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Resumen 

Los Quantum Dots (QD) son un grupo diverso de nanomateriales semiconductores que han 
ganado un interés creciente en una gran diversidad de campos debido a sus capacidades 
únicas, así como a sus excepcionales propiedades ópticas y tamaño. Se han desarrollado 
muchos métodos para sintetizar QD, incluidos los enfoques basados en ultrasonidos (también 
llamados metodos basados en sonoquímica). El ultrasonido se ha empleado para sintetizar 
muchos nanomateriales además de los QD, como nanobarras, nanoplacas y nanoestructuras 
complejas. En comparación con otros métodos de síntesis de QD, los enfoques basados en 
ultrasonidos proporcionan una alternativa ecológica, más simple, rápida, segura y accesible 
que otros métodos. En esta revisión, destacaremos la diversidad de los QDs, sus aplicaciones y 
las deficiencias actuales. También discutiremos las propiedades físicas y químicas del 
ultrasonido, sus efectos de varios parámetros experimentales sobre los precursores de 
nanomateriales, sus ventajas y limitaciones, y las características de un aparato de ultrasonido 
simple. Finalmente, esta revisión incluye un resumen y una comparación de varios métodos de 
síntesis de QDs para dos tipos prevalentes de QDs. Con base en parámetros experimentales 
establecidos, discutimos el potencial y la relevancia del ultrasonido en el contexto de los 
procesos de síntesis de QDs. 

Palabras clave: Quantum Dots, nanosintesis, ultrasonidos.  
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Abstract 

Quantum Dots (QDs) are a diverse group of semiconductor nanomaterials that have gained 

increasing interest in a great diversity of fields due to their unique capabilities, as their 

outstanding optical properties and size. Many methods have been developed to synthesize 

QDs, including ultrasound-based (also referred to as sonochemistry-based) approaches. 

Ultrasound has been employed to synthesize many nanomaterials aside from QDs, such as 

nanorods, nanoplates, and complex nanostructures. Compared to other QD synthesis methods, 

ultrasound-based approaches provide a simpler, faster, safer, and more accessible green 

alternative than other methods. In this review, we will highlight the diversity of QDs, their 

applications, and current shortcomings. We will also discuss the physical and chemical 

properties of ultrasound, its effects of various experimental parameters on nanomaterial 

precursors, its advantages and limitations, and the characteristics of a simple ultrasound 

apparatus. Finally, this review includes a summary and comparison of several QD synthesis 

methods for two prevalent QD types. Based on established experimental parameters, we 

discuss the potential and relevance of ultrasound within the context of QD synthesis processes. 

Keywords: Quantum Dots, nanoparticles, ultrasounds. 
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Chapter I 
Introduction 

Initially described in 1981 by Ekimov and Onushenko (1), Quantum Dots (QDs) were 

initially believed to be among the first semiconductors with a three-dimensional structure. They 

highlighted the size effects that these structures possessed.  The term “quantum dot” was first 

used in 1988 by Reed (2) to refer to structures that they synthesized with some unique 

characteristics: they had quantum confinement to zero dimensions concerning the quantum 

confinement effect, which relates to nanocrystals with a smaller size than the Bohr radius have 

a determined amount of energy-related to their size (3).  

With those characteristics,  QDs were sometimes referred to as “artificial atoms” and 

were initially synthesized in semiconductor crystals or glass matrixes, in which they appeared 

individually 0.3 to 0.4 nm apart from each other (4). Although the term “artificial atom” was 

somewhat expected, it was understood that each QD or artificial atom contained various 

electrons within the matrix structure, implying that several real atoms comprised one artificial 

atom in a crystal matrix. These atoms did not get trapped within the atoms that make up the 

crystal and are only attached to the QD's potential is explained by the quantum-mechanical 

theory of solids. This theory states that some electrons behave as free electrons when they are 

part of a crystal structure, only differing by their mass (4,5). 

One of the most prevalent methods for synthesizing QDs and nanomaterials involves the 

ultrasonic irradiation of materials. As we will analyze in later sections, ultrasound has unique 

characteristics that make it an extremely versatile tool for QD synthesis. With such a wide 

variety of QD compounds and synthesizing methods, many of these methods are becoming 

cheaper, more accessible, and more efficient; ultrasound remains an irreplaceable tool within 

this field. This review aims to summarize some of the most important synthesis methods for QD 

fabrication, compare them, and provide a relevant bibliographic context of the importance of 

ultrasound methods within the rapidly expanding QD synthesis field. 
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Chapter II 
Problem statement 

 Quantum Dots encompass a large group of nanomaterials with a wide range of 

applications depending on their characteristics, especially within the biomedical field. The size 

and the specific nanostructures of Quantum Dots often pose a challenge in their synthesis 

process, with many methods being developed and improved during the past few decades. 

Ultrasounds are used in many of these methods to synthesize Quantum Dots, either directly or 

assisting other processes. They offer unique conditions for the formation of these nanomaterials 

and are particularly easy to use and affordable. With the rapid discovery of new Quantum Dots, 

configurations, and processes, there is often a moderate difficulty in finding updated literature 

that can serve as a starting point for studies attempting to synthesize Quantum Dots of specific 

precursors and characteristics with a limited budget, something ultrasound-based methods excel 

at. 

Since new Quantum Dots are being discovered continuously and novel ultrasound applications 

for their synthesis, a comparative study that explores the potential of ultrasound methods for 

more complex and novel Quantum Dot configurations could prove to be of outstanding 

academic relevance. 

Objective 

To prepare a literature review that summarizes the main factors in ultrasound-based 

synthesis approaches for QDs and explores through comparisons the prospects of these 

approaches to serve as a starting point for future studies. 

Specific Objectives 

i. To highlight the diversity in types of QDs, summarize their properties and applications 

(both in and out of the biomedicine field). 

ii. To introduce the diversity and categorization of QD synthesis methods for various 

applications, the pros and cons, and their specific applications. 
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iii. To summarize the relevance of ultrasound-based approaches as synthesis methods for 

nanomaterials' general field even when newer techniques are available and highlight 

the unique capabilities of this method. 

iv. Integrate the information summarized and introduced in previous sections to show the 

relevance, potential, and most pressing limitations of QD synthesis through ultrasound-

assisted approaches. 
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Chapter III 
Quantum Dot diversity, properties and applications 

Quantum Dots by elemental group association 

QDs can be very diverse, from their composition, which consists of elements of the 

periodic table corresponding to the groups II-IV or III-V, as well as their size, which, as cited 

previously, is smaller than the Bohr radius of the exciton at a range of 4 to 12 nm in diameter 

(6,7). Despite this distinction, there has been some historical discussion on whether QDs should 

be considered from sizes in the range of 2-20nm(8) or strictly below 10nm(9). For this reason, 

there are many ways to classify QDs, and in this review, we will be using their classification 

according to their chemical composition, major groups derived from other types of 

nanomaterials, and groups that are not directly tied to a single chemical group. 

In regards to their chemical composition, QDs are classified in 12 categories: HgS (10), 

HgSe (11), HgTe (12), CdS (13), CdSe (14), CdTe (14), ZnO (15), ZnS (16), ZnSe (17), ZnTe 

(18) QDs are type II B-IV A QDs (19). These types of QDs are part of another type of 

classification known as semiconductor Quantum Dots, which have a broad array of applications 

in the biomedical (20), sensing (21), and imaging fields (22). Type II B-IV A QDs have a highly 

tunable fluorescence emission that makes them highly suitable for these applications (23). 

However, one downside of these QDs (specifically semiconductor QDs) is their biotoxicity and 

solubility, which limit their safety, therefore limiting their in vivo uses.  

Type III A-V A QDs is another extensive group characterized for having remarkably 

stable optical properties thanks to having predominantly covalent bonds within their structures, 

especially when compared to type II B-IV A QDs (19). The main downside of this type of QDs 

is their low quantum yield, a measurement of photon emission defined by the ratio of photons 

absorbed vs. photons emitted (24,25). To minimize this problem, the QDs in this category are 

often coated with elements that have wider energy gaps as in InP/ZnS QDs (being InP one of 

the most commonly used QDs within this category) (26). 

Type IV A-VI A QDs include PbS (27), PbSe (28), and PbTe (29), which all have 

narrower energy gaps which cause their fluorescent emission region to be located in the near 
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and mid-infrared spectral ranges. These characteristics make this type of QDs beneficial for 

solar cell applications to absorb the most visible light. They can generate multiple charge-carrier 

pairs from a single optical stimulation, a process known as multiple-exciton generation(30). 

Another remarkable and widely applicable category is type IV A QDs which possess 

high biocompatibility and safety while maintaining intense photoluminescence in solution and 

solids via surface passivation(31). In this group, we can find Si (32), Graphene (33), and Carbon 

QDs (CQDs). CQDs are particularly notorious for their physicochemical properties, outstanding 

biocompatibility, and fluorescence.  

Black Phosphorous QDs (BPQDs) have a similar composition to type IV A QDs but 

differ in enough aspects to be classified in their category, type V A (34). BPQDs have auspicious 

properties that have demonstrated a possible application as a phototherapy agent for cancer 

treatment, although limited by its high reactivity with oxygen and water, leading to rapid 

degradation during in-vivo circulation (35). BPQDs also have nonlinear optical properties that 

have allowed for recent significant advancements in ultrafast laser technology for photonic 

therapy use and imaging(36,37). Graphene-based composites have in turn been used widely 

across many fields, but their unique properties have impacted the field of optics by far more 

than any others(38,39).  

Type I B-III A-VI A QDs is a ternary group known for mostly having adjustable 

bandgaps. In this group, we find CuInS2, CuInSe2, and AgInS2 QDs, and each one's fluorescence 

can be adjusted continually within the red to the near-infrared region(40).  

There are also Cu2S QDs which are classified in their category (I B-VI A), which are employed 

in the solar cell industry (41) and in novel biomedical uses such as the recently proposed 

inhibition of protein fibrillation to treat degenerative diseases(42).  

 

Quantum Dots by structural association 

As many previous examples have already demonstrated, the unique and versatile optical 

properties of QDs are the main reason they are widely present and applied in so many different 

fields nowadays. Thus far, the types of QDs detailed are primarily relevant in biomedical 

imaging, biosensing, and solar cell fabrication through photovoltaic devices (12,43–45). QDs 
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can be integrated into core/shell structures which can accentuate some of their properties or 

alleviate their shortcomings, allowing for an even broader and deeper field of applications (46).  

Among these composite QDs, we have Polymer Dots (commonly known as Pdots), a 

type of semiconductor nanoparticle similar in size to semiconductor QDs, while offering some 

advantages such as a fast conversion rate of radiation emission, high brightness, and stability. 

These properties make Pdots very viable for cancer treatment, where various tumor-targeting 

methods have been proposed and demonstrated(47–49) and bioimaging(50–53). 

Another versatile type of QDs is transition metal dichalcogenide (TMDC) QDs. These 

QDs are characterized by having a remarkably high quantum yield and the ability to be 

functionalized with ease. These QDs are mainly based on Titanium and Molybdenum elements, 

with one example being MoS2 QDs which is used as a catalyst for oxygen evolution reactions 

(54). MoS2 QDs are also commonly used in biosensors (55) and oncology (56) due to their 

ability to enhance photoacoustic imaging, X-ray imaging, and computed tomography, signaling 

a higher efficiency when performing radiotherapy in cancer patients. 

Another rapidly gaining relevance is MXene dots based on MXene sheets(57), 

synthesized by etching selective layers of sp elements from a corresponding three-dimensional 

MAX phase(57). An MXene three-dimensional phase consists of 3 essential elements 

summarized in the formula Mn+1AXn,  where M A and X represent: M as an early d-block 

transition metal; X is a Carbon and either or both Nitrogen; n can be (n=1, 2, 3); A can be F−, 

O2− and OH− or any main-group sp element (although the ones applied on this field the most 

are predominantly from groups IIIA or IVA) (58,59).  More than 70 MAX three-dimensional 

phases are identified in the relevant literature, but only around 11 of there are currently 

employed in elaborating MXene sheets. At the moment, only these are considered members of 

the MXene family, although it is a very novel group and is expected to proliferate throughout 

the next few years (58,60–66). MXene sheets are often referred to as graphene analogs as they 

share some properties due to their 2D nature(67). MXene materials have high metallic 

conductivity, hydrophilicity, and biocompatibility(66); properties that they share with their 

MXene QD counterparts. The advantages of MXene QDs come from their fluorescence and 

ultra-small size properties that expand the use of these materials in various fields such as 

oncology(68), biomedicine(69), optics(70,71), and bioimaging(72). 
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Another QD type that has seen widespread implementation in multiple industries is 

inorganic perovskite QDs (IPQDs), which are used in the manufacturing of light-emitting diodes 

(LED) (73), QD-based lasers(74), light sensors(75), and solar cells(76).  

 

As we have seen from the QD types detailed in this section, each type can have unique 

properties applicable in specific instances. In many cases, various types of QDs can overlap with 

other types within the same field. Most QD types we have detailed are employed in solar cell 

manufacturing, cancer phototherapy, and biomedical imaging, with each one having pros and 

cons that allow for more situational uses. Another thing to consider is that the vast majority of 

quantum dots need to be integrated into some form with other elements for practical 

applications. This is usually done by doping the QDs surface with said elements (the proposed 

degenerative treatment based on Cu2S QDs has the QDs doped with Zn (42), for example) or 

integrating them into nanocrystals or core/shell structures (ZnSe QDs acquired modified in-vivo 

capabilities such as water solubility when coupled with an InAs shell(43)). 

Out of all the fields mentioned, biomedicine is usually regarded as the most relevant for 

QD use in humans. Aside from the applications above, QDs are highly effective drug delivery 

and targeting agents as labels and probes. It is worth emphasizing the origin of these 

nanostructures' unique properties that have made them often irreplaceable in these fields, mainly 

their optical capabilities. The optical capabilities of QDs originate from their inorganic core, 

which is commonly modulated after its activation through an inorganic shell and sometimes 

ligands that are bound to the shell. All these components are also the factors that allow QDs to 

be so versatile, as each one of these three components can be modified in elemental composition, 

structure, and size. Adjusting each of these factors produces a wide array of possible QDs with 

narrow emission or broad absorption spectra and custom light emission. Modification of these 

factors can also result in QDs with high fluorescence quantum yields that maximize their 

efficiency, high durability due to photochemical robustness, reduction or increase in 

fluorescence intermittency, broad stokes shift, and resistance to photo bleach effect, which also 

makes them reliable dyeing agents(77). 
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QUANTUM DOT SYNTHESIS APPROACHES 

 

QD Synthesis methods by the state of precursors 

Synthesis methods of QDs can be classified by two different metrics, which are universal 

for all types of nanomaterials. The first one is based on the state of the precursor of the desired 

QDs. If we are starting from bulk materials and then developing the smaller architectural 

structures, then it is called a “top-down” method; if, on the contrary, we begin with the smaller 

atomic or molecular components to build the relatively more significant nanostructures, then it 

is called a “bottom-up” method(78). 

“Top-down” approaches 

“Top-down” approaches within the field of nanomaterial synthesis are, for the most part, 

considered extensions of pre-existing methods employed to produce micron-sized particles. For 

this reason, these methods are intrinsically more straightforward as they involve the division 

and predominantly physical approached to achieve the desired nanoparticles. The simplistic 

nature and extensive history of methods like lithographic processes have been widely used in 

the semiconductor industry for decades(79) and in some early production of QDs(80). Some of 

these processes, specifical photolithography, have been used to pattern via electron abrasion the 

desired structures, with their main disadvantage being the imperfections produced. These 

imperfections accentuate when developing more minor features due to the medium's optical 

limitations (81). 

“Bottom-up” approaches 

“Bottom-up” approaches are very prevalent in nanotechnology literature. These types of 

approaches have also been quite common in industrial applications of nanomaterials even a 

century ago. This is because bottom-up approaches encompass the synthesis of materials via 

crystal growth, and crystal growth methods involve the assembly of atoms and molecules into 

determined crystalline structures. The bottom-up approach's advantages are the more 

homogeneous assembly and chemical composition, and fewer defects are usually expected. 

They are also generally less expensive to use and more suitable for mass production. Some 

examples of bottom-up approaches are gas-based reduction and colloidal dispersion. 
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A critical difference between these two types of approaches is that nanostructures' 

assembly mainly involves self-assembly of the precursors driven by reducing Gibbs free energy 

in the bottom-up methods. Top-down approaches mainly involve introducing internal stresses 

to bulk materials and other elements that might act as contaminants. 

Hybrid approaches 

While some methods described so far fall strictly within these categories, some others 

might play a part in different synthesis stages that might involve both top-down and bottom-up 

approaches and are known as hybrid approaches.  

QD Synthesis methods by chemical reaction involvement 

The mere existence of hybrid approaches is why we might find it helpful to be able also to 

classify all “top-down” and “bottom-up” nanomaterial synthesis methods by another 

measurement. Another categorization based on the nature of the process and the involvement of 

chemical reactions is subdivided into physical and chemical approaches. 

 

Physical Methods 

We first have physical methods characterized by the lack of chemical reactions or 

interventions in the process. Physical methods mainly involve nucleation and particle growth 

within solutions, or sometimes in vapor phases. Within the context of QD synthesis, the only 

purely physical method with relevance for practical purposes is molecular beam epitaxy(82). 

This method has been employed for decades, not only for the synthesis of nanomaterials but 

also for a wide array of semiconductors, metals, and oxides(83). It involves the deposition with 

beams of atomic or molecular sources on substrates with a crystalline structure, usually 

atomically smooth and placed in a vacuum. When used for QD synthesis, it induces an ordered 

QD array's spontaneous formation on the crystalline structures' surface. This spontaneous 

formation is generated by the mismatch between the lattice constants on the surface of the 

epitaxial films, and the resulting dispersion of the QDs causes a stress reduction in the film. The 

particular method detailed here has been used in the past to produce extremely small dispersions 

of the size distribution function (with a 2% difference across all QDs produced, a record low at 

the time) on PbSe QDs(84). The main downside pointed out in the study about the molecular 

beam epitaxy method was the requirement for specialized and expensive equipment and 
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materials with remarkably high purity. Since this method involves introducing more minor 

elements to self-assemble into more complex structures, this specific method is a “bottom-up 

approach”. Nonetheless, most physical methods are also classified as “top-down” methods. 

Among the most well-known methods are lithographic approaches - which include electron 

lithography and photolithography - used for decades to fabricate microelectronic components 

for the semiconductor industry. 

 

Chemical methods 

In contrast to physical methods, nanomaterials' chemical synthesis methods involve 

chemical reactions that induce the chemical transformation of matter. In this category, most 

methods represent liquid-phase condensation or a chemical reaction that results in a 

supersaturation that allows for the nanoparticles' nucleation and formation. For this reason, most 

chemical methods also fall in the “bottom-up” category. One of the first successful methods to 

synthesize QDs two decades ago was through organometallic synthesis, a “bottom-up,” three-

step process. While placed in an organic solvent at high temperatures, the precursor materials 

undergo nucleation, growth, and termination; through the manipulation of reaction conditions, 

this method allows for the precise adjustment of the size (and therefore the emission 

wavelengths) of the QDs. Many QD varieties have been synthesized through organometallic 

routes, with some examples being PbS QDs(85) and CdTe/CdS QDs(86). The most important 

parts of the processes involving QD synthesis occur in the post-synthesis treatment since a 

significant portion of QDs have a meager quantum yield of luminescence when they are initially 

produced. Physical methods are usually involved in these post-synthetic treatment phases, where 

QDs usually acquire their characteristic efficient luminescence and gain most of their utility(87). 

 

Biological methods 

Some literature considers QD synthesis methods that involve living organisms as their 

separate category from physical or chemical methods. In a similar fashion to chemical 

approaches, most biological-mediated nanomaterial synthesis methods are classified as 

“bottom-up” approaches. Although less prevalent than the two methods previously described, 

biological methods offer unique advantages that deserve to be mention, especially when trying 

to develop QDs or nanomaterials intended for biomedical purposes. Physical methods often 
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offer less stable nanostructures, and the irregularities that stem from these processes can cause 

potential threats to humans. Chemical methods, in many instances, involve the use of toxic 

chemicals (or non-polar solvents, which can also be problematic in biological interactions) to 

synthesize nanoparticles can also limit their clinical use(88). In this landscape, biological 

methods offer unique capabilities as they often offer a cost-effective, safe, sustainable, and 

environmentally friendly alternative to traditional methods. Some of the drawbacks of this type 

of approach include less control on the size distribution, crystallinity, and shape of the 

nanomaterials, and these methods can also be notoriously time-consuming. 
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Chapter IV 
ULTRASOUNDS FOR NANOMATERIAL SYNTHESIS 

 

The multi-step integration of different types of synthesis methods mentioned previously 

is even more relevant in some methods that can selectively be used either as a physical approach 

or a chemical approach (or even both simultaneously), as is the case with ultrasound-based 

approaches for the synthesis of nanomaterials.  

The irradiation of materials with ultrasounds has had an essential focus in nanomaterial 

synthesis for more than two decades and has used both their physical and chemical effects for 

their production(89–91). The wide array of processes that ultrasounds can trigger position them 

as some of the most versatile tools in the fabrication of nanomaterials with various sizes, 

compositions, and structural architectures(92). In this section, we will identify and classify the 

chemical effects and physical effects of ultrasound-based methods. 

 

Chemical effects of ultrasound 

The mention of chemical effects might intuitively imply a direct chemical interaction of 

the soundwaves with the precursor materials' molecular species. Still, it refers to a series of 

interactions encompassed within a field called sonochemistry. In a liquid medium, 

sonochemistry manifests as the acoustic cavitation that forms bubbles in the medium, which 

collapse impulsively(93). These collapses occur when the bubbles reach specific sizes and 

become resonant to the frequency of the ultrasound irradiation introduced to the medium. The 

implosions caused by this resonance have been shown through spectroscopic studies to create 

clouds of cavitating bubbles with internal temperatures and pressures of 5000K and 1000 

bar(93), with even higher values when isolated to single bubble cavitation(94–96). These 

extreme conditions cause chemical reactions within these regions and the reason why some 

approaches to ultrasound are labeled as sonochemical.  
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The local heating of targeted areas is high enough to dissociate all chemical bonds (even 

including N2 bonds(97), which are more prone to dissociation at higher frequencies). When 

gases or any volatiles present within the imploding bubble react or maintain chemical 

alterations, we refer to this process as a primary sonochemical reaction. In contrast, secondary 

sonochemical reactions refer to the reactions that occur after the reactions in the extreme 

conditions caused by the imploding bubbles have already taken place. The resulting species have 

migrated to the surrounding liquid(98). One thoroughly documented process occurs when water 

is the sonicated liquid, and it is the sonolysis of water(99,100). As the name implies, this process 

involves separating water molecules into highly reactive hydrogen atoms and hydroxyl radicals. 

This separation takes place when bonds dissociate in the hot spot generated by the imploding 

bubbles. When the resulting atoms and molecules dissipate through diffusion from the hot spot, 

they undergo subsequent reactions that we have established as secondary sonochemical 

reactions and can include oxidations, reductions, hydroxylations of organics, among others. 

Water sonolysis can be summarized as a series of rapid reactions involving both primary 

and secondary sonochemical reactions that involve both liquid and dissolved gases –such as O2– 

and the resulting overall reactions are heavily dependant on the conditions. The reactions 

involved in this process are differentiated, as shown below. 

 

Primary sonochemical reaction: 

H2O → (Ultrasound) → H + OH 

 

Secondary sonochemical reactions: 

H + H → H2 

H + O2 → HO2 

OH + H → H2O 

OH +OH → H2O2 
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 It must be pointed out that these reactions correspond to the reactions involved in the 

ultrasound irradiation of aqueous solutions. Similar processes involving non-aqueous solutions 

produce radical species that can then be subjected to other processes compared to aqueous 

solution sonication, such as redox reactions, recombination, elimination reactions, and 

disproportionation reactions. These types of interactions will be analyzed further in the 

following subsections. 

 

Primary sonochemistry for nanoparticle synthesis 

 One of the first reported successful syntheses of metal nanoparticles from volatile 

precursors involved using sonolysis, namely iron pentacarbonyl, to produce nearly pure 

amorphous iron(101). The method used in this report and every study produce sonolysis of 

volatile organometallic compounds that involve dissolving the compound in solvents with low 

vapor pressure, such as alkane solvents or ionic liquids(102–104), and then applying intense 

sonication. The resulting conditions caused by the interaction heavily favor the dissociation of 

metal-ligand bonds, allowing individual metal nanoparticles to form. The bubble implosion 

event is a very rapid phenomenon, and the extreme temperatures it generates also dissipate 

very quickly, causing a fast cooldown of the resulting nanoparticles. Since proper 

crystallization requires a determined amount of time, the quick dissipation of heat and pressure 

prevents an ordered crystallization from happening. The nanoparticles, therefore, appear as 

amorphous particles, coupled in agglomerations of 20nm particles. Some surfactants such as 

oleic acid can be added to obtain colloidal nanoparticles, as they can act as trapping agents for 

the particles formed during cavitation and the tail of the oleic acid stabilizes the colloids(105). 

A visualization of these interactions through transmission electron microscopy (TEM) can be 

seen in [Figure 1]. 
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Figure 1.(a) Transmission electron micrograph of ultrasound-synthesized amorphous iron nanoparticles. (b) Scanning electron 
micrograph of agglomerated amorphous iron nanoparticles. (c) Electron diffraction pattern demonstrating the amorphous 
nature of the iron colloids. (d) Electron diffraction pattern showing the crystallization induced by heating from the electron 
beam. Reproduced with permission from Ref. (105).  

Copyright 1996 © American Chemical Society. 

 Existing nanoparticles can also be used in the reaction process to serve as templates for 

the formation of sulfide and oxide nanoparticles. Template nanoparticles for these procedures 

are mainly carbon nanoparticles or silicon oxide (SiO2) nanoparticles. In the presence of 
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carbon nanoparticles, the ultrasound-mediated synthesis of amorphous iron is altered, and the 

iron oxidizes rapidly upon contact with air, causing crystallization of the nanoparticles in a 

hollow formation(106). The study previously referenced repeated the same process without the 

involvement of carbon nanoparticles, and the result was that only amorphous iron oxide 

particles were synthesized. 

 Silica nanoparticles can also be used as templates to form other types of hollow 

nanoparticles. In order to form hollow MoS2 particles, silica nanoparticles are placed in the 

same medium as Mo(CO)6 and are subsequently sonicated to produce the same phenomenon 

as in the previous example with carbon nanoparticles(107). In this instance, the template 

elements are not removed by combustion, but the silica is rather washed out with hydrofluoric 

acid. The referenced study also demonstrated the chemical advantages of hollow nanoparticles 

as a catalyst. The study showed an increased hydrodesulfurization catalytic activity of the 

hollow MoS2 nanoparticles compared to non-hollow MoS2 nanoparticles. The non-hollow 

MoS2 nanoparticles were also produced through sonication but without silica nanoparticles 

present in the medium.  

Hollow MoO3 nanoparticles can also be produced through this method, substituting silicon 

nanoparticles with sulfur, and these particles could be annealed to form hollow nanocrystals.  

Secondary sonochemistry for nanoparticle synthesis 

 As established previously, secondary sonochemistry deals with the molecular products 

produced by imploding cavitating bubbles from primary sonochemical processes. These 

processes are used to synthesize nanoparticles in the liquid phase and are extensively used 

methods in good part due to their ability to cause interactions with nonvolatile species. One of 

the earlier reports identifying the properties of secondary sonochemical reactions dates from 

three decades ago to produce colloidal gold(108). Colloidal gold is an important 

immunological marker for transmission electron micrographic studies. At the time of the 

study(108) the only process capable of producing this nanoparticle at a suitable small size for 

bioimaging at the ultrastructural level involved reducing the bulk of gold with phosphorous. 

Other reducing agents were used at the time, such as formaldehyde and ethyl alcohol, but they 

resulted in bigger particle sizes than phosphorous-based processes. The ultrasound process 

turned obsolete the previous methods as it could produce nanoparticles with diameters of 

10nm without the need of extra precursors, as well as allowing for easier preparation 
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(improving the speed at which new batches could be produced) and a better dispersion of the 

gold colloids. 

 With a small amount of 1-propanol, another study performed the sonochemical 

reduction of Au(III) to produce Au nanoparticles at different frequencies(109). This study was 

set to describe the mechanical effects of cavitation on sonochemically synthesized gold 

nanoparticles and establish the relationship between the ultrasound frequency with the 

variation in size of the resulting nanoparticles and the variation of the reduction rate. In 

[Figure 2], we can see the variation of Au(III) reduction at different frequencies, starting with 

the lowest rate at 20 kHz, then the highest rate being obtained at 213 kHz, and then decreasing 

as the frequency increases.  

 

Figure 2. Rate of Au (III) reduction as a function of ultrasound frequency. Au (III): 0.2 mM, 1-propanol: 20 mM, atmosphere: 
Ar, ultrasonic power: 0.1 W mL-1. Reprinted with permission from Ref. (109) 

Copyright © 2005 American Chemical Society. 

These variations are explained by detailing the chemical reactions involved in forming these 

nanoparticles through the presence of organic additives, which had been previously 

reported(110–113). 
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(1)                                                H2O → -OH + +H 

(2)                                     RH + -OH (+H) → +R + H2O (H2)  

(3)                         RH → pyrolysis radicals and unstable products  

(4)                        Au(III) + reducing species (+H, +R, etc.) → Au(0)  

*RH denotes an organic additive 

 

The first three reactions show the formation of the reducing radicals and reductants by the 

ultrasound with (1) sonolysis of water, producing +H (a primary sonochemistry reaction 

detailed previously), (2) Formation of +R and H2 through the reaction of RH with -OH or +H, 

(3) Formation of pyrolysis radicals and hazardous products through the pyrolysis of RH and 

H2O, and (4) the reduction of Au(III) into Au(0) by reacting with the various reducing species 

in a series of complex secondary steps(112). 

From the fourth reaction, it can be inferred that the amount of reducing radicals produced in 

the initial reactions directly correlates with the reduction rate, and the amount of primary and 

secondary radicals produced depends on the efficiency of the cavitation at different 

frequencies. Different frequencies can influence several of the following factors(109): 

(1) Temperature and pressure inside the cavitation bubbles. 

(2) Distribution and number of bubbles 

(3) Size and duration of bubbles 

(4) Shape, dynamics, and symmetry of the bubble collapse 

(5) Various effects on other elements that might be present in the reaction, such as organic 

solvents (in the case of the Au(III) reduction, 1-propanol), secondary radicals, etc. which 

directly influence the temperature of the reaction. 

 

While these factors are widely understood, the extent to which each factor influences radicals' 

resulting production is tough to quantify. This is because all these factors are heavily correlated, 

and it is not feasible to alter one without affecting the others to obtain different results for each 

one. What can be quantified is the overall effect that different ultrasound frequencies have on 
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reaction rates depending on agents used to alter reactions. As we saw previously in [Figure 5], 

the 213 kHz frequency corresponds to the highest reduction rate of Au(III) in the presence of 1-

propanol, with the size distribution of the resulting gold nanoparticles and a TEM scan showing 

the structure of the nanoparticles at this frequency can be seen in [Figure 3].  

 

Figure 3. (a) TEM micrograph of Au nanoparticles synthesized after 120 min irradiation of 213 kHz ultrasound. (b) 
Histogram for the size distribution of Au nanoparticles. Reprinted with permission from Ref. (109) 

Copyright © 2005 American Chemical Society. 

Another study tested the various factors detailed previously for water sonolysis without any 

other element present(114) and found that the most activity was found within the 205 kHz to 

629 kHz range. Through these alterations, individual events can be qualitatively depicted 

[Figure 4], showing how increases in frequency affect them. Their main conclusion from these 

variations was that at lower ultrasonic frequencies, a significant fraction of cavitation bubbles 

will collapse asymmetrically and that at higher ultrasonic frequencies, more excellent gas and 

volatile species flux will occur. 
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Figure 4. Summary of different acoustic cavitation events as a function of frequency through continuous irradiation and gas 
sparging. The vertical arrows indicate hierarchical importance regarding sonochemical activity as a function of frequency. 
Created with BioRender.com 

 Sonochemical synthesis can also be used to produce nonspherical nanoparticles such as 

nanorods(115), nanobelts(116), nanodecahedra(117), nanoplates(118). The referenced 

examples provide each nanoparticle type with gold as their main element, but ultrasound has 

been used to synthesize nanoparticles from a wide range of noble metals. Some noteworthy 

examples include, as mentioned previously, the use of ultrasound to synthesize core-shell 

nanoparticles. PtCu3(119), PdAg(120), and Palladium with other first-row transition metal 

particles such as Ni, Co, Fe, Mn(121).  

Silver nanoclusters of minimal size (<2nm) and remarkably high fluorescence can also 

be made using ultrasound by employing poly(methacrylic acid) as a capping agent(122). This is 

needed to make silver nanoparticles of this size since Ag nanoclusters tend to grow continuously 

in aqueous solutions. The capping agent not only stabilizes the nanoparticles but also protects 

them after cavitation. Previously this capping agent was used to synthesize silver nanoclusters 

with other methods such as radiolytic, chemical, and photochemical reductions of silver 

salts(123–126). The combination of the sonochemical method in conjunction with the capping 

agent demonstrates the potential of these types of synthesis methods, as they often provide more 

straightforward and inexpensive alternatives to traditional methods (and in this case, a more 

effective method, as clusters of this size were not previously possible and were not able to 

exhibit fluorescence). 
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Aside from noble metals, oxides and hydroxides can also be produced and shaped to 

form various nanoparticles. Nanoparticles from metal oxides are formed through sonochemistry 

by interacting radicals resulting from cavitation, and subsequent oxidation occurs. 

Sonohydrolysis can also be used as a method to induce oxidation and formation of 

nanostructures. One essential oxide often synthesized through sonochemistry is zinc oxide 

(ZnO). Some properties that make this material of high interest are its antimicrobial properties, 

photocatalytic properties, and its ability to serve as a wide bandgap semiconductor. For the 

fabrication of a nanostructured ZnO layer to be used as an electrochemical sensor matrix, two 

different types of nanoparticles (1D nanorods and 2D nanoflakes) from this material are 

synthesized, and both are produced through sonochemistry in a single step(127). This layer was 

grown on a Si substrate by applying ultrasound irradiation to a Zn salt mixed with 

hexamethylenetetramine to act as a shaping agent. ZnO nanostructures of this nature exhibit 

higher chemical stability, high catalytic activity, and biocompatibility than bulk materials for 

this nature's electrochemical sensors. 

In a similar process, ZnO's antimicrobial properties have been used in another one-step 

sonochemical process where the nanoparticles were synthesized and assembled on a textile 

surface to produce an antimicrobial surface(128). This textile and paper coating process through 

sonochemical synthesis is also possible with other metallic compounds such as silver(129) and 

copper oxide(130). The mechanisms by which these nanolayers prevent and inhibit the growth 

of microbes are not well understood, but they have been verified to be effective against E. coli 

and S. aureous, sensitive to the precursors of the nanolayers. These compounds' vast versatility 

to be used as antimicrobial coating while maintaining high biocompatibility levels with meager 

production costs (mainly due to the simplicity of the sonochemical procedures involved) pose 

for a promising new wave of nanomaterials and coatings for industrial applications. These 

modifications that these coatings introduce to surfaces can also alter the surfaces' hydrophilicity, 

opening an even greater field of potential applications(92). 

 

Physical effects of ultrasound 

High-intensity ultrasound also has various physical effects that can alter in various ways 

the formation of nanomaterials, with these effects mainly being: 

• Microjet formation 
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• Turbulence 

• Microstreaming 

• Shock wave formation 

• Interparticle collisions in slurries 

All of which can have different degrees of impact on the synthesis processes. All these effects 

result from the same phenomenon that causes sonochemical processes to occur: the cavitation 

resulting from the collapse of the bubbles introduced by the ultrasound waves. When the 

collapse occurs in the liquid medium employed for the process, shockwaves are generated and 

then propagated throughout the medium. The shapes of the bubbles –which were also described 

in the previous section– are crucial for forming microjets. If a bubble is formed near a solid, 

then that bubble will be non-spherical, and when it collapses, the deformations will cause a 

significant disproportion in the ejection of the surrounding liquid. These displacements are 

known as a microjet, and the immense pressures inside the bubble cavitation make them a 

significant factor to consider as they can impact surfaces and eject materials. The vibrations and 

cavitation events induced by high-intensity ultrasound cause rapid streams and currents in the 

medium as well as intense mixing, all factors that contribute to ultrasound being an effective 

method for liquid mixing, eroding surfaces of solid bulk materials, and induce particle collisions 

in emulsions and solid-liquid mixtures(131–133). 

 One good example of a process involving the use of the physical properties of ultrasound 

is the production of ZnO hierarchically structure microspheres(134). Hierarchical structures 

refer to the types of nanostructures composed of substructures such as nanoparticles, nanorods, 

nanoplates, nanoflakes, etc. 

The study referenced states that this material's hierarchical structures (ZnO) were developed 

because of the need to improve photovoltaic performances of dye-sensitized solar 

cells(135,136). Previous candidates for this user, such as crystalline aggregates of titanium 

dioxide (TiO2) and crystalline ZnO, were effective in these applications, but the interparticle 

boundaries within the produced structures were big enough to hinder the transport of 

photogenerated electrons(137,138). For this reason, hierarchical structures with the capability 

for the free movement of electrons within its structure were necessary. The components of the 

hierarchical structure itself are also other variables that can affect its characteristics. A 



28 

 

nanosheet-based hierarchical structure showed better capabilities for electron transport than 

nanocrystal aggregates(139,140).  

Many methods were previously used to produce nanosheet-based hierarchical structures, 

including chemical bath deposition(141), hydrothermal approaches(142), annealing(143), 

electrodeposition(144), and direct precipitation(145). Direct precipitation being the simplest of 

this group since it is a one-step process. The main disadvantages of direct deposition are the lack 

of uniformity and difficulty in controlling the hierarchical structures' structure. The ultrasound 

process developed from ultrasonic irradiation into the previously established natural 

precipitation process(146). The authors' main improvements brought by the introduction of 

ultrasound are an acceleration of nucleation and better diffusion in the medium, both physical 

effects of ultrasound. These effects resulted in higher accuracy in shaping structures of the 

nanolayers, nanoparticles, and their assembly into hierarchical structures. These improvements 

also allowed for the hierarchical structures to be assembled in 15 minutes and without templates 

that were needed in the previous processes of direct precipitation without the integration of 

ultrasound. A comparison between the resulting nanoparticles from both processes can be seen 

in [Figure 5].  
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Figure 5. SEM images of ZnO samples were obtained at different conditions. (a) and (b). In-situ observation of sample A at t 
= 15 min; (c) sample A; (d) sample B; (e) sample C; (f) sample D. Reprinted with permission from (134). 

Copyright © 2013 American Chemical Society. 

In this figure, we can see four different samples in different conditions, with samples A and B 

having the same concentration of their precursors (0.5 M of OH− and 0.1M of Zn2+), with the 

difference being that for A, ultrasound was not used, and for B ultrasound was utilized. Samples 

C and D had different precursors concentrations than the first two samples, with double the 
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number of Zn2+ (0.5 M of OH− and 0.2M of Zn2+), and ultrasound was used for D but not for C. 

The figure shows all four samples at t = 15min. With the different samples established, in [Figure 

8], we have (a) and (b), which show Sample A at different magnifications and unfinished 

structures can be seen, indicating a slow synthesis process with just direct precipitation. The 

acoustic cavitation event generates an actual amount of energy transferred mainly to the 

nucleation process, causing a significant acceleration to this segment of the hierarchical 

structures' formation. Sample A needed 40 minutes to complete its formation of hierarchical 

structures without the use of ultrasound, and the resulting nanoparticles were comparatively 

nonuniform with large size variations (from 3 to 13μm). Sample A at t = 40 min is shown in 

[Figure 8(c)]. Sample B, as mentioned previously, employed ultrasound and can be seen in (d) 

at the same amplification of (c). It is visibly a much more homogeneous group of hierarchical 

structures than sample A. The sizes from sample B range from 2 to 5μm. The authors attribute 

this impressive uniformity to the strong blast and high-speed microjet produced by the acoustic 

cavitation, which resulted in effective nanocrystal dispersal and ionic diffusion. One crucial 

factor for forming specific ZnO-based nanostructures in this medium is the amount of excess. 

OH−, which determines the resulting architecture drastically. As mentioned previously, samples 

C and D had double the amount of Zn2+ concentration and less OH− excess. Sample C can be 

seen in [Figure 8(e)] where each nanoparticle's hierarchical structure was around 6μm and 

featured a different hierarchical structure than the other samples, which were not suitable for the 

intended use. Despite having the same precursor concentrations as sample C, Sample D featured 

hierarchical structures of 2μm and the desired 2D nanosheet-based hierarchical structures. Since 

sample C was prepared through direct precipitation and sample D through ultrasound-assisted 

direct precipitation, these two samples demonstrate the importance and benefits of ultrasound 

in nanoparticle synthesis. Sample D also demonstrated that fast and homogeneous nucleation 

coupled with an organized, non-aleatory aggregation could compensate for lack of excess OH− 

in obtaining a determined architecture for a hierarchical structure (in this case, a nanosheet-

based structure). 

 

Ultrasonic spray pyrolysis for nanomaterials 

 The physical effects of ultrasound are used in another method called ultrasonic 

nebulization (also sometimes referred to as ultrasonic atomization). Ultrasound radiation of 

liquid mediums causes the ejection of liquid droplets on the medium's surface, and these droplets 
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are the primary manifestation of ultrasonic nebulization. The average size of the droplets 

produced by ultrasonic nebulization can be calculated using Lang’s equation: 

𝐷𝐷 = 0.34 �
8𝜋𝜋𝜋𝜋
𝜌𝜌𝜌𝜌2
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3�

 

In this equation 𝐷𝐷 represents the droplet's diameter, 𝛾𝛾 the liquid’s surface tension, 𝜌𝜌 the liquid 

density, and 𝑓𝑓 the ultrasonic irradiation frequency(147).  

For syntheses involving ultrasonic nebulization, we can consider each droplet as a minuscule 

chemical reactor that can be used to produce chemical reactions by introducing light, heat, or 

other stimuli. Ultrasonic nebulization can be used to generate a dense mix regardless of the gas’s 

flow rate. It can be scaled with relative ease for a variety of applications, including plant 

production. The properties (temperature, frequency, etc.) and precursors (templates, solvents, 

additives, etc.) of these processes can be modulated to achieve different nanostructures. 

 Ultrasonic spray pyrolysis is not directly involved in chemical reactions, the role of the 

ultrasound in this process is to provide phase isolation of one microdroplet reactor to 

another(148). This is in contrast with sonochemical approaches, which are mainly thermally 

driven. Another important distinction is that for sonochemistry the ultrasound employed is of 

high intensity and with a low frequency of around 20kHz, and for ultrasonic spray pyrolysis, the 

intensity is a low and high frequency of around 2MHz. 

Some of the other significant differences between sonochemical approaches and ultrasonic spray 

pyrolysis are highlighted in [Table 1]. 

 SONOCHEMISTRY ULTRASONIC SPRAY PYROLYSIS 

 

  
REACTION SITE Gas bubbles Liquid microdroplets 
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CONDITIONS ~5000 K, 1000 bar 500–1300 K, 1 bar 

REACTANTS Volatiles primarily Nonvolatile solutes 

COOLING RATES >1010K s-1 104K s-1 

TEMPLATING Easy Easy, easy nanocomposites 

HEATING ZONE Single extreme hot zone Multiple hot zones possible 

SCALABILITY Scalable: kg/day Easily scalable: ton/day 

PARTICLE SIZE 
CONTROL 

Nano- and submicron-sized particels Typically submicron-size, but nanoparticles 
possible 

COMPOSITION 
CONTROL 

Easy Easy 

ANISOTROPIC 
SHAPES 

Yes No 

HOLLOW 
STRUCTURES 

Yes Yes 

CORE/SHELL 
STRUCTURES 

Yes Yes 

Table 1.  Comparison of the characteristics between sonochemistry and ultrasonic spray pyrolysis. Images reprinted with 
permission from Ref. (148) 

Copyright © 2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.  

  

Ultrasonic spray pyrolysis as a synthesis tool provides several advantages over alternative and 

traditional approaches. It can produce submicron-sized spherical particles with minimal 

impurities, a high degree of control of the nanoparticle composition, and ease of operation over 

extended periods(149,150). Compared to solid-phase or liquid-phase techniques such as direct 

precipitation and hydrothermal methods, which require batch reactions to produce materials, 

ultrasonic spray pyrolysis is a continuous flow process that allows for small and large scale 

productions of materials with low variability(148). This characteristic also offers a unique 

advantage in that ultrasonic spray pyrolysis can prepare many multi-component materials that 

would be significantly harder with other methods, especially considering the high degree of 

control it offers over the physical and chemical compositions of compounds. 

An ultrasonic spray pyrolysis apparatus can be seen in [Figure 6] and consists of the ultrasound 

transducer placed in the bottom of the container that houses the precursors. The container is 

equipped with a gas stream dedicated to carrying the steam generated into a tubular furnace, 

where a collector traps the mist produced by the ultrasound. Deposition occurs in the furnace, 

where the substrates (such as silicon or glass) are placed. As explained by Suslick et al.(148), 

additional furnaces can be attached at the end of the single surface to increase the droplets' 

residence time in heated areas or introduce multiple temperatures. They also state that the 



33 

 

authors’ research group's apparatus to perform ultrasonic spray pyrolysis is based on an 

inexpensive, high-frequency ultrasound generator obtained from a household humidifier, 

highlighting the low cost and great accessibility that this synthesis approach offers. 

 
Figure 6. Basic schematic illustration of a standard ultrasound spray pyrolysis apparatus. 

Created with BioRender.com 

The synthetic process of ultrasonic spray pyrolysis involves droplet generation, solvent 

evaporation, solute diffusion, precipitation, decomposition, and densification. A simplified 

graphical depiction of this process can be seen in [Figure 7]. 
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Figure 7. Simplified ultrasound spray pyrolysis process.  

Created with BioRender.com 

Sonocrystallization and sonofragmentation 

 The first reported use of ultrasounds to produce crystalline materials dates to the year 

1927(151). These early reports indicated marginal effects of ultrasonic irradiation on 

supersaturated solutions and supercooled melts. These early findings caused the development 

of these ultrasound applications to remain unexplored until the 1950s when many of the 

documented benefits of ultrasounds in crystallization were first reported. These reports include 

research from the Soviet Union that highlighted the reduction of grain size when ultrasound 

irradiation was integrated into the crystallization process, among other variations of the 

crystallization kinetics found with ultrasounds' introduction (152). In the 1960s, ultrasound-

based approaches gained notoriety as several studies found them to induce the formation of 

micro-sized uniform particles with pharmaceutical agents(153–155), and many mechanisms for 

sonocrystallization were also proposed during this era(156).  

Nowadays, ultrasound effects are understood to originate mainly from the ability of ultrasounds 

to induce crystal nucleation. Crystal nucleation is a complex and widely studied field, with its 

variations being mainly measured by analyzing the metastable zone width and induction time. 

Many studies have analyzed and compared their induction time in organic molecules with 

similar findings and conclusions(157–159). Among these findings, Guo et al.(158) measured 

the induction time for the antisolvent crystallization of roxithromycin. To measure 

crystallization and nucleation times, water was introduced into an acetone-based roxithromycin 

solution and monitored using laser light scattering. This experiment was done with and without 

the presence of ultrasound to be able to measure the impact ultrasound has on the crystallization 

process with different supersaturation degrees. In the tests that integrated ultrasound irradiation, 
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the induction time for roxithromycin decreased consistently and dramatically at all the various 

supersaturation degrees (158). The authors attribute these reduced induction times to an 

acceleration in diffusion in the presence of ultrasound.  

Ultrasound’s physical properties applied to crystallization techniques help inducing 

nucleation, but it is also an essential tool to fragmentation crystals in an ultrasonic field. In 

contrast to a metal powder sonication which consists of malleable elements and agglomerates 

when exposed to ultrasonic irradiation (mainly due to collisions  caused by gravitational 

shockwaves, ionic crystals sonicated as slurries result in fragmentation of the crystals(160). In 

experiments carried out using aspirin crystals suspended in decane which were then irradiated 

with ultrasounds, particle size averages did not fluctuate with the initial particle concentration 

as would be expected if interparticle collisions drove the sonofragmentation. The authors 

suggest that shock wave-particle interactions mainly drive sonofragmentation. 

 The acoustic cavitation and its extreme local temperatures and pressures generated by 

high-intensity ultrasound makes it a potent and versatile tool to produce nanomaterials. Another 

important aspect of the properties of ultrasound is the ability to selectively use the acoustic 

cavitation's chemical and physical effects in an extensively large number of ways and 

combinations. This ultimately allows for the synthesis of a wide range of nanostructured 

materials that would not otherwise be possible to produce. For these reasons, its low cost, and 

accessibility, ultrasound-mediated synthesis methods remain as invaluable tools for the 

synthesis of nanomaterials. 
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Chapter V 
Ultrasounds for Quantum Dot synthesis: diversity, features, bioapplications, 
comparisons, strengths, and weaknesses 

 As seen in the previous sections, Quantum Dots encompass a wide range of materials 

with different functions and combinations of said materials. The effectiveness of these QDs for 

their intended uses is heavily dependent on several factors, including size dispersion, surface 

uniformity, yield, among others. The methods used to achieve the specific characteristics with 

precision vary with the different compositions, precursors, architecture, and sizes. In this 

context, ultrasound can be applied in various ways to synthesize or enhance previously existing 

QD synthesis methods. The physical and chemical properties of ultrasound irradiation can be 

selectively applied to a medium according to the precursors and the desired outcome. In this 

section, the performance of ultrasound-mediated synthesis methods will be evaluated and 

compared to other methods used for a given QD type or element. This section's main objective 

is to highlight the advantages, unique features, and weaknesses and establish the current 

relevance in the QD synthesis field. Due to the vast number of QDs that can be synthesized 

through ultrasound-related approaches, two QD types with abundant methods and literature 

were chosen to contrast ultrasound methods with the highest number of approaches possible. 

 

Molybdenum Disulfide QDs 

MoS2 QDs, classified as transition metal dichalcogenide QDs, have been synthesized 

through various strategies(161), including the hydrothermal method(162), a bottom-up 

approach. Among the top-down approaches, MoS2 QDs have been produced using an 

ultrasound-mediated mechanical exfoliation(163), chemical exfoliation(164), electrochemical 

method(165,166), emulsion method(167), solvothermal method(168), thermal ablation(169), 

and combined methods(170,171).  

The ultrasound-mediated synthesis of MoS2 QDs involves using ultrasound irradiation to 

exfoliate the bulk MoS2 into monolayers which can then be processed into QDs. The first step 

in this process involves processing natural mineral molybdenite with high-intensity ultrasonic 



37 

 

irradiation in a pressured batch reactor, producing MoS2 nanosheets. MoS2 QDs can be then 

produced by immersing the MoS2 nanosheets into ethylene glycol at atmospheric pressure for 

24 hours. This method can produce QDs from other layered materials, such as WS2, TaSe2, 

MoTe2, MoSe2, NbSe2, NiTe2, BN, Bi2Te3(172–174).  

A similar method employing ultrasound-mediated exfoliation of MoS2 nanolayers was 

developed by Dai et al.(163), which added sulfuric acid to the medium. Ultrasonic irradiation 

caused the sulfuric acid molecules to permeate between the bulk MoS2 layers, all this resulting 

in MoS2 QDs with superior blue emission excitation-independent behavior. The full steps for 

the sulfuric acid-mediated process can be seen illustrated in [Figure 8]. 

 

Figure 8. Schematic representation of a proposed mechanism for preparing MoS2 QDs. 

Created with BioRender.com 

Combined methods in the studies included in this section employ ultrasonic irradiation to 

modify or enhance other methods. One of these methods involves using ethanol-thermal 

treatment of MoS2 powder while ultrasound irradiation is emitted(171). This method allowed 

for the successful breakdown of bulk MoS2 into MoS2 QDs, with the resulting QDs being of 

small size (with a lateral size distribution from 1.2 to 4.2 nm, the average size being 2.9 nm), 

highly stable, and possessing two-photon fluorescence, which was suitable for cell imaging.  
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Another ultrasound-related combined method involved an ionic intercalation method combined 

with sonication. This combined method was performed in an N-methyl pyrrolidone (NMP) 

medium where MoS2 powder was subjected to ultrasonic irradiation, which resulted in the 

formation of MoS2 nanosheets as well as a comparatively small amount of MoS2 QDs. When 

alkali metal ions were added to the process during the sonication step, the exfoliation efficiency 

was improved, yielding more QDs(175). A unique property from these QDs was their variable 

fluorescent emission with varying excitation wavelengths, making them excellent candidates for 

potential uses in cell imaging and the optoelectrical field. One downside the study reported was 

the low quantum yield but noted that the quantum yield increased from 0.99% to 4.84% through 

sodium hydroxide in the post-synthesis period. 

Wet ground was also employed coupled with ultrasound irradiation in another study. This 

method consisted of wet grinding bulk MoS2 in an NMP medium, which was then subjected to 

probe sonication in a different medium, comprised of NMP and 1,2-dichlorobenzene. The 

resulting QDs had lateral size distributions of 2 to 5 nm and blue emission when excited(170). 

Despite the many methods available for MoS2 QD synthesis, synthetic synthesis methods still 

need to be further developed. Most of the current synthetic approaches result in low quantum 

yields and blue emission (including ultrasound-based mechanical approaches), resulting in 

negative biological applications. On [Table 2], we can observe that despite low quantum yields 

for most methods, the mechanical exfoliation-sulfuric acid assisted ultrasonic method (163) 

provided a relatively high quantum yield compared to other methods, and the addition of 

ultrasound in combined methods produced QDs with better quantum yields and even allowed 

for variable emissions. Sonication is present in many more methods during the early stages to 

produce nanosheets from bulk MoS2 materials since nanosheets are the most effective  
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and consistent precursor to form MoS2 QDs. 

 

 

Carbon Quantum Dots or Carbon Dots (CQDs/CDs) 

 As stated previously, the term “carbon dots” is commonly used to refer to a general group 

of carbon-based QDs that consist of graphene QDs, polymer QDs, carbon QDs, and carbon dots. 

CQDs possess some properties and advantages that make them stand out among other QDs, their 

meager production cost and simplicity, often putting them as the first choice for QD 

researchers(186). Some of their other notable properties are their ultra-small particle sizes, 

excellent biocompatibility, and outstanding optical properties. 

There are many methods with which CQDs can be produced, both bottom-up and top-down. 

Bottom-up approaches for CQD synthesis include the sonochemical approach, pyrolytic 

METHOD PRECURSORS QY EMISSION REFERENCE 
CHEMICAL EXFOLIATION (NA 

INTERCALATION) Bulk MoS2 powder 11% 430 nm (164) 

CHEMICAL EXFOLIATION (LI 2H-
MOS2 POWDER - 420 NM 

INTERCALATION) 
2H-MoS2 - 420 nm (176) 

MECHANICAL EXFOLIATION-
ULTRASOUND METHOD Natural molybdenite - ～480 nm (174) 

MECHANICAL EXFOLIATION-
SULFURIC ACID ASSISTED 

ULTRASONIC METHOD 
MoS2 powder 9.65% 414 nm (163) 

ELECTROCHEMICAL METHOD Bulk MoS2 powder - ～400 nm (166) 
ELECTROCHEMICAL METHOD MoS2 nanosheets  401 nm (165) 

EMULSION METHOD MoS2 powder - ～ 480-540 nm (167) 
SOLVOTHERMAL METHOD MoS2 powder - 461 nm (168) 
SOLVOTHERMAL METHOD MoS2 powder - 463 nm (177) 

THERMAL ABLATION METHOD Single layer MoS2 - 548 nm (169) 
COMBINED METHOD 

(ULTRASONICATION+ ETHANOL-
THERMAL METHOD) 

MoS2 powder 3.10% 428 nm (171) 

COMBINED METHOD 
(SONICATION+ION 
INTERCALATION) 

MoS2 powder 4.84% ～500 nm (175) 

COMBINED METHOD 
(GRINDING+CO-SOLVENT 

SONICATION) 
(Wet MoS2 powder) - 448 nm (170) 

HYDROTHERMAL METHOD Sodium molybdate+L-cysteine 2.60% 402 nm (162) 
HYDROTHERMAL METHOD Sodium molybdate+glutathione ∼10.3% 425 nm (178) 
HYDROTHERMAL METHOD Sodium molybdate+dibenzyldisulfides - 280 nm (179) 
HYDROTHERMAL METHOD Sodium molybdate+thiourea 0.28% 406 nm (180) 

HYDROTHERMAL METHOD 
Molybdenyl 

acetylacetonate+thioglycolic 
acid+Na2S 

- 420 nm (181) 

HYDROTHERMAL METHOD Sodium molybdate+Na2S+1,4-
Diaminobutane - 423 nm (182) 

HYDROTHERMAL METHOD Ammonium molybdate+N-acetyl-L-
cysteine+thiourea -2% 480 nm (183) 

HYDROTHERMAL METHOD (NH4)2MoS4+N2H4 - 400 nm (184) 
HYDROTHERMAL METHOD (NH4)2MoS4+oleylamine 4.40% 575 nm (185) 

Table 2. List of different synthetic methods for MoS2 QDs. The methods involving ultrasound irradiation have been 
highlighted.  
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method, template-mediated synthesis, microwave-induced synthesis, chemical processes, and 

reverse micelle method. Top-down approaches include laser ablation, electrochemical process, 

arc discharge, and plasma-assisted synthesis. 

Sonochemistry (previously described as applying the chemical capabilities of ultrasound) is an 

invaluable tool in elaborating many carbon-based materials and industrial manufacturing 

processes in general(91). CQD synthesis's standard process through sonochemistry involves 

carbon precursors with a determined concentration in specific solvents and then subjected to 

ultrasonic irradiation. One example of these methods is preparing CQDs using acid- or alkali-

assisted ultrasound treatment of glucose followed by CQDs' formation by ultrasound 

irradiation(187). Another example that results in nitrogen-doped CQDs involves 

sonochemically induced pyrolysis of carbon precursors inside the collapsing bubbles formed by 

the cavitation, producing highly photoluminescent nanoparticles(188). The main downside of 

these two examples is the involvement of catalysts, multi-step processes, which produce low 

yields and inconsistent results. More recent ultrasound-based methods have produced QDs with 

the sonication of a single material, eliminating the need for catalysts while also reducing the 

steps needed to a single one(189). This method involves placing 12mL of polyethylene glycol 

in a test tube and then immersed in a water/silicon oil where an ultrasonic probe is inserted 

around 1cm above the bottom of the tube where it releases emits irradiation. This sonochemical 

procedure can be illustrated with additional details in [Figure 9].  
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Figure 9. Synthesis procedure for CQDs and metal doped CQDs. 

Created with BioRender.com 

While CQDs have many potential synthesis routes, the synthesis of metal-doped CQDs can only 

be done through sonochemistry. The metals used for this process are low melting points, such 

as Ga, In, Bi, Sn, Pb, Cd, Sb, and Zn. In [Table 3], we can see a summary of the employed 

literature, and we can see that earlier method for CQD synthesis provided above-average 

quantum yields but not high enough to be very practical, considering they required the use of 

catalysts and produced low CQD yields.  

METHOD PRECURSOR QY% EMISSION 
COLOR REF 

ARC DISCHARGE Carbon soot 1.6 Blue, yellow (190) 

ARC DISCHARGE Oxidized carbon nanotubes - Blue to yellowish 
green (191) 

LASER ABLATION Graphite 4-10 450-650 nm (31) 
COMBUSTION Candle soot 0.8-1.9 Full color (192) 

ELECTROOXIDATION Graphite 1.2 Blue, yellow (193) 
ELECTROCHEMICAL 

APPROACH Graphite 8.9 450 nm (194) 

THERMAL OXIDATION Citric acid, H2N(CH2)10 COONa 3 Visible to near IR (195) 
THERMAL PYROLYSIS CA, ODE, HAD 53 Full color (196) 
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 CA, EA 50 Full color (197) 
 CA, DETA 88.6 Blue to yellow (198) 

SUPPORTED SYNTHESIS F127, Resol 11-15 Violet to yellow (199) 
SUPPORTD SYNTHETIC 

METHOD F127, Resol 14.7 430-580 nm (199) 

MICROWAVE PYROLYSIS Sacharide, PEG, 3.1-6.3 Blue to green (200) 

 Glucose, aminor acids 30-69 Blue, green, 
yellow (201) 

MICROWAVE ASSISTED Folic acid 18.9 460 nm (202) 

SONOCHEMICAL Glucose 7 Full color (187) 

SONOCHEMICAL Glucose 7 Visible to near IR (187) 

HYDROTHERMAL 
SYNTHESIS CA, EDA 80.6 Full color (203) 

 CA, L-cysteine 73 Deep blue (204) 
 Sodium citrate, Ammonium 68 Blue (205) 
 bicarbonate (NH4HCO3) CA, EDA 94 Blue (206) 

CHEMICAL METHOD Carbohydrate 6-30 Full color (207) 
CHEMICAL OXIDATION Acetic acid - Green (208) 
PLASMA TREATMENT Benzene - Green (209) 

PYROLYTIC PROCESS Citric acid and glutathione 80.3 Blue (210) 

TEMPLATE ASSISTED 
SYNTHESIS Glycol 32 450-480 nm (211) 

REVERSE MICELLE Glucose 35 435-550 nm (212) 

SONOCHEMISTRY Polyethylene glycol (PEG-400) ~16 360 nm (189) 

Table 3. Literature summary of CQD synthesis methods through different techniques. CA: citric acid, PEG: polyethylene 
glycol, ODE: octadecene, HDA: 1-hexadecyl amine, EA: ethanolamine, DETA: diethylenetriamine, EDA: ethylenediamine, 
QY: quantum yield. Ultrasound-based techniques are highlighted. 

Recent single-step methods allow for much more accessible procedures, with metallic doping 

becoming a unique method that opens many practical possibilities for CQDs in bioimaging, cell 

labeling, drug delivery, catalysts, polymerization, ointment, antibacterial, dye degradation, 

supercapacitors, and superconducting devices.  
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Chapter VI 
Conclusions 

 This review discussed and summarized several factors surrounding the characteristics, 

applications, and interactions of Quantum Dots and Ultrasounds. A key takeaway from this 

bibliographic research is the importance of ultrasounds in synthesizing Quantum Dots and 

nanoparticles, which is mainly due to the extreme conditions it can cause in a liquid medium. 

The other important aspect of ultrasound is its cost and accessibility; while there is high-cost 

industrial ultrasound machinery, many of the QDs we have overseen in this review can be 

synthesized with ultrasound irradiation from low-cost ultrasound plates found in commercial 

humidifiers (even if they do not have the best properties). Ultrasounds can also provide unique 

synthesis opportunities to produce unique QDs since the qualities of the cavitation bubbles can 

be adjusted using different intensities and wavelengths. 

As for Quantum Dots, during the past decade, they have demonstrated most of their potential 

value hypothesized during previous decades. QDs have been successfully integrated into various 

fields and specific applications, especially in the biomedical field, with an increasing number of 

uses in oncology treatments, tissue engineering, regenerative medicine, imaging applications, 

and even drug delivery. This wide variety of possible applications is due to the different 

materials that have been synthesized into Quantum Dots. One limitation of Quantum Dots, 

mainly when applied to biomedical or biological applications, is their potential for toxicity 

enhanced by procedures involving hazardous chemicals for their synthesis. Toxicity can be 

caused either by accumulating QDs in sensitive areas or contamination of QDs with said 

chemicals. Some damage can also be caused by the emission of unwanted wavelengths from the 

QDs when irradiated, namely, the blue spectrum (450–485 nm), which can cause adverse 

biological effects. Ultrasound processes have proven to mitigate these problems in many cases 

by enhancing existing methods to produce more effective QDs with better quantum yields, 

narrower size dispersions, and a more precise emission spectrum. 

In some cases, ultrasound irradiation has even eliminated the need to include dangerous reactive 

species when ultrasound has been used to induce all the necessary reactions to synthesize the 

QDs. Despite the massive advancements both ultrasound procedures and QD synthesis methods 
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have gained, there are still many challenges to improve their respective uses. Since acoustic 

cavitation is an almost instantaneous event with drastic changes in temperature and pressure, 

many chemical and physical interactions occur during these events, and most of the reactions 

involved in many of the currently used processes are still not fully understood, and further 

research in this area is encouraged. The complete understanding of the mechanisms involved in 

QD synthesis during cavitation could prove to be revolutionary to push QDs closer to their 

medical and industrial potential.  
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