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HIGHLIGHTS

« 2D Ti;3SiC, MAXene nanosheets based
nanofluid was developed for the first
time.
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show rheo-controlled flow behavior.

« About 45% enhancement in thermal
conductivity was achieved at 323 K.

« The MAXene nanofluid also exhibit
lubricating properties.

« These exotic properties make it
superior to conventional heat transfer
fluids.
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ABSTRACT

‘Nanocoolants’ offering extraordinary heat transport property demand new and exotic nanostructures as
fillers that can display enhanced thermal conductivity and thermochemical stability for efficient thermal
management operations. Herein we report for the first time, the processing of stable MAXene nanofluids
using 2D MAXene nanosheets derived from the bulk nanolaminated Ti3SiC; MAX phase ternary carbides
via shear induced micromechanical delamination technique. The beneficial multifunctional physical
properties of MAXene colloid such as thermal conductivity, viscosity and lubrication effect are assessed
and reported. An enhancement of thermal conductivity by ~45% is achieved at 323 K with a loading of
0.25 Vol% MAXene nanosheets. Interestingly, MAXene nanofluids exhibit decreased viscosity than the
basefluid revealing that it can act as ‘rheo-controlled’ nanofluid. It is a unique rheological behavior, not
exist in many well established conventional ceramic nanofluids. In addition, MAXene nanofluids also
offer lubricating property with very low coefficient of friction (COF) values (<0.1).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

clogging in microchannels and poor fluid stability are the very
common technical issues realized with classical thermal fluids pre-

Heat transfer fluids exhibiting non-reactivity and exceptional
thermal dissipation characteristics in addition to good thermo-
chemical stability over a range of service temperatures have high
demand in thermal management operations [1-3]. Practically,

* Corresponding author. Tel.: +91 471 2515289, +91 9497271547.
E-mail address: ananthakumar70@gmail.com (S. Ananthakumar).

http://dx.doi.org/10.1016/j.cej.2016.04.010
1385-8947/© 2016 Elsevier B.V. All rights reserved.

pared with conventional metallic particles [4-6]. This prompted
researchers to develop ‘nanofluids’ using water [4] transformer
oil [7], mineral oil [8], ethylene glycol [9,10], propylene glycol
[11,12], silicone oil [13] basefluids dispersed with engineered par-
ticulates possessing high thermal conductivity. Factors affecting
the bulk heat transfer in a thermal management fluid are disper-
sion stability, surface charge characteristics, fluid viscosity and
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the morphology of nanoparticles. They are controlled by optimum
use of particulate solid fraction, i.e., the filler fraction in the base-
fluid [14]. Apart from the usual settling and choking problems,
high filler loading increases viscosity and reduces the pumping
efficiency, which is essential for mechanical circulation of the
nano-fluid coolants. In fact, the viscosity of thermal fluids prepared
with high thermal conducting Al,05 [4], ZrO, [6], ZnO [12], Fe,05
[15], SiC [16,17] and CeO, [18] etc. is quite high even at very low
concentrations. Moreover, nano-particulates such as Al,0s3, SiC
and ZrO, dispersoids generate mechanical friction and associated
frictional heat finally caused damage to mechanical components
[19]. Therefore, a balance between thermal conductivity, stability
and viscosity is imperative. It calls for new multifunctional nanos-
tructures where desirable dispersion stability, viscosity and ther-
mal conductivity can be reached.

Successive to many oxides, carbides, and nitrides dispersed
ceramic thermal nanofluids, research was then shifted to carbon
based nanofluids involving CNT nanostructures [20-22]. The very
high thermal conductivity (2000-4000 W/mK) make it attractive
for application in nanofluids. Unfortunately, in such nanofluids,
the non-reactive CNT surfaces, intrinsic van der Waals force and
geometrically high aspect ratios caused severe aggregation and
make the system less stable. Surfactants were employed to over-
come this drawback [23-25]. However, surfactant molecules cause
foaming during heating and weaken the overall thermal properties.
Moreover, the thermal resistance between CNTs and basefluid may
increase due to surfactant molecules attached to the CNT surfaces
[26]. Further, the entanglement and associated aggregation in CNT
nanofluids causes an increase in viscosity and clogging in
microchannels. To overcome this, Xie et al. introduced acid func-
tionalization of CNTs to prepare surfactant free, stable CNT
nanofluids [27]. Metal nanoparticle modification of CNTs is another
method reported to improve the stability and performance of
nanofluids [22].

2D nanostructures like graphene, fluorinated graphene oxide
and boron nitride are recently emerged as potentially high thermal
conducting, heat dissipative dispersoids in nanofluids to be used as
nanocoolants [28-30]. Ramaprabhu and coworkers reported an
enhancement of ca. 28% in thermal conductivity of water at 25 °C
using metal oxide decorated graphene nanosheets [31]. A hybrid
approach in which functionalized multiwalled CNTs are attached
to functionalized graphene was also reported to prepare stable
composite nanofluids with enhanced thermal properties [32]. Aja-
yan and coworkers explored BN nanosheets as electrically insulat-
ing thermal conductive fillers in transformer oil [33].

In this series, design of new 2D nanostructures is quickly grow-
ing. Recently our group reported the synthesis of a novel 2D nanos-
tructure namely MAXene nanosheets from bulk Ti3SiC; MAX phase
ceramic nanolaminates for the first time [34]. MAX phase is the
family of ternary carbides/nitrides denoted as M,.+;AX, where M
is an early transition metal, A represents group IIIA, or IVA element
and X is either carbon and/or nitrogen. It primarily consists of
alternate MX layers separated by A layer atoms. Ti3SiC, is the most
familiar MAX phase studied extensively, including applications in
structural composites [35-37]. Ti3SiC, ternary carbides are novel
engineering material possessing attractive functional properties.
It is thermally stable like ceramics with exceptional machinability
and thermal/electrical conductivity; features seen with metals.
Bulk Ti3SiC, has thermal conductivity in the range 37-40 W/mK
[38]. TisSiC; is also known for its self-lubricating properties [39].
Since Ti3SiC, has unusual thermal, electrical and lubricating char-
acteristics high interest is there to make multifunctional MAX
phase nanostructures. We could produce 2D MAXene nanosheets
via shear induced micromechanical delamination technique [34].
A few layers thick Ti3SiC; MAXene nanosheets were found to be
very well stable in polar solvents. Since these newly derived Ti3SiC,

MAXene nanosheets contain surface terminated hydroxyl groups,
they are a promising candidate for obtaining water based
thermal-fluids where high thermal conductivity, low viscosity
and high lubricating properties can be expected.

Ethylene glycol and propylene glycol are two commonly used
water- based fluid in thermal management. Even though ethylene
glycol has better heat transport properties, propylene glycol is
more non-toxic and environment-friendly than ethylene glycol
[40,41]. The excellent antifreeze properties make propylene glycol
based fluids one of the fastest growing product segment in heat
transfer fluids. Thus, they are used as antifreeze agents in food
and beverage industry [40]. Moreover, a liquid with a freezing
point less than —40 °C is preferred for electronics cooling. Propy-
lene glycol meets all these requirements. A summary of the
demand for heat transfer fluids in the market is presented in
Fig. 1. It can be seen that almost all the industries relevant sectors
depend on heat transfer fluids to ensure reliable performance.
Fig. 1(B) shows the market analysis of various kinds of heat trans-
fer fluids in this decade. It is reported that the global market for all
types of fluids is increasing year by year, which indicates the
importance of developing new types of high performing fluids.

In the present study, we have successfully prepared a novel
high thermal conducting TisSiC; MAXene nanofluid in the propy-
lene glycol medium. To the best of our knowledge, this is the first
report demonstrating the application of 2D MAX phase nanosheets
as heat carriers for heat transfer fluids. Interestingly, we also found
unique rheological and lubricating properties in this newly
designed MAXene thermal fluid. It is envisaged that the application
of this multifunctional rheo-controlled ‘MAXene nanocoolant’ can
contribute to the development of next generation heat transfer
fluids.

2. Experimental
2.1. Materials and methods

Nanolayered Ti3SiC, MAX phase (particle size Dav = 13 pm) was
procured from 3-ONE-2 LLC, USA. Micromechanical milling was
performed using the Ultra-Fine mortar grinder (Retsch-RM 200,
Germany) which works on pressure—friction principle. Propylene
glycol (Merck India Ltd) was used as the basefluid. An overview
of the experimental procedure adopted in the present work is
shown in Fig. 2. In a typical experiment 1 g of bulk Ti3SiC; was
taken in 15 mL propylene glycol. It was transferred into the cera-
mic Retsch mortar and subjected to micromechanical milling for
24 h. Before the last hour milling, the volume of propylene glycol
was raised to 100 mL. After 24 h, the milled dispersion was trans-
ferred to a container and subjected to ultrasonication for 1 h using
the ultrasonic processor (Sonics Vibra Cell, 20 kHz). The resultant
dispersion was then centrifuged at 8000 rpm to settle down the
un-exfoliated large particles. The delaminated TisSiC, nanostruc-
tures stay suspended in the basefluid was collected for the prepa-
ration of nanofluid. The delaminated MAXene nanosheets required
for morphological and structural characterization was collected by
the removal of propylene glycol through solvent extraction
method. For this, the nanofluid was diluted with an excess amount
of chloroform and kept for few hours. The nanosheets settled at the
bottom were collected by freeze drying. Conventional drying was
avoided because it causes restacking of nanosheets. The separated
nanosheets were preserved for further characterization. To prepare
the nanofluids with various concentrations of Ti3SiC, MAXenes, the
solid content of the as processed dispersion was first determined
gravimetrically by solid matter determination set up. For this ther-
mal stability of the propylene glycol basefluid was first determined
using thermogravimetric analysis (TGA) and it was found that
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Fig. 1. (A) Insight on the usage of heat transfer thermal fluids in various industrial sectors. (B) Global market analysis of heat transfer thermal fluids by type with a forecast of

the global consumption rate.
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Fig. 2. Schematic representation of the processing of Ti3SiC, MAXene nanofluids.

complete evaporation/decomposition of propylene glycol occurred
at ca. 200 °C as shown Fig. S1 (Supporting Information). Hence, to
determine the solid content, 10 mL of the as prepared nanofluid
was taken in a clean, pre-weighed quartz crucible and then heated
to 200 °C in a temperature controlled muffle furnace and kept at
this temperature for 1 h. The weight of the crucible after cooling
to room temperature was noted, and the solid concentration of
the nanofluid was determined from the weight difference. The as
prepared nanofluid was then diluted with sufficient amount of
propylene glycol followed by 30 min ultrasonication to make
homogeneous dispersions containing different volume concentra-
tions of Ti3SiC, MAXene nanosheets. The corresponding MAXene
nanofluid is designated as PG-TSC-x Vol% (where, x =0.01, 0.02,
0.1, 0.2 and 0.25).

2.2. Characterization

The microstructure of bulk TisSiC, before exfoliation was ana-
lyzed using ZEISS EVO 18 Scanning Electron Microscopy (SEM).
The morphological features of delaminated Ti3SiC, MAXene sheets
were examined by FEI Tecnai 30G2S-TWIN Transmission Electron
Microscopy (TEM), operated at an accelerating voltage of 300 kV,
coupled with EDX facility. The powder X-ray diffraction (XRD) pat-

tern of the MAXene nanosheets was recorded using X'Pert Pro, Phi-
lips X-ray diffractometer with a monochromator on the diffraction
beam side (Cu Ka radiation, 4 = 0.154 nm). Size and zeta potential
measurements for the nanofluids were conducted at 25°C by
Dynamic Light Scattering (DLS) using Malvern Zetasizer
3000HSA. The colloidal stability of the nanofluid was evaluated
using Shimadzu UV-2401PC UV-vis Spectrophotometer. The rheo-
logical properties of the nanofluids were examined by Anton Paar
Modular Compact Rheometer (MCR 102) using a measuring paral-
lel plate setup (PP75) with 75 mm diameter and a gap of 1 mm. The
rheo-experiments were conducted in flow (rotational) mode at a
controlled rate with shear rates ranging from 0-1000S-1. The tem-
perature dependent viscosity was measured in the temperature
range 303-333 K at a constant shear rate of 2005

The thermal conductivity of the nanofluid was recorded using
KD2 Pro Thermal properties analyzer (Decagon Devices, USA)
workings on the principle of transient hot-wire technique. The
KS-1 probe having a diameter of 1.2 mm and a length of 6 cm
was completely immersed in the nanofluid to determine the ther-
mal conductivity. Typically the probe consists of a needle with a
heater and a temperature sensor inside. A current passes through
the heater and the system monitors the temperature of the sensor
over time. Analysis of the sensor temperature determines the
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thermal conductivity. Before the measurements, the probe was cal-
ibrated using standard fluid; glycerol supplied by KD2 Pro. Mea-
surement of thermal conductivity of liquids is difficult and
extreme care was taken to obtain accurate and repeatable results.
The sample and the probe were kept absolutely still to eliminate
any forced convection. The measurements were carried out in an
isolated clean room that was free from any source of vibrations.
The errors coming from convection mechanism were also reduced
by aligning the sensor orientation in a vertical direction with the
fluid container. Moreover, the high viscosity of propylene glycol
than water minimizes the error due to convection. The tempera-
ture dependent measurements of thermal conductivity were car-
ried out using a water bath. Thermal conductivity up to 323 K
was measured since the viscosity becomes too low above this tem-
perature and free convection begins to affect the measurement. A
schematic representation of the experimental setup used for the
thermal conductivity measurement is depicted in Fig. S2 (Support-
ing Information). The electrical conductivity of the nanofluids was
measured using Jenway 3540 pH a Conductivity Meter with a cell
constant of 1.02.

The tribological performance of the nanofluids was evaluated
by ball-on-disc wear and friction technique (TR-201LE DUCOM,
India). Steel balls (EN 31) having a diameter of 10 mm were used
as standard test balls. A steel disc (EN 31 hardened to 62 HRc) hav-
ing a diameter 100 mm and 8 mm thickness was used as the coun-
terface material. A constant track diameter of 70 mm was given for
all the measurements. The wear test was carried out with a normal
load of 29.4 N and time of 900 s. The tests were conducted in an
environmental chamber at ambient temperature. The nanofluid
was applied on the wear track using a pump at a rate of
1 mLmin~'. A bare experiment was also conducted without the
addition of any lubricants to determine the coefficient of friction
of the steel ball. The frictional force was monitored by using a fric-
tional force sensor and was converted to the coefficient of friction
(W). The surface roughness of the wear scar formed on the steel
balls was measured using a surface roughness tester (Dektak XT
Profilometer), with a measurement length of 0.8 mm.

3. Results and discussion
3.1. Preparation of MAXene nanofluids

The delamination of nanolayered, bulk MAX phase Ti3SiC, par-
ticles into MAXene nanosheets and formation of nanofluids via
mechanical shearing show a strong dependence on two processing
parameters; milling time and initial mass. The gravimetric estima-
tion of the solid fraction in the resultant MAXene nanofluids gives
the % yield of the MAXene product at different processing condi-
tions. Table 1 presents the effect of milling time and initial mass
on the % yield of Ti3SiC; MAXene nanosheets in a final volume of
100 mL propylene glycol. A maximum yield is obtained at a fixed
time of 24 h milling for the initial feed of 1 g Ti5SiC,. It is seen that
merely an increase in the initial mass of Ti3SiC, feed could not
improve the % yield though it is generally expected. Delamination

Table 1
Dependence of initial Ti3SiC, loading and milling time on % yield of MAXene
nanosheets in the nanofluids.

Ti3SiC, mass (g) Milling time (h) Solid fraction mg mL~! % yield
1 12 1.2 12
2 12 4.6 23
1 24 5.2 52
2 24 9.2 46
2.5 24 9.8 39
5 24 12.4 25

of nanolayered Ti3SiC, into MAXene nanosheets through mechan-
ical means is possible by exfoliation, mechanical-peeling and thin-
ning. In fact, factors such as inter-atomic bond strength, bulk
hardness, and the dispersion stability of TisSiC, in the given fluid
medium are primarily controlled the effective mechanical exfolia-
tion/delamination. Earlier reports on TisSiC, clearly indicate that
the TiC-Si bond is mechanically weak that can break and promote
exfoliation/delamination when mechanical force is induced
[42,43]. These reports confirm that the nanolaminated architec-
tures can be mechanically separated from the original nanolayered
stacked structure. We have earlier reported the effect of various
solvents on the mechanical exfoliation/delamination of bulk Tis-
SiC, and found that polar solvents are effective in dispersion stabil-
ity and rate of delamination [34].

An operative mechanism in delamination of Ti3SiC, is described
schematically in Fig. 2. The delamination of the Ti3SiC, particle in
the propylene glycol medium is mainly aided by the oppositional
rotation of mechanical mortar and the ceramic pestle coupled with
the compressive shear force on the particles [34]. As the initial con-
centration increases, the particles move out from the contact area
from the vicinity of the mortar and pestle of the Retch milling
equipment and each particle is subjected to less milling process.
As a result of this, the particle could not delaminate completely
unless a proportional increase in the milling time is provided. This
is the probable reason for the low yield even at high loading of Tis-
SiC,. It was noticed that the centrifugation condition also influ-
ences the resultant yield of the MAXene product. We observed
that the reduction of centrifugation time produced a dispersion
of MAXene with a high % yield but with less stability. For example,
at 4000 rpm/10 min duration, in addition to the colloidal size
MAXene sheets, the centrifuged product also contains unexfoli-
ated/partially exfoliated large and thick size MAXene sheets that
make the dispersion less stable. At a given time of 24 h milling
and 8000 rpm/10 min duration, the 1 g Ti3SiC, feed produces com-
pletely exfoliated, stable MAXene nanofluid with 52% yield of
solids. Therefore, these conditions were finalized to produce well
stable MAXene nanofluids. Upon dilution with appropriate
amounts of propylene glycol, MAXene nanofluids containing 0.01,
0.02, 0.1, 0.02 and 0.25 Vol% of Ti3SiC, MAXene was successfully
obtained.

3.2. Structural and morphological features of MAXene nanosheets

SEM and TEM examinations further ascertained the structural
characteristics of the MAXene nanosheets formed via mechanical
shearing and the resultant morphologies are depicted in Fig. 3.
The schematic representation of layered arrangements of atoms
in bulk Tis3SiC, is given in Fig. 3(a). The SEM images in Fig. 3(b
and c) show the nanolayered nature of bulk Ti3SiC, particles that
upon micromechanical exfoliation turn to MAXene nanosheets.
The microstructure indicates the single Ti3SiC, particle has a phys-
ical size below 10 um. The particle also contains stacks of multiple
nanothick inter-layers. Fig. 3(d1-d4) is the TEM morphologies of
the exfoliated Ti3SiC, MAXene nanosheets obtained in the propy-
lene glycol medium. The TEM image describes three distinct nano
morphologies of MAXene nanosheets in the nanofluids. In Fig 3
(d1) the TEM image shows a few layer thick, large size MAXene
nanosheet with a sheet length of ca. 200 nm. A further examina-
tion reveals that the nanofluids also contain nanosheets with sin-
gle layers and such layered sheets have the length of ca. 30-
150 nm. These single layer MAXene sheets are transparent to elec-
tron beam as evidenced from HRTEM image in Fig. 3(d3). A low
magnification TEM image and the corresponding statistical analy-
sis illustrating the distribution of MAXene nanosheets in the nano-
fluid is given as Fig. S3 (Supporting Information). It is noticed that
the nanofluid mainly contains nanosheets having length in the
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Fig. 3. (a) Schematic representation of crystal structure of bulk Ti3SiC, revealing the layered arrangement of atoms, (b and c¢) SEM images of bulk Ti3SiC, showing the
nanolayered characteristics, d1-d3) TEM images of Ti3SiC, MAXene nanosheets showing various size distribution in the nanofluids, The inset to the TEM image represents the
corresponding EDX spectrum, (d4) magnified portion of HRTEM image of single MAXene nanosheets shown in d3, (e) the powder XRD spectra of bulk as well as exfoliated

MAXene nanosheets and (f) FFT corresponds to the TEM images shown in d3.

range 30-150 nm. The inset to Fig. 3(d3) is the magnified part of
the single nanosheet revealing the orientation in (104) plane with
a d spacing of 0.227 nm. The corresponding FFT pattern is also
depicted in Fig. 3(f). In addition to these large size thick and single
layer Ti3SiC, MAXene nanosheets, the micro-mechanical exfolia-
tion of bulk Ti3SiC, also produced a significant amount of ultra-
small Ti3SiC, quantum dots with size ca.10 nm as seen in Fig. 3
(d2). The parallel existence of Ti3SiC, quantum dots is the result
of the micromechanical grinding effect due to an extended period
of mechanical shearing where the destruction of Ti3SiC, readily
occurred. Such mixed morphologies of nanosheets with different
sheet lengths and nanoparticles are expected to offer increased
inter-particle contacts and maintain the particle networking to
have effective thermal transport. The EDX spectrum of the MAX-
ene nanosheets is given as inset to the TEM images (Fig. 3d1-
d4). The presence of OH functionalities on the surface of the MAX-
ene nanosheets is distinguished in the spectrum. Formation of the
surface oxygen group is due to the micro-thermal heat produced
during mechanical milling in the polar solvent for long hours.
The electrostatic interaction of these OH groups with the propy-
lene glycol leads to the formation of very stable dispersions with-
out any settling. The phase purity and crystallinity of MAXene
nanosheets can be understood from the corresponding powder
X-ray diffraction patterns given in Fig. 3(e). The XRD pattern of
the bulk Ti3SiC, was also presented to verify the crystal features
of MAXene nanosheets. It is observed that the nanosheets retain
its chemical identity, and the results are on par with the earlier
reports [34]. As expected the nanosheets have highly broadened
crystalline peaks and in such nanoscale, the peak intensity largely

decreased. From the XRD, it is confirmed that the mechanically
delaminated MAXene layers preferably have few layer thick ultra-
thin dimensions. In fact the higher order peaks seen in bulk Tis-
SiC, is absent in the XRD spectrum of MAXene nanosheets
confirming its 2D characteristics.

Fig. 4 represents the physical stability of the MAXene
nanosheets in propylene glycol based fluids with different concen-
trations. Normally the main challenge in obtaining a highly ther-
mal conducting nanofluid is the dispersion and stabilization of
nanoparticles. In many cases, nanoscale dispersoids easily stay dis-
persed at low concentrations. However, for effective thermal trans-
port, a high solid fraction is important and at high solid
concentrations, the dispersion stability is very poor. The addition
of suitable surfactants is usually employed to overcome this prob-
lem. But unfortunately, the surfactants affect the bulk thermal
transport characteristics. Here, the MAXene nanosheets form a
very stable dispersion in propylene glycol even at high concentra-
tions without the aid of any surfactants or stabilizers. Fig. 4 shows
the stability of MAXene nanofluids in comparison with the nano-
fluid prepared with unexfoliated bulk Ti3SiC,. Fig. 4(A) corresponds
to the physical stability of 0.1 Vol% bulk Ti3SiC, nanofluid pro-
cessed by ultrasonication only. In propylene glycol, the bulk parti-
cles form dispersion, but they started settling immediately after
preparation and completely settled in 3 days of period. The density
of the Ti3SiC, is 4.53 g cm~>. The propylene glycol density and the-
oretical viscosity are 1.04 gcm > and 0.42 cPa s, respectively. The
bulk TisSiC, used in the present study has an average particle size
of 13 um. The high density and particle size make it difficult to
disperse it in the reasonably viscous glycol medium even at low
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Fig. 4. Photographs showing the dispersion stability of the MAXene nanofluids prepared with (A) bulk Ti3SiC, and (B) Ti3SiC, MAXene nanosheets; (a) PG-TSC-0.01 Vol%, (b)
PG-TSC-0.2 Vol% and (c) PG-TSC-0.25 Vol%. Variation in the hydrodynamic diameter of the nanofluids as a function of MAXene loading in the nanofluids is shown in C and D.

solid loading. However, in the case of MAXene nanosheets, the
nanofluids offer high stability even after keeping undisturbed for
more than a month (Fig. 4B). The stability is not affected by the
increase in the solid loading. It was observed that the cold pressed
2D MAXene nanosheets derived from the bulk Ti3SiC, possess low
density of ~1.45gcm> only (determined from physical dimen-
sions and weight). Apart from the nanoscale dimensions, as evi-
denced by the EDX analysis, the presence of chemically
interactive surface functional moieties favoring the high colloidal
stability in MAXene nanofluids. When solids loading have gradu-
ally increased the tendency of interparticle aggregation is seen.
Nevertheless, the aggregates exhibit good stability up to the solids
loading of 0.2 Vol% MAXene. Above this range, a minimal settling
was observed. However, it was observed that the sediment formed
is reversible and a simple hand shaking is enough to make it again
a stable dispersion.

The stability of the nanofluid is also analyzed using UV-vis
spectroscopy studies and the results are depicted as Figs. S4 and
S5 (Supporting Information). UV-vis spectroscopy is a common
tool for the sedimentation characteristics analysis of nanoparticles
in a dispersion and evaluate the stability of nanofluids [44].
According to Beer-Lambert law, the absorbance of a solution is
directly proportional to the concentration of the absorbing species
such as particles in a dispersion and therefore this method is a
unique technique to determine the particle concentration in a dis-
persion. It is observed that the dispersions are well stable even
after kept undisturbed for more than 1 month. Only about 13% sed-
imentation is seen in the case of the highest concentration
(0.25 Vol%). The sedimentation is negligible in the case of lower
concentrations. We also checked the zeta potential values to vali-
date the colloidal stability of MAXene nanofluids. It is seen the zeta
potential value is increased from —24.1 to —38 mV when the
amount of MAXene nanosheets is increased from 0.01 to 0.25 Vol
%. The relatively high zeta potential value confirms the colloidal
stability.

To get an insight of the particle-solvent interaction, the hydro-
dynamic diameter of the MAXene nanosheets with respect to their
concentration in propylene glycol was monitored using DLS mea-
surements and the size distribution result is shown in Fig. 4(C
and D). In DLS technique for non-spherical particles, the size is
interpreted as an equivalent spherical diameter equal to Stokes-
Einstein hydrodynamic diameter. The hydrodynamic diameter
includes both the inorganic core as well as the attached solvent
layer. It was observed that the average hydrodynamic diameter
increased from 120 to 310 nm with respect to the increase in MAX-
ene loading from 0.01 Vol% to 0.25 Vol%. The increase in the hydro-
dynamic diameter indirectly indicates the strong interaction of the
MAXene nanosheets with the dispersion medium. The high hydro-
dynamic diameter observed in the present case suggests a strong
hydrophilic interaction between propylene glycol medium and
MAXene nanosheets. It is interesting to note that unlike many 2D
nanostructures, the MAXene nanosheets have advantages in two
ways; it works well with mechanical dispersion technique, it pro-
duces dimensionally varying mixed morphologies and finally high
stability at high solid concentrations even in the absence of any
surfactants. All these make it potential for the processing of multi-
functional MAXene ‘nanocoolant’.

3.3. MAXene nanocoolant performance - rheological properties

Viscosity is very critical for a thermal fluid because mostly the
thermal fluids are used under continuous flow applications. The
flow characteristics of basefluid should not be increased when
the active nanofillers are introduced. Earlier studies on the viscos-
ity of nanofluids prepared with conventional metallic and ceramic
nanoparticles for thermal management operations strongly indi-
cate an increase in the viscosity with increasing nanofiller addition
[6,18]. The aggregation effect and weak interactive surface forces
with the fluid medium were said to be the reasons for the abrupt
rise in the viscosity. In a shear flow, the hydrodynamic forces
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required to break the network of aggregated nanoparticles into
individual primary nanoparticles are insufficient. This causes an
increase in viscosity of the system than that of the basefluid. Usu-
ally, a well dispersed nanofluid exhibit lower viscosity than that of
a less stable, aggregated dispersion with equivalent solid loading
and several reports documented the need of steric or electrostatic
stabilization techniques to control the aggregation effect and min-
imize the increase in viscosity [45,46]. The rheology of MAXene
nanofluids developed in the present work was evaluated using
cone and plate rheometer. The variation of room temperature vis-
cosity with the shear rate ranging between 0 and 1000s~' was
investigated with respect to MAXene loading, and the results are
given in Fig. 5. The flow curves clearly explain that the viscosity
of the MAXene nanofluid is independent of shear rate and is fol-
lowing the Newtonian flow behavior. The shear stress curves also
follow the same patterns (Fig. 5b). This indicates that even though
the inter-particle clustering occurs, they are feeble in nature that
gets separated easily under applied mechanical stress. In MAXene
nanofluid, the interesting factor to be noticed is that the remark-
able decrease in the viscosity values. The flow curve corresponds
to the propylene glycol basefluid shows the value ~38 mPa s. The
intermolecular hydrogen bonding between the molecular chains
is responsible for the viscosity of propylene. The viscosity value
gradually decreases with the loading of MAXene up to 0.2 Vol%.
Beyond this range, the viscosity appears to increase. However,
the viscosity value is still well below that of the basefluid. The
flow-property results confirm the good interfacial interaction
among the nanosheets with the basefluid. Propylene glycol have
chemically weak hydrogen bonding and due to the interfacial
interaction with MAXene nanosheets, the weakening of hydrogen
bonds happens and finally resulted in dropping of the fluid viscos-
ity. The interfacial interaction is mainly governed by the hydrophi-
lic surface functional groups present in the nanosheets. The surface
hydroxyl groups present on MAXene nanostructure bridge with
hydroxyl groups in the propylene glycol that possibly form weak
hydrogen bonds and decreases the fluid viscosity. Tan et al.
reported the formation of such kind of interactions in reduced gra-
phene oxide dispersion in polyvinyl alcohol [47]. The reduction in
viscosity with MAXene loading may be due to mainly by three fac-
tors; (1) at very low concentrations of nanosheets, the like charges
repel each other and reduce the inter-particle interactions that in
turn prevent associated increase in viscosity (2) the hydrophilic
MAXene nanosheets can easily bond with hydroxyl groups of
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propylene glycol and thereby decrease the interaction between
the fluid molecular chains and causes lowering of viscosity and
(3) the nanosheets can easily align themselves in the direction of
shear force and act as lubricant materials and reduce the friction
(between the particles as well as the fluid and the walls of the con-
tainer) which will eventually result in a sharp decrease in viscosity
and allows smooth flow of the fluids.

Fig. 6 shows the temperature dependent rheological behavior of
the MAXene nanofluids evaluated in the range 303-333 K at a con-
stant shear rate of 200 s~'. The flow curves confirm a decrease in
viscosity with increasing temperatures in both basefluid as well
as MAXene nanofluid. The propylene glycol viscosity decreases
sharply from the value of 38 to 8 mPa s at 333 K. The nanofluids
containing MAXene nanosheets also follow the same trend. Fig. 6
(b) represents the relative viscosity (u,) of the nanofluids with
respect to the basefluid calculated using the expression;

:ur::unf/:ub (1)

where i, and py, are the viscosities of nanofluid and the basefluid,
respectively. In many nanofluid systems reported earlier, the vis-
cosity of the nanofluid is greater than that of the basefluid and
hence, the relative viscosity is always higher than the parent fluid
used for the preparation of nanofluid. However, in this present
work, a unique performance of MAXene nanofluid was observed.
The results on the relative viscosities of the MAXene nanofluids
confirm that the relative viscosity is <1 at all the concentrations
in the entire temperature range of 303-333 K. The relative viscosity
of MAXene nanofluid prepared with 0.2 Vol% concentration is only
about 0.70 at room temperature, which accounts for a reduction
of 30% in the viscosity compared to the basefluid. Such a substantial
reduction in viscosity gives a great advantage in improved pumpa-
bility (easiness of pumping) and high thermal conductivity in the
MAXene nanofluid. It is clear from the Fig. 6b that the relative vis-
cosity is very less at low temperatures. At elevated temperatures,
the relative viscosity is gradually increased. However, the value is
still <1.

3.4. Thermal conductivity performance of MAXene nanocoolants

The trend in the thermal conductivity enhancement of the
MAXene nanofluids with different MAXene concentrations is pre-
sented in Fig. 7. The enhancement in the thermal conductivity
was computed from the equation;

=
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Fig. 5. Rheological properties of the nanofluids (a) variation in viscosity with shear rate and (b) variation of shear stress with shear rate. Schematic representation showing

the easy flow behavior of nanofluids under shear force is given as inset.
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Keff = (knf — ko)/ko x 100 (2)

where ky and ko are the thermal conductivities of MAXene
nanofluid and propylene glycol basefluid, respectively. Fig. 7(a)
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illustrates the concentration dependent thermal conductivity of
MAXene nanofluid at two different temperatures, 303 K (30 °C)
and 323 K (50 °C). It is observed that at both the temperatures,
MAXene nanofluids show an increased thermal conductivity with
increasing concentration of MAXene nano dispersoids. The thermal
conductivity enhancement is almost linear with an increase in the
MAXene loading. It is noticed that at the given experimental tem-
peratures of 303 K and 323 K, the thermal conductivity enhance-
ment is apparently significant and the percentage increase
achieved is approximately 45% when the MAXene concentration,
as well as the applied temperatures, are at their maximum. More
specifically, at 303 K, the MAXene concentration of 0.01 Vol%
accounts only 5% in thermal conductivity which is increased to
15% when the MAXene loading is increased to 0.25 Vol%. At this
identical concentration level, the thermal conductivity enhance-
ment at an elevated temperature of 323 K is ~45%.

Fig. 7(b) describes the influence of temperatures on the
enhancement in thermal conductivity of MAXene nanofluids pro-
cessed at different concentrations. The corresponding thermal con-
ductivity data of the basefluid and MAXene nanofluids are given in
Fig. S6 (Supporting Information) for clearer understanding. As
expected, in the absence of any active MAXene nanofillers, the
thermal conductivity of propylene glycol does not show any
dependence on temperature and retain almost a constant value,
~0.191 W/m K in the whole temperature ranges. However, upon
dispersion of MAXene nanosheets, the nanofluids show a promi-
nent increase in the thermal conductivity with increasing applied
temperatures. For example, when the propylene glycol is loaded
with 0.25Vol% of MAXene fillers, the thermal conductivity is
increased from 0.191 to 0.276 W/m K at 323 K. This confirms that
the MAXene nanofillers play a key role in thermal transport of
the bulk nanofluid. More accurate measurements of thermal con-
ductivity were hard to observe beyond 323 K and the values were
fluctuating due to free convection at higher temperatures. It results
in statistically large errors and, therefore, could not be included
here. The increase in the effective thermal conductivity (keg) with
temperature is a result of Brownian motion in the MAXene nano
colloid and is in accordance with predictions of Maxwell [15,33].
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Fig. 7. Variation of thermal conductivities of the nanofluids with (a) concentration and (b) temperature. (c) Schematic representation of the role of Ti3SiC, MAXene

concentration on thermal conductivity.
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As we discussed earlier, the hydrophilic nature of MAXenes pro-
vide good interaction with the basefluid and form effective liquid
layering at MAXene-propylene glycol interface. The drastic
decrease in the viscosity of propylene glycol in the presence of
MAXene nanodispersoids is in fact, supporting the liquid layering
effect. The liquid layering as well as the lowering of viscosity are
the factors governing the improvement in the bulk thermal con-
ductivity of the basefluid [11,12]. The low viscosity possibly pro-
motes the particle movement in the fluid much easier and makes
them as effective carriers of heat energy. One essential difference
in this work to be worth indicating is that the MAXene nanosheets
are dispersed in propylene glycol without the use of any surfac-
tants or stabilizing agents. This adds advantage of this present
nanofluid design. Earlier studies confirmed that the surfactant lay-
ers reduced the thermal conductivity owing to defects created by
them, which ultimately retard the free electron/phonon trans-
portation. So surfactants free nanofluids, such as the one reported
in his work, are always attractive for the sustainable thermal trans-
port and thermal management applications.

The increase in thermal conductivity with increasing filler con-
tent suggests further that the percolation mechanism also signifi-
cantly contributes to the thermal transport. This indicates that
Maxwell’s theory is not following at high filler concentrations.
According to Maxwell’s theory concentration have very small
impact on thermal conductivity. We have earlier confirmed from
the TEM images that the MAXene nanosheets in propylene glycol
nanofluids exhibit morphologically varied nanostructures with
varying dimensions. Such mixed morphologies can effectively
maintain the percolative channel for maximizing the thermal
transport at higher filler loading as shown schematically in Fig. 7
(C). Over the period, we also observed a weak clustering of the
MAXene nanosheets as claimed from the marginal increase in the
hydrodynamic particle size data. This clustering effect is in fact,
one among many reasons reported earlier for the improvement
in the thermal conductivity of nanofluids. Fig. 8 depicts the
increase in thermal conductivity with the hydrodynamic diameter
of the MAXene nanofluid. It is clear that the thermal conductivity is
increasing with the increase in the hydrodynamic size. The
increase is more prominent at high temperatures due to the addi-
tive effect of both Brownian motion and percolation mechanism.

3.5. Efficiency of the nanofluids

The performance of nanofluids also depends on the flow mode
(laminar/turbulent) and in the case of laminar flow, for an ideal
nanofluid; the ratio of viscous to thermal conductivity coefficients
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Fig. 8. The dependence of thermal conductivity with the hydrodynamic diameter of
the MAXene nanosheets at temperatures of 300 K and 323 K.

should be < 4 i.e. the increase in the viscosity is less than four times
the increase in thermal conductivity [6,48]. This is usually esti-
mated using the dynamics relations by the equations;

Hog/Meyr = 1+ Cy 3)
Kpp ke =14 C (4)
C/Ck< 4 (5)

where 11y and kqgkys are respectively the ratios of experimental
viscosity and thermal conductivity of nanofluids with the basefluid.
C, and Cy are the viscosity and thermal conductivity enhancement
coefficients. The C,/C, values calculated for the MAXene nanofluids
at temperatures 303 K and 323 K are given in Table 2. Usually, the
addition of ceramic and metallic nanofillers in basefluids resulted
in an increase in viscosity and therefore, C,/Cy is always positive.
In this MAXene nanofluid design, it can be understood from tabu-
lated values, the ratio of viscosity and thermal conductivity
enhancement coefficients is much lower than the critical limit of
4. In all concentrations (0.01-0.25.Vol%) of TisSiC, MAXene
nanosheets, the C,/Cy values are not only lower than zero but also
they fall in the negative range. The negative value is a result of
the decreased viscosity of MAXene nanofluids with MAXene disper-
soids. A performance comparison of rheological and thermal prop-
erties of MAXene nanofluid with other nanofluids reported in the
literature is given as Table S1 (Supporting Information). It can be
understood that 2D nanosheets such as born nitride and graphene
is reported the maximum enhancement in thermal conductivity.
However, their performance is limited by the unfavorable increase
in viscosity. In the case of MAXene nanofluid, the viscosity is
reduced by 30% compared to the basefluid along with compara-
tively higher enhancement in thermal conductivity. Both these
properties make it an excellent nanocoolant.

3.6. Lubricating performance of the nanofluids

The lubrication effect by the well dispersed MAXene nanofluid
is studied by ball on disc wear and friction technique, and the
results are presented in Fig. 9. In fact, in most of the earlier works,
attempts were made only to report the thermal properties. Their
tribological performance is seldom reported. The lubricating effect
of the nanofluids is also significant like thermal conductivity since
high friction, heat generation, increased viscosity and high wear
are interrelated factors for deteriorating the performance of any
structural component in a typical mechanical operation. From
Fig. 9(a) it is seen that the frictional force is largely decreased when
the MAXene functional nanofluid is introduced in the wear track.
The bare steel ball is exerting a high frictional force against the
steel disc in the absence of any MAXene nano lubricant. The fric-
tional force falls, approximately 4 times compared to the bare steel
ball when the MAXene nanofluids are introduced. It is known that
the propylene glycol basefluid possesses a considerable lubrication
property. However, when the addition of conventional ceramic
nanofillers with this basefluid is employed, it causes an increase

Table 2
Ratio of viscosity and thermal conductivity enhancement coefficients as a function of
Vol% of MAXenes at two different temperatures.

Sample CylC

303K 323K
PG-TSC-0.01 Vol% —-0.86 -0.17
PG-TSC-0.02 Vol% -1.73 -0.34
PG-TSC-0.1 Vol% —2.64 -0.78
PG-TSC-0.2 Vol% -2.03 -0.47
PG-TSC-0.25 Vol% -1.38 -0.28
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Fig. 9. The tribological performance of the MAXene nanofluids (a) frictional force and (b) coefficient of friction with respect to different Ti;SiC, MAXene loading.

in the fluid viscosity that deteriorates its inherent lubricating prop-
erty. In spite of the increase in the thermal transport in a typical
ceramic nanofluid, such a loss in the lubricating property due to
the relatively high hardness of the ceramic nanomaterial and high
viscosity of ceramic nanofluids makes most of the nanofluids
unsuitable for the thermal fluid applications [19]. Surprisingly,
the addition of Ti3SiC, MAXene nanosheets does not seem to affect
the lubricating characteristics of the basefluid, propylene glycol.
MAX phase materials are already known to exhibit self-
lubricating nature [39]. Several ceramic and polymer composites
showed low coefficient of friction and excellent wear resistance
than the matrix when Ti3SiC, was used as active filler [34,49]. With
this lubricating effect of propylene glycol-MAXene nanodispersion,
the nanofluid not only tender the thermal management function
but also retain the minimum frictional force and thereby avoid
the heat generation and wearing of the structural parts.

Fig. 9(b) demonstrates the decrease in the coefficient of friction
(COF) values when the MAXene lubricating nano fluid is applied to
the contact point between the ball and disc. When polypropylene
glycol is introduced without any MAXene nanolubricant, the COF
value decreased from 0.54 to 0.12. When nanofluid containing
0.2 Vol% MAXene nanosheets is employed, the coefficient of fric-
tion value decreases to a lower value of 0.1. It is worth noticing
that the wear resistance is largely improved in the presence of
MAXene nanofluids. The optical microscopic images of the steel

PG-TSC-0.2Vol%

balls after wear tests at various conditions are given in Fig. 10
which indirectly indicates the lubricating action of the MAXene
nanocoolant. It is observed that in the absence of MAXene nano
lubricant, the surface of the test specimen reveals a strong and
deep wear scar in the diameter of ~1450 um. This was reduced
to ~750 um when propylene glycol is added without MAXene
nanosheets. The wear diameter further decreased 670 um at
0.2 Vol% additions of MAXene nanosheets indicating the layered
MAXene nanostructures offer lubricating effect and improve the
wear resistance. The roughness of wear tracks were analyzed by
surface profilometry. The corresponding profilometer curves
showing the hills and valleys on the wear scar are given in
Fig. 11. It is seen that depth of the valleys and the height of the hills
are more prominent in the absence of nanofluids. The surface
appears smooth when the MAXene nanofluid is used. The wear
scars on steel ball under no lubrication condition have a surface
roughness of 765 nm. The value is estimated as 215 nm when
propylene glycol is used. The surface roughness further decreasing
when nanofluid containing MAXene nanosheets is used. The wear
scar of the steel balls with 0.1 and 0.2 Vol% MAXene nanosheets
possess reduced roughness of 125 and 138 nm, respectively. All
these observations reveal that the nanofluid developed in the pre-
sent work is acting as a multifunctional nanofluid with controlled
rheological performance, enhanced thermal transport properties,
and improved lubrication properties.

PG-TSC-0.02Vol%

PG-TSC-0.25Vol%

Fig. 10. The optical microscopic images of the wear scar formed on the steel ball at different experimental conditions. The wear diameter in each case is marked as a red line.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. The electrical conductivity of the MAXene nanofluids at room temperature
as a function of MAXene loading.

3.7. Electrical properties of the nanofluids

The electrical conductivity of the nanofluid is also important
since some applications required fluids with least electrical con-
ductivity. The electrical conductivity of the nanofluids with respect
to MAXene concentration was measured at room temperature, and
the results are presented in Fig. 12. The electrical conductivity of
the nanofluid is increasing with an increase in the amount of MAX-
ene nanosheets. The basefluid, propylene glycol exhibits an electri-
cal conductivity of <0.1 uS cm~! which is increased to 2.5 uS cm™!
when the MAXene content in the fluid increased to 0.25 Vol%. Since
the volume fraction of the MAXene nanomaterial in the nanofluids
is less, there is no abrupt increase seen in the electrical conductiv-
ity. The electrical conductivity increase in MAXene nanofluid is
negligible when compared with graphene oxide based nanofluids
[30].

4. Conclusions

In this work, a new nanofluid is designed and systematically
investigated for its promising beneficial properties. In situ process-
ing of Ti3SiC, MAXene nanosheets in propylene glycol medium via
shear induced micromechanical cleavage technique resulted in
highly stable surfactant-free thermal nanofluid. This new nanofluid

qualifies all the necessary requirements for a heat-transport ther-
mal management fluid. The salient features of the Ti3SiC, MAXene
nanofluids processed in this work are:

1. The shear-induced micromechanical cleavage technique suc-
cessfully resulted in mixed morphologies of MAXene nanos-
tructures consist of 10 nm size MAXene dots and 30-200 nm
sized 2D-nanosheets with the surface associated OH-
functional groups that eventually retain the colloidal stability.

2. The rheology study confirms that the MAXene dispersed
polypropylene glycol nanofluid attains unusually decreased vis-
cosity even when the solid fraction of MAXene is increased. At a
concentration of 0.2 Vol%, MAXene dispersion showed 30%
reduction in viscosity. The shear rate v/s viscosity flow curves
strongly suggest that the nanofluid obeys Newtonian flow
behavior. Such a control over viscosity favorably increases the
pumpabilty (easiness of pumping) of MAXene nanofluid that
is necessary for ideal circulation during cooling operations.

3. The thermal property studies strongly indicate the nanolay-
ered; mixed morphologies of stable MAXene nanostructures
significantly increase the bulk thermal conductivity due to per-
colation mechanism. The nanofluid prepared with 0.25 Vol% of
MAXene dispersoids showed a 15% increase thermal conductiv-
ity at room temperature, which was further enhanced to 45% at
a temperature of 323 K.

4. Interestingly, the MAXene-propylene glycol nanofluids offer a
lubrication property that was confirmed by ball-on-disc wear
and friction test. Under dry friction test condition, a coefficient
of friction value 0.54 was seen which decreased to 0.1 when the
fluid containing 0.2 Vol% MAXene dispersion was employed.
The self-lubricating property of MAXene nanosheets and
reduced viscosity are the key players in this phenomenon. Such
lubrication effect decreases the wearing of structural parts and
thereby improves the efficiency when it is subjected to an
actual application.

Ultimately the study reveals that the MAXene nanofluid is an
all-rounder with multifunctionalities with respect to rheo-
control, thermal conductivity and lubrication property that make
the system an effective nanocoolant for thermal management
applications.
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