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ophysical characterization and
thermal performance analysis of novel Cu-MXene
hybrid nanofluids for efficient coolant
applications†

Kodi Rajesh Kumar and Aabid Hussain Shaik *

Hybrid nanofluids are considered as an alternative for conventional heat transfer fluids andmono nanofluids

due to its remarkable enhancement in thermo-physical properties. However, there are some limitations in

achieving the better thermo-physical properties due to the stability of nanoparticles in different base fluids

at higher concentration. This work aims at synthesizing, thermo-physical characterization and thermal

performance estimation of stable Cu-MXene based hybrid nanofluids using various base fluids at very

low volume concentration of Cu and MXene nanostructures. Two step method is employed to prepare

Cu-MXene hybrid nanofluids by dispersing the low volume concentration of as prepared Cu and MXene

nanostructures (ranging from 0.01–0.05 vol%) containing SDS surfactant in various base fluids such as

water, methanol, castor oil and silicon oil. Synthesized mono and hybrid nanofluids shows excellent

stability against aggregation up to 7 days as evidenced from higher zeta potential values. Wettability

studies conducted using contact angle measurement suggests that the castor oil, methanol and silicon

oil based hybrid nanofluids exhibits hydrophilic behavior (showing contact angle less than 90°). Hybrid

nanofluids display excellent enhancement in thermal conductivity at very low concentration of

nanostructures (more than 70% for methanol based Cu-MXene hybrid nanofluid). Viscosity of the

silicone oil based hybrid nanofluids show a remarkable enhancement followed by water, methanol and

castor oil based hybrid nanofluids. Thermal conductivity and viscosity of hybrid nanofluids are effectively

validated with existing theoretical models. Moreover, specific heat and pumping power of the hybrid

nanofluids with respect to volume concentration of nanostructures are determined using the existing

theoretical equations. Thermal performance of hybrid nanofluids was successfully estimated using

Figure of Merit (FOM) analysis and suggested the better heat transfer fluid for improving the heat transfer

performance under laminar and turbulent flow conditions for efficient cooling applications.
1 Introduction

Over the past few decades, the performance of heat exchangers
has been steadily enhanced due to the advancement in the eld
of thermal engineering. Various conventional heat transfer uids
such as water, mineral oils, ethylene glycol etc. were used in
several industrial operations such as power generation, chemical
processes, heating and cooling processes, transportation,
microelectronics to improve the performance of heat exchanging
devices.1,2 However, further enhancement in thermal perfor-
mance was achieved by the dispersion of nano sized solid
particles (<100 nm) in base uids. These types of uids are
termed as “nanouids”.3 Nanouids provide excellent heat
chool of Chemical Engineering, Vellore
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tion (ESI) available. See DOI:

29560
transfer features such as high thermal conductivity and homo-
geneity due to small size and large specic surface areas of
nanoparticles.4 Due to this unique property, many researchers
used nanouids in a variety of technical applications.5

However, an outstanding enhancement in thermophysical
and rheological properties was not achieved using mono
nanouids. Hence, more attention has been created in the
research community to develop a new class of nanouid such as
“hybrid nanouid” where two or more different types of nano-
particles dispersed in the base uid to further enhance the base
uid thermo-physical and rheological properties.6 Despite
tremendous properties of hybrid nanouids as compared to
mono nanouids, maintaining the stability of mono and hybrid
nanouids is a challenging task. The aggregation of nano-
particles in the suspended state causes the nanouid to become
unstable.7 The thermo-physical and rheological characteristics
of mono and hybrid nanouids such as thermal conductivity,
density, specic heat, viscosity etc. are greatly inuenced by its
© 2023 The Author(s). Published by the Royal Society of Chemistry
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stability.8 Poor stability of mono and hybrid nanouids results
in the drop of thermal and rheological properties.9

Despite stability, synthesis of stable hybrid nanouids for
remarkable enhancement of thermo-physical properties is
another interesting aspect. Addition of hybrid nanoparticles to
conventional base uids exhibits enormous enhancement in
thermal conductivity due to increased “Brownian motion”.10 The
thermal conductivity of hybrid nanouids depends on several
factors including the concentration of nanoparticles, the type of
nanoparticles, the base liquid or composition of the base
liquid.11 Suresh et al. formulated Al2O3–Cu hybrid nano-
composite based hybrid nanouid using water as a base uid
and sodium lauryl sulphate (SLS) as a surfactant by varying the
volume concentration of nanoparticles ranging from 0.1 to 2
vlo.% and claimed 12.11% enhancement in thermal conductivity
for maximum concentration of nanoparticles (i.e. 2 vol%).12

Abbasi et al. prepared hybrid Y-Al2O3-MWCNT nanocomposite
based hybrid nanouid by solvothermal process using de-ionized
water as base uid and reported 14.75% enhancement in the
thermal conductivity for 0.01 volume fraction of nanoparticles.13

Baby and Ramaprabhu synthesized Ag/HEG water and Ag/HEG
ethylene glycol based hybrid nanouids and noticed 25%
increase in thermal conductivity at 0.05% volume concentration
of nanoparticles at 25 °C.14 Nine et al. synthesized hybrid nano-
uids using water as base uid by ball milling technique with
95% Al2O3, 5% MWCNT and 90% Al2O3, 10% MWCNT and
estimated the thermal conductivity at various particle concen-
trations.15 Other properties such as density and specic heat also
plays a major role in improving the heat transfer performance of
various thermal systems as reported by other researchers.16

Moreover, viscosity of hybrid nanouids also plays a vital role
in evaluating pumping power requirements due to frictional
effects. The “Newtonian or non-Newtonian” behavior of a uid is
characterized by measuring the viscosity of hybrid nano-
uids.17,18 Esfe et al. studied the rheological behavior of SAE 50
based MWCNT-Al2O3 hybrid nanouid using the Brookeld
viscometer at various volume concentrations and claim the non-
Newtonian behavior.19 Wanatasanappan et al. synthesized the
water-EG based Al2O3–Fe2O3 hybrid nanouids at different
weight ratios of Al2O3 and Fe2O3 and shows the Newtonian uid
behavior by measuring viscosity using Brookeld viscometer.20

Huminic et al. examined the viscosity of water-based Fe–Si hybrid
nanouids with respect to nanoparticle mass concentration and
concluded that the viscosity elevates with increasing nano-
particle concentration.21 Ilyas et al. identied the non-Newtonian
i.e. shear thinning uid behavior of graphene-based nanouids
in thermal oil.22 Mostazur et al. determined dynamic viscosity
using viscometer for Al2O3-MWCNT/radiator coolant hybrid
nanouid for different volume fractions (0.1 to 0.5 vol%),
temperature (20 to 60 °C) and revealed that viscosity increases
with increase in volume fraction of nanoparticles and decreases
with increase in temperature.23

In addition to thermal and rheological properties of hybrid
nanouids, it is important to recommend suitable hybrid
nanouids for different ow regimes (laminar and turbulent
ow) in industrial cooling applications. This can be achieved
using Figure of Merit (FOM) analysis. Figure of merit (FOM)
© 2023 The Author(s). Published by the Royal Society of Chemistry
facilitates the characterization of the nanouid performance in
laminar and turbulent ows.24 A very few works have been re-
ported in the literature with respect to Figure of Merit analysis.
Chakraborty et al.measured the overall thermal performance of
TiO2 nanouid using FOM analysis and reported that the TiO2

nanouid shows better heat transfer capability in internal
laminar ow and failed to show the improved performance in
internal laminar ow conditions as per FOM data.25 Elcioglu
et al. 2020 claim that the FOM depend on a dimensionless
number such as Mouromtseff number (Mo) andmentioned that
thermal performance of hybrid nanouid is better than base
uid for Mo number higher than unity.26

Wettability of nanouid is an important characterization for
better boiling heat transfer and is greatly affected by various
surface properties, base uid, particle concentration, and the type
of surfactant. A limited work has been conducted on measuring
wettability of nanouids using contact angle measurements.27–29

From the overview of the literature, most of the work has been
conducted on synthesis of oxide based mono and hybrid nano-
uids using water as base uid by dispersing high concentration
of particles in base uid for enhancing the thermophysical
properties. This oxide based materials shows better performance
in other elds such as supercapacitor and LED applications other
than cooling applications.30–32 However, the enhancement in
thermal conductivity is also not up to the mark (able to achieve
less than 25%). Hence a development of cost effective novel and
stable hybrid nanouid with low concentration of nanoparticles
in different base uids for better enhancement of thermophysical
properties is very much essential. This paper focuses on the
synthesis of novel and stable MXene and Cu-MXene based mono
and hybrid nanouids using different base uids such as water,
methanol, castor oil and silicone using low concentration of
nanoparticles for remarkable enhancement in thermophysical
properties. Moreover, this work also emphases on measuring the
thermal performance of hybrid nanouid by exploring the suit-
ability of hybrid nanouids in different ow regimes using FOM
analysis which is very sparse in the literature. Themain reason for
using Cu and MXene in this work, is, former is a noble cost
effective metal and has high thermal conductivity which can be
utilized by replacing expensive noble metals like silver and gold
in several applications like optical, electrical etc.33 On the other
hand, MXenes are a rapidly expanding class of 2D layered like
materials with exceptional thermal properties.34

2 Experiments
2.1. Materials required

Copper(II) chloride dihydrate (CuCl2$2H2O) and hydrazine
hydrate (N2H4) were purchased from Sigma-Aldrich, India.
Ammonia solution (25%) was received from SD Fine Chemicals,
India. Polyvinylpyrrolidone (PVP K-30) was obtained from SRL,
India. Max phase Titanium aluminum carbide (TAC) was
procured from Nanoshel, India. Absolute ethanol was supplied
by Changshu Hongsheng ne chemicals, China. Base uids
such as methanol, silicone oil, and castor oil were brought from
Loba chemie, India. Chemicals purchased were used in the
synthesis process directly without performing any purication.
RSC Adv., 2023, 13, 29536–29560 | 29537
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2.2. Deoxygenation of base uid

Since copper is an easily oxidizing material, it is crucial to lower
the amount of dissolved oxygen in the base uid. All the base
uids used in the synthesis process were purged with nitrogen
(N2) gas for 30 minutes. Aer purging, the concentration of
dissolved oxygen in the base uids were reduced from 0.9 ppm
to 0.3 ppm as measured by the dissolved oxygen (DO) meter.
2.3. Synthesis of Cu nanoparticles powder

Cu nanoparticles in aqueous phase were prepared by modifying
the protocol published by Chowdhury et al.35 Briey, 5 g of PVP
solution was prepared by adding 5 g PVP in 80 mL of deoxy-
genated distilled water under vigorous stirring. Later, the above
solution wasmixed with 0.272 g of copper chloride dihydrate and
stirred continuously until the solution color changes to light
blue. Then, the pH of the solution was adjusted to 10 to 11 by
gradual addition of ammonia solution under vigorous stirring.
The color of the solution immediately turns inkish blue and the
above solution was stirred constantly at a temperature of 50 °C in
a water bath for an hour. Aer 1 hour, 20 mL of 0.6 M hydrazine
hydrate solution was prepared separately and added to the above
solution. Subsequently, the color of the solution changes to
transparent white, and nucleation begins slowly. Thereaer, the
color of the solution changes from white to light brown followed
by reddish brown, indicating the formation of copper nano-
particles in aqueous phase. Next, Cu nanopowder was prepared
from the as synthesized aqueous Cu sol by centrifuging the sol at
10 000 rpm for 30 minutes. Aer 30 min, Cu nanoparticles
accumulated at the bottom of the centrifuge tubes by leaving
a clear supernatant. The accumulated Cu nanoparticle powder in
the centrifuge tube is separated from the supernatant and dried
using vacuum oven overnight at 60 °C. Aer drying, Cu nano-
particle powder was recovered from the centrifuge tubes.
2.4. Synthesis of Mxene Titanium carbide (TiC) layered
nanosheets

Mxene titanium carbide (TiC) layered nanosheets were synthe-
sized by following the procedure developed by Kumar et al.34 In
this method, initially, 2 g titanium aluminum carbide (TAC) was
added to 50 mL of hydrouoric acid (HF) followed by contin-
uous agitation for 24 hours at 50 °C. Later, the product was
recovered by ethanol and DI water washing for multiple times.
Then, it is subjected to 24 h freeze drying process to obtain
black powder. Thereaer, 1 g of as synthesized TiC powder was
dissolved in 20 mL of dimethyl sulfoxide (DMSO) and stirred at
ambient temperature for 18 h under inert environment. Finally,
the black product was then dried overnight at 80 °C in a vacuum
oven aer being rinsed with DI water/ethanol.
2.5. Synthesis of MXene and Cu-Mxene based mono and
hybrid nanouids

MXene and Cu-MXene mono and hybrid nanouids were
prepared by dispersing the already synthesized Cu and MXene
nanopowders in base uid using ultra-sonication technique.
For preparing MXene mono nanouid, the weights of different
29538 | RSC Adv., 2023, 13, 29536–29560
volume concentrations of MXene (0.01, 0.015, 0.02, 0.04 and
0.05%) powder were weighed separately and mixed with various
base uids such as water, methanol, castor oil and silicone oil
containing SDS surfactant using magnetic stirrer for 20 min
followed by probe type ultra-sonication for 1 hour. The same
procedure is followed for synthesizing Cu-MXene hybrid
nanouid by adding 0.01 vol% of Cu nanoparticle powder along
with MXene powder in various base uids. Cu nanoparticle
powder concentration was kept constant at 0.01 vol% in all the
samples of hybrid nanouids by varying MXene concentration
(0.01, 0.015, 0.02, 0.04 and 0.05%).

2.6. Thermal conductivity measurement of hybrid nanouid

Thermal conductivity of mono and hybrid nanouids was
measured using KD2 Pro thermal conductivity meter (Decagon
Devices Inc). It consists of a small single needle (KS-1) sensor
with a length of 6 cm and will be used to measure thermal
conductivity from 0.02 to 2 W m−1 K−1 range. The probe was
placed in the uid for 20 minutes without disturbing to reach
the steady state. The uid is remained stable and immobile by
placing the sample in a jacketed oil bath in order to reduce
thermal convection of mono and hybrid nanouids during
thermal conductivity measurement. Finally, the thermal
conductivity readings were repeated thrice, and the average
values were reported.

2.7. Density measurement of mono and hybrid nanouids

Specic gravity bottle (or) density bottle is used to measure the
densities of mono and hybrid nanouids. This method is
simple and measured by estimating the ratio of the difference
between empty bottle and uid lled bottle with equal volume
of base uid. This gives the specic gravity of liquid which can
be used to calculate the density by multiplying with density of
base uid at standard conditions.

2.8. Viscosity measurement of hybrid nanouids

The viscosity of hybrid nanouids was measured using the
DV2TLV AMETEK Brookeld viscometer (USA), which consists
of a small chamber with 0.750 inch diameter and 2.55 inch
depth. The uid viscosity was evaluated using several spindles
by varying the RPM of the spindle. The viscosity of the synthe-
sized hybrid nanouids was investigated using a cylindrical
spindle with variable RPM. A jacketed oil bath (Brookeld, TC
550) is employed to maintain a temperature consistent during
the measurement of the sample.

2.9. Wettability of hybrid nanouids

Contact angle measurements were performed to observe the
wettability behavior of different uids on plain surfaces. In this
work, a cast iron plate has been considered as a plain surface
over which drop of the hybrid nanouid was placed to measure
the contact angle using drop shape analysis method (DSA25B
model, Germany). Aer the drop casting of hybrid nanouid on
the surface of a cast iron plate, a photo of the droplet and the
angle created by the liquid–surface interface to the liquid–air
© 2023 The Author(s). Published by the Royal Society of Chemistry
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interface was measured using a high-speed camera (CF06), with
a frame rate of 3400 fps.
2.10. Characterization

The characterization of the mono and hybrid nanouids was
performed using a variety of techniques. The optical properties
of mono and hybrid nanoparticles were measured using UV-vis
spectrophotometer (SHIMADZU 1800). The morphology of Cu
and MXene nanostructures were characterized using Trans-
mission Electron Microscope (Technai G2 20S Twin) and Field
Emission Scanning Electron Microscope (FESEM, ZEISS).
Energy dispersive X-ray (EDX) spectroscopy is used to analyze
the elemental composition Cu and MXene nanostructures. The
stability of mono and hybrid nanouids was examined using
dynamic light scattering equipment (HORIBA SZ-100, version
2.00) by measuring the zeta potential with respect to time. The
phase purity of Cu and MXene nanostructures was character-
ized using X-ray diffraction (XRD) with Cu-Ka radiation (Bruker
Fig. 1 (a) Digital photo image (b) UV-vis (c) XRD and (d) TEM image of C

© 2023 The Author(s). Published by the Royal Society of Chemistry
D8 Advance, Germany). Atomic force microscopy (Nanosurf AG
Switzerland, model no: 23-06-154) is used to measure the
thickness of MXene layered sheets. The functional groups of
MXene and Cu nanostructures are characterized using Fourier
Transform Infrared spectroscopy (Thermo Nicolet iS50 with
inbuilt ATR, Thermo Fisher Scientic, USA). Surface chemical
composition of the nanostructures are analyzed using Raman
spectroscopy (Anton Paar GmbH, model Cora 5001). The
contact angle of mono and hybrid nanouids in different base
uids was obtained using Goniometer.
3 Results and discussion
3.1. Synthesis of mono and hybrid nanouids

Hybrid nanouids displays remarkable enhancement in
thermal and rheological properties of the based uids as
compared to mono nanouids. However, there are some chal-
lenges which need to overcome before using these hybrid
u nanoparticles.

RSC Adv., 2023, 13, 29536–29560 | 29539
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Fig. 2 (a) Digital photo image (b) UV-vis (c) XRD (d) FESEM and (e) AFM surface image of MXene nanosheets.

Fig. 3 (a) Digital photo image (b) UV-vis (c) XRD (d) FESEM and (e) EDX of Cu-MXene water based hybrid nanofluid.

29540 | RSC Adv., 2023, 13, 29536–29560 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra of (a) MXene and (b) Cu-MXene nanostructures.
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nanouids for cooling applications. One of the major chal-
lenges is the stability of hybrid nanouids due to the suspen-
sion of two different types of nanoparticles in the base uid. In
Fig. 5 Stability analysis of water based MXene nanofluids through visual i
days (e) after 5 days (f) after 6 days (g) after 7 days.

© 2023 The Author(s). Published by the Royal Society of Chemistry
this work, Cu-MXene based hybrid nanouids were prepared by
suspending the as prepared Cu nanoparticles and layered
MXene nanosheets in different base uids such as water,
nspection: (a) after preparation (b) after 2 days (c) after 3 days (d) after 4

RSC Adv., 2023, 13, 29536–29560 | 29541
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methanol, castor oil and silicone oil. Since, the Cu is an easily
oxidizable material; there is a substantial chance of oxidation of
nanoparticles in the hybrid nanouid in addition to stability
associated due to aggregation. Moreover, MXene also pose
a major threat in terms of oxidation stability even though it
shows better hydrophilic properties and thereby results in the
forfeiture of thermal properties of MXene. Hence, a conned
oxygen free environment has been created in the current work
in order to make the Cu-MXene hybrid nanouids stable
against oxidation and aggregation so that it can be used in
various industrial cooling applications as a coolant.

First, Cu nanoparticles and MXene layered nanosheets were
synthesized separately and used for preparing Cu-MXene based
hybrid nanouids using different base uids. Fig. 1 represents
the optical, morphological and phase behavior of the Cu
nanoparticles. The digital image showed in Fig. 1(a) represents
the suspension of Cu nanoparticles in water. From the image, it
can be seen that the suspension shows reddish brown color
without any sign of oxidation indicating the Cu particles highly
stable against oxidation and aggregation. This was further
Fig. 6 Stability analysis of methanol based MXene nanofluids through vi
after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.

29542 | RSC Adv., 2023, 13, 29536–29560
conrmed by the UV-vis and XRD analysis as shown in Fig. 1(b)
and (c). UV-vis analysis from Fig. 1(b) shows a characteristic
surface plasmon resonance peak at 582 nm signifying the
formation of strong oxidation and aggregation resistant Cu
nanoparticles. Aer the preparation of Cu nanoparticle
suspension, Cu nanoparticle powder was produced by centri-
fuging and drying the paste obtained aer centrifugation. The
phase purity of cu nanoparticles obtained from the XRD anal-
ysis shown in Fig. 1(c) also reveals that the particles are stable
against oxidation as observed from the diffraction peaks at 42.8,
49.9, and 73.6 which corresponds to the 111, 200 and 220 planes
of face-centered-cubic (fcc) crystal structure of Cu as conrmed
by Chowdhury et al.35 and JCPDS: 00-004-0836. Moreover, the
particles are well separated and spherical in nature with a size
of ∼20 nm as noticed from TEM image shown in Fig. 1(d). SEM
analysis is also conducted to observe the morphology of Cu
nanoparticles and shown in the ESI as Fig. S1.† From the SEM
image, it has been observed that the Cu nanoparticles are
polydisperse in nature and raging the size from 10–40 nm and
display a mean size of ∼30 nm. In addition EDX analysis is also
sual inspection: (a) after preparation (b) after 2 days (c) after 3 days (d)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conducted to detect the chemical composition of Cu nano-
particles and shown in Fig. S2.† EDX shows the peaks of Cu
along with a slight oxide peak which may be due to surface
oxidation of Cu nanoparticles.

Next, MXene nanosheets were synthesized successfully by
modifying the already reported hydrouoric acid (HF) etching
method. Fig. 2(a) represents the suspension of MXene nano-
sheets in water indicating the characteristic black color of
MXene in the suspension. UV-vis analysis of MXene nanosheets
suspension shown in Fig. 2(b) shows a surface plasmon reso-
nance peak at ∼271 nm which corresponds to the characteristic
peak of MXene nanosheets. The presence of the peak at 271 nm
designate that the MXene nanosheets are successfully prepared
in water and maintained in well stable nature against aggrega-
tion. Further conrming the presence of MXene nanosheets in
suspension, XRD analysis of the MXene layered nanosheets
powder obtained aer the centrifugation and drying of the
suspension was performed and shown in Fig. 2(c). From the
XRD data, several diffraction peaks were observed at different
diffraction angles 35.6, 41.4, 60.2, 72.1, and 75.9 which
Fig. 7 Stability analysis of castor oil basedMXene nanofluids through visu
4 days (e) after 5 days (f) after 6 days (g) after 7 days.

© 2023 The Author(s). Published by the Royal Society of Chemistry
corresponds to the 111, 200, 220, 311, and 222 planes of face-
centered-cubic (fcc) crystal structure of MXene as conrmed
by Kumar et al. (2020)34 and JCPDS No: 00-031-1400. This
conrms that the synthesized material is a MXene nanosheet
without any presence of other material. The morphology of
MXene nanosheets was further examined using the FESEM
characterization as shown in Fig. 2(d). FESEM image shows that
the MXene nanosheets are representing the 2D multilayered
sheet-like structure. AFM image shown in Fig. 2(e) exhibits
a thickness of ∼20 nm.

Aer successful preparation of individual Cu and MXene
nanostructures, Cu-MXene based hybrid nanouid was
prepared by dispersing the required volume concentrations of
Cu and MXene nanostructure powders in different base uids
containing the surfactant using ultra sonication. Fig. 3(a)
signies the digital photo image of Cu-MXene based hybrid
nanouid synthesized using water as base uid. From the
digital image, it has been observed that he hybrid nanouid is
stable against aggregation as conrmed from the non-settling
of particles at the bottom of the vial. The presence of stable
al inspection: (a) after preparation (b) after 2 days (c) after 3 days (d) after

RSC Adv., 2023, 13, 29536–29560 | 29543
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Fig. 8 Stability analysis of silicon oil based MXene nanofluids through visual inspection: (a) after preparation (b) after 2 days (c) after 3 days (d)
after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.
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suspension of hybrid nanouid was further conrmed by the
UV-vis analysis as shown in Fig. 3(b). UV-vis of Cu-MXene hybrid
nanouid shows the characteristic surface plasmon resonance
peaks of both Cu and MXene conrming the stability of hybrid
nanouid in water. The phase purity of hybrid nanostructures
was also characterized by conducting the XRD analysis of the
hybrid nanopowder as shown in Fig. 3(c). From the XRD data, it
has been observed that the hybrid nanopowder contains the
traces of both Cu and MXene diffractions peaks at different
diffraction angles corresponding to fcc planes of Cu and MXene
(JCPDS: 00-004-0836 and JCPDS No: 00-031-1400) suggesting the
formation of hybrid structure in the sample. The morphology of
hybrid nanostructures present in the hybrid nanouid was
observed using the FESEM analysis shown in Fig. 3(d). Two
dimensional layered MXene nanosheet structure along with
spherical Cu nanoparticles deposited on the layered MXene
were observed in the sample indicating the successful forma-
tion of hybrid Cu-MXene nanostructure. The presence of Cu
traces along with Ti and C traces are also conrmed by the
EDAX conducted on the sample as shown in Fig. 3(e).
29544 | RSC Adv., 2023, 13, 29536–29560
Moreover, the functional groups present in synthesized
MXene and Cu-MXene nanostructures are identied using FTIR
analysis and shown in Fig. S3 of ESI.† From the Fig. S3(a),†
broad peaks detected at 2565 cm−1 and 1492 cm−1 suggest the
stretching vibrations of C–F bond that emerge due to the usage
of HF during etching process of MXene preparation. Moreover,
N–H stretching, hydroxyl groups (O–H) and carboxyl C]O
stretching are identied at 3628 cm−1 2930 cm−1 and 1768 cm−1

bands respectively. C–H groups are also detected at 1492 cm−1

and 1058 cm−1 along with NH2 bond spotted at 2160 cm−1 and
2022 cm−1. FTIR spectra of hybrid Cu-MXene nanostructure
shown in Fig. S3(b)† exhibit O–H bond at 3750 cm−1 along with
other groups such as Cu–OH and Ti–OH at 957 cm−1 and
490 cm−1. The functional groups present in MXene and Cu-
MXene are in consistent with the literature.36–39

3.1.1 Surface characterization of MXene and Cu-MXene
nanostructures using Raman spectroscopy. Raman spectros-
copy is used to identify the surface composition of materials. In
this work, Raman spectroscopy is used to observe the surface
chemical composition of MXene and Cu-MXene nanostructures
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Stability analysis of water based Cu-MXene hybrid nanofluids through visual inspection: (a) after preparation (b) after 2 days (c) after 3 days
(d) after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.
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through molecular vibrations and shown in Fig. 4. Raman
spectra of MXene shown in Fig. 4(a) represents a peak at
720 cm−1 correspond to A1g (Ti, C) vibrational mode of MXene.
Another peak observed at 375 cm−1 resembles the typical E1g
vibrational mode accompanying with the functional surface
oxide form of TiC due to the possible surface oxidation of
MXene upon exposure to air. Moreover, Raman spectra of Cu-
MXene shown in Fig. 4(b) exhibit both peaks of MXene
(720 cm−1) and Cu (300 cm−1, 640 cm−1 and 800 cm−1) in oxide
form due to surface oxidation of Cu indicating the formation of
Cu-MXene hybrid composite. These results are in consistent
with the other works reported in literature.40,41
3.2. Stability of mono and hybrid nanouids

MXene nanouids and Cu-MXene hybrid based nanouids are
successfully synthesized in various base uids such as methanol,
silicone oil and castor oil by following the same procedure as
adopted for water base uid. Even though, the mono and hybrid
nanouids are successfully synthesized, maintaining the stability
of mono and hybrid nanouids becomes a challenging task. In
the current work, mono and hybrid nanouids were protected
© 2023 The Author(s). Published by the Royal Society of Chemistry
against aggregation by dispersing the surfactant such as SDS in
themono and hybrid nanouid. Aer successful incorporation of
surfactant, stability analysis was effectively conducted by visual
observation and measuring zeta potential with respect to time.
Fig. 5 represents the digital photo images of water based MXene
mono nanouids synthesized by varying MXene concentrations
(0.01, 0.015, 0.02, 0.025, 0.04 and 0.05 vol%) with respect to time
ranging from 1 to 7 days showing the excellent stability of
nanouids against aggregation. These nanouids do not show
any sign of sedimentation of MXene particles in all the concen-
trations even though the nanouid is stored in a vial for one week.

Stability of methanol based MXene nanouids with various
MXene concentrations (0.01, 0.015, 0.02, 0.025, 0.04 and
0.05 vol%) were also examined with respect to time by keeping
the nanouid in the vial without disturbing and digital photo
images are captured with respect to time for possible notice of
the sedimentation of particles as shown in Fig. 6. From the
gure, it has been observed that the methanol based nanouids
are highly stable for at least one week as conrmed from the
digital photo images showing no traces of sedimented particles
in the vial.
RSC Adv., 2023, 13, 29536–29560 | 29545
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Visual inspection of castor oil based nanouids prepared
with different MXene concentrations (0.01, 0.015, 0.02, 0.025,
0.04 and 0.05 vol%) with respect to time is shown in Fig. 7. In
this nanouid, surfactant such as SDS was not added to make
the nanouid stable as it was added in water and methanol
based nanouids. Even though there is no surfactant, particles
are highly stable in castor oil due to the presence of triglyceride
(which contains 18 carbon chains) in its structure. Nanouid is
stable even aer one week without any traces of settled MXene
particles in the vial.

Suspension of MXene particles in silicone oil also shows the
same remarkable stability as it was observed in castor oil as
shown in Fig. 8. MXene is also highly stable in silicone oil even
without the presence of surfactant due to siloxane group
present in the structure as observed from the digital images
shown in Fig. 8. The siloxane in its structure creates a steric
hindrance in holding the particles and thereby allowing the
particles to stay away from each other. Nanouid do not show
any traces of settling of particles even aer 7 days. This conrms
that the MXene nanoparticles are highly stable in silicone oil.
Fig. 10 Stability analysis of methanol based Cu-MXene hybrid nanofluids
days (d) after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.

29546 | RSC Adv., 2023, 13, 29536–29560
Next, Cu-MXene based hybrid nanouids stability was also
observed visually for possible sedimentation of nanoparticles in
the vial with respect to time. Water based Cu-MXene hybrid
nanouid suspension (prepared by varying MXene concentra-
tion and keeping Cu concentration constant) was sonicated
rigorously for about 45 min in the presence of SDS surfactant to
improve the stability. Aer 45 min, all six samples of water
based Cu-MXene hybrid nanouid stability was monitored
visually for possible settling of particles with respect to time for
7 days as shown in Fig. 9. From the gure, it can be seen that the
hybrid nanouid suspension is highly stable even aer 7 days
without aggregation of particles in the vial.

Cu-MXene hybrid nanouids also show outstanding
stability against aggregation in methanol base uid as shown
in Fig. 10. The visual observation of six different samples of
hybrid nanouids containing MXene and Cu nanoparticle
concentrations (vol%) ratio (0.01 : 0.01, 0.015 : 0.01, 0.02 :
0.01, 0.025 : 0.01, 0.04 : 0.01 and 0.05 : 0.01) conrms that the
hybrid nanouid suspension is highly stable for at least 7 days
through visual inspection: (a) after preparation (b) after 2 days (c) after 3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Stability analysis of castor oil based Cu-MXene hybrid nanofluids through visual inspection: (a) after preparation (b) after 2 days (c) after 3
days (d) after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.
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as observed from the digital images where there is no signif-
icant notice of settled particles at the bottom of the vial.

Stability of Cu-MXene hybrid nanouid synthesized using
castor oil as base uid is shown in Fig. 11. This hybrid nanouid
was prepared without adding surfactant. However, sonication
time has been increased to 90 min in order to make sure that all
Cu andMXene particles are clearly suspended in castor oil. Aer
careful suspension of Cu and MXene particles in castor oil,
stability of these castor oil based hybrid nanouids was moni-
tored visually with respect to time for at least 7 days and shown
in Fig. 11. Castor oil based Cu-MXene hybrid nanouid shown
in Fig. 11 shows excellent stability against aggregation for
a minimum of 7 days. This has been conrmed by the absence
of sedimented Cu and MXene particles at the bottom of the vial
with respect to time.

Silicone oil based Cu-MXene hybrid nanouids stability was
also captured visually with respect to time as shown in Fig. 12.
These hybrid nanouids also show excellent stability against
aggregation even in the absence of surfactant. However, pro-
longed duration of sonication is provided to suspend the Cu
© 2023 The Author(s). Published by the Royal Society of Chemistry
and MXene in silicone oil as similar to castor oil based hybrid
nanouids. Silicone oil based hybrid nanouids displayed
minimum 7 days of stability against settling of particles in the
vial. This stability could be possibly due to the binding of
siloxane group to the surface of Cu and MXene particles present
in the silicone oil and thereby allowing the increase in repulsive
forces among the particles.

In addition to visual interpretation of stability of mono and
hybrid nanouids, stability analysis was also further charac-
terized using zeta potential measurements. Zeta potential
analysis is a technique used to measure the stability of nano-
uids by measuring the surface charge present on the surface of
nanostructures. Higher the value of zeta potential, better will be
the stability of nanouids. Zeta potential of MXene and Cu-
MXene nanouids with respect to time is shown in Table 1.
3.3. Density of mono and hybrid nanouids

Investigation of thermophysical properties such as density with
respect to concentration of nanoparticles present in the base
RSC Adv., 2023, 13, 29536–29560 | 29547
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Fig. 12 Stability analysis of silicon oil based Cu-MXene hybrid nanofluids through visual inspection: (a) after preparation (b) after 2 days (c) after 3
days (d) after 4 days (e) after 5 days (f) after 6 days (g) after 7 days.
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uids is very essential for industrial heat transfer applications.
Due to this reason, variation of mono and hybrid nanouid
density with respect to concentration of nanoparticles in
different base uids is studied and shown in Fig. 13. Since the
pressure drop and pumping power is greatly inuenced by
density of uid, effect of concentration of nanoparticles on
density of the base uid should be investigated thoroughly.
From the Fig. 13, it can be seen that the density of the base
uids such as water, methanol, castor oil and silicone oil
increases with increase in concentration of Cu, MXene and Cu-
MXene nanoparticles. Similar trend was also reported by other
researcher (Shoghl et al. (2016)).42
3.4. Wettability studies using contact angle measurement

One of the essential thermophysical properties of hybrid
nanouids is wetting. The degree of wetting of a uid is deter-
mined by the contact angle. The contact angle (q) is the angle
formed by the tangent lines of the uid droplet with the hori-
zontal and level surface. Fluids possessing a contact angle
greater than 90° are referred to as “hydrophobic” or “non-
wetting” and the uids showing a contact angle less than 90° is
29548 | RSC Adv., 2023, 13, 29536–29560
referred as “hydrophilic” or “wetting”.27 The wettability of the
prepared hybrid nanouids in different base uids are
measured by measuring the contact angle and shown in Fig. 14.
From the gure, it can be seen that the hybrid uids synthesized
using water, methanol, castor oil and silicone oil shows excel-
lent wettability behavior as observed from the low contact
angles which is less than 90° and also the contact angle
decreases with increase in the concentration of MXene nano-
particles in base uids. This could be possibly due to the larger
size and higher density of Cu and MXene nanostructures as
compared to liquid molecule which exerts excess downward
force on the droplet allowing the contact angle to decrease with
respect to increase in the concentration of nanostructures.
Similar kind of behavior was also observed by Das et al. (2019).43
3.5. Thermal conductivity of mono and hybrid nanouids

The most critical property for any nanouid that needs to be
considered for thermal applications is its thermal conductivity.
Thermal conductivity of nanouids plays a major role in
enhancing the performance of heat exchangers during heating
and cooling applications. Higher thermal conductivity
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Table representing the zeta potential of mono and hybrid nanofluids with respect to concentration of nanoparticles

S. no. Type of nanouid
MXene : Cu
concentrations (vol%)

Zeta potential
on day 0 (mV)

Zeta potential
on day 7 (mV)

1 Water based MXene nanouid 0.01 : 0 −46.8 −44.1
0.015 : 0 −45.2 −43.6
0.02 : 0 −44.9 −42.9
0.025 : 0 −44.0 −41.7
0.04 : 0 −43.1 −41.2
0.05 : 0 −42.7 −40.3

2 Methanol based MXene nanouid 0.01 : 0 −63.8 −61.7
0.015 : 0 −62.1 −60.3
0.02 : 0 −60.7 −58.6
0.025 : 0 −59.2 −57.1
0.04 : 0 −58.9 −56.5
0.05 : 0 −58.6 −54.7

3 Water based Cu:MXene hybrid nanouid 0.01 : 0.01 −43.5 −42.2
0.015 : 0.01 −42.4 −41.5
0.02 : 0.01 −41.1 −40.1
0.025 : 0.01 −40.8 −39.6
0.04 : 0.01 −40.2 −38.4
0.05 : 0.01 −39.7 −37.8

4 Methanol based Cu:MXene hybrid
nanouid

0.01 : 0.01 −38.9 −37.3
0.015 : 0.01 −38.2 −36.5
0.02 : 0.01 −37.3 −35.9
0.025 : 0.01 −36.1 −35.1
0.04 : 0.01 −35.2 −34.2
0.05 : 0.01 −34.4 −33.5
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represents better enhancement in many heat transfer charac-
teristics.44 Fig. 15 shows the effect of concentration of MXene
nanostructures on the thermal conductivity of MXene mono
nanouid and its enhancement as compared to different base
uids such as water, methanol, castor oil and silicone oil. From
Fig. 15(a), it can be seen that the thermal conductivity of MXene
mono nanouid synthesized using water, methanol, castor oil
and silicone oil base uids increases with increase in theMXene
particles loading. This incremental behavior in the thermal
conductivity is possibly due to the high stability of nanouid in
all the base uids at different particle concentrations as
observed from the stability analysis. Further, enhancement in
thermal conductivity was calculated based on thermal conduc-
tivity of base uids and the nanouids and shown in Fig. 15(b).
It has been observed that the enhancement in thermal
conductivity of all the nanouids increases with increase in the
concentration of MXene nanostructures in the base uid.
Methanol based MXene mono nanouid represents higher
enhancement (more than 50%) in thermal conductivity at
higher particle loading (0.05 vol%) followed by castor oil based
(more than 30%), water based (more than 15%) and silicone
based (more than 8%) mono nanouids.

Next, the experimental thermal conductivity values of MXene
based nanouids in different base uids were compared with the
existing theoretical models such as Maxwell and Hamilton
Crosser model as shown in Fig. 16. Maxwell model was consid-
ered to be a rst model which is applicable for low volume
concentration of nanoparticles homogeneous suspensions.44,45 It
gives the relation between thermal conductivity of nanouids as
a function of thermal conductivity of nanoparticle, base uid and
concentration of nanoparticles as shown below.
© 2023 The Author(s). Published by the Royal Society of Chemistry
knf ¼ kbf

"
knp þ 2kbf þ 2Bnp

�
knp � kbf

�
knp þ 2kbf �Bnp

�
knp � kbf

�
#

(1)

where, knf, kbf, and knp are the thermal conductivity of nano-
uid, base uid, nanostructure and Bnp represents the volume
concentration of nanostructures.

Maxwell model was further modied by Hamilton and
Crosser by incorporating the shape factor in the existing
Maxwell model to study the effect of particle shape on the
thermal conductivity of nanouids as shown below45

knf ¼ kbf

"
knp þ ðn� 1Þkbf � ðn� 1Þ Bnp

�
kbf � knp

�
knp þ ðn� 1Þkbf þBnp

�
kbf � kn

�
#

(2)

where, n is shape factor and is dened as
3
j
andJ is the particle

sphericity. From the Fig. 16, it can be observed that the water
based MXene nanouids alone ts with the experimental values
of thermal conductivity. Whereas other MXene nanouids
synthesized using methanol, castor oil and silicon oil base uids
seems to under/over predict the effective thermal conductivity.
This could be possibly due to the non-consideration of the effect
of particle size and the interfacial layer at the particle–liquid
interface in the conventional models listed above (Maxwell and
Hamilton and Crosser). These effects play a major role in
enhancing the thermal conductivity of nanouids.

Next, we tried to further increase the thermal conductivity of
all the base uids by synthesizing hybrid nanouids where two
different nanostructures were added and dispersed in base uid.
Cu-MXene hybrid nanouids were prepared by adding 0.01 vol%
of Cu nanoparticles in addition to varied concentration of MXene
nanoparticles (0.01, 0.015, 0.02, 0.025, 0.04 and 0.05 vol%) in base
RSC Adv., 2023, 13, 29536–29560 | 29549
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Fig. 13 Density of mono and hybrid nanofluids with respect to concentration of MXene nanoparticles in (a) water (b) castor oil (c) castor oil and
(d) silicone oil.
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uids and thermal conductivity was measured successfully.
Fig. 17(a) and (b) denotes the variation of thermal conductivity
and enhancement of thermal conductivity with respect to
increase in the concentration of MXene nanostructures by
keeping Cu nanostructures concentration constant at 0.01 vol%.
Form the gure, it can be seen that the thermal conductivity and
enhancement in thermal conductivity increases with increase in
the MXene particle loading in all the hybrid nanouids due to
strong behavior of stability. Moreover, a remarkable increase in
the thermal enhancement of hybrid nanouids (more than 70%
inmethanol, 40% in water and castor oil, and 10% in silicone oil)
khnf ¼ kbf

2
6664
�
Bnp1knp1 þBnp2knp2

�
B

þ 2kb��
Bnp1knp1 þBnp2knp2

�
B

�
þ 2

29550 | RSC Adv., 2023, 13, 29536–29560
noticed (shown in Fig. 17(b)) as compared to mono nanouid
shown in Fig. 15. This rise in enhancement of thermal conduc-
tivity may be possibly due to the collective effect of both Cu and
MXene solid nanostructures in base uids.

Cu-MXene based hybrid nanouids experimental thermal
conductivity values are also tried to validate with different exist-
ing conventional models such as modied Maxwell, Hamilton,
and Yu and Choi models45 as shown in Fig. 18. These models are
applicable only for hybrid nanouids and are shown below.

Modied Maxwell model:
f þ 2
�
Bnp1knp1 þBnp2knp2

�� 2Bkbf

kbf � �Bnp1knp1 þBnp2knp2
�þBkbf

3
7775 (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Contact angle measurement with respect to volume
concentration of Cu-MXene hybrid nanofluids prepared using
different base fluids.
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where, B is the total volume concentration of nanostructures
present in the hybrid mixture, Bnp1 and Bnp2 are the volume
concentrations of nanoparticle 1 (copper) and nanoparticle 2
(MXene titanium carbide nanosheets). On the other hand, khnf,
kbf, knp1 and knp2 are the thermal conductivity of hybrid nano-
uid, base uid, nanoparticle 1 and nanoparticle 2 respectively.

Hamilton and Crosser model:

khnf ¼ kbf

"
knp1 þ ðn1 � 1Þkbf � ðn1 � 1Þ Bnp1

�
kbf � knp1

�
knp1 þ ðn1 � 1Þkbf þBnp1

�
kbf � knp1

�
#

�
"
knp2 þ ðn2 � 1Þkbf � ðn2 � 1ÞBnp2

�
kbf � knp2

�
knp2 þ ðn2 � 1Þkbf þBnp2

�
kbf � knp2

�
#

(4)
Fig. 15 Effect of concentration of MXene nanostructures on (a) therm
different base fluid centered MXene mono nanofluids.

© 2023 The Author(s). Published by the Royal Society of Chemistry
where n1 and n2 are the shape factor constituents of rst and
second particles respectively.

Yu and Choi model:

khnf

kbf
¼
0
@
�
knp2 þ 2kbf � 2B

�
kbf � knp

�ð1þ bÞ3
�

�
knp2 þ 2kbf �B

�
kbf � knp

�ð1þ bÞ3
�
1
A (5)

where, b represents clustering effect.
Aer validating with these existing conventional models, it

has been observed the water based hybrid nanouids seems to
t best as compared to other base uids based Cu-MXene
hybrid nanouids possibly due to the ignorance of other
parameters (particle size, temperature, interfacial interactions
etc.) in the models.

3.6. Specic heat of mono and hybrid nanouids

Moreover, specic heat is another important thermophysical
property for enhancing the thermal performance of heat transfer
devices.46,47 In this work, specic heat of mono nanouids and
hybrid nanouids is calculated using the existing theoretical
equations as shown below and the specic heat values with
respect to concentration of nanoparticles are tabulated in Table 2.

For mono nanouids,

Cp;nf ¼
 
B
�
rCp

�
n
þ ð1� BÞ�rCp

�
bf

Brn þ ð1� BÞrbf

!
(6)

where Cp,nf, Cpn, Cpbf are specic heat of mono nanouid,
nanoparticle and base uid respectively and rn, rbf represents
density of nanoparticle and base uid. Finally, the concentra-
tion of nanoparticles was denoted by B.

For hybrid nanouids,

(rCp)hnf = B1(rCp)s1 + B2(rCp)s2 + (1 − B)(rCp)f (7)

where, Cphnf, Cps1, Cps2, Cpf shows the specic heat of hybrid
nanouid, nanoparticle 1, nanoparticle 2 and base uid. rhnf,
al conductivity and (b) the enhancement of thermal conductivity in
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Fig. 16 Validation of experimental thermal conductivity with the existing model equations for (a) water based (b) methanol based (c) castor oil
based and (d) silicon oil based MXene mono nanofluids.

Fig. 17 Effect of concentration of MXene nanostructures on (a) thermal conductivity of base fluids and (b) the enhancement of thermal
conductivity in hybrid nanofluids.

29552 | RSC Adv., 2023, 13, 29536–29560 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Validation of experimental thermal conductivity with the existing model equations for (a) water (b) methanol (c) castor oil and (d) silicon
oil based Cu-MXene hybrid nanofluids.
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rs1, rs2 and rf represents the density of hybrid nanouid,
nanoparticle 1, nanoparticle 2 and base uid respectively.B,B1

and B2 denotes the total volume concentration and volume
concentration of nanoparticle 1 and nanoparticle 2.

From Table 2, it has been observed that the specic heat of
MXene mono and Cu-MXene hybrid nanouids synthesized
using water, methanol, castor oil and silicone oil as base uids
decreases with increase in the concentration of MXene/Cu-
MXene nanoparticles which could be due to the availability of
less energy with respect to increase in the concentration of
nanoparticles for activating the nanoparticles. In addition, solid
particles will have less specic heat as compared to liquids
which in turn collectively reduces the specic heat of mono/
hybrid nanouids by adding the solid nanoparticles in base
uids. Hence it has conrmed that different base uids and the
presence of more than one nanostructure inuence the specic
heat of nanouids.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.7. Viscosity of mono and hybrid nanouids

The rheological behavior of the synthesized hybrid nanouids
using different base uids was measured at room temperature
and shown in Fig. 19(a) and (b). Viscosity of hybrid nanouids
increases with increase in the concentration of MXene nano-
structures in the base uid which is due to the increase in van
der Waals force of attraction between base uids and the solid
MXene nanostructures. Thereby, hybrid nanouid viscosity
increases remarkably as compared to base uids viscosity as
shown in Fig. 19(a) and (b). Approximately, 85% enhancement
in viscosity of the water and methanol based hybrid nanouid
has been reported as compared to the base uids such as water
and methanol. However, a slight enhancement (∼11%) in the
viscosity of castor oil based hybrid nanouids was observed as
compared to castor oil base uid. A massive enhancement in
viscosity of silicone based hybrid nanouids (∼340%) has been
noticed as compared to silicone oil base uid viscosity
RSC Adv., 2023, 13, 29536–29560 | 29553
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Table 2 Table representing the specific heat mono and hybrid nanofluids with respect to concentration of nanoparticles

S. no. Type of nanouid
Concentration of MXene/Cu-MXene
nanoparticles (vol%)

Specic heat
(J kg−1 K−1)

1 Water based MXene nanouid 0.01 4036.69
0.015 3967.87
0.02 3901.14
0.025 3836.4
0.04 3653.28
0.05 3539.69

2 Methanol based MXene nanouid 0.01 2404.55
0.015 2359.78
0.02 2316.83
0.025 2275.59
0.04 2161.13
0.05 2091.72

3 Castor oil based MXene nanouid 0.01 1672.976
0.015 1642.293
0.02 1612.636
0.025 1583.958
0.04 1503.381
0.05 1453.832

4 Silicone oil based MXene nanouid 0.01 1157.42
0.015 1146.69
0.02 1136.3
0.025 1126.25
0.04 1097.94
0.05 1080.47

5 Water based Cu-MXene hybrid nanouid 0.02 3695.637
0.025 3627.494
0.03 3561.368
0.035 3497.176
0.05 3315.409
0.06 3202.543

6 Methanol based Cu-MXene hybrid nanouid 0.02 2142.934
0.025 2095.174
0.03 2049.304
0.035 2005.217
0.05 1882.748
0.06 1808.444

7 Castor oil based Cu-MXene hybrid nanouid 0.02 1672.976
0.025 1642.293
0.03 1612.636
0.035 1583.958
0.05 1503.381
0.06 1453.832

8 Silicone oil based Cu-MXene hybrid nanouid 0.02 1042.879
0.025 1025.031
0.03 1007.821
0.035 991.219
0.05 944.804
0.06 916.451
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suggesting the extraordinary interaction between silicone oil
base uid and the MXene nanostructures.

Viscosity of hybrid nanouids measured using viscometer
with respect to variation in the concentration of nanoparticles
were tried to validate with the existing theoretical model equa-
tions as shown in Fig. 20. Six model equations such as Park and
Cho, Brinkman, Einstein, Sharma, Chen et al. and Batchelor
models48 were identied which are represented as viscosity of
hybrid nanouids as a function of viscosity of base uids and
concentration of nanoparticles as shown below.
29554 | RSC Adv., 2023, 13, 29536–29560
Pak and Cho model:

mhnf = mbf(1 + 39.11 × B + 533.9 × B2) (8)

Brinkman model:

mhnf ¼ mbf

 
1

ð1� BÞ2
!

(9)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Effect of concentration of MXene nanostructures on viscosity of (a) water, methanol based and (b) castor oil, silicone oil based Cu-MXene
hybrid nanofluids.

Fig. 20 Validation of experimental viscosity data with the existingmodel equations for (a) water (b) methanol (c) castor oil and (d) silicon oil based
Cu-MXene hybrid nanofluids.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29536–29560 | 29555
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Table 3 Table representing the pumping power of hybrid nanofluids with respect to concentration of nanoparticles

S. no. Type of nanouid
Concentration of MXene/Cu-MXene
nanoparticles (vol%)

Pumping power
(W)

1 Water based Cu-MXene hybrid nanouid 0.02 5.013
0.025 5.012
0.03 5.011
0.035 5.004
0.05 5.002
0.06 4.990

2 Methanol based Cu-MXene hybrid nanouid 0.02 6.392
0.025 6.372
0.03 6.366
0.035 6.365
0.05 6.356
0.06 6.355

3 Castor oil based Cu-MXene hybrid nanouid 0.02 5.298
0.025 5.281
0.03 5.257
0.035 5.254
0.05 5.241
0.06 5.234

4 Silicone oil based Cu-MXene hybrid nanouid 0.02 5.233
0.025 5.232
0.03 5.218
0.035 5.207
0.05 5.205
0.06 5.198
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Einstein viscosity correlation:

mhnf = mbf(1 + 2.5 × B (10)

Sharma et al. model:

mhnf ¼ mbf

 
0:9653þ 77:4567

�
Bhnf

100

�1:1558�
T1

T2

�0:6801
!

(11)
Fig. 21 FOM analysis of CU-MXene hybrid nanofluids under (a) laminar

29556 | RSC Adv., 2023, 13, 29536–29560
Chen et al. viscosity model:

mnf = mbf(1 + 10.6 × B + (10.6 × B)2) (12)

Batchelor model:

mnf = mbf(1 + 2.5 × B + 6.2 × B2) (13)

where: mhnf and mbf are viscosities of hybrid and base uids and
B is the total volume concentration of nanoparticles. T1 and T2
and (b) turbulent flow conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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represent initial and nal temperature of the hybrid nanouid
respectively. From Fig. 20, it can be seen that the Chen et al.
model tted well with the water, methanol and silicone oil
based hybrid nanouids. On the other hand, castor oil based
hybrid nanouids tted with Batchelor model instead of Chen
et al. model.

3.8. Pumping power of hybrid nanouids

Pumping power is one of the important parameters which
decide the economical performance of any heat exchanging
device. In this paper, pumping power of hybrid nanouids were
calculated using the following equation by assuming the
parameters like mass ow rate (0.1 kg s−1) and pressure drop
(0.5 × 105 Pa) and tabulated in Table 3. From the Table 3, it has
been observed that the hybrid nanouids exhibits low pumping
power ranging from 5–6 W which signies lower energy
consumption in transporting the hybrid nanouids in heat
exchanging devices.

Pumping power ¼
�

m

rhnf

�
� DP (14)

where m, rhnf, and DP represents mass ow rate, density and
pressure drop of hybrid nanouids respectively.

3.9. Figure of merit (FOM) analysis

The thermal effectiveness of any heat transfer uid was
measured using a dimensionless number known as Mour-
omtseff number (Mo). Mouromtseff number was rst intro-
duced by Simons49 to examine the thermal effectiveness of heat
transfer uid for electronic cooling application. Mouromtseff
number is considered as a Figure of merit for discussing the
thermal performance of heat transfer uids. Higher the Mour-
omtseff number better will be the thermal performance of any
coolant.28 For fully developed internal laminar and turbulent
ow, the Mouromtseff number can be estimated using the
following expression.

FOM under laminar and turbulent ow regimes [28] can be
calculated as follows:

FOMlaminar ¼ knf

kbf
¼
�
mnf � mbf

�
knf � kbf

(15)

FOMturbulent ¼ Monf

Mobf

¼
�
knf

kbf

�0:6

�
�
rnf

rbf

�0:8

�
�
cpnf

cpbf

�0:4

�
�
mnf

mbf

��0:47

(16)

where; Mo ¼
�
rakbCp

d

me

�
(17)

where Monf, Mobf, knf and kbf, rnf, rbf, mnf, mbf, cpnf and cpbf
represents Mouromtseff number, thermal conductivity, density,
dynamic viscosity, and specic heat of the nanouid and base
uid respectively and a = 0.8, b = 0.6, d = 0.4, and e = 0.47 as
reported by Said et al. (2022).50 FOM value greater than 1
suggests that it can be considered as a favorable for that
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29536–29560 | 29557
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particular region (laminar or turbulent). FOM under fully
developed laminar and turbulent ow condition was evaluated
using the thermal conductivity, density, specic heat and
viscosity of nanouid, base uid for Cu-MXene hybrid nano-
uid with respect to concentration of particles and shown in
Fig. 21. From Fig. 21(a), it can be observed that Cu-MXene
hybrid nanouids represents larger FOM value which is
greater than 1 under laminar ow conditions for all the samples
signifying better heat transfer capability under fully developed
laminar ow conditions. The phenomena is not same for water
and silicone oil based Cu-MXene hybrid nanouids under
turbulent ow conditions as observed from the smaller value of
FOM (less than 1) in Fig. 21(b) indicating its non-suitability for
enhancing the heat transfer performance under turbulent ow
conditions. However, methanol and castor oil based Cu-MXene
hybrid nanouids hold FOM value greater than 1 under
turbulent ow.

Finally, a comparative study has been performed by
comparing our work with already published works in terms of
concentration of nanostructures, thermo-physical properties,
FOM analysis conducted and shown in Table 4. From this
analysis, it has been observed that MXene mono and Cu-MXene
hybrid nanouids synthesized in the current work display
remarkable enhancement in thermophysical properties at low
concentration of nanostructures as compared to other material
based nanouids reported in the literature.
3.10. Uncertainty analysis

ASTM Test Code PTC 19.8 has been used to perform the
uncertainty analysis.51 All the measurements conducted for
computing various thermo-physical properties such as density,
thermal conductivity, contact angle and viscosity are repeated
for at least 3 times to achieve the consistency and reliability in
the data. Finally, the mean data is reported by considering the
standard error value. The percentage error data calculated for
density, thermal conductivity, contact angle and viscosity is
found to be 1%, 6%, 4% and 2% respectively. Uncertainty
analysis is ignored for other properties such as specic heat and
pumping as they are computed theoretically using existing
correlations.
4 Conclusion

Cu and MXene nanostructures required for preparing mono
and hybrid nanouids were successfully synthesized using
chemical reduction and HF etching methods. Cu nanoparticles
represents the average particle size of ∼20 nm and MXene
nanostructures shows a layered structure as observed from TEM
and FESEM analysis. Mono and hybrid nanouids were effec-
tively prepared using two step method by dispersing the low
concentration Cu and MXene nanostructures in various base
uids. As prepared mono and hybrid nanouids shows excel-
lent stability against aggregation in all the base uids.

Thermo-physical properties such as density, thermal
conductivity, viscosity and wettability of hybrid nanouids were
successfully measured and reported a maximum enhancement
29558 | RSC Adv., 2023, 13, 29536–29560
in thermal conductivity and viscosity of nanouids at very low
concentration of nanostructures. In addition, specic heat and
pumping power of hybrid nanouids were also determined
using theoretical equations obtained from the literature and
observed that these properties decreases with increase in the
volume concentration of nanostructures. Experimental thermal
conductivity and viscosity of hybrid nanouids were also
successfully validated with the well-known existing theoretical
correlations. Finally, better heat transfer uid was suggested
enhancing the thermal performance of heat exchanging devices
under laminar and turbulent ow conditions by conducting the
FOM analysis.
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