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Abstract

It is well known that the specific heat of a heat transfer fluid can be significantly improved by the
addition of nanoparticles to form a so-called nanofluid, but the origin of the effect is not completely
understood yet. Here, we use molecular dynamics simulations in a nanofluid consisting of palladium
nanoparticles in a commercial heat transfer fluid, to demonstrate that a significant fraction (nearly
half) of the specific heat enhancement associated to the presence of the nanoparticles is due to strong
chemisorption interaction of the fluid molecules at the nanoparticle surfaces. This insight opens new
avenues for the nanofluid research community by providing sufficient understanding on the role of
chemical interactions in the specific heat of nanofluids, helping on the discussion of what materials
and base fluids to be chosen for the optimisation of the thermophysical properties of nanofluids and
promoting the transition from basic research to actual application in energy conversion and thermal

management processes.
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Abbreviations

HTF
BP

DPO
Pd-AO
MD
OPLS-AA
PES

DFT
VASP
GGA
PBE-D3
PAW
GULP
LAMMPS
PPPM
RDF

Symbols

heat transfer fluid

biphenyl

diphenyl oxide

Pd-containing aromatic oil-based nanofluid

molecular dynamics

Optimised Potential for Liquid Simulations — All Atoms forcefield
potential energy surface

density functional theory

Vienna Ab-initio Simulation Package

generalised gradient approximation

Perdew-Burke-Ernzerhof functional with Grimme’s D3 dispersion correction
projector augmented wave pseudopotentials

General Utility Lattice Programme

Large Atomic/Molecular Massively Parallel Simulator
particle-particle particle-mesh

radial distribution function

energy
interplanar spacing

molecular radial distribution function

ij pair radial distribution function

radial distance

atomic fraction

specific heat

Boltzmann’s constant

temperature

specific heat contribution from energy partition term y
excess specific heat contribution from energy partition term y



1. Introduction

The use of nanofluids [1, 2] as an advanced generation of heat transfer fluids (HTF) is a cost-saving
passive technique for the purpose of optimisation of heat transfer processes in thermal management
and energy conversion applications [3]. There are many studies dedicated to the characterisation of
the stability and those physical properties of nanofluids that rule the heat transfer process, mainly
thermal conductivity, dynamic viscosity, specific heat and density. However, comparative studies are
usually inconclusive on the magnitude of potential benefits in heat transfer using nanofluids, which
makes benchmarking unattainable, if not impossible. An insufficient understanding of nanofluid
systems is ultimately translated in a huge obstacle for the transition from basic research to actual
application [4]. The influence of factors such as the chemical nature, concentration, size distribution
or morphology of nanoparticles in the disperse phase, which can all be controlled ahead of the
formulation, have been widely addressed. By contrast, the structure and behaviour of the solid-liquid
interface, which appears once the nanofluid is formulated, receives little attention. If the properties
of the interfacial fluid are different to the bulk fluid, considering the large exposed surface of the
disperse phase in nanofluids, the existence of a unique solid-liquid interface will significantly
contribute to the overall nanofluid properties. The complexity of nanofluid systems is underestimated

at this point.

The solid-liquid interface has been proposed to play a key role for the anomalous enhancement of
specific heat in some nanofluids, for which experimental data exists [5-9]. Particular emphasis should
be put on such anomaly, since the most widely used numerical models for the specific heat of mixtures
fail to predict it [10]. These models are usually based on or derived from the effective medium
approach, meaning no information on the microscopic structure of the mixture has been considered.
More recently, Shin and Banerjee [11] identified the higher amplitude of vibrations between atoms
at the nanoparticle surface together with solid-fluid interfacial interactions as the root cause for

enhanced specific heat in nanofluids. The interfacial layer concept was further developed by



Hentschke [12], who attempted to explain non-monotonous trends of specific heat as a function of
the load of nanoparticles, with a distinctive maximum at intermediate concentrations. This
phenomenological model provides an approximate description of available data and, more

importantly, significance to a very unique feature of the nanofluid microscopic structure.

In previous work [9] we characterised the specific heat of nanofluids with Dowtherm™ A (the
eutectic mixture of biphenyl (BP) and diphenyl oxide (DPO), a HTF for solar thermal industry) as
base fluid and Pd nanoplates as a disperse phase. The thermophysical property of interest was
characterised as a function of temperature and mass fraction of Pd nanoplates. It was found to increase
with respect to the base fluid, with a maximum for specific heat for intermediate mass fractions in all
cases. We assessed the feasibility for such interfacial layering to occur on these nanofluids via DFT
simulations. The chemisorption of BP and DPO was determined to be thermodynamically favoured,
with an activation energy requirement for the adsorption of DPO on Pd (111) and Pd (100) surfaces.
Even if the existence of the interfacial molecular layer was proven to exist, no unequivocal direct link
between the existence of such layer and the specific heat enhancement observed in of Pd-containing
aromatic oil-based (Pd-AQO) nanofluids was provided. Such is the scope of the present work. In order
to assess the influence of such a layer on the specific heat of Pd-AO nanofluids, different models with
physisorption-induced and chemisorption-induced interfaces have been investigated using molecular
dynamics (MD). This has allowed to understand the effect of strong nanoparticle-fluid interaction on

the specific heat of nanofluids, as a function of chemisorption coverage and temperature.

2. Methodology

2.1. Initial configurations and force field details

We have performed classical MD simulations [13] to investigate the effect of interfacial molecular

layering on the specific heat of Pd-AO nanofluids. The simulated systems are summarised in Figure 1.



The force field for each model system are described below. For a more detailed view on the force

field parametrisation, see Tables S1-S5 in the Supplementary Material.
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Figure 1. Summary of MD models for [A] the base fluid (BF) and nanofluids different solid-liquid
interfaces induced by [B] physisorption (NF-1), [C] unhindered chemisorption (NF-2) and [D]

kinetically controlled chemisorption (NF-3).

The first model system is the base fluid model (BF), shown in Figure 1A, represented by a box of 265
BP molecules and 735 DPO molecules, preserving the eutectic proportion. The Optimised Potential
for Liquid Simulation — All Atom (OPLS-AA) force field [14] with parameters from LigParGen [15-
17] was considered for bonding and non-bonding interactions between atoms in the base fluid. The
Lorentz-Berthelot combining rules are used to parametrise the Lennard-Jones potential for pairwise

interactions between odd atoms. All atoms are explicitly included (no dummy atoms are used).

The second model is a Pd-AO nanofluid model with a physisorption-induced solid-liquid interface
(NF-1), shown in Figure 1B, in which the Pd nanoplate is initially uncovered and surrounded by 1206
base fluid molecules. The Pd nanoplate is represented as an assembly of 241 Pd atoms in ABC-

stacking and faceted by (111) and (100) surfaces, forming a hexagonal-shaped thin nanostructure



with 1.4 nm in edges and 0.5 nm in thickness. The edge-to-thickness aspect ratio of this nanoplate
model is almost equivalent to the aspect ratio of the nanoplates synthesised in our previous work [9].
A Morse potential with parameters from Yokoyama and Ohta [18] is introduced to account for
bonding interactions between Pd atoms in the nanostructure. The pairwise interactions between Pd
atoms [19] and base fluid atoms in this model are described by the Lennard-Jones potential, which is
again parametrised using the Lorentz-Berthelot combining rules. No chemical interactions, beyond
van der Waals effects represented in the Lennard-Jones potential, are allowed between the

nanoparticle and the fluid molecules in this model.

The third and fourth models for this study are those of a Pd-AO nanofluid with a chemisorption-
induced solid-liquid interface, represented as a surface-decorated Pd nanoplate surrounded by 1206
base fluid molecules. In the third model (NF-2), shown in Figure 1C, chemisorption is assumed to
occur freely, with no activation energy requirements, hence both BP and DPO are chemisorbed with
a fractional coverage determined by the relative proportion of the species in the eutectic mixture. In
the fourth model (NF-3), shown in Figure 1D, chemisorption is treated as a kinetically-controlled
process, thus one of the molecules is predominantly chemisorbed over the other one. It is known, in
fact, that an activation energy requirement in the order of ~0.2 eV exists for the adsorption of DPO
and, according to the sticking probabilities at the range of temperatures within 298 K and 678 K, such
a requirement is enough for BP to completely cover the nanoplate surface. A total of 18 chemisorbed
molecules are considered in each model, for surface coverage to be maximised and steric repulsions
to be kept to a minimum. Also, a maximum of two C atoms are simultaneously bonded to one Pd
atom. A Morse potential is introduced to account for bonding interactions between Pd atoms on the
surface of the nanoplate and C atoms of chemisorbed base fluid molecules in these models. The
parametrisation for such unique interaction is derived from ab initio energy calculations as shown in

the following section.



2.2. Pd-C interactions at the chemisorption-induced solid-liquid interface

The quality of the description of the chemisorption phenomenon in a classical MD simulation depends
on the accuracy with which the potential energy surface (PES) of the adsorbate-adsorbent interaction
is reproduced by the forcefield. Since our goal is to investigate the effect of the chemisorbed layer on
the properties of the nanofluid, the accurate parameterisation of this interaction is of crucial

importance.

We know from our previous work [9] that the most stable adsorbate-adsorbent configurations are
Briso-Bris, for both DPO and BP on the Pd (111) surface and HP°¢-HP¢¢ for both DPO and BP on
the Pd (100) surface, respectively. The geometry of these configurations (shown in Figure S1 in the
Supplementary Material, together with the meaning of adsorption site nomenclature) was optimised
via periodic density functional theory (DFT) simulations. A PES can be generated by scanning the
Pd-C bond with single-point energy calculations for different distances from the equilibrium bond
length. The optimised geometry of the adsorbed molecules was kept fixed. The Vienna Ab-Initio
Simulation Package (VASP) [20-23] was used to perform all periodic-DFT simulations. We used
supercells representing surface terminations with a vacuum slab of 15 A, to minimise unphysical
interactions with periodic images in the direction perpendicular to the surface. The exchange-
correlation term was calculated within the generalized gradient approximation (GGA) using the
dispersion-corrected Perdew-Burke-Ernzerhof (PBE-D3) functional [24, 25]. Brillouin-zone
integrations were performed using Monkhorst-Pack grids [26, 27] with a k-point density of 0.2 Al
and a first-order Methfessel-Paxton smearing [28] of 0.2 eV. Interactions between valence electrons
and atomic cores were described using projector augmented wave (PAW) potentials. The Kinetic
energy cut-off of the plane-wave basis set expansion was set at 400 eV, which is the default for the
employed PAW potentials [29, 30]. The parameters for a Morse potential are derived from these PES
using the fitting feature available in the General Utility Lattice Program (GULP) [31-35], which

considers the Newton-Raphson functional minimisation approach for such a purpose. For a more



representative interatomic potential for the Pd-C interaction, potential parameters are successively
averaged and refined. More details on the derivation of this interatomic potential together with an
analysis of the distribution of energy residuals is presented in Tables S6-S8 in the Supplementary

Material.
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Figure 2. DFT PES (scattered dots) for the interaction of the fluid molecules palladium surfaces, in
comparison with the generated force field PES (solid lines). d is the interplanar spacing between the

metallic surface and the planes defined by phenyl rings in the molecules.

Thus, a total of four DFT PES have been generated, for the chemisorption of each molecule on each
surface, and a Morse potential function for Pd-C interaction has been derived from them. As it is
shown in Figure 2 (also in Figure S2 in the Supplementary Material), the force field describes the
PES with excellent agreement, to the extent of being able to reproduce and distinguish fine details
such the adsorption energy or the distance of the chemisorbed molecule from the surface in each case.

This Morse potential will keep molecules permanently attached to the surface during the dynamics



of chemisorption-induced models. This is justified considering the stability of the adsorbate-
adsorbent complexes has been proven in our previous work on this system [9]. Adsorption energies
are in the order of ~4.0 eV and the energetics of thermal effects are in the order of kgT (i.e. 41 meV
at 475 K) thus, in the range of operating temperatures, BP or DPO molecules will not leave the solid-

liquid interface once adsorbed.

2.3. Molecular Dynamics simulations setup

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [36, 37] is the classical
MD code of choice for the comprehensive study on the effect of the interfacial molecular layering on
the specific heat of Pd-AO nanofluids. Each of the above explained initial configurations have been
created with Moltemplate [38, 39], a text-based molecular builder for LAMMPS. Periodic boundary
conditions are imposed in the system. The Verlet integration scheme [40] is used with a timestep of
1 fs. Velocities are rescaled with the Nosé-Hoover thermostat and barostat algorithms [41-44].
Lennard-Jones pairwise interactions are limited to a cut-off distance of 10 A. The particle-particle
particle-mesh (PPPM) summation method [45] was applied to compute long-range electrostatics.
With this general set-up, the MD simulation procedure involves (i) a 10 ps run in NVE for relaxation,
(i) a 0.5 nsrun in NVT for thermalisation, (iii) a 1 ns run in NPT for equilibration and (iv) a 5 ns run
in NVT for the computation of density, specific heat, energies and pair radial distribution functions

(RDF). Thermodynamic outputs are dumped every 1 ps and pair RDF every 50 ps.

Different series of MD simulations will be carried out with this scheme. The simulation conditions
will be first validated by comparing computed results on density and specific heat for the base fluid
at 323/373/423/473 K and 1 atm with available experimental data from the supplier. The base fluid
model and simulation conditions were validated as both density and specific heat were found to be in
the same order of magnitude than experimental observations and exhibited the same behaviour versus
changes in the state variable temperature (data for validation is presented in Figure S3 of the

Supplementary Material). Then the comparison of Pd-AO nanofluid models with different interfacial

10



molecular layering considerations is approached by computing the dynamics of each model system
at 473 Kand 1 atm. The dynamics of the most representative nanofluid model will be again computed
at 473 K and 1 atm but with different numbers of chemisorbed molecules, for an analysis on the
dependence of specific heat of this nanofluid as a function of the number of occupied adsorption sites.
Alternatively, the dynamics of the most representative nanofluid model system will also be computed
323/373/423/473 K and 1 atm for a comparative analysis of the specific heat of this nanofluid and the

base fluid as a function of temperature.
3. Results and discussion
3.1. Molecular architecture from radial distribution functions

The purpose of this paper is to approach the effect of the interfacial molecular layering on the specific
heat of Pd-AO nanofluids by multiple-model comparison at the MD level of theory. The dynamics of
three different models with different representations of the solid-liquid interface (see Figure 1) have
been computed: a physisorption-induced interface (NF-1), an unhindered chemisorption-induced
interface (NF-2) and a kinetically-controlled chemisorption-induced interface (NF-3). The molecular
architectures at equilibrium are discussed in this section on the basis of the RDFs. We are particularly
interested on the molecular RDFs, G (1),

6() =) &g,() )

J

which is a sum of the individual pair RDFs of atom j (any atom in base fluid molecules) with respect
to atom i (any atom in the nanoplate), g;;(r), weighted by the atomic fraction of atom j, a;. The
molecular RDFs are more suitable than individual pair RDFs for the purpose of this paper, which is
to describe the molecular architecture formed by base fluid molecules around Pd nanoplates and its

relation with the specific heat of Pd-AO nanofluids. G (r) for all nanofluid models are included in
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Figure 3A for discussion and g(r) for Pd-C and Pd-O interactions are included in Figure S4 for

verification purposes.

On the one hand, the molecular RDF for model NF-1, for which a physisorption-induced solid-liquid
interface was expected, reveals three peaks, at 3.45 A, 5.95 A and 7.95 A, whose locally higher
number density. This suggests the solely presence of the Pd nanoplate, mediated by the VVan der Waals
forces (whose effects are included in the model in the form of a classical Lennard-Jones potential),
induces some ordering on the surrounding molecules, creating an interface with two solvation layers
of base fluid molecules. On the other hand, the molecular RDFs for models NF-2 and NF-3, for which
a chemisorption-induced solid-liquid interface was expected, show analogous features in both cases,
but quite different compared to model NF-1. First, a very sharp peak with the highest number density

appears at 2.15 A. The position of the first peak matches the Pd-C equilibrium bond length of the

parametrised Morse potential, so this first peak can be directly assigned to bonding Pd-C interactions.
Then, a sequence of peaks follows up to the cut-off distance. As shown in Figure 3B, in which the
molecular RDFs of NF-2 and NF-3 models are split into the contributions from adsorbed and non-
adsorbed molecules, this sequence is only due to adsorbed molecules, which means it cannot be
interpreted as multiple solvation layers. Up to 6.0 A, the position of the peaks in this sequence
matches the distances between a given surface Pd atom of a certain adsorption site and C atoms of
the chemisorbed molecule on that site, but not directly bonded to it (as shown in Figure 3C). Any
peak further than that can be assigned to the distribution of C atoms on a different adsorption site
with respect to the given surface Pd atom or to the distribution of C atoms with respect to a given
non-surface Pd atom. The presence of the very sharp first peak and the following sequence of peaks
in the molecular RDFs implies that the chemisorbed layer of base fluid molecules in the solid-liquid
is preserved during the computed trajectory, which validates the parametrised Morse potential for its
purpose. Alternatively, it is reflected in Figure 3B that the presence of this chemisorbed layer imposes

a shielding effect on the interaction between the nanoplate and the non-adsorbed surrounding fluid,
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as only one peak appears at 3.65 A (the second one has vanished, almost completely), further and

lower in number density compared to the first peak in the molecular RDF of NF-1 model.
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Figure 3. [A] Molecular RDFs for all MD models. [B] Detail of the contributions from physisorbed
and chemisorbed species to the molecular RDFs. [C] Example of the distribution of C atoms with
respect to a given Pd atom (distances in this scheme may not exactly match the peaks in the

molecular RDF, as this is a snapshot from a particular step in the trajectory of the system).

The main conclusion to be drawn from the molecular RDFs is that molecular layering occurs at the
solid-liquid interface of nanofluids, with notable difference if it is considered to be induced by
physisorption or chemisorption phenomena, but still occurs. Two interfacial molecular layers appear
in both cases, but in the chemisorbed-induced interface the first layer is closer, by 1.3 A, than in the
physisorbed one. The consequences of the closer distribution of base fluid molecules around the

nanoplate are immediately reflected in density. Computed density values in equilibrium at 473 K are
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0.87+0.01 g-cm for model BF, 0.97+0.01 g-cm™ for model NF-1, and 0.98+0.01 g-cm™ for both
model NF-2 and NF-3. The increase in this physical property with respect to the base fluid is 12.5%
for the model NF-1 and 13.0% for models NF-2 and NF-3. Although the standard deviations limit
this discussion, it is remarkable that the densities of model NF-2 and NF-3 (chemisorption) are
slightly higher than that of model NF-1 (physisorption). This is because chemisorption induces a
negative excess volume effect for adsorbed molecules and density is, therefore, increased. This is
directly related to the more confined situation of base fluid molecules in the chemisorption-induced
solid-liquid interface, due to the strength of the Pd-C interaction imposed by the Morse potential in

comparison to the Lennard-Jones potential.
3.2. The impact of interfacial molecular layering on the specific heat of nanofluids

The impact of this interfacial molecular layering on specific heat is now assessed. Specific heat, c,
can be determined from energy fluctuations in the canonical ensemble (NVT), as denoted by the
following fundamental relation from statistical mechanics [13]

_ (EF) — (Er)? _ Var(Er)
~ kgT?  kgT?

@)

in which Var(E;) is the total energy variance, kg is the Boltzmann’s constant and T is the average
temperature. Do note the specific heat is intentionally denoted as c, with no distinction for isobaric
or isochoric specific heats, as the base fluid model and the nanofluid models are treated as
incompressible systems. The values of specific heat computed for the base fluid model and each Pd-
AO nanofluid model are included in Figure 4A. In the most basic comparison with respect to the
model BF, it can be appreciated that the solely presence of the Pd nanoplate in model NF-1 increases
the specific heat by 4.1%, whilst the presence of the same Pd nanoplate with a chemisorbed molecular

layer on its surface in models NF-2 and NF-3 increases it by 7.2% and 6.6%.
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That result already supports the former statements from different authors on the effect of the strong
interfacial molecular layering phenomenon on the specific heat of nanofluids and provides a
semiquantitative description on how positive is that effect, but the discussion can be taken one step
further. Equation 2 establishes a clear relation between the macroscopic observable specific heat and
the microscopic quantity internal energy. Our proposal is that such a relation can also be exploited
for the quantification of heat storage arising from fluctuations in bond, angle, dihedron, pairwise (Van
der Waals and Coulomb) and kinetic terms. This can be achieved by partitioning energy into these
terms (which are easily computed with the thermo command in LAMMPS) and calculating their
contribution to specific heat, c,, from the energy variances and covariances associated to each of
them. A detailed explanation on this partition of energy and the definition of these specific heat
contributions is given in Section V of the Supplementary Material. The excess specific heats by term,

ro_
ACX—C

onf C),(,bf’ are conveniently plotted in Figure 4B, for these contributions to the total specific

heat of each nanofluid model to be compared.

The bond, angle and dihedron terms represent the energy stored in force fields due to 1-2, 1-3 and 1-
4 bonding interactions in the system, respectively. With respect to the base fluid, there is a small
contribution from the bond term in the model NF-1, arising from Pd—Pd bonding interactions in the
nanoplate, particularly from surface atoms, as they have a lower coordination numbers and are
allowed to vibrate with higher amplitudes. The bond term contribution to specific heat in models NF-
2 and NF-3 is notably larger than in NF-1, as consequence of the energy fluctuations arising not only
from Pd-Pd but also from Pd-C interactions at the solid-liquid interface. The higher variability in
NF-3 may arise from C-C tension between phenyl rings in BP, as we verified in DFT calculations
that this distance is slightly stretched in order to the symmetry of rings to fit that of the surface [9].
Given no angles nor dihedra interactions were defined in the nanoplate structure, the existence of an
associate angle and dihedron term contributing to specific heat nanofluid models can only be
associated to base fluid molecules. The negative excess specific heat from angle term is due to lower

energy variability in 1-3 bonding interactions in the nanofluids than in the base fluid, which can be
15



consequence of a more rigid intra-annular geometry for phenyl rings in the surrounding (either
physisorbed or chemisorbed) base fluid molecules. This negative contribution is particularly accused
in NF-2, in which the C-O-C angle is also constrained due to chemisorption. Alternatively, the
dihedron term causes a positive excess specific heat, due to the energy variability arising from the
imposition of a conformational change to adsorbed molecules with respect to their liquid phase
conformation. This effect is particularly significant for models NF-2 and NF-3, because chemisorbed
molecules suffer huge conformational changes implying distortions of C-O-C=C dihedron in DPO

and C=C—C=C dihedron in BP, which are susceptible of increased energy variability.

The pairwise term accounts for the energy stored force fields due to van der Waals and Coulomb
interactions between all atoms in the system. This term introduces a positive excess specific heat, as
the nanoplate (with either a physisorption-induced or a chemisorption-induced interface) is a source
for increased energy variability as it stablishes long-range interactions with the surrounding medium.
This effect is present in all nanofluid models, but it is larger in the case of model NF-2 and smaller
in the case of model NF-3. These models were created under the assumptions of unhindered and
kinetically controlled chemisorption to occur, so that both DPO and BP or only BP molecules are
chemisorbed to the surface. The fact that the excess specific heat due to pairwise interactions in model
NF-3 is much smaller means energy variability from these interactions is reduced and it can be
ultimately interpreted as the BP-covered nanoplate to be strongly bounded to the surrounding
molecules of base fluid in a colloidal local molecular network that is less sensitive to change as the
MD runs. In other words, the colloidal local molecular network in model NF-3 seems to exhibit a
higher stiffness. This is also reflected in the kinetic term, which is again smaller for model NF-3. This
kinetic term accounts for the variability in the kinetic energy associated to the different atomic modes
of motion in the system (although the average kinetic energy of the system is constant, because

temperature is). The kinetic term is responsible for the largest excess positive heat contribution.
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Figure 4. [A] Specific heat values for all models at 473 K. [B] Excess specific heat from each
energy term for nanofluid models, with the base fluid as a zero-reference point, at 473 K. [C]

Specific heat of model NF-3, as a function of the number of chemisorbed BP molecules. [D]

Specific heat of the models BF and NF-3 as a function of temperature (experimental data from

reference [9] is included in the inset for comparison purposes).

17



Overall, MD simulations revealed significant increases in the specific heat of Pd-AO nanofluid
models and the analysis of energy variances and covariances allowed us to identify three sources for
energy storage with respect to the base fluid (see Figure 5), explaining those enhancements: surface
storage (a low-tier contribution, due to bond interactions between surface Pd atoms in the nanoplate,
vibrating with higher amplitudes), interfacial layer storage (a mid-tier contribution, due to bond
interactions between surface Pd atoms and C atoms in chemisorbed base fluid molecules and also
dihedron interactions in conformationally restricted base fluid molecules) and mesolayer storage
(high-tier contribution due to pairwise interactions between atoms in the nanoplate, either uncovered
or decorated, with atoms in the surrounding base fluid molecules, and also due to the consequent

colloidal molecular network stiffness affecting local kinetic energy redistribution).

CONTRIBUTIONS TO SPECIFIC HEAT

SURFACE STORAGE INTERFACIAL LAYER STORAGE MESOLAYER STORAGE
(low-tier contribution) (mid-tier contribution) (high-tier contribution)
from Pd-Pd bond interactions from Pd—C bond interactions and from pairwise interactions and the
dihedron interactions in conformationally consequent colloidal stiffness affecting
restricted base fluid molecules local kinetic energy redistribution

Figure 5. Summary of the contributions to specific heat in nanofluids described in this paper: [A]
surface storage, [B] interfacial layer storage and [C] mesolayer storage. All structures presented in

this figure are part of the same snapshot from MD trajectory.
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3.3. The response of the specific heat of nanofluids to changes in the number of chemisorbed

molecules and temperature

We have determined from MD simulations the existence a complex molecular architecture in the
solid-liquid interface of nanofluids and how it influences on their specific heat enhancement, all of it
supported by mutual feedback with experimental evidence from a previous work [9]. We now focus
on the effect of the number of adsorbed molecules on specific heat enhancement. In contrast to the
above-presented results, in which we assessed the significance on ‘how’ molecules are adsorbed, we
now focus on the significance of ‘how many’ molecules are absorbed. For that, we have performed a
series of MD simulations using model NF-3, but with different number of BP molecules chemisorbed
on the surface of the Pd nanoplate. Given NF-2 and NF-3 are found to have very similar specific
heats, the choice of model NF-3 over model NF-2 for these tests is encouraged by the fact that it is
the model that considers both the thermodynamics and kinetics of the adsorption processes of DPO

and BP on Pd (111) and Pd (100), computed by periodic-DFT simulations.

The computed values for specific heat in MD, as a function of the number of adsorbed BP molecules,
are presented in Figure 4C. The plot is bounded between 0 and 18, which is the number of BP
molecules in the chemisorbed interfacial layer that saturates the surface of the nanoplate (surface is
saturated but not all existing adsorption sites are occupied, because each BP covers two sites but also
exerts an excluded volume effect and forbids adjacent sites to be occupied). Specific heat increases
for increasing numbers of chemisorbed BP molecules following a sigmoid trend until surface
saturation. Each molecule is simultaneously bound to the surface by twelve bonding interactions (in
the form of a Morse potential) directly contributing to energy fluctuations and the enhancement of
specific heat. This fact strengths the direct link between the existence of a chemisorbed molecular

layer and the specific heat enhancement in nanofluids via solid-liquid interfacial storage.

Another significant observation from our previous work [9] are the divergent trends in the specific

heat of Pd-AO nanofluid with respect to its base fluid as temperature increases. In other words, the
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enhancement in specific heat due to the addition of Pd nanoplates into the base fluid was observed
not to be constant with temperature. This encouraged its study for this paper. Figure 4D gathers the
specific heat values derived from MD simulations for the nanofluid model NF-3 (full coverage) and
the base fluid model, at 323 K, 373 K, 423 K and 473 K. The divergent trends with temperature are
well reproduced, as it is evident by comparison with experimental data presented in the inset. The
relative enhancements in specific heat (with respect to the base fluid model) are 4.4% at 323 K, 5.3%
at 373 K, 5.8% at 423 K and 6.6% at 473 K. In general, higher temperatures make barriers in the
energy landscape of the system effectively low and easier to sample during MD simulations, causing
an increase in energy fluctuations directly reflected in specific heat. This relation of causality provides
a straightforward explanation of the fact that specific heat increases with temperature and it may also
explain the divergence in trends with temperature in nanofluids if we pay attention, once again and
for the last time, to the interface: the assembled solid-liquid interface structure in nanofluids is much
more complex than the structure of the liquid phase, built from very unique interactions shaping a
completely new energy landscape which can be expected to be highly disperse in terms of barriers
and, thus, more sensitive to changes in temperature. The response to those changes is the energy

fluctuations, from which specific heat is derived.

4. Conclusions

The interfacial molecular layering concept as a root cause for the anomalous enhancement of specific
heat in some nanofluids was postulated and widely accepted among researchers on the field, but under
suspect heretofore. Its existence was proved via periodic-DFT simulations of the adsorption energies
for the complexes of biphenyl and diphenyl oxide on Pd (111) and (100) surfaces, all of it in a recently
published paper by our group. Here we report on its significance of the interfacial molecular layering
for the overall nanofluid specific heat, by thoroughly assessing how and how much its existence
contributes to this property via MD simulations of different nanofluid models. We have investigated

the impact of chemical interactions at solid-liquid interfaces for specific heat by comparing models
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with physisorption-induced and chemisorption-induced interfaces. We concluded that the specific
heat of nanofluids, with respect to the base fluid, is enhanced by 4% in presence of the undecorated
nanoplate and by 7% if the first interfacial molecular layer is chemically bonded to the surface of the
nanoplate via Pd-C bonds, whose energetics are represented by a Morse potential. The enhancement
induced by the interfacial molecular layer was thoroughly investigated by taking advantage of the
partition of energy and the definition of excess specific heats from the different partitions. This
allowed us to propose a molecular interpretation for the specific heat enhancement in nanofluids in
which three sources for energy storage are recognised: surface, interfacial layer and mesolayer
storage. We verified that such enhancement is directly proportional to the number of chemisorbed
molecules and also magnified for increasing temperatures. Our finding suggests that engineering the
interaction between the nanoparticle surfaces and the liquid to promote chemisorption interactions is
a promising avenue to further improve the thermophysical properties of nanofluids, in applications
such as heat transfer fluids for concentrated solar power, where a large specific heat is desired. It also
puts the solid-liquid interface in the spotlight for the research of nanofluids, by demonstrating that
the nature of the interactions at the interface has an important effect on the overall nanofluid
properties. Although our work illustrates this effect for one particular nanofluid, similar behaviour
can be expected for other metal-containing nanofluids where the organic molecules can strongly
interact with the metal surfaces, as this is not a behaviour specific to palladium. Our work shows that
the magnitude of specific heat enhancement can be dependent on the mode of adsorption
(physisorption, non-dissociative chemisorption or even dissociative chemisorption). Clearly, further
investigation is needed to establish this phenomenon as a more general one, and as a possible avenue

to improve the thermal properties of nanofluids.
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