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ABSTRACT: This study investigates the potential applications of MXenes as an
additive in heat-exchanging fluids under atmospheric pressure conditions. A low

concentration of 0.1 wt % titanium carbide (Ti;C,T,) MXene-enhanced deionized ., A

water altered the boiling regime by demonstrating high critical heat flux (CHF) of &

2110.1 kW/m? and heat transfer coefficient (HTC) 163.6 kW/m? °C, §£

representing a 70.1% increase in CHF and a 213.5% increase in HTC compared §

to deionized water. Rheological studies were conducted to determine the optimal & \‘

MXene concentration for long-term stability in the base fluid, ensuring suitability ‘a - )

for large-scale industrial applications. Notably, Ti;C,T, MXene dispersion I oo ’
demonstrated an 11% enhancement in CHF and a 45% enhancement in HTC & | "0l carmon Mxene
compared to the highest reported values for Ag/ZnO-enhanced fluids on plain £ | NP nanomaterials

copper substrates in the literature. This shift in boiling regime is attributed to a Heat Flux

combined mechanisms involving thermophoretic and Brownian motion that

facilitated the circulation of the Ti;C,T, MXene flakes before their stratification on the copper heater surface, which further led to
improved interfacial properties such as surface roughness, wettability, and conductivity. This study provides insights on rheological
property modulation and Ti;C,T, MXene enhanced heat transfer fluid-surface interactions in pool boiling efficiency.

1. INTRODUCTION metal oxide counterparts.'”'’ These limitations have led
researchers to explore various oxide-based nanofluids, includ-
ing T102 A120313 CuO,"* Fe3O41§ Zn0,'° and 810217
which have been explored and have reported high HTC and
CHF. Concurrently, with the emergence of advanced 2D
materials such as carbon-nanomaterials, borophene, and
metal—organic frameworks (MOFs) have ploneered advances
in energy harvesting, storage, and electronics.' ™ Additionally,
as additives and coatings, these contemporary 2D materials
significantly enhance performance and functionality across
various industries often surpassing the capabilities of tradi-
tional nanofluids. Our previous work on GNPs based coating
also yielded record-breaking critical heat flux of (CHF) of 289
W/cm? achieved at the lowest recorded wall superheat
temperature of 2.2 °C for flat surfaces."®'> GNPs have also
demonstrated remarkable improvements in thermal conduc-
tivity and heat transfer coefficients when used in nanofluids.
GNP-based aqueous nanofluids have shown thermal con-
ductivity enhancements of up to 25% at low concentrations.”
The specific mechanisms contributing to the improved boiling
performance are attributed to nanoparticle deposition,

Nanoparticle additives in heat-exchanging fluids also known as
nanofluids, have revolutionized thermal management, con-
sistently demonstrating major enhancements in thermal
conductivity and heat transfer coefficients.' Among these
nanoparticle additives, metal nanoparticles such as copper,
aluminum, silver, and their oxides have demonstrated
remarkable improvements in overall thermal performance.””
These enhancements are especially pronounced in boiling heat
transfer, a highly effective method of heat dissipation
extensively used in power generatlon, electronics cooling,
and thermal management systems." ® The effectiveness of
nanoparticles in enhancing boiling heat transfer is attributed to
multiple mechanisms, including increased thermal conductiv-
ity, Brownian motion, nanolayer formation at liquid-particle
interfaces, and clustering effects.” Additionally, nanoscale
additives offer significant advantages, achieving substantial
thermal improvements at lower concentrations compared to
larger particles, particularly at higher Reynolds numbers.®
Their ability to improve the thermal conductivity of bulk
boiling fluid even at low concentrations makes them
particularly efficient for boiling heat transfer which is
characterized by high critical heat flux (CHF) and heat Received:  July 30, 2024
transfer coefficient (HTC).” Revised:  January 23, 2025
Despite their remarkable thermal performance, the applica- Acce_}’ted‘ January 31, 2025
tions of metal nanoparticles are limited by their susceptibility Published: February 5, 2025
to oxidation and concerns regarding long-term stability,
particularly when compared to their more robust ceramic or
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Figure 1. (a) Schematic representation of TiSCZTx MXene, (b) flake size distribution of Ti;C,T,
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MXene dispersion in deionized (DI) water along with photographic image.

alteration of bubble dynamics, enhancement of thermal
conductivity, and improved liquid supply to the evaporating
thin film.”' > Specifically, by delaying the onset of critical heat
flux to higher values of wall heat flux via deposition of
nanoparticles on the heating surface,”* that improves surface
wettability and capillary action.””** This expansion of the
effective nucleate boiling region allows for more efficient heat
dissipation across a broader range of operating conditions.
While traditional and contemporary materials offer great
potential, their successful application in heat transfer systems
necessitates a nuanced approach.”® Key considerations include
optimizing particle concentration, ensuring long-term suspen-
sion stability, and controlling potential deposition on heat
transfer surfaces.”””* When these factors are carefully balanced,
the resulting formulations can yield transformative benefits:
enhanced system efliciency, reduced maintenance require-
ments, and extended equipment lifespan. These advantages
position well-designed nanofluids as indispensable components
in modern thermal management solutions.” "

MXenes, a family of two-dimensional (2D) transition metal
carbides, nitrides, and carbonitrides, were first discovered in
2011.% Among this innovative class of materials, titanium
carbide (Ti;C,T,) MXene combines the inherent advantages
of titanium-based materials with the unique properties afforded
by its 2D nanostructure. The synergy of these characteristics,
positions Ti;C,T, MXene as a promising candidate for
advancing thermal management solutions. One of the key
attributes of Ti;C,T, MXene is its high thermal conductivity,
measured at approximately 55.8 W/m °C*’ that may enable
efficient heat dissipation from the heating surface to the bulk
fluid, which can enhance boiling heat transfer. The unique 2D
structure of MXene flakes is hypothesized to offer dual benefits
in heat transfer applications. First, it is expected to enhance
surface wetting on the heater surface. Second, it may create a
porous layer that could promote bubble nucleation and delay
the onset of film boiling. Furthermore, their large surface area
and excellent colloidal stability, evidenced by zeta potential
values typically ranging from —40 to —60 mV when measured
in water,”* ensures uniform dispersion and long-term perform-
ance in liquid environments such as in boiling heat transfer
applications, which is unexplored.

This study aims to address this research gap and expand the
current understanding of MXenes in thermal applications by
investigating the performance of Ti;C,T, MXene dispersions
in pool boiling heat transfer. Our comprehensive investigation
involved studying pool boiling heat transfer characteristics of
Ti;C, T, MXene dispersions informed by rheology yielded high
CHF and HTC compared to the dispersions reported in the
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literature of plain and textured surfaces. The unique thermal
properties and nonspherical shape of Ti;C,T, MXene flakes
contribute to these impressive performance metrics. In this
study, the deposition of Ti;C,T, MXene 2D flakes resulted in
changes in surface wettability. We propose that a combination
of thermophoretic-led Brownian motion and stratification
phenomena are key contributors to the observed high CHF
and HTC values. This hypothesis provides new insights into
the mechanisms underlying the enhanced heat transfer
performance of MXene dispersions. The novelty of this study
lies in its focused exploration of Ti;C,T, MXene, a flagship
material in the MXene family, within the context of thermal
engineering. By bridging the gap between advanced materials
science and practical thermal management applications, this
research opens new avenues for developing highly eflicient
cooling solutions using contemporary 2D materials.

2. MATERIALS AND METHODS

2.1. Preparation and Rheology of Ti;C,T, MXene
Dispersions. Ti;C,T, MXene was synthesized by wet-
chemical selective etching of Ti,AIC, MAX illustrated in
Figure la. The specific procedures for etching, intercalation,
and annealing are detailed in a prior study.”* 1 g of Ti;AlC,
MAX was rinsed in 9 M HCI for 18 h to remove intermetallic
impurities. The washed material was then etched in a mixture
of 12 M HCI, deionized water, and 28.4 M HF (6:3:1 by
volume) for 24 h at 35S °C, stirring at 400 rpm. The etched
MZXene was further rinsed with deionized water via
centrifugation until pH ~6. For delamination, the MXene
sediment was added to LiCl solution, stirred for 1 h at 65 °C
under argon flow, and then rinsed again. Finally, the mixture
was vortexed for 30 min and centrifuged at 2380 RCF for 30
min to obtain single-to-few-layered MXene flakes. The final
suspension of Ti;C, T, MXene was collected and stored in the
freezer at —20 °C until use. The Ti;C,T, MXene dispersions of
varying concentrations were prepared in deionized water using
probe sonication (Fisherbrand Model 120 Sonic Dismem-
brator) for 30 min at a 90% amplitude. The flake size
distribution of Ti;C,T, MXene investigated using a zetasizer
Nano ZS, Malvern Instruments is shown in Figure 1b. The
average flake size of Ti;C,T, MXene was 4.56 + 0.38 ym. The
specific details of Ti;C,T, MXene flake size characterization
and validation using SEM are reported in our previous study.”*
Furthermore, Ti;C,T, MXene/DI water solutions at MXene
concentrations 0.05, 0.1, 0.2, and 0.5 wt % were prepared by
adding the required amount of DI water. The phase purity of
the prepared Ti;C,T, MXene samples was confirmed by X-ray
diffraction analysis and reported in Figure S1 of Supporting
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Figure 2. Schematic of the pool boiling setup along with thermocouple location for temperature measurements.

Information. Extensive characterization of MXene dispersions
have been previously reported by Thakur et al.** provide an in-
depth analysis of MXene flake properties, including size
distributions, morphology, and surface chemistry.

The viscosities of Ti;C,T, MXene dispersions were
measured using a NETZSCH-Geritebau GmbH Kinexus
Ultra+ rotational rheometer with a 50 mm, 0.1° cone and
plate attachment at shear rates y between 0.1 and 100 s~ and
at room temperature. Reference viscosity values for water at
various temperatures were used to calibrate the rheometer.
The measurement error was estimated by calculating the
maximum deviation between these reference values and the
actual measured values for deionized water. For concentrations
up to 0.5 wt %, no measurable shear rate dependencies were
observed so values of viscosity reported here were for a single
shear rate 7 = 5 s™!, where the results were observed to be most
stable, and the maximum error estimate was +4%.

2.2. Boiling Setup. The details of the pool boiling setu
and validation have been previously reported by our group.™
Uncertainty analysis is summarized in SI. Briefly, the test
section includes a ceramic chip holder used to secure the
copper test chip, which is supported by a bottom Garolite
plate. A quartz glass water reservoir (14 X 14 X 38 mm) is
placed on top of the test chip, with a rubber gasket sealing the
interface between the test chip and the reservoir, extending
beyond the 10 X 10 mm boiling surface as shown in Figure 2.
Kapton tape with a thermal conductivity of 0.2 W/m °C is
applied to provide additional coverage for the excess area. The
working fluid reservoir is mounted on a Garolite plate and
fastened to the top aluminum plate using socket head cap
screws. Temperature measurements are recorded using a
National Instruments ¢cDAQ-9172 data acquisition system
equipped with a NI-9213 thermocouple input module. All the
boiling experiments are conducted using deionized water and
Ti;C, T, MXene dispersions with varying concentrations under
atmospheric pressure conditions within an open-loop system,
with a reflux condenser. Heat flux was calculated using eqs 1
and 2:

q" = —kg,(dT/dx) (1)
dT 3T, — 4T, + T,
dx 2Ax ()
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The temperature gradient shown in eq 2 is derived in SIL
Surface temperature (T,,;) and HTC were quantified using
eqs 3 and 4:

TwaII = Ti - q”(xl/kCu) (3)
HTC =

Twall - T;at (4)
T, is the saturation temperature of the working liquid and

ke, is the thermal conductivity of the copper substrate. Each
boiling run was triplicated and a yielded minimal error of 5%.

2.3. Surface Characterization. The surface topography of
the heated surface after pool boiling tests was analyzed using a
Keyence VHX-600 digital microscope and a HITACHI S-4800
high-resolution scanning electron microscope (SEM) with 1
nm spatial resolution at an accelerated voltage of 20 kV using
both secondary electrons and backscattered electron detectors.
The energy dispersive X-ray spectroscopy (EDS) measure-
ments were performed using a 50 mm? Oxford Silicon Drift
detector attached to the HITACHI S-4800 SEM 3D
topography mapping was performed on a Keyence VHX-600
digital microscope. Additionally, the static contact angles
(SCA) of the surfaces were measured using the sessile drop
method on a Nanoscience Instruments Theta Lite Optical
Tensiometer. This instrument was equipped with an auto
sample dispenser and a camera, enabling precise measurement
of the contact angles.

3. RESULTS AND DISCUSSION

The stability of dispersions plays a critical role in enhancing
heat transfer efficiency by ensuring uniform distribution of
additives and prevention of their agglomeration. For long-term
use and maintenance of heat exchanging systems, it is
particularly advantageous to maintain the stability of heat
exchange fluids comparison of additives allowing for reversible
redispersion without substantial degradation of additives.*’
This combination of stability and reversibility is crucial for
optimizing performance and extending the lifespan of heat
transfer systems. Concentration-dependent rheology is another
factor for heat-exchanging fluid applications, as it allows for the
tuning of viscosity and flow properties to optimize heat transfer
efficiency and pumping power requirements.”® Therefore, it
was imperative to maintain the viscosity of a dispersion close to
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that of the water.”” The stability of the Ti;C,T, MXene
dispersions were evaluated by monitoring the dispersions
stored at room temperatures. The images of freshly prepared
dispersions and dispersions that were left untouched for 96 h
are shown in Figure 3a that show no changes in concentration,

minimizing the additional pumping power required while still
providing enhanced thermal properties.”” The pool boiling
performance of Ti;C,T, MXene dispersions at concentrations
of 0.05, 0.1, and 0.2 wt % was investigated and compared to DI
water. Figure 4a illustrates the relationship between heat flux
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Figure 3. (a) Photographic images of freshly prepared MXene
dispersions after 96 h. (b) Relative viscosities (blue) and shear
viscosities (black) of TiyC,T

1

x MXene dispersions at room temperature. Reported values
assessed at a shear rate y = S s7'; error bars are based on the maximum deviation, (c) schematic of

stabilization mechanism of Ti3CyT, yxen, dispersion.

agglomeration, and sedimentation of Ti;C,T, MXene. This is
attributed to the abundant hydrophilic, negatively charged
terminal functional groups on their surface forming hydrogen
bonds with water molecules resulting in electrostatic
stabilization, allowing for the formation of stable colloidal
aqueous solutions without the need for surfactants or polymers
as shown in Figure 3c.’® Figure 3b compares the measured
relative viscosity of 0.1 and 0.5 wt % Ti;C, T, MXene with
water at room temperature. The addition of 0.1 wt % Ti;C,T,
MXene showed a negligible impact on viscosity, with an
average increase of only 1.4%, which is well within the margin
of error. In contrast, at 0.5 wt % Ti;C,T, MXene, the viscosity
increased by an average of 6.3% across all temperatures. This
rise in viscosity can be attributed to the higher flake
concentration of Ti;C,T, MXene, leading to increased internal
friction and interface resistance to flow. The single-to-few layer
flake morphologies of Ti;C, T, MXenes, characterized by larger
flake sizes and aspect ratios, likely contributed to this viscosity
increase. Previous studies have shown that variations in flake
size and concentration can result in viscosity changes ranging
from 4 to 15% to as much as 50%, depending on the
nanoparticle concentration.*” "'

The excellent colloidal stability of Ti;C,T, MXene
dispersions, as evidenced by our stability studies, is crucial
for heat-exchanging fluids. Stable dispersions prevent agglom-
eration and sedimentation, ensuring consistent performance
over time and maintaining enhanced thermal properties
throughout the heat exchange system.”” Additionally, rheo-
logical studies exhibited a minimal increase in viscosity
compared to the base fluid. This is advantageous for heat-
exchanging fluids as it maintains good flow characteristics,
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Figure 4. BOlhng Performance of Ti3CZTx MXene dispersions compared to deionized
water (a) Heat flux vs wall super heat, (b) Heat transfer coefficient (HTC) vs heat flux.

and wall superheat for the various MXene dispersion
concentrations and DI water. In this context, the critical heat
flux (CHF) represents the maximum heat transfer achievable
before the formation of an insulating vapor layer on the heater
surface. This vapor layer, once formed, prevents rewetting, and
impairs heat transfer efficiency.”’ The CHF, therefore, serves
as a crucial indicator of the maximum heat dissipation capacity
of the MXene-enriched boiling fluid. Figure 4b presents the
heat transfer coefficient (HTC), a key metric of heat transfer
efficiency. The HTC was calculated as the ratio of heat flux to
wall superheat, using the data obtained from Figure 4a.

The Ti;C,T, MXene dispersions exhibited noticeable higher
CHE values at lower wall superheats compared to DI water. All
dispersion concentrations demonstrated enhanced CHF
compared to DI water, with the 0.1 wt % Ti;C,T, MXene
dispersion achieving the highest CHF improvement by 70% at
a low WS of 12 °C. The presence of 0.2 wt % MXene flakes
yielded a similar critical heat flux as 0.1 wt %, however, the wall
superheat was around 25 °C like that of DI water. While 0.05
wt % MXene dispersion produced a low wall superheat of 12
°C same as that of 0.1 wt %, but at a lower CHF. Thus, the 0.1
wt % concentration emerged as the optimal formulation,
striking an ideal balance between maximizing CHF and
minimizing wall superheat, suggesting that carefully tuning
the MXene concentration is crucial for optimizing pool boiling
performance.

The comparison of heat flux and HTC presented in Figure
4b further confirms the superior boiling heat transfer
performance of 0.1 wt % Ti;C,T, MXene dispersion. It is
important to note that enhanced CHF does not always
coincide with improved HTC. Higher values of HTC obtained
with MXene indicate their ability to absorb more heat from the
surface for a given temperature difference, thereby enhancing
the cooling performance of the system. Several studies have
reported a deterioration in HTC with an increase in
nanoparticle concentration.'>***> This is often attributed to
the formation of a thick nanoparticle deposit layer on the
heated surface, which can increase the surface’s thermal
resistance and negatively impact its heat transfer. However, in
case of Ti;C,T, MXene dispersions, both CHF and HTC were
enhanced.

The boiling of MXene dispersions resulted in alteration of
the heater surface characteristics, primarily due to the
deposition of MXene flakes. WE investigated this phenomenon

https://doi.org/10.1021/acsomega.4c06988
ACS Omega 2025, 10, 6534—-6543


https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06988?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

using advanced analytical techniques, including scanning
electron microscopy (SEM) and goniometry. Figure Sa—c

Figure S. Scanning electron microscopy and contact angle measure-
ment of (a) plain copper surface, (b, c) surface post boiling of 0.05
and 0.1 wt % MXene dispersion, (d—f) Ti and C elemental mapping
of MXene deposited heater surface.

presents SEM images of plain copper vs samples with 0.05 and
0.1 wt % MZXene. Comparing the surfaces in these images
provides evidence of Ti;C,T, MXene flake deposition on the
copper heater surface. These images reveal distinct changes in
surface topography following the boiling experiments with 0.05
and 0.1 wt % Ti;C,T, MXene dispersions, compared to the
plain copper surface. Accompanying the topographical
changes, significant alterations in surface wettability were
observed, as evidenced by the contact angle measurements
shown in the inset images of Figure Sa—c. The plain copper
heater surface initially exhibited a contact angle of 95°,
indicating a relatively hydrophobic nature. However, after
boiling with the 0.1 wt % Ti;C,T, MXene dispersion, the
contact angle decreased dramatically to 63°. This substantial
reduction in contact angle demonstrates enhanced hydro-
philicity of the surface following Ti;C,T, MXene deposition.

To further characterize the surface modification resulting
from MXene deposition, elemental mapping analysis was
performed on the 0.1 wt % MXene surface post boiling test
shown in Figure 5d. Figure Se illustrates the spatial distribution
of titanium (Ti), while Figure Se shows the carbon (C)
distribution across the analyzed area. The presence and
colocalization of these elements are characteristic signatures
of Ti;C,T, MXene flakes. Further evidence of surface
modification due to MXene deposition is presented in Figure
S2 of the Supporting Information. This figure includes
additional static water contact angle measurements and
microscopic images of copper substrates following boiling
experiments with various Ti;C,T, MXene concentrations. It
was observed that increasing the Ti;C,T, MXene concen-
tration from 0.1 to 0.2 wt % led to an unexpected increase in
static contact angles suggesting a nonlinear relationship
between Ti;C,T, MXene concentration and surface wett-
ability. This trend indicates that an optimal concentration
exists for maximizing hydrophilicity, beyond which the surface
properties begin to change differently.

The enhanced CHF and HTC observed with a thinner
MXene deposition layer can be attributed to the unique
properties of Ti;C,T, MXene flakes. These characteristics
include the concentration of Ti;C,T, MXene in the fluid, the
size and aspect ratio of individual flakes, and their negative
surface charges. These specific attributes of Ti;C,T, MXene
flakes contribute to considerable changes in the heat transfer
process, particularly by altering surface wettability through the
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deposition of MXene flakes on the copper substrate. The
Ti;C,T, MXene-deposited heater surface revealed a notably
rough and textured topography showing Ti;C,T, MXene flakes
forming a complex, hierarchical structure on the heater surface
observed as protrusions,46 cavities,”” and interconnected
networks*® of MXene flakes that play a crucial role in
enhancing the boiling process. The rough texture created by
the deposited MXene flakes can increase the number of
potential nucleation sites on the heater surface for the
formation of vapor bubbles. Moreover, the interconnected
nature of the deposited MXene flakes can create a porous
network on the surface that not only offers additional
nucleation sites but also facilitates liquid replenishment to
the heating surface through capillary wicking. Such enhanced
liquid supply can delay the onset of dry-out conditions,
contributing to the observed improvements in CHF. The
combination of increased nucleation site density and improved
liquid replenishment mechanisms explains, in part, the superior
boiling performance of MXene-deposited surfaces.
Mechanistically, the enhanced boiling performance of
Ti;C,T, MXene dispersions is attributed to the synergistic
effects of thermophoretic-Brownian motion and stratification
phenomena shown schematically in Figure 6. The scanning

&% Ti,C,T, MXene Flake

. Stratification
Thermophoresis

Temperature (°C)

A

Figure 6. Schematic representation of proposed thermophoresis,
stratification, and wetting mechanisms responsible for Ti;C, T, yxene

dispersion boiling enhancement along with SEM of Ti3CyT pxene flakes deposited on Cu substrate,

electron microscope (SEM) image shown in Figure S confirms
the flake-like deposition of Ti;C,T, MXenes on the copper
heater substrate after the boiling experiment. In the context of
nanofluids, researchers have reported that heat transfer is
enhanced by the increased Brownian motion of nanoparticles.
This motion, which is driven by thermophoretic forces, leads
to two important effects: it promotes more frequent collisions
between particles, and it helps create a more uniform
temperature distribution within the fluid’s boundary layer.
These combined effects contribute to the overall improvement
in heat transfer observed in nanofluid systems. The
thermophoretic mobility of the nanoparticles is represented
by the thermophoretic velocity as,

Vi = —-DVT (5)

where Dy is the thermophoretic diffusion coefficient and VT is
the temperature gradient.*”*® Concurrently, the Brownian
motion of flakes due to their collision with fluid molecules,
helps disperse the flakes in the bulk fluid and contributes to the
stratification of the flakes forming a layer on the heated
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surface.’ Subsequently, the formation of concentration
gradients, or stratification, in the dispersion alters surface
wettability and nucleation site density.””** The thermopho-
retic behavior and its influence on thermal conductivity
enhancement can differ between dispersions containing
spherical nanoparticles versus those with flake-like particles
due to the differences in particle shape, orientation, and
interaction with the surrounding medium.””>> For flake-like
morphology, such as those of Ti;C,T, MXene, the orientation
and shape of the flakes can influence their thermophoretic
behavior, in addition to the temperature gradient. The impact
of thermophoresis on the distribution of Ti;C,T, MXene flakes
in the dispersion can be more pronounced compared to
spherical particles, and these thermophoretic effects become
more pronounced as the Ti;C,T, MXene flake concentration
increases.”® The thermophoretic force arises due to temper-
ature gradlents, resultlng in an uneven transfer of momentum
from the fluid molecules to the flake surface. With increasing
flake concentrations, a greater number of flakes experience
uneven momentum transfer, amplifying the thermophoretic
effect. The increased thermophoretic velocity at higher
Ti;C,T, MXene flake concentrations results in a more
pronounced migration of the flakes from the hot region to
the cold region within the dispersion.”” ™"

Furthermore, macrolayer dryout theory, suggests that a
lower contact angle, indicating better surface wettability, may
have contributed to the observed higher CHF. The model
assumes that the bubbles stay above the heated surface for a
significant period before departing, and these bubbles are
separated from the surface by a liquid microlayer. When the
heat flux is high enough to evaporate this microlayer before the
bubble departs, the CHF is reached, leading to a sudden rise in
surface temperature. The research indicates that the deposition
of nanoparticles on the heated surface can lead to a decrease in
the contact angle, which in turn increases the thickness of the
microlayer, which results in a macrolayer. The resultant
macrolayer thickness as a function of bubble radius, as
predicted by the Sadasivan et al. model, can delay the
macrolayer dryout and lead to an enhancement in the CHF for
dispersions compared to the base fluid.*”

The influence of dispersions on bubble departure diameter
and frequency, crucial factors affecting heat transfer
coeflicients, varies based on the specific nanoparticle material,
size, and concentration employed in the system. Additives and
particles can accumulate around the bubbles, shown schemati-
cally in Figure 6, smnlar to how surfactants behave, and modify
the surface tension® When nanoparticles cluster around
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bubbles, they can hinder bubble growth and increase the
nanoparticle agglomeration in the fluid wedge. This nano-
particle deposition pattern modifies the surface roughness and
accelerates the sweeping mechanism of vapor bubbles that
involves back-and-forth movement of bubbles along the
heating surface which may further enhance mixing and heat
transfer.”* Thus, the addition of nanoparticles or additives to
the base fluid can alter the liquid—vapor interface properties,
intensifying the bubble dynamics by increasing the number of
active nucleation sites, allowing for more efficient bubble
formation and departure, thereby enhancing heat trans-
for, 266,66

The study of bubble dynamics, such as bubble growth,
departure, and frequency, plays a crucial role in determining
the overall boiling heat transfer characteristics. However, due
to the poor optical properties of Ti;C,T, MXene dispersions,
the use of high-speed cameras to capture the bubble dynamics
during pool boiling was challenging, and therefore, not
reported. This limitation in experimental visualization made
it difficult to directly measure bubble radius and correlate them
to develop empirical models for pool boiling heat transfer of
Ti;C,T, MXene dispersions. This limitation has been
acknowledged in the study, and the authors suggest that
future work should focus on overcoming this challenge through
theoretical modeling or simulation. This could involve
developing mathematical models that describe the behavior
of bubbles in the presence of Ti;C,T, MXene, considering
factors such as surface tension, contact angle, and the
interaction between the Ti;C,T, MZXene flakes and the
liquid—vapor interface. Another approach to overcoming the
limitation is to use computational fluid dynamics (CFD) that
can provide a detailed, quantitative analysis of the bubble
formation, growth, and detachment processes, as well as the
heat transfer characteristics of the boiling process. Alter-
natively, using X-ray or neutron imaging techniques can
provide noninvasive, high-resolution imaging of the bubble
behavior inside the dispersion, overcoming the limitations of
optical imaging.®”*®

Figure 7a,b compares the boiling heat transfer performance
of Ti;C,T, MXene dispersions with various nanofluids
reported in the literature for pool boiling. The Ti;C,T,
MXene dispersion performance was closely followed by the
Cu@ZnO nanofluid, which was tested on jLopper micro-
channels rather than a plain copper surface.”” The Ti,C,T,
MXene flakes, being composed of titanium carbide, yielded
higher CHF and HTC values compared to titanium oxide
(TiO,) nanofluids. This can be attributed to the nonspherical
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shape of the Ti;C,T, MXene flakes, the presence of carbon
atoms in their structure, and the high thermal conductivity of
Ti;C,T, MXene 55.8 W/m °C,** compared to TiO,
nanoparticle thermal conductivity of 8.5 W/m °C.”° Ti,C,T,
MXene also exhibited superior boiling performance compared
to commonly used low thermally conductive nanoparticles
such as Fe,05 at 6 W/m °C,”" ALO; at 40 W/m °C,”” and
SiO, at 10.4 W/m °C.”” Furthermore, the Ti,C,T, MXene
dispersions also surpassed the boiling heat transfer perform-
ance of carbon-rich nanofluids with high thermally conductive
nanomaterials, including those comprised of graphene with
3000 W/m °C,”* graphene nanoplatelets (GNP) with 4000
W/m °C,”® and multiwalled carbon nanotubes (MWCNT)
with 6150 W/m °C.”° Based on this observation, we
hypothesize that the addition of highly thermally conductive
nanomaterials is not the only factor that impacts the pool
boiling performance. The enhancement in pool boiling
performance is a combination of multiple factors that come
into play during pool boiling.

The superior pool boiling performance of Ti;C,T, MXene
dispersions stem from a confluence of factors, encompassing
the nanoparticle shape, concentration, and rheological
attributes of the dispersion composition. The incorporation
of Ti;C,T, MXene flakes elevates the thermal conductivity of
the base fluid, promoting efficient heat transfer mechanisms.
Moreover, the presence of Ti;C,T, MXene flakes on the
heated surface during boiling induces alterations in interfacial
properties, such as surface roughness, fostering the creation of
additional nucleation sites for enhanced bubble dynamics.
Furthermore, the enhanced wettability of the heated surface
facilitated by Ti;C,T, MXene flakes, as indicated by reduced
contact angles, promotes the formation of a thin liquid film,
delaying the critical heat flux onset and augmenting the heat
transfer coefficient. The collective enhancements in thermal
conductivity, surface roughness, and wettability collectively
contribute to the notable enhancements in both critical heat
flux and heat transfer coefficient observed with Ti;C,T,
MXene dispersions compared to deionized water.

4. CONCLUSIONS

MXenes, an emerging family of two-dimensional nanomateri-
als, have recently gained notable attention in the field of
thermal management and energy applications. This study
investigates the potential of 2D Ti;C,T, MXene in pool boiling
heat transfer, demonstrating substantial enhancements in both
critical heat flux (CHF) and heat transfer coefficient (HTC)
compared to deionized (DI) water. At an optimal concen-
tration of 0.1 wt %, Ti;C,T, MXene dispersions exhibited
remarkable improvements of approximately 70% in CHF and
213% in HTC relative to DI water. These enhancements are
attributed to three key factors: (1) increased nucleation site
density, (2) the heterogeneous nature of the surface due to
stratification or layering of particles, and (3) increased
wettability. The unique surface interactions of Ti;C,T,
MXene flakes form a thin deposition layer on the heated
surface during boiling, creating a nanoscale coating that leads
to an increase in active nucleation sites and improved boiling
heat transfer efficiency. The stratified layer of MXene particles
creates a heterogeneous surface topology, further contributing
to enhanced heat transfer performance. Additionally, the
increased wettability induced by the MXene coating plays a
crucial role in improving both CHF and HTC. Notably, these
performance gains were achieved without significantly altering
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the fluid’s viscosity, highlighting the potential of Ti;C,T,
MXene dispersions for practical thermal management
solutions. The tunable rheological properties of MXene
dispersions, coupled with their exceptional heat transfer
capabilities, position them as promising candidates for
advanced thermal applications, including next-generation heat
exchangers, high-performance cooling systems, and innovative
thermal energy storage devices.
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B ABBREVIATION AND NOMENCLATURE

CHEF, critical heat flux (kW/m?)

HTC, heat transfer coefficient (kW/m? °C)

q”, heat flux (kW/m?)

VT, temperature gradient (K/m)

ke, thermal conductivity of copper (W/m °C)
Vr, thermophoretic velocity (ms™)

Dy, thermophoretic diffusion coefficient (m*/s K)
SCA, static contact angle (°)

T,y Surface temperature of the copper substrate (°C)
T, saturation temperature of working liquid (°C)
AT, wall superheat (°C)

WS, wall superheat (°C)
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