbon nanoparticle surfaces. A broad, intense band cen
tred at 3400 cm⁻¹ has been attributed to stretching vibrations of 
hydrogen-bonded O–H groups originating likely from surface-adsorbed 
water molecules and hydroxyl functionalities such as phenols or car
boxylic acids. A broad signal around 1600 cm⁻¹ is also observed and is 
typically assigned to a combination of δ(H–O–H) bending and C=C 
stretching in disordered aromatic clusters. The fingerprint region in the 
range 1050–1250 cm⁻¹ displayed complex overlapping bands from C–O 
stretching modes associated with alcohols, ethers, and epoxides. This 
comprehensive FTIR analysis confirms that the starting CNPs possess a 
highly oxygenated surface rich in polar functional groups, according to 
previous results [19,36] and suggesting that they can potentially serve 
as anchoring sites for metal ions.

Microwave irradiation of the CNPs (MWCNPs) at 300 W for 30 s 
induced a red shift in the spectral drift below 300 nm (Fig. 1a, grey line), 
suggesting a surface modification of the system, which has been subse
quently investigated in more detail. Raman spectroscopy provides 
further evidence of structural reorganization (Fig. 1b, grey line), with 
the emergence of two new bands at 1378 cm⁻¹ (D band) and 1590 cm⁻¹ 
(G band). The D band originates from disordered sp² carbon or graphitic 
edge sites, while the G band corresponds to in-plane stretching vibra
tions of ordered sp²-bonded carbon atoms [37]. The calculated D/G 
intensity ratio of 0.74 indicates the presence of nanometer-sized 
graphitic domains embedded within a still largely amorphous carbon 
network, after microwave irradiation [35,37]. Concurrently, FTIR in
vestigations (Fig. 1c, grey line) reveal substantial changes in surface 
chemistry following microwave exposure. Most notably, the intensities 
of both the O–H (3400 cm⁻¹) and the broad ~1600 cm⁻¹ bands signifi
cantly decreased, suggesting dehydration and partial breakdown of 
hydrogen-bonded hydroxyl networks. Therefore, a broad band at 1720 
cm⁻¹, imputable to carbonyl stretching modes, is observed in the FTIR 
spectrum of MWCNPs. The region at 1050–1250 cm⁻¹ also shows spec
tral simplification, suggesting a loss or transformation of some C–O–H 
and C–O–C groups [38]. This behaviour reflects not a simple thermal 
reduction, but rather a microwave-induced reorganization of surface 
functionalities, potentially assisted by localized heating and reorgani
zation of the carbon framework [39].

The microwave-assisted incorporation of silver nanoparticles into 
the CNPs matrix exhibited pronounced concentration-dependent 
behaviour across the tested AgNO₃ range (10⁻⁴ to 10⁻² M). UV–Vis 
spectral evolution (Figs. 1a and S1) revealed that the surface plasmon 
resonance characteristics varied systematically with precursor concen
tration. The 10⁻³ M condition produced the most well-defined response, 
exhibiting a plasmon band centred at about 400 nm (Fig. 1a, orange 
line). In contrast, the 10⁻⁴ M sample (magenta line) showed only mar
ginal plasmonic resonance, while the 10⁻² M treatment resulted in 
broadened absorption features (blue line) suggesting nanoparticle ag
gregation. Figure S1 presents the UV–Vis spectra of AgNO₃ solutions at 
varying concentrations (10⁻⁴ to 10⁻² M) subjected to microwave treat
ment without CNPs. The absence of any plasmon resonance features 
across all concentrations confirms that the carbon matrix is essential for 
silver nanoparticle formation under these synthetic conditions.

The concentration dependence in the formation of MWCNPs@Ag is 
manifested in the Raman spectra (Figs. 1b and S2). MWCNPs@Ag pre
pared with a 10⁻³ M silver nitrate solution exhibit the most pronounced 

structural modifications. Compared to pristine MWCNPs, the hybrid 
material shows a lower D/G intensity ratio (0.57) and the exclusive 
appearance of a distinct band at 239 cm⁻¹, which can be assigned to 
interfacial Ag⋅⋅⋅O vibrations [40–43]. This feature is missing in pristine 
CNPs, in microwave-treated CNPs, and in AgNO₃ solutions irradiated 
without CNPs (Figures S1 and S2), confirming that it arises from a 
specific interaction between silver nanoparticles and oxygenated func
tionalities of the carbon matrix. The intermediate concentration of silver 
thus appears optimal to provide sufficient silver for nanoparticle for
mation and to preserve the integrity of the carbon framework. Addi
tionally, Raman spectra of 10⁻³ M AgNO₃ treated without MWCNPs show 
only residual nitrate signatures (~1045 cm⁻¹) and no Ag oxidation, 
confirming that nanoparticle formation requires the carbon substrate.

In addition to the precursor concentration, the microwave irradia
tion time was also found to be a crucial parameter. At shorter exposure 
(15 s), no plasmonic resonance was detected, suggesting that silver 
nanoparticles had not yet nucleated. Conversely, extending the irradi
ation to 45 s led to vigorous boiling of the aqueous suspension, causing 
uncontrolled conditions. The intermediate duration of 30 s provided the 
best compromise, reproducibly yielding well-defined plasmonic features 
around 400 nm without detrimental thermal effects. This condition was 
therefore selected as the optimal irradiation time for the synthesis of 
MWCNPs@Ag. It is worth noting that the proposed approach appears 
particularly eco-friendly, since in addition to employing waste materials 
for the preparation of the photocatalytic system, it is also extremely 
rapid and energy efficient. Furthermore, the instrumental setup used is 
easily accessible and associated with moderate costs.

X-ray diffraction (XRD) analysis was performed on the three samples 
CNPs, MWCNPs, MWCNPs@Ag and is reported in Fig. 1d As anticipated 
by Raman spectroscopy, the CNPs exhibit the typical diffraction pattern 
of amorphous carbon-based structures, with a broad signal centred 
around 23.7◦ [44,45]. Particularly interesting is the behaviour observed 
in the case of the nanostructures after microwave treatment. The peak 
initially observed at 23.7◦ shifts to higher angles, with a maximum 
centred at 25.2◦, characteristic of the (002) plane of graphite, and the 
signal generally appears less broadened [46]. In the XRD profile of the 
MWCNPs@Ag composite, the band corresponding to the carbonaceous 
nanostructures does not appear to be significantly affected by the 
presence of AgNO₃ during the microwave treatment. On the contrary, 
the characteristic signals of silver nanoparticles emerge at 38.09◦, 
44.29◦, and 64.46◦ [47], which can be assigned to the (111), (200), and 
(220) planes of face-centered cubic (FCC) silver nanoparticles (JPCS file 
No 04–0783). These findings support the results obtained from Raman 
and UV–Vis analysis, confirming the formation of Ag nanostructures 
induced by the microwave treatment and the presence of CNPs.

Detailed characterization of the MWCNPs@Ag composite reveals 
multifaceted interfacial chemistry. The unique 239 cm⁻¹ Raman signa
ture points to specific bonding configurations between silver nano
particles and oxygenated carbon sites, while complementary FTIR 
analysis (Fig. 1c, orange line) shows concurrent modifications in surface 
functionality. The enhanced definition of the bands at ~1550 cm⁻¹ and 
~1400 cm⁻¹ is consistent with the asymmetric and symmetric stretching 
vibrations of deprotonated carboxylate groups (COO⁻), suggesting that 
Ag⁺ ions interact selectively with pre-existing carboxylic functionalities 
on the carbon surface. These groups likely serve as anchoring sites for 
silver nucleation, ultimately enabling the in situ reduction of Ag⁺ to Ag⁰ 
under microwave irradiation. Notably, the complete disappearance of 
the 1600 cm⁻¹ band observed in MWCNPs@Ag implies a profound 
modification in the local electronic environment and/or a suppression of 
previously disordered π-domains. The C–O vibrational region also shows 
changes, likely due to further surface condensation reactions or Ag- 
assisted structural rearrangement. These observations support a mech
anism in which Ag⁺ ions are first electrostatically adsorbed onto 
oxygenated surface groups, and then locally reduced via microwave- 
activated redox processes, leading to the formation of Ag⁰ nano
particles. Supporting this observation, ζ-potential measurements reveal 
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that the CNPs exhibit a surface charge of (− 27 ± 3) mV. Following 
microwave treatment, this value decreases to (− 32 ± 3) mV, as a result 
of the surface modifications previously identified in the IR spectrum. A 
further significant reduction to (− 25 ± 8) mV is observed for the 
MWCNPs@Ag complex, confirming the formation of a supramolecular 
assembly between the carbon nanostructures and Ag0.

The role of the microwave stimulus can be ascribed to the formation 
of dielectric hot spots and localized heating around CNPs, which pro
mote the nucleation and coalescence of Ag nanoparticles [48]. The small 
size of AgNPs (tens of nm) excludes resonant coupling with microwaves 
but still enhances local temperature, as confirmed by the violent boiling 
observed for exposures times longer than 40 s in 10⁻³ M AgNO₃/CNPs 
suspensions (not in controls). The resulting hybrid system exhibits 
enhanced sp² ordering (Raman), reduced surface polarity (FTIR), and 
clear plasmonic features (UV–Vis). Overall, complementary XRD, 
Raman, FTIR and TERS data consistently support the reduction of Ag⁺ to 
metallic Ag⁰, ruling out the formation of silver oxides, and its selective 
interaction with oxygenated groups on the CNP surface.

2.2 TERS characterization of the nanocomposites

The nanostructures have been morphologically characterized using 
TERS analysis [49]. The choice of this approach, less conventional than 
others previously reported in the literature, lies in the wealth of chem
ical, not only dimensional, information that can be obtained through 
this analysis. In fact, beyond outlining the classical morphological pro
file via AFM, it is also possible to map the sample in detail using 
tip-enhanced Raman spectroscopy.

The spectroscopic data collected during the already reported syn
thesis phase, indicate that the ratio between the G and D bands of the 
carbonaceous fragment of the nanostructures changes before and after 
microwave treatment. Furthermore, the interaction between the 
carbonaceous component and the metallic part is evidenced by the 
appearance of a distinct signal at 239 cm⁻¹, attributable, as previously 
described, to the formation of an Ag⋅⋅⋅O bond. The spectral position of 
these peaks, being well-separated, allowed for a clear mapping of the 
sample: the signal at 516 cm⁻¹, corresponding to the silicon substrate 
where the samples were deposited by dip-coating, is denoted in blue; the 
G band of the carbonaceous structure, centered at 1590 cm⁻¹, is marked 
in red; and the stretching vibration of the Ag⋅⋅⋅O bond, at 239 cm⁻¹, is 
mapped in green. In Figure S3, the AFM map of the pristine CNPs 
nanostructures clearly shows small structures on the order of 40 nm, 
confirming previous observations of analogous structures [19]. Unfor
tunately, CNPs do not exhibit significant Raman features, making it 
impossible to extract useful information about this system through 
TERS. In Fig. 2, TERS technique was employed to investigate both 
MWCNPs and MWCNPs@Ag, from morphological and spectroscopic 
point of view.

The dimensions of MWCNPs appear to differ significantly from those 
observed prior to microwave treatment. Specifically, the size of the 
carbon nanoparticles ranges between 15 and 25 nm, which is smaller 
than that of the untreated CNPs. Notably, as also confirmed by Raman 
measurements, the MWCNPs, clearly visible in red (Fig. 2a), exhibit a 
characteristic Raman spectrum of carbon-based structures, with the D 
and G bands centered at 1380 and 1590 cm⁻¹ (Fig. 2a’). TERS analysis 
further reveals the structure of the MWCNPs@Ag nanocomposites 

Fig. 2. TERS analysis performed on dip-coated films of MWCNPs and MWCNPs@Ag (panels a and b, respectively). The signal localized at 516 cm⁻¹, attributed to 
silicon, is shown in blue for both samples, while the signal at 1590 cm⁻¹, due to the G band of carbonaceous structures, is mapped in red. Additionally, in panel b only, 
the signal at 240 cm⁻¹, associated with Ag⋅⋅⋅O vibrations, is mapped in green. Raman spectra ascribable to the points marked with color-coded crosses on the hybrid 
spectroscopic/morphological images are shown in panels a’ and b’.
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(Fig. 2b). In addition to the blue colour, corresponding to the silicon 
peak from the substrate where the hybrid is deposited, green regions are 
observed (related to the peak at 239 cm⁻¹, previously attributed to the 
formation of an Ag⋅⋅⋅O bond), with dimensions around 30 nm. These are 
surrounded by a red halo that, as in the case of the MWCNPs, corre
sponds to the Raman mapping signal centered at 1590 cm⁻¹, which is 
attributed to the stretching vibrations of sp²-hybridized carbon–carbon 
bonds in the carbonaceous matrix. Importantly, the size of the silver core 
is consistent with the position of the plasmonic peak at 400 nm, while 
the carbonaceous component appears as an organic “shell” surrounding 
the metal, formed during synthesis [23]. The size, shape, and 
morphology of the hybrid MWCNPs@Ag structure are confirmed by 
TEM images, in which the metallic nanostructures are particularly 
evident (Figure S4).

Further investigation of the size distribution of CNPs, MWCNPs, and 
MWCNPs@Ag was performed using a nanoparticle tracking analyzer 
with three-laser illumination, directly in aqueous suspension 
(Figure S5). This analysis confirms that microwave treatment reduces 
the size of the nanostructures, from 45 ± 6 nm to 25 ± 12 nm for CNPs 
and MWCNPs, respectively, while the hybrid MWCNPs@Ag reaches a 
size of 43 ± 9 nm, in full agreement with the morphology observed via 
atomic force microscopy (Figure S6).

2.3. Photocatalytic behavior of CNPs, MWCNPs, and MWCNPs@Ag 
toward tetracycline degradation

The three systems, CNPs, MWCNPs, and MWCNPs@Ag were incu
bated in aqueous solution in the dark in the presence of tetracycline (TC) 
at a concentration of 10⁻⁴ M. The UV–Vis absorption spectra of TC were 
monitored in the range of 600–250 nm, with particular attention to the 
absorbance bands at 365 nm and 270 nm, to evaluate the potential 
impact of the nanocomposites on the stability of tetracycline.

Consistent with literature reports, carbon nanoparticles (CNPs) 
exhibit redox activity capable of inducing redox reactions [36,50]. In 
this context, under dark conditions, CNPs slightly reduce the TC con
centration by approximately 3 % after 10 min and by 7 % after 30 min 
(Figure S7). Comparable behavior was observed with MWCNPs, indi
cating that despite the structural modifications induced by microwave 
processing, the interaction with TC follows a similar redox degradation 
pathway. Specifically, the absorbance signal at 365 nm suggests that 
about 3 % of TC is degraded in the presence of MWCNPs after 10 min in 
the dark, increasing to 9 % after 30 min (Figure S7). In contrast, the 
MWCNPs@Ag system exhibits a different behavior: when exposed to the 
same dark conditions, no appreciable change in the TC absorption 
spectrum is observed for up to 30 min. This behavior can be ascribed to 
the passivation of oxygenated surface groups, which in pristine CNPs act 
as electron-transfer sites. FTIR spectra reveal the evolution of carbox
ylate vibrations upon Ag incorporation, while Raman analysis highlights 
the exclusive 239 cm⁻¹ band, both evidencing the formation of Ag⋅⋅⋅O 
bonds. Similar mechanisms, where carboxylate groups mediate Ag⁺ co
ordination and nanoparticle formation, have been reported in the 
literature [51,52]. Such interfacial interactions stabilize the 
redox-active functionalities of the carbon matrix, suppressing TC 
reduction in the dark.

Before starting the experiment upon light irradiation, the photo- 
stability of the developed nanocomposites, CNPs, MWCNPs, 
MWCNPs@Ag were checked keeping them under gentle stirring and 
solar-simulated illumination for 30 min in the same conditions of the 
photocatalytic experiments (see Experimental Section). No change in 
the UV–Vis spectra was detected confirming the stability of the catalysts.

Under solar-simulated illumination, the photochemical behavior of 
the three systems changes significantly. The CNPs-TC solution shows 
only slightly higher degradation capacity if compared to the dark con
dition (Fig. 3a). This implies that photoexcitation has a little impact on 

Fig. 3. Photocatalytic activity of CNPs (a), MWCNPs (b), and MWCNPs@Ag (c) on an aqueous TC solution (10⁻⁴ M) under light exposure. (d) Summary histogram of 
TC degradation efficiencies for the three systems after 30 min of illumination.
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the photocatalytic degradation of TC by pristine CNPs.
Similar behavior is observed for MWCNPs under illumination, 

further confirming their limited photocatalytic efficiency under these 
conditions (Fig. 3b). However, the MWCNPs@Ag system exhibits a 
dramatically enhanced photocatalytic response. Within just 10 min of 
light illumination, the concentration of TC in solution decreases by 
approximately 75 %, reaching an impressive 95 % degradation after 30 
min (Figs. 3c and 3d, respectively). This striking performance suggests 
the occurrence of efficient electronic communication between the 
organic and inorganic components of the MWCNPs@Ag hybrid, pro
moting the generation of reactive radical species responsible for TC 
degradation. Considering the simultaneous bleaching of both absorption 
maxima of TC, it is possible to hypothesize that the photodegradation of 
the molecule involves the entire backbone of the molecule [11]. Struc
tural investigations (XRD, Raman/TERS, FTIR) confirm the formation of 
Ag nanoparticles in intimate contact with the carbon matrix and high
light specific interfacial interactions. These results are consistent with 
the observed photocatalytic behavior, supporting the idea that the 
Ag–carbon interface plays a key role in the enhanced degradation effi
ciency of the hybrid system.

To further clarify the photocatalytic kinetics, the degradation of TC 
catalyzed by MWCNPs@Ag was analyzed according to a pseudo-first- 
order model (Figure S8). The reaction follows the equation ln A0

A = −

kobst where kobs is the observed rate constant, and t is the irradiation 
time. From the fitting, a rate constant of kobs = 0.099 min⁻¹ was ob
tained, corresponding to a half-life time of t1/2 = 7.001 min (calculated 
as ln2/kobs). These values highlight the high photocatalytic efficiency of 
the MWCNPs@Ag system, in agreement with the degradation percent
ages reported in Fig. 3. The pseudo-first-order behavior also explains the 
faster degradation observed in the initial stages, when the TC concen
tration is higher, followed by a slower removal rate after 30 min.

To investigate the mechanism of light-induced charge transfer, a 
series of optical filters were employed to isolate specific energy ranges 

and assess their roles in the photocatalytic process. A long-pass optical 
filter with a cutoff at 360 nm was used. Under these conditions, the 
degradation of TC was comparable to that observed in the dark (Fig. 4a), 
with degradation efficiencies reaching 7 % at 30 min. This suggests that 
the Ag nanostructures do not exhibit plasmon-driven photoactivity in 
the degradation of TC, and that any significant electron transfer from Ag 
to MWCNPs is unlikely. Interestingly, the slightly higher degradation 
rate observed with the 360 nm cutoff filter, compared to dark condi
tions, can be attributed to the residual absorption capability of MWCNPs 
as evident from the UV–Vis spectrum of the MWCNPs@Ag.

The role of Ag nanoparticles was further investigated using a short- 
pass filter allowing photon transmission below 380 nm. Under these 
conditions, significant TC degradation was observed in the presence of 
MWCNPs@Ag, approximately 20 % after 10 min and 80 % after 30 min 
(Fig. 4b), values only slightly lower than those obtained under full- 
spectrum white light illumination. These results, combined with the 
negligible photocatalytic activity of MWCNPs alone, suggest that the 
excitation of carbonaceous structures leads to electron promotion from 
the HOMO to the LUMO of the MWCNPs, followed by charge transfer to 
the Ag nanostructures [53].

It can thus be proposed that Ag nanostructures act as electron sinks, 
effectively enhancing exciton separation and facilitating the availability 
of electrons and holes for radical formation, ultimately leading to effi
cient TC degradation. To further elucidate the photocatalytic mecha
nism, scavenger experiments were performed using Coenzyme Q0 (Q0) 
and triethanolamine (TEA) as electron and hole scavengers, respec
tively. Both agents were added to the reaction system at a final con
centration of 1 mM under simulated solar irradiation. The presence of 
these scavengers led to a substantial reduction in degradation efficiency 
after 30 min: approximately 40 % in the presence of Q0 and 30 % in the 
presence of TEA (Fig. 4c). These findings confirm that both photo- 
generated electrons and holes play critical roles in the photocatalytic 
process, with holes (h⁺) likely having a slightly more dominant contri
bution to the overall degradation pathway.

Fig. 4. (a) Degradation of TC in the presence of MWCNPs@Ag using an optical filter excluding radiation in the 220–370 nm range (T₀ = 0 min of light exposure). (b) 
Degradation of TC in the presence of MWCNPs@Ag using a filter excluding radiation for λ > 400 nm. (c) Photodegradation percentage using the full spectral range of 
the solar simulator in the presence of two scavengers: Coenzyme Q₀ (Q₀) and triethanolamine (TEA). (d) Degradation efficiency of the same catalyst over four 
consecutive cycles (30 min each cycle).

S. Bettini et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 76 (2025) 107873 

6 



On the basis of the scavenger tests (Fig. 4c), the more pronounced 
suppression of photocatalytic activity in the presence of TEA suggests 
that photogenerated holes (h⁺) are the dominant oxidative agents. It can 
be reasonably supposed that h⁺ may also lead to the generation of hy
droxyl radicals (⋅OH) through oxidation of adsorbed water or hydroxide 
ions. In parallel, the interfacial charge transfer from MWCNPs to Ag 
nanoparticles could favor the reduction of dissolved oxygen, thus 
potentially generating superoxide radicals (O₂⋅⁻). Therefore, even 
though experimental confirmation is lacking, we may hypothesize that 
the overall degradation mechanism involves both direct oxidation by h⁺ 
and indirect oxidation mediated by subsequent reactive oxygen species 
(ROS), mainly ⋅OH and O₂⋅⁻. This interpretation is consistent with pre
viously reported behaviors in carbon/metal hybrid photocatalysts [11,
15,16,53], and further supports the proposed mechanism involving 
photo-induced charge separation, interfacial electron transfer between 
MWCNPs and Ag nanoparticles, and ROS formation responsible for 
tetracycline degradation.

The reusability of the MWCNPs@Ag nanocomposite was evaluated 
over four consecutive photocatalytic cycles to assess its stability and 
long-term performance in tetracycline degradation. In each cycle, the 
photocatalyst was recovered by centrifugation, washed thoroughly with 
deionized water, and reused under identical experimental conditions. 
Remarkably, no significant loss in photocatalytic efficiency was 
observed across all cycles, both under short (10 min) and extended (30 
min) irradiation periods (Fig. 4d and S9). After each cycle, the degra
dation efficiency remained at about 70 % at 10 min and 90 % at 30 min, 
indicating excellent structural stability and sustained photoactivity of 
the hybrid material. No appreciable structural or optical modifications 
were detected in the recovered MWCNPs@Ag catalyst. In particular, 
FTIR spectra and UV–Vis absorption profiles recorded before and after 
recycling (four cycles at 30 min) were essentially identical (Figure S10), 
confirming that the surface functionalities and plasmonic properties 
remain unaltered. These findings highlight the robustness of the system, 
corroborate the photocatalytic results reported in Fig. 4d, and confirm 
that the MWCNPs@Ag nanostructures maintain their functional integ
rity and reactive surface characteristics over repeated use, making them 
highly promising candidates for practical water treatment applications.

3. Experimental sections

3.1. Chemicals

Tetracycline (TC) (≥ 98.0 %, HPLC), AgNO3 (≥ 99.0 %, ACS re
agent), triethanolamine (TEA) (98.0 %, reagent grade) and Coenzyme 
Q0 (Q0) (≥ 98.0 %, HPLC) were purchased from Merck and utilized in 
this study without any further modifications. Ultrapure water (18.2 
MΩ⋅cm at 25 ◦C) was used in all the experiments.

3.2. Synthesis and characterization of nanocomposites based on CNPs 
and AgNPs

Nanocomposites based on CNPs and AgNPs (MWCNPs@Ag) were 
synthesized using a simple and ultra-fast method, employing a micro
wave oven designed for domestic use. In a typical experiment, a solution 
containing 0.2 mL of AgNO3 (5 × 10⁻² M), 2 mL of previously synthe
sized CNPs [19], and 0.2 mL of ultrapure water was prepared. The 
resulting solution was then placed in a domestic microwave oven for 30 
s at 300 Watts. The nominal power output of 300 W, as specified by the 
manufacturer, was used without further calibration. It is worth noting 
that the reproducibility of the MWCNPs@Ag synthesis strongly depends 
on the reaction volume and vessel geometry. In particular, volumes 
above ~15 mL in narrow and deep beakers result in less efficient yields, 
most likely due to non-uniform heating when using a domestic micro
wave oven. Subsequently, the obtained nanostructures were allowed to 
cool to room temperature for 30 min before being used in subsequent 
experiments. The carbon nanoparticles were also subjected to treatment 

in the microwave oven in the absence of the silver nitrate solution to 
perform a control test.

The synthesized nanostructures (CNPs, MWCNPs and MWCNPs@Ag) 
were characterized using various spectroscopic techniques. UV–Vis ab
sorption measurements were carried out using a Cary-5000 spectro
photometer. Visible and near UV filters were purchased by Edmund 
Optics.

Fourier transform Infrared (FTIR) spectroscopy was performed by 
means of a Spectrum One spectrophotometer (PerkinElmer, Waltham, 
MA, USA) equipped with a triglycine sulfate (TGS) detector and oper
ating in ATR mode in the 4000–600 cm− 1 frequency range. The IRE was 
a three-bounce diamond microprism with a 4 mm diameter. For spectra 
acquisition 3 μL aliquots of samples were layered onto the IRE and left 
drying at the air. Each spectrum is obtained as an average of 32 
interferograms.

Raman investigations were conducted using Horiba Xplora micro
Raman. Dip-coating method was used to transfer three layers of CNPs, 
MWCNPs and MWCNPs@Ag respectively on silicon substrates, with an 
immersion/emersion speed of 1 mm min-1. The samples were irradiated 
by a 532 nm laser source at a power of 0.125 mWcm− 2. Each spectrum 
was acquired with 30 scans in the 150–2000 cm− 1 range.

The Tip Enhanced Raman Spectroscopy (TERS) analyses were per
formed by an SmartSPM 1000 AIST-NT coupled to a Horiba Xplora 
microRaman by an optical bridge. A TERS (Tip-Enhanced Raman 
Spectroscopy) system utilizes a silver AFM tip to concentrate the inci
dent light at its apex. The tip functions as a nanoscale light source and 
local field enhancer, significantly increasing Raman sensitivity while 
confining the probed volume to the nanoscale region directly under the 
tip. The excitation wavelength of the used laser was 638 nm.

TEM analyses were performed using a JEOL JEM 1400 microscope 
operating at 80 kV and equipped with a Lanthanum hexaboride (LaB6) 
electron source. For sample preparation, MWCNPs@Ag suspensions 
were sonicated in water for 20 min in an ultrasonic bath. Subsequently, a 
drop of the resulting dispersion was deposited onto carbon-coated 
copper grids, left to dry under ambient conditions, and finally placed 
in an oven at 50 ◦C to ensure complete removal of residual water.

Powder X-ray diffraction (XRD) patterns were collected using a 
Malvern Panalytical Aeris diffractometer operating in transmission ge
ometry. The instrument was equipped with a PIXcel3D solid-state de
tector and a copper anode X-ray source (Cu Kα₁: 1.5406 Å; Cu Kα₂: 
1.5444 Å). Data were acquired over a 2θ range of 10◦ to 80◦, with a scan 
rate of 0.013◦/s.

CNPs, MWCNPS and MWCNPS@Ag ζ-potential measurements were 
carried out by means of a Malvern Panalytical Nano ZS Zetasizer in
strument (Malvern Panalytical Limited, Malvern, U.K.).

CNPs, MWCNPS and MWCNPS@Ag dimensions in aqueous solutions 
were further investigated by means of a visual multispectral particle 
analyzer (ViewSizer 3000, Horiba).

3.3. Photodegradation experiments

For the tetracycline (TC) photodegradation experiments, a LOT-Oriel 
Solar S Class A solar simulator (0.1 W cm⁻² light intensity) was used. In a 
typical experiment, 300 µL of a suspension of CNPs, MWCNPs, or 
MWCNPs@Ag were added to a 10⁻⁴ M TC solution, giving a final volume 
of 4.5 mL. To allow adsorption–desorption equilibrium, the suspension 
was magnetically stirred in the dark for 15 min. The TC absorption band 
at 350 nm was monitored every 5 min during this period, showing 
negligible variation in intensity.

Photodegradation was then initiated by placing the beaker contain
ing the photocatalyst solution perpendicularly 10 cm from the light 
source. At selected time intervals (10 and 30 min), ~1.5 mL aliquots 
were collected and centrifuged at 2700 rcf for 5 min to separate the solid 
photocatalyst from the solution. The resulting supernatant was analyzed 
spectrophotometrically.

To investigate the degradation mechanism, the same experiments 
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were performed in the dark (after the 15 min equilibration) and using 
optical filters in combination with the solar simulator. All photocatalytic 
experiments were conducted at room temperature (18–20 ◦C). TC 
degradation efficiency was calculated as A0 − A

A0
× 100, where A0 is the 

absorbance value at 365 nm at the starting point, after the 15 min 
equilibration, and A is the absorbance value at each time point.

To study the mechanism underlying the photodegradation process of 
tetracycline, photocatalytic degradation measurements of the 
MWCNPs@Ag nanostructures were also conducted in the presence of 
two scavenger species, triethanolamine and Coenzyme Q0 in two 
different experiments. Therefore, Coenzyme Q0 (as an electron scav
enger) and triethanolamine (as a hole scavenger), at a final concentra
tion of 1 mM, were added to the reaction’s solution during the 
photocatalytic experiments.

The recycling experiments were performed for four consecutive cy
cles to test the stability and reusability of synthetized material. After 
each cycle, the photocatalyst was separated by centrifugation, washed 
thoroughly with deionized water, and then reused for the next steps.

4. Conclusions

In this study, we developed a sustainable and ultra-fast microwave- 
assisted synthesis route for the preparation of silver-decorated carbon 
nanoparticles (MWCNPs@Ag), employing spent coffee grounds as the 
carbon precursor. This approach aligns with the principles of green 
chemistry and the circular economy by transforming food industry 
waste into functional nanomaterials with high environmental value. 
Although a full life-cycle or cost analysis is beyond the scope of this 
study, the reuse of coffee waste as a carbon precursor already represents 
an intrinsically sustainable and low-cost strategy, as it valorizes an 
abundant residue otherwise discarded. Future studies could further 
quantify these benefits through dedicated LCA and economic analyses. 
The integration of silver nanoparticles within the carbon matrix was 
achieved within 30 s of microwave irradiation, demonstrating the 
feasibility of a time-efficient and scalable fabrication process. Compre
hensive spectroscopic and structural analyses, including UV–Vis, FTIR, 
Raman, TERS, and XRD, provided detailed insight into the physico
chemical transformations induced by the microwave process and Ag 
incorporation. Notably, TERS mapping revealed the nanoscale spatial 
organization of the hybrid system, highlighting the intimate contact 
between the silver and carbon phases and the formation of interfacial 
Ag⋅⋅⋅O bonds. These interactions are essential in modulating the optical 
and electronic properties of the composite, and ultimately in driving its 
superior photocatalytic performance. The synthesized MWCNPs@Ag 
nanostructures exhibited remarkable photocatalytic activity under 
simulated solar light, achieving 95 % degradation of tetracycline within 
30 min, far exceeding the performance of pristine or microwave treated 
carbon nanoparticles alone. Mechanistic studies using optical filters and 
selective radical scavengers provided strong evidence for a photo- 
induced charge transfer mechanism, where excitation of the carbona
ceous component promotes electron injection into the Ag nanoparticles. 
The subsequent generation of reactive oxygen species (ROS) facilitates 
the oxidative breakdown of the antibiotic molecule, as confirmed by the 
rapid bleaching of both major absorption bands of TC. The system also 
demonstrated excellent chemical stability and reusability across four 
consecutive photocatalytic cycles without significant loss of activity, 
underscoring its potential for real-world water treatment applications. 
This robustness, combined with low-cost raw materials, minimal energy 
input, and environmentally benign synthesis, positions the 
MWCNPs@Ag hybrid as a highly promising candidate for scalable 
implementation in the remediation of pharmaceutical contaminants in 
water. Looking ahead, this work opens avenues for further exploration 
of waste-derived carbon nanomaterials functionalized with plasmonic or 
redox-active metals.
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