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Abstract: As the continuing integration and size deflation of component dimensions in electronic 10 

circuits and increase in the number of transistors in modern microprocessor chips, especially for 11 

heat dissipation of micro/nano scale devise, traditionally used single phase fluid cannot meet the 12 

requirements for highly efficient heat transfer, which thus frequently results in the damage of 13 

electrical devices. Consequently, thermal conductivity enhancement of working fluids is of great 14 

significance for advanced thermal energy conservation and conversion. Nanofluids, which possess 15 

a superior thermal conductive performance, are studied towards an alternative to the traditionally 16 

used working fluids, have attracted ample attention within the past decades. In this paper, firstly, we 17 

summarized the recent progress in the preparation of nanofluids, in particular for a method involving 18 

a covalent concerning reorganization or generation; subsequently, the utilization of nanofluids in 19 

hitherto unsummerized micro/nano scale heat and mass transfer fields, especially for some 20 

chemistry relating applications were discussed. All works demonstrated in this review are aiming at 21 

clarifying the fact that advanced material technologies are required in preparation of recent 22 
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nanofluids on the premise of continuing harsh energy transfer situation; on the other hand, 23 

nanofluids were also able to offer insights for novel micro/nano scale energy transportation which 24 

has not yet been reviewed before. 25 
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Abbreviations  

GO Graphene oxide 

MGE Modified graphene 

Ag-SiO2 Silver-silica 

DW Distilled water 

rGO Reduced graphene oxide 

CNTs Carbon nanotubes 

MWCNTs Multi-wall carbon nanotubes 

SEF System efficiency factor 

Re Reynolds number 

FGNs Functionalized graphene nanoplatelets 

SGR Sulfonated graphene 

IL Ionic liquid 

DES Deep eutectic solvent 

GO/TiO2 Graphene oxide/titanium dioxide 

SiO2 Silicon dioxide 

SDBS Sodiumdodecylbenzenesulfonate 

PVA Polyvinyl alcohol 
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1. Introduction 47 

As the rapid economy growth and the development of machinery with the continuing integration 48 

and size deflation of component dimensions in electronic circuits and increase in the amount of 49 

transistors in modern microprocessor chips, especially for heat dissipation of micro/nano scale 50 

devise, traditionally used single phase fluid cannot meet the requirements for highly efficient heat 51 

transfer [1-5]. Nanofluids, which was firstly coined by Choi in 1995 [6-8], emerged an interesting 52 

alternative to a single phase working fluid, have become a hot research topic with the purpose of 53 

solving the relative poor thermal conductivity of working fluids.  54 

Nanofluids were generally composed by a base solvent and nanoparticle, integrated through a 55 

one-step or two-step pathway. Since the discovery of nanofluids, numerous reports regarding the 56 

investigation of their preparation and thermophysical properties [9-14]. However, most of 57 

preparation methods rely on a physical blending approach starting from commercially available base 58 

solvents and nano materials, where generally no chemical properties change occurred during the 59 

preparation process. In the meantime, in some cases, a single material is unable to fulfil all the 60 

favorable characteristics requirements for a specific objective [15-17]; it should either exhibit good 61 

rheological or thermal properties. However, in a series of practical applications, it is recommended 62 

to trade-off between some properties which results in the development of other hybrid nanofluids 63 

with the specific characteristics. Additionally, traditionally used base solvent, such as water, alcohol, 64 

mineral oil etc. are unable to be used in every situation due to their inherent flaws, for instance, 65 

electrical conductive, flammable and narrow liquid temperature range [18-21]. Furthermore, 66 

aggregation of nanofillers and aging of nanofluids quite limited the widely utilization of nanofluids 67 

for the inhibition of stacking of flowing tube line, therefore, a most applicable fabrication way which 68 
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could enhance the stability of nanofluids was highly in demand. In these scenarios, chemical 69 

modification or fabrication strategies would be an efficient solution to the above-mentioned 70 

problems. Hence, one of the objectives of this review is analyzing the chemical transformation or 71 

reaction, which allows the formation the nanofluid bearing a wanted property, thus provides a 72 

positive reference for further development of nanofluid with a specific utilization purpose. 73 

Micro/nano scale energy transportation emerged an advanced technology has been widely applied 74 

in many areas, where prominent examples can be found in energy dissipation of circulation system 75 

in human being body [22], massive database system [23], portable or wearable devices [24], or high 76 

performance medical instrumentation [25-27]. Nanofluids have been well recognized to be used in 77 

heat energy transportation and management. However, owing to this unique characteristic which 78 

derived from Brownian motion and nanoscale effect of nanofliller, endows nanofluids with 79 

advantageous heat and mass transfer properties, therefore, nanofluids application in some other 80 

fields was also being studied.[28, 29] Among them, applying nanofluids to absorb gas, liquid or 81 

solid pollutants from the point of view of environment protection, adjusting the chemical reaction 82 

proceedings through the regulation of reaction temperature or acting as a catalyst to promote organic 83 

chemical reactions etc. in which energy transportation is the dominate factor and also belongs to the 84 

energy related application field that should be considered since nanofluids were able to play a key 85 

role in those processes, were concerned by few people so far. Out of this consideration, the other 86 

purpose of this review is to summarize the recent advances in utilization of nanofluids in a chemical 87 

related energy transportation way, to make a supplementary for a vast of reviews with respect to 88 

nanofluids using in thermal related fields.  89 



6 
 

 90 

 91 

Scheme 1. (a) Main contents of this review. (b) Schematic diagram of SiO2 nanoparticles modified 92 

by dihydropyran and Cu nanoparticles. (reproduced with permission from ref.[30], Copyright (2019) 93 

American Chemical Society) (c) Schematic synthesis procedure of Au graphene composite. 94 

(reproduced with permission from ref.[31], Copyright (2018) Elsevier) (d) Schematic diagram of 95 

the experimental apparatus.(reproduced with permission from ref.[32], Copyright (2015) Elsevier) 96 

(e) The process of making the modified graphene (MGE) (reproduced with permission from ref.[33], 97 

Copyright (2017) Elsevier) (f) Synthesis of non-ionic nanofluid hybrid materials for nanotube 98 

modified by silicon dioxide (SiO2). (reproduced with permission from ref.[34], 99 

Copyright(2009)Elsevier) (g) Schematic overview of the experimental apparatus.(reproduced with 100 

permission from ref.[35], Copyright (2018) Elsevier)  101 

2. Preparation of nanofluids through a chemical way 102 

2.1 Preparation of nanofiller through a chemical fabrication way 103 

2.1.1 Synthesis of hybrid nanofillers in a chemical compounded way 104 

Up to date, numerous reports related to the synthesis of nanofluids in a hybrid manner aiming at 105 

combining the merits of each component in particular for nanoparticles [18, 36, 37]. The preparation 106 

of hybrid materials can be roughly divided into simple physical blending and chemical compounded 107 
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ways. In this review, we mainly focus on synthesizing nanofluids in a chemical pathway, where 108 

covalent bond formation or chemical transformation are involved. Representatively, Xuan et al. 109 

developed a Fe3O4/TiN Janus nanoparticle filled water based nanofluids by combining the 110 

advantages of Fe3O4 and TiN, which demonstrated to be high absorptive in near-infrared wavelength 111 

and localized surface plasmon resonance in the visible wavelength for TiN and Fe3O4 respectively 112 

(Fig. 1a, 1b and 1c). As a result of this compositing material, the prepared nanofluid was able to 113 

make a full-spectrum absorption of incident solar energy [38]. Integration between Fe3O4 and TiN 114 

was enabled by a covalent acylation process, in which Fe3O4 was decorated by carboxyl group and 115 

TiN was modified by amino group, therefore guaranteed a sturdy state of the hybrid nano-materials. 116 

Importantly, the as-prepared nanofluids exhibited tuneable thermal physical and optical properties 117 

towards external magnetic field owing to Fe3O4 component in the hybrid nanomaterial.  118 

 119 
Fig. 2 (a) The preparation technology of composite Fe3O4/TiN nanoparticles. (b) The thermal 120 

conductivities of water and TiN, Fe3O4, Fe3O4/TiN nanofluids under different magnetic fields and 121 

without magnetic field. (c) The thermal conductivity of water and tin, Fe3O4 and Fe3O4/tin 122 
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nanofluids without and with different magnetic fields. (d) the preparation of SiO2/Ag binary 123 

nanofluid and (e) the TEM images of SiO2 nanoparticles, (f) the TEM images of SiO2/Ag 124 

nanoparticles, (g) thermal conductivities of nanofluids at room temperature (25 oC), (h) thermal 125 

conductivities of nanofluids prepared by different ratios of multi-wall carbon nanotubes (MWCNTs) 126 

and SiO2/Ag at different temperature. (Fig. 2a, 2b and 2c were reproduced with permission from 127 

ref.[38], Copyright (2018) Elsevier); (Fig. 2d, 2e, 2f, 2g and 2h were reproduced with permission 128 

from ref.[39], Copyright (2018) Elsevier).  129 

In order to enhance solar thermal conversion and thermal conductivity of water, Xuan et al. 130 

developed a CNT-SiO2/Ag nanoparticle filled nanofluid using a two-step preparation method (Fig. 131 

2d, 2e, 2f, 2g and 2h) [39]. SiO2/Ag used in this work was fabricated through an in-situ chemical 132 

reduction way by using Sn2+ as a reduction reagent. Owing to the high absorption in infrared spectra 133 

of MWCNTs, and SiO2/Ag nanoparticles bearing an intense absorption towards visible spectra, the 134 

obtained naofluids got much higher absorption rate in a much wider solar spectra range. Meanwhile, 135 

thermal conductivity of the nanofluid by filling this kind of nanoparticle was enhanced by 7% with 136 

the 0.1% volume fraction of CNT-SiO2/Ag. Mechanism study revealed that the participation of Ag 137 

nanoparticle and linear structure of CNT accounted for the high thermal conductivity of the prepared 138 

nanofluids and promising light-to-thermal efficiency.  139 

Similarly, Taylor et al. reported a nanofluid that composed by using a core-shell silver-silica (Ag-140 

SiO2) and CNTs as nanofiller in a water base solvent [40]. Most of the visible spectrum could be 141 

covered by this hybrid materials, thus resulted in promising photovoltaic/thermal conversion 142 

efficiency. To better understand the working mechanism of the hybrid nanoparticle composites, 143 

modelled and experimental results for a spectrally-tailorable, multi-particle nanofluid filter put 144 

between a concentrated light source and a silicon cell was presented. Results showed that a mass 145 

fraction of 0.026% of Ag-SiO2 nanofluids could increase the efficiency by 30% compared with that 146 

of the sole base fluid.  147 
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Graphene is a mono-layered carbon material and can be used for a promising candidate when 148 

acting as a nanofiller to enhance thermal conductivity of nanofluid thanks to its superior thermal 149 

conductivity and unique two-dimensional structure. However, it also exhibits comparable 150 

electrically conductivity which contradicts with insulating properties when used as a transformer oil 151 

additive. To make use of the benefit of high thermal conductivity and inhibiting its electrically 152 

conductive properties at the same time, incorporating graphene with an insulated material would 153 

open an avenue for vast use of graphene in the field of nanofluid. For instance, Navas et al. 154 

developed a series of graphene filled nanofluids, and studied their properties in terms of 155 

enhancement high static stability, solar harvesting performance and optical performance by using 156 

exfoliation and structure modification on graphene.[41-44] Rashmi et al. synthesized a SiO2-157 

graphene nanoparticle through a sol-gel technique under a series different pH values ranging from 158 

9 to 12 [45]. Some analyses, including, FESEM, XRD and FTIR, were used to prove the successful 159 

embedding of SiO2 on the surface of graphene. Experimental results revealed that the addition of 160 

SiO2-graphene hybrid nanoparticles could intensively reduce the electrical conductivity 161 

enhancement of base fluid from 557% to 97%. On the other hand, because the SiO2 synthesis 162 

technology has been very mature, which can be named as a chemical liquid deposition method, thus 163 

coating SiO2 in the surface of graphene was widely adapted by researchers. For instance, Chen et 164 

al. reported a SiO2-coated grapheme filled nanofluid with the aim at improving the compatibility 165 

and stability of graphene in water since SiO2 could provide this carbon material with superior 166 

hydrophilicity, chemical inertness, biocompatibility [46]. Additionally, in this work, nanofluids 167 

filled by this hybrid material afforded a higher thermal conductivity enhancement compared with 168 

that of dispersant aided graphene nanofluids. 169 
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Coating graphene oxide (GO) with anatase TiO2 through a facile solvo-thermal method for the 170 

preparation nanofluids which possessing lubrication ability was demonstrated by Sun et al [47]. The 171 

investigation revealed that the hybrid GO nanosheet had a largest thickness of 28.07 nm, which was 172 

determined to be nanoscale. And the rolled strip lubrication nanofluid had negligible defect and 173 

minimum roughness. Moreover, the author claimed that the superior lubrication properties was due 174 

to the promising dispersion stability and the generation of some absorption films owing to the 175 

existence of TiO2 component in the hybrid material.  176 

Mehrali et al. prepared a Fe3O4 grafted rGO composite by employing two-dimensional GO 177 

nanosheets, iron salts as starting materials, tannic acid as both reducing and stabilizing agents (Fig. 178 

3a, 3b and 3c) [48, 49]. Graphene sheets in this work was mainly responsible for thermal 179 

conductivity of the nanofluid, while the ferric component contributed magnetic property to this 180 

composite which offered a tunable thermal physical property under the external magnetic field. 181 

Study upon the fluidic property showed that a Newtonian fluid characteristic, magnetic performance 182 

of the nanofluid exhibited that superparamagnetic properties of the nanofluid was verified from its 183 

saturated magnetic value of 45.9 emu/g. Interestingly, experimental results showed the thermal 184 

conductivity enhancement of the as-prepared nanofluid was negligible over pure water, while, the 185 

heat transfer coefficient of the nanofluid could be increased by 82% under a permanent magnetic 186 

force, which clearly illustrated the heavily dependence on magnetic field of this nanofluid. 187 
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 188 
Fig. 3 (a)Schematic of graphene ferromagnetic nanofluid synthesis.(b) Thermal conductivity plot 189 

and (c) the viscosity profile of distilled water (DW) and reduced graphene oxide-Fe3O4 (rGO-Fe3O4) 190 

nanofluid. (d) Schematic diagram of the experimental procedure (e) Instantaneous photothermal 191 

conversion efficiency of nanofluids with different concentrations of the obtained ZIF-8 (ZIF denotes 192 

zeolitic imidazolate framework) based nitrogen-doped graphitic carbon (ZNG).(f) Solar energy 193 

efficiency of ZNG and Au/ZNG nanofluids under different Au loads. (g) Schematic diagram of 194 

reduced graphene oxide (rGO) and AG-RGO nanocrystals using DMF as catalyst. (h) Relative 195 

viscosity and (i) thermal conductivity ratio as a function of temperature for nanofluids with a 196 

concentration of 100 ppm. (j) Synthesis procedure of GO/Co3O4 hybrid nanoparticles. (k) 197 

Experimental thermal conductivity and (l) viscosity of EG-based GO/Co3O4 hybrid nanofluids. (Fig. 198 

3a, 3b,3c were reproduced with permission from ref. [48], Copyright (2017) Elsevier) (Fig. 3d 3e, 199 

a 
b c 

d e f 

g 

h i 

j k l 



12 
 

3f were Reproduced with permission from ref.[31], Copyright (2018) Elsevier) (Fig. 3g,3h, 3i were 200 

reproduced with permission from ref.[50], Copyright (2018) Elsevier) (Fig. 3j,3k, 3l were 201 

reproduced with permission from ref.[51], Copyright (2017) Elsevier)  202 

Fe3O4 incorporated graphene composite that prepared through a chemical reduction deposition 203 

method was also studied by Rashidi et al [52]. By using this graphene composite as nano-additive 204 

of kerosene, thermal conductivity could be significantly improved by 31% at 50 oC. Moreover, the 205 

heat transfer enhancement could reach to 66% at Reynolds number (Re) of 4553 and 0.3 wt.% of 206 

nanoparticle. 207 

Yu et al. firstly synthesized a nitrogen doped graphene and impregnated Au on the skeleton of 208 

graphene (Fig. 3d, 3e and 3f) [31]. Photo-to-thermal conversion testing indicated that the Au 209 

decorated graphene exhibited broad band absorption from the visible to near infrared region, which 210 

ensured an obvious improvement in photo-to-thermal performance thanks to the cooperative effect 211 

of the plasmon resonance Au nanoparticle. Mehrali et al. demonstrated a graphene/silver filled water 212 

based nanofluid for Solar energy harvesting (Fig. 3g, 3h and 3i) [50]. In this work, the hybrid 213 

nanoparticle was fabricated through an in-situ chemical reduction strategy, and the results proved 214 

that Ag nanoparticles were uniformly decorated on the skeleton of reduced graphene. Their superior 215 

solar absorptance and thermal conductivity was attributed to the plasmonic effect of the 216 

nanoparticles and high thermal conductivity of graphene nanosheets, respectively. Further 217 

investigation revealed that the solar collector can achieve to 77% at a low concentration of 40 ppm. 218 

Additionally, the uniform Co3O4 dispersed GO nanosheet was prepared by Sundar et al. for the 219 

nanofluids with high thermal conductivity and good stability (Fig. 3j, 3k and 3l) [51]. GO/Co3O4 220 

hybrid nanoparticle in this work was synthesized through an in-situ growth and chemical co-221 

precipitation method using CoCl2·2H2O as a precursor and NaBH4 as a reductant. Experimental 222 

results showed that the thermal conductivity of water and EG can be enhanced by 19.14% and 11.85% 223 
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respectively in the presence of this type GO/Co3O4 hybrid nanoparticle at a testing temperature of 224 

60 oC.  225 

Besides coating with some inorganic metal oxide, graphene was also studied upon compounding 226 

by a metal nanoparticle for the further thermal conductivity improvement. For example, Bahiraei et 227 

al. developed an in-situ chemical reduction methodology for the synthesis of graphene nanoplatelet–228 

platinum composite [53]. The investigation of the as-prepared nanofluids in a triple-tube heat 229 

exchanger equipped with inserted ribs was also conducted. Nanofluids containing graphene-silver 230 

nanoparticles were also reported by the same group, the author studied thermal performance and the 231 

second law properties of the two new microchannel heat sinks by operating with this kind of Ag-232 

graphene filler nanofluid [54]. Besides, utilization in thermal management on CPU cooling of this 233 

nanofluid was also studied by the same group [55]. Moreover, graphene-silver nanoparticles, which 234 

prepared through a chemical reduction method, filled nanofluid was also reported by Yarmand et 235 

al., as indicated in the experiment results, a significant thermal conductivity improvement, 22.22%, 236 

was obtained at a mass fraction of 0.1% particle under a temperature of 40 °C [56]. Ag decorated 237 

graphene nanoparticle was also studied and applied to prepare nanofluid by Yarmand [57] and Su 238 

[58]. 239 

A nitrogen doped activated carbon/graphene composite was fabricated by Gharehkhani et al [59]. 240 

It should be mentioned that the nitrogen was introduced through pyrolysis of a waste material fruit 241 

bunch pulp. Elementary mapping analysis proved that nitrogen was evenly distributed on this 242 

material. Thermal physical properties toward this carbon/graphene composite filled nanofluid 243 

revealed that thermal conductivity could be enhanced by 10.16% compared with that of base solvent. 244 

Moreover, electrical conductivity of this carbon based nanofluid could be remarkably improved by 245 
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11433%. 246 

Besides chemically metal or metal oxide decoration strategies, reports regarding the synthesis of 247 

hybrid graphene in a bio-inspired method was also found in some literatures for enhancement of 248 

bio-compatibility and stability. For example, Sadri et al. developed a facile, bio-based novel 249 

approach for fabrication of a covalently functionalized graphene nanoplatelet with the aim of 250 

thermal conductivity enhancement (Fig. 4a and 4b) [60]. Eugenol, β-caryophyllene and eugenyl 251 

acetate were extracted from dried clove buds, which is an aromatic flower bud, widely found in 252 

tropical counties, was suspended and covalently grafted on the skeleton of graphene. Rheological 253 

performance of this kind of nanofluid showed that there was a significant enhancement in the 254 

convective heat transfer coefficient and Nusselt number, while a negligible improvement in friction 255 

factor and pumping power was observed for this nanofluid.  256 

Carbon nanotubes (CNTs) bearing outstanding chemical, electrical, thermophysical and catalysis 257 

properties thus have been paid much efforts [61-63]. However, it is recognized that lacking of 258 

solubility and the inherent physical and chemical inertness hampers their application in heat transfer 259 

field, especially for its application in nanofluids. Hence, functionalization or decoration on the side 260 

walls are quite necessary for CNTs when used in a solvent system. Out of this consideration, 261 

Hosseini et al. developed a covalently functionalized carbon nanotube in an environmental benign 262 

way (Fig. 4c and 4d) [64, 65]. The key of the preparation method in this work was covalently 263 

bonding formation between MWCNT with clove buds, and the main component was determined to 264 

be eugenol that could be covalently associated with CNTs using a free radical grafting reaction. 265 

Notably, thermal conductivity of this MWCNT dispersed nanofluid could be enhanced by 20.15% 266 

for a nanoparticle mass fraction of 0.175% at 50 oC. Meanwhile, this kind of nanofluid exhibited 267 
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excellent stability that it did not display sedimentation over the course of 63 days owing to the 268 

functionalization of eugenol who offered a good affinity to MWCNT due to the existence of 269 

hydroxyl group on it. Further, numerical studied for this kind of nanofluid was performed by the 270 

same group for its turbulent heat transfer property [66]. Teng et al. developed a novel preparation 271 

process for highly efficient production of hybrid carbon, which mainly consisted of amorphous 272 

carbon, GO, and graphite-2H, by using an acetylene flame synthesis system (Fig. 4e and 4f)[67, 68]. 273 

After obtaining the hybrid carbon material, water based nanofluids by filling this carbon material 274 

was fabricated and utilized into air-cooled heat exchange system. Results showed that system 275 

efficiency factor (SEF) of the hybrid carbon nanofluids could achieve to 11.7% compared with that 276 

of pure water.  277 
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 278 

Fig. 4 (a) The mechanism of GAGNPs functionalization method.(b)Thermal conductivity of GNPs 279 

suspension and deionized water treated with GA (c) Schematic diagram of carbon nanotube 280 

program.(d) Thermal conductivity of the clove-treated multi-wall carbon nanotubes (C-MWCNT-281 

DI) with DW nanofluids and DI water (e) schematic of the acetylene flame synthesis system for 282 

hybrid carbon nanofluids. (f) Test sample Re at different inlet temperature and flow rate. (Fig. 4a 283 

and 4b were reproduced with permission from ref.[60, 69], Copyright (2017) Elsevier.)(Fig. 4c and 284 

4d were reproduced with permission from ref.[64], Copyright (2017) Elsevier) (Fig. 4e and 4f were 285 

reproduced with permission from ref.[67], Copyright (2017) Elsevier) 286 

He et al. reported to integrate CNT with Fe3O4 through a chemical reducing deposition method 287 

starting from FeCl2 and FeCl3 with the aid of reductant vitamin C [70]. The decorated CNT can be 288 

easily separated from water at a rate faster than that of the sole Fe3O4 under a condition of external 289 
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magnetic field. The thermal receiver efficiency could reach to 88.7% with a 0.5 g/L Fe3O4/CNT 290 

nanofluid. More importantly, the recovery rate and efficiency can be facilely adjusted by tuning the 291 

magnetic field strength. Besides the aforementioned approaches, Navas et al. studied an interesting 292 

interfaced-inspired formulation and molecular-level effect on a CNTs based nanofluid, this concept 293 

mainly arised from the rationalisation of the minimum tension at the interface between a filling 294 

nanoparticle and a based fluid.[71] Moreover, examples demonstrated the chemical hybrid CNTs 295 

nanomaterials for using in nanofluids were summarized in Table 1. 296 

Table 1. A summary of CNTs hybrid nano materials that used in nanofluids. 297 

Hybrid material Hybrid method Base solvent  Ref.  

Fe, Al metal oxide  Thermal CVD reaction poly-alpha-olefin [72] 

Silica nanosphere Wet chemical method Water  [73] 

Silica  Wet chemical method Glycerol [74] 

Graphene 

Surface modified with 

COOH or OH groups 

EG [75] 

Cu decorated 

graphene-MWCNT 

Chemical reduction 

method 

EG [76] 

TiO2 

Chemical hydrolysis 

technique 

Water [77] 

TiO2 

Chemical hydrolysis 

technique 

Water [78] 

Fe3O4 

Chemical in situ growth 

method 

Water [79] 
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Fe3O4 

Chemical in situ growth 

method 

Water [80] 

Al2O3 Solvo-thermal process Water [81] 

Ag-hydrogen 

exfoliated graphene  

Chemical reduction 

method 

EG [82] 

Graphene 

Chemical vapor 

deposition 

EG and water [83] 

2.1.2 Preparation of nanofillers through a chemical modification way  298 

Chemically compounded protocol offered a new avenue for the wide application of nanoparticle 299 

with some designed wanted properties. Another approach to access the goal is rendering a covalently 300 

modification by grafting some specific functional groups. Typical example can be found when 301 

graphene was used as a substrate. As above mentioned, graphene is a honeycomb structured 302 

monolayer of sp2-bonded carbon based material, which has gained much attention due to the specific 303 

two-dimensional structure, exceptional chemical and physical properties [84, 85]. It should be noted 304 

that thermal conductivity of a single layer graphene is reported to be able to achieve to 5000 W·m-305 

1·K-1 [86]. Inspired by the superior thermal conductivity of graphene, study upon its using in 306 

nanofluid preparation has been intensively studied [87-89]. While, poor stability in a polar solvent 307 

system of graphene derived from the intrinsic hydrophobic property much hampered its way for 308 

widely using. In order to solve this problem, Yu et al. developed a dispersant MGE nanosheets 309 

through an in-situ coating strategy before the occurrence of the reducing process in a modified 310 

Hummer’s method [88, 90], by which the stability of the nanofluid in a polar solvent, EG, was much 311 

improved. Thermophysical properties regarding this nanofluid revealed that thermal conductivity 312 
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can be heavily enhanced by 86% with 5.0 vol. % of MGE.     313 

Zhai et al. reported a phenyl-sulfonic functionalized graphene, which was fabricated through a 314 

sequential chemical oxidation and sulfurization process, and applied it in nanofluid with the purpose 315 

of enhancing the electrical conductivity and thermal conductivity of the nanofluid. Experimental 316 

results revealed that MGE material displayed good affinity with water, thus guaranteed a good 317 

stability of as-prepared water based nanofluids [91]. Notably, this work provided a new 318 

understanding regarding the electric-field-tunable property of the synthesized nanofluid which 319 

might have many potential applications.  320 

lsadri et al. fabricated a highly stable chemically MGE nanofluids by using gallic acid through a 321 

one-pot free radical grafting strategy [69, 92, 93]. Because of the acid structure (phenol) and green 322 

properties, gallic acid could be a promising candidate for the further functionalization of graphene. 323 

H2O2 used in the procedure was firstly decomposed into a hydroxyl radical to initiate the radical 324 

coupling between graphene and gallic acid. In addition, H2O2 is an environmental friendly radical 325 

initiator that water is the sole product of the reaction. Rheological study revealed that this gallic acid 326 

MGE provided obvious increase in Nusselt number and convective heat transfer performance, while 327 

slight rising on friction factor and pumping power was observed, clearly proved the promising 328 

performance of the MGE material. Diamond is of great interest when employed as a nanofluid 329 

additive owing to its high thermal conductivity, hardness, and low electrical conductivity [94, 95]. 330 

However, its inherent hydrophobic property quite limited the wide use in preparation of nanofluids. 331 

Generally, gas annealing techniques or addition of a dispersant could make a better performance in 332 

terms of stability and fluid property [96]. Covalently modification of nanodiamond provided an 333 

efficient way to achieve permanent stable nano diamond filled nanofluid by changing the surface 334 
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characteristic. Representatively, Lukehart et al. developed a glycidol monomer surface modified 335 

nano diamond using an esterification reaction between the two components [97]. The prepared 336 

covalently modified diamond nanoparticle was proven to be highly stable in an EG based solvent 337 

and exhibited 12% thermal conductivity enhancement at a diamond nanoparticle concentration of 338 

0.9 vol %. Besides the aforementioned chemical compounded way, chemical modification was also 339 

feasible towards the fabrication of CNTs with the purpose for either enhanced static stability or 340 

thermal conductivity, some typical examples were listed in table 2.    341 

Table 2.  Typical examples of chemical modification of CNTs for either enhanced static stability 342 

or thermal conductivity of nanofluids. 343 

Nanoparticles Chemical 

method 

Base 

fluid 

Enhanceme

nt 

Remark Ref

ere

nce 

Oxygen 

functionalized 

CNTs 

Functional 

group 

modification 

Ethanol Not 

available 

 Keep stable for more 

than one year  

[98

] 

Carboxyl-

functionalized 

MWCNTs  

Chemical 

vapour 

deposition 

technique 

Water 0.08 vol % 

results in a 

7.26% 

thermal 

conductivity 

enhancemen

t 

The thermal boundary 

resistance and the 

thermal boundary 

conductance of 

MWCNT–

COOH/water were 

found to be 90×10-8 m2 

[99

] 
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KW-1 and 1.1 MW m-2 

K-1 

Carboxylic 

acids-treated 

MWCNTs 

Direct 

coupling  

Water 0.2 vol % 

results in a 

0.27% 

thermal 

conductivity 

enhancemen

t 

Not available [10

0] 

CuO-

MWCTNs  

Covalent 

functionaliz

ation 

Water  0.06 wt. % 

results in 

7.2% 

enhancemen

t 

 [10

1] 

Amine-

functionalized 

MWCNTs 

Chemical 

vapor 

deposition 

Water  Not 

available 

The CO2 absorption 

capacity of this 

nanofluid is 36% higher 

than that of water 

[10

2] 

MWCNT-Ag Covalent 

functionaliz

ation 

Water 1 wt. % 

results in a 

35%  

Thermal efficiency: 

MWCNT-Ag 

(1wt. %)>MWCNT- Ag 

[10

3] 
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thermal 

conductivity 

enhancemen

t 

(0.5 wt%)>MWCNT 

(1wt. %)>MWCNT (0.5 

wt%)>water 

  Boron nitride nanosheets, which are termed to be “white graphene”, are composed of several 344 

monolayer of hexagonal boron nitride. They exhibit a similar structure to that of graphene and have 345 

received much attention in recent years [104-106]. Notably, compared to graphene, they have a 346 

relatively lower density and electrical insulation, which led them to be a more desirable candidate 347 

in the field of nanofluid. However, exfoliation boron nitrides into few-layer boron nitride nanosheets 348 

has become one of the main obstacles for imposing it into nanofluids since it has an obvious effect 349 

on the thermal conductivity enhancement rate and stability of the final stage nanofluid. Based on 350 

this principle, Ajayan et al. used a liquid exfoliated method in isopropanol, and the nanofluid was 351 

obtained by redispersion in mineral oil in order to make use of the nanofluids as a kind of 352 

transformer oil [107]. Yu et al. reported a molten hydroxide assisted boron nitride exfoliation method 353 

to produce boron nitride nanosheet nanofluids [108]. Thanks to the hydroxide aided exfoliated step, 354 

the defects on the boron nitride nanosheets was captured by hydroxyl group, by which the affinity 355 

between boron nitride nanosheets and water was much improved and thermal conductivity was also 356 

enhanced consequently. Remarkably, thermal conductivity of this nanofluid could achieve to 2.39 357 

W/m-1K-1 at 24 vol % loading, indicating that the hydroxide modified nanofluids have a predominant 358 

thermally conductive performance. 359 

Moreover, Ghosh et al. synthesized dispersed oleic acid wrapped ceria nanoparticles using a 360 

simple chemical thermal decomposition of a cerium oleate complex in a high boiling point organic 361 
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solvent [109]. Oleic acid modification endowed the nanoparticle with high stability. Thermophysical 362 

study revealed that 14.6% thermal conductivity was produced at 50 oC with 0.7 vol.% solid loading. 363 

Chakraborty et al. fabricated a Cu-Al layered double hydroxide nanofluid using a cascade hydrolysis 364 

and sonication process [110]. Investigation on its thermophysical properties was studied that a 16.07% 365 

of thermal conductivity enhancement was obtained in 0.8 vol. % of filling rate. Notably, stability of 366 

this nanofluid was excellent that it possessed an approximate +50 mV zeta potential, and no 367 

sedimentation can be found after keeping for 4 days. Moreover, recently, several reports are engaged 368 

into the preparation of hybrid nanoparticle in either chemically compounded or decorated way. Due 369 

to the limitation of text space, some of them were summarized in table 3. 370 

Table 3. A summary of hybrid nano-materials filled nanofluids. 371 

Nanoparticles Chemical method Base fluid Ref. 

Functionalized graphene 

nanoplatelets (FGNs) 

Green steam 

exfoliated  

Water [111] 

Polystyrene encapsulated 

phase change material 

Mini-emulsion 

polymerization 

Water [112] 

Ag+NaSiO2 

Ag+TEOS 

Modified Stöber 

method 

Water [113] 

Sulfonated graphene  

(SGR) 

Chemical vapor 

deposition method 

Water   [114] 

MoS2 nanosheets and 

MoS2 nanowires 

Liquid phase 

exfoliation 

Eutectic mixture 

of diphenyl 

oxide and 

[115] 
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biphenyl 

β-CD-TiO2-Ag 

nanoparticles 

Coupling agent 

modification 

Commercially 

antifreeze 

[116] 

SnO2/rGO Facile low-

temperature solvo-

thermal method 

Water  [117] 

Synthesized SiO2/ZnO 

hybrid nanoparticles 

Modified sol-gel 

method 

Brine [118] 

Fe3O4/Graphene Hummer's method Water  [119] 

Polyhedral oligomeric 

silsesquioxane (POSS)-

decorated GO (POSS-

GO) nanosheets 

Solvent evaporation 

transfer method 

Silicone oil [120] 

CuO-chitosan 

nanocomposites 

Covalent 

functionalization 

Water  [101] 

372 
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2.2 Base solvent fabrication through a chemical approach 373 

2.2.1 Ionic liquid (IL) based nanofluids 374 

Base solvents of nanofluids have a vital position in nanofluids as they determine the basic properties 375 

of the resultant nanafluids, such as, thermal conductivity, electrical conductivity, viscosity, boiling 376 

point and melting point and so on [121]. Traditionally used base solvents, which could be generally 377 

catalogued into water, alcohols and oils, usually suffer from flammability, volatile or relatively 378 

narrow liquid range [122-124]. Those drawbacks heavily limit the application scope of nanofluids 379 

in specific using requirements. To alleviate the contradiction, ionic liquids (ILs), generally prepared 380 

through a synthetic chemical way, act as newly type of working fluids have been attracted ample 381 

attention in heat transfer and thermal storage application owing to their unique thermo-physical and 382 

chemical properties. In particular, non-flammability, non-volatility, chemical inertness and wide 383 

liquid range features of ILs, make them quite applicable as green working fluids for many chemical 384 

processes [125-127]. Recently, Moraveji et al. developed a FGNs filled ionic based nanofluid and 385 

studied upon its thermo-physical properties, such as viscosity, electrical conductivity and surface 386 

tension [128]. Experimental results illustrated that the viscosities of nanofluids decreased as the 387 

temperature increasing. Interestingly, the decreasing of viscosity can be observed when enhancing 388 

the concentration of nanoparticle. In this work, to ensure a good dispersity in BMIM-PF6 (1-butyl-389 

3-methylimidazolium hexafluorophosphate), the graphene nanoplatelets was modified by 390 

polycarboxylate. In order to understand the exact heat transfer mechanism of IL based nanofluids, 391 

Oster et al. performed an experimental work using a series of ILs and nanofillers [129]. From the 392 

results obtained in this work and a comparison between reported literatures, the authors found that 393 

the nano-layering on the nanoparticle surface was responsible for the specific heat capacity 394 
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enhancement.  395 

Owing to the extreme low vapor pressure and high thermal stability of ILs, it has been widely 396 

adopted in solar harvesting equipment [130, 131]. For example, Zhang et al. reported a graphene 397 

filled [HMIM]BF4 ILs nanofluid [132]. By setting a measurement setup, the solar harvesting 398 

efficiency was measured and calculated. It was found that the receiver efficiency could be kept at 399 

0.7 in a 5 cm receiver depth under a 20×1000 W m−2 sunlight irradiation strength under the condition 400 

of 0.0005 wt.% of graphene. Improving the affinity between base solvent and nanoparticle is an 401 

efficient way to improve the stability of IL based nanofluids. As a proof of concept, Zhang et al. 402 

prepared an ionic-liquid MGE, compared to the graphene without modification, this kind of 403 

graphene exhibited superior stability in MGE/[HMIM]BF4 base solvent [133]. Consequently, IL 404 

MGE filled nanofluid displayed enhanced solar receiver efficiency as compared to that of non-405 

modified one, which clearly illustrated the importance of the dispersive efficiency of graphene in 406 

IL environment. Zou et al. also prepared an IL based nanofluid for highly efficient sunlight 407 

absorption. The addition of SiC in IL could result in a clear thermal conductivity rising and specific 408 

heat capacity that 0.06 wt. % of SiC increase the thermal conductivity by 10.2% [134]. Viscosity of 409 

the nanofluids dropped as the increasing of weight fraction of SiC. Additionally, the optical 410 

experimental results showed that SiC played a positive effect on solar absorption where the 411 

extinction coefficient of 0.03 wt.% SiC IL nanofluids could increase by 5.8 cm-1. Additionally, Khan 412 

et al. studied Al2O3 nanoparticle enhanced IL based nanofluids by dispersing Al2O3 nanoparticles in 413 

1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide, ([C4mim][NTf2]) ILs for 414 

concentrated solar power applications. The experimental study investigated the effective thermo-415 

physical properties and forced convection heat transfer under laminar and turbulent flow regime. 416 
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The results show that thermal conductivity and heat capacity enhanced up to 11% and 49% 417 

respectively for the addition of 0.9 vol. % Al2O3 to the base IL. Zhao et al. developed an IL based 418 

nanofluid from MWNTs and 1-ethyl-3- methylimidazolium diethylphosphate [EMIM][DEP], or its 419 

aqueous solution[EMIM][DEP](1)+H2O(2) without addition of any dispersant [135]. Thermal 420 

conductivity of the obtained nanofluid was studied that thermal conductivity enhancements ranging 421 

from 1.3% to 9.7% in this work. Temperature also affected the thermal conductivity of the 422 

nanofluids that a linear correlation was found between testing temperature and the thermal 423 

conductivity value. Whereas, the addition of nanofiller showed a negative effect on the viscosity of 424 

the nanofluid that a remarkable increase over those of base fluids were found. 425 

Besides application in thermal storage or management field, it was also reported to be capable of 426 

being used as an efficient electrochemical sensor for IL based nanofluids. Xu et al. demonstrated an 427 

IL based nanofluid, which was prepared through extraction reduction method by using 1-butyl-3-428 

methylimidazolium hexafluorophosphate ([BMIm][PF6]) as a base solvent, poly(vinylpyrrolidone) 429 

as both a extracting reagent and a dispersant, and gold nanoparticles as nanofillers [136]. 430 

Experimental study indicated that this kind of nanofluid senor exhibited promising selectivity and 431 

reproducibility and sensibility towards human urine samples. Additionally, some other examples for 432 

IL based nanofluids were presented in table 4 because of the limitation of the text space. 433 

Table 4. Summary of IL based nanofluids. 434 

Base Fluids Nanoparticles Applications Ref. 

1-Butyl-4-methylpyri- 

dinium chloride 

Fe2O3 Solar energy 

harvesting 

[137] 

C2MIMBF4, Fe3O4 Magnetic [138] 
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C4MIMBF4, 

C6MIMBF4 

lubricant 

[BMIM][BF4] Nanodiamond Heat transfer  [139] 

[P66614][N(CN)2], 

[P66614][Br], 

[C2mim][SCN], 

[C4mim][SCN], 

[C2mim][C(CN)3], 

[C4mim][C(CN)3] 

MWCNTs Heat transfer  [140] 

[Deim][NTf2] [((MeO)3Sip)im][NTf2]-

tethered Al2O3 

Heat transfer [141] 

[C4mim][NTf2] Al2O3 Solar energy 

harvesting 

[142] 

[HMIM][NTf2] Ni/C Direct absorption 

solar collectors 

[130] 

[Bmim]PF6 MWCNTs Heat transfer [143] 

[C4mim]BF4, 

[C4mim]PF6 

MWCNTs Heat transfer [144] 

[P6,6,6,14 ]Cl AgI nanoparticle Heat transfer [145] 

[C4mim][(CF3SO2)2N], 

[C2mim][EtSO4] 

MWCNTs Heat transfer [146] 

[P8 8 8 12][OAc], CuO Catalysis [147] 
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[C4mim][OAc] Cu2O 

[C4mim][NTf2], 

[C6mim][NTf2], 

[C8mim][NTf2], 

[C4mim][CF3SO3], 

[C2mim][EtSO4], 

[C4mim][BF4], 

[C4mim][PF6] 

MWCNTs Heat transfer [148] 

[Bmim][PF6] Au nanoparticle Heat transfer  [149] 

[Bmim][PF6] Functionalized-MWCNTs Heat transfer [150] 

2.2.2 Deep eutectic solvent (DES) based nanofluids 435 

Despite various attractive features of IL based nanofluids, the application of IL has been less 436 

favorable due to the high cost, difficult to prepare and safety uncertainties. DES, which prepared 437 

from two or three components through a hydrogen bonding association, emerged an attractive IL 438 

alternative has been intensively studied in catalysis, electrochemistry and material chemistry [151]. 439 

Owing to its simple preparation procedure, environmental benign properties and easily accessible 440 

starting materials, it would be a more promising candidate for a base solvent of nanofluid. While, 441 

the study regarding its thermo-physical properties is rare to be seen in literatures, the reason might 442 

rely on the fact that DES is a solvent system mainly applied by chemist, researchers in thermal 443 

management are not familiar with this matter. However, as the blooming of DES, the investigation 444 

in nanofluids is gradually initiated and seen. For example, Walvekar et al. studied the static stability 445 

and thermo-physics of DES based carbon nanotube nanofluid [152]. In this work, the author made 446 
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a comprehensive study on the effect of DES that different types of DESs derived from phosphonium 447 

halide and ammonium halide salts were synthesized and subjected to prepare nanofluids. It was 448 

found that phosphonium based DESs exhibited the optimized stability performance. The highest 449 

thermal conductivity enhancement, 30%, was observed in the case of ammonium DESs based 450 

nanofluid, whereas negative thermal enhancement was observed in that of phosphonium DESs 451 

based nanofluids. Besides CNTs filled nanofluids, graphene was used to prepare nanofluids with the 452 

same constituents of DESs researched by the same group [153]. It was found that the highest thermal 453 

conductivity could reach to 177%, and it provided a novel type of engineered fluid for thermal 454 

management application. 455 

Liu et al. reported a glycerol/chlorine chloride DES based nanofluid, thermal conductivity 456 

enhancement of the as-prepared nanofluids ranged from 3.0 to11.4% by filling nanoscale of GO, 457 

TiO2 and Al2O3 [30, 154]. Particularly, nanofluids obtained in this work can be kept as a liquid state 458 

at a temperature range from -35 to 275 oC. The temperature dependent viscosities were studied and 459 

it was found that the concentration of nanofiller showed a slight effect on the viscosity of those of 460 

nanofluids. Specific heat capacities of the DESs based nanofluids were also studied. Notably, the 461 

author provided a chemical approach, FTIR and 1HNMR to study the heat transfer mechanism 462 

behind, and indicated that hydrogen bond between base solvent and nanoparticle acted an important 463 

role in heat transfer of the nanofluid as it determined the motion activity of the glycerol molecule.  464 

2.3 Fabrication of nanofluid through one-pot chemical method 465 

2.3.1 Synthesis of nanofluid through a one-step chemical pathway 466 

The main nanofluids fabrication method can be divided into two-step and one-step methods. One-467 

step method possessing a more stable property compared to two-step method since the formation of 468 
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nanoparticle was proceeded simultaneously with the dispersing them into a base solvent, which 469 

could thus ensure a superior dispersing efficiency. So, the predominant feature of the one-step 470 

preparation of nanofluids mainly lies on the excellent stability. While, as a compensation, the 471 

preparation method is usually more complicated than that of two-step fabricated way, which usually 472 

relies on a chemically converting process. For example, Gedanken et al. prepared a ZnO 473 

nanoparticle filled nanofluid via a one-step chemical decomposition method [155]. The key of this 474 

work was the high stable colloidal state ZnO in an aqueous medium with the aid of a biocompatible 475 

polymer as a stabilizing agent. ZnO nanoparticle was then produced under a treatment with 476 

ammonium hydroxide by irradiating with a high intensity ultrasonic Ti-horn. Owing to the superior 477 

stability as well as the biocompatibility of polyvinyl alcohol (PVA), this ZnO nanofluid was perhaps 478 

to be able to employ as a potential antibacterial agent for practical application. 479 

Qu et al. applied a CuO precursor to premix with water to prepare a super stable Cu(OH)2 colloidal 480 

[156]. The material could expose in a microwave oven for several minutes to ensure the formation 481 

of CuO nanoparticle. TEM image with respect to the nanoscale CuO was tested and result indicated 482 

that the morphology of CuO was approximately sphere and the diameter range from 7.5 to 12 nm. 483 

Thanks to the superior dispersing ability, this CuO nanofluid possessed a 30.4% receiver efficiency 484 

enhancement ratio compared with pristine water in the case of 0.25 wt.% nanofluid at the optimized 485 

depth of 1 cm.  486 

Zamzamian et al. synthesized a Cu nanoparticle filled EG based nanofluid and studied its 487 

performance when using as a thermal collector [157]. Though numerous studies regarding the use 488 

of nanofluids into flat-plate solar collector, this work provided a new one-step, where a chemical 489 

hydrolysis was involved, to access highly stable Cu nanoparticle filled nanofluids. Aiming at 490 
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obtaining a stable Cu nanoparticle, a copper precursor, CuSO4·5H2O was used to fully dissolve in 491 

base solvent, and the reduction process, which was induced by NaH2PO2·H2O in EG as the solvent. 492 

A similar work was done by Kumar et al. where a superior thermal conductivity, calculated to be 493 

1.34 times over than base solvent, was found [158]. Glucose can work as a reductant under the same 494 

reaction environment as demonstrated by Shenoy et al [159]. Besides EG base solvent nanofluid, 495 

this one-step method for making copper nanofluid was also applicable in the case of water based 496 

nanofluids. For example, Khoshvaght-Aliabadi et al. produced a copper water nanofluid by using a 497 

one-step method, namely electro-exploded wire technique [160]. This nanofluid was subsequently 498 

subjected to experimental analysis on thermal-hydraulic performance in different plate fin channels. 499 

IL could be also used as a reaction medium as well as base solvent to prepare a nanofluid in a one-500 

step chemical way. Zhang et al. fabricated a non-spherical gold IL nanofluid by adopting tannic acid 501 

as the reductant [161]. Mechanism study indicated that IL is of great importance for the whole 502 

reaction as it also acted as a synthetic template.  503 

2.3.2 One step synthesis of solvent free nanofluid through a chemical way  504 

Zheng et al. synthesized a solvent free nanofluid hybrid material which mainly consisted by  505 

MWCNTs and silica nanoparticle through a simple chemical compounded way [34]. In this work, 506 

3-(trimethoxysilyl)-1-propanethiol was applied to modify silica nanoparticles because nanoparticles 507 

are prone to be flocculated and agglomerated without modification. The solvent-free hybrid 508 

nanofluids containing MWCNTs that decorated with silica nanoparticles were synthesized through 509 

PEO-b-PPO-b-PEO and carboxylic MWCNTs. Surface of MWCNTs was modified to carboxyl 510 

group to provide hydrophilicity. Experimental results revealed that those groups were quite 511 

necessary for MWCNTs to further integrate with other functional groups. In this work, 512 
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MWCNTs/silica nanoparticle content can reach to 31 wt. % with keeping a liquid-like behavior in 513 

the absence of solvent at 45 oC. Notably, the solidification and melting process shows a promising 514 

reverse ability that it could be kept over many cycles without changing both phase transition 515 

temperature and latent heat which proved the highly stability of the as-prepared solvent-free 516 

nanofluid. 517 

Besides MWCNTs, graphene could be also used in preparation of solvent-free nanofluid by 518 

modifying the structure of graphene. Graphene oxide/titanium dioxide (GO/TiO2) solvent-free 519 

nanofluid was firstly synthesized by Zheng et al. by employing GO and TiO2, which was in-situ 520 

deposited through a chemical hydrolysis process, as a core material, (3-glycidyloxypropyl) trime 521 

thoxysilane (KH560) and polyetheramine-M2070 as the shell material. The nanofluids displayed 522 

promising performance toward great fluidity, thermal stability and solubility in a series of organic 523 

solvents [162]. A novel multifunctional graphene/Fe3O4 filled nanofluid that displayed a low 524 

viscosity and liquid behavior at room temperature with GO@Fe3O4 as a core and sulfuric acid-tailed 525 

organosilaned as corona and polyether amine as canopy was also developed by Zheng et al [163]. 526 

The hybrid nanofluid displayed superaramagnetism with specific magnetization of 0.39 emu/g 527 

owing to existence of Fe3O4. Li and Zheng et al. reported a chemically MGE based solvent free 528 

nanofluid from tertiary amine and sulfonate anions (Fig. 5a and 5b) [164]. The graphene content of 529 

the nanofluid was up to 12.05 wt. % and thickness of the MGE ranged from 2 to 5 nm. The 530 

conductivity performance of G-PEGs showed that the percolation threshold was around 0.99 vol. %. 531 

It should be noted that the G-PEGs featured a relative low viscosity at an ambient temperature (67.6 532 

pa·s at 20 oC). Moreover, the G-PEGs displayed an excellent dispersing ability in several solvents, 533 

such as ethanol and water. These properties of G-PEGs offered some new technical and scientific 534 
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chances for the further utilization of graphene. Further study revealed that the graphene based 535 

solvent-free nanofluid can be employed as lubricant as demonstrated by Zhang and Li et al [165]. 536 

GO was also capable to be used as a core to construct a solvent-free nanofluid. As demonstrated by 537 

Li and Zheng et al., a solvent-free GO nanoribbons colloids can be achieved by grating 538 

organosilanes and polyether amine (Fig. 5c and 5d) [166]. Properties of the as-prepared nanofluids, 539 

such as mechanical, thermal and tribological were comprehensively studied. The obtained 540 

experimental results and the characteristic of this solvent-free nanofluid revealed that a green and 541 

facile approach to alleviate the friction coefficient of this kind of resin-based composite was realized. 542 

Hybrid nanofluid, synthesized from a composite core of poly(2-dimethylamino ethyl 543 

methacrylate) microgel and silica (PDMAEMA/SiO2) and a shell of polyetheramine (M2070), was 544 

reported by Yao et al. via a sequential inversed emulsion polymerization, biomimetic solidification 545 

and grafting approach (Fig. 5e and 5f) [167]. CO2 adsorption performance of these nanofluids was 546 

studied under a series of CO2 pressure ranging from 0.5  MPa to 4.5 MPa at 25 °C. These results 547 

revealed that nanofluid with a walnut core/shell structure showed a much enhanced CO2 adsorption 548 

capacity compared with that of solid spherical one. Importantly, this type of nanofluids displayed 549 

an excellent stability that it could be kept almost unchanged over ten adsorption-desorption cycles.  550 

Zheng et al. prepared a series of core/shell organic/inorganic hybrid nanoparticle materials by 551 

using MWCNTs and silicon SiO2 as the core materials [168]. The as-prepared material displayed a 552 

liquid state without adding water at ambient temperature, further study revealed that those kinds of 553 

materials can be categorized into three types, namely, the power strip model, the collapse model and 554 

the critical model, upon the weight ratio of the two components in the core. CO2 absorption ability 555 

was used to evaluate the performance of the as-prepared nanofluids, and the study indicated that 556 
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nanofluids with the power strip model showed the optimized adsorption capacity for CO2 probably 557 

owing to capacity for the reaction with CO2 derived from its low viscosity and active groups. 558 

 559 

Fig.5 (a) Reaction scheme of the liquid-like graphene nanofluids (b)Solubility of G-SID and the 560 

solvent-free graphene nanofluid (c) Schematic diagram of steps for the synthesis of a solvent-free 561 

GO nanoribbons colloids (GONRS-M2070) and GONRs-M2070/ epoxy resin (EP) composites (d) 562 

A schematic representation of wear mechanism of the GONRs-M2070/EP composites. (e) 563 

Expansion of poly(2-dimethylamino ethyl methacrylate) microgel and silica (PDMAEMA/SiO2) 564 

a b 

c d 

e f 
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nanofluids and their magnification (inset) and contraction of PDMAEMA/SiO2 nanofluids.(f) 565 

carbon dioxide adsorption properties of Walnut core structures for nanofluids. (Fig. 5a and 5b were 566 

reproduced with permission from ref. [164], Copyright (2014) Elsevier ) (Fig. 5c and 5d were 567 

reproduced with permission from ref.[166], Copyright (2016) Elsevier) (Fig. 5e and 5f were 568 

reproduced with permission from ref.[167], Copyright (2019) Elsevier)  569 

Fabrication MWCNTs with polyether amine canopy structure enabled a liquid like solvent-free 570 

nanofluid reported by Li and Zheng et al [168, 169]. The unprotonated amine part concentration has 571 

a great influence on CO2 uptake ability. Meanwhile, the lower melting point and viscosity of this 572 

MWCNTs based solvent free facilitated a promising CO2 absorption efficiency. It should be noted 573 

that this work provided an evidence that the as-obtained solvent-free nanofluid displayed exciting 574 

CO2 capture capacities compared to that of corresponding pristine polyether amine and MWCNTs, 575 

which clearly showed the merits of the solvent-free MWCNTs nanofluids. Additionally, some 576 

typical examples were summarized in table 5. 577 

Table 5. One-step synthesis of stable polymer aided nanofluids. 578 

Corona and canopy Nanoparticles Applications Ref. 

Organosilanes 

(KH560) and polyether 

amine (M2070) 

GO nanoribbon Enhanced 

mechanical, 

thermal and 

tribological 

performance 

[166] 

Ionically tethered 

polyether amine 

terminated polymers 

MCNTs Carbon dioxide 

uptake 

[169] 

Hyperbranched Graphene Lubricants [165] 
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polyamine-ester 

Tertiary amine and 

sulfonate anions  

Graphene -- [164] 

Sulfuric acid-

terminated 

organosilanes and 

polyether amine  

Graphene@Fe3O4 -- [163] 

KH560 and M2070 MWCNTs/SiO2 Carbon dioxide 

uptake 

[168] 

KH560 and M2070 SiO2 Carbon dioxide 

uptake 

[167] 

3. Nanofluid utilized in micro/nano scale energy transportation 579 

Owing to this unique characteristic which derived from Brownian motion and nanoscale effect of 580 

nanofliller, endows nanofluids with advantageous heat and mass transfer properties, and utilization 581 

in nano/micro heat exchangers. Especially in the heat exchanger, which recognized to be a classical 582 

energy transportation field, nanofluids play a key role, and a predominate researcher, Khanlari, has 583 

made a series of contribution in this aspect.[170-173] whereas, applying nanofluids to absorb gas, 584 

liquid or solid pollutants from the point of view of environment protection, adjusting the chemical 585 

reaction proceedings through the regulation of reaction temperature or acting as a catalyst to 586 

promote organic chemical reactions etc. in which energy transportation is the dominate factor and 587 

also belongs to the energy related application field that should be considered since nanofluids were 588 
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able to play a key role in those processes, were concerned by few people so far. Out of this 589 

consideration, this review aims to summarize the recent advances in utilization of nanofluids in a 590 

chemical related micro/nano energy transportation way, to make a supplementary for a vast of 591 

reviews with respect to nanofluids using in thermal related fields.  592 

3.1 Nanofluids used as catalysts to promote organic reactions  593 

Nanofluids are mainly consisted of a dispersed nanometer scale solid particle and a base solvent. 594 

Because nanofluids exhibit high thermal conductivity and high stability, they have been widely used 595 

in the field of thermal management and energy storage [174-177]. Investigation relating their 596 

applications in chemical production or chemical transformation is not widely seen. In the meantime, 597 

catalysis, especially for heterogeneous catalysis, has a predominant role in chemical reactions for 598 

the production of bulk and fine chemicals in industry and academia as it is recyclable after the 599 

reaction [178-180]. Among heterogeneous catalysis, nanoscale based catalyst has been paid much 600 

research attention due to its unique chemical, physical, optic, and mechanic properties derived from 601 

the special nano-size effect. Combining the advantageous of nanofluids and heterogeneous catalysis 602 

might be an interesting topic in terms of reaction efficiency and environmental considerations and 603 

provide new inspirations for advancing novel chemical diversity [181, 182]. It is also rational to 604 

predict that nanofluids may be applicable in realizing heterogeneous catalysis due to their similar 605 

working component [183, 184]. Moreover, owing to the superior stability of nanofluids, they also 606 

provided an efficient pathway to facilitate the heterogeneous catalysis in microreactors, especially 607 

in a flow reaction system. For example, Su et al. demonstrated a heterogeneous catalysis in 608 

microreactors by the means of nanofluids for the production of fine chemicals (Fig. 6a,6b and 6c) 609 

[35]. In this work, a heterogeneous catalyst which fabricated from immobilization of FeCl3 catalyst 610 
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on a nanoscale SiO2 was synthesized and applied into the preparation of benzyl chloride nanofluids. 611 

In order to achieve a high stability, dispersant sodiumdodecylbenzenesulfonate (SDBS) was used 612 

along with the nanoparticle. Experimental results revealed that the reaction was proceeded smoothly 613 

in a micro-reactor based flow system towards the benzylation of toluene with benzyl chloride for 614 

the synthesis of monobenzyl toluene and dibenzyl toluene. Notably, the nanofluids catalyst can be 615 

reused for at least three times with keeping its comparable reactivity. It should be mentioned that 616 

this study paved a pathway for realizing the utilization of nanofluids in micro reactor. 617 

 618 

Fig.6 (a) Schematic overview of the experimental apparatus. (b) Schematic diagram of nanofluids 619 

in a capillary microreactorc. (c) The mechanism of alkylation between toluene and benzyl chloride. 620 

(Fig.6a,6b and 6c were reproduced with permission from ref. [35], Copyright (2018) Elsevier)  621 

In addition, Tamaddon et al. used ZnO filled nanofluids as dual media and efficient catalyst for 622 

chemo-selective amidation aliphatic carboxylic acid [185]. ZnO oxide is a versatile metal oxide 623 

a 

b 
c 
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which has been adopted as a catalyst in a series of organic reactions. It has a low price and 624 

environmentally friendly. Moreover, its high capacity, high heat conductivity and low thermal 625 

expansion make it as a good candidate for using in preparation of nanofluids. Besides, amides are 626 

of great importance when used as building blocks in the synthesis of several drugs, peptides, 627 

polymers and agrochemicals. In this work, nanofluids, made from ZnO nanoparticles and glycerol 628 

base solvent was used as both catalyst and reaction medium. Other kinds of metal oxides, including 629 

TiO2, MgO, Al2O3 were tested upon the construction of amides, among them, ZnO quite stood out 630 

that afford the desired product in optimized yield. This ZnO glycerol nanofluid system was also 631 

proven to be applicable for a broad substrate scope that carboxylic acid bearing varies substituents 632 

could participate in the reaction in good and excellent yields, which offered considerable merits in 633 

terms of simplicity, availability for scale up, low environmental and economic burden and excellent 634 

chemoselectivity.  635 

Methanol reforming is a promising route for the production of hydrogen since it was a low cost 636 

and less toxicity resource and easy to store. Generally, catalysts for methanol reformation was found 637 

to be copper or noble-metals, among them, copper-based catalyst is favorable due to the relative low 638 

price, however, the reforming temperature reaction temperature of methanol to hydrogen is up to 639 

200-300 oC, hence, a large amount of external energy input is needed. Xuan et al. proposed a 640 

CuO/ZnO composite filled nanofluid, which could act both a reaction catalyst for methanol 641 

reforming reaction and solar harvesting medium to fulfill the temperature requirement, thus the 642 

external heating could be omitted [186, 187]. Experiment results revealed that the maximum 643 

temperature of the nanofluids could reach to 72.649 oC with the volume fraction of 0.01%, and the 644 

photothermal efficiency was up to 97.3% at 30 oC. 645 
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Besides metal oxide nanofluid, metal nanofluid which prepared from a reduction method was 646 

also reported to be capable of using in catalysis. For example, Moumen et al. synthesized a 647 

palladium nanoparticle using a polyol assited-microwave process in a few minutes [188]. The 648 

synthesis of nanofluids mainly relied on the reduction of metal salt in an EG medium in the presence 649 

of a copolymer which employed as both reductant and stabilizer. Microscopy analysis revealed that 650 

the nanoparticle was distributed in a narrow diameter range. Notably, this stable palladium was 651 

proven to be highly efficient towards Suzuki-Miyaura reaction, Heck reaction and Sonogashiya 652 

reaction, which clearly demonstrated the feasibility of nanofluids in terms of catalysis. Furthermore, 653 

Yue et al. prepared three different kinds of palladium nanoparticle catalysts with the modification 654 

of octadecanethiol, octadecylamine and both [189]. Highly stable palladium nanoparticle filled 655 

nanofluids was prepared by dispersing three different kinds of palladium in decalin and kerosene. 656 

Pyrolysis of decalin-based nanofuids experiment indicated that the palladium filled nanofluids 657 

displayed good stability which derived from the combined effects of palladium and its ligands. Li 658 

et al. prepared a series of gold nanoparticle filled nanofluids with the aid of a several of surfactants, 659 

such as N,N-dimethylhexadecylamine and butanediyl-1,4-bis(dimethylcetyl ammonium bromide) 660 

[190], The as-prepared hydrophobic gold nanoparticle exhibited superior stability in non-polar 661 

solvent. It should be mentioned that this high stable nanofluid offered a superior catalytic activity 662 

for cracking of tricycle decane over the thermal cracking. 663 

3.2 Nanofluids used as gas absorption mediums 664 

Gas pollution has become a critical problem for the current trend of sustainable economic and 665 

industrial development. Greenhouse gases in the atmosphere are important components of gas 666 

pollution resulted by a rapid increasing of industrial development. Thus, greenhouse gas capture 667 



42 
 

from industrial gas stream by using efficient and economic devise is of great significance. 668 

Nanofluids have been subjected to study in various application occasions with the purpose of 669 

improving the heat and mass transfer efficiency [191, 192]. Numerous reports concerning the mass 670 

transfer enhancement of nanofluid were seen in literatures, in the meantime, owing to the superior 671 

mass transfer performance, nanofluids were also demonstrated to be capable of using in gas 672 

absorption field, especially for using as CO2 absorbents. For example, Rezakazemi et al. reported 673 

water based nanofluids by filling CNT and SiO2 with a hollow fiber membrane contactor by using 674 

a numerical simulation method [193]. The study showed that the absorption rate could reach to 16% 675 

by introduction of 0.05 wt. % of SiO2 nanoparticle, CNTs displayed a much higher adsorption 676 

efficiency that could achieve to 34% for the same mass fraction of CNTs nanofluids. Keshavarz et 677 

al. studied SiO2 and CNTs nanoparticle filled water based nanofluids for CO2 absorption in an 678 

experimental way, it was found that CNTs showed a much better separation performance than that 679 

of SiO2 and CO2, and the gas absorption efficiency decreased slightly with the increasing CO2 inlet 680 

concentration probably due to the saturation of the fluids [194]. Keshavarz et al. gave a 681 

comprehensive study on CO2 absorption performance of DW based Fe3O4, CNT, SiO2, and Al2O3 682 

filled nanofluids [32]. A pilot-scaled hollow fiber membrane was installed to study the gas-liquid 683 

separation efficiency. The results showed that some parameters, including, gas flowing rate, liquid 684 

flowing rate, concentration of inlet CO2 and the nanoparticle concentration could heavily affect the 685 

CO2 absorption efficiency. The utmost absorption rate enhancements for different nanoparticle filled 686 

nanofluids are 43.8% at 0.15 wt. % Fe3O4, 38.0% at 0.1 wt. % CNT, 25.9% at 0.05 wt. % SiO2, and 687 

3.0% at 0.05 wt. % Al2O3 respectively compared with their corresponding base solvent. Besides 688 

water based nanofluids, Keshavarz et al. also studied amine solution based nanofluids for its CO2 689 
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absorption performance by using SiO2, Al2O3, CNT, and Fe3O4 nanoparticles as nanofillers (Fig. 7a 690 

and 7b) [195]. 691 

Kang et al. not only studied the absorption efficiency and mechanism of SiO2 and Al2O3 692 

nanofluids, but regeneration of the nanofluids after CO2 absorption was also studied that Al2O3 693 

exhibited both superior up taking and regeneration performance over SiO2, which were quite in line 694 

with their previous research results (Fig. 7c and 7d) [196, 197]. To further understand the 695 

mechanism behind CO2 absorption performance efficiency, research regarding the CO2 regeneration 696 

system was studied by using a visualized platform that the surface effect between nanoparticle and 697 

CO2 was heavily affected the working performance of the nanofluids [198].  698 

 699 

Fig.7 (a) the scheme of nanofluid absorb CO2 (b) At the concentration of 0.02 wt %, pressure of 40 700 

bar and temperature of 308 K, the absorption of carbon dioxide by SiO2, Al2O3, Fe3O4 and CNT 701 

nanofluids. (c) Novel Silica Filled DES Based Nanofluids for Energy Transportation. (d) Absorption 702 

mechanism of nanofluids ( Fig.7a and 7b were reproduced with permission from ref. [195], 2015 703 

American Chemical Society) (Fig.7c and 7d were reproduced with permission from ref.[197], 2017 704 

a b 

c d 
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American Chemical Society) 705 

Kang et al. developed nanofluids with the addition of Al2O3 and SiO2 nanoparticles in methanol 706 

base solvent for CO2 absorption in a tray column absorber through an experimental method [199]. 707 

The results indicated that the absorption enhancements for Al2O3 and SiO2 were 9.4% and 9.7% 708 

respectively compared with pristine methanol. The author pointed out that SiO2 gave a better 709 

performance than that of Al2O3 from the point of view of absorption ability. Mass transfer 710 

characteristics during CO2 bubble absorption and diffusion process in nanofluid with Al2O3 711 

nanoparticle, the surface tension and viscosity of the nanofluids were also investigated to know CO2 712 

absorption performance by the same group [196]. Haghtalab et al. studied CO2 absorption in SiO2 713 

and ZnO filled water based nanofluid, it was found that the enhancement of CO2 solubility in ZnO 714 

water nanofluid over SiO2 water nanofluid and pure water. Moreover, the mechanism responsible 715 

for the CO2 absorption enhancement for this nanofluids was presented in this work [200]. Lu et al. 716 

also experimentally demonstrated the effect of nano-particles on CO2 absorption in a stirred 717 

thermostatic reactor by using Al2O3 and carbon nanotube particle and studied the surface effect on 718 

CO2 absorption performance [201].    719 

Mohebbi et al. proposed an amine-based nanofluid with the aim at simultaneously absorbing of 720 

CO2 and H2S from a CO2/H2S/CH4 gas mixture by filling with nanoscale Al2O3 [202]. A wetted wall 721 

column system in a laboratory was employed to study the gas absorption efficiency. The results 722 

showed that CO2 absorption efficiency could get a 33% improvement at 0.05 wt. % of Al2O3/amine-723 

based nanofluids, and also 40% at 0.05 wt. % of SiO2/amine-based nanofluids. The basic solvent, 724 

piperazine, was also proven to be efficient for CO2 absorption by combining nano heavy metal oxide 725 

particles, TiO2, ZnO and ZrO, as demonstrated by Ghaemi et al [203]. In this work, a continuous 726 
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stirrer bubble column was set up for CO2 passing through the platform, the research results revealed 727 

that some process parameter, such as nanoparticle type, solid loading and stirring speed played 728 

important roles for CO2 capturing. Interestingly, the author found that the absorption performance 729 

of the nanofluids went up when the stirring speed was lower than 200 rpm, while, it became worse 730 

when a higher stirring speed was tested. In addition, methyldiethanolamine, another amine type base 731 

solvent, was also reported to be an efficient nanofluid base solvent for CO2 absorption by blending 732 

with polyethyleneimine functionalized copper nanoparticle [204]. Moreover, Sun et al. studied CO2 733 

absorption in an aqueous amine solution based nanofluid by using a 3D unsteady model, and found 734 

that the mass transfer model was feasible towards the prediction of the experimental results 735 

reliability [205]. 736 

Darvanjooghi et al. prepared a Fe3O4/water nanofluid under the impact of AC and DC magnetic 737 

fields [206]. The coated Fe3O4 nanoparticle were prepared through a co-precipitation method, some 738 

characterization indicated that the nanoparticle surfaces were uniformly coated with hydroxyl 739 

groups, thus a good affinity in water solvent could be expected. In addition, the experimental results 740 

demonstrated that mass diffusivity of CO2 in nanofluid increased when the intensity of the magnetic 741 

field increased and the diffusion layer thickness was thus decreased. Esfahany et al. studied the 742 

nanofluids with respect to their utilization in a biogas, H2S, absorption. Oxygen group 743 

functionalities and silanol group was attached on GO and synthesized silica respectively with the 744 

aim to enhance their absorption ability [207]. It should be mentioned that GO/water nanofluid could 745 

absorb H2S while CO2 absorption was diminished to zero when the nanoparticle concentration 746 

higher than 0.02 wt. % owing to the oxygen groups attraction effect on GO surface.    747 

3.3 Nanofluids used as electrolytes 748 
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As it is well known, research regarding the nanofluids was initiated aiming at solving the poor 749 

thermal conductivity of single-phase working fluids. Numerous references revealed that the ionic 750 

conductivity enhancement mechanism was in fact similar to heat conductivity in nanofluids. In the 751 

meantime, a main obstacle for the increase of the energy density of cell was relying on the working 752 

voltage. While, the cell voltage was heavily associated by the chemical stability of the electrolyte 753 

because a higher voltage would inevitably result in decomposition of electrolyte caused by the 754 

production of a large amount of Joule heat owing to its relatively poor electrical conductivity. 755 

Therefore, from the point of view of improving cell density, a nanofluid based electrolyte will be an 756 

important alternative for traditionally used single phase electrolyte. The study upon the using 757 

nanofluid in electrolyte has been frequently in literatures. For example, Qian et al. reported a 4 V 758 

supercapacitor by using an EMIBF4-SWCNT nanofluid electrolyte with the purpose to increase the 759 

capacitance of the supercapacitor [208]. At a scan rate of 200 mV s-1, the capacitance performances 760 

of the electrode in different electrolytes were studied, the results indicated that the supercapacitor 761 

has a gross improved capacitance performance owing to the participation of nanoscale MWCNTs. 762 

The effect of SWCNTs in ILs on the cycling stability was tested at 4V and a scan rate of 200 mV-1 763 

for 4000 cycles, which clearly demonstrated the superior stability of this nanofluid based electrolyte. 764 

The author also expanded the nanofluid electrolyte into a 5V supercapacitor system to enhance the 765 

energy density, capacitance and broaden the power density of electrode. The cycling experiment 766 

suggested that the cycling stability was greatly improved due to the decrease of bulk phase resistance 767 

of IL (Fig.8a and 8b)[209]. Additionally, mass transfer phenomena in nanofluids, which composed 768 

by nanoscale Al2O3 and base electrolyte was studied by Wilk et al (Fig.8c and 8d) [210]. The 769 

experimental results revealed that the mass transfer ratio was not proportional to the increase in 770 
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particle fraction and the mass transfer coefficients achieved the lowest values at the largest value of 771 

particle fraction by using the electrochemical limiting current technique. 772 

 773 
Fig.8 (a) The capacitive properties of the supercapacitor (SCs) with pure IL and different nanofluids 774 

as electrolytes. SCs CV curve at a high scanning rate of 100 mV/ s and 200mV/s (b) cycling stability 775 

of different SCs under 5 V at the scan rate of 100 mV s-1. (Fig. 8a and 8b were reproduced with 776 

permission from ref.[209], Copyright (2015) Elsevier) 777 

Devaraj et al. studied the capacitance enhancement in the supercapacitor by using SiOx nanofluid 778 

based electrolyte [211]. The capacitance properties of MnCO3 were studied in 0.1 M Mg(ClO4)2 779 

electrolyte in the presence of SiOx nanofluid in electrolyte. The study suggested that the addition of 780 

small amount of SiO2 nanofluid in the electrolyte provided a higher diffusivity and a more 781 

conductive route. Also, the nanofluid containing electrolyte was quite stable that it can be kept over 782 

a month without precipitation.  783 

Besides using in supercapacitor, nanofluids based electrolyte can be applied in a lithium metal 784 

battery. For example, Bhattacharya et al. incorporated IL functionalized TiO2 nanoparticle with low 785 

conductive 0.6 M lithium salt doped N-methyl-N-butylpyrrolidinium 786 

bis(trifluoromethylsulfonyl)limide IL electrolyte with the aim to improve the ionic conductivity and 787 

the lithium transference number in electrolyte [212]. It was found that the Li/LiMn2O4 cell with IL 788 

based nanofluids electrolyte delivered a discharge capacity of about 131 mAh/g at 25 oC, which was 789 

a b 
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significantly higher than that of conventional 0.2 M Li salt dissociated Pyr(14)TFSI electrolyte. The 790 

outstanding capacity retention performance of the cell as compared to conventionally used one 791 

clearly indicated that the great application potentiality of this optimized novel electrolyte for safer 792 

and environmental benign lithium batteries. MWCNTs was applicable to disperse in electrolytes to 793 

improve the energy storage capacity of vanadium redox flow battery reported by Park et al [213]. 794 

In this work, nanofluids with different mass fraction of MWCNTs were tested and compared with 795 

the pristine electrolytes. Gómez-Romero et al. applied a LiFePO4/rGO aqueous nanofluid into 796 

battery and supercapacitor material in flow cells [214]. In this work, a battery material and a 797 

supercapacitor material in form of nanoparticle dispersed in an aqueous electrolyte to evaluate the 798 

electrochemical activity of this electroactive nanofluids. Effective application of dispersed 799 

electroactive particles was demonstrated, which turned out to be superior to the same LiFePO4 800 

materials. This research paved a way for the possible application of electroactive nanofluid 801 

electrodes in an alternative flow battery. Moreover, Feng et al. studied the electrical conductivity 802 

and diffusion behavior of ferro/ferricyanide-electrolyte-based alumina filled water-based nanofluids 803 

[215]. The author demonstrated the stable alumina nanofluid which prepared using a sequential 804 

stirred bead milling method and tested its electrical conductivity that can be up to 2420 muS/cm at 805 

23 oC. Owing to the considerable high electrical conductivity and stability, the nanofluids were 806 

deemed to possessing the potential to be used in a thermo-galvanic application.  807 

3.4 Nanofluids used as temperature regulation mediums to control the reaction process 808 

Besides working as a thermal conductive medium for thermal energy transferring and management, 809 

nanofluids can be adopted in some other temperature regulation fields. Process intensification, 810 

firstly termed in the 1980s, composed varies approaches leading to chemical process in a small 811 
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footprint which featured by inherently safe, reduce or eliminate the need for toxic compounds and 812 

energy efficient. The principle of intensification is reducing the length and length scales of reaction 813 

platform where mass and heat transfer might happen. One of the possibilities in increasing the total 814 

efficiency of process intensification are relying on improving the heat transfer efficiency of the 815 

micro-exchangers. Among them, modification of the surface of fluid flow system and enhancement 816 

the thermal conductivity of the fluid itself are the main two solutions. Nanofluids, possessing a 817 

superior thermal conductivity could be an ideal choice for heat transferring medium. For example, 818 

Lapkin et al. applied nanofluids in process intensification for the reduction of benzaldehyde (Fig. 9) 819 

[216]. In this work, TiO2 material was dispersed in ethylene glycerol to form nanofluids to study an 820 

integrated reactor-heat exchanger. Experimental results indicated that a 35% increase in the overall 821 

heat transfer coefficient was obtained under a steady and continuous experimental condition. 822 

Moreover, the nanofluids afforded a very rapid response for the reaction of an aromatic aldehyde 823 

with molecular hydrogen under dynamic reaction control through prompt temperature regulation. 824 

 825 

Fig.9 Experimental rig for heat transfer and hydrogenation of benzaldehyde experiments and the benzyl 826 

alcohol concentration in the outlet of the reactor as a function of the reaction temperature. (Reproduced 827 

with permission from ref. [216], Copyright (2018) Royal Society of Chemistry) 828 

4 Conclusion and outlook  829 
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Since the unearthing of nanofluids, numerous reports, relating their preparation methodologies, 830 

analysis approach, real application for heat and mass transfer intensification, and heat transfer 831 

mechanism were widely found [217, 218]. In the meantime, chemistry is one of the most basic 832 

subjects to study the matter formation and constituents. This paper is aim at summarizing the 833 

nanofluids preparation process in which a chemical transformation was involved and application 834 

scope of nanofluids in energy transportation related fields. For the preparation of nanofluids in terms 835 

of chemical approach, nanoparticle formation in a chemical way, base solvent production in a 836 

chemical way and synthesizing nanofluids in a chemical one-step way were included. The 837 

application of nanofluids in some unsummarized energy transportation fields, such as catalysis in 838 

organic reactions, gas absorption, electrolyte and temperature regulator medium were 839 

comprehensively discussed. This paper will ambiguously provide a refence for the people who 840 

wants to developed a desired nanofluid with a specific function. Anyway, the utilization of 841 

nanofluids in some other uncommon occasions would beneficial for people knowing the energy 842 

transportation and harvesting insight and thus further broadening the utilization scope of nanofluids, 843 

especially in materials synthesis, carbon emission decreasing and renewable energy storage and 844 

transportation fields.     845 

Though nanofluids have been showing vastly exciting potential application, hinders before their 846 

commercialization are still existed. To accelerate the pace for advancing of nanofluids, the following 847 

issues should be paid more efforts in the future: 848 

1. Mechanism responsible for the thermal conductivity enhancement should be paid more 849 

attention.  850 

So far, many models and theoretical formulas were launched to predict or verify the experiment 851 
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results, however, an agreement between experiment results and theoretical is still lack to some 852 

degree [219, 220]. Additionally, experiments result from different groups sometimes are not 853 

inconsistent. So, to make a relatively uniform principle to study the behavior of nanofluids in a more 854 

scientific way, it is important to find more influence factors that dominate the performance of 855 

nanofluids. 856 

2. Stability of nanofluids is a crucial issue for both practical utilization and scientific research.  857 

Because of the heterogeneous state of nanofluids and density difference between nanofillers and 858 

base solvent, the aggregation and sedimentation of nanoparticles are inevitable. For the long-term 859 

stability, and the stability in a practical condition, and the stability after thermal cycles should be 860 

paid more attention because it will cause the clogging of flow system in a real application system. 861 

Adding a dispersant is a common approach to solve this problem, however, the decomposition and 862 

aging of dispersant will result in a negative effect in the case of complicated application conditions 863 

and long-term stability. Permanent modification of nanoparticle in a chemical methodology to 864 

enhance the affinity of nanofillers and base solvents should be a more efficient way to increase the 865 

stability inherently.  866 

3. The investigation of the thermal performance of nanofluids at a wide temperature range is 867 

insufficient.  868 

Study the nanofluids application at a wide temperature range may widen the possible application 869 

scope, such as in high temperature solar energy absorption, high temperature energy storage and 870 

low temperature thermal management[221]. In this case, base solvents play a crucial role to fulfil 871 

the requirements. Traditionally, IL is a promising choice owing to its wide liquid range and less 872 

volatile, however, it also suffers from high costly, sophisticated preparation procedure and safety 873 
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uncertainty. So, a more environmentally benign and less costly alternative would be more promising. 874 

Meanwhile, facilities that could be applied in high temperature analysis are needed to be further 875 

improved. Moreover, the high temperature will accelerate the decomposition of dispersant used for 876 

the stabilization of nanofluids that should be further considered. 877 

4. Flow drag reduction of nanofluids is crucial for practical application. 878 

Viscosity rising with the increasing fraction of nanofillers is an important drawback because it 879 

associates with the pumping power. Increasing the compatibility between nanofillers and the base 880 

fluids through modification of the interface properties of the two phases should be a feasible 881 

approach to address the flaws [222]. Besides, the effect of microscope morphology of nanofillers 882 

needed to be considered in terms of drag reduction in various shape flow systems.      883 

5. Nanofluids recycle is a topic that should be paid more attention. 884 

Recycle nanofluids could not only significantly reduce the material consumption, in particular for 885 

nanofillers, but also avoid the secondary pollution caused by the nanoparticles. However, the 886 

separation of nanoparticle from the base solvent is still a main bottleneck because it is somehow a 887 

kind of contradictory to the stability of suspension. To facilitate the recyclability, external field, such 888 

as magnetic, electricity and force were usually used in the specific nanoparticle cases. For example, 889 

He et al. synthesized the recyclable Fe3O4@TiO2 and Fe3O4@CNT for photo-thermal conversion 890 

system [223, 224]. Due to the presence of magnetic component, these types of nanoparticles could 891 

be facilely recovered from the nanofluids, and the recovery rate and efficiency could be controlled 892 

by adjusting the external magnetic field strength and direction. Therefore, nanofillers with specific 893 

properties in a chemical modification approach provide more chance for recycling nanofluids in a 894 

facile way.   895 
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6. Nanofluids in micro/nano scale applications have great potential to be further explored. 896 

Though nanofluids are well recognized to be enhanced thermal conductivity and some unique 897 

properties owing to the contribution of nanofillers, the application of nanofluids in energy 898 

transportation, especially in some related micro/nano scale energy transportation was heavily 899 

hindered by the abovementioned shortcomings. On the other hand, as the continuous size shrinkage 900 

of electric devises and the raising power input, highly efficient micro/nano scale energy 901 

transportation and transfer is at the core of scientific research and engineering applications. As a 902 

novel working fluid, nanofluid will ambiguous attract ample attention and visibility, we hope this 903 

review paper can help people to understand nanofluids in terms of either the preparation or 904 

application scope.     905 

 906 

Acknowledgements 907 

Thanks for financial support from the National Natural Science Foundation of China (No. 908 

51906252). The Natural Science Foundation of Jiangsu Province (No. BK20190632) and China 909 

Postdoctoral Science Foundation (2019M661980) are also acknowledged. 910 

The permission for all copyrighted figures cited in this work has been obtained. 911 

Reference912 

[1] Buongiorno J. Convective transport in nanofluids. Journal of Heat Transfer-Transactions of the Asme. 

2006;128:240-50. 

[2] Khanafer K, Vafai K, Lightstone M. Buoyancy-driven heat transfer enhancement in a two-dimensional 

enclosure utilizing nanofluids. International Journal of Heat and Mass Transfer. 2003;46:3639-53. 

[3] Eastman JA, Choi SUS, Li S, Yu W, Thompson LJ. Anomalously increased effective thermal 

conductivities of ethylene glycol-based nanofluids containing copper nanoparticles. Applied Physics 

Letters. 2001;78:718-20. 

[4] Xuan YM, Roetzel W. Conceptions for heat transfer correlation of nanofluids. International Journal 

of Heat and Mass Transfer. 2000;43:3701-7. 

[5] Xuan YM, Li Q. Heat transfer enhancement of nanofluids. International Journal of Heat and Fluid 

Flow. 2000;21:58-64. 

[6] Choi SUS. Nanofluids: From Vision to Reality Through Research. Journal of Heat Transfer. 



54 
 

2009;131:033106--9. 

[7] Timofeeva EV, Gavrilov AN, McCloskey JM, Tolmachev YV, Sprunt S, Lopatina LM, et al. Thermal 

conductivity and particle agglomeration in alumina nanofluids: experiment and theory. Phys Rev E Stat 

Nonlin Soft Matter Phys. 2007;76:061203. 

[8] Xu Q. Coordination chemistry for energy Preface. Coordination Chemistry Reviews. 2018;373:1-. 

[9] Qi C, Yang L, Chen T, Rao Z. Experimental study on thermo-hydraulic performances of TiO2-H2O 

nanofluids in a horizontal elliptical tube. Applied Thermal Engineering. 2018;129:1315-24. 

[10] Liu C, Rao Z, Zhao J, Huo Y, Li Y. Review on nanoencapsulated phase change materials: Preparation, 

characterization and heat transfer enhancement. Nano Energy. 2015;13:814-26. 

[11] Jiang G, Ni X, Yang L, Li W, Li Y, Deng Z. Synthesis of superamphiphobic nanofluid as a multi-

functional additive in oil-based drilling fluid, especially the stabilization performance on the water/oil 

interface. Colloids and Surfaces a-Physicochemical and Engineering Aspects. 2020;588. 

[12] Said Z, Assad MEH, Hachicha AA, Bellos E, Abdelkareem MA, Alazaizeh DZ, et al. Enhancing the 

performance of automotive radiators using nanofluids. Renewable & Sustainable Energy Reviews. 

2019;112:183-94. 

[13] Rashidi S, Akar S, Bovand M, Ellahi R. Volume of fluid model to simulate the nanofluid flow and 

entropy generation in a single slope solar still. Renewable Energy. 2018;115:400-10. 

[14] Akbarzadeh M, Rashidi S, Karimi N, Ellahi R. Convection of heat and thermodynamic irreversibilities 

in two-phase, turbulent nanofluid flows in solar heaters by corrugated absorber plates. Advanced 

Powder Technology. 2018;29:2243-54. 

[15] Leong KY, Ku Ahmad KZ, Ong HC, Ghazali MJ, Baharum A. Synthesis and thermal conductivity 

characteristic of hybrid nanofluids – A review. Renewable and Sustainable Energy Reviews. 2017;75:868-

78. 

[16] Dhinesh Kumar D, Valan Arasu A. A comprehensive review of preparation, characterization, 

properties and stability of hybrid nanofluids. Renewable and Sustainable Energy Reviews. 

2018;81:1669-89. 

[17] Pang W, Cui Y, Zhang Q, Wilson GJ, Yan H. A comparative analysis on performances of flat plate 

photovoltaic/thermal collectors in view of operating media, structural designs, and climate conditions. 

Renewable & Sustainable Energy Reviews. 2020;119. 

[18] Trisaksri V, Wongwises S. Critical review of heat transfer characteristics of nanofluids. Renewable & 

Sustainable Energy Reviews. 2007;11:512-23. 

[19] Heris SZ, Esfahany MN, Etemad SG. Experimental investigation of convective heat transfer of 

Al2O3/water nanofluid in circular tube. International Journal of Heat and fluid flow. 2007;28:203-10. 

[20] He Y, Jin Y, Chen H, Ding Y, Cang D, Lu H. Heat transfer and flow behaviour of aqueous suspensions 

of TiO2 nanoparticles (nanofluids) flowing upward through a vertical pipe. International Journal Of Heat 

And Mass Transfer. 2007;50:2272-81. 

[21] Duangthongsuk W, Wongwises S. Measurement of temperature-dependent thermal conductivity 

and viscosity of TiO2-water nanofluids. Experimental Thermal and Fluid Science. 2009;33:706-14. 

[22] Bessman SP, Geiger PJ. Transport of energy in muscle: the phosphorylcreatine shuttle. Science (New 

York, NY). 1981;211:448-52. 

[23] Pop E. Energy Dissipation and Transport in Nanoscale Devices. Nano Research. 2010;3:147-69. 

[24] Baliga J, Ayre RWA, Hinton K, Tucker RS. Green Cloud Computing: Balancing Energy in Processing, 

Storage, and Transport. Proceedings of the IEEE. 2011;99:149-67. 

[25] Shetty PS, Watrasiewicz KE, Jung RT, James WP. Rapid-turnover transport proteins: an index of 



55 
 

subclinical protein-energy malnutrition. Lancet (London, England). 1979;2:230-2. 

[26] Zhao H, Xia J, Yin D, Luo M, Yan C, Du Y. Rare earth incorporated electrode materials for advanced 

energy storage. Coordination Chemistry Reviews. 2019;390:32-49. 

[27] Said Z, Arora S, Bellos E. A review on performance and environmental effects of conventional and 

nanofluid-based thermal photovoltaics. Renewable & Sustainable Energy Reviews. 2018;94:302-16. 

[28] Rashidi S, Karimi N, Mahian O, Abolfazli Esfahani J. A concise review on the role of nanoparticles 

upon the productivity of solar desalination systems. Journal of Thermal Analysis and Calorimetry. 

2019;135:1145-59. 

[29] Rashidi S, Javadi P, Esfahani JA. Second law of thermodynamics analysis for nanofluid turbulent flow 

inside a solar heater with the ribbed absorber plate. Journal of Thermal Analysis and Calorimetry. 

2019;135:551-63. 

[30] Liu C, Fang H, Liu X, Xu B, Rao Z. Novel Silica Filled Deep Eutectic Solvent Based Nanofluids for 

Energy Transportation. Acs Sustainable Chemistry & Engineering. 2019;7:20159-69. 

[31] Lingling W, Guihua Z, Wei Y, Jia Z, Xiaoxiao Y, Qiang L, et al. Integrating nitrogen-doped graphitic 

carbon with Au nanoparticles for excellent solar energy absorption properties. Solar Energy Materials 

and Solar Cells. 2018;184:1-8. 

[32] Peyravi A, Keshavarz P, Mowla D. Experimental Investigation on the Absorption Enhancement of 

CO2 by Various Nanofluids in Hollow Fiber Membrane Contactors. Energy & Fuels. 2015;29:8135-42. 

[33] Liu J, Xu C, Chen LL, Fang XM, Zhang ZG. Preparation and photo-thermal conversion performance 

of modified graphene/ionic liquid nanofluids with excellent dispersion stability. Solar Energy Materials 

and Solar Cells. 2017;170:219-32. 

[34] Zhang J-X, Zheng Y-P, Lan L, Mo S, Yu P-Y, Shi W, et al. Direct Synthesis of Solvent-Free Multiwall 

Carbon Nanotubes/Silica Nonionic Nanofluid Hybrid Material. ACS Nano. 2009;3:2185-90. 

[35] Pu X, Su Y. Heterogeneous catalysis in microreactors with nanofluids for fine chemicals syntheses: 

Benzylation of toluene with benzyl chloride over silica-immobilized FeCl3 catalyst. Chemical Engineering 

Science. 2018;184:200-8. 

[36] Dubal DP, Rueda-Garcia D, Marchante C, Benages R, Gomez-Romero P. Hybrid Graphene-

Polyoxometalates Nanofluids as Liquid Electrodes for Dual Energy Storage in Novel Flow Cells. Chem Rec. 

2018;18:1076-84. 

[37] Hamzah MH, Sidik NAC, Ken TL, Mamat R, Najafi G. Factors affecting the performance of hybrid 

nanofluids: A comprehensive review. International Journal Of Heat And Mass Transfer. 2017;115:630-

46. 

[38] Zeng J, Xuan Y. Tunable full-spectrum photo-thermal conversion features of magnetic-plasmonic 

Fe3O4/TiN nanofluid. Nano Energy. 2018;51:754-63. 

[39] Zeng J, Xuan Y. Enhanced solar thermal conversion and thermal conduction of MWCNT-SiO2/Ag 

binary nanofluids. Applied Energy. 2018;212:809-19. 

[40] Hjerrild NE, Mesgari S, Crisostomo F, Scott JA, Amal R, Taylor RA. Hybrid PV/T enhancement using 

selectively absorbing Ag–SiO2/carbon nanofluids. Solar Energy Materials and Solar Cells. 2016;147:281-

7. 

[41] Aguilar T, Sani E, Mercatelli L, Carrillo-Berdugo I, Torres E, Navas J. Exfoliated graphene oxide-based 

nanofluids with enhanced thermal and optical properties for solar collectors in concentrating solar 

power. Journal of Molecular Liquids. 2020;306:112862. 

[42] Carrillo-Berdugo I, Grau-Crespo R, Zorrilla D, Navas J. Interfacial molecular layering enhances 

specific heat of nanofluids: Evidence from molecular dynamics. Journal of Molecular Liquids. 



56 
 

2021;325:115217. 

[43] Martínez-Merino P, Sánchez-Coronilla A, Alcántara R, Martín EI, Navas J. Insights into the stability 

and thermal properties of WSe2-based nanofluids for concentrating solar power prepared by liquid 

phase exfoliation. Journal of Molecular Liquids. 2020;319:114333. 

[44] Gómez-Villarejo R, Estellé P, Navas J. Boron nitride nanotubes-based nanofluids with enhanced 

thermal properties for use as heat transfer fluids in solar thermal applications. Solar Energy Materials 

and Solar Cells. 2020;205:110266. 

[45] Qing SH, Rashmi W, Khalid M, Gupta TCSM, Nabipoor M, Hajibeigy MT. Thermal conductivity and 

electrical properties of hybrid SiO2-graphene naphthenic mineral oil nanofluid as potential transformer 

oil. Materials Research Express. 2017;4. 

[46] Li X, Chen Y, Mo S, Jia L, Shao X. Effect of surface modification on the stability and thermal 

conductivity of water-based SiO2-coated graphene nanofluid. Thermochimica Acta. 2014;595:6-10. 

[47] Du S, Sun J, Wu P. Preparation, characterization and lubrication performances of graphene oxide-

TiO2 nanofluid in rolling strips. Carbon. 2018;140:338-51. 

[48] Sadeghinezhad E, Mehrali M, Akhiani AR, Tahan Latibari S, Dolatshahi-Pirouz A, Metselaar HSC, et 

al. Experimental study on heat transfer augmentation of graphene based ferrofluids in presence of 

magnetic field. Applied Thermal Engineering. 2017;114:415-27. 

[49] Mehrali M, Sadeghinezhad E, Akhiani AR, Tahan Latibari S, Metselaar HSC, Kherbeet AS, et al. Heat 

transfer and entropy generation analysis of hybrid graphene/Fe 3 O 4 ferro-nanofluid flow under the 

influence of a magnetic field. Powder Technology. 2017;308:149-57. 

[50] Mehrali M, Ghatkesar MK, Pecnik R. Full-spectrum volumetric solar thermal conversion via 

graphene/silver hybrid plasmonic nanofluids. Applied Energy. 2018;224:103-15. 

[51] Syam Sundar L, Singh MK, Ferro MC, Sousa ACM. Experimental investigation of the thermal 

transport properties of graphene oxide/Co 3 O 4 hybrid nanofluids. International Communications in 

Heat and Mass Transfer. 2017;84:1-10. 

[52] Askari S, Lotfi R, Rashidi AM, Koolivand H, Koolivand-Salooki M. Rheological and thermophysical 

properties of ultra-stable kerosene-based Fe3O4/Graphene nanofluids for energy conservation. Energy 

Conversion and Management. 2016;128:134-44. 

[53] Bahiraei M, Mazaheri N, Rizehvandi A. Application of a hybrid nanofluid containing graphene 

nanoplatelet–platinum composite powder in a triple-tube heat exchanger equipped with inserted ribs. 

Applied Thermal Engineering. 2019;149:588-601. 

[54] Bahiraei M, Heshmatian S. Thermal performance and second law characteristics of two new 

microchannel heat sinks operated with hybrid nanofluid containing graphene–silver nanoparticles. 

Energy Conversion and Management. 2018;168:357-70. 

[55] Bahiraei M, Heshmatian S. Efficacy of a novel liquid block working with a nanofluid containing 

graphene nanoplatelets decorated with silver nanoparticles compared with conventional CPU coolers. 

Applied Thermal Engineering. 2017;127:1233-45. 

[56] Yarmand H, Gharehkhani S, Ahmadi G, Shirazi SFS, Baradaran S, Montazer E, et al. Graphene 

nanoplatelets–silver hybrid nanofluids for enhanced heat transfer. Energy Conversion and Management. 

2015;100:419-28. 

[57] Yarmand H, Gharehkhani S, Ahmadi G, Shirazi SFS, Baradaran S, Montazer E, et al. Graphene 

nanoplatelets-silver hybrid nanofluids for enhanced heat transfer. Energy Conversion and Management. 

2015;100:419-28. 

[58] Meng Y, Su F, Chen Y. Supercritical Fluid Synthesis and Tribological Applications of Silver 



57 
 

Nanoparticle-decorated Graphene in Engine Oil Nanofluid. Scientific Reports. 2016;6. 

[59] Seyed Shirazi SF, Gharehkhani S, Yarmand H, Badarudin A, Cornelis Metselaar HS, Kazi SN. Nitrogen 

doped activated carbon/graphene with high nitrogen level: Green synthesis and thermo-electrical 

properties of its nanofluid. Materials Letters. 2015;152:192-5. 

[60] Sadri R, Hosseini M, Kazi SN, Bagheri S, Abdelrazek AH, Ahmadi G, et al. A facile, bio-based, novel 

approach for synthesis of covalently functionalized graphene nanoplatelet nano-coolants toward 

improved thermo-physical and heat transfer properties. Journal of Colloid and Interface Science. 

2018;509:140-52. 

[61] Baughman RH, Zakhidov AA, de Heer WA. Carbon nanotubes - the route toward applications. 

Science. 2002;297:787-92. 

[62] Gong K, Du F, Xia Z, Durstock M, Dai L. Nitrogen-Doped Carbon Nanotube Arrays with High 

Electrocatalytic Activity for Oxygen Reduction. Science. 2009;323:760-4. 

[63] Peng X, Chen J, Misewich JA, Wong SS. Carbon nanotube-nanocrystal heterostructures. Chemical 

Society Reviews. 2009;38:1076-98. 

[64] Hosseini M, Sadri R, Kazi SN, Bagheri S, Zubir N, Bee Teng C, et al. Experimental Study on Heat 

Transfer and Thermo-Physical Properties of Covalently Functionalized Carbon Nanotubes Nanofluids in 

an Annular Heat Exchanger: A Green and Novel Synthesis. Energy & Fuels. 2017;31:5635-44. 

[65] Sadri R, Hosseini M, Kazi SN, Bagheri S, Zubir N, Solangi KH, et al. A bio-based, facile approach for 

the preparation of covalently functionalized carbon nanotubes aqueous suspensions and their potential 

as heat transfer fluids. Journal of Colloid and Interface Science. 2017;504:115-23. 

[66] Hosseini M, Abdelrazek AH, Sadri R, Mallah AR, Kazi SN, Chew BT, et al. Numerical study of turbulent 

heat transfer of nanofluids containing eco-friendly treated carbon nanotubes through a concentric 

annular heat exchanger. International Journal of Heat and Mass Transfer. 2018;127:403-12. 

[67] Hung Y-H, Wang W-P, Hsu Y-C, Teng T-P. Performance evaluation of an air-cooled heat exchange 

system for hybrid nanofluids. Experimental Thermal and Fluid Science. 2017;81:43-55. 

[68] Teng TP, Wang WP, Hsu YC. Fabrication and Characterization of Nanocarbon-Based Nanofluids by 

Using an Oxygen-Acetylene Flame Synthesis System. Nanoscale Res Lett. 2016;11:288. 

[69] Sadri R, Hosseini M, Kazi SN, Bagheri S, Ahmed SM, Ahmadi G, et al. Study of environmentally 

friendly and facile functionalization of graphene nanoplatelet and its application in convective heat 

transfer. Energy Conversion and Management. 2017;150:26-36. 

[70] Shi L, He Y, Hu Y, Wang X. Thermophysical properties of Fe3O4@CNT nanofluid and controllable 

heat transfer performance under magnetic field. Energy Conversion and Management. 2018;177:249-

57. 

[71] Carrillo-Berdugo I, Zorrilla D, Sánchez-Márquez J, Aguilar T, Gallardo JJ, Gómez-Villarejo R, et al. 

Interface-inspired formulation and molecular-level perspectives on heat conduction and energy storage 

of nanofluids. Scientific Reports. 2019;9:7595. 

[72] Han ZH, Yang B, Kim SH, Zachariah MR. Application of hybrid sphere/carbon nanotube particles in 

nanofluids. Nanotechnology. 2007;18. 

[73] Baghbanzadeh M, Rashidi A, Rashtchian D, Lotfi R, Amrollahi A. Synthesis of spherical 

silica/multiwall carbon nanotubes hybrid nanostructures and investigation of thermal conductivity of 

related nanofluids. Thermochimica Acta. 2012;549:87-94. 

[74] Amini F, Miry SZ, Karimi A, Ashjaee M. Experimental Investigation of Thermal Conductivity and 

Viscosity of SiO2/Multiwalled Carbon Nanotube Hybrid Nanofluids. Journal of Nanoscience and 

Nanotechnology. 2019;19:3398-407. 



58 
 

[75] Van Trinh P, Anh NN, Hong NT, Hong PN, Minh PN, Thang BH. Experimental study on the thermal 

conductivity of ethylene glycol-based nanofluid containing Gr-CNT hybrid material. Journal of Molecular 

Liquids. 2018;269:344-53. 

[76] Van Trinh P, Anh NN, Thang BH, Quang LD, Hong NT, Hong NM, et al. Enhanced thermal conductivity 

of nanofluid-based ethylene glycol containing Cu nanoparticles decorated on a Gr–MWCNT hybrid 

material. RSC Advances. 2017;7:318-26. 

[77] Megatif L, Ghozatloo A, Arimi A, Shariati-Niasar M. Investigation of Laminar Convective Heat 

Transfer of a Novel Tio2–Carbon Nanotube Hybrid Water-Based Nanofluid. Experimental Heat Transfer. 

2015;29:124-38. 

[78] Abbasi S, Zebarjad SM, Baghban SHN, Youssefi A. Comparison between Experimental and 

Theoretical Thermal Conductivity of Nanofluids Containing Multi-walled Carbon Nanotubes Decorated 

with TiO2Nanoparticles. Experimental Heat Transfer. 2016;29:781-95. 

[79] Syam Sundar L, Sousa ACM, Singh MK. Heat Transfer Enhancement of Low Volume Concentration 

of Carbon Nanotube-Fe3O4/Water Hybrid Nanofluids in a Tube With Twisted Tape Inserts Under 

Turbulent Flow. Journal of Thermal Science and Engineering Applications. 2015;7. 

[80] Sundar LS, Singh MK, Sousa ACM. Enhanced heat transfer and friction factor of MWCNT–

Fe3O4/water hybrid nanofluids. International Communications in Heat and Mass Transfer. 2014;52:73-

83. 

[81] Abbasi SM, Rashidi A, Nemati A, Arzani K. The effect of functionalisation method on the stability 

and the thermal conductivity of nanofluid hybrids of carbon nanotubes/gamma alumina. Ceramics 

International. 2013;39:3885-91. 

[82] Theres Baby T, Sundara R. Synthesis of silver nanoparticle decorated multiwalled carbon 

nanotubes-graphene mixture and its heat transfer studies in nanofluid. AIP Advances. 2013;3. 

[83] Jyothirmayee Aravind SS, Ramaprabhu S. Graphene wrapped multiwalled carbon nanotubes 

dispersed nanofluids for heat transfer applications. Journal of Applied Physics. 2012;112:124304. 

[84] Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, Stach EA, et al. Graphene-based 

composite materials. Nature. 2006;442:282-6. 

[85] Balandin AA. Thermal properties of graphene and nanostructured carbon materials. Nature 

Materials. 2011;10:569-81. 

[86] Balandin AA, Ghosh S, Bao W, Calizo I, Teweldebrhan D, Miao F, et al. Superior thermal conductivity 

of single-layer graphene. Nano Letters. 2008;8:902-7. 

[87] Baby TT, Ramaprabhua S. Investigation of thermal and electrical conductivity of graphene based 

nanofluids. Journal of Applied Physics. 2010;108. 

[88] Yu W, Xie H, Wang X, Wang X. Significant thermal conductivity enhancement for nanofluids 

containing graphene nanosheets. Physics Letters A. 2011;375:1323-8. 

[89] Ni G, Miljkovic N, Ghasemi H, Huang X, Boriskina SV, Lin C-T, et al. Volumetric solar heating of 

nanofluids for direct vapor generation. Nano Energy. 2015;17:290-301. 

[90] Xu Y, Bai H, Lu G, Li C, Shi G. Flexible Graphene Films via the Filtration of Water-Soluble Noncovalent 

Functionalized Graphene Sheets. Journal of the American Chemical Society. 2008;130:5856-7. 

[91] Zhai P, Wang Y, Liu C, Wang X, Feng S-P. Electric-Field-Tunable Conductivity in Graphene/Water and 

Graphene/Ice Systems. Small. 2017;13:1701149. 

[92] Sadri R, Mallah AR, Hosseini M, Ahmadi G, Kazi SN, Dabbagh A, et al. CFD modeling of turbulent 

convection heat transfer of nanofluids containing green functionalized graphene nanoplatelets flowing 

in a horizontal tube: Comparison with experimental data. Journal of Molecular Liquids. 2018;269:152-



59 
 

9. 

[93] Sadri R, Hosseini M, Kazi SN, Bagheri S, Zubir N, Ahmadi G, et al. A novel, eco-friendly technique for 

covalent functionalization of graphene nanoplatelets and the potential of their nanofluids for heat 

transfer applications. Chemical Physics Letters. 2017;675:92-7. 

[94] Ward A, Broido DA, Stewart DA, Deinzer G. Ab initio theory of the lattice thermal conductivity in 

diamond. Physical Review B. 2009;80. 

[95] Lindsay L, Broido DA, Reinecke TL. First-Principles Determination of Ultrahigh Thermal Conductivity 

of Boron Arsenide: A Competitor for Diamond? Physical Review Letters. 2013;111:5. 

[96] Williams OA, Hees J, Dieker C, Jaeger W, Kirste L, Nebel CE. Size-Dependent Reactivity of Diamond 

Nanoparticles. Acs Nano. 2010;4:4824-30. 

[97] Branson BT, Beauchamp PS, Beam JC, Lukehart CM, Davidson JL. Nanodiamond Nanofluids for 

Enhanced Thermal Conductivity. Acs Nano. 2013;7:3183-9. 

[98] Karthikeyan A, Coulombe S, Kietzig AM, Stein RS, van de Ven T. Interaction of oxygen functionalized 

multi-walled carbon nanotube nanofluids with copper. Carbon. 2018;140:201-9. 

[99] Van Trinh P, Anh NN, Tam NT, Hong NT, Hong PN, Minh PN, et al. Influence of defects induced by 

chemical treatment on the electrical and thermal conductivity of nanofluids containing carboxyl-

functionalized multi-walled carbon nanotubes. RSC Adv. 2017;7:49937-46. 

[100] Shanbedi M, Heris SZ, Amiri A, Eshghi H. Synthesis of water-soluble Fe-decorated multi-walled 

carbon nanotubes: A study on thermo-physical properties of ferromagnetic nanofluid. Journal of the 

Taiwan Institute of Chemical Engineers. 2016;60:547-54. 

[101] Cheedarala RK, Park E, Kong K, Park Y-B, Park HW. Experimental study on critical heat flux of highly 

efficient soft hydrophilic CuO–chitosan nanofluid templates. International Journal Of Heat And Mass 

Transfer. 2016;100:396-406. 

[102] Jorge L, Coulombe S, Girard-Lauriault P-L. Nanofluids Containing MWCNTs Coated with Nitrogen-

Rich Plasma Polymer Films for CO2Absorption in Aqueous Medium. Plasma Processes and Polymers. 

2015;12:1311-21. 

[103] Shanbedi M, Heris SZ, Amiri A, Baniadam M. Improvement in Heat Transfer of a Two-Phased 

Closed Thermosyphon Using Silver-Decorated MWCNT/Water. Journal of Dispersion Science and 

Technology. 2014;35:1086-96. 

[104] Golberg D, Bando Y, Huang Y, Terao T, Mitome M, Tang C, et al. Boron Nitride Nanotubes and 

Nanosheets. Acs Nano. 2010;4:2979-93. 

[105] Dean CR, Young AF, Meric I, Lee C, Wang L, Sorgenfrei S, et al. Boron nitride substrates for high-

quality graphene electronics. Nature Nanotechnology. 2010;5:722-6. 

[106] Novoselov KS, Mishchenko A, Carvalho A, Castro Neto AH. 2D materials and van der Waals 

heterostructures. Science. 2016;353. 

[107] Taha-Tijerina J, Narayanan TN, Gao G, Rohde M, Tsentalovich DA, Pasquali M, et al. Electrically 

Insulating Thermal Nano-Oils Using 2D Fillers. ACS Nano. 2012;6:1214-20. 

[108] Hou X, Wang M, Fu L, Chen Y, Jiang N, Lin CT, et al. Boron nitride nanosheet nanofluids for 

enhanced thermal conductivity. Nanoscale. 2018;10:13004-10. 

[109] Sreeremya TS, Krishnan A, Peer Mohamed A, Hareesh US, Ghosh S. Synthesis and characterization 

of cerium oxide based nanofluids: An efficient coolant in heat transport applications. Chemical 

Engineering Journal. 2014;255:282-9. 

[110] Chakraborty S, Sarkar I, Haldar K, Pal SK, Chakraborty S. Synthesis of Cu–Al layered double 

hydroxide nanofluid and characterization of its thermal properties. Applied Clay Science. 2015;107:98-



60 
 

108. 

[111] Zhao H-R, Ding J-H, Ji D, Xu B-Y, Yu H-B. Highly thermoconductive fluid with aqueous compatible 

graphene. Materials Research Express. 2019;6:055014. 

[112] Joseph M, Sajith V. An investigation on heat transfer performance of polystyrene encapsulated n-

octadecane based nanofluid in square channel. Applied Thermal Engineering. 2019;147:756-69. 

[113] Taylor RA, Hjerrild N, Duhaini N, Pickford M, Mesgari S. Stability testing of silver nanodisc 

suspensions for solar applications. Applied Surface Science. 2018;455:465-75. 

[114] Radnia H, Rashidi A, Solaimany Nazar AR, Eskandari MM, Jalilian M. A novel nanofluid based on 

sulfonated graphene for enhanced oil recovery. Journal Of Molecular Liquids. 2018;271:795-806. 

[115] Navas J, Martínez-Merino P, Sánchez-Coronilla A, Gallardo JJ, Alcántara R, Martín EI, et al. MoS2 

nanosheets vs. nanowires: preparation and a theoretical study of highly stable and efficient nanofluids 

for concentrating solar power. Journal of Materials Chemistry A. 2018;6:14919-29. 

[116] Lim KH, Kim S, Kweon H, Moon S, Lee CH, Kim H. Preparation of graphene hollow spheres from 

vacuum residue of ultra-heavy oil as an effective oxygen electrode for Li-O-2 batteries. Journal of 

Materials Chemistry A. 2018;6:4040-7. 

[117] Yu X, Wu Q, Zhang H, Zeng G, Li W, Qian Y, et al. Investigation on Synthesis, Stability, and Thermal 

Conductivity Properties of Water-Based SnO(2)/Reduced Graphene Oxide Nanofluids. Materials (Basel). 

2017;11. 

[118] Khazaei M, Hosseini MS. Synthesis hydrophilic hybrid nanoparticles and its application in 

wettability alteration of oil-wet carbonate rock reservoir. Petroleum Science and Technology. 

2017;35:2269-76. 

[119] Askari S, Koolivand H, Pourkhalil M, Lotfi R, Rashidi A. Investigation of Fe 3 O 4 /Graphene 

nanohybrid heat transfer properties: Experimental approach. International Communications In Heat 

And Mass Transfer. 2017;87:30-9. 

[120] Graham M, Shchukina E, De Castro PF, Shchukin D. Nanocapsules containing salt hydrate phase 

change materials for thermal energy storage. Journal of Materials Chemistry A. 2016;4:16906-12. 

[121] Minea AA, Murshed SMS. A review on development of ionic liquid based nanofluids and their heat 

transfer behavior. Renewable and Sustainable Energy Reviews. 2018;91:584-99. 

[122] Li H, He Y, Hu Y, Jiang B, Huang Y. Thermophysical and natural convection characteristics of ethylene 

glycol and water mixture based ZnO nanofluids. International Journal Of Heat And Mass Transfer. 

2015;91:385-9. 

[123] Hu Y, He Y, Qi C, Jiang B, Schlaberg HI. Experimental and numerical study of natural convection in 

a square enclosure filled with nanofluid. International Journal Of Heat And Mass Transfer. 2014;78:380-

92. 

[124] Chen M, He Y, Zhu J, Kim DR. Enhancement of photo-thermal conversion using gold nanofluids 

with different particle sizes. Energy Conversion and Management. 2016;112:21-30. 

[125] Zhang X, Pan L, Wang L, Zou J-J. Review on synthesis and properties of high-energy-density liquid 

fuels: Hydrocarbons, nanofluids and energetic ionic liquids. Chemical Engineering Science. 2018;180:95-

125. 

[126] Wang W, Wu Z, Li B, Sunden B. A review on molten-salt-based and ionic-liquid-based nanofluids 

for medium-to-high temperature heat transfer. Journal of Thermal Analysis and Calorimetry. 

2019;136:1037-51. 

[127] Osama M, Singh A, Walvekar R, Khalid M, Gupta TCSM, Yin WW. Recent developments and 

performance review of metal working fluids. Tribology International. 2017;114:389-401. 



61 
 

[128] Alizadeh J, Keshavarz Moraveji M. An experimental evaluation on thermophysical properties of 

functionalized graphene nanoplatelets ionanofluids. International Communications in Heat and Mass 

Transfer. 2018;98:31-40. 

[129] Oster K, Hardacre C, Jacquemin J, Ribeiro APC, Elsinawi A. Understanding the heat capacity 

enhancement in ionic liquid-based nanofluids (ionanofluids). Journal of Molecular Liquids. 

2018;253:326-39. 

[130] Zhang L, Liu J, He G, Ye Z, Fang X, Zhang Z. Radiative properties of ionic liquid-based nanofluids for 

medium-to-high-temperature direct absorption solar collectors. Solar Energy Materials and Solar Cells. 

2014;130:521-8. 

[131] Liu J, Wang F, Zhang L, Fang X, Zhang Z. Thermodynamic properties and thermal stability of ionic 

liquid-based nanofluids containing graphene as advanced heat transfer fluids for medium-to-high-

temperature applications. Renewable Energy. 2014;63:519-23. 

[132] Liu J, Ye Z, Zhang L, Fang X, Zhang Z. A combined numerical and experimental study on 

graphene/ionic liquid nanofluid based direct absorption solar collector. Solar Energy Materials and Solar 

Cells. 2015;136:177-86. 

[133] Liu J, Xu C, Chen L, Fang X, Zhang Z. Preparation and photo-thermal conversion performance of 

modified graphene/ionic liquid nanofluids with excellent dispersion stability. Solar Energy Materials and 

Solar Cells. 2017;170:219-32. 

[134] Chen W, Zou C, Li X. An investigation into the thermophysical and optical properties of SiC/ionic 

liquid nanofluid for direct absorption solar collector. Solar Energy Materials and Solar Cells. 

2017;163:157-63. 

[135] Xie H, Zhao Z, Zhao J, Gao H. Measurement of thermal conductivity, viscosity and density of ionic 

liquid [EMIM][DEP]-based nanofluids. Chinese Journal Of Chemical Engineering. 2016;24:331-8. 

[136] Ding S, Lü X, Liu J, Xü R. Application of Ionic Liquid-based Nanofluids Containing Gold 

Nanoparticles in an Electrochemical Sensor for Uric Acid. Chemistry Letters. 2014;43:1835-7. 

[137] Joseph A, Fal J, Zyla G, Mathew S. Nanostructuring of 1-butyl-4-methylpyridinium chloride in ionic 

liquid-iron oxide nanofluids. Journal of Thermal Analysis and Calorimetry. 2019;135:1373-80. 

[138] Shi X, Huang W, Wang X. Ionic liquids-based magnetic nanofluids as lubricants. Lubrication Science. 

2018;30:73-82. 

[139] Jorjani S, Mozaffarian M, Pazuki G. A novel Nanodiamond based IoNanofluid: Experimental and 

mathematical study of thermal properties. Journal Of Molecular Liquids. 2018;271:211-9. 

[140] Franca JMP, Lourenco MJV, Sohel Murshed SM, Padua AAH, Nieto de Castro CA. Thermal 

Conductivity of Ionic Liquids and IoNanofluids and Their Feasibility as Heat Transfer Fluids. Industrial & 

Engineering Chemistry Research. 2018;57:6516-29. 

[141] Deb D, Bhattacharya S. Influence of Ionic-Liquid-Tethered Al2O3 Nanoparticle on the 

Nonisothermal Cold Crystallization in Ionic-Liquid-Based Nanofluids. Journal Of Physical Chemistry C. 

2017;121:6962-76. 

[142] Paul TC, Morshed AKMM, Fox EB, Khan JA. Thermal performance of Al2O3 Nanoparticle Enhanced 

Ionic Liquids (NEILs) for Concentrated Solar Power (CSP) applications. International Journal Of Heat And 

Mass Transfer. 2015;85:585-94. 

[143] Wang B, Hao J, Li Q, Li H. New insights into thermal conduction mechanisms of multi-walled 

carbon nanotube/ionic liquid suspensions. International Journal of Thermal Sciences. 2014;83:89-95. 

[144] Shevelyova MP, Paulechka YU, Kabo GJ, Blokhin AV, Kabo AG, Gubarevich TM. Physicochemical 

Properties of Imidazolium-Based Ionic Nanofluids: Density, Heat Capacity, and Enthalpy of Formation. 



62 
 

Journal Of Physical Chemistry C. 2013;117:4782-90. 

[145] Rodriguez-Palmeiro I, Rodriguez-Cabo B, Rodil E, Arce A, Saiz-Jabardo JM, Soto A. Synthesis and 

characterization of highly concentrated AgI- P-6,P-6,P-6,P-14 Cl ionanofluids. Journal Of Nanoparticle 

Research. 2013;15. 

[146] Franca JMP, Vieira SIC, Lourenco MJV, Murshed SMS, Nieto de Castro CA. Thermal Conductivity of 

C(4)mim (CF3SO2)(2)N and C(2)mim EtSO4 and Their IoNanofluids with Carbon Nanotubes: Experiment 

and Theory. Journal Of Chemical And Engineering Data. 2013;58:467-76. 

[147] Swadzba-Kwasny M, Chancelier L, Ng S, Manyar HG, Hardacre C, Nockemann P. Facile in situ 

synthesis of nanofluids based on ionic liquids and copper oxide clusters and nanoparticles. Dalton 

Transactions. 2012;41:219-27. 

[148] Nieto de Castro CA, Murshed SMS, Lourenco MJV, Santos FJV, Lopes MLM, Franca JMP. Enhanced 

thermal conductivity and specific heat capacity of carbon nanotubes ionanofluids. International Journal 

of Thermal Sciences. 2012;62:34-9. 

[149] Wang B, Wang X, Lou W, Hao J. Ionic liquid-based stable nanofluids containing gold nanoparticles. 

Journal Of Colloid And Interface Science. 2011;362:5-14. 

[150] Wang B, Wang X, Lou W, Hao J. Rheological and Tribological Properties of Ionic Liquid-Based 

Nanofluids Containing Functionalized Multi-Walled Carbon Nanotubes. Journal of Physical Chemistry C. 

2010;114:8749-54. 

[151] Zhang Q, De Oliveira Vigier K, Royer S, Jerome F. Deep eutectic solvents: syntheses, properties and 

applications. Chemical Society Reviews. 2012;41:7108-46. 

[152] Chen YY, Walvekar R, Khalid M, Shahbaz K, Gupta TCSM. Stability and thermophysical studies on 

deep eutectic solvent based carbon nanotube nanofluid. Materials Research Express. 2017;4:075028. 

[153] Fang YK, Osama M, Rashmi W, Shahbaz K, Khalid M, Mjalli FS, et al. Synthesis and thermo-physical 

properties of deep eutectic solvent-based graphene nanofluids. Nanotechnology. 2016;27:075702. 

[154] Liu C, Fang H, Qiao Y, Zhao J, Rao Z. Properties and heat transfer mechanistic study of 

glycerol/choline chloride deep eutectic solvents based nanofluids. International Journal Of Heat And 

Mass Transfer. 2019;138:690-8. 

[155] Nagvenkar AP, Deokar A, Perelshtein I, Gedanken A. A one-step sonochemical synthesis of stable 

ZnO–PVA nanocolloid as a potential biocidal agent. Journal of Materials Chemistry B. 2016;4:2124-32. 

[156] Zhang R, Qu J, Tian M, Han X, Wang Q. Efficiency improvement of a solar direct volumetric receiver 

utilizing aqueous suspensions of CuO. International Journal of Energy Research. 2018;42:2456-64. 

[157] Zamzamian A, KeyanpourRad M, KianiNeyestani M, Jamal-Abad MT. An experimental study on the 

effect of Cu-synthesized/EG nanofluid on the efficiency of flat-plate solar collectors. Renewable Energy. 

2014;71:658-64. 

[158] Kumar SA, Meenakshi KS, Narashimhan BRV, Srikanth S, Arthanareeswaran G. Synthesis and 

characterization of copper nanofluid by a novel one-step method. Materials Chemistry and Physics. 

2009;113:57-62. 

[159] Shenoy US, Shetty AN. A Simple Solution Phase Synthesis of Copper Nanofluid Using Single-step 

Glucose Reduction Method. Synthesis and Reactivity in Inorganic, Metal-Organic, and Nano-Metal 

Chemistry. 2013;43:343-8. 

[160] Khoshvaght-Aliabadi M, Eskandari M. Influence of twist length variations on thermal-hydraulic 

specifications of twisted-tape inserts in presence of Cu-water nanofluid. Experimental Thermal and 

Fluid Science. 2015;61:230-40. 

[161] Zhang H, Cui H, Yao S, Zhang K, Tao H, Meng H. Ionic liquid-stabilized non-spherical gold nanofluids 



63 
 

synthesized using a one-step method. Nanoscale Research Letters. 2012;7. 

[162] Yang R-L, Zheng Y-P, Wang T-Y, Wang Y-D, Yao D-D, Chen L-X. Synthesis and Characterization of a 

Novel Graphene Oxide/titanium Dioxide Solvent-free Nanofluid. Chinese Journal of Structural Chemistry. 

2018;37:1146-54. 

[163] Li P, Zheng Y, Wu Y, Qu P, Yang R, Li M, et al. Multifunctional liquid-like graphene@fe3o4hybrid 

nanofluid and its epoxy nanocomposites. Polymer Composites. 2016;37:3474-85. 

[164] Li P, Zheng Y, Wu Y, Qu P, Yang R, Zhang A. Nanoscale ionic graphene material with liquid-like 

behavior in the absence of solvent. Applied Surface Science. 2014;314:983-90. 

[165] Zhang J, Li P, Zhang Z, Wang X, Tang J, Liu H, et al. Solvent-free graphene liquids: Promising 

candidates for lubricants without the base oil. Journal of Colloid and Interface Science. 2019;542:159-

67. 

[166] Li P, Zheng Y, Shi T, Wang Y, Li M, Chen C, et al. A solvent-free graphene oxide nanoribbon colloid 

as filler phase for epoxy-matrix composites with enhanced mechanical, thermal and tribological 

performance. Carbon. 2016;96:40-8. 

[167] Yao D, Li T, Zheng Y, Zhang Z. Fabrication of a functional microgel-based hybrid nanofluid and its 

application in CO2 gas adsorption. Reactive and Functional Polymers. 2019;136:131-7. 

[168] Yang RL, Zheng YP, Wang TY, Li PP, Wang YD, Yao DD, et al. Solvent-free nanofluid with three 

structure models based on the composition of a MWCNT/SiO2 core and its adsorption capacity of CO2. 

Nanotechnology. 2017;29:035704. 

[169] Li P, Yang R, Zheng Y, Qu P, Chen L. Effect of polyether amine canopy structure on carbon dioxide 

uptake of solvent-free nanofluids based on multiwalled carbon nanotubes. Carbon. 2015;95:408-18. 

[170] 1 A, Sözen A, Variyenli Hİ. Simulation and experimental analysis of heat transfer characteristics in 

the plate type heat exchangers using TiO2/water nanofluid. International Journal of Numerical Methods 

for Heat & Fluid Flow. 2019;29:1343-62. 

[171] Khanlari A. THE EFFECT OF UTILIZING Al<sub>2</sub>O<sub>3</sub>-

SiO<sub>2</sub>/DEIONIZED WATER HYBRID NANOFLUID IN A TUBE-TYPE HEAT EXCHANGER. 

2020;51:991-1005. 

[172] Gürbüz EY, Sözen A, Variyenli Hİ, Khanlari A, Tuncer AD. A comparative study on utilizing hybrid-

type nanofluid in plate heat exchangers with different number of plates. Journal of the Brazilian Society 

of Mechanical Sciences and Engineering. 2020;42:524. 

[173] Khanlari A, Yılmaz Aydın D, Sözen A, Gürü M, Variyenli Hİ. Investigation of the influences of kaolin-

deionized water nanofluid on the thermal behavior of concentric type heat exchanger. Heat and Mass 

Transfer. 2020;56:1453-62. 

[174] Qi C, Wang G, Yang L, Wan Y, Rao Z. Two-phase lattice Boltzmann simulation of the effects of base 

fluid and nanoparticle size on natural convection heat transfer of nanofluid. International Journal Of 

Heat And Mass Transfer. 2017;105:664-72. 

[175] Qi C, Liang L, Rao Z. Study on the flow and heat transfer of liquid metal based nanofluid with 

different nanoparticle radiuses using two-phase lattice Boltzmann method. International Journal Of 

Heat And Mass Transfer. 2016;94:316-26. 

[176] Huo Y, Rao Z. The numerical investigation of nanofluid based cylinder battery thermal 

management using lattice Boltzmann method. International Journal Of Heat And Mass Transfer. 

2015;91:374-84. 

[177] Fossati A, Martins Alho M, Jacobo SE. Covalent functionalized magnetic nanoparticles for crude 

oil recovery. Materials Chemistry and Physics. 2019;238. 



64 
 

[178] Sudarsanam P, Zhong R, Van den Bosch S, Coman SM, Parvulescu VI, Sels BF. Functionalised 

heterogeneous catalysts for sustainable biomass valorisation. Chemical Society Reviews. 2018;47:8349-

402. 

[179] Grajciar L, Heard CJ, Bondarenko AA, Polynski MV, Meeprasert J, Pidko EA, et al. Towards operando 

computational modeling in heterogeneous catalysis. Chemical Society Reviews. 2018;47:8307-48. 

[180] Wu T, Liu X, Liu Y, Cheng M, Liu Z, Zeng G, et al. Application of QD-MOF composites for 

photocatalysis: Energy production and environmental remediation. Coordination Chemistry Reviews. 

2020;403. 

[181] Zaera F. Nanostructured materials for applications in heterogeneous catalysis. Chemical Society 

Reviews. 2013;42:2746-62. 

[182] Fang Y, Ma Y, Zheng M, Yang P, Asiri AM, Wang X. Metal-organic frameworks for solar energy 

conversion by photoredox catalysis. Coordination Chemistry Reviews. 2018;373:83-115. 

[183] Kameswaran PK, Shaw S, Sibanda P, Murthy PVSN. Homogeneous-heterogeneous reactions in a 

nanofluid flow due to a porous stretching sheet. International Journal of Heat and Mass Transfer. 

2013;57:465-72. 

[184] Hayat T, Hussain Z, Alsaedi A, Ahmad B. Heterogeneous-homogeneous reactions and melting heat 

transfer effects in flow with carbon nanotubes. Journal of Molecular Liquids. 2016;220:200-7. 

[185] Tamaddon F, Aboee F, Nasiri A. ZnO nanofluid as a structure base catalyst for chemoselective 

amidation of aliphatic carboxylic acids. Catalysis Communications. 2011;16:194-7. 

[186] Fang J, Xuan Y. Investigation of optical absorption and photothermal conversion characteristics of 

binary CuO/ZnO nanofluids. Rsc Advances. 2017;7:56023-33. 

[187] Zarkadoulas A, Koutsouri E, Mitsopoulou CA. A perspective on solar energy conversion and water 

photosplitting by dithiolene complexes. Coordination Chemistry Reviews. 2012;256:2424-34. 

[188] Moumen A, Halim W, Jaffal S, Abderrafi K, Eddahbi A, Sebti S, et al. Microwave Assisted Synthesis 

of Palladium Nanoparticles in an Aqueous Emulsion of Copolymer: Application to Catalysis. Journal of 

Cluster Science. 2017;28:2817-32. 

[189] Yue L, Wu J, Gong Y, Fang W. Thermodynamic properties and pyrolysis performances of 

hydrocarbon-fuel-based nanofluids containing palladium nanoparticles. Journal of Analytical and 

Applied Pyrolysis. 2016;120:347-55. 

[190] Li D, Fang W, Wang H, Gao C, Zhang R, Cai K. Gold/Oil Nanofluids Stabilized by a Gemini Surfactant 

and Their Catalytic Property. Industrial & Engineering Chemistry Research. 2013;52:8109-13. 

[191] Saidur R, Meng TC, Said Z, Hasanuzzaman M, Kamyar A. Evaluation of the effect of nanofluid-based 

absorbers on direct solar collector. International Journal Of Heat And Mass Transfer. 2012;55:5899-907. 

[192] Luo Z, Wang C, Wei W, Xiao G, Ni M. Performance improvement of a nanofluid solar collector 

based on direct absorption collection (DAC) concepts. International Journal of Heat and Mass Transfer. 

2014;75:262-71. 

[193] Rezakazemi M, Darabi M, Soroush E, Mesbah M. CO2 absorption enhancement by water-based 

nanofluids of CNT and SiO2 using hollow-fiber membrane contactor. Separation and Purification 

Technology. 2019;210:920-6. 

[194] Golkhar A, Keshavarz P, Mowla D. Investigation of CO2 removal by silica and CNT nanofluids in 

microporous hollow fiber membrane contactors. Journal of Membrane Science. 2013;433:17-24. 

[195] Rahmatmand B, Keshavarz P, Ayatollahi S. Study of Absorption Enhancement of CO2 by SiO2, 

Al2O3, CNT, and Fe3O4 Nanoparticles in Water and Amine Solutions. Journal of Chemical & Engineering 

Data. 2016;61:1378-87. 



65 
 

[196] Kim JH, Jung CW, Kang YT. Mass transfer enhancement during CO2 absorption process in 

methanol/Al2O3 nanofluids. International Journal Of Heat And Mass Transfer. 2014;76:484-91. 

[197] Lee JS, Lee JW, Kang YT. CO2 absorption/regeneration enhancement in DI water with suspended 

nanoparticles for energy conversion application. Applied Energy. 2015;143:119-29. 

[198] Lee JH, Lee JW, Kang YT. CO2 regeneration performance enhancement by nanoabsorbents for 

energy conversion application. Applied Thermal Engineering. 2016;103:980-8. 

[199] Torres Pineda I, Lee JW, Jung I, Kang YT. CO2 absorption enhancement by methanol-based Al2O3 

and SiO2 nanofluids in a tray column absorber. International Journal of Refrigeration. 2012;35:1402-9. 

[200] Haghtalab A, Mohammadi M, Fakhroueian Z. Absorption and solubility measurement of CO2 in 

water-based ZnO and SiO2 nanofluids. Fluid Phase Equilibria. 2015;392:33-42. 

[201] Lu S, Xing M, Sun Y, Dong X. Experimental and Theoretical Studies of CO2 Absorption Enhancement 

by Nano-Al2O3 and Carbon Nanotube Particles. Chinese Journal of Chemical Engineering. 2013;21:983-

90. 

[202] Taheri M, Mohebbi A, Hashemipour H, Rashidi AM. Simultaneous absorption of carbon dioxide 

(CO2) and hydrogen sulfide (H2S) from CO2-H2S-CH4 gas mixture using amine-based nanofluids in a 

wetted wall column. Journal of Natural Gas Science and Engineering. 2016;28:410-7. 

[203] Pashaei H, Ghaemi A, Nasiri M, Heydarifard M. Experimental Investigation of the Effect of Nano 

Heavy Metal Oxide Particles in Piperazine Solution on CO2 Absorption Using a Stirrer Bubble Column. 

Energy & Fuels. 2018;32:2037-52. 

[204] Irani V, Tavasoli A, Maleki A, Vahidi M. Polyethyleneimine-functionalized HKUST-1/MDEA nanofluid 

to enhance the absorption of CO2 in gas sweetening process. International Journal of Hydrogen Energy. 

2018;43:5610-9. 

[205] Jiang J-z, Liu L, Sun B-m. Model study of CO2 absorption in aqueous amine solution enhanced by 

nanoparticles. International Journal of Greenhouse Gas Control. 2017;60:51-8. 

[206] Darvanjooghi MHK, Pahlevaninezhad M, Abdollahi A, Davoodi SM. Investigation of the effect of 

magnetic field on mass transfer parameters of CO2 absorption using Fe3O4-water nanofluid. AIChE 

Journal. 2017;63:2176-86. 

[207] Esmaeili-Faraj SH, Nasr Esfahany M. Absorption of Hydrogen Sulfide and Carbon Dioxide in Water 

Based Nanofluids. Industrial & Engineering Chemistry Research. 2016;55:4682-90. 

[208] Kong C, Qian W, Zheng C, Yu Y, Cui C, Wei F. Raising the performance of a 4 V supercapacitor based 

on an EMIBF4–single walled carbon nanotube nanofluid electrolyte. Chemical Communications. 

2013;49:10727-9. 

[209] Kong C, Qian W, Zheng C, Fei W. Enhancing 5 V capacitor performance by adding single walled 

carbon nanotubes into an ionic liquid electrolyte. Journal of Materials Chemistry A. 2015;3:15858-62. 

[210] Wilk J, Grosicki S. Experimental study of electrochemical mass transfer in an annular duct with the 

electrolyte nanofluid. International Journal of Thermal Sciences. 2018;129:280-9. 

[211] Vardhan PV, Idris MB, Manikandan S, Rajan KS, Devaraj S. Enhancement in the supercapacitive 

storage performance of MnCO3 using SiOx nanofluid-based electrolyte. Journal of Solid State 

Electrochemistry. 2018;22:1795-800. 

[212] Bose P, Deb D, Bhattacharya S. Ionic liquid based nanofluid electrolytes with higher lithium salt 

concentration for high-efficiency, safer, lithium metal batteries. Journal of Power Sources. 

2018;406:176-84. 

[213] Kim J, Park H. Impact of nanofluidic electrolyte on the energy storage capacity in vanadium redox 

flow battery. Energy. 2018;160:192-9. 



66 
 

[214] Rueda-Garcia D, Cabán-Huertas Z, Sánchez-Ribot S, Marchante C, Benages R, Dubal DP, et al. 

Battery and supercapacitor materials in flow cells. Electrochemical energy storage in a LiFePO 4 

/reduced graphene oxide aqueous nanofluid. Electrochimica Acta. 2018;281:594-600. 

[215] Liu C, Lee H, Chang YH, Feng SP. The study of electrical conductivity and diffusion behavior of 

water-based and ferro/ferricyanide-electrolyte-based alumina nanofluids. Journal of Colloid and 

Interface Science. 2016;469:17-24. 

[216] Fan X, Chen H, Ding Y, Plucinski PK, Lapkin AA. Potential of ‘nanofluids’ to further intensify 

microreactors. Green Chemistry. 2008;10:670-7. 

[217] Yu W, Xie H. A Review on Nanofluids: Preparation, Stability Mechanisms, and Applications. Journal 

of Nanomaterials. 2012;2012:1-17. 

[218] Kaupp M, Danovich D, Shaik S. Chemistry is about energy and its changes: A critique of bond-

length/bond-strength correlations. Coordination Chemistry Reviews. 2017;344:355-62. 

[219] Wu F, Rao Z. The lattice Boltzmann investigation of natural convection for nanofluid based battery 

thermal management. Applied Thermal Engineering. 2017;115:659-69. 

[220] Huo Y, Rao Z. Lattice Boltzmann investigation on phase change of nanoparticle-enhanced phase 

change material in a cavity with separate plate. Energy Conversion and Management. 2017;154:420-9. 

[221] Tu TN, Nguyen MV, Nguyen HL, Yuliarto B, Cordova KE, Demir S. Designing bipyridine-

functionalized zirconium metal-organic frameworks as a platform for clean energy and other emerging 

applications. Coordination Chemistry Reviews. 2018;364:33-50. 

[222] Qi C, Hu J, Liu M, Guo L, Rao Z. Experimental study on thermo-hydraulic performances of CPU 

cooled by nanofluids. Energy Conversion and Management. 2017;153:557-65. 

[223] Shi L, He Y, Wang X, Hu Y. Recyclable photo-thermal conversion and purification systems via 

Fe3O4@TiO2 nanoparticles. Energy Conversion and Management. 2018;171:272-8. 

[224] Shi L, He Y, Huang Y, Jiang B. Recyclable Fe3O4@CNT nanoparticles for high-efficiency solar vapor 

generation. Energy Conversion and Management. 2017;149:401-8. 

 


