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ABSTRACT: High-entropy oxides (HEOs) represent a class of
functional materials whose interfacial chemistry and colloidal
behavior remain poorly understood, limiting their development
for demanding applications. This work establishes how composi-
tional complexity in multielement oxide systems governs both
colloidal stability and functional performance through a systematic
investigation of eight HEO compositions in pool boiling experi-
ments, where thermal gradients and active nucleation simulta-
neously test these properties under demanding conditions. Results
demonstrate that HEOs with five or more equimolar elements
exhibit enhanced dispersion stability compared to lower-entropy
oxide systems due to configurational entropy effects, providing thermodynamic resistance to particle aggregation. Configurational
entropy values of 13.38−14.90 J/mol·K exceed the critical 1.5R threshold for entropy-stabilized phases. Y-HEO, featuring yttrium
combined with equimolar Co, Cr, Fe, Mn, and Ni, achieved superior performance with a 63% critical heat flux enhancement and a
135% heat transfer coefficient improvement relative to the deionized water baseline at 0.05 wt % concentration. Comprehensive
surface characterization revealed that multielement oxide composition creates unique interfacial properties: contact angle reduced
from 96° to 62°, minimal hysteresis of ∼12° enabling rapid rewetting, and surface roughness increased by 170%, establishing
abundant nucleation sites with dramatically reduced superheat requirements. These combined effects�enhanced colloidal stability
from configurational entropy, superior interfacial chemistry from compositional heterogeneity, and optimized wettability from
multielement cation coordination�synergistically produced exceptional thermal performance. This work demonstrates that the
precision design of multielement oxide composition directly translates fundamental materials chemistry principles into functional
advantages in thermal applications.
KEYWORDS: high-entropy oxides (HEOs), configurational entropy, compositional design, colloidal stability,
structure−property relationships

1. INTRODUCTION
High-entropy oxides (HEO) represent an emerging frontier in
materials chemistry, where compositional complexity at the
atomic scale offers unique opportunities to engineer colloidal
and interfacial behavior.1−5 Understanding how five or more
equimolar cations distributed randomly across oxide surfaces
influences colloidal stability, interfacial molecular interactions,
and structure−property relationships remains a fundamental
challenge in precision chemistry.6−9 While high-entropy
materials have demonstrated promise in energy storage and
catalysis applications,10−13 their colloidal behavior and
interfacial chemistry in dispersed systems remain poorly
characterized. This gap in understanding limits the rational
design of high-entropy materials for applications where
suspension stability and surface properties determine func-
tional performance. High-entropy oxide chemistry differs

fundamentally from conventional materials approaches by
leveraging configurational entropy as a stabilizing thermody-
namic force. In traditional materials design, multielement
composition often leads to phase separation and competing
crystal structures as the system minimizes enthalpy. However,
when five or more elements occupy equivalent lattice sites with
comparable molar fractions, the configurational entropy term
TΔS becomes sufficiently large to overcome unfavorable
enthalpic interactions, stabilizing a single-phase solid solution
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at the atomic scale.14−17 This entropy-driven stabilization
creates materials with unprecedented compositional flexibility
and tunability. Beyond the bulk crystal structure, this
compositional disorder manifests in heterogeneous surface
chemistry, where different metal cations occupy distinct
interfacial sites, creating chemical complexity not achievable
in conventional single or binary oxides.18−22 It is hypothesized
that these surface compositional effects profoundly influence
interfacial molecular interactions with surrounding aqueous
media, determining colloidal behavior, water structuring,
hydration forces, and ultimately the stability and functionality
of dispersed systems.
Characterizing how compositional complexity in HEOs

translates to colloidal and interfacial properties presents
significant experimental challenges. Isothermal colloidal
studies23−25 characterize stability under quasi-equilibrium
conditions but fail to reveal mechanisms operating under
dynamic forcing. Thermal applications provide an ideal stress
test platform where extreme conditions of temperature
gradients,26−28 dynamic hydrodynamic forcing, and phase
change reveal fundamental properties of dispersed high-
entropy materials that remain hidden in calm dispersions.
Pool boiling,29−31 in particular, exposes colloidal systems to
simultaneous demands of maintaining dispersion stability while
optimizing interfacial chemistry for nucleation. The steep
temperature gradients near a boiling surface exceed 106 K/m,
creating thermophoretic forces that drive particle transport and
concentration, while convective mixing from bubble nucleation
maintains bulk dispersion against settling.32−35 The phase
change at the solid−liquid interface creates an extreme
environment demanding precise control of wettability, contact
angle behavior, and nucleation site chemistry.36−39 These
conditions directly test whether the compositional complexity
of HEOs may create advantages in maintaining dispersion
stability while optimizing surface interactions for nucleation.
Thus, pool boiling functions as a materials characterization
platform, revealing how high-entropy compositional design
influences colloidal and interfacial behavior under thermal
stress, providing experimental insights into structure−property
relationships that precision chemistry approaches seek to
establish.
Metal oxides dispersed in aqueous base fluids have shown

promise as additives in pool boiling heat transfer applications,
with various compositions demonstrating improvements in
critical heat flux (CHF) and heat transfer coefficient
(HTC).40−44 Classical explanations associated with increased
surface area and thermal conductivity45−49 are increasingly
supplemented by insights into interfacial phenomena, includ-
ing particle-induced changes in surface wettability, surface
roughness, and bubble dynamics.50−52 Recent theoretical
advances highlight the importance of interfacial water
structure, characterized by stratification and cavitation-free
energy variations, in dictating both colloidal stability and
interfacial heat transfer processes.53−57 However, existing
literature often lacks a unified understanding bridging
molecular-level interactions at the oxide−water interface with
macroscopic boiling outcomes, particularly for high-entropy
oxide systems, where compositional complexity creates
qualitatively different interfacial chemistry compared to that
of conventional single or binary oxides.
The present work investigates HEOs as dispersed particles in

pool boiling, hypothesizing that their unique attributes�
particularly high configurational entropy, multielement surface

heterogeneity, and compositional tunability�generate both
superior colloidal stability and enhanced interfacial chemistry
for thermal applications. This study combines carefully
controlled synthesis of eight high-entropy oxide compositions,
advanced characterization of their structural and interfacial
properties, and detailed pool boiling experiments to elucidate
how compositional complexity governs both the dispersed
stability and functional performance. By correlating colloidal
chemistry, interfacial phenomena, and boiling heat transfer,
this work provides insights into structure−property relation-
ships in high-entropy materials while advancing fundamental
understanding of how precision chemistry principles governing
multielement oxide synthesis translate into functional advan-
tages under thermal stress.

2. METHODS

2.1. HEO Synthesis and Dispersion Formation
HEOs were synthesized using a modified Pechini sol−gel
method designed to ensure atomic-level mixing of constituent
cations, as detailed in prior work.58 Briefly, stoichiometric
amounts of metal nitrate precursors were dissolved in
deionized (DI) water and complexed with citric acid (CA)
and ethylene glycol (EG) at a metal:CA:EG molar ratio of
1:3:16 to form a stable polymeric resin. This solution-based
approach facilitates intimate cation mixing at the molecular
level before calcination, overcoming the diffusion limitations
inherent in solid-state synthesis. The precursor gel underwent
drying at 110 °C, foaming, and subsequent calcination at 600
°C for 10 h to crystallize the high-entropy phase. This
precision synthesis protocol yielded phase-pure crystalline
powders with controlled stoichiometry. A library of 26 HEO
compositions was screened for colloidal stability. Each
composition was dispersed in DI water at 0.05 wt % and
subjected to probe sonication at 20 kHz and 90% amplitude
for 30 min to disrupt agglomerates and ensure homogeneity.
Dispersion stability was assessed by time-resolved macroscopic
imaging over 48 h and is provided in Figure S1 with chemical
composition in Table S1 of Supporting Information (SI). Eight
compositions exhibiting sedimentation resistance were selected
for detailed interfacial and thermal characterization and are
summarized in Table 1. While both Ti-containing and Ti-free

compositions were synthesized, the present analysis focuses on
the Ti-free perovskite and spinel systems, which demonstrated
superior colloidal stability relevant to thermal applications.

The working fluids used for pool boiling experiments were
dilute aqueous dispersions containing 0.05 wt % HEO
particles. At these low solid loadings, bulk thermophysical
properties are expected to remain very close to those of

Table 1. Chemical Composition and Crystal Structure of
HEO Compositions Investigated for Colloidal Behavior

Sample Name Chemical Formula Crystal Structure

Al-HEO (Al1/6Co1/6Cr1/6Fe1/6Mn1/6Ni1/6)3O4 Spinel
La-HEO La(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 Perovskite
Y-HEO Y(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3 Perovskite
Ce-HEO (Na0.2K0.2Ca0.2La0.2Ce0.2)TiO3 Perovskite
Pb-HEO (Sr0.2Mg0.2Ca0.2Ba0.2Pb0.2)TiO3 Perovskite
Bi-HEO (Na0.2Bi0.2Ba0.2Sr0.2Ca0.2)TiO3 Perovskite
K-HEO (K0.2Ce0.2Ba0.2Sr0.2Ca0.2)TiO3 Perovskite
Mg-HEO (Mg0.2Co0.2Ni0.2Li0.2Zn0.2)O Rock Salt
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deionized water. Extensive literature on dilute metal oxide
nanofluids consistently reports that at concentrations below 0.1
wt %, viscosity increases by less than 5%, surface tension
changes by less than 3%, and thermal conductivity remains
within the measurement uncertainty of the base fluid. Our
recent rheological characterization of Ti3C2Tx MXene
dispersions at 0.1 wt % showed viscosity increases of only
1.4%, confirming this trend for 2D materials at dilute loadings.
At the 0.05 wt % concentration used in this study, property
deviations from water are expected to be even smaller.
Representative values for water properties and literature data
for similar dilute dispersions are compiled in Table S6 of SI.
2.2. Pool Boiling Experiment and Heater Surface
Characterization

The experiments were conducted on a polished copper
substrate heated from the bottom under atmospheric
conditions. The surface temperature was monitored by
embedded thermocouples, and the heat flux was increased in
increments before the formation of a stable vapor layer
signaled the onset of CHF. At each heat flux step, the
difference between the temperature of the copper substrate
(Twall) and the saturation temperature of water (Tsat), known
as wall superheat (ΔTws) and HTC were calculated from the
measured temperature gradient through the copper chip. This
approach enables benchmarking of boiling performance
through two standard metrics: (i) the heat flux−ΔTws
relationship and (ii) the HTC−heat flux relationship. A
detailed description of the heating assembly schematic,
temperature measurement scheme, and calculation steps is
provided in section S2 of SI. For each working fluid, pool
boiling tests were performed by increasing the applied heat flux
in discrete steps until the onset of CHF. At each step, the heat
input was held long enough for the wall temperature to reach a
steady value and remain stable before advancing to the next
level. The total boiling duration for a given test was therefore
controlled by this common protocol, so that all post-boiling
surfaces characterized in Section 3.5 correspond to a similar
integrated thermal history for each composition rather than to
distinct single flux exposures.
The copper heater surface, after pool boiling studies, was

examined using a field emission scanning electron microscope
acquired from JEOL, USA, to capture the deposition of HEO
particles. Prior to SEM imaging, all samples were sputter-
coated with a thin layer of carbon to enhance surface
conductivity and minimize charging effects during electron
microscopy. To obtain a clear view of HEO particles, 20 μL of
the dispersion was deposited on a glass slide placed on a hot
plate procured from Thermo Fisher Scientific, USA, set to 110
°C. After drying, the particles were scraped from the slide and
mounted onto aluminum stubs for electron microscopy
imaging. Elemental mapping was performed at an accelerating
voltage of 15−25 kV using an XFlash 5010, energy-dispersive
X-ray spectrometer (Bruker, USA) to confirm the HEO
deposition and assess the distribution of individual metal ions.
Static contact angles (SCA) of the HEO dispersions on the
copper substrate were measured using an Optical Tensiometer
Theta Lite purchased from Biolin Scientific, Finland, equipped
with an automated sample dispenser and camera system,
providing accurate measurements based on the sessile drop
method. Dynamic contact angle (DCA) measurements were
performed on the same equipment using DI water at 20 °C,
with advancing and receding angles determined by dispensing

and withdrawing the liquid at a rate of 3 μL/s over a duration
of 10 s for each cycle. A VHX-600 Digital Microscope
(Keyence, USA) was employed to measure the surface
roughness of HEO-deposited and plain copper substrates.
The same equipment was utilized to obtain clear images of the
particles deposited on the glass slide for subsequent particle
size distribution analysis.

3. RESULTS
This investigation approached the work from a materials
chemistry perspective, where crystal structure, elemental
composition, and surface chemistry represent the primary
variables, with thermal performance under boiling conditions
serving as a demanding validation platform for proposed
colloidal mechanisms rather than the primary research focus.
Eight high-entropy oxide compositions spanning three distinct
crystal structures were synthesized and characterized, repre-
senting a range of compositional complexity. Dispersion
stability at room temperature was assessed to establish baseline
colloidal behavior under equilibrium conditions, providing a
reference state for a subsequent thermal performance
evaluation. Pool boiling introduced dynamic forcing conditions
where steep temperature gradients, convective mixing, and
phase change modify the dispersed system far from
equilibrium, enabling direct experimental assessment of
whether the proposed mechanisms governing HEO colloidal
chemistry operate under thermal stress.
3.1. Structural Characterization and Thermodynamic
Properties of HEOs
HEOs are distinguished by high configurational entropy arising
from an equimolar distribution of five or more cations on
equivalent crystallographic sites. Configurational entropy of
mixing was calculated using the ideal solution approximation:

S R x xlnmix i i= (1)

where R is the universal gas constant, xi is the molar fraction of
the ith cation, and the summation extends over all cation
species.22 All studied HEOs exhibit ΔSmix values exceeding the
1.5R threshold, approximately 12.5 J/mol·K, which is the
minimum entropic requirement for thermodynamic stabiliza-
tion of single-phase solid solutions. Configurational entropy
directly controls the Gibbs free energy of mixing according
to:18

G H T Smix mix mix= (2)

High ΔSmix values overcome unfavorable mixing enthalpies
at practical temperatures, enabling formation of stable
multication phases. Table 2 presents calculated ΔSmix values
for each HEO composition, ranging from 13.38 to 14.90 J/
mol·K. Structural characterization confirmed three distinct

Table 2. Configurational Entropy and Thermal
Conductivity of Selected HEO Samplesa

HEO sample ΔSmix (J/mol·K) k (W/m·K)
Al-HEO 14.90 1.07
La-HEO 13.38 1.17
Y-HEO 13.38 1.41
Mg-HEO 13.38 3.74

aΔSmix calculated from equimolar cation distributions; k estimated
from composite oxide models.
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crystal systems represented across the HEO library: spinel (Al-
HEO), perovskite (La-HEO and Y-HEO), and rock-salt (Mg-
HEO), as illustrated in Figure 1. While each HEO exhibits a
random spatial distribution of cations at the atomic scale, the
global crystal symmetry is well-defined, indicating the
successful synthesis of ordered phases despite compositional
complexity. This multiscale organization of atomic disorder,
coupled with long-range structural order, represents a defining
characteristic of entropy-stabilized materials.
Thermal conductivity was estimated using a physics-based

approach, separating electronic and phonon contributions via
the Wiedemann−Franz law and kinetic theory expressions,
respectively.59,60 This methodology yielded order-of-magni-
tude estimates of thermal transport; more rigorous analysis
would require full phonon spectrum integration and detailed
scattering mechanism characterization.61−63 However, the
current approach captured the dominant thermal transport
behavior within the constraints of available literature data for
the constituent oxides listed in Table 2. The detailed
calculation procedure for thermal conductivity is provided in
Tables S2 and S3 of SI. The HEO thermal conductivity values
range from 1.07 to 3.74 W/(m·K), notably lower than
conventional metal oxide additives typically employed in
pool boiling applications. This characteristic low thermal
transport of multielement-disordered oxide systems indicates
that macroscopic thermal conductivity cannot serve as the
primary mechanism for any observed enhancements in boiling
performance. Rather, if functional improvements emerge, they
must arise from interfacial phenomena and colloidal behavior,
which are investigated in subsequent sections.
3.2. Particle Morphology and Size Distribution

Particle size distribution was characterized to establish the
baseline morphological properties of each HEO composition.
Figure 2 displays cumulative number distributions determined
from optical microscopy analysis and image processing
software. The procedure adopted in this analysis along with
the key statistical information is described in section S4 of the

SI. Three of the HEO compositions exhibited similar median
equivalent circular diameters (ECD): Al-HEO ∼2.8 μm, La-
HEO ∼3.0 μm, and Y-HEO ∼2.6 μm. In contrast, Mg-HEO
displayed a substantially larger median particle size of
approximately 8.1 μm. Despite comparable median sizes,
statistical analysis of the distributions revealed composition-
dependent differences in polydispersity. Al-HEO and Y-HEO
exhibited narrow, unimodal distributions with span values of
approximately 1.4−1.8, characteristic of relatively uniform
particle sizing. La-HEO displayed a notably broader distribu-
tion with a span of ∼3.3 and positive skewness, indicating the
presence of outlier particles extending to larger diameters. Mg-
HEO exhibited the broadest distribution, with a significant
population of particles extending to approximately 80 μm.
These compositional differences in particle sizing reflect

Figure 1. Multiscale characterization of selected HEO systems linking macroscopic dispersion behavior to particle morphology and crystal
structure. Each row displays (top) optical micrographs of 0.05 wt % dispersions showing varying degrees of agglomeration, (middle) detailed
particle morphology via FESEM revealing microstructural features, and (bottom) idealized unit cell representations illustrating the extensive cation
mixing characteristic of the high-entropy phase for: a) Al-HEO (spinel), b) La-HEO (perovskite), c) Y-HEO (perovskite), and d) Mg-HEO (rock
salt). Color legends denote constituent metal cations.

Figure 2. Particle size distribution by the equivalent circular diameter.
Cumulative number distributions determined from optical micros-
copy for four representative HEO compositions showing median
particle diameters of 2.6−3.0 μm for Al-, La-, and Y-HEO compared
to a broader distribution for Mg-HEO with a median diameter of 8.1
μm (extending to ∼80 μm).
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differences in synthesis conditions or particle agglomeration
behavior that depend on elemental composition and crystal
structure. The relationship among particle size distribution,
deposition behavior during thermal cycling, and resulting
surface modification is explored in subsequent sections
through boiling experiments. Figure 1 provides complementary
visual characterization of particle morphology at higher
magnification, showing the individual particle texture and
aggregate structure for each composition. While primary
crystallites are nanoscale as confirmed by X-ray diffraction
crystallite size analysis,58 HEO particles exist as micrometer-
scale agglomerates in aqueous dispersion, as evidenced by
optical microscopy observations shown in Figures 1 and 2.
3.3. HEO Dispersion Stability

The room temperature stability of the HEO dispersions was
monitored for 48 h through visual inspection and documented
with high-resolution photographs, as shown in Figure 3a. The
dispersions maintained good overall stability, with minor
sedimentation observed in most samples and more pro-
nounced settling in Mg-HEO. The enhanced sedimentation
tendency of the Mg-HEO dispersion can be ascribed to its
larger ECD relative to the other HEOs, resulting in increased
gravitational settling. The uniform coloration and absence of
particle aggregation indicated successful stabilization of the
HEO particles in DI water. This can be attributed to combined
mechanisms contributing to the long-term dispersion stability.
Metal oxides typically feature −OH groups on their surface
that can undergo protonation or deprotonation reactions based
on the difference between the pH of the dispersion and the
isoelectric point (IEP) of the sample.64 The difference between
electrostatic repulsion and attractive van der Waals (VdW)
attractions determines the energy barrier that prevents particle
aggregation. To estimate the IEP values of the studied HEOs, a
theoretical methodology based on the individual metal oxide
IEP values was adopted.65,66 The calculated IEP values of the
studied HEOs and the measured pH values of the HEO
dispersions are provided in Table S5 and Figure S3 of SI. For
Y-HEO, the dispersion exhibited a pH of 6.7, which was below
the calculated IEP of ∼8.0, implying that the particles carry a
modest positive surface charge under these conditions. This
charge generates an electrical double layer (EDL) that yields

moderate colloidal stability by partially counteracting VdW
attractions, indicating a balance between electrostatic repulsion
and attractive forces. The dispersion stability can further be
supported through the Gouy−Chapman−Stern model of the
EDL,67,68 which provides a theoretical framework for ion
distribution considering both electrostatic potential and
thermal motion.69−74 As illustrated in Figure 3b, the EDL
consists of two distinct regions: (i) the Stern layer, where
counterions are specifically adsorbed onto the charged particle
surface, and (ii) the diffuse layer, where ions are distributed
according to the Gouy−Chapman model under the combined
influence of electrostatic forces and thermal motion.75,76

Within the diffuse layer lies the slipping plane, which defines
the hydrodynamic boundary at which the zeta potential is
measured.

Recent theoretical insights77,78 suggest that interfacial water
plays a critical role in dispersion stabilization through spatially
varying cavitation-free energies. The oxide−water interface
creates distinct water layers:79 (i) the I1 binding interfacial
layer (BIL), where strongly bound water molecules form an
ordered barrier that disfavors particle aggregation, (ii) the I2
region, characterized by enhanced density fluctuations that
promote outer-sphere particle positioning, and (iii) the I3
bulk-like water region. This stratified water structure provides
thermodynamic driving forces that maintain particle separation
independent of surface charge effects.80 Figure 3b depicts the
proposed BIL, which contributes toward the dispersion
stability of HEO particles in DI water. In the aqueous
medium, due to the low ionic strength of DI water, the
extended Debye length enhances long-range electrostatic
interactions between particles, contributing significantly to
dispersion stability.81−84 It further depends on the adsorption
behavior and aggregation resistance. Strong adsorption
between dispersed particles and DI water promotes uniform
suspension, while controlling surface charge and interparticle
forces minimizes aggregation.85−89 Balanced adsorption and
stability ensure consistent dispersion, which is essential for
reliable performance in additive-based boiling applications.
Beyond classical Derjaguin−Landau−Verwey−Overbeek
(DLVO) interactions,90 structured water layers at the particle
surface generate short-range hydration forces that provide
additional repulsive interactions. These forces arise from the

Figure 3. a) Macroscopic stability of representative HEO dispersions. Optical images of four HEO compositions dispersed at 0.05 wt % in DI water
at 0 h (top) and 48 h (bottom) show varying degrees of sedimentation. Al-HEO, La-HEO, and Y-HEO exhibit minimal particles settling over 48 h
at room temperature, while Mg-HEO shows more pronounced sedimentation (lighter coloration), indicating composition-dependent differences in
colloidal stability. Visual assessment indicates that all four compositions maintain sufficient dispersion for thermal testing, with 0.05 wt % selected
as a balance between stability and particle loading. b) Proposed schematic representation of the electrostatic double-layer structure based on
classical DLVO theory and literature models for multielement oxide surfaces.
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energy required to dehydrate approaching particle surfaces and
become particularly important at interparticle separations
below 2−3 nm. It is reported that the solution chemistry
significantly influences multiple stabilization mechanisms
simultaneously. pH variations alter the surface charge density
and the point of zero charge, while ionic strength affects the
Debye length and electrostatic screening. Importantly, these
parameters also modulate interfacial water structure, creating a
complex interplay between traditional DLVO forces and water
network effects.91−97

The Brownian motion98−100 of the dispersed HEO particles
at elevated temperatures, arising from thermal fluctuations in
the medium, promotes dispersion homogeneity by counter-
acting gravitational settling and promoting uniform distribu-
tion throughout the fluid. This thermal agitation also
contributes to the dynamic nature of the diffuse double
layer, where counterions continuously exchange between the
particle surface and the bulk solution. The multimechanism
stabilization approach is particularly advantageous for boiling
heat transfer applications, where thermal and mechanical
stresses can challenge colloidal stability. The redundant
stabilization pathways ensure maintained dispersion integrity
even under high-temperature conditions. However, in this
study, this barrier was not indefinitely high, as evidenced by the
eventual onset of particle settling after extended periods.
Moreover, the concentration-dependent behavior reflected the
competing effects of interparticle interactions and the available
volume for particle motion. At low concentrations, particles
had sufficient space to maintain a stable dispersion through
combined electrostatic and entropic effects. However, as
concentration increased, the reduced interparticle spacing
intensifies attractive interactions, eventually overcoming
stabilization mechanisms and leading to aggregation or phase
separation.101−103 Thus, an optimal particle concentration
exists where electrostatic repulsion and configurational entropy
work synergistically to maximize dispersion stability in the base
fluid, providing both short-term kinetic hindrance and long-
term thermodynamic resistance to aggregation.
3.4. Heat Transfer Performance and
Composition-Dependent Effects

Pool boiling experiments were conducted on copper substrates
to evaluate the thermal performance of four representative
HEO compositions, as demonstrated in Figure 4. Heat flux was

systematically increased while measuring wall superheat
(ΔTws) and the corresponding HTC, yielding boiling curves
that characterize the thermal response of each composition. DI
water baseline provides a standard reference for evaluating the
enhancement capability of HEO under atmospheric pressure
pool boiling conditions on copper substrates. DI water baseline
testing yielded a CHF of 1240 ± 62 kW/m2 at a wall superheat
of approximately 24 °C, consistent with literature values for
pool boiling on horizontal copper surfaces at atmospheric
pressure. All HEO dispersions substantially exceeded this
baseline performance. Y-HEO, Y(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)O3
achieved the highest CHF of 2017 ± 55 kW/m2 at a wall
superheat of approximately 16 °C, representing 63% enhance-
ment over DI water. Importantly, this CHF enhancement
occurred at an 8 °C lower wall temperature, indicating that
multiple thermal metrics were simultaneously improved. The
HTC of Y-HEO reached 123 ± 3 kW/m2·°C, approximately
135% higher than the baseline value of 52 ± 2 kW/m2·°C for
DI water. Comparison across the four HEO compositions
reveals composition-dependent performance variations. The
remaining three HEO compositions achieved CHF values
between 2000 and 2100 kW/m2, while they exhibited
moderate variation in their wall superheats and HTC, as
evident from the thermal performance chart. These differences,
despite all compositions exceeding baseline performance,
indicate that elemental composition and the resulting crystal
structure influence the thermal response. Figure 4 shows the
complete boiling curves for all four compositions. Figure 4a
reveals CHF capability and wall superheat requirements, while
Figure 4b shows sustained HTC performance across varying
heat flux conditions, demonstrating that HEO enhancements
persist across the full boiling regime, not merely at maximum
conditions. HEO dispersions consistently achieved higher heat
flux at lower wall superheat compared to baseline DI water
across the full operating range, not solely at CHF conditions.
Error bars indicate ±1 standard deviation of n = 3 replicate
measurements.
3.5. Post-Boiling Surface Characterization
The copper substrates exposed to HEO dispersions during
pool boiling underwent dramatic modifications to their surface
topography, chemistry, and interfacial energetics. These
changes represent direct manifestations of HEO particle
deposition and provide critical insights into the mechanisms

Figure 4. Pool boiling performance of four high-entropy oxide compositions compared to the DI water baseline. (a) Heat flux versus wall superheat
(ΔTws). (b) HTC versus heat flux. Y-HEO exhibits superior performance with a CHF of 2017 ± 55 kW/m2 demonstrating 63% enhancement over
the baseline of 1240 ± 62 kW/m2 and an HTC of 123 ± 3 kW/m2·°C, a 135% improvement.
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governing the observed heat transfer enhancements. System-
atic characterization, combining scanning electron microscopy,
energy-dispersive X-ray spectroscopy, surface roughness
analysis, and DCA measurements, reveals how compositional
complexity in HEOs translates to controlled surface
modifications that optimize thermal performance. Scanning
electron microscopy of the post-boiling copper substrates
revealed composition-dependent variations in the deposited
particle layer morphology. The pristine copper baseline
exhibited the characteristic smooth surface of mechanically
polished metal, with oriented scratch marks from the 600-grit
polishing process creating modest surface roughness of Ra =
0.23 ± 0.06 μm. This polished state provided a uniform but
relatively featureless substrate with limited inherent nucleation
cavities. Following boiling with HEO dispersions, all four
compositions produced textured surface coatings distinctly
different from those of the baseline. Al-HEO deposition
generated a moderately rough surface with Ra = 0.33 ± 0.07
μm, representing a 43% increase over the baseline. La-HEO
produced intermediate roughness of Ra = 0.40 ± 0.10 μm,
showing 74% increase. Mg-HEO achieved Ra = 0.57 ± 0.06
μm with a 148% increase. Y-HEO exhibited the most
pronounced surface modification with Ra = 0.63 ± 0.08 μm,
corresponding to a 174% increase in roughness compared with
the pristine substrate. The SEM micrographs shown in Figure
5a−d demonstrate that Y-HEO created a denser, more
uniformly textured deposition layer compared to the other

compositions, with surface features appearing more finely
resolved and densely packed. This composition-dependent
variation in deposition quality from sparse, scattered particles
of Al-HEO to dense, well-packed texturing by Y-HEO
indicates that elemental composition influences particle
adhesion characteristics and packing efficiency during the
transient deposition process in boiling. The high roughness
achieved by Y-HEO suggests superior particle−substrate
interaction or optimal particle morphology for dense packing,
creating abundant potential nucleation sites per unit
area.104−106 The measured reduction in wall superheat can
be interpreted in terms of the range of nucleation site sizes that
are activated on each surface. Using the classical relationship
between the cavity radius and required superheat given in eq 4,
the experimental values of ΔTws imply characteristic cavity
radii in the micrometer range for both the baseline copper and
the HEO-modified surfaces. These inferred cavity dimensions
are consistent with the size of surface asperities and particle
clusters observed in the SEM images, indicating that HEO
deposition creates a dense population of cavities that are
thermodynamically favorable for nucleation under the present
conditions.

DCA analysis quantified the effects of HEO deposition on
the modification of the interfacial energetics, further governing
liquid−surface interactions107,108 during boiling. This charac-
terization was particularly important for understanding bubble
dynamics, as the ease with which liquid rewetted the heated

Figure 5. Surface characterization of HEO-modified copper substrates. (a-d) FESEM micrographs showing the textured particle deposition layer:
(a) Al-HEO, (b) La-HEO, (c) Y-HEO, and (d) Mg-HEO. (e) Quantitative surface metrics comparing arithmetic average roughness (Ra) and
contact angle hysteresis (CAH). Y-HEO exhibits a unique combination of high roughness (Ra ≈ 0.63 μm) for nucleation and low hysteresis
(∼12°) for efficient liquid rewetting, distinguishing it from other compositions. (f) Elemental mapping of the Y-HEO sample deposited on the
copper substrate.
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surface after bubble departure directly determined the
frequency of nucleation site activation and the rate of
microlayer evaporation.52,109−111 The pristine copper substrate
exhibited an advancing contact angle (ACA) of 98° ± 4° and a
receding contact angle (RCA) of approximately 76° ± 3°,
characteristic of moderate hydrophobicity typical of clean
metallic surfaces, as presented in Table S7 of SI. This moderate
wettability, combined with relatively high contact angle
hysteresis of approximately 22°, indicated significant contact
line pinning and slower rewetting kinetics on the baseline
substrate. Upon HEO deposition, all four compositions
induced a transition toward enhanced hydrophilicity. The
advancing contact angles decreased across the composition
series, ranging from approximately 79° ± 3° for Y-HEO to 89°
± 5° for La-HEO. More significantly, the receding contact
angles showed substantial reduction, dropping to 67° ± 6° for
Y-HEO, 68° ± 4° for La-HEO, 62° ± 4° for Al-HEO, and 54°
± 2° for Mg-HEO. These reductions indicate that HEO
deposition fundamentally improves liquid penetration into
surface asperities, confirming Wenzel-state wetting, where the
liquid fully wets surface roughness features rather than resting
on air pockets.112−114

The contact angle hysteresis defined as the difference
between advancing and receding angles and indicative of
contact line pinning resistance emerged as a key discriminating
metric across the compositions shown in Figure 5e. Y-HEO
achieved notably low hysteresis of approximately 12° ± 7°,
substantially lower than Al-HEO that reported 24° ± 6°, La-
HEO at 21° ± 6°, and Mg-HEO at 27° ± 4°. This low
hysteresis for Y-HEO is particularly significant because it
represents an optimized balance between surface properties:
the high roughness created by dense particle deposition of
around Ra ≈ 0.63 μm provided abundant nucleation cavities
and pinning sites,115−117 while the low hysteresis indicated that
the contact line can depin and repin readily, enabling rapid
liquid rewetting without excessive stick−slip behavior.118−120

The low-hysteresis and high-roughness combination indicates
the facilitation of bubble departure on Y-HEO-modified
surfaces through reduced contact line resistance while
simultaneously providing stable nucleation cavities through
moderate pinning.121−123 In contrast, higher hysteresis values
of Mg-HEO, 27° ± 4°, indicated stronger contact line pinning
that, while potentially deepening cavities, also impedes the
rapid rewetting cycle essential for maintaining a high
nucleation frequency. The trade-off between these competing
effects�cavity retention versus rewetting speed�appeared
optimized for Y-HEO, explaining its superior performance in
both CHF at 2017 ± 55 kW/m2 and HTC of 123 ± 3 kW/
m2·°C.
Energy-dispersive X-ray spectroscopy mapping of the Y-

HEO-deposited surface, shown in Figure 5f, provides direct
confirmation that the multielement oxide particles successfully
adhered to the copper substrate and retained compositional
complexity throughout the boiling process. Individual
elemental maps reveal the spatial distribution of all five
constituent cations: yttrium (Y, red channel), cobalt (Co,
green channel), chromium (Cr, blue channel), iron (Fe, cyan
channel), manganese (Mn, magenta channel), and nickel (Ni,
yellow). The elemental signals show a relatively uniform
distribution across the substrate, with minor local fluctuations
that correspond to particle density variations visible in the
accompanying SEM image. This homogeneous elemental
distribution demonstrates that the deposited HEO layer

maintains the stoichiometric complexity and multielement
character of the original synthesized powder.124−126 The
absence of preferential enrichment or depletion of any single
element indicates that no phase separation or selective
dissolution occurred during the boiling process. Furthermore,
the correlation between elemental distribution patterns and
particle morphology in the SEM image confirms that entire
HEO particles, rather than dissociated ion species or partially
dissolved oxides, comprise the deposited layer. This particle-
level compositional integrity is critical for the proposed
multielement surface heterogeneity and its associated inter-
facial phenomena124,127,128 remain operative throughout
thermal cycling. The sustained coverage and chemical
completeness of the Y-HEO layer contributed substantially
to its superior and stable performance in both the CHF and
HTC metrics.

The integrated analysis of surface roughness, contact angle
hysteresis, and elemental composition revealed how funda-
mental materials chemistry principles, specifically composi-
tional complexity in HEOs, govern interfacial properties at the
boiling surface. Y-HEO’s exceptional performance emerges
from a synergistic combination of surface characteristics: First,
the highest surface roughness of Ra = 0.63 μm, 174% above
baseline, provided the highest density of potential nucleation
sites, enabling bubble formation at lower superheat and
generating higher nucleation site density. Second, the lowest
contact angle hysteresis of 12° ± 7° among all tested
compositions enables efficient bubble departure and rapid
liquid replenishment, maximizing the frequency with which
nucleation sites can be reactivated and minimizing the risk of
nucleate boiling collapse from extended dry-out periods. Third,
uniform elemental distribution across the deposited layer
verified by EDS mapping ensured that the multielement
surface chemistry remains operative throughout boiling,
maintaining the proposed heterogeneous interfacial water
structures and electrostatic stabilization mechanisms estab-
lished for dispersed HEO particles. These three properties�
roughness, rewetting efficiency, and compositional hetero-
geneity�collectively corroborate the superior performance of
Y-HEO across all thermal metrics. The data established
precision design of multielement oxide composition that
directly determines interfacial properties at multiple length
scales, from the atomic-scale multielement surface hetero-
geneity confirming compositional complexity is operative to
the micrometer-scale roughness influencing bubble nucleation
to the macroscopic thermal performance translating interfacial
control into functional enhancement. This materials-chemistry-
first perspective, where boiling performance serves as a
sensitive probe of surface and interfacial properties, represents
the central contribution of this investigation to understanding
structure−property relationships in high-entropy materials.

4. DISCUSSION
The sustained dispersion of HEO particles throughout the
pool boiling experiments reflected a combination of
thermodynamic driving forces and kinetic transport phenom-
ena that work synergistically to maintain the particle
suspension. At the thermodynamic level, the configurational
entropy of the HEO system provided a fundamental
stabilization mechanism that was absent in conventional single
or binary oxide systems. The configurational entropy values
calculated for the studied HEOs range from 13.38 to 14.90 J/
mol·K, exceeding the critical 1.5R threshold of approximately

Precision Chemistry pubs.acs.org/PrecisionChem Article

https://doi.org/10.1021/prechem.5c00360
Precis. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/prechem.5c00360/suppl_file/pc5c00360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.5c00360/suppl_file/pc5c00360_si_001.pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.5c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


12.5 J/mol·K required for entropy-driven single-phase
stabilization. This high entropy contributed substantially to
the Gibbs free energy through the relationship:

G H T S= (3)

As temperature increased toward boiling conditions, the
entropic term TΔS dominated, providing growing thermody-
namic resistance to particle aggregation. At elevated temper-
atures, this entropy-driven contribution became approximately
3.9 to 4.5 kJ/mol, substantially larger than the equivalent
enthalpic penalties that would favor aggregation. Conse-
quently, the dispersed state of randomly distributed HEO
particles represented the thermodynamically favored config-
uration at boiling temperatures, providing inherent resistance
to the sedimentation and agglomeration that typically threaten
conventional colloidal dispersion stability. Complementing this
thermodynamic stabilization, electrostatic interactions gov-
erned by classical DLVO theory provided kinetic barriers to
particle aggregation.129 The measured pH of 6.7 in HEO
dispersions, compared to the calculated IEP near 8.0, indicated
that oxide particle surfaces carried a positive charge. This
electrostatic surface charge generated a Gouy−Chapman
diffuse double layer that produced repulsive forces between
similarly charged particles, opposing the VdW attraction that
would otherwise drive aggregation.130 Critically, the multiele-
ment composition of HEOs created surface heterogeneity that
enhanced this electrostatic stabilization beyond what homoge-
neous oxides could achieve.131 Different metal cations present
on the HEO surface exhibited distinct pKa values for hydroxyl
group protonation, creating spatially varying surface charge
distributions.77 Rather than a single uniform IEP, the HEO
surface exhibited a landscape of local charge variations that
reduced the likelihood that all particles simultaneously reached
neutral charge. This compositional complexity also enabled
preferential adsorption of trace ions from the aqueous medium
in composition-specific ways, further modulating the effective
surface charge. The extended Debye length in low ionic
strength DI water amplified these electrostatic interac-
tions,81−84 creating long-range repulsive forces effective at
the micrometer-scale interparticle spacings characteristic of the
studied HEO dispersions. Beyond simple electrostatic forces,

the heterogeneous multielement surfaces of HEOs supported
complex interfacial water structures that created additional
stabilization through hydration forces.91−97 Each transition
metal cation in the HEO composition exhibited distinct water
coordination preferences and Lewis acidity. Strong-field
cations such as Cr3+ and Fe3+ coordinated water molecules
more tightly than weaker cations, creating spatial variation in
the hydration layer strength across the particle surface. This
heterogeneous hydration landscape generated a spatially
complex repulsive force distribution as particles approached
one another, providing more effective stabilization than the
uniform hydration forces expected from homogeneous oxide
surfaces. Y-HEO dispersions remained visually stable for 48 h
despite a 2.3 pH unit difference from the calculated IEP,
suggesting that mechanisms beyond simple electrostatic
repulsion operated, consistent with the proposed hydration
force contributions.

The formation of the observed dense particle deposition
layers on the copper substrates during boiling reflected the
interplay between Brownian motion, thermophoresis, and
surface interactions.132−134 Figure 6a illustrates these compet-
ing transport mechanisms. Brownian motion, driven by
thermal energy, imparts random molecular-scale displacements
that maintain bulk mixing and prevent sedimentation.98−100

For micrometer-scale particles, gravitational settling times span
from seconds to tens of seconds, comparable to time scales
governed by thermal diffusivity.135 However, the convective
mixing generated by bubble nucleation and growth in pool
boiling overpowered gravitational effects, maintaining bulk
dispersion regardless of particle size.136 More significantly,
steep temperature gradients near the heated copper surface
create powerful thermophoretic forces that drive direct particle
transport. In aqueous oxide dispersions, thermophoresis
typically transports particles from cooler bulk regions toward
the hot surface.137,138 The Soret coefficient for metal oxide
particles in water typically ranges from 10−3 to 10−2 K−1,
corresponding to particle velocities of millimeters per minute
in the temperature gradients exceeding 106 K/m that develop
near a boiling surface.139,140 Over the 30-to-60-min duration of
pool boiling experiments, such velocities readily transport
particles from bulk liquid at room temperature to the heated

Figure 6. HEO particle transport and thermal performance positioning. (a) Schematic showing synergistic effects of Brownian diffusion (blue
arrows) maintaining bulk dispersion and thermophoretic transport (red arrows) driving particle concentration toward the heated surface during
pool boiling. (b) Performance benchmark showing Y-HEO positioned in the superior region (upper right), achieving both high CHF and high
HTC, compared to conventional single-component oxides limited to either high CHF (green) or high HTC (orange), but not both. Literature data
were included for the comparison of Y-HEO dispersion performance with literature-reported metal oxide additives: Cu@ZnO,144 Ag/ZnO,145

Al2O3,
146 CaTiO3,

147 TiO2,
148 CeO2,
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surface region at boiling temperature, creating sustained
particle accumulation. The synergy between thermophoresis
and colloidal stability becomes apparent: electrostatic141 and
entropic forces142 maintain dispersion in the bulk liquid,
preventing premature aggregation, while thermophoretic forces
concentrate particles at the surface where their deposition
creates the observed surface modifications.143 This combina-
tion enabled the 0.05 wt % concentration to achieve optimal
performance, representing the balance point where sufficient
particle flux reaches the surface to dramatically modify its
properties while the bulk concentration remains diluted
enough to avoid viscosity penalties or rapid settling.
The composition-dependent variations in surface roughness,

wettability, and elemental distribution directly explain the
corresponding variations in thermal performance across the
four HEO compositions. Scanning electron microscopy
revealed that Y-HEO created the most pronounced surface
modification, with arithmetic average roughness increasing
174% from the baseline polished copper value of 0.23 ± 0.06
μm to 0.63 ± 0.08 μm. Other compositions produced
intermediate roughness values ranging from 0.33 to 0.57 μm.
Energy-dispersive X-ray spectroscopy mapping confirmed that
the Y-HEO surface retained all five constituent cations in a
uniform spatial distribution, validating that the complex
multielement oxide character persists in the deposited layer.
This increased roughness creates abundant nucleation cavities
for vapor bubble formation. The Clausius−Clapeyron
equation, combined with Young−Laplace analysis, demon-
strates that the reduced wall superheat is associated with
smaller bubble nucleation cavities. The relationship shows an
inverse proportionality between wall superheat and cavity
radius:

T
T
rh

2
ws

sat lv

fg
=

(4)

Here, σ is surface tension, υlv is specific volume between the
liquid and vapor phase, r is the radius of curvature of the
bubble or cavity radius, and hfg is the heat of vaporization.
Larger cavities reduce the superheat required for bubble
nucleation, enabling more nucleation sites to activate
simultaneously and increasing overall nucleation frequency.
The observed 8 °C reduction in wall superheat for Y-HEO
compared to the baseline reflects this phenomenon. Empirical
correlations from the literature indicate that CHF scales with
the square root of surface roughness,155 and HTC increases
exponentially with roughness156 due to enhanced nucleation
activity and improved liquid replenishment.157−160 However,
surface roughness alone does not explain Y-HEO’s superior
performance. DCA analysis reveals that the low contact angle
hysteresis of Y-HEO, 12 ± 7°, distinguishes it from other
compositions, 21 to 27°, despite all showing enhanced
wettability compared to the baseline. Contact angle hysteresis
characterizes the resistance to contact line motion and governs
how readily the liquid wets and rewets the surface after bubble
departure. Low hysteresis indicates that advancing and
receding contact lines can readily repin and depin, enabling
rapid liquid replenishment to the nucleation sites after bubble
departure. This efficient rewetting allows nucleation sites to
reactivate quickly, maximizing the frequency of bubble
generation and minimizing the risk of nucleate boiling collapse
from extended dry periods.38,161,162 The combination of high
roughness providing nucleation cavities and low hysteresis

enabling efficient rewetting appears optimized for Y-HEO,
explaining its achievement of both the highest CHF of 2017 ±
55 kW/m2 and the highest HTC of 123 ± 3 kW/m2·°C. The
composition-dependent differences in deposition quality reflect
fundamental differences in how elemental composition
influences particle adhesion and packing behavior.163,164 Y-
HEO features yttrium as the primary A-site cation in a
perovskite structure, while Al-HEO adopts a spinel geometry
and Mg-HEO a rock-salt structure. Yttrium’s high charge
density and specific ionic radius likely enhance interaction with
the copper substrate, promoting stronger particle adhesion and
denser packing.165 Furthermore, yttrium’s hydrophilic charac-
ter and distinctive water coordination preferences may
promote preferential particle orientation during deposition,
creating optimal configurations for nucleation site function-
ality.166 The connection among surface roughness, nucleation
site density, and required superheat can be further interpreted
using the cavity nucleation framework that has been applied to
structured surfaces. Prior work on reduced graphene oxide
coatings and microcavity arrays has shown that maximum
enhancement is obtained when surface features create cavities
whose radii fall within the micrometer range favored by the
local thermodynamic conditions. The analysis based on eq 4
indicates that the Y-HEO-modified surface produces effective
cavity sizes in this same range, consistent with the observed
SEM topography. In contrast to top-down-fabricated micro-
structures, the HEO coatings achieve this favorable distribu-
tion of nucleation sites through self-organized particle
deposition during boiling. This suggests that colloidal
deposition of high-entropy oxides can provide a practical
route to generating effective nucleation cavities similar to those
realized in engineered micro- and nanostructured surfaces,
while simultaneously tuning wettability and contact angle
hysteresis.

Figure 6b contextualizes the Y-HEO performance within the
broader landscape of metal oxide pool boiling additives
reported in the literature. Conventional additives fall into
three categories: compositions achieving high CHF but low
HTC, leaving large wall temperature differences (light green
region); compositions providing high HTC but limited CHF
with premature dry-out risk (light orange region); and
inefficient compositions performing poorly in both metrics
(light blue region). Examples spanning these categories include
CuO, ZrO2, and Fe3O4 yielding high CHF, low HTC; Al2O3,
CaTiO3, and NiO producing high HTC but limited CHF; and
SiO2, TiO2, WO3, and CeO2 resulting in poor overall
performance. In contrast, the HEO compositions investigated
in this work achieve both high CHF and high HTC,
positioning them distinctly above the performance envelope
of conventional single-component oxides. Y-HEO achieved a
CHF of ∼2017 kW/m2 and HTC of ∼123 kW/m2·°C,
surpassing the performance achieved by Cu@ZnO and Ag/
ZnO, previously reported as the most effective metal oxide
systems for pool boiling. This superior performance gained
importance when combined with economic and practical
considerations. Cu@ZnO was investigated on copper micro-
channels rather than flat surfaces, limiting direct comparison to
relevant applications. Ag/ZnO, while achieving high perform-
ance, incorporates expensive metallic silver, whereas Y-HEO
derives from abundant, inexpensive elements. This combina-
tion of superior performance, compatibility with conventional
test geometries, and economic feasibility positions HEOs as
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the most promising metal oxide additives for pool boiling
thermal management applications.
The exceptional thermal performance of Y-HEO emerged

from a synergistic combination of mechanisms operating across
multiple length scales, each rooted in fundamental materials
chemistry principles. The high configurational entropy of the
multielement oxide composition enables thermodynamically
favored dispersion at elevated temperatures.167−170 The
heterogeneous multielement surface chemistry generates
enhanced electrostatic stabilization and complex interfacial
water structures not achievable in conventional oxides. The
composition-optimized particle adhesion and packing behavior
produce superior surface roughness and nucleation site density.
The distinctive interfacial chemistry of the Y-containing
composition creates optimally low contact angle hysteresis,
balancing nucleation site retention with efficient rewetting.
These mechanisms do not operate independently but rather
synergistically. Simultaneously, thermophoretic forces concen-
trate particles at the heated surface. The multielement
composition optimizes both the dispersed stability and the
interfacial functionality, accomplishing goals that would
involve irreconcilable trade-offs for single-component oxides.
This synergy represents the central advantage of the high-
entropy approach: compositional complexity provides flexi-
bility to optimize multiple competing properties simulta-
neously rather than selecting one element that performs
reasonably across all requirements. The framework connecting
HEO composition through colloidal stability to thermal
performance establishes that precision chemistry approaches
to material synthesis directly translate into functional
advantages in demanding applications. The eight HEO
compositions explored, spanning three distinct crystal
structures, all exceeded the thermal performance of conven-
tional oxide additives, suggesting that the high-entropy
principle itself confers stabilization and functional benefits
transcending specific structural choices. However, Y-HEO’s
superior performance compared to other perovskite composi-
tions indicates that specific elemental composition critically
influences the functional response. Future systematic variation
of HEO composition while maintaining a fixed crystal structure
would illuminate which elemental substitutions most strongly
enhance thermal performance and reveal the underlying
mechanistic basis for these composition−performance corre-
lations.
However, several limitations constrain the mechanistic

conclusions drawn from the current work. The absence of in
situ characterization during active boiling prevents direct
observation of whether the proposed mechanisms actually
operate under thermal cycling conditions. Time-resolved small-
angle X-ray scattering during heating would directly monitor
particle aggregation state transitions. Neutron reflectometry
with temperature variation would image interfacial water
structure changes. High-speed video microscopy during boiling
would directly visualize bubble dynamics, contact line
behavior, and nucleation site activation sequences. These
advanced techniques would either validate or refute the
proposed mechanism by providing direct evidence unavailable
through postboiling surface analysis. The 48-h room temper-
ature stability assessment provides evidence of near-term
dispersion robustness but cannot predict long-term perform-
ance under extended thermal cycling conditions relevant to
real applications. In addition, the present surface character-
ization captures only the final state after the completion of a

full boiling sequence. The copper substrates experience a
cumulative history of increasing heat flux during each
experiment, and the resulting HEO deposition reflects the
integrated action of thermophoretic transport and hydro-
dynamic removal over that sequence. The current study does
not resolve how surface roughness and deposition morphology
evolve with time at fixed heat flux or how different dwell times
at a given flux might modify the balance between particle
accumulation and removal. Dedicated experiments in which
boiling is conducted at a single, controlled heat flux for
systematically varied durations would be valuable to quantify
deposition kinetics and to decouple time-dependent effects
from the cumulative history considered here. A further
limitation of this study is the absence of direct visualization
of bubble dynamics during boiling. The current apparatus does
not provide optical access for high-speed imaging; therefore,
the influence of HEO deposition on nucleation site activation,
bubble growth, coalescence, and departure must be inferred
from surface measurements and boiling curves rather than
observed directly. Future work should incorporate transparent
heater substrates or side-viewing windows together with high-
speed cameras to quantify the bubble departure diameter,
nucleation site density, and local rewetting behavior for each
HEO composition across a range of heat fluxes. Such
measurements would provide an important link between the
surface modifications documented here and the detailed two-
phase flow structures that ultimately control the boiling heat
transfer.

The dilute nature of HEO dispersions at 0.05 wt %
concentration ensures that bulk thermophysical properties
contribute minimally to the observed thermal performance
enhancements. At this concentration, the particle volume
fraction is approximately 0.015 to 0.020 vol %, well below
thresholds where significant property modifications occur.
Literature data compiled in Table S6 demonstrate that
viscosity, surface tension, and thermal conductivity changes
at 0.05 wt % are typically within 1 to 3% of the base fluid
values. Our recently published work on rheological character-
ization of Ti3C2Tx MXene dispersions at 0.1 wt %, double the
concentration used in this study, showed viscosity increases of
only 1.4%, well within experimental error. Extensive studies on
dilute metal oxide nanofluids have reported similar trends:
Sundar et al. measured Fe3O4−water nanofluids at 0, 0.2, and
0.4 vol % and found negligible viscosity deviations from water
across temperatures from 20 to 60 °C.171 ZnO−water
dispersions were characterized, and it was observed that
surface tension remained within 2% of that of water at 0.05 wt
%, increasing slightly before decreasing at higher concen-
trations.172

Classical pool boiling heat transfer correlations provide a
quantitative assessment of the expected influence of these
minor property changes. The Rohsenow correlation173 for the
nucleate boiling heat transfer coefficient can be expressed as:
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where μl is dynamic viscosity, σ is surface tension, and the
other parameters represent fluid properties and empirical
constants. For the measured property variations at 0.05 wt % +
2% viscosity, −2% surface tension, negligible density, and
specific heat changes reported, this correlation predicts less
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than 3% variation in heat flux at constant superheat. Similarly,
the Zuber correlation174 for critical heat flux:
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predicts that the −2% surface tension change would produce
less than 0.5% CHF reduction, far below measurement
uncertainty. In contrast, experimental measurements reveal
CHF enhancements ranging from 62% for Al-HEO to 95% for
La-HEO, and HTC improvements ranging from 85% for Al-
HEO to 135% for Y-HEO. These performance gains are more
than an order of magnitude larger than bulk property
modifications alone could produce. This quantitative discrep-
ancy confirms the central hypothesis of this work: that HEO-
enhanced pool boiling operates primarily through surface
modification and interfacial chemistry mechanisms rather than
through altered bulk fluid properties. Enhanced roughness of
174% increase for Y-HEO dramatically reduces contact angle
from 96° to 62°, minimizes hysteresis (12° versus 22°
baseline), and directly modifies nucleation site density, bubble
departure frequency, and liquid rewetting efficiency at the
heated surface. These interfacial phenomena govern thermal
transport in nucleate boiling far more strongly than minor
variations in bulk viscosity or surface tension. The multiele-
ment surface composition creates chemical heterogeneity at
the solid−liquid interface that generates advantageous wetting
characteristics and nucleation behavior unavailable through
simple bulk property modification alone. This further
corroborates that performance optimization should focus on
engineering interfacial properties through precise control of
particle deposition, surface chemistry, and wettability mod-
ification rather than pursuing high particle loadings that
increase viscosity and pumping power without commensurate
thermal benefits.
Future work will involve characterizing dispersion stability

over weeks to months at elevated temperatures with periodic
characterization tracking of sedimentation, aggregation, and
chemical stability. Extended thermal cycling would reveal
whether the proposed entropy-driven stabilization maintains
effectiveness under repeated temperature fluctuations and
whether any irreversible oxidation or surface chemistry changes
occur. Contact angle and roughness measurements character-
ize only the final postboiling surface state. Dynamic contact
line behavior during active boiling, the temporal evolution of
roughness as particles accumulate, and the transient bubble
dynamics driving nucleation remain unmeasured. High-speed
microscopy and in situ surface characterization techniques
would directly observe these dynamic phenomena and quantify
bubble departure frequencies, nucleation site activation
sequences, and rewetting rates. Despite these limitations, the
current investigation establishes that compositional complexity
in multielement oxides represents a productive strategy for
simultaneously optimizing multiple properties essential for
demanding thermal applications. Additionally, systematically
varying composition while maintaining crystal structure is
warranted to illuminate which elemental substitutions most
strongly enhance performance, establishing the quantitative
structure−property correlations that precision chemistry seeks
to develop and enabling the rational design of next-generation
high-entropy materials for thermal management and related
applications.

5. CONCLUSIONS
This work demonstrated that precision chemistry principles
governing high-entropy oxide synthesis and compositional
design directly translate into advantageous colloidal and
interfacial behavior, manifested in exceptional functional
performance under thermal stress. The fundamental finding
that HEOs with five or more equimolar cations exhibited
enhanced dispersion stability compared to lower-entropy oxide
systems provided direct experimental evidence for configura-
tional entropy contributions to colloidal thermodynamics. The
configurational entropy values of 13.38 to 14.90 J/mol·K,
exceeding the critical 1.5R threshold, generated substantial
thermodynamic driving force against particle aggregation,
particularly at elevated temperatures where the TΔS term
dominates the Gibbs free energy. The random distribution of
multiple metal cations across HEO particle surfaces created
chemical heterogeneity that generated superior interfacial
chemistry through multiple complementary mechanisms,
including electrostatic stabilization via spatially varying surface
charge, hydration force enhancement from diverse metal−
water coordination environments, and interfacial water
structuring arising from compositional complexity. The Y-
HEO system demonstrated exceptional functional performance
in pool boiling experiments, achieving 63% CHF enhancement
and 135% HTC improvement compared to baseline deionized
water. This exceptional performance emerged from the
synergistic interplay of multiple thermodynamic and kinetic
factors: multielement surface composition generates optimized
wettability characteristics that produce abundant nucleation
sites, configurational entropy provides thermodynamic stabili-
zation that maintains particle dispersion; and thermophoretic
transport concentrates particles at the heated surface, enabling
effective surface modification. The combination yielded the
highest surface roughness, representing a 174% increase, lowest
contact angle hysteresis at ∼12°, and most uniform elemental
distribution among tested compositions, directly correlating
with superior thermal performance. This work establishes that
thermal applications provide a valuable platform for under-
standing structure−function relationships in high-entropy
materials, where pool boiling creates an extreme environment,
simultaneously testing colloidal stability under thermal
gradients and interfacial chemistry under active nucleation
and phase change. The compositional flexibility of high-
entropy materials enables simultaneous optimization of
multiple competing properties, overcoming fundamental
trade-offs that constrain single-component or binary oxide
systems. The Y-HEO system achieved thermal performance
exceeding all literature-reported single-component oxide
systems and matching or surpassing hybrid systems such as
Cu@ZnO and Ag/ZnO while incorporating abundant,
inexpensive elements, positioning HEOs as the most promising
metal oxide additives for pool boiling thermal management
applications. Future work will emphasize the systematic
variation of HEO composition while maintaining fixed crystal
structure to isolate entropy effects from structural contribu-
tions and establish quantitative structure−property correla-
tions. Advanced characterization, including surface-specific
spectroscopy, atomic force microscopy, force spectroscopy,
and high-speed video microscopy, is warranted to observe
interfacial phenomena and provide experimental evidence for
proposed mechanisms of entropy-driven stabilization. Fur-
thermore, investigation of nonequimolar high-entropy compo-
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sitions would expand the compositional design space, while
extension to other thermal applications and heterogeneous
catalysis would test the generality of findings.
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