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a Departament de Química, Universitat Autònoma de Barcelona, 08193, Cerdanyola del Vallès, (Barcelona), Spain 
b Centro Interdisciplinar de Química e Bioloxía (CICA), Universidade da Coruña, Rúa As Carballeiras, 15071 A Coruña, Spain   

A R T I C L E  I N F O   

Keywords: 
Sonocatalysis 
Photocatalysis 
Carbon dots 
Metal nanoparticles 
Hydrogen evolution reaction 

A B S T R A C T   

Easy-to-make nanostructured materials that exhibit multitasking activity —while reducing the use of hazardous 
solvents throughout its architectural design— is a must to advance in the so-called Industry 4.0. Herein, a simple 
and eco-friendly ‘one-pot’ functionalization approach has been devised for synthesizing 0D carbon-based inor-
ganic nanoarchitectonics made of carbon dots (CDs, as core carbon source) carrying two different inorganic 
building blocks, viz. quantum dots (CdSe@ZnS–QDs) and metal nanoparticles (Pt–NPs). As a proof-of-principle, 
the multi-catalytic activity of the resulting 0D Pt/QD/CD nanoarchitectonics by means of photoelectrocatalysis 
and sonocatalysis has been considered and compared with the pristine CD counterpart, demonstrating its suit-
ability for boosting pivotal catalytic tasks like i) the photoelectrogeneration of hydrogen via hydrogen evolution 
reaction (HER), and ii) the sonodegradation of environmental pollutants (i.e., Rhodamine B) in water. Overall, 
this chemical approach is general and might be tailored for architecting alternative carbon-based hetero-
structures to enhance alternative multi-catalytic tasks.   

1. Introduction 

Carbon nanomaterials, including 0D carbon dots (CDs), 1D carbon 
nanotubes, 2D graphene and 3D graphite, result very attractive from a 
Materials Chemistry point of view owing to their low cost, high stability, 
large-scale production, and tailorable surfaces [1–3]. Those character-
istics along their outstanding and diverse physicochemical properties, 
make them play a key role in the so-called Industry 4.0 —also known as 
“Fourth Industrial Revolution”— by providing added value materials 
and devices easily integrable with current technologies [4,5]. 

In particular, CDs are a type of 0D carbon nanoallotrope predomi-
nantly composed of graphitic carbon (sp2-hybridized carbon atoms), 
whose size is typically lower than 10 nm [6]. Since its discovery in 2004, 
CDs have been widely employed in a broad-spectrum of optical, elec-
tronic, catalytic and biological applications by taking advantage of their 
prominent physicochemical features, highlighting its inherent fluores-
cence activity, large surface area, and water solubility [7,8]. The 
ever-growing popularity of CDs is also substantiated by its rapid and 
straightforward preparation from cost-effective raw materials (including 

natural renewable sources). Amongst the different synthetic methods for 
CDs formation, the microwave-assisted hydrothermal tool is a powerful 
strategy for controlling the production of CDs with surface-engineered 
motifs [9–11]. This method relies on reacting small organic molecules 
(e.g., glucose) with molecular components as doping (viz. R–X) under 
controlled hydrothermal conditions. (i.e., temperature and pressure). 
Thus, part of the reactive X groups (e.g., X: N, O, S) end up exposed on 
the CD surface, therefore promoting tunability for specific applications 
[12–18]. 

Architecting carbon-based heterostructures with different inorganic 
components has resulted in an effective path to provide nano-
architectonics exhibiting multifunctional attributes, making it possible 
to obtain advanced materials with enhanced physicochemical features 
in general [19,20], and catalytic activity in particular [21–24]. To date, 
CDs have been functionalized with different inorganic building blocks 
–including quantum dots (QDs) and metal nanoparticles (MNPs)– to 
synthesize efficient catalysts made of 0D carbon-based inorganic nano-
architectonics [25–30]. For example, while CDs carrying MNPs (e.g., 
Pt–NPs) have shown to electrochemically catalyze the hydrogen 
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evolution reaction (HER) via water splitting [31–34], CDs modified with 
QDs (e.g., CdS–QDs) have displayed a catalytic effect for the sonode-
gradation of different dyes like Rhodamine B (RhB) [35,36]. Although 
efficient, the resulting 0D carbon-based inorganic nanoarchitectonics 
are only prepared to perform just a specific catalytic task [37–39]. 

Herein, a simple ‘one-pot’ synthetic approach has been devised in 
aqueous medium for engineering value-added 0D carbon-based inor-
ganic nanoarchitectonics —made of CDs carrying two different inor-
ganic moieties (i.e., CdSe@ZnS–QDs and Pt–NPs)— for the development 
of functional nanomaterials capable of performing multitasking cata-
lytic activity (see Scheme 1 for illustration). For this goal, CDs doped 
with both amino (–NH2) and thiol (–SH) groups have been synthesized 
by simply reacting glucose with cysteamine (NH2-CH2-CH2-SH) through 
a microwave-assisted hydrothermal method [19], resulting in 
surface-engineered motif N,S–CDs (Scheme 1A). Afterwards, 0D 
carbon-based inorganic nanoarchitectonics have been produced in 
aqueous medium via ‘one-pot’ reaction by functionalizing N,S–CDs with 
both CdSe@ZnS–QDs and Pt–NPs. While the terminal –SH groups are 
used for anchoring CdSe@ZnS–QDs via S–S bond formation [40], the 
terminal –NH2 groups have been employed as supporting units to sta-
bilize the in situ nucleation of Pt–NPs (Scheme 1B) [41]. Having verified 
the successful synthesis of the 0D Pt/QD/QD nanoarchitectonics 
through different characterization techniques, the multitasking catalytic 
activity has been demonstrated for boosting, as a proof-of-principle, i) 
the photoelectrogeneration of H2 via HER and ii) the sonodegradation of 
an environmental pollutant as RhB. Scheme 1C summarizes the different 
catalytic approaches. In light with the state-of-the-art, this work pro-
vides a simple, rapid, and eco-friendly methodology for functionalizing 
CDs with several inorganic building blocks to provide value-added 0D 
carbon-based inorganic nanoarchitectonics exhibiting multitasking 
catalytic activity on-demand. 

2. Experimental section 

2.1. Chemicals and reagents 

All of reagents are analytical grade and used without further puri-
fication. N,S–CDs precursors (glucose and cysteamine hydrochloride), 
Pt–NPs precursors ([Pt(NH3)4](NO3)2 and NaBH4), CdSe@ZnS core- 
shell type quantum dots (CdSe@ZnS–QDs), Rhodamine B, and H2SO4 
(98%) were purchased from Sigma-Aldrich. All solutions were prepared 
using Milli Q water (18.2 MΩ cm) from a Milli-Q system (Millipore, 
Billerica, MA, USA). 

2.2. Synthesis of N,S–CDs 

CDs rich in both –NH2 and –SH groups (N,S–CDs) were synthesized 
by following our previous methodology [19]. Briefly, 5 mL of a 110 mM 
aqueous solution of glucose was mixed with 0.87 mmol of cysteamine 
hydrochloride. Then, the solution was placed in a microwave reactor 
(Discover SP microwave (CEM)) and heated at 250 W for 180 s. After-
wards, the sample was filtrated in order to remove the excess of 
unreacted reagents. Finally, the resulting N,S–CDs were obtained by 
dialyzing with molecular weight cut-off of 0.5–1 kDa against pure water 
for 48 h. The morphological aspect of the resulting N,S–CDs is depicted 
in Fig. S1, displaying typical quasispherical shapes. 

2.3. ‘One-pot’ synthesis of 0D carbon-based inorganic nanoarchitectonics 

The ‘one-pot’ synthesis of 0D carbon-based inorganic nano-
architectonics made of Pt/QD/CD was carried out by two sequential 
steps under stirring conditions (see Scheme 1B). A 25 mL vial filled with 
5 mL of an aqueous solution of N,S–CDs (3 mg mL− 1) was: i) firstly 
mixed with 50 μL of CdSe@ZnS core-shell QDs (1 mg mL− 1) for 12 h in 
order to promote the S–S chemical bond, and ii) subsequently loaded 
with 5 mL of 5.0 mM Pt2+ precursor ([Pt(NH3)4](NO3)2) for 2 h to 
preconcentrate the Pt2+ on N,S–CDs’ surface, followed by the addition of 
a 10 mL of 0.1 M NaBH4 to induce the nucleation and growth of Pt–NPs 
(a synthetic methodology known as IMS technique) [42–44]. Finally, the 
resulting 0D carbon-based inorganic nanoarchitectonics were centri-
fuged, washed thrice and dispersed with MilliQ water to obtain an stock 
solution of 1 mg mL− 1. For comparison, hybrids of QD/CD and Pt/CD 
were synthesized by mixing the N,S–CD precursor with either 
CdSe@ZnS core-shell QDs or Pt2+ precursor, respectively. 

2.4. Characterization techniques 

Material characterization of 0D carbon-based inorganic nano-
architectonics was carried out by means of TEM (JEM-2011 unit with an 
acceleration voltage of 120 kV) and energy dispersive X-ray spectros-
copy (EDS). 

Electrocatalytic experiments were performed using an Origalys 
potentiostat, while the EC-Lab software was utilized for data acquisition. 
Experiments were run at room temperature in a three-electrode 
configuration cell filled with 1.0 M H2SO4 solution (pH 0), using Ag/ 
AgCl (KCl sat.), a Pt wire, and glassy carbon (GC, Ø: 0.3 cm, A: 0.07 cm2) 
as reference, counter and working electrodes, respectively. 15 μL of a 
fixed concentration of each material was drop-casted on the GC surface 
and dried at room temperature with air flow. Then, HER studies were 
recorded by lineal sweep voltammetry (LSV) with a scan rate of 5 mV 
s− 1, and the potential values (vs. Ag/AgCl) were converted to the stan-
dard RHE. For photoelectrocatalytic experiments, the aforementioned 
electrochemical setup was illuminated with a solar simulator (Xenon 
lamp, L.O.T. Oriel QuantumDesign, with a 395 nm filter). The distance 
from the solar simulator to the electrochemical cell was measured 
around 1 sun (100 mW cm− 2). 

The sonocatalytic experiments for RhB degradation were carried out 
with an ultrasonic homogenizer (Cole Parmer 4710 series), operating at 

Scheme 1. Schematic illustration of the ‘one-pot’ synthesis and multi-
catalytic applications of 0D carbon-based inorganic nanoarchitectonics. 
A) Synthesis of pristine N,S–CDs via microwave-assisted hydrothermal method. 
B) Two-sequential steps for the engineering of 0D Pt/QD/CD nano-
architectonics. C) Multitasking catalytic activity of 0D Pt/QD/CD nano-
architectonics for the (photo)electocatalytic production of H2 in acidic medium 
(left) and the sonocatalytic degradation of the RhB pollutant dye (right). 
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an ultrasonic frequency of 90 KHz and output power of 75 W. During the 
experimental process, the output control tip (Ultrasonic Processor, 
Sonics, Vibra Cell, VCX 750, USA) was submerged in a 10 mL vial 
containing 0.025 mg mL− 1 of RhB and 0.075 mg mL− 1 of the studied 
materials. The reaction vial was placed in an ice bath to avoid over-
heating. Before ultrasonication, the solution was stirred for 30 min to 
ensure the establishment of an adsorption/desorption equilibrium of the 
dye on the sample surfaces. Finally, the sonocatalytic degradation of 
RhB was monitored during time by following the absorbance band 
decrease of RhB at λ = 557 nm via UV–vis spectroscopy (Agilent Cary 60 
UV–Vis). The sonocatalytic degradation of RhB was considered as a 
pseudo-first-order reaction, and its kinetics was expressed following the 
formula: 

ln
C0

Ct
= kt  

where k is the degradation rate constant and C0 and Ct correspond to the 
RhB concentration (in mg⋅mL− 1) before and after any time t during ul-
trasonic irradiation, respectively. 

3. Results and discussion 

3.1. Characterization of 0D carbon-based inorganic nanoarchitectonics 

Following the ‘one-pot’ synthetic procedure detailed above, the 
successful fabrication of 0D Pt/QD/CD nanoarchitectonics was 
confirmed by TEM coupled to EDX, as depicted in Fig. 1. For compari-
son, the TEM images of pristine N,S–CDs (blank sample), QD/CD and Pt/ 
CD analogues (control samples) were also obtained. 

Fig. 1A shows the morphological aspect of pristine N,S–CDs dis-
playing a typical carbonaceous dark surface. Considering the expected 
high contrast from CdSe@ZnS–QDs and Pt–NPs over the CDs, a high 
concentration sample (3 mg mL− 1) was utilized, resulting in agglomer-
ated systems [19]. After material functionalization, spherical nano-
particles dispersed throughout the whole carbonaceous material were 
observed on the surface of the 0D Pt/QD/CD nanoarchitectonics 
(Fig. 1B), suggesting the successful integration of both CdSe@ZnS–QDs 

and Pt–NPs. Importantly, two different types of nanoparticles can be 
clearly identified: i) darker and bigger nanoparticles with an average 
size of 14.8 ± 6.9 nm, which fits well with the ones observed at the 
Pt/CD control (Fig. 1C), and ii) smaller and lightly-colored nanoparticles 
with a mean size diameter of 3.3 ± 1.3 nm, which are in line with the 
morphology displayed at the QD/CD control (Fig. 1D). Further, EDX 
analyses were conducted to verify the presence of CdSe@ZnS–QDs and 
Pt–NPs in the 0D Pt/QD/CD nanoarchitectonic. The EDX spectrum of 
pristine N,S–CDs (Fig. 1E) displayed C, O, N and S as main elements, 
whereas the EDX spectrum of 0D Pt/QD/CD nanoarchitectonics (Fig. 1F) 
evidenced the additional presence of Zn (from the shell of QDs) and Pt. 
Consequently, it is safe to conclude that both CdSe@ZnS–QDs and 
Pt–NPs were anchored on the surface of N,S–CDs. 

3.2. Multicatalytic performance of 0D carbon-based inorganic 
nanoarchitectonics 

Having verified the successful synthesis of 0D carbon-based inor-
ganic nanoarchitectonics, the multitask catalytic activity was explored 
in two important fields: energy conversion and water remediation. 

Photoelectrocatalytic production of H2 via HER: On the one hand, 
the feasibility of exploring 0D carbon-based inorganic nano-
architectonics as unconventional photoelectrocatalysts in the energy 
conversion field was tested by means of HER. Briefly, molecular 
hydrogen (H2) has been positioned as an ideal renewable energy source 
owing to its high gravimetric energy density and the environmental 
benignity when used as a fuel, just producing water during combustion 
[45–47]. In this line, HER is known to be the simplest (photo)electro-
catalytic reaction, which relates the reduction of protons (H+) to H2 via a 
two-electron transfer process [47,48]. 

Fig. 2 shows the linear sweep voltammograms performed in 1 M 
H2SO4 in presence and absence of solar light irradiation, and the HER 
performance was compared to other catalytic systems using the over-
potential achieved at a standard current density value (− 10 mA cm− 2). 
For this goal, 3 measurements (n = 3) were performed in order to 
observe the reproducibility of the system. Fig. 2A depicts the HER per-
formance of pristine N,S–CDs, which exhibited a poor (photo)electro-
catalytic activity for HER with overpotentials as high as 652 mV (in 

Fig. 1. Material characterization of 0D carbon-based inorganic nanoarchitectonics. A) TEM images of pristine N,S–CDs, B) 0D Pt/QD/CD nanoarchitectonics 
–highlighting CdSe@ZnS–QDs (orange) and Pt–NPs (grey)–, and control materials: C) Pt/CD and D) QD/CD. EDX elemental analysis of E) pristine N,S–CDs and F) 0D 
Pt/QD/CD nanoarchitectonics. Note: the Cu content provides from the grill used for the measurements. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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absence of solar light irradiation) and 466 mV (under illumination). The 
expected overpotential improvement after solar light irradiation is 
ascribed to the inherent semiconducting properties of CDs [1,8]. 
Importantly, such overpotential was significantly enhanced after func-
tionalization with both CdSe@ZnS–QDs and Pt–NPs, yielding to values 
as low as 86 and 76 mV before and after solar light irradiation, 
respectively. This results in an overpotential improvement of more than 
6 times. In addition, a stability test was conducted for 10 h, indicating 
that the 0D Pt/QD/CD nanoarchitectonics are stable in the mid-long 
term (Fig. 2B, inset). For comparison, additional HER analyses were 
carried out using CD/QD and CD/Pt counterparts as control experi-
ments. As shown in Fig. 2C and D, the HER performance of pristine N, 
S–CDs was clearly improved after functionalization with either 
CdSe@ZnS–QDs or Pt–NPs, with overpotentials values of 568 mV and 
466 mV for QD/CD and 419 mV and 396 mV for Pt/CD, in absence and 
presence of solar light irradiation, respectively. Nonetheless, those 
values are far from the ones achieved by the 0D Pt/QD/CD nano-
architectonics, demonstrating the synergistic effect of combining two 
inorganic nanoparticles in a same carbonaceous nanotemplate. Such 
synergia can be ascribed to i) the well-known catalytic effect of Pt–NPs 
owing to the close-to-optimal interaction with adsorbed hydrogen (H*) 
atoms —considered as one of the main descriptors for the HER activity 
according to Sabatier’s principle [49], in combination with ii) the 
capability of QDs to facilitate the general electron transfer rates of the 
system [50], fact that can favor the electron transfer process for the 
concomitant reduction of H+ to H2 on the resulting 0D Pt/QD/CD 
nanoarchitectonics [51]. 

Comparing to the state-of-the-art CD-based materials for HER per-
formance, the overpotential yielded by the developed 0D carbon-based 
inorganic nanoarchitectonics in acidic medium (76 mV under solar light 
irradiation) is one of the lowest found in literature (see Table S1), 
demonstrating to be a promising photocatalyst for energy conversion 
applications. 

Then, the reaction kinetics of the different materials were evaluated 
by means of Tafel plots, using the polarization curves from Fig. 2C. As 
shown in Fig. S2, the experimentally-determined Tafel slope values 
decreased as follows: pristine N,S–CD > QD/CD > Pt/CD > Pt/QD/CD, 

while a favorable HER kinetics was observed under solar light irradia-
tion. The Tafel slope value of 79 mV⋅dec− 1 (dark) and 71 mV⋅dec− 1 

(light irradiation) yielded by the 0D carbon-based inorganic nano-
architectonic determines a Volmer-Heyrovsky mechanism for HER [52]. 
Further, the electrochemically active surface area (ECSA) of pristine N, 
S–CDs and 0D Pt/QD/CD nanoarchitectonics was estimated from the 
double layer capacitance (Cdl) value obtained by CV within a 
non-Faradaic region at different scan rates (Fig. S3). As a result, the 
ECSA for 0D Pt/QD/CD nanoarchitectonics (1.0 cm2) was larger than 
that of pristine N,S–CDs (0.2 cm2), demonstrating its enhanced elec-
trochemical activity. Finally, these results are also consistent with the 
Nyquist plots of the electrochemical impedance spectroscopy (EIS) 
measurements (Fig. S4). Remarkably, the 0D carbon-based inorganic 
nanoarchitectonics displayed a lower semi-circle when compared with 
the pristine N,S–CD counterpart (95.3 vs. 317.2 Ω). Since the RCT 
parameter is inversely proportional to the current density, it can be 
concluded that 0D Pt/QD/CD nanoarchitectonics exhibit a more effi-
cient electron transfer, and thus higher HER activity [53]. 

Based on the results above, a possible photocatalytic mechanism of 
0D carbon-based inorganic nanoarchitectonics is proposed in Fig. S5. 
Upon solar light irradiation, photoinduced charge separation (electrons, 
e– and holes, h+) can occur in N,S–CDs owing to the absorbance band in 
the visible range (420 nm, see Fig. S6), resulting in an estimated band 
gap of 2.94 eV. Then, the N,S–CDs can serve as electron donor, pro-
moting the migration of these electrons to the conduction band of 
CdSe@ZnS–QDs, which must be immediately transferred to the Pt–NPs 
to promote the reduction of protons (H+) to hydrogen gas (H2) [54]. 
Meanwhile, the photo-generated h+ left in the valence band of N,S–CDs 
results in the oxidation of water (H2O) to oxygen gas (O2). 

Sonocatalytic degradation of RhB: On the other hand, the appli-
cability of 0D carbon-based inorganic nanoarchitectonics in the field of 
water remediation was also interrogated by exploring the sonocatalytic 
degradation of pollutant dyes, using RhB as a model target. The treat-
ment of organic dye wastewater is an urgent environmental challenge 
owing to their toxic effects on the ecological environment [55,56]. In the 
last decade, sonocatalytic degradation process has become an inter-
esting way to degrade organic dyes via a chemical effect of ultrasonic 

Fig. 2. Photoelectrocatalytic HER performance of 0D carbon-based inorganic nanoarchitectonics. Polarization curves of A) pristine N,S–CDs and B) 0D Pt/QD/CD 
nanoarchitectonics in absence (solid line) and presence of solar light irradiation (dashed line). Inset: short-term stability test at − 10 mA⋅cm-2 current density. C) 
Comparison of the polarization curves obtained using pristine N,S–CDs (black), QD/CD (green), Pt/CD (orange) and 0D Pt/QD/CD nanoarchitectonics (red) in 
presence (solid line) and absence (dashed line) of solar light irradiation with D) their corresponding overpotential summary, also displaying the error bars from the 
three different measurements (n = 3). LSV experiments were carried out in a 1.0 M H2SO4 electrolyte solution at scan rate of 5 mV⋅s-1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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waves (US) that promotes the formation of highly reactive radical spe-
cies (e.g., •OH, •H, •O and O2

•–) capable of completely oxidize organic 
pollutants into CO2 and H2O [57–59]. 

The sonocatalytic activity of 0D carbon-based inorganic nano-
architectonics towards the degradation of RhB was explored by moni-
toring the absorbance band of RhB via UV–vis spectroscopy (Fig. 3). For 
this aim, 0.025 mg mL− 1 of RhB were mixed with 0.075 mg mL− 1 of 0D 
Pt/QD/CD nanoarchitectonics. After preconcentrating for 30 min under 
stirring conditions, the sample was sonicated at 75 W and optically 
monitored at different US exposure times. As shown in Fig. 3A, the 
inherent absorbance band of RhB at λ = 557 nm decreases with 
increasing the ultrasonic time. As shown in Fig. 3B, after 150 min ul-
trasonic exposure, RhB was almost completely degraded, presenting a 
sonocatalytic capacity (C/C0) of 0.038, where C0 and C correspond to 
the concentration of RhB before and after each ultrasonic time, respec-
tively. The Langmuir–Hinshelwood model was applied to calculate the 
pseudo-first-order reaction constant (k), yielding to a value of 0.021 
min− 1 (Fig. 3B, inset). In addition, the stability and reusability of the 0D 
carbon-based inorganic nanorachitectonics was also explored by car-
rying out three different degradation cycles. For this goal, the 0D Pt/ 
QD/CD nanoarchitectonics were centrifuged after each cycle and re- 
used with a fresh RhB solution. The sonocatalytic graphs shown in 
Fig. 3C clearly indicate that the 0D carbon-based inorganic nano-
architectonics were highly stable for three consecutive cycles, since no 
significant changes in the degradation activity can be noticed. As shown 
in TEM image of Fig. S7, no evidence of nanoparticles leakage was 
observed after the sonocatalytic degradation of RhB, demonstrating the 
stability of the 0D carbon-based inorganic nanoarchitectonics. 

Subsequently, the sonocatalytic activity of 0D Pt/QD/CD nano-
architectonics was compared to the one exhibited by pristine N,S–CDs 
(blank experiment) at a fixed ultrasonic time (30 min). As depicted in 
Fig. 3D, while the sonocatalytic activity of 0D Pt/QD/CD 

nanoarchitectonics was 52% after 30 min ultrasonic exposure, N,S–CDs 
presented a lower sonocatalytic activity of 19%. This indicates that the 
sonocatalytic activity of 0D Pt/QD/CD nanoarchitectonics is improved 
by 63.5%. In addition, control experiments with QD/CD and Pt/CD also 
revealed lower sonocatalytic activity when compared to 0D carbon- 
based inorganic nanoarchitectonics, yielding to values of 40% and 
35%, respectively. Consequently, the synergistic effect of combining 
both CdSe@ZnS–QDs and Pt–NPs in a same carbonaceous nanomaterial 
also allows the development of sonocatalysts with enhanced catalytic 
activity. 

Fig. 3. Sonocatalytic performance of 0D carbon-based inorganic nanoarchitectonics towards RhB degradation. A) Absorption changes of 0.025 mg mL− 1 RhB 
in presence of 0.075 mg mL− 1 of 0D Pt/QD/CD nanoarchitectonics, with its corresponding B) degradation evolution curve after various ultrasonic times (inset: 
kinetic study of catalytic degradation) and C) repeatability test during three consecutive sonocatalytic experiments. D) Control experiments displaying the sono-
catalytic activity of pristine N,S–CDs (black), QD/CD (blue), Pt/CD (orange) towards the degradation of RhB at a fixed ultrasonic time (t = 30 min), and comparison 
with regarding the results obtained by 0D Pt/QD/CD nanoarchitectonics (red). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. Proposed sonocatalytic mechanism for the degradation of RhB 
using 0D carbon-based inorganic nanoarchitectonics. While a pyrolytic 
effect is the main responsible for RhB degradation using pristine N,S–QDs, the 
generated sonoluminescence can favor the generation of further radical species 
when both CdSe@ZnS–QDs and Pt–NPs are present in the system, fact that 
assists the degradation process. 
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Finally, Fig. 4 illustrates the proposed synergistic sonocatalytic 
mechanism for boosting RhB degradation. Under ultrasound power, 
cavitation micro-vapor bubbles are initially formed and quickly 
collapse, emitting a burst of light —phenomenon known as 
sonoluminiscence— that promotes a pyrolytic process that induces the 
formation of highly active radical species like •OH and •H, (Eq. (1)) 
[60–64]. This bust of light can excite electrons from the valence band of 
CDs to the conductive band, yielding to electron–hole (e––h+) pairs (Eq. 
(2)). Then, this e––h+ pairs can further form O2

•– (Eq. (3)) and •OH (Eq. 
(4)), which can be utilized to degrade RhB to CO2 and H2O (Eq. (5)). 

H2O+Ultrasounds → • OH + •H Eq. 1  

CD+Ultrasounds → e− + h+ Eq. 2  

e− +O2 → O2⋅– Eq. 3  

h+ +H2O→ • OH Eq. 4  

RhB+ Sonocatalyst+ • OH +O2 ⋅ –+Ultrasounds → H2O + CO2 Eq. 5 

However, when both CdSe@ZnS–QDs and Pt–NPs are also present in 
the system, it is expected that such sonoluminescence phenomenon also 
induces the excitation of e– from the valence band of QDs, which should 
be transferred to the conductive band of CDs. Simultaneously, the h+

generated at CDs and QDs will lead the formation of •OH. Further, the 
presence of metallic centres like Pt–NPs can contribute to greatly 
enhance the generation of reactive radical species for the fast degrada-
tion of RhB [65]. All in all, the integration of both inorganic nano-
particles in the carbonaceous system promotes a faster separation of 
e––h+ pairs while increases the concentration of radical species in the 
medium, leading to a faster degradation process. 

4. Conclusions 

Overall, 0D carbon-based inorganic nanoarchitectonics made of N, 
S–CDs, CdSe@ZnS–QDs and Pt–NPs were successfully synthesized via 
‘one-pot’ method in aqueous medium. As a first proof-of-principle, the 
multitasking catalytic activity of the resulting 0D Pt/QD/CD nano-
architectonics was tested in two different processes, such as i) the 
photoelectrogeneration of H2 via HER, and ii) the sonocatalytic degra-
dation of RhB. Interestingly, both catalytic tasks were significantly 
boosted once both inorganic nanoparticles were incorporated to the 
carbonaceous system. Comparing to the results obtained by the pristine 
N,S–CDs, the photoelectrochemical HER overpotential was improved by 
> 6 times, while the sonodegradation activity of RhB was enhanced by 
63.5%. Consequently, this proof-of-concept demonstrates the suitability 
of combining multiple inorganic building blocks in a same carbonaceous 
surface for the development of value-added nanocatalysts exhibiting 
excellent multitasking activity. Finally, this method is general and could 
be extended by tailoring either the carbonaceous core material or the 
inorganic building blocks. 
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Multiresponsive 2D Ti3C2TxMXene via implanting molecular properties, ACS Nano 
15 (2021) 10067–10075, https://doi.org/10.1021/acsnano.1c01742. 

[5] M. Notarianni, J. Liu, K. Vernon, N. Motta, Synthesis and applications of carbon 
nanomaterials for energy generation and storage, Beilstein J. Nanotechnol. 7 
(2016) 149–196, https://doi.org/10.3762/bjnano.7.17. 

[6] S.N. Baker, G.A. Baker, Luminescent carbon nanodots: emergent nanolights, 
Angew. Chem. Int. Ed. 49 (2010) 6726–6744, https://doi.org/10.1002/ 
anie.200906623. 

[7] X. Xu, R. Ray, Y. Gu, H.J. Ploehn, L. Gearheart, K. Raker, W.A. Scrivens, 
Electrophoretic analysis and purification of fluorescent single-walled carbon 
nanotube fragments, J. Am. Chem. Soc. 126 (2004) 12736–12737, https://doi.org/ 
10.1021/ja040082h. 

[8] A.M. El-Shafey, Carbon dots: discovery, structure, fluorescent properties, and 
applications, Green Process. Synth. 10 (2021) 134–156, https://doi.org/10.1515/ 
gps-2021-0006. 

[9] T.T. Hoang, H.P. Pham, Q.T. Tran, A facile microwave-assisted hydrothermal 
synthesis of graphene quantum dots for organic solar cell efficiency improvement, 
J. Nanomater. 2020 (2020) 15–17, https://doi.org/10.1155/2020/3207909. 
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Sabanés, M.L. Gonzalez-Juarez, I.J. Gómez, M. Vera-Hidalgo, V. Sebastián, 
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