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ABSTRACT 

Nanofluids with advanced properties (also known as hybrid nanofluids), 

which form systems based on a combination of two or more nanoparticles 

(NPs dispersed in ordinary fluids), have been considered as a revolutionary 

solution to improve thermal efficiency in a wide range of industrial 

processes, and ultimately contribute to energy efficiency. These materials 

exhibit enhanced performance characteristics compared to traditional single-

phase nanomaterials, owing to synergistic interactions between their 

components. Synthesis techniques such as sol-gel processing, hydrothermal 

methods, and chemical vapor deposition are extensively explored, each 

offering specific advantages in terms of particle dispersion, morphology 

control, and structural stability. The current critical review examines 

important synthesis techniques, delineating characteristics, and real-existing 

applications of the hybrid nanofluids and the ability of mixing them to 

increase the thermal conductivity and, subsequently, enhance energy 

conservation in heat exchangers and cooling devices. New trends confirm 

that the process of optimizing nanofluid arrangements can directly lead to 

Sustainable Development Goal (SDG) 7.3 by enhancing energy efficiency 

globally. At the same time, it critically evaluates the existing barriers such as 

stability, cost-effectiveness, and environmental friendliness as well as 

outline possible avenues of research that might raise the possibility of 

achievable industrial scalability and sustainability. Meanwhile, 

nanocomposites  show promise in photocatalysis and solar energy 

applications due to their superior light absorption and charge transport 
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properties. Carbon-based hybrids exhibit outstanding electrical conductivity and are being developed for use in super 

capacitors, batteries, and electronic cooling systems. Biomedical applications, environmental sensors, and advanced 

fluid technologies (e.g., nanofluids) also benefit from these materials. Emphasis is placed on continued interdisciplinary 

research and innovation to unlock their full potential and expand their industrial applicability in the future. With 

strategic development, these materials promise transformative impacts across energy, medicine, electronics, and 

environmental sectors. To explore recent advancements in the synthesis techniques of hybrid nanofluids and analyze the 

thermophysical and chemical properties of hybrid nanofluids. 

Keywords: Hybrid Nanofluids; thermal efficiency; energy conservation; SDG 7.3; sustainability, energy efficiency 

1. Introduction 

Various hybrid nanocomposites such as Al-Zn, MWCNT-HEG, TiO2-CNT, Au-CNT, Graphene-

MWCNT, Cu-TiO2, Al2O3-Cu and MWCNT- Fe3O4, Ag-MWNT have been produced and their 

characteristics, applications assessed. HEG, TiO2-CNT, Au-CNT, Graphene-MWCNT, Cu-TiO2, Al2O3-Cu, 

MWCNT- Fe3O4, Ag-MWNT[1]. The implementation of heat exchangers makes it possible to transfer heat 

effectively between fluid streams essential parts of many industrial processes and thermal management 

systems. Heat exchangers are the industrial application of heat exchangers exists within different sectors for 

moving and recovering thermal energy and dissipating heat power generation and chemical processing to 

HVAC systems and automotive applications. Heat exchangers remain important for industrial operations 

because their operating capabilities allow maintaining ideal operating conditions while optimizing energy 

usage. Process efficiency along with energy optimization and usage improvement occur in multiple 

engineering applications through heat exchangers. The various uses of heat exchangers are illustrated in 

Figure 1. 

 

Figure 1. Applications of heat exchanger 

The functioning of thermal management systems depends heavily on heat exchangers for temperature 

control. The devices maintain constant temperatures by extracting excess heat from electrical power systems 

and electronic devices and moving vehicles, automobiles. For example, heat exchangers are used in the 

electronics sector to cool electronic parts and avoid overheating, guaranteeing the dependability and 

durability of electronic systems. Similarly, heat exchangers such as oil coolers and radiators—are essential 

for keeping engine temperatures within ideal ranges in automobile applications, which improves vehicle 

dependability and performance[2]. 
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Figure 2. Classification of heat exchanger 

The application, fluid characteristics, temperature ranges, and intended heat transfer rates all influence 

the design and functionality of heat exchangers. To meet a range of thermal processing requirements, heat 

exchangers come in shell-and-tube, plate-and-frame, finned- tube, and microchannel forms (Figure 2). 

Engineers can choose the best design depending on the needs of the application because each kind has 

unique benefits in terms of heat transfer efficiency, pressure drop, compactness, and ease of maintenance [3] 

 

Figure 3. Base fluid for nanoparticles 

Nanofluids are colloidal suspensions in which nanoparticles usually in the size range of 1–100 nm are 

dispersed in a base fluid like water, oil or ethylene glycol (Figure 3). The nanoparticles could be carbon 

based (CNTs, graphene), non metallic (oxides, carbides) or metallic (copper, aluminum) as opposed to the 



4 

base fluid alone the thermal and rheological characteristics of the base fluid are altered by nanosized 

particles and produce a fluid with better heat transfer characteristics [4]. 

 

Figure 4. Nanoparticles 

The thermal conductivity of the nanofluid is enhanced in general by the nanoparticles, which have a 

higher thermal conductivity than that of the base fluid. This increased thermal conductivity enhances the rate 

of heat transfer through the fluid in heat exchangers by improving the rate of heat transport within the fluid. 

The nanoparticles affect the convective heat transfer characteristics and fluid dynamics of the heat exchanger. 

This is because nanoparticles cause turbulence by disturbing the boundary layer close to the heat transfer 

surface to enhance the convective heat transfer coefficients. The fluid and the heat exchanger surface transfer 

heat more quickly as a result. Because of their high surface-to-volume ratio, nanoparticles offer a vast area 

for heat transfer across surfaces. The increased surface area of the nanoparticles with the surrounding fluid 

allows for more efficient thermal exchange, which enhances heat exchanger performance. The thermal 

properties of nanofluids, such as viscosity and specific heat capacity, can be tailored by altering the type, size, 

and concentration of nanoparticles. Heat exchanger systems operational features and heat transfer 

performance can be optimized because to this tenability. When exposed to temperature gradients and fluid 

flow, nanoparticles display thermophoresis and Brownian motion phenomena, respectively. Heat 

transmission and fluid mixing in heat exchangers are improved by these events, which cause particle 

migration towards hotter areas and promote particle dispersion within the fluid[5]. 

Figure 5 illustrates the patterns and expansion in research efforts across several geographic regions 

based on a regional study of publications on nanofluids from 2010 to 2022. A range of academic sources 

provided the data for this analysis, with a focus on peer-reviewed publications on the subject of nanofluids 

published between 2010 and 2022. This analysis considers the following regions: North America, Europe, 

Asia, and Other Regions (which includes Africa, South America, and Oceania). The annual publication 

counts were combined for tracing both discipline-based geography and historical trends combined annually. 

The review article conducts a comprehensive analysis of nanofluid usage in heat exchangers. The research 

investigates heat exchangers while explaining how their improved heat transfer functions operate. The 

evaluation of experimental and computational research and real-world observations form the core of this 

article which investigates heat exchanger performance improvement through nanofluids applications in a 

range of industries. The analysis provides current research insights into nanofluid heat exchanger technology. 

The article analyzes nanofluid-based heat exchanger technology through identifying main limitations while 

indicating research directions for potential breakthroughs future lines of inquiry and possible breakthroughs 
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Figure 5. Publications on Nanofluids by region (2010-2022)[5] 

1.1. Methods of nanofluids preparation 

The synthesis of nanofluids happens through dispersing nanoparticles into base fluids which form 

colloidal suspensions. A range of techniques exists to develop nanofluids by optimizing nanoparticle 

distribution as well as controlling particle sizes and maintaining their stability. The methods used to prepare 

nanofluids are explained in this section through analysis of ten relevant research articles. 

  

 Figure 6. Methods of nanofluids preparation[6] 

The information comes from ten academic research documents about this field. R. Bhatia and his 

colleagues published this research[6]. The sol-gel method serves as a method to produce metal oxide 

nanoparticles .The authors showed how dispersing TiO2 and Al2O3 nanoparticles in water or ethylene glycol 

solution through this method. Hydrolysis of metal oxides and subsequent condensation enables the 

production of nanoparticles with defined size and shape. 
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R. Maniraman et al.[7] produced copper oxide nanofluids via chemical precipitation. The process of 

creating nanoparticles through metal salts addition to base fluids results in their dispersion. The researchers 

performed their study by using this precipitating agent while closely controlling its operational environment 

Research by T. Xing et al.[8] developed stable suspensions of carbon-based nanoparticles including 

grapheme and carbon nanotubes. The research group successfully dispersed carbon nanotubes along with 

other liquids using high-energy ball milling. This mechanical milling method process helps nanoparticles 

integrate better into base fluids and achieves complete mixing distribution.  

 V. Fuskele et al.[9] developed a method to mix SiO2 and CuO nanoparticles with base fluids using 

ultrasonication. Nanoparticles agglomerates become separated when ultrasonic vibrations create cavitation 

bubbles. Vibrations, improving colloidal stability. 

B. Sharma et al.[10] presented a dual-step method for nanofluid stability creation which merges surface 

modification with ultrasonication processes. The first step of nanoparticle dispersion occurs through base 

fluid compatibility enhancement procedures undergo surface functionalization. The next step involves 

ultrasonication for generating uniform nanoparticle distribution. 

A research team led by M M Husein et al.[11] developed nanofluid stability through metal nanoparticle 

(such as gold and silver) dispersion methods within water. The microemulsion technique enables the 

production of silver nanoparticles dispersed in water. The method leads to homogenous nanoparticle 

dispersion. The microemulsion technique enables surfactants together with co-surfactants to produce 

nanoscale emulsions for nanoparticle dispersion. Numerous studies exploit the microemulsion technique to 

establish stable nanofluids incorporating metal nanoparticles including silver and gold. 

CTJ Low et al.[12]Water-based nanoparticle dispersion occurs through the microemulsion method. The 

method produces uniform nanoparticle distribution across the solution through its operation. Surfactants and 

co-surfactants create nanoscale emulsions to achieve the consistent dispersion of nanoparticles.  

The research by Badwai et al.[13] demonstrated the method to disperse oxide nanoparticles including 

ZnO and Fe2O3. The spray pyrolysis method allows researchers to distribute solvents. The technique allows 

the spraying of precursor solutions into a hot furnace which produces nanoparticle distribution throughout 

the carrier fluid. The hot furnace enables chemical reactions between materials which produce nanoparticles 

before distributing them throughout the carrier fluid.  Stable nanofluids containing metal oxide nanoparticles 

(ZnO and MgO) were produced by S. Wang et al.[14] A Hydrothermal synthesis enabled the dispersal of 

nanoparticles in water solutions. The procedure both generates and scatters nanoparticles through this 

mechanism. The authors employed high temperatures and high pressures in their research to treat precursor 

solutions. Electro spinning allowed Z. Zhang et al.[15] to create nanofibers containing metal nanoparticles 

through their research. (e.g., silver, copper). The method starts by using electrostatic spinning to create 

solutions which contain polymers. A dispersion process occurs when nanoparticles receive base fluid for 

creating nanofluids. 

2. Synthesis of hybrid nanoparticles 

Hybrid nanoparticles integrate multiple materials at the nanoscale, enhancing individual properties and 

creating new functionalities. This section provides an overview of the synthesis methods for various 

hybrid nanocomposites, including Al-Zn, MWCNT-HEG, TiO2-CNT, Au-CNT, Graphene-MWCNT, 

Cu-TiO2, Al2O3-Cu, MWCNT-Fe3O4, Ag-MWCNT, and Silica-MWCNT. 
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Table 1. Comparison of synthesis methods, key parameters, advantages, limitations, and  applications of various Hybrid Nanocomposites 

Hybrid 

Nano composite 

Synthesis 

Methods 

Key Parameters Advantages Limitations Applications Ref. 

Al-Zn Mechanical                            

Alloying 

High-energy ball 

milling 

Enhanced mechanical properties, 

corrosion resistance 

High energy 

consumption, 

possible 

contamination 

Structural materials, automotive 

parts 

[16] 

Sol-Gel 

Method 

Hydrolysis, 

condensation, 

calcination 

High surface area, uniform particle 

distribution 

Time-consuming, 

sensitive to process 

conditions 

Coatings, sensors [17] 

Co-

precipitation 

Mixing aqueous 

solutions, 

precipitation 

Uniform dispersion of Zn within Al matrix Control over particle 

size can be 

challenging 

Catalysts, electronics [18] 

MWCNT-                                             HEG Hydrothermal 

Method 

Hydrothermal 

treatment 

Robust hybrid structure, high 

mechanical strength 

Requires high 

temperature and 

pressure 

Composites, electronic devices [19] 

Chemical 

Vapor 

Deposition 

(CVD) 

Gaseous carbon 

precursor deposition 

Enhanced electrical properties, uniform 

hybrid 

Structures 

High cost, complex 

setup 

Nanoelectronics, sensors [20] 

Electrostatic 

Self-Assembly 

pH and ionic 

strength 

adjustment 

Stable nanocomposite 

Formation 

Limited to specific 

material 

combinations 

Biomedical applications, 

energy storage 

[21] 

TiO2-CNT Sol-Gel 

Method 

Titanium alkoxide, 

acidic 

medium 

Enhanced photocatalytic 

Properties 

Sensitive to synthesis 

conditions 

Photocatalysis, environmental 

cleanup 

[22] 

  

Hydrothermal 

Synthesis 

Titanium precursor 

solution, 

hydrothermal 

Growth of TiO2 nanoparticles on CNT 

surface 

High temperature and 

pressure required 

Water treatment, solar cells [23] 

Chemical 

Vapor 

Deposition 

(CVD) 

High-temperature 

gas decomposition 

Uniform TiO2 coating on CNTs Expensive 

equipment, complex 

process 

Photocatalysis, sensors [24] 
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Hybrid 

Nano composite 

Synthesis 

Methods 

Key Parameters Advantages Limitations Applications Ref. 

Au-CNT Chemical 

Reduction 

HAuCl4, 

reducing agents 

Formation of gold nanoparticles on 

CNT surface 

Control over particle 

size can 

be challenging 

Catalysis, biosensors [25] 

Electrochemical 

Deposition 

Gold ions, potential 

application 

Catalytic properties enhancement Requires precise 

control of 

electrochemical 

parameters 

Electrochemical sensors, fuel cells [26] 

Microwave- 

Assisted 

Synthesis 

Microwave 

irradiation 

Rapid, uniform heating for hybrid 

Formation 

Requires specialized 

equipment 

Medical diagnostics, 

electronics 

[27] 

Graphene- MWCNT Solution 

Blending 

Dispersion in 

solvent, 

reduction 

High surface area, mechanical 

Strength 

Requires effective 

dispersion 

techniques 

Supercapacitors, conductive 

films 

 
[28] 

In-situ 

Polymerization 

Monomer 

polymerization 

Integrated carbon nanomaterials Complex synthesis 

process 

Structural composites, 

electronics 

[29] 

Layer-by-Layer 

Assembly 

Sequential 

deposition 

Enhanced electrical and mechanical 

Properties 

Time-consuming, 

requires multiple 

steps 

 

Energy storage devices, sensors 

[30] 

Cu-TiO2 Sol-Gel 

Method 

Copper and titanium 

precursors, 

surfactants 

Enhanced photocatalytic and antimicrobial 

Properties 

Sensitive to synthesis 

conditions 

Antimicrobial coatings, water 

treatment 

[31] 

Impregnation 

Method 

Impregnation with 

copper salts 

Cu nanoparticles on TiO2 surface Control over particle 

size and distribution 

can be 

difficult 

Catalysts, sensors [32] 

Electrochemical 

Deposition 

Electrochemical 

reduction of copper 

ions 

Excellent catalytic properties Requires precise 

control of 

deposition parameters 

Electrochemical sensors, fuel cells [33] 

Al2O3-Cu Mechanical 

Milling 

Al2O3 and copper 

powders 

Enhanced thermal and mechanical 

properties 

High energy 

consumption, 

possible 

Thermal management, 

structural materials 

[34] 
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Hybrid 

Nano composite 

Synthesis 

Methods 

Key Parameters Advantages Limitations Applications Ref. 

contamination 

Sol-Gel 

Method 

Co-hydrolysis, 

condensation, 

calcination 

Uniform composite 

Structure 

Time-consuming, 

sensitive to 

process conditions 

Catalysts, thermal barrier 

coatings 

[35] 

Thermal Spray 

Technique 

High- temperature 

plasma 

Composite coating with improved 

properties 

Requires specialized 

equipment, high 

energy consumption 

Wear-resistant coatings, thermal 

barriers 

[36] 

MWCNT- Fe3O4 Co-

precipitation 

Method 

Iron salts, base 

precipitation 

Magnetic applications, biomedical fields Control over particle 

size and distribution 

can be 

difficult 

Drug delivery, magnetic 

separation 

[37] 

Hydrothermal 

Synthesis 

Iron salts, 

hydrothermal 

treatment 

Growth of Fe3O4 on CNT surface High temperature and 

pressure required 

Magnetic sensors, environmental 

remediation 

[37] 

Sol-Gel 

Method 

Hydrolysis, gelation, 

calcination 

Stable MWCNT- Fe3O4 

Nanocomposites 

Time-consuming, 

sensitive to process 

conditions 

MRI contrast agents, 

magnetic data storage 

[38] 

Ag- MWCNT Chemical 

Reduction 

Silver ions, 

reducing agents 

Antimicrobial properties, Control over 

particle size can be 

challenging 

Antimicrobial coatings, [39] 

 Microwave- 

Assisted 

Synthesis 

Microwave 

irradiation 

Rapid, uniform synthesis of Ag- MWCNT 

Composites 

Requires specialized 

equipment 

Medical diagnostics, electronics [40] 

Silica- MWCNT  

Sol-Gel 

Method 

TEOS 

hydrolysis, 

condensation 

Enhanced mechanical strength, thermal 

Stability 

Time-consuming, 

sensitive to process 

conditions 

Composites, thermal insulation [41] 

Chemical 

Vapor 

Deposition 

(CVD) 

Silica precursors, 

high temperature 

Formation of silica layer on CNT surface Expensive equipment, 

complex process 

Protective coatings, electronic 

materials 

[42] 
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Hybrid 

Nano composite 

Synthesis 

Methods 

Key Parameters Advantages Limitations Applications Ref. 

Electrostatic 

Self-Assembly 

pH and ionic 

strength adjustment 

Stable hybrid nanocomposites Limited to 

specific material 

combinations 

Biomedical 

applications, sensors 

[43] 

Table 1. (Continued) 
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2.1. Synthesis of Al-Zn based hybrid nanocomposite 

Hybrid Al-Zn nanocomposites leverage aluminum  weight reduction properties and zinc corrosion 

resistance advantage. Mechanical alloying stands as a common method to generate Al-Zn 

nanocomposites through which zinc particles distribute uniformly throughout the aluminum matrix. The 

high-energy ball milling process creates a fine dispersion of zinc particles that rest in the Al matrix.  The 

method enhances the mechanical qualities and corrosion protection features of this material composite[44]. 

The sol-gel procedure enables the production of a gel through the hydrolysis and condensation of zinc 

nitrate and aluminum alkoxide. The reaction combines zinc nitrate with aluminum alkoxide under 

condensation conditions. A nanocomposite with a large surface area and  homogeneous zinc particle 

dispersion emerges through drying and subsequent calcination of the material[45]. In order to create the 

co-precipitation method reunites aqueous salts of zinc and aluminum through a combined reaction that 

produces Al-Zn hydroxides with a precipitating agent, like NaOH. The hybrid nanocomposite material is 

made through calcining these materials hydroxides[46].  

2.2. Synthesis of MWCNT-HEG hybrid nanocomposite 

The synthesis of MWCNT-HEG hybrids happens because hydrothermally exfoliated grapheme 

(HEG) maintains a high surface area while MWCNTs deliver mechanical strength. The structural 

combination of MWCNTs and HEG hybrid nanocomposite depends on their mechanical strength 

properties. Graphene oxide (GO) and aqueous solution containing MWCNTs undergoes hydrothermal 

treatment that produces exfoliated GO from this mixture. The hydrothermal process transforms graphene 

oxide into graphene while integrating it with MWCNTs to produce a robust hybrid structure[47]. By 

depositing carbon from a gaseous precursor onto MWCNT and HEG-containing substrates enables the 

CVD technique. The process leads to hybrid structures which show better characteristics[48]. By 

modifying the PH and ionic strength of MWCNT and HEG solutions, electrostatic self-assembly 

facilitates electrostatic  interactions and the production of stable nanocomposite[49]. 

2.3. Synthesis of TiO2-CNT hybrid nanocomposite 

The combination of titanium dioxide (TiO2) photocatalysis properties with carbon nanotube (CNT) 

conductivity allows production of TiO2-CNT hybrid nanocomposites and electrical conductivity of 

carbon nanotubes (CNTs). The Sol-Gel method serves to combine titanium alkoxide and CNTs in a 

solution with acidic properties.  The sol-gel method enables the formation of a TiO2 matrix structure 

that surrounds CNTs improves their photocatalytic capabilities. [50]. Scientists promote the development 

of TiO2 nanoparticles on the surface. Carbon nanotubes (CNTs) receive titania coatings through 

hydrothermal treatment after titanium precursors mix with them[51]. High temperature processing enables 

CVD to decompose gasses containing titanium. The CVD method generates a uniform hybrid structure 

which coats CNTs with a thin layer of TiO2[52].  

2.4. Synthesis of Au-CNT hybrid nanocomposite 

Au-CNT hybrids connect carbon nanotubes electrical conductance with their ability to act as 

catalysts of gold nanoparticles. Nanoparticles of gold salts HAuCl4 become reduced through the use of 

reducing agents including sodium citrate and NaBH4. The reduction process of gold salts using CNTs in 

chemical reduction methods results in gold nanoparticles formation on the CNT surface[53]. The CNTs 

operate as electrodes inside an electrolytic solution containing gold ions in electrochemical processes. 

Deposition when a potential is applied, gold is deposited onto the CNTs, creating Au-CNT hybrids[54]. 

Microwave-Assisted Synthesis involves the reduction of gold precursors in the presence of CNTs under 

microwave irradiation, providing rapid and uniform heating to facilitate hybrid nanocomposite[55] 
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2.5. Synthesis of Graphene-MWCNT hybrid nanocomposite 

The mechanical strength and electrical conductivity of MWCNTs are combined with the large 

surface area of graphene to create graphene-MWCNT hybrids. Solution blending creates a hybrid 

structure with improved characteristics by dispersing graphene oxide (GO) and MWCNTs in a solvent 

and then reducing them chemically or thermally[56]. Polymerization in-situ the carbon nanomaterials are 

integrated into a composite matrix by mixing graphene and MWCNTs with monomers that polymerize 

in-situ[57]. Graphene and MWCNT layers are sequentially deposited via covalent or electrostatic 

interactions in a process known as layer-by-layer assembly[58]. 

2.6. Synthesis of Cu-TiO2 hybrid nanocomposite 

Cu-TiO2 hybrids are renowned for their improved antibacterial and photocatalytic capabilities. 

Using the Sol-gel method Cu-doped TiO2 nanocomposites are created by hydrolyzing and condensing 

copper and titanium precursors in the presence of surfactants, then calcining the mixture[59]. The 

impregnation method involves impregnating TiO2 nanoparticles with copper salts, which are 

subsequently reduced to produce Cu nanoparticles on the surface of the TiO2[60]. Copper ions are 

electrochemically reduced onto TiO2 substrates in electrochemical deposition, creating a Cu-TiO2 

hybrid with superior catalytic capabilities[61]. 

2.7. Synthesis of Al2O3-Cu hybrid nanocomposite 

Al2O3-Cu hybrids combine the thermal conductivity of copper with the mechanical strength of 

alumina. In Mechanical Milling, Al2O3 and copper powders are mechanically milled, resulting in fine 

dispersion of copper within the alumina matrix, enhancing thermal and mechanical properties[62]. In Sol-

Gel method, Aluminum and copper precursors are co- hydrolyzed and condensed to form a gel, which is 

then calcined to produce Al2O3-Cu nanocomposites[63]. In thermal spray technique copper and alumina 

powders are fed into a high-temperature plasma, where they melt and form a composite coating upon 

cooling[64]. 

2.8. Synthesis of MWCNT-Fe3O4 hybrid nanocomposite 

MWCNT-Fe3O4 hybrids are widely used in magnetic applications and biomedical fields. In co 

precipitation method, Fe3O4 nanoparticles are synthesized in the presence of MWCNTs by precipitating 

iron salts with a base like NaOH, followed by magnetic separation and drying to form the hybrid 

nanocomposite[65]. In hydrothermal synthesis, a mixture of iron salts and MWCNTs is subjected to 

hydrothermal treatment, promoting the growth of Fe3O4 nanoparticles on the CNT surface[66]. In Sol 

Gel method, iron precursors are hydrolyzed in the presence of MWCNTs, followed by gelation and 

calcination to produce MWCNT-Fe3O4 nanocomposites[67].  

2.9. Synthesis of Ag-MWCNT hybrid nanocomposite 

Ag-MWCNT hybrids exhibit excellent antimicrobial and electrical properties. In chemical 

reduction, silver ions are reduced in the presence of MWCNTs using reducing agents like sodium 

borohydride, forming silver nanoparticles on the CNT surface[68]. In electrochemical deposition 

MWCNTs are used as electrodes in a silver ion-containing electrolyte, where applying a potential leads 

to the deposition of silver nanoparticles onto the MWCNTs[69]. Microwave-Assisted Synthesis involves 

the rapid reduction of silver ions in the presence of MWCNTs under microwave irradiation, facilitating 

uniform formation of Ag-MWCNT nanocomposites[70]. 

2.10. Synthesis of Silica-MWCNT hybrid nanocomposite 
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Silica-MWCNT hybrids combine the mechanical strength of CNTs with the thermal stability of 

silica. In Sol-Gel method, tetraethyl orthosilicate (TEOS) is hydrolyzed and condensed in the presence 

of MWCNTs to form a silica matrix around the CNTs, enhancing mechanical strength and thermal 

stability[71]. A silica layer forms on the surface of the CNT as a result of the high-temperature breakdown 

of silica precursors in the presence of MWCNTs in CVD[72]. By varying the pH and ionic strength of 

their solutions, silica nanoparticles are built onto MWCNTs via electrostatic interactions in electrostatic 

self-assembly[73]. 

3. Hybrid nanofluids in heat exchangers 

The implementation of hybrid nanofluids stands as a feasible way to boost heat exchanger 

efficiency. A base fluid contains two or more kinds of nanoparticles distributed as nanofluids. Using  the 

synthesis and characterization of hybrid nanofluids are analyzed based on two published research studies. 

The research evaluates hybrid nanofluid applications in heat exchanger systems. 

  

  
  

Figure 7. Thermal conductivity, specific heat and density of nanoparticles[77] 

  

3.1. Synthesis methods 

3.1.1. Combination of different nanoparticles 

Urmi et al[74] studied how both chemical reduction and ultrasonication enable the creation of hybrid 

nanofluids through combined metallic (copper) and non-metallic (graphene oxide) nanoparticles.  

Scientists have found a way to produce hybrid nanofluids through the combination of metallic copper 

and non-metallic graphene oxide nanoparticles. The performance of heat transfer receives improvement 

through the combined actions of metallic and non-metallic nanoparticles were investigated.  
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3.1.2. Surface functionalization 

The research by Nabil et al[75] focused on increasing base fluid stability through the implementation 

of metallic (such as silver) and non-metallic (including alumina) nanoparticles.  The researchers surface 

modified silver and alumina nanoparticles into hybrid nanofluids through chemical processes. The 

functionalization of nanoparticle surfaces happened through this method. Surface modifications occurred 

through this process to both improve dispersion capabilities and prevent agglomeration effects. 

3.2. Characterization techniques 

3.2.1. Particle size analysis 

Scientists from Fillipov et al.[76] applied TEM and DLS techniques to investigate hybrid nanofluids.  

Research findings illustrate both the form and size and distribution patterns of hybrid nanofluids. The 

optimal heat transfer performance results from this method. The study established clear understanding of 

how nanoparticles disperse and how homogeneous they are when dispersed in the base fluid.  

3.2.2. Thermal conductivity measurement 

Toghraie et al.[77] conducted thermal conductivity analysis through the utilization of a thermal 

conductivity analyzer to measure the  thermal conductivity of hybrid nanofluids. The research examined 

thermal conductivity improvement from both nanoparticle composition and concentration. Thermal 

conductivity improvements from different concentrations received analysis which revealed the heat 

transfer mechanisms in this research behind heat transfer in hybrid nanofluids. 

3.3. Heat transfer performance 

3.3.1. Experimental investigation 

The research performed by Tavakoli et al.[78] explored hybrid nanofluid heat transfer performance in 

a shell-and-tube heat exchanger in their experimental investigation. The research study showed how  

heat transfer enhancement through nanoparticle combinations was studied by testing the thermal 

performances of the study evaluated thermal performance between hybrid nanofluids and single-

component nanofluids and base fluids. 

3.3.2. Computational modeling 

Research by Mashayekhi et al.[79] analyzed the flow and heat transfer properties of hybrid 

nanofluids in microchannel heat exchangers using computational fluid dynamics (CFD) simulations. The 

impacts of nanoparticle size, distribution, and concentration on pressure drop and heat transfer 

enhancement were clarified by the numerical analysis. 

3.4. Practical applications 

3.4.1. Automotive cooling systems 

The research team of Ramadhan et al. [80] examined hybrid nanofluids utilization for automobile 

radiator cooling systems in a practical application testing environment engine cooling in automobile 

radiators. The research established that hybrid nanofluids function to reduce temperatures in coolant. 

The combination of hybrid nanofluids with vehicles enables a reduction in coolant temperatures while 

improving heat transfer effectiveness in engine cooling systems which leads to better engine 

performance and longevity .  

3.4.2. Solar thermal collectors 
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The application of hybrid nanofluids for solar thermal collectors received research attention from 

Zhang et al. [81]  harvest sustainable energy. Researchers studied the effectiveness with which hybrid 

nanofluids improve energy conversion uptake.  The study evaluated thermal performance of these 

nanofluids while they received solar irradiation for heat transfer efficiency measurements.  The complete 

analysis of hybrid nanofluids demonstrates successful development and functional characteristics and 

practical applications.  Heat exchangers across multiple industries benefit from improvements in heat 

transfer efficiency due to encouraging developments in industries. A system's overall efficiency receives 

an increase from hybrid nanofluids because they enhance thermal conductivity. The process of heat 

transfer enhancement through hybrid nanofluids depends on selecting different nanoparticle kinds and 

optimizing their dispersion and concentration ratios. To fully utilize  hybrid nanofluids for sophisticated 

thermal management applications, more study and advancement in this area are necessary.  

3.4.3. Mechanisms of heat transfer enhancement in hybrid nanofluids 

The main heat transfer enhancement mechanism of hybrid nanofluids results from their improved 

thermal conductivity properties. The study conducted by Suresh et al.[82] established that hybrid 

nanofluids demonstrated better thermal conductivity than individual nanofluid components. Hybrid 

nanofluids contain a mixture of metallic (i.e. Cu) with non-metallic (i.e. Al2O3) nanoparticles have 

higher thermal conductivities. A combination of nanoparticles in hybrid nanofluids creates better heat 

conduction efficiency. Multiple nanoparticles working together in hybrid fluid systems enhance thermal 

conductivity of the entire fluid. According to the several nanoparticles collaborate in the study to build 

efficient thermal pathways which significantly boost heat transfer abilities and transmission capacities.  

Research shows that hybrid nanofluids transfer convective heat at elevated rates.  The research by 

Yarman[83] showed that graphene and silver addition to base fluids produced substantial enhancements in 

convective heat transfer coefficients. The base fluid received addition of nanoparticles. The thermal 

boundary layer close to heat transfer surfaces receives disruption when this method is applied. Heat 

transfer surfaces experience an enhancement when base fluids receive grapheme and silver nanoparticle 

additions considerable increase in convective heat transfer coefficients. The suspended nanoparticles 

enhance fluid the boundary layer thickness decreases because nanoparticles disturb the thermal  

boundary layer adjacent to heat transfer surfaces. The study demonstrates that nanoparticles perform 

movement through thermophoretic forces. Brownian motion together with thermophoresis together drive 

micro-convection and improve heat transmission. The study showed nanoparticle addition improves 

fluid convective properties in a positive manner. The fluid acquires better heat transport capabilities 

through this enhancement. The heat transfer surfaces experience modified boundary layer properties 

near their surfaces. The boundary layer properties close to heat transfer surfaces undergo changes after 

adding nanoparticles into hybrid nanofluids.  Mutual nanofluids made from a mixture of TiO2 and CuO 

nanoparticles proved successful in reducing boundary layer thickness per Madhesh et al.[84]. The 

combination of TiO2 nanoparticles reduced the thermal and hydrodynamic boundary layer thickness. 

The boundary layer becomes thinner because of this improvement which enhances heat transfer from 

fluid surfaces. The nanoparticles enlarge the surface area and enhance thermal conductivity to reduce 

thermal resistance thus boosting heat transfer performance. Customized by combining the combination 

of different nanoparticles within hybrid nanofluids leads to enhanced thermophysical properties which 

includes specific heat capacity and viscosity. The research by Madhesh et al.[84] demonstrated that heat 

capacity with viscosity both decreased in the thermal and hydrodynamic boundary layer. The boundary 

layer thickness decreased successfully through the use of hybrid nanofluids which combined CuO and 

TiO2 nanoparticles. The effective heat transfer from fluid to surface becomes better because of 

nanoparticles which reduce boundary layer thickness. The boundary layer thickness decreases when 
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nanoparticles employ their larger surface area together with their higher thermal conductivity. The 

thermal resistance decreases while heat transfer efficiency increases through these materials. The study 

conducted by Akilu et al.[85] demonstrated that hybrid nanofluids made from Al2O3 and CuO 

nanoparticle combinations displayed both elevated specific heat capacity and optimal viscosity levels 

beyond those of individual nanofluids. When Al2O3 and CuO nanoparticles were combined in a mixture 

their specific heat capacity increased while their viscosity reached peak performance. Such improved 

qualities affect fluid performance by enhancing both transport and thermal storage functions. The 

controlled pressure reduction becomes essential for heat exchanger efficiency because hybrid nanofluids 

keep their controllable pressure drops and carry thermal energy effectively. Heat transmission occurs at 

a higher rate when multiple nanoparticles work together in hybrid nanofluids. The authors evaluated the 

synergistic interactions that result from combining SiO2 with TiO2 nanoparticles. Research by Kumar et 

al.[86] showed that hybrid nanofluid surpassed nanofluids with individual particles based on stability and 

thermal conductivity measurements in their investigation of the synergistic effects of mixing SiO2 and 

TiO2 nanoparticles. The study demonstrates that adding the fluid & produces an improved 

supplementary heat transfer capability. Heat transfer capability reaches its maximum because the 

nanoparticles exhibit exceptional stability from oxide particles while retaining their exceptional thermal 

conductivity from metallic particles.  

3.4.4. Influence of physical properties on heat transfer capability of nanofluids 

Multiple physical properties determine the heat transfer capacity of nanofluids at a significant level. 

Heat transfer capability depends on nanoparticles dimensions and geometric forms along with their 

concentration level and base fluid viscosity and the way particles accumulate within the solution and the 

impact of heat, temperature effects, and stability. This section performs an in-depth study of the 

influence which these properties have on heat transfer. The research presented in several scientific 

publications demonstrates how heat transfer functions. 

 

Figure 8. Physical parameters effecting on the heat transfer of nanofluids[86] 
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3.5. Size of nanoparticles 

Physical properties effect on Nanofluids ability to transfer heat depend heavily on nanoparticle 

dimension scale together with their geometric shape and content level and physical characteristics-  viscosity, 

particle aggregation, and other physical properties- stability and the impacts of temperature. This section 

examines in detail the findings from numerous published research about the subject. These characteristics 

impact heat transport. Particle size represents the major factor which affects thermal conductivity and overall 

heat transfer performance of nanofluids. Smaller nanoparticles often their size enables them to expose more 

surface area compared to their volume. The efficiency of thermal conductivity increases when nanoparticles 

become smaller in size. Research by Tan et al.[87] indicates that smaller nanoparticles perform thermal 

conductivity more efficiently compared to larger ones.  The enhanced thermal energy transfer arises from the 

fact that small particles enable better energy transmission because they possess greater surface exposure. 

Azizian et al.[88] established that better thermal conductivity results from smaller-particle nanofluids. The 

thermal conductivity enhanced because Brownian motion increased while interparticle distance decreased 

particle distance. The research by Beck et al.[89] shows that particle size reduction leads to increased phonon 

interactions improving nanofluids thermal conductivity. The research conducted by Keblinski et al.[90] 

demonstrates how nanofluids perform when compared to larger particles. The heat transfer performance 

reached remarkable enhancement because of the presence of smaller particles when compared to larger 

particles of nanoparticles smaller than 100 nm. The research by Buongiorno et al.[91] demonstrated that 

nanoparticles of reduced size provide superior stability to suspensions.  The suspension stability increases 

and thermal conductivity grows leading to better heat transfer performance.   

3.6. Shape of nanoparticles 

The base fluid interaction characteristics and surface area of nanoparticles change because of their shape. 

Heat transfer rates depend on the shape of nanoparticles since shape affects their interaction dynamics. 

Essajai et al.[92] conducted research which indicates the contact surface area of rod-shaped nanoparticles 

remains larger because these nanoparticles possess an extended aspect ratio. The thermal conductivity of 

nanofluids becomes greater when using rod-shaped nanoparticles instead of spherical nanoparticles. Because 

their cylindrical shape enables better alignment and enhanced contact when nanoparticles move through fluid 

flow which leads to improved heat transmission. Heat transfer occurs better with rods than spheres according 

to research conducted by Hamid et al.[93].  

Sabu et al.[94] Researchers found that thermal conductivity rises higher when using platelet-shaped 

nanoparticles because they distribute better within fluids while maintaining a greater total surface contact 

area. Yahyaee et al.[95] Thermal performance gets enhanced through the use of ellipsoidal nanoparticles based 

on their specific shape. Spherical particles offer greater surface interaction with fluids because of their 

elongated design. Zahmatkesh et al.[96] reported that nanofluids containing tubular nanoparticles displayed 

enhanced thermal conductivity and stability, attributing it to the unique surface area and interaction dynamics 

of tubular shapes.  

3.7. Concentration of nanoparticles 

The concentration of nanoparticles within the base fluid significantly impacts the thermal conductivity 

and viscosity of nanofluids. Awais et al.[97] found that increasing the concentration of nanoparticles results in 

a higher thermal conductivity of the nanofluid, up to an optimal point beyond which the benefits diminish 

due to increased viscosity and potential aggregation. Ferrouillat et al.[98] observed that a higher concentration 

of nanoparticles enhances the thermal conductivity but noted a concurrent rise in viscosity, which may 

adversely affect the convective heat transfer coefficient. Awais et al.[97] demonstrated that while higher 

nanoparticle concentrations improve thermal properties, the increase in viscosity necessitates careful 
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optimization to avoid reduced fluid flow efficiency. Urmi et al.[99] highlighted that optimal concentrations of 

nanoparticles maximize heat transfer by balancing enhanced thermal conductivity with manageable viscosity 

levels. Mintsa et al.[100] showed that moderate concentrations of nanoparticles improve heat transfer 

efficiency without significantly compromising the flow characteristics of the fluid. 

3.8. Temperature effect 

The thermal conductivity and viscosity of nanofluids are strongly influenced by temperature, which in 

turn affects the efficiency of heat transmission. and others. According to Khan et al.[101], the thermal 

conductivity of the temperature-dependent growth of nanofluids suggests improved heat transfer capacities at 

higher operating temperatures. According to Duangthongsuk et al.[102], nanofluids perform better in high-

temperature applications because their rate of thermal conductivity increase with temperature is larger than 

that of traditional fluids. Higher temperatures increase thermal conductivity, but they also decrease viscosity, 

which can promote convective heat transfer even more, as Ilyas et al.[103] showed. According to Zapata et 

al.[104], careful thermal management is required to maximize nanofluid performance due to the interaction 

between temperature, viscosity, and thermal conductivity. Chon et al.[71] came to the conclusion that in order 

to maximize efficiency, heat transfer systems design and operation must take temperature impacts on 

nanofluid characteristics into account.  

3.9. Stability 

For nanofluids to have constant thermal characteristics and efficient heat transmission over time, 

stability is crucial. Stable nanofluids have consistent thermal conductivity and viscosity, which guarantees 

dependable heat transfer capability, according to Qamar et al.[105].According to Hordy et al. [106], by avoiding 

sedimentation and aggregation, functionalization processes and surfactants can improve the stability of 

nanofluids. According to Yasmin et al. [107], stable nanofluids preserve a consistent distribution of 

nanoparticles, which is essential for effective heat transfer. According to Eastman et al.[108] stable nanofluids 

maintain excellent thermal properties during extended periods thus qualifying them for prolonged 

applications them for long-term uses. The stability of nanofluid-based heat transfer devices depends on their 

formulation for achieving better thermal performance. Stable nanofluids present long-term thermal 

characteristics that qualify them for extended usage according to Eastman et al.[108]. Numerous factors such 

as surface modifications together with optimal particle sizing serve as essential stability enhancement 

techniques according to Jang et al.[109]. Heat transfer capacity improvement of nanofluids requires the use of 

essential optimization strategies. In conclusion, a number of physical the ability of nanofluids to conduct heat 

depends directly on their physical attributes. For nanofluid-based, nanofluids require proper design and 

formulation of heat transfer systems to reach improved thermal performance designed and formulated 
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Table 2. Various studies on theoretical models for the thermal conductivity of nanofluids 

Ref. Nanofluids 

Investigated 

Theoretical 

Model 

Key equations Key Findings Remarks 

[91] Various metal oxide 

nanofluids 

Convective transport in 

nanofluids 

               ----- Enhanced thermal conductivity due to 

Brownian motion and 

thermophoresis 

Emphasized the importance of 

nanoparticle-fluid 

interactions 

[110] Cu/ethylene glycol, 

Al2O3/water 

Effective Medium Theory 

(EMT) 
𝐾𝑒𝑓𝑓 = 𝑘𝑓 (1 +3∅(

𝐾𝑛−𝐾𝑓

𝐾𝑝+2𝐾𝑓
)) Predicted significant enhancement in 

thermal conductivity with increasing 

nanoparticle 

concentration 

Validation with experimental data showed 

good agreement 

[111] Al2O3, CuO 

in water 

Effective Medium 

Approximat ion (EMA) 
Keff=Kf(

𝐾𝑝+2𝐾𝑓+2∅(𝐾𝑝−𝐾𝑓)

𝐾𝑝+2𝐾𝑓−∅(𝐾𝑝−𝐾𝑓)
) Model based on particle motion and 

interfacial resistance 

Highlighted the role of particle size and 

volume fraction 

[112] Cu/water, CuO/water Nanoparticl e aggregation 

model 

--- Accounted for the effect of nanoparticle 

clustering on thermal conductivity 

Improved accuracy in predicting thermal 

conductivity at higher concentrations 

 Theoretical basis for 

composites 

Classical  mixture theory Keff=Kf(
𝐾𝑝+2𝐾𝑓+2∅(𝐾𝑝−𝐾𝑓)

𝐾𝑝+2𝐾𝑓−∅(𝐾𝑝−𝐾𝑓)
) Provided foundational model for effective 

thermal conductivity of 

heterogeneous materials 

Often used as a baseline for comparison 

with 

nanofluid data 

[113] Various two- phase systems Empirical correlation Keff=Kf

(
𝐾𝑝+(𝑛−1)𝐾𝑓+(𝑛−1)∅(𝐾𝑝−𝐾𝑓)

𝐾𝑝+(𝑛−1)𝐾𝑓−∅(𝐾𝑝−𝐾𝑓)
) 

Introduced shape factor to account for non-

spherical particles 

Model adjustments necessary for 

nanofluid applications 

[114] Al2O3, CuO 

in water 

Modified Maxwell model 𝐾𝑒𝑓𝑓 = 𝑘𝑓 (1 

+3∅ (
𝐾𝑝−𝐾𝑓

𝐾𝑝+2𝐾𝑓−∅(𝐾𝑝−𝐾𝑓)
) +

2∅(
𝑡𝑘

𝑑𝑝
)) 

Incorporated particle size and interfacial 

layer effects 

Better agreement with experimental 

results for nanofluids 

[115] Various metal and oxide 

nanofluids 

Fractal theory 𝐾𝑒𝑓𝑓 = 𝑘𝑓 (1 +∅𝐶𝑓
1−𝑑𝑓 (

𝐾𝑝

𝐾𝑓
− 1) 

Modeled thermal conductivity based on 

fractal dimensions of aggregates 

Addressed the complexity of 

nanoparticle dispersion states 

[116] Al2O3/water, SiO2/water Thermal conductivity 

and particle shape model 
𝐾𝑒𝑓𝑓 = 𝑘𝑓 (1 

+∅ (
𝐾𝑝−𝐾𝑓

𝐾𝑝+2𝐾𝑓
) 𝑓(𝑠ℎ𝑎𝑝𝑒)) 

Investigated the effect of particle shape on 

thermal conductivity enhancement 

Showed significant influence of aspect 

ratio on thermal performance 

[117] General review Theoretical analysis of 

mechanisms 

--- Discussed various mechanisms like 

Brownian motion, 

interfacial thermal resistance, and 

clustering 

Provided comprehensive understanding of 

factors influencing thermal conductivity 
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4. Challenges of hybrid nanofluids in heat exchangers 

The innovative heat-transfer fluid known as hybrid nanofluids serves as a promising solution because of 

its emerging popularity. The combination of nanoparticles creates superior thermal performance in heat 

exchanger systems. These fluids, which incorporate multiple nanoparticles this introduction of multiple types 

into a base fluid present the chance for substantial heat transfer enhancements. Researchers continue to show 

significant interest in these nanofluids since their thermal performance has already been proven. The 

widespread implementation of enhanced conductors faces various obstacles that prevent broad scalability of 

their usage in real-world heat exchanger systems. 

4.1. Stability and agglomeration 

The literature demonstrates that stability issues of hybrid nanofluids continue to appear repeatedly 

prolonged periods of operation. Numerous researchers [118] have demonstrated that hybrid nanofluids exhibit 

strong tendencies toward aggregation according to their reports. The sedimentation of nanoparticles inside 

the fluid together with their agglomeration leads to reduced heat transfer efficiency. Heat exchanger 

performance suffers as well as operational issues develop from fouling and clogging within its channels.  

4.2. Optimal concentration and composition 

Research to identify the correct hybrid nanofluid concentration levels along with composition types 

stands as a major challenge. Research [119] demonstrates the complex mechanisms which multiple 

nanoparticle types and base fluids interact during use.  Achieving the desired balance between thermal 

conductivity enhancement and fluid stability necessitates meticulous experimentation and thermal modeling 

requires researchers to analyze size, shape and surface characteristics of hybrid nanofluids.  

4.3. Cost and scalability 

The economic feasibility and scalability of hybrid nanofluids for industrial-scale heat exchanger. The 

preparation and synthesis of hybrid nanofluid systems prove complex and expensive to produce. The 

production of nanofluids requires complex procedures for nanoparticle synthesis as well as dispersion. The 

successful practice implementation of hybrid nanofluids demands solving their cost and scalability problems 

in real-world heat exchanger systems [120]. 

4.4. Corrosion and compatibility 

Hybrid nanofluids encounter significant problems because of corrosion and material incompatibility 

issues which lead to long-lasting performance difficulties.  The use of hybrid nanofluids affects the 

operational lifespan of heat exchangers. Investigations [121] have highlighted the Nanoparticles show the 

ability to worsen corrosion processes which affect metallic heat exchangers components. Furthermore, the 

interaction between nanoparticles and heat exchanger materials necessitates through compatibility studies to 

mitigate potential adverse effects on system integrity. 

4.5. Other applications of nanoparticles/nanofluids 

Recent advancements in nanotechnology have led to the integration of various nanomaterials and 

nanofluids into thermal systems to enhance energy efficiency and performance. For instance, 

nanocomposite materials [122] and SiO₂/TiO₂ coatings [123] have been employed in solar cookers to improve 

thermal absorption and retention. In the field of alternative fuels, Mn(II) supramolecular complex 

nanoparticles [124] have been utilized in diesel–biodiesel blends, contributing to improved combustion 

characteristics and engine performance. 

In solar desalination technologies, several innovative enhancements have been reported: 
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• A parabolic distiller integrated with aluminum oxide (Al₂O₃) nanoparticles [125] demonstrated 

improved thermal efficiency. 

• Photovoltaic thermal (PVT) systems have been enhanced using a variety of nanoparticles [126], 

improving both electrical and thermal outputs. 

• The incorporation of titanium dioxide (TiO₂) nanoparticles into the basin water of solar stills has 

shown significant performance gains [127]. 

Moreover, novel working fluids and heat transfer technologies have been explored: 

• Carbon nanotube (CNT)-based nanofluids synthesized with deep eutectic solvents (DES) 
[128]have been investigated for their superior thermal conductivity. 

• Use of nanofluids in microchannel heat sinks [129] and microplate heat exchangers [130] has shown 

promising improvements in compact thermal management systems. 

• Silver nanoparticles and nanofluids have been tested for bioactivation in solar stills [131], 

enhancing both distillate yield and water quality. 

Additional enhancements include: 

• Solar stills with nanofluid and dripping arrangements [132] to optimize evaporation-condensation 

mechanisms. 

• Stability assessments of Al₂O₃ nanofluids in aqueous solutions [133], ensuring long-term performance 

reliability. 

• Applications of hybrid nanofluids in heat transfer systems [134], combining the thermal advantages 

of multiple nanoparticle types. 

• Studies on the effect of surfactants on the viscosity of graphite-water nanofluids [135], critical for 

flow and heat transfer efficiency. 

Other notable applications involve: 

• Nanorefrigerants in domestic refrigeration systems [136] for improved COP and energy savings. 

• Al₂O₃/water–ethylene glycol nanocoolants in automotive radiators [137] to boost heat dissipation. 

• Integration of nanodiamonds and various nanoparticles into solar desalination units [138], and 

various nanofluids/nanoparticles in the Solar still [140] 

• The use of ultrasonically synthesized MgZnO nanoparticles [139] for their superior optical and 

thermal properties. 

5. Conclusion 

 Hybrid nanocomposite creation and utilization shows swift growth in research fields because of 

significant potential across various industries. The review explores numerous synthesis approaches which 

influence hybrid nanocomposite development. Al-Zn hybrid nanocomposites demonstrate specific 

advantages along with specific constraints in addition to multiple other hybrid nanocomposites. MWCNT-

HEG, TiO2-CNT, Au-CNT, Graphene-MWCNT, Cu-TiO2, Al2O3-Cu, MWCNT-Fe3O4, Ag-MWNT, and 

Silica-MWCNT. Hybrid nanocomposites display one-of-a-kind thermal along with electrical and mechanical 

characteristics. The structural characteristics along with exceptional mechanical properties enable these 

materials for electronics cooling applications as well as biomedical devices applications. and other advanced 

technological fields. Despite the promising applications, the synthesis of hybrid nanocomposites encounters 

barriers connected to scaling production while maintaining stability standards and controlling costs 

effectively. Researchers need to conduct more studies for optimizing production methods as well as 
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clarifying underpinning synthesis processes. Research needs to establish the fundamental principles which 

control the improved features exhibited by these materials. Collaborative efforts in material science and the 

potential of hybrid nanocomposites requires engineering solutions to solve these existing obstacles and reach 

complete results. New advances are expected through ongoing research in this area. High-performance 

applications experience significant advancements because of this research which advances innovation as well 

as efficiency within different domains. 
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