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The chemistry of interfaces and its relation with energy storage at and transport through solid–liquid
interfaces in heat transfer nanofluids is a very unexplored terrain. Here we discuss how the magnitude
of the changes in specific heat and thermal conductivity of the base fluid, upon dispersion of a nanoma-
terial, depends on the surface chemistry of that nanomaterial. We focus on nanofluids with Au nanoplates
from an integrated experimental and theoretical perspective, and compared our findings with those pre-
viously reported for nanofluids with Pd nanoplates in the same base fluid. Pd and Au are known to have
different surface chemistry, and so are the structures of the solid–liquid interfaces and the thermal prop-
erties of these nanofluids. It was experimentally found that for mass fractions in the order of 0.01 wt%, Pd
and Au nanoplates provide enhancements of 5.9% and 1.6% in specific heat, and enhancements of 12.5%
and 17.9% in thermal conductivity, at 373 K. It was verified using density functional theory and classical
molecular dynamics simulations that base fluid molecules can chemisorb on Pd surfaces, but not on Au
surfaces. This work suggests that the stronger interactions between species at solid–liquid interfaces, the
higher the specific heat enhancements and the lower the thermal conductivity enhancements at high
temperature.

� 2022 The Author(s). Published by Elsevier B.V.
1. Introduction

Nanofluids (colloidal suspensions of nanomaterials) [1] have
been widely studied for more than two decades by researchers
motivated by their enhanced thermophysical properties over con-
ventional heat transfer fluids [2], and potential applications, partic-
ularly, in solar energy conversion processes [3–13]. Concentrating
solar power (CSP) is a renewable technology that can largely ben-
efit from nanofluids, as heat transfer fluids (HTF), to improve the
efficiency of solar-to-thermal-to-electric energy conversion. The
eutectic and azeotropic mixture of 76.5% diphenyl oxide (DPO)
and 26.5% biphenyl (BP), commercially available as DowthermTM

A, is the HTF of choice for this application for its thermal stability,
low vapour pressure, low viscosity and non-corrosive behaviour,
but it also has low specific heat and thermal conductivity [14].

A plethora of nanostructured materials have been proposed to
be used as disperse phase in nanofluids, but those of metallic char-
acter have received more attention in literature for their high ther-
mal conductivity. The adsorption of organic molecules on
transition metals, especially those with aromatic substituents like
DPO and BP, are of great interest for the formation of self-
assembled monolayers that define a very unique interface. The
interface between transition metals and high p-electron density
species has captivated research attention for their application in
electronics, biosensing, catalysis or, as in the present case, energy
storage [15]. The concept of an interfacial layer of base fluid around
the dispersed nanomaterials has become a quintessential element
for the explanation of the anomalous enhancements (usually
higher than expected for the concentration of nanomaterial) in
properties like specific heat and thermal conductivity [16–22].
However, no definitive answers have been provided on the nature
of interactions at the solid–liquid interface, the thermodynamic
and kinetic requirements for the existence of that layer or the rela-
tion of causality between this layer and the observables of interest.
Understanding these issues and the implications for the measur-
able physical properties is central to achieve a rational control of
the properties of nanofluids and progress towards their maximum
potential in applications [23].

Computer simulations are very useful to rationalise the beha-
viour at the nanoparticle/molecular interface from a microscopic
picture. Granatier et al. [15] have studied the interactions between
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Pd, Ag and Au atoms and benzene, coronene and graphene, using
plane-wave density functional theory (DFT) calculations. They
found that the nature of chemical bonding to these high p-
electron density species is very different depending on the metal.
For instance, the bonding of Pd is predominantly covalent, whereas
the bonding of Au is the result of charge transfer, dispersion inter-
actions and relativistic effects. If Pd or Au nanostructures were dis-
persed in the aforementioned mixture of DPO and BP, these
molecules should be expected to chemisorb on Pd surfaces and
to physisorb on Au surfaces. In such case, different interfaces
would be generated and different physical properties should be
expected for the corresponding nanofluid. Our research proposal
relies on this premise. In previously published research [24–26],
we prepared and characterised Pd nanoplate-containing nanofluids
and reported increments in specific heat and thermal conductivity
with mass fractions in the order of 10�2 wt%. It was proven by DFT
and molecular dynamics (MD) calculations that chemisorption of
BP molecules on Pd surfaces is thermodynamically and kinetically
favoured, and that the formation of a layer of chemisorbed mole-
cules is directly responsible of the large increase in specific heat
and modest increase in thermal conductivity. Here, we report on
experimental and DFT/MD results for Au nanoplate-containing
nanofluids, with the same base fluid and mass fractions in the
same order of magnitude. The differences in the chemistry and
structure of interfaces and physical properties of interest between
these two metals are pointed out. Recurring comparisons between
both colloidal systems allow to draw a big picture of the role of the
chemistry of interfaces on defining the properties of heat transfer
nanofluids.
2. Methodology

2.1. Experimental framework

Nanofluid samples were prepared following a two-step proce-
dure: (i) synthesis and isolation of the nanomaterial and (ii) disper-
sion of the as-synthesised nanomaterial into the base fluid.

In the first step, Au nanoplates were synthesised via kinetically
controlled reduction of [AuCl4]-. Typically, 11.0 ml of a freshly pre-
pared aqueous solution 17.4 mM in HAuCl4 (Sigma-Aldrich�,
99.9%), 1.2 mM in PVP40k (Sigma-Aldrich�, ave. mol. wt. 40 kDa)
and 1.0 mM in KCl (Sigma-Aldrich�) are stirred at 300 rpm for
24 h in a round-bottom flask at 30 �C under air atmosphere. In this
synthetic scheme, PVP plays a role as mild reducing agent [27].
Kinetics of reduction are further controlled by Cl- anions, whose
preferential adsorption on (111) surfaces inhibits growth along
the [111] direction, thus leading to the formation of the plate-
like morphology [28]. The solid product was collected by centrifu-
gation, rinsed twice with ethanol and once with acetone to remove
all inorganic and organic residual species, and dried in vacuum at
60 �C for 48 h. Morphology, crystalline structure and oxidation
state of the synthesised nanostructured material were verified by
transmission electron microscopy (TEM) (FEI�, Talos F200S), X-
ray diffraction (XRD) (Bruker�, D8 Advance A25, Cu-Ka source,
LYNXEYE detector) and X-ray photoelectron spectroscopy (XPS)
(Physical Electronics�, PHI 5000 VersaProbe II, Al-Ka source).

In the second step, 51.6 mg of Au nanoplates (in powder form)
were added to 100 ml of a 1 wt% solution of TritonTM X-100 (Pan-
reac�) in DowthermTM A (The Dow Chemical Company�) and dis-
persed by pulsed ultrasonication (Sonics&Materials�, VCX-500,
13 mm tip, 2/4 s on/off pulse time, 50% amplitude) for 3 h. By
doing so, a fine stock suspension was prepared and divided into
two more fractions for dilution. These are the nanofluid samples
to be characterised, with mass fractions of 4.8�10�2 wt%,
2.4�10�2 wt% (1:2 dilution) and 9.7�10-3 wt% (1:5 dilution) in Au
2

nanoplates, together with the base fluid (DowthermTM A) and the
host fluid (the 1 wt% solution of TritonTM X-100 in DowthermTM

A). Specific heat was determined by temperature-modulated dif-
ferential scanning calorimetry (TMDSC) (Netzsch�, DSC 214
Polyma, closed concavus pan), from a temperature ramp from
288 K to 378 K (the maximum temperature of operation for the
fluid to be in liquid phase at 1013 hPa) at 1 K�min�1, with a mod-
ulation of ± 1 K in amplitude and 120 s in periodicity. TMDSC mea-
surements were performed in triplicate. Thermal conductivity was
measured using the transient hot-bridge technique with a hot
point sensor (THB-HPS) (Linseis�, THB-100, sensor type C), with
a measurement time of 10 s for an input power of 32 mW, with
a delay of 30 s between replicas. Samples were contained in cylin-
drical glass vials, with 2.5 ml of capacity, and hold in individually
jacketed vessels in a dry block heater (IKA�, DB 5.2) at 298 K,
323 K, 348 K and 373 K. Up to ten replicas were recorded for each
sample and temperature in THB-HPS measurements.

2.2. Theoretical framework

Geometry optimisations and energy calculations for different
adsorption complexes were run, at the DFT level-of-theory, using
the Vienna Ab initio Simulation Package (VASP) [29–32]. Surface
models are represented by supercells in which Au (111) and Au
(100) surface terminations are limited by a vacuum slab of 15 Å
that minimises unphysical interactions between periodic images
in the surface normal direction. Adsorption sites on Au surfaces
are described in Section I of the Supplementary Material (SM). Here
the Perdew-Burke-Ernzernhof (PBE) functional [33,34], in which
the exchange–correlation energy term is described by the gener-
alised gradient approximation (GGA), was used to solve Kohn-
Sham equations. The Grimme’s dispersion correction method
(D3) [35] was also included for an adequate description of van
der Waals interactions, which play a key role on adsorption. The
GGA-PBE-D3 functional has been proven to work well for the cal-
culation of adsorption energies of molecules on metal surfaces
[36] Valence wavefunctions were described by sets of planewaves
with kinetic energies up to 400 eV (extended up to 520 eV for the
Au unit cell optimisation). Interactions between valence electrons
and ionic cores were described using the projector-augmented
wave (PAW) pseudopotentials [37,38]. Brillouin-zone integrations
were performed using C-centred k-point grids generated by the
Monkhorst-Pack method [39,40], with a k-point density of
0.2 Å�1 along periodic directions in the reciprocal space (a single
k-point was considered for the imposed non-periodic direction).
The Methfessel-Paxton smearing method [41], with an electronic
temperature r of 0.2 eV, was used to describe orbital occupancies
during calculations. We verified energy calculations with these
parameters led to well-converged energy values, with a difference
between U (r) and U (r ? 0) below 1 meV per atom.

The activation energy for adsorption was also calculated from
the minimum energy path (MEP) for the adsorption of BP and
DPO on Au (111) and (100), which are computed using the nudged
elastic band (NEB) method [42,43] available in VASP. NEB images
were kept equidistant during energy minimisation until the total
free energy difference between ionic steps was smaller than
0.01 eV. All considerations for geometry optimisation and energy
calculation of adsorption complexes were also applied for NEB
simulations.

MD simulations were used to investigate the contribution of Au
nanoplates to the thermophysical properties of these nanofluids.
Molecular models details, the explicit form of the functional of
classical potentials [44–49] that was used to describe the energet-
ics of bonding and non-bonding interactions between atoms in
MD, and a discussion about its adequacy and limitations to accu-
rately reproduce the physical properties of interest as a function
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of temperature, are all given in Section II of the Supplementary
Material. The Large Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [50,51] is the classical MD code of choice for running
the required simulations. The initial configurations were created
with Moltemplate [52,53], a text-based molecular builder for
LAMMPS. Periodic boundary conditions are imposed in all direc-
tions. Lennard-Jones pairwise interactions are limited to a cut-off
distance of 10 Å. The particle–particle particle-mesh (PPPM) sum-
mation method [54] was applied to compute long-range electro-
statics. The Verlet integration scheme [55] is used with a
timestep of 1 fs. Velocities are rescaled with the Nosé-Hoover ther-
mostat and barostat algorithms [56–59]. The simulation run, with
the above set-up, includes (i) a 300 ps run in NVE for relaxation, (ii)
a 500 ps run in NVT for temperature equilibration, (iii) a 1.0 ns run
in NPT for pressure and temperature equilibration, (iv) a 1.0 ns run
in NVT for the computation of specific heat and radial distribution
functions and coordination numbers, and (v) a 5.0 ns run in NVT for
the computation of thermal conductivity. The trajectories of the
base fluid model and the nanofluid model are all computed with
this scheme at 298 K, 323 K, 348 K and 373 K and 1013 hPa (in line
with experimental conditions). Specific heat was calculated from
the total energy variance using a fundamental relation of Statistical
Mechanics for canonical ensembles [60]. Thermal conductivity and
dynamic viscosity were computed using the Green-Kubo integrals
[61,62] over a dataset of 1000 correlation points distributed with a
sampling interval of 5 fs (correlation time equals 5 ns).
3. Results and discussion

3.1. Characterisation of Au nanoplates

Fig. 1A shows representative TEM images of the as-synthesised
nanopowder. About 30% of the nanostructures are identified to
have the desired plate-like morphology, with hexagonal or trun-
cated triangular contours. Electron transparency is verifiable in
most cases, which suggests these are quasi-2D nanostructures.
Edge length varies within 200 nm and 800 nm. The diffractogram
in Fig. 1B fulfils the Bragg condition for 2h equal to 38.2�, 44.4�,
64.6�, 77.6� and 81.7�, which matches the expected angles for max-
imum diffracted intensity from (111), (200), (220), (311) and
(222) planes in a face-centred cubic Au crystalline structure. The
relatively higher intensity from (111) planes is a consequence of
nanoplates being faceted by (111) planes on top and bottom sur-
Fig. 1. Structural and compositional characterisation of Au nanoplates: typical TEM ima
synthesised Au nanopowder. All signals in [C] are conveniently referenced to the C 1 s tra
resolution scan of the Au 4f region.

3

faces (as it has been previously described for nanoplates of face-
centred cubic metals) [63–65], which inevitably imposes a prefer-
ential orientation for diffraction. Lastly, the oxidation state of Au is
verified on the basis of an XPS analysis. The general survey spec-
trum is available in Fig. 1C, together with an inset for the high-
resolution survey of the Au 4f region, which is the primary signal
for the assignment of Au metal. Here the Au 4f7/2 and Au 4f5/2
spin–orbit components are identified, at 84.1 eV and 87.8 eV,
respectively. The binding energy for Au 4f7/2, a chemical shift of
3.7 eV between spin–orbit split peaks and the asymmetric peak
shapes confirmed the chemical state of Au in the nanoplates is,
indeed, metallic [66].

Overall, this structural and compositional characterisation by
TEM, XRD and XPS confirms that quasi-2D plate-like Au nanostruc-
tures have been successfully synthesised in a significant propor-
tion. This achievement is central for the present paper, because
the nanoplate morphology has a large specific surface area avail-
able for base fluid molecules to interact with upon dispersion. If
interactions at solid–liquid interfaces are sufficiently strong for
adsorption to occur and the properties of the adsorbed fluid are dif-
ferent to the bulk fluid, then a large solid–liquid interface should
significantly contribute to the overall nanofluid properties.
3.2. Specific heat and thermal conductivity of Au nanoplate-containing
nanofluids

Specific heat, c, and thermal conductivity, j, are the physical
properties ruling heat storage and transfer. For that, these are the
most studied properties of nanofluids for energy conversion and
thermal management application, and are frequently included as
dominant factors in figures-of-merit assessing their performance
for such purpose. Here, we characterised these two physical prop-
erties of the base fluid, the host fluid and all nanofluid samples.

Fig. 2A shows specific heat values, as a function of temperature.
The measured specific heat values for the base fluid are verified to
be in good agreement compared to the reference specific heat val-
ues provided by the supplier, with a maximum relative deviation
below 1.7%. The addition of TritonTM X-100 (1.0 wt%) is determined
not to cause a measurable change in specific heat, as the difference
between the specific heat values of the host fluid and the base fluid
are not discernible from the standard deviation of the measure-
ments. Alternatively, the addition of Au nanoplates is found to sig-
nificantly increase the specific heat of the base fluid by a maximum
ges [A], X-ray diffractogram [B], and X-ray photoelectron spectrum [C] for the as-
nsition, at 284.8 eV, assigned to adventitious carbon. The inset in [C] shows a high-



Fig. 2. Specific heat [A] and thermal conductivity [B] as a function of temperature. Solid lines do not represent actual data but are included as guide to the eye.
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6.1 ± 1.4%, at 373 K, for a mass fraction of 4.8�10�2 wt%. The fact
that the specific heat of the nanofluid is higher compared to that
of the base fluid is a remarkable observation, and a contradiction
to predictions made by the weighted average rule. According to
this rule, a decrease in specific heat should be expected for increas-
ing mass fractions of solid, as the specific heat of solids is typically
lower than that of this base fluid. The problem here is that this rule,
although widely used in this context, is valid for ideal gases only,
and nanofluids are far from mixtures of non-interacting chemical
species. The interactions between species at solid–liquid interfaces
are, in fact, the root cause for specific heat enhancement in some
nanofluids, as it was previously proven for Pd nanoplate-
containing nanofluids [24,25]. We will go back to this issue, with
more details, in the theoretical part of this paper.

Fig. 2B shows thermal conductivity values, also as a function of
temperature. In the absence of a liquid-phase primary reference
standard, the base fluid was used as a reference to correct devia-
tions in the measurement of the apparent thermal conductivity
due to natural convection. As for specific heat, the addition of Tri-
tonTM X-100 (1.0 wt%) is determined not to change the thermal
conductivity of the base fluid. The addition of Au nanoplates
enhances it by a maximum 24.9 ± 6.1%, at 373 K, for a mass fraction
of 4.8�10�2 wt%. Increasing mass fraction of the nanomaterial
affects the behaviour for increasing temperatures, even though
the base fluid is still the majority component. This behaviour was
also observed with Pd nanoplates in the same fluid [26]. Enhance-
ments in thermal conductivity are likely expected because the
thermal conductivity of Au nanoplates (and that of any other ele-
mental metal) is much higher than that of this base fluid. However,
such enhancements surpass the predictions of the effective med-
ium theory of Maxwell [67], an observation that has been previ-
ously raised by many other authors, as pointed out by Mugica
and Poncet [20]. These two authors also emphasised the impor-
tance of particle aggregation for the anomalous thermal conductiv-
ity of nanofluids, and postulated the complex dynamics of
aggregations and interactions between species at solid–liquid
interfaces as sources of disparity in the measurement of thermal
conductivity. We will go back to the latter issue in the theoretical
part of this paper.
4

3.3. Modelling the Au-molecular interface with DFT simulations

The above reported experimental results reveal a significant
increment in thermal conductivity accompanied by a small gain
in specific heat in Au nanoplate-containing nanofluids with respect
to their base fluid. Interactions in solid–liquid interfaces are known
to be responsible of specific heat increases in nanofluids if
chemisorption of base fluid molecules at the solid–liquid interface
occurs, as it was previously reported for nanofluids with Pd nano-
plates in the fluid mixture of BP and DPO [24–26]. It seems not be
the case for Au nanoplate-containing nanofluids. Compared to
other d-metals like Pd, the chemistry of Au is much depleted by
its [Xe] 4f14 5d10 6 s1 electronic configuration, with a half-full s
and full d valence subshells, and the relativistic contraction of
the 6 s orbital and the chemical inertia of any electron occupying
it, but the consequent expansion of 5d orbitals is of particular
importance for certain reactivity [68]. Dismissing the possibility
of chemisorption of BP and DPO molecules on Au surfaces,
although likely for the findings on specific heat, may be a mis-
guided a priori assumption. We therefore investigated the struc-
ture and adsorption energy of several adsorption complexes of
BP and DPO on Au (111) and Au (100) surfaces via DFT simula-
tions with VASP.

Several initial geometries have been considered in this study,
each one representing a different adsorption complex. In most of
them both phenyl rings in BP and DPO molecules lie parallel to
high symmetry sites at the metal surface, as it favours the align-
ment of the C pz orbitals to overlap with Au dz

2 and dyz orbitals
for p-bonding, as it occurs with benzene on Au surfaces. These sites
are usually notated as Bri (four-bridging atoms), Hhcp (for hexago-
nal close-packed hollow), Hfcc (face-centred cubic hollow) or T (on
the top of an atom) at (111) surfaces, and Hbcc (body-centred cubic
hollow), Bri1=2 (two-bridging atoms) or T at (100) surfaces (see
Section I of the Supplementary Material). Rings at (111) surfaces
may occupy those sites with two possible orientations, rotated 0�
or 30�with respect to lattice vectors. Another initial geometry con-
siders the possibility of DPO approaching surfaces by the O atom. A
total of 44 non-redundant initial configurations have been submit-
ted for geometry optimisation by energy minimisation. Fig. 3



Fig. 3. Geometry of most stable adsorption complexes for DPO on Au (111) [A-E], DPO on Au (100) [F], BP on Au (111) [G, H] and BP on Au (100) [I]. Supercells are visualised
along the perpendicular and parallel directions to the surface termination (top and bottom images, respectively). Notation for each geometry is provided in Table 1.
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shows the most stable adsorption complexes derived from DFT cal-
culations. The initial configurations converged to one out of the
nine structures in Fig. 3, or exhibited a much weaker adsorption
than these (like the one approaching by the O atom).

The geometry and energy of the most stable adsorption com-
plexes in Fig. 3 has been examined and summarised in Table 1,
in which complexes for a given molecule are listed by increasing
energy. The negative sign of adsorption energies indicates that
the adsorption of BP and DPO on either Au (111) or Au (100) sur-
faces is thermodynamically favoured, regardless of which sites are
occupied. The magnitude of adsorption energies demonstrates the
stability of these adsorption complexes, whose release from the
surface is expected to be energetically prohibitive, given the ener-
getics of thermal effects are in the order of kBT, which is 58 meV at
673 K, the maximum operating temperature for the base fluid. The
relative stability of the different adsorption complexes is geometry
Table 1
Adsorption energy and geometry descriptors for structures in Fig. 3.

Structure site A site

DPO on Au (100) [F] Hbcc Hb

DPO on Au (111) [B] Bri30
�

H0
h

[C] Bri30
�

H0
fc

[A] Bri30
�

Bri
[D] H0

�

hcp H0
h

[E] H0
�

fcc H0
fc

BP on Au (100) [I] Hbcc Hb

BP on Au (111) [H] H0
�

hcp H0
fc

[G] Bri30
�

Bri

a Adsorption energy, calculated as the energy difference between the adsorption comp
b number of Au atoms implicated in the surface-molecule interaction.
c interplanar distance between the surface and the mean plane defined by phenyl rin

5

dependent. In terms of surface geometry, the more Au atoms are
simultaneously coordinated by a phenyl ring on a given site (up
to four in Bri4 and Hbcc sites and up to three in Hhcp and Hfcc sites),
the stronger adsorption. In terms of molecule geometry, significant
distortions are found for the C–O–C angle in DPO (130.0� in adsorp-
tion complexes, 117.2� in gas phase) and the C@CAC@C dihedron
in BP (180.0� in adsorption complexes, 144.5� in gas phase),
although bond lengths in both DPO and BP and the CAO@C@C
dihedron in DPO are preserved. No significant differences were
found for molecules adsorbed on different surfaces. This is a
remarkable different situation compared to Pd surfaces, in which
molecular geometry, even the C@C bond length, was remarkably
distorted due to chemisorption [24]. Overall, the more gas-phase
geometry is preserved, the lower energy penalty, unless a planar
conformation is achieved by adsorption, which results into elec-
tron delocalisation [69] and further stabilisation. That is the case
B Eads
a / eV NAu

b dAuC
c / Å

cc �1.55 8 2.88
�

cp
�1.49 7 3.06

�

c
�1.48 7 3.08

30
� �1.47 8 3.08

�

cp
�1.46 6 3.06

�

c
�1.45 6 3.07

cc �1.67 8 2.86
�

c
�1.60 6 3.03

30
� �1.59 8 3.04

lex and the sum of the energies of the isolated surface and the gas-phase molecule.

gs in molecules.
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of BP on Hbcc �Hbcc sites at Au (100) and H0
�

hcp �H0
�

fcc sites at Au
(111) (images [I] and [H] in Fig. 3).

The nature of interactions driving the adsorption process is of
particular importance for further modelling using MD. Comparing
our findings on the adsorption of BP and DPO on Au (111) and Au
(100) surfaces with those for the adsorption of these molecules on
Pd (111) and Pd (100) surfaces [24] could be useful for such pur-
pose. The adsorption of BP and DPO on these surfaces is signifi-
cantly different, but so is the chemistry of these surfaces. The
electronic configurations of Pd ([Kr] 4d10 5 s0) and Au ([Xe] 4f14

5d10 6 s1) make clear that the acceptance of p electrons from phe-
nyl rings is very much likely in Pd than Au. Besides, the particularly
large metallic radius of Au atoms (1.45 Å in Au fcc unit cell, opti-
mised with VASP) compared to that of Pd atoms (1.37 Å in Pd fcc
unit cell, optimised with VASP under the exact same conditions)
makes the symmetry match and orbital overlap worse for phenyl
rings on Au surfaces than Pd surfaces (this is evidenced by the dis-
placement of geometry centres between phenyl rings and adsorp-
tion sites in Fig. 3). As a result, DFT simulations predicts that the
magnitude of adsorption energies on Au surfaces (between
�1.7 eV and �1.4 eV) are much smaller than those on Pd surfaces
(between �4.7 eV and �3.5 eV), whereas the distances between
phenyl rings and the metallic surface is much wider at Au surfaces
(�2.9 Å) than Pd surfaces (�2.2 Å). All the above represents suffi-
cient evidence for us to safely conclude that the adsorption of BP
and DPO on Au surfaces, in which no chemical interactions beyond
strong van der Waals interactions should be expected, is weaker
than on Pd surfaces, in which chemical bonding is predicted. The
BP and DPO should therefore be expected to form a layer of physi-
sorbed molecules covering the Au nanoplate surfaces, in contrast
to the layer of chemisorbed molecules that was predicted to be
formed on Pd nanoplate surfaces. Different surface chemistry
results into different interfacial layers.

We have also estimated the kinetic barriers for physisorption,
using NEB calculations to approximate the MEP for the adsorption
of BP and DPO on Au surfaces at the most stable configurations

(that is, H0
�

hcp �H0
�

fcc for BP on Au (111), Hbcc �Hbcc for BP on Au

(100), Bri30
�

4 �H0
�

hcp for DPO on Au (111) and Hbcc �Hbcc for DPO
on Au (100)). Fig. 4 shows the computed MEP for all these cases.
Activation energies are estimated to be 5.9 meV for BP on Au
(111), 9.6 meV for BP on Au (100), 13.3 meV for DPO on Au
(111) and 22.1 meV for DPO on Au (100). We invoke again the fact
Fig. 4. Computed MEP for the adsorption of BP and DPO molecules on Au (111) and (1
relative to their corresponding first image in the NEB calculation.

6

that the energetics of thermal effects are in the order of the kBT
product, which is equal to 25 meV at 298 K, meaning both mole-
cules can physisorb freely on both surfaces, with no kinetic hin-
drance at room temperature. This is another remarkable
difference with respect to Pd surfaces, in which the adsorption of
DPO was kinetically hindered (with activation energies in the order
of 0.2–0.3 eV) and only BP was expected to chemisorb without
activation barrier.

3.4. Molecular dynamics of Au nanoplate-containing nanofluids

We now know from our DFT simulations that no chemistry
beyond van der Waals interactions should be expected to occur
between the Au nanoplate and the fluid molecules. Therefore, the
Lorentz-Berthelot combining rules can also be used as a first
approximation to parametrise the Lennard-Jones potential describ-
ing intermolecular interactions between species at the solid–liquid
interface. We will open this section by describing the molecular
architectures at equilibrium using radial distribution functions
and coordination numbers to elucidate if the resulting Lennard-
Jones potential reproduces the expected physisorption-ruled inter-
face. We are particularly interested in the molecular radial distri-
bution functions, GðrÞ, and the molecular coordination numbers,
NðrÞ, as descriptors for molecular structures in space.

Fig. 5A shows both the G rð Þ for DPO and BP, as a function of the
distance to Au atoms, at different temperatures. There is a series of
peaks with locally higher probabilities at distances beyond 2.0 Å
that are indicative of structural order around the nanoplate, and
suggest that the physisorption-ruled interface scenario predicted
by DFT simulations is well described in MD simulations too. All
probabilities within the interfacial region and its vicinity are below
1.0, as expected for a system in which no ties due to chemical
bonding between species at this region exist.

Fig. 5B shows the NDPO rð Þ=NBP rð Þ ratio, at different temperatures
too. This ratio is approximately 2.77 in the bulk fluid, which is
nearly preserved for distances beyond 5.0 Å from the Au nanoplate
surface. According to our findings (in Fig. 4) from DFT simulations,
the activation energies for adsorption are sufficiently small for the
adsorption of both molecular species to occur and for the sticking
probabilities to be very much determined by the relative propor-
tion of these species in the fluid. Therefore, this NDPO rð Þ=NBP rð Þ ratio
should be expected to be equal to 2.77 in the interfacial region too,
but it locally increases, which reveals a preferential approach of
00) surfaces. Free and adsorbed structures are highlighted. All energies are given



Fig. 5. Molecular radial distribution functions [A] and the DPO-to-BP ratio of
coordination numbers [B], as a function of the distance from Au atoms.

Fig. 6. Experimental and theoretical specific heat enhancements of Pd and Au
nanofluids with respect to the base fluid [A], and contributions to the total specific
heat from different energy partitions in Au nanofluid MD models [B], as a function
of temperature. Experimental values in [A] are referred to nanofluids with mass
fractions of 1.2�10-2 wt% in Pd nanoplates and 1.0�10-2 wt% in Au nanoplates. Solid
lines do not represent actual data but are included as guide to the eye.
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DPO to the Au nanoplate in MD simulations. The ease of approach
for DPO is likely a consequence of its less restrictive rotational pro-
file, as both aromatics rings are indirectly linked by an ether-like
O-atom.

The specific heat, c, can now be calculated from energy fluctua-
tions in the system at constant volume and temperature, using the
equation:

c ¼ hE2
Ti � hETi2
kBT

2 ¼ r2 ETð Þ
kBT

2 ð1Þ

which is a fundamental relation from statistical mechanics for
the canonical ensemble (NVT) [60], where r2 ETð Þ is the total energy
variance. Systems at constant volume are incompressible, there-
fore no distinction for isobaric or isochoric specific heats has to
be made here. The ratio of the computed values of c for the nano-
fluid and the base fluid models are plotted in Fig. 6A, which evi-
dences an enhancement for the specific heat of the fluid, over the
entire range of temperatures, in presence of the Au nanoplate
and no chemically bonded species on its surface, but that enhance-
ment is smaller than the one predicted in our previous works
[24,25] in presence of a Pd nanoplate and chemisorbed BP mole-
cules on its surface. Although the absolute c values are systemati-
cally overestimated in MD simulations (for the reasons stated in
Section II of the Supplementary Material), the increments pre-
dicted are consistent and in good agreement with those find in
our experiments for both nanofluids.
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In previous work from our group [25] we analysed the contribu-
tions to the specific heat of the system, Dcz, from different energy
partitions denoted by z, as shown in Fig. 6B, and created a frame-
work for their interpretation. GðrÞ and NDPO=NBP rð Þ in Fig. 5 already
revealed that the presence of the Au nanoplate imposes a long-
range order in the surrounding fluid, because Lennard-Jones inter-
actions between species at the solid–liquid interface are stronger
than Lennard-Jones and Coulomb interactions between species in
the bulk fluid. This order restricts the translational motion and dis-
torts the geometry of molecules at the adsorbed layer and sec-
ondary solvation layers, compared to those in the bulk fluid. For
all that, the nanofluid model with the Au nanoplate exhibits less
pairwise potential energy and kinetic energy variability,
(DcPPE < 0 and DcKE < 0), but more bond, angle and dihedra potential
energy variability (DcBPE > 0, DcAPE > 0 and DcDPE > 0), with respect
to the base fluid model. Thus, we have evidence to believe that
additional energy storage in nanofluids with Au nanoplates is
available in these layers, even if they are induced by van der Waals
forces only. These layers were also recognised to be responsible for
energy storage in a nanofluid model with a Pd nanoplate (in the
same base fluid) [25], but chemical bonding between species at
the solid–liquid interface (DcBPE � 0), the consequent distortion
of nanoplate surfaces and chemisorbed molecules (DcBPE � 0 and
DcDPE > 0), and the shielding these molecules impose for pairwise



Fig. 7. Experimental and theoretical thermal conductivity enhancements of Pd and
Au nanofluids, with respect to the base fluid, as a function of temperature [A], and
the HFAC functions [B] and their integrals [C] for the base fluid and the Au nanofluid
models at different temperatures (presented in LAMMPS real units). Experimental
values in [A] are referred to nanofluids with mass fractions of 1.2�10-2 wt% in Pd
nanoplates and 1.0�10-2 wt% in Au nanoplates. Solid lines do not represent actual
data but are included as guide to the eye.
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interactions with the rest of the fluid (DcPPE > 0 and DcKE > 0) leads
to higher energy storage. The comparisons between these two sys-
tems with different chemistry allows us to conclude that the stron-
ger the interactions at solid–liquid interfaces, the greater the
enhancement in specific heat.

The other property of interest is the thermal conductivity, j.
Solid-liquid interfaces play a key role not only for energy storage
but also for energy transfer, as reported in previous literature. This
transport property was computed using the Green-Kubo formalism
[61,62], based on the integrals of time auto-correlation functions:

j ¼ V

kBT
2 lim

t!1

Z t

0
h J! 0ð Þ � J

!ðtÞidt ð2Þ

where h J!ð0Þ � J
!ðtÞi is the heat flux vector auto-correlation (HFAC)

functions. In Fig. 7A we show the ratio of the computed thermal
conductivity values for the nanofluid and the base fluid models.
MD simulations predict increasing thermal conductivity values for
increasing temperatures in nanofluids, which is a consistent trend
compared to the experimentally measured values for this property.
The fact that thermal conductivity is slightly more sensitive to
changes in temperature (higher positive slope) in presence of the
Au nanoplate, with no chemically bonded species on its surface,
compared to the Pd nanoplate, with chemisorbed BP molecules on
its surface, is also a finding in good agreement with experiments.
It is suggested that base fluid molecules that are chemically bonded
at the interface distort the atomic-level structure of the nanoplate
surface, thus interrupting the propagation of thermal vibrations,
as it happens to be the case with Pd nanoplates. Interfacial layering
is a shelter-like boundary of high thermal resistance that hinders
heat conduction. The magnitude of the enhancement is, however,
much higher than expected in both cases due to the enormous mass
of the metal nanoplates with respect to the total mass of the simu-
lation cell, whose total mass fractions are larger, by two orders of
magnitude, than that of the characterised samples. The size of the
simulation cell is necessarily restricted for MD simulations to be
run with the available computational resources and time. The dis-
cussion is intended for qualitative purposes only.

We are now attending to the HFAC functions looking for addi-
tional insights on heat conduction. Fig. 7B compares HFAC func-
tions from the base fluid model and the nanofluid model with
the Au nanoplate at all temperatures. As originally described by
McGaughey and Kaviany [70,71], the HFAC functions are funda-
mentally a linear combination of damped harmonic oscillators.
While decaying to zero, the HFAC functions exhibit an overall
behaviour resulting from the superposition of vibrations associated
to many-body interactions in the system (represented by harmonic
potentials or Morse potentials, which effectively are also harmonic
potentials at the temperatures we study), and so to the back-and-
forth oscillations responsible of energy transfer within the system.
The amplitude decay is associated to heat transfer between mole-
cules and so to the dissipation of heat in the fluid; that is the phys-
ical meaning of correlation loss in these functions. Dissipation
becomes more evident in the integrals of HFAC functions, which
are shown in Fig. 7C. Heat is rapidly dissipated in liquids due to
the short mean free-path of thermal vibrations in the fluid, so that
HFAC functions are quickly damped. As a consequence, the inte-
grals from the base fluid model saturate at very short times, and
low thermal conductivity values are found at all temperatures.
The decreasing thermal conductivity of the base fluid is highly con-
ditioned by the decreasing VT�2 scaling factor in Equation (2). By
introducing the Au nanoplate we are effectively lengthening the
mean free-path of thermal vibrations in the system, so that it takes
longer for HFAC functions to decay to zero. The integrals from the
nanofluid model are notably different, as they peak before meeting
a plateau. This proves that a more efficient heat conduction is
8

achieved in presence of the Au nanoplate before it dissipates. The
increasing thermal conductivity of the nanofluid with temperature
is associated to the sensitivity to temperature of the heat transfer
process in solid–liquid interfaces (compared to the base fluid bulk
region), as proven by Petravic and Harrowell [72]. As it was
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previously indicated, according to both our experimental and the-
oretical results, the Au nanoplate-containing nanofluid model is
particularly more sensitive to temperature than the Pd
nanoplate-containing nanofluid model we studied in a previous
work [26]. The presence of chemisorbed species in the case of Pd
was proven to distort the nanoplate surface and to act as a high
thermal resistance shelter that hinders heat conduction. We sug-
gest that the different nature of the metal and of the atomic inter-
actions at its solid–liquid interface, particularly the absence of
chemical bonding at Au surfaces, is responsible of this behaviour
with temperature, but further investigation is required.
4. Conclusions

We have presented a comprehensive study of oil-based
nanofluids with metal nanoplates and have demonstrated how
the chemistry of interfaces defines the thermal properties of these
colloids and, consequently, their applicability. The study is purpos-
edly focused on nanofluids prepared using the eutectic and azeo-
tropic mixture of DPO and BP as base fluid. This is the typical
HTF in CSP plants, a renewable technology that can benefit from
nanofluids to improve the performance of solar-to-thermal-to-
electric energy conversion. Understanding how nanomaterials
can extraordinarily enhance the thermal properties of the fluid
can improve, certainly, its deployment in our energy market.

It has been experimentally proven that the addition of minute
mass fraction of Au nanoplates to this base fluid, in the order of
10�2 wt%, is sufficient to induce a quantitatively significant change
in its thermophysical properties. For instance, with a 4.8�10�2 wt%
of Au nanoplates, specific heat and thermal conductivity increase
by 6.1 ± 1.4% and 24.9 ± 6.1%, respectively, at 373 K. Our results
indicate that the magnitude of the change in these properties is
certainly dependent on the surface chemistry of the nanomaterial.
DFT simulations reveal that a thermodynamically favoured, kinet-
ically unhindered layer of physisorbed DPO and BP molecules is
formed on Au surfaces. The dissimilarities with respect to Pd sur-
faces are clear, for which DFT simulations predict the formation
of a thermodynamically favoured, kinetically restricted layer of
chemisorbed biphenyl molecules only. MD simulations in this
and previous work has allowed us to propose a relation between
the nature of the interactions at the interface and the observed
properties of nanofluids: the stronger the interactions between
species at solid–liquid interfaces, the higher the specific heat
enhancements and the lower the thermal conductivity enhance-
ments at high temperature. More research on additional systems
is required to test these propositions, but the evidence provided
so far opens new possibilities for research on nanofluids, by pro-
viding tentative design principles to tune the physical properties
of the nanofluids by choosing solid–liquid pairs with different
chemical interactions.
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