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Foreword 

This PhD Thesis, entitled ‘Development of 2D metallic nanomaterials for 

nanofluids with application in concentrating solar power’ (it may be translated 

into Spanish as ‘Desarrollo de nanomateriales 2D metálicos para nanofluidos 

con aplicación en energía solar de concentración’), is presented as a 

Compendium of Publications, and it fulfils all the requirements issued by 

Article 23 of the UCA/CG06/2012 regulation, dated 27 June 2012, on the 

organisation of doctoral studies at the University of Cádiz. 

The compendium is composed by the following scholarly publications: 

i. I. Carrillo-Berdugo; D. Zorrilla; J. Sánchez-Márquez; T. Aguilar; J.J. Gallardo; 

R. Gómez-Villarejo; R. Alcántara; C. Fernández-Lorenzo; J. Navas. Interface-

inspired Formulation and Molecular-level Perspectives on Heat Conduction 

and Energy Storage of Nanofluids, Sci. Rep. 9, 7595, 1–13 (2019). 

ii. I. Carrillo-Berdugo; S. Midgley; D. Zorrilla; R. Grau-Crespo; J. Navas. 

Understanding the Specific Heat Enhancement in Metal-containing Nanofluids 

for Thermal Energy Storage: Experimental and Ab-initio evidence for a Strong 

Interfacial Layering Effect, ACS Appl. Energy Mater. 3, 9246–9256 (2020). 

iii. I. Carrillo-Berdugo; R. Grau-Crespo; D. Zorrilla; J. Navas. Interfacial Molecular 

Layering Enhances Specific Heat of Nanofluids: Evidence from Molecular 

Dynamics, J. Mol. Liq. 325, 115217, 1–8 (2020). 

iv. I. Carrillo-Berdugo; P. Estellé; E. Sani; L. Mercatelli; R. Grau-Crespo; 

D. Zorrilla; J. Navas. Optical and Transport Properties of Metal-oil Nanofluids 

for Thermal Solar Industry: Experimental Characterization, Performance 

Assessment and Molecular Dynamics Insights, ACS Sustainable Chem. Eng. 

9, 4194–4205 (2021). 

According to the same regulation, all the original papers are included at the 

end of the present document, in Appendices I-IV. Editorial permissions for the 

reuse of the entire works in this thesis and the declaration of conformity of all 
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other co-authors for it and their formal renouncement to reuse them in another 

thesis at any other university, is included in the corresponding Appendices. 

The research project for this PhD thesis was formally endorsed by Ministerio 

de Universidades del Gobierno de España, whose financial support from 

FPU16/02425 scholarship has been decisive for the PhD candidate to develop 

such a project over the 2018-2021 period. The acquisition of resources and 

the use of services for research activities have been funded under grants: 

 ENE2014-58085-R, by Ministerio de Economía y Competitividad del Gobierno 

de España (2015-2018), for the development of nanofluids with optimised 

thermal properties for their application in thermal solar industry.  

 UNCA15-CE-2945, by Ministerio de Economía y Competitividad del Gobierno 

de España (2014-2017), for the acquisition of devices for the measurement of 

thermal properties. 

 RTI2018-096393-B-I00, by Ministerio de Ciencia, Innovación y Universidades 

del Gobierno de España (2018-2021), for advanced nanofluids with 1D and 

2D nanostructures for concentrating solar energy. 

 FEDER-UCA18-107510, by Junta de Andalucía and the University of 

Cadiz (2018-2021), for nanofluids with 2D nanomaterials with enhanced 

thermal properties and stability with application in thermal solar energy. 

This work made use of ARCHER, the UK’s national high-performance 

computing (HPC) service, via Ricardo Grau-Crespo’s membership in the HPC 

Materials Chemistry Consortium, which is funded from EP/R029431 by the 

Engineering and Physical Sciences Research Council. This work also made 

use of CAI3, the HPC service at University of Cádiz. 
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Abstract 

The cost-effective optimisation of renewable power generation systems is a 

must in the present context of a global climate crisis and a growing demand 

for reliable, affordable and clean power supply. Reliability is a challenging 

issue for renewable technologies like photovoltaics, which produces electricity 

under ceaseless solar irradiation and therefore suffers of daily intermittency. 

The integration of concentrated solar power plants in hybrid power blocks has 

been proposed as a solution for this intermittency by taking advantage of 

thermal energy storage to maintain production and compensate the supply. A 

limitation for this solution is the low solar-to-thermal energy conversion due to 

the poor thermophysical properties of the typical heat transfer fluid flowing 

through solar collectors. The use of nanofluids as has been proposed to 

improve this conversion. 

This thesis aims to provide knowledge and understanding of the Physical 

Chemistry of nanofluids, with particular attention to features and processes 

that determine their stability and heat transfer and storage capabilities. Here 

Pd nanoplate-containing aromatic oil-based nanofluids have been prepared 

and characterised through different techniques to assess their applicability as 

volumetric absorbers and heat transfer fluids in parabolic trough collectors of 

concentrating solar power plants. A significant contribution from this thesis 

refers to the influence of the structure and dynamics of solid-liquid interfaces 

on the physical properties of nanofluids on the basis of simulations at the 

density functional theory and molecular dynamics levels-of-theory. The 

findings presented are expected to have both practical and fundamental 

implications on future research. 
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Resumen 

La optimización del rendimiento de los sistemas de producción eléctrica 

renovable es una necesidad en el contexto actual, caracterizado por una crisis 

climática global y una creciente demanda por un suministro eléctrico fiable, 

rentable y limpio. La fiabilidad es un tema desafiante para algunas tecnologías 

renovables como la fotovoltaica, que producen electricidad únicamente bajo 

irradiación solar incesante y sufre, por tanto, de intermitencia diaria. La 

inclusión de plantas de energía solar de concentración en bloques híbridos 

de potencia constituye una prometedora solución para esta intermitencia, por 

aprovechamiento del almacenamiento térmico de energía para mantener la 

producción y compensar el suministro. Una limitación de esta solución es la 

baja eficiencia de la conversión solar-térmica por las deficientes propiedades 

termofísicas del fluido de transferencia de calor que circula a través de los 

colectores solares. Se propone el uso de nanofluidos para mejorar la 

eficiencia de conversión. 

Esta tesis pretende aportar conocimiento y comprensión sobre la Química 

Física de los nanofluidos, con particular atención a todos aquellos aspectos y 

procesos que determinan su estabilidad y aptitud para la transferencia y 

almacenamiento de calor. Se han preparado nanofluidos con nanoplates de 

Pd en un aceite aromático y se han caracterizado mediante diferentes 

técnicas para evaluar su aplicabilidad como absorbedores volumétricos y 

fluidos transferentes de calor en colectores cilindro-parabólicos de plantas de 

energía solar de concentración. Una contribución significativa de esta tesis se 

refiere a la influencia de la estructura y dinámica de la interfase sólido-líquido 

en las propiedades físicas de los nanofluidos, en base a simulaciones 

desarrolladas en el contexto de la Teoría del Funcional de la Densidad y de 

la Dinámica Molecular. Se espera que los hallazgos que aquí se presentan 

tengan implicaciones prácticas y fundamentales en investigaciones futuras. 
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Chapter I 

Introduction 
and rationale 
 

1.1. A brief perspective on global warming causes and targets. 

Global warming is, undoubtedly, a priority challenge to be addressed in this 

century. The Fifth Assessment Report1 by the Intergovernmental Panel on 

Climate Change (IPCC), framed within the World Meteorological Organisation 

and the United Nations (UN), states that warming of the climate system is 

unequivocal and strongly influenced by human activity. Anthropogenic 

greenhouse gas (GHGs) emissions have increased together with population 

and economy growths, and the concentrations of CO2, CH4, N2O, halocarbons 

and SF6 in the atmosphere are unprecedent. The accumulation of these 

chemical species, given no other significant natural driving agents have been 

recognised, is considered to be the main cause for the observed average 

global temperature anomaly and the consequently induced shifts in climate 

patterns and extreme weather events since the mid-20th century, to which all 

living systems are sensitive. 
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For a setup of the current global warming scenario, the evolution of the 

average global temperature anomaly and CO2, CH4 and N2O atmospheric 

concentrations over time are presented in Figure 1. The near surface 

temperature anomalies are referred to the 1961-1990 average. The 

conclusions are categorical: global temperature has risen by an average 1.1 K 

during the last century, mostly since 1990, and it has not peaked yet. The 

parallelism with rising GHGs concentrations is clear, as the cumulative levels 

of CO2, CH4 and N2O have increased by 36.4%, 101.1% and 17.8%, 

respectively, in the same period of time (up to 2020). 

 
Figure 1. Evolution of the near surface temperature anomaly [A] and atmospheric 
concentrations of CO2, CH4 and N2O [B]. Temperature anomalies, with the lower and upper 
boundaries of the 95% confidence interval of the combined uncertainties of the source dataset, 
are referred to the 1961-1990 average. Atmospheric concentrations are the in situ monthly 
averages from measurements at Mauna Loa station, in Hawaii (US). Data source: Met Office2 
and NOAA/GML.3-5 

Although CH4 and N2O have a larger global warming potential (GWP), CO2 is, 

by far, the most abundant and, therefore, dominates the radiative forcing. 

Besides, it has time of residence in the atmosphere of hundreds of years, 

which is notably longer than those of CH4 and N2O, as reported in Table 1. 

The former means CO2 atmospheric levels will slowly decrease during 

centuries and domain the near surface warming even after a complete 
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cessation of anthropogenic emissions,1 which is the future scenario we should 

aspire for as soon as possible. 

The mitigation actions for the achievement of such situation are largely 

dependent on the socioeconomic level and environmental impact of each 

country, a discussion out of the view of this thesis. The common lines of action, 

which are worth being reviewed, are part of global frameworks. The 2015 

Paris Agreement on Climate Change, framed within the 21st Conference of the 

Parties to the UN Framework Convention on Climate Change,6 is the currently 

active climate change agreement setting a global 

Table 1. Lifetimes, radiative efficiencies and 100-year time horizon GWP for the most 
relevant GHGs. Data source: IPCC.7 

Species Lifetime / years Radiative efficiency / Wꞏm-2ꞏppb-1 GWP100 

CO2 50-200a 1.37ꞏ10-5 1b 

CH4 12.4 3.63ꞏ10-4 28 

N2O 121 3.00ꞏ10-3 265 

CF4 50000 0.09 23500 

C2F6 10000 0.25 6630 

SF6 3200 0.57 11000 

(a) No single value can be provided. It is very dependent on the removal process. (b) The 
GWP of CO2 is 1 by definition, regardless of the chosen time horizon. The GWP for the rest 
of GHGs represents the heat absorbed by that gas as a multiple of the heat that would be 
absorbed by an equivalent mass of CO2. 

framework for 190 country members. Their governments agreed to avoid 

dangerous climate change by limiting global warming below 2.0 K above pre-

industrial levels and pursuing efforts to limit it to 1.5 K for risks and impacts of 

global warming to be significantly reduced, all of it by undertaking rapid cuts 

in GHGs emissions, especially CO2 emissions.8 

1.2. EU emissions, energy and electricity production profiles. 

With reference to those reductions and for our own interest, the current 

European Union (EU) binding target is to achieve climate neutrality (an 

economy with net-zero GHGs emissions) by 2050. The EU emissions trends 
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are reported in Figure 2A. The total GHGs and CO2-only emissions from the 

27 country members of the EU were respectively reduced by 20.7% and 

18.9%, compared to 1990 levels, by the end of 2018. The reduction in 

emissions in this period is mainly due to the growing share of renewables in 

the gross final energy consumption, up to 18.9% in 2018, as shown in Figure 

2B. This was encouraged by the Renewable Energy Directive 2009/28/EC,9 

which set a target of at least 20% renewable energy share by 2020. 

 
Figure 2. Evolution of the EU GHGs and CO2 emissions by sector since 1990 [A] and 
renewable energy shares in gross final energy consumption since 2004 [B]. Emissions 
exclude land use, land use-change and forestry contributions. Data source: European 
Commission.10 

The energy sector is still responsible for the 74.6% of the EU GHGs emissions 

and the 88.1% of the EU CO2 emissions in 2018, and no actual reductions 

have been achieved since 2014. The updated Renewable Energy Directive 

EU2018/200111 was recently established for the EU to comply with the 

commitment of the Paris Agreement by increasing the renewable energy 

share in gross final energy consumption to at least 32% by 2030. Even more 

recently, in early 2020, the EU proposed the climate-neutral target as part of 

its long-term development strategy towards 2050, to be regulated by the first 

European Climate Law within the European Green Deal 2019/2956(RSP).12 
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In the same vein, the Sustainable Development Scenario of the International 

Energy Agency (IEA-SDS), which is fully aligned with the Paris Agreement, 

states that a 40% reduction in emissions by 2030 requires that renewable 

sources provided nearly 75% of the global electricity generation by then.13 

These targets will be hardly met if the current trends in Figure 2 persists. 

Since nearly one-third of the emissions from the EU energy sector in 2018 are 

associated to public electricity production, the efforts should definitely be focus 

on this activity. The EU gross electricity generation shares by source in 2018 

are shown in Figure 3. Renewables represent 32.9% of the total gross 

electricity generation, with hydro, wind and solar power accounting for the 

majority of it. This share can be increased not only by introducing new 

additions to installed capacity, but also by enhancing the cost-efficiency and 

reliability of existing installations. The later would enhance the 

competitiveness of renewables compared to fossil fuels, in agreement with the 

EU policies for clean, secure and affordable energy for society, which could 

also encourage investments for those new additions. 

 
Figure 3. EU gross electricity generation share by source, including renewables 
breakdown, in 2018. Tide, wave and ocean sources are not included. Data source: European 
Commission.10 
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1.3. Concentrated solar power for more reliable power blocks. 

Intermittency is a problem for wind and photovoltaic (PV) power technologies, 

two mainstream options in our renewable energy sector. Electricity can only 

be produced under ceaseless wind flow or solar irradiation, which are 

inherently intermittent sources in daily and seasonal time-scales. As a 

consequence, the output is not dispatchable on demand, meaning the supply 

cannot be flexibly adapted to the consumer need. If the supply exceeds the 

demand the remaining output has to be sold to distribution companies and 

injected into the grid, but if the demand exceeds the supply it has to be 

compensated with electrical output from other sources. 

The integration of concentrated solar power (CSP) plants in hybrid power 

blocks has been proposed as a solution for intermittency not to compromise 

our independency on non-renewable sources and to increase the reliability of 

wind and PV technologies. The key advantage of CSP systems is the 

exploitation of thermal energy storage (TES), which allows to maintain 

production and compensate the supply from those technologies in periods of 

low electrical output, becoming one of the very few options for renewable 

dispatchable electricity at large scale.14 Unfortunately, its cost-efficiency is not 

competitive against wind and PV technologies, which is the reason why most 

countries do not deploy CSP. Spain is, in fact, the only EU member with CSP 

installed capacity and world leader in total installed capacity, with 2.3 GW as 

of 2018.15 

CSP technologies use mirrors to focus solar radiation onto a receiver, where 

it is absorbed and converted into heat for its exploitation using a transfer fluid 

through a thermodynamic cycle, creating steam and thus driving a turbine that 

generates the electrical power. Depending on the mobility and focus of the 

concentrating mirrors, four different types of CSP collectors are defined: 

central tower (fixed receiver, point focus), Fresnel (fixed receiver, line focus), 

parabolic dishes (mobile receiver, point focus) and parabolic trough (mobile 

receiver, line focus).16 The parabolic trough collector (PTC) is the most mature 
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and implement arrangement17, 18 and the one that will occupy the scope of this 

thesis. A simplified scheme of a PTC CSP plant is presented in Figure 4. 

 
Figure 4. Simplified scheme of a typical PTC CSP plant. The most relevant elements in the 
solar field and power block and the direction of the heat transfer fluid flow are included. 

The selection of a good heat transfer fluid (HTF), despite of the collector type, 

plays a major role in the solar-to-thermal-to-electric conversion. The desirable 

characteristics for a HTF are (i) high resistance to thermal degradation and 

low vapour pressure, for the operating temperature to be as high as possible; 

(ii) high density, for larger mass transfer at a given flow rate; (iii) high specific 

heat, for larger energy transfer and storage per unit mass and temperature, 

without implication of a secondary medium; (iv) high thermal conductivity, for 

faster energy transfer; (v) low viscosity, for lower pumping requirements; (vi) 

non-corrosive for metals; and (vii) low toxicity and environmental impact. 

DowthermTM A, the eutectic mixture of 73.5% diphenyl oxide and 26.5% 

biphenyl, is the HTF of choice for many of the currently existing PTC CSP 

plants. It satisfies characteristics (i), (v) and (vi), which makes them a good 

candidate for large-scale high-temperature operation in liquid phase, but its 

thermophysical properties, gathered in Table 2, are relatively poor compared 

to other HTFs and mainly responsible of the low achievable solar-to-thermal-

to-electric conversion efficiencies in existing PTC CSP plants. 
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Table 2. Range of temperatures for liquid phase operation and thermophysical 
properties of some HTF of industrial interest for different applications. Data source: Ref.19 
for water and The Dow Chemical Company® technical datasheets for DowcalTM N, SylthermTM 
800 and DowthermTM A. 

HTF Δ𝑇 / K 𝜌a / kgꞏm-3 𝜂b / mPaꞏs 𝜅c / Wꞏm-1ꞏK-1 𝑐d / Jꞏkg-1ꞏK-1 

Water 278–368 1000–961.9 1.52–0.30 0.557–0.663 4200–4210 
DowcalTM N 
(50% EG) 

273–413 1052–964.0 16.33–0.58 0.357–0.390 3500–3950 

SylthermTM 800 233–673 990.6–547.0 51.05–0.25 0.146–0.064 1506–2257 

DowthermTM A 288–678 1064–672.5 5.00–0.12 0.140–0.077 1588–2725 

(a) Density; (b) Dynamic viscosity; (c) Thermal conductivity; (d) Specific heat. 

1.4. Nanofluids for concentrated solar power: concept and overview. 

The need for high-performance HTFs is not exclusive for CSP plants, but for 

all energy conversion and thermal management applications. It was in late 

1995 when Choi and Eastman20 reported later in 1995 that «an innovative new 

class of heat transfer fluids can be engineered by suspending metallic 

nanoparticles in conventional heat transfer fluids. The resulting nanofluids are 

expected to exhibit high thermal conductivities compared to those of currently 

used heat transfer fluids». The term nanofluids was then coined for a new 

generation of HTFs. 

The progress in processing of nanomaterials during the last two decades has 

promoted the development of advanced nanofluids with novel nanomaterials 

beyond metallic nanoparticles only.21-25 What is more, the dispersion of some 

nanostructured solids has been proven to have an impact not only on the 

thermal conductivity26-30 of the fluid but also in other physical properties such 

as specific heat,31, 32 dynamic viscosity,33, 34 surface tension and wettability35-

37 or spectral extinction.38, 39 Unfortunately, there is no general consensus on 

the magnitude of the potential benefits of their use for heat transfer and 

storage, which is mainly due to an insufficient understanding of these 

systems.40 The influence of the structure and behaviour of the solid-liquid 

interface, which appear once the nanofluid is prepared, receives little attention 

compared to other factors such as concentration, size distribution or 
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morphology of the nanomaterial, which can be controlled a priori. If the 

properties of the interfacial fluid are different to the bulk fluid, the existence of 

a large, unique solid-liquid interface should significantly contribute to the 

overall nanofluid properties. The complexity of nanofluids is clearly 

underestimated at this point. 

Despite the lack of fundamental knowledge, nanofluids have opened new 

avenues in many applications. For instance, and going back to the subject, a 

more efficient solar-to-thermal energy conversion by using nanofluids in PTC. 

Conventional PTC in CSP plants use a black chrome-coated absorber tube41, 

42 for solar energy harvesting and heating of the operative HTF. The use of 

nanofluids as HTF with the currently existing configuration has been studied 

for years now, and it is well accepted that it would contribute in favour of heat 

transfer and storage to an extent dependent of the properties of the nanofluid 

itself.43 However, even if thermally optimum properties are achieved, the 

design of the system has some fundamental limitations. Energy absorption 

occurs at the outer surface of the tube, then conducted to the inner surface 

and finally transferred to the HTF by forced convection. The highest 

temperature is at the outer surface, with the consequent thermal losses and 

stress for the absorber system. An idea to remove such drawbacks is to use 

nanofluids not only as HTFs but also as volumetric absorbers, so that solar 

radiation can be directly absorbed by the fluid itself. This idea has been under 

development during the last decade, and several authors have reported 

advances for the topic.44-46 

1.5. Rationale of this thesis. 

A clear statement of the global warming problem has been presented 

throughout this chapter. The promotion of renewables for electricity production 

in the energy sector is a key strategy for GHG emissions cuts from now to 

2030. The deployment of CSP installations can contribute to such purpose, by 

increasing the installed capacity and providing reliability to those mainstream 

renewables suffering from intermittency. For CSP technology to overcome the 
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barrier towards actual market deployment, an enhancement in the solar-to-

thermal energy conversion efficiency is needed. The use of nanofluids as 

HTFs and volumetric absorbers in next-generation CSP installations is 

proposed to meet that requirement. Better and faster progresses towards that 

scenario can be achieved if further understanding on the physical chemistry 

of these colloids is provided, so that their physical properties can be optimised 

for the application. Such is the motivation of this thesis, in which the issue is 

approached by undertaking a series of experimental-theorical activities, 

including: 

 Shape-controlled synthesis and structural characterisation of 

nanomaterials. 

 Preparation of nanofluids and characterisation of their stability and 

optical, thermal and rheological properties for heat transfer and 

volumetric absorption. 

 Assessment of the expected performances for surface and volumetric 

PTC CSP plants with nanofluids as heat transfer fluids. 

 Study on the interactions between the nano-surfaces and base fluid 

molecules at the quantum mechanics level-of-theory for rational 

modelling of nanofluid solid-liquid interfaces 

 Simulation of nanofluids at the molecular dynamics level-of-theory to 

assess the impact of the structure and nature of species in the solid-

liquid interface for the characterised physical properties. 

A detailed statement of the starting hypothesis, aims and objectives, together 

with a critical analysis of the preceding background and state-of-the-art for the 

nanofluids topic, reviewing some of the issues that appeared in Section 1.4, 

are respectively presented in Chapters II and III as an endorsement for the 

scope. Results are unitedly presented and discussed by topics in Chapter IV, 

including academically appealing figures for ease of their interpretation and 

basic notions and details of the methodology for reproduction and verification 
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purposes. Conclusions are drawn in Chapter V. The scientific production 

associated to this thesis is included in Appendices I-IV. 

 

 

  

HIGHLIGHTS FROM CHAPTER I 

 Anthropogenic global warming, induced by decades of cumulative GHGs emissions 

associated to human activity, is now a challenging issue. 

 Improving the reliability of renewables for increasing their share in the energy sector 

is a key action for GHGs emissions cuts. 

 CSP can provide flexibility to the renewable grid by reducing the impact of 

intermittent electricity production. 

 The solar-to-thermal energy conversion efficiency of CSP can be improved with 

nanofluids as HTF and volumetric absorbers. 

 This thesis pursues to investigate the physical chemistry of nanofluids so that their 

properties can be optimised for a better exploitation of this technology. 
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Chapter II 

Hypothesis, aims 
and objectives 
 

Additional knowledge on the physical chemistry of nanofluids is required and 

will help towards a rational use of these colloids in energy conversion and 

thermal management applications. The existing background suggests 2D 

metallic nanomaterials are virtually good candidates to begin with for such 

purpose. Thus, the starting hypothesis for this thesis is that the use of 2D 

metallic nanomaterials as disperse phase in monodisperse conditions should 

induce changes in the structure and dynamic of the base fluid so that a stable 

nanofluid with enhanced heat transfer and storage capabilities is produced. 

Aims and objectives will guide the direction of research activities for this 

hypothesis to be either verified or rejected, but they will also have an implicit 

practical intentionality, as the resulting nanofluids are intended to become an 

actual product to be used as HTF and volumetric absorbers in next-generation 

PTC CSP plants for cost-efficient, sustainable electricity production. 
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For the starting hypothesis to be verified, at least two aims should be 

achieved: 

A. To verify if the use of 2D metallic nanomaterials, as disperse phase, 

leads to the production of stable nanofluids with enhanced heat transfer 

and storage capabilities, with respect to those of the base fluid. 

B. To detect which structural and dynamic factors in nanofluids are 

responsible of the enhanced heat transfer and storage and to rationalise 

how and how much those factors contribute to the physical properties of 

nanofluids. 

The above presented aims provide the thesis with an ambitious depth, which 

can only be treated from integrated experimental and theoretical perspectives. 

Taking that into account, the following objectives are set for their consecution: 

A1. To design and optimise a method for the preparation of 2D metallic 

nanomaterials in which shape control is prioritised. 

A2. To design and optimise a method for the preparation of nanofluids in 

which colloidal stability of the nanomaterial in suspension is prioritised. 

A3. To characterise the nanomaterial and the stability and physical 

properties of the nanofluids prepared with it in order to assess its 

performance as HTF. 

B1. To model 2D metallic nanostructures and the molecular architecture of 

the solid-liquid interface. 

B2. To parametrise a thermodynamically consistent potential for the 

energetics of the interactions between atoms in model systems. 

B3. To simulate the trajectories of nanofluid model systems in order to 

interpret and rationalise its macroscopic properties in terms of 

microscopic observables. 
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Chapter III 

Background 
analysis 
 

This chapter aims to map the nanofluid research area by means of a basic 

bibliometric analysis and content analysis of some of the most relevant 

publications for the context of this thesis. It is challenging, if not impossible, to 

organise a comprehensive review covering each and every single publication 

in this context, for which a selection is made to provide a time perspective of 

the progress and the achievements, so that the topic of the thesis is sufficiently 

justified, and to identify current trends and major themes in the area for better 

research direction choice and decision making, so that the contributions of this 

thesis can strengthen the weak points of existing research. In short, to provide 

a big picture of nanofluid research and the place this thesis occupies in that 

picture. 

3.1. Nanofluids for solar-to-thermal energy conversion. 

Although emerging, the importance of the nanofluid research area is 

evidenced by a fast-growing number of scholarly papers related to this new 
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generation of heat transfer fluids, as shown in Figure 5A. By the end of 2020, 

a total of 21190 Scopus-indexed papers, of which 3629 were published in that 

year, contained the word nanofluid or nanofluids in their title, abstract or 

keywords. Nearly 7.5% of those papers also contained the word solar in the 

same search fields, adding up to 1583 by the end of 2020, of which 345 were 

published in that year. The distribution of papers by subject is slightly different 

depending on whether they have solar energy applicability or not, but in both 

cases can be mainly classified in Engineering, Physics and Astronomy, 

Chemical Engineering, Material Sciences, Chemistry, Energy, Mathematics, 

Computer Science and Environmental Science, as shown in Figure 5B. The 

multidisciplinary nature of this research area is clear. 

 
Figure 5. Bibliometric analysis of the nanofluid research area – Part I: yearly publications 
[A] and distribution by subjects [B]. The number of results for the strings ‘(nanofluid OR 
nanofluids) AND NOT review’ and ‘(nanofluid OR nanofluids) AND solar AND NOT review’ in 
the title, abstract and keywords search fields, is used for the plots. Data source: Scopus.47 

One of the first papers, if not the first one, on the applicability of nanofluids for 

solar energy conversion is owed to Tyagi et al.,48, 49 in 2007, who reported on 

the efficiencies of nanofluid-based direct absorption solar collectors (DASC). 

This was a two-dimensional numerical-only analysis on the temperature 

distribution and efficiency of a flat-plate DASC using water or a water-based 
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nanofluid with Al nanoparticles. The latter increased the collector efficiency by 

an absolute 10%, mainly for an increased sunlight absorption due to the 

presence of nanoparticles. Otanicar et al.,50, 51 in 2009, discussed about the 

impact of the channel depth and the particle volume fraction and diameter on 

the efficiency of flat-plate DASCs. They proved the DASC efficiency increases 

for increasing channel depths, peaks for low volume fractions and decreases 

afterwards, and decreases for increasing particle diameter. They also 

emphasised the significance of the particle absorption efficiency over the solar 

spectrum, comparing the efficiencies of Ag, Au and graphite nanoparticles in 

water-based nanofluids. In 2010, Taylor et al.44, 52 presented experimental 

results for light-induce boiling in water-based graphite nanoparticle-containing 

nanofluids. They proved highly concentrated, low power inputs are enough to 

cause phase change in these nanofluids and that natural convection is the 

most important mode of heat transfer for heat dissipation from vapour bubbles. 

What is more, they presented volumetric absorption as we know it today, and 

demonstrated that it provides a conceptually simpler and more efficient 

thermal resistance network by saving lost energy due to the temperature 

difference between a surface absorber and the working fluid. In a 

contemporaneous work, Sani et al.38 reported on the optical profile of carbon 

nanohorn-containing water-based nanofluids for volumetric absorption, with 

concentrations ranging from 0.001 gꞏl-1 to 0.050 gꞏl-1. Not only the extinction 

coefficients in the 300-2300 nm spectral range were characterised, but other 

indicators, like the sunlight extinction percentage as a function of the 

penetration depth in the nanofluid, were also calculated. Carbon nanohorns 

were found to provide almost complete sunlight extinction in 10 mm with a 

concentration of 0.050 gꞏl-1 in water. 

It was also Taylor et al.53, 54 who introduced, in late 2010, the volumetric 

absorption concept for concentrated solar energy harvesting in large scale 

applications, including a cost-efficient justification for it, and claimed 

nanofluids should be expected to be technically suitable for tower collector 
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CSP plants but not for PTC CSP plants so far. In early 2011, Lenert et al.,55 in 

a more practical fashion, used a solar simulator and nanofluid-based 

volumetric receiver with C-coated Co nanoparticles in Therminol® VP-1 (which 

is a high-temperature HTF for solar industry, compositionally similar to 

DowthermTM A), and characterised and modelled the temperature profile for 

one-pass and two-pass volumetric receiver as a function of its height. They 

calculated the total efficiencies for both surface and volumetric receivers and 

demonstrated the latter are more efficient for sunlight concentration factors 

beyond 100 and receiver heights larger than 100 mm. 

The aforementioned studies by Taylor et al. and Lenert et al. are, likely, the 

precursors of a prolific period of nanofluid research, between 2011 and 2020, 

for large-scale high-temperature solar-to-thermal energy conversion. Most 

publications in this period and context can be conveniently classified, for ease 

of the following content overview, into three themes: (i) volumetric absorbers, 

(ii) heat transfer fluids and (iii) thermal energy storage (see Figure 6). The 

boundaries of these themes may be somewhat diffuse, so that some 

publications can be classified into one or another. Some publications of 

interest are now highlighted. 

 
Figure 6. Infographic on nanofluid research. Solar-to-thermal energy conversion in CSP 
plants is one of the most promising applications for nanofluids, to be used either as volumetric 
absorbers, heat transfer fluids or thermal energy storage media. 
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Related to nanofluids as volumetric or direct absorbers, Scopus lists 300 

publications between 2011 and 2020. Only about 30 of them are recognised 

to be actually related for large-scale high-temperature photo-thermal 

conversion, mainly devoted to the characterisation of the optical properties 

and temperature profiles of nanofluids with synthetic oils56-59 or molten salts60-

62 as base fluid, or to the modelling and optimisation of volumetric CSP 

systems from a general perspective.45, 63, 64 Most of them have been published 

in the second half of that decade. 

In 2017, O’Keeffe et al.65 proposed a model to calculate the temperature 

profile and efficiency of PTC collectors with nanofluids as volumetric 

absorbers. Their model is an approximate analytic solution to a one-

dimensional, steady state heat transfer problem under turbulent flow regime, 

and predicts a linear temperature increase as the nanofluid flows through the 

PTC. This model will be later recalled in Section 4.4 of this thesis, as it is useful 

yet mathematically simple, for a realistic assessment of efficiency of 

volumetric PTC with the nanofluids to be characterised. In the same year, 

Wang et al.66 synthesised unique hedgehog-like hierarchical structures 

consisting of Au-decorated ZnO nanorods on polystyrene microbeads, and 

then dispersed them in a silicone-based oil. The plasmonic properties of Au 

nanoparticles provided broad bands for optical absorption and improved the 

solar-to-thermal conversion of the base fluid by an extraordinary 240%. 

Eggers et al.,46 in 2018, contributed with a numerical approach to the energetic 

analysis of volumetric PTC with nanofluids, from which it was concluded that 

the optical efficiency of volumetric absorption is strongly dependent of the 

scattering behaviour of the nanofluid, and that surface overheating is 

significantly lowered with volumetric absorption, so that flow rates can be 

minimised thus reducing pumping requirements. Recently, in 2020, Martinez-

Merino et al.67 and Aguilar et al.68 synthesised WSe2 and graphene oxide 

nanosheets for nanofluids with DowthermTM A as base fluid. The resulting 

nanofluids were reported to be excellent volumetric absorbers in terms of 
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spectral extinction and their specific heat and thermal conductivity were found 

to be higher than the base fluid by 4.7% and 64.0% with WSe2 and by 6.6% 

and 45.5% with graphene oxide, respectively. These nanofluids were also 

reported to be kinetically stable for long time periods, meaning the optical and 

thermal properties should be expected to be preserved during that period 

under operating conditions. 

Related to nanofluids as HTFs, Scopus lists 571 publications for the same 

period and, just like the previous theme, studies related to nanofluids with 

applicability for large-scale high-temperature photo-thermal conversion are 

less frequent and mostly published in the second half of the 2011-2020 

decade. About 60 publications among existing research for this theme are 

recognised to meet that requirement. 

Several papers put their focus on the thermal efficiency assessment by 

numerical methods and computational fluid dynamics, and also on the viability 

and requirements of solar energy conversion systems with nanofluids.69-72 

Lenert et al.,43 in 2012, discussed about the impact of HTFs for the 

performance, cost and reliability of solar-to-thermal energy conversion 

systems. A major contribution from this work is the proposal of a new figure-

of-merit (FoM) (i.e., a rationalised combination of a set of key physical 

properties) for the assessment of the HTF performance in solar collectors. 

This FoM is a particular case of the Mouromtseff number, 𝑀𝑜, given by 

 𝑀𝑜 𝜌 . 𝑐 . 𝜅 . 𝜂 .  (1) 

where 𝜌, 𝑐, 𝜅 and 𝜂 are the density, specific heat, thermal conductivity and 

dynamic viscosity, respectively, of the HTF. The parametrisation has been 

developed around the necessary boundary conditions for a solar collector 

under uniform irradiated heat flux and fixed outlet temperature. It is important 

to emphasise that this FoM indicates heat transfer in CSP systems has a 

strong dependency on these physical properties. In fact, a significant number 

of publications are devoted to the exhaustive experimental characterisation of 
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those physical properties of nanofluids with synthetic oils (which are 

exhaustively reviewed below) or molten salts73-75 as base fluid. 

Singh et al.,76 in 2014, reported on the viscosity, specific heat and thermal 

conductivity of Cu nanoparticle-containing nanofluids with the Therminol® 59 

(alkyl-substituted aromatic compounds) and Therminol® 66 (modified 

terphenyl compounds) as base fluids. They concluded, on the basis of a FoM 

criterion, that the addition of Cu nanoparticles results into a more significant 

enhancement for convective heat transfer in the case of Therminol® 66. This 

was the very first report on the development of nanofluids as advanced HTFs 

using the oils operating in CSP plants as base fluids. A patent by Juliá et al.77 

was internationally published in 2015, in which a nanofluid consisting of 

carbon soot particles and diphenyl sulphone in Therminol® VP-1 or 

DowthermTM A (the eutectic mixture of diphenyl oxide and biphenyl) is 

presented as a heat transfer nanofluid for thermal solar industry. They 

reported an average thermal conductivity enhancement of 15% for a 5 wt.% 

content of soot. 

Navas et al.78 published, in 2016, a paper on the enhancement of heat transfer 

with Cu and Ni nanoparticle-containing nanofluids with DowthermTM A as base 

fluid. The addition of Cu nanoparticles, with a mass fraction of 5.0ꞏ10-4 wt.%, 

was found to improve the heat transfer coefficient by 11%, whereas the same 

mass fraction of Ni nanoparticles was found to be detrimental for heat transfer. 

This was justified in terms of the different metal-phenyl ring interactions on the 

basis of molecular dynamics simulations. Since then, the group of J. Navas 

has occupied very much a central position in the research of heat transfer 

nanofluids for more cost-efficient CSP plants, addressing not only the 

characterisation but also the simulation of nanofluids for better understanding 

of the fundamentals of heat transfer at the nanoscale and further development 

towards its application. It is noteworthy that 22 out of 26 research papers 

published between 2011 and 2020, using ultrahigh-temperature liquid-phase 

molecular base fluids, are authored by this group. Their research comprises a 
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wide variety of solid nanomaterials, including TiO2 nanoparticles (14%, 

0.2 vol.%),32 MoS2 nanosheets (39%, 0.3 vol.%),24 MoSe2 nanosheets (11%, 

0.1 vol.%),79 WS2 nanosheets (22%, 7.5ꞏ10-2 vol.%),80 WSe2 nanosheets 

(26%, 0.1 wt.%),67 Ni nanoparticles (-5%, 5.0ꞏ10-4 wt.%),78 NiO nanoparticles 

(50%, 1.0ꞏ10-4 wt.%),81 Pt nanoparticles (20%, 5.0ꞏ10-3 wt.%),82 Cu 

nanoparticles (11%, 5.0ꞏ10-4 wt.%),78 Ag nanoparticles (6%, 5.0ꞏ10-4 wt.%),28 

Au nanoparticles (37%, 1.6 vol.%),29 BN nanotubes (18%, 8.6 vol.%)83 and 

graphene oxide (30%, 2.0 vol.%).68 Maximum percent enhancements in the 

heat transfer coefficient on the basis of the Dittus-Boelter FoM criterion and 

the mass or volume fractions of nanomaterial are indicated between brackets. 

The previously mentioned nanofluids were all characterised at 363 K, except 

those with Ni and Cu, which were characterised at 298 K. 

In 2018, Bellos et al.,84 provided an analytic expression to calculate the 

temperature profile and efficiency of PTC collectors with nanofluids as heat 

transfer fluids. Their model is valid for steady-state heat transfer under 

turbulent flow regime, and considers both radiative and convective heat losses 

to the environment. This model will also be recalled in Section 4.4 of this thesis 

for a realistic assessment of efficiency of surface PTC with the nanofluids to 

be characterised. Of course, comparisons with the model for volumetric PTC 

by O’Keeffe et al.65 will be presented. In 2019, Khan et al.85 presented a 

technical and cost-effective analysis of a conceptual PTC CSP plants with 

Al2O3 nanoparticle-containing oil-based nanofluids, coupled to a steam 

Rankine cycle. They predicted an efficiency of 74.9% for the PTC and 

estimated a 33.0% reduction for the CO2 emissions associated to this plant 

using nanofluids. Their findings endorse the proposal made in Chapter I, for 

nanofluids to boost the sustainable competitiveness of PTC CSP plants, 

encourage the use of renewables and comply with the targets of the Paris 

Agreement. 

The prevalence of molten salts as base fluids in publications with experimental 

results is relatively low compared to molecular liquids (9 out 35 publications 
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according to the analysis for the previous theme). Although molten salts are 

more cost-efficient than oils by operating at much higher temperatures, the 

fact that most of them are potentially reactive ionic species at those 

temperatures and the possibility of facing salt freezing events below 523 K in 

most cases have shifted their preferential use as secondary media for TES, 

rather than HTFs. Enescu et al.86 discussed about the added value of TES for 

power grids, especially for CSP systems, to which it contributes with 

significant cost savings. By controlling the charge and discharge of TES, 

production costs, balancing needs, availability and plant performance can be 

ideally optimised, thus becoming not only more cost-efficient but also more 

flexible and reliable. Indeed, 21 out of the 23 existing CSP plants under 

operation since 2014 incorporate TES and all plants under construction by the 

end of 2020 will include it.15 

Related to nanofluids as TES media, Scopus lists 314 publications for the last 

decade. Although secondary TES with molten salts is out of the scope of this 

thesis, it is still interesting to review the content from some the articles on this 

theme before concluding this section. The addition of nanomaterials to molten 

salts (most likely nitrates, carbonates, alkali chlorides and their binary or 

ternary eutectic mixtures) is recognised to induce a significant increment in 

the specific heat of the salt, and therefore in its potential for TES. Some 

notable experimental findings have been reported by Shin and Banerjee,87-90 

Chieruzzi et al.,91, 92 Tiznobaik and Shin93 and Andreu-Cabedo et al.94 

 

HIGHLIGHTS FROM SECTION 3.1 

 An emerging interest for nanofluids for solar energy conversion exists and it is 

evidenced by a steeply growing number of scholarly publications every year. 

 Available literature has been carefully reviewed and categorised into three themes: 

volumetric absorption, heat transfer and thermal energy storage. 

(continues) 
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3.2. Understanding nanofluids: from numerical models to molecular 

simulations. 

More than two decades of nanofluid research have been enough to investigate 

the effect of a compositionally and structurally wide variety of nanomaterials 

on the physical properties of common fluids for different applications. Figures 

7A-7C present the distribution of Scopus-indexed publications (for the total 

number of results by the end of 2020) sorted by chemical nature and 

dimensionality of the nanomaterial and chemical nature of the base fluid. More 

than 30 different nanomaterials have been tested as disperse phase for 

nanofluids, metal oxide and metallic nanoparticles being the most widely 

studied, and more than 10 different base fluids have been used, water being, 

by far, the most prevalent. The combinations of nanomaterials and base fluids 

evidences that the variety of nanofluids that have been studied is, indeed, 

much wider. According to the distribution of Scopus-indexed publications by 

topic presented in Figure 7D, ‘convection’, ‘thermal conductivity’ and ‘dynamic 

 Volumetric absorption is recognised to be a simpler and more cost-efficient 

procedure to collect and store solar energy as sensible heat, but it is very much 

conditioned by the optical profile of the heat transfer fluid. Nanofluids, compared to 

trivial heat transfer fluids, provide better sunlight attenuation, thus becoming 

potential candidates for volumetric absorption. 

 The solar-to-thermal-to-electric energy conversion in operational CSP plants is 

conditioned by the physical properties of the fluid in their cycle. Nanofluids are 

expected to become the next generation of heat transfer fluids for CSP plants 

because, overall, provide better heat transfer coefficients compared to their 

respective base fluids, to an extent dependent on the gain in density, thermal 

conductivity and specific heat induced by the presence of nanomaterials. 

 Thermal energy storage provides reliability and flexibility to CSP-driven grids, by 

modulating the charge and discharge of sensible heat to adjust production to 

demand. Overall, molten salt-based nanofluids exhibit better specific heat values 

than their respective base fluids, therefore increasing the storable energy densities 

for the system. 
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viscosity’ receive the most attention from researchers in the nanofluid area. 

This is an expected response to the interest of nanofluids for thermal 

management and energy conversion applications, especially for solar energy 

conversion as it was discussed in the previous section. 

 
Figure 7. Bibliometric analysis of the nanofluid research area – Part II: publications by 
chemical nature and morphology of the nanomaterial [A, B], chemical nature of the base 
fluid [C] and topics of interest [D]. (*) Oils include engine oil, transformer oil or any other of 
non-specific nature. (**) Therminol® VP-1 also includes DowthermTM A. Data source: Scopus.47 

A remarkable observation derived from the comparison of studies from 

independent authors on a given nanomaterial-base fluid pair combination, and 

also their comparison with predictive numerical models, is the lack of 
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agreement on the magnitude of the change in the properties, particularly of 

thermal conductivity enhancement, in nanofluids compared to their base fluid. 

This observation is not limited for a one-off case and has triggered the 

inception of many reviews. Some sources of uncertainty can be recognised 

with ease, such as the different particle size or the presence of dispersant 

species in the base fluid, but others may not. For instance, the structure and 

dynamic of the solid-liquid interface, which appear once the nanofluid is 

prepared. If the thermal conductivity of the interfacial fluid is different to the 

bulk fluid, the existence of a large, unique solid-liquid interface should 

significantly contribute to the overall nanofluid thermal conductivity. Some 

authors have focused deeply on this topic from a more general perspective.95 

Keblinski et al.96 stated in 2008 that thermal conduction in nanofluids is, in 

general, no different from simple binary mixtures, and that the disagreement 

between experimental data and model predictions for thermal conductivity are 

biased by the fact that most researchers focus on a particular model from the 

effective medium theory, which is the Maxwell model. Because of such 

disagreement, a plethora of alternative models, have been published in 

literature, as discussed in several reviews.97, 98 The work of Mugica and 

Poncet99 on this topic is worth of mention, in which they thoroughly analyse 

some of the most widely accepted premises to model the thermal conductivity 

of nanofluids (mainly those proposed by Keblinski et al.100 in 2002). Here the 

contribution of Brownian motion to heat conduction is recognised to be 

negligible, whereas the formation of backbone clusters is likely responsible for 

its enhancement. The dynamics of aggregation in the formation of those 

clusters is postulated as a root cause for the significant disparity in the 

magnitude of the enhancement measured by different researchers. The effect 

of liquid layering is likely to modulate the interfacial thermal resistance, thus 

affecting thermal conductivity too. 

A parallel discussion can be supported for specific heat. The comparisons 

between experimental data and model predictions for this physical property 
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are usually limited to the weighted average rules for mixtures of ideal gases. 

Needless to say, nanofluids are far from mixtures of non-interacting 

monoatomic chemical species. Zhou et al.,101 in 2010, proposed a couple of 

qualitative arguments for which these rules fail in the prediction of specific 

heat of nanofluids. On the one hand, the particle size dependency of specific 

heat, whereas the specific heat of the bulk material is usually used for 

estimations.102 On the other hand, the interactions at the solid-liquid interface, 

which may alter, especially if chemisorption occurs, the vibration of atoms at 

surface and thus specific heat. A year later, Shin and Banerjee,87 applied a 

similar rationalisation to explain the specific heat enhancement in molten salt-

based nanofluids. Hentschke,103 in 2016, published a numerical model that 

reproduces the unique specific heat maximum for intermediate nanoparticle 

loads reported by several groups. The model assumes the existence of 

interfacial molecular layers with long-range influence. 

Even so, existing numerical models so far do not provide satisfactory 

predictions or a general-purpose description for all nanofluids. There is usually 

no case sensitive analytical formulism for their parametrisation and, what is 

more, most of these models are developed on the basis of phenomenology 

for which no microscopic evidence exists so far. The information they provide 

is certainly limited and inconclusive. The above exposes a critical problem in 

the nanofluid research area, which is the lack of well-stablished fundamentals, 

in the sense of insufficient understanding of the underlying phenomenon 

affecting heat transfer at the nanoscale within the context of current Physical 

Chemistry. That explains the incipient interest for molecular dynamics (MD) 

as a tool for knowledge generation in this research area. Scopus lists 478 

publications related to MD simulations of nanofluids, of which 231 have been 

published between 2016 and 2020. 

One the most influent papers in this context is the previously mentioned work 

by Keblinski et al.100 in 2002. Here, the authors rationalised, for the first time, 

four tentative (and not mutually exclusive) contributions to the anomalous 
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thermal conduction in nanofluids: (i) Brownian motion of nanoparticles, (ii) 

liquid layering at the solid-liquid interface, (iii) ballistic heat conduction across 

nanoparticles, and (iv) nanoparticle clustering. The ballistic heat conduction is 

unlikely to occur for nominal particle sizes typically larger than 100 nm. Evans 

et al.,104 in 2006, demonstrated that Brownian motion exerts a minor effect 

only on the thermal conductivity of nanofluids. Kang et al.,105 in 2012, 

investigated the effect of particle clustering on thermal conductivity and 

dynamic viscosity of nanofluids. Their findings suggest aggregation 

significantly increases both transport properties. 

The contributions of liquid layering at the solid-liquid interface on thermal 

conductivity and specific heat of nanofluids are still under debate. Xue and 

Keblinski106 described, in 2003, that the interfacial thermal resistance 

decreases as the solid-liquid interactions become stronger. Other authors 

reported that the thin liquid layer remains on the surface of the nanoparticle 

during its Brownian motion,107, 108 that its thickness is dependent on the particle 

size,109 and that the vibrational mean-free path of the liquid species in the layer 

is longer than in the bulk.110, 111 The aforementioned studies, although 

qualitatively, give significance to the contribution of liquid layering on the 

thermal properties of nanofluids, but the information they provide is certainly 

compromised by the fact all conclusions were drawn from MD simulations with 

models consisting of Cu nanoparticles in liquid Ar as base fluid. This model is 

very particular and non-representative for most cases, but it is commonly used 

because its construction is straightforward, as only Lennard-Jones 

interactions are required to describe all interactions in the system. 

In fact, solid-liquid interactions are not even studied but assumed to be well 

described by Lennard-Jones potentials with parameters derived from the 

Lorentz-Berthelot rules. This is a widely extended practice, even for more 

complex systems,112-114 although not necessarily the best one. For instance, 

in 2018, Rodríguez-Laguna et al.,115 using density functional theory (DFT) 

simulations, reported on the alteration of the vibrational energy of some bonds 
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in N,N-dimethyl acetamide and N,N-dimethyl formamide when parallel 

stacked (favoured by π-π interactions) on graphene nanosheets. Such 

alteration is not expected in a classical context, but if studied one can include 

its consequences in MD simulations. Alternatively, in 2019, Engelmann and 

Hentschke116 demonstrated the effect of nanoparticles on the physical 

properties of the base fluid is not colligative, meaning it does not only depend 

on the nanoparticle load but also on its chemical nature, which further exposes 

the need for a better description of chemical interactions at the solid-liquid 

interface for high quality MD simulations. 

 

3.3. Research decision-making supported on the background analysis. 

The present chapter will be concluded by setting the starting points for the 

aims defined in Chapter II for the research to be done, for which a decision-

making process is conducted now that the state-of-the-art is well described. 

Given this thesis has a practical intentionality towards more cost-efficient 

energy conversion in PTC CSP plants, the base fluid of choice is, of course, 

the eutectic mixture of diphenyl oxide and biphenyl. The choice of an 

HIGHLIGHTS FROM SECTION 3.2 

 Lack of agreement between studies from independent authors on the magnitude of 

the change in the properties of the base fluid for given nanomaterial-base fluid pair 

combination is noted. 

 Numerical models are aimed to predict the magnitude of the physical properties of 

nanofluids, although not much success is found. Mostly all of them are based on 

phenomenological effects for which no evidence exists so far and the information 

they provide is inconclusive. 

 The lack of well-stablished fundamentals is a critical problem in the nanofluid 

research area, to be supported by molecular dynamics simulations. 

 Available literature reveals most molecular dynamics studies use very simplistic 

nanofluid models for simulations. For more complex models, interactions between 

atoms in the solid-liquid interface is usually not properly described. 
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appropriate nanomaterial requires more discussion. Taha-Tijerina et al.117 

stated 2D nanomaterials are good choices for heat transfer nanofluid due to 

their high surface area, available for energy conduction. Henry et al.118 

demonstrated that thermal conductivity decreases as the dimensionality 

increases, because more vibrational modes are accessible and phonon 

scattering becomes more important. This affects not only to reticular thermal 

conductivity in any solid but also to electronic thermal conductivity in metallic 

solids, as electron-phonon scattering would become less likely in that 

situation. Graphene, h-BN nanosheets and metallic chalcogenide nanosheets 

are the most widely studied 2D nanomaterials, whereas metallic nanoplates, 

probably for the complications of their synthesis, do not receive much 

attention. There are reports elsewhere on the plasmonic activity of metallic 

nanoplates, for instance Pd nanoplates,119 which can be interesting for 

volumetric absorption. 

Pd is a particularly interesting elemental metal to be used as disperse phase 

in nanofluids, because vacant d-orbitals in Pd can accept electrons from π-

orbitals, thus allowing adsorption of aromatic rings to occur on its surfaces.120-

123 For that, this metal to be a representative case for the formation of a layer 

on the solid-liquid interface if used in nanofluids with the eutectic mixture of 

diphenyl oxide and biphenyl as base fluid. The interactions between Pd 

surfaces and these molecules should be investigated at the DFT level-of-

theory, to determine if physisorption, non-dissociative chemisorption or 

dissociative chemisorption occurs and what are the thermodynamic and 

kinetic requirements for it. The nanoplate morphology is faceted by (111) and 

(100) surfaces only, which simplifies the study. MD models should be design 

accordingly, for the interfacial layer of adsorbed molecules to be 

representative in them. This will allow to unequivocally assess the contribution 

of this layer on the properties of the Pd nanoplate-containing aromatic oil-

based nanofluids. 
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Overall, Pd nanoplates seem to be a reasonably good choice for nanofluid 

samples in this thesis. As a 2D-structured metallic nanomaterial, it is expected 

to provide a very high thermal conductivity enhancement in nanofluids. As a 

plasmonic nanomaterial, it is expected to increase sunlight extinction in 

nanofluids. As a d8-metal, it has an extraordinary surface chemistry for 

bonding interactions at solid-liquid interfaces. As a relatively simple 

morphology, it makes easier to study those interactions and their impact on 

thermal conductivity and other physical properties. Therefore, it has a great 

practical and fundamental interest. 
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Chapter IV 

Results and 
discussion 
 

 

Chapter IV aims to present and discuss all results derived from the research 

activities framed within this thesis. These results have been previously 

published in different journal articles, available in Appendices I-IV. Chapter IV 

reproduces the contents of those publications in the format of this thesis, 

including rightful references to them, and extends the discussion with more 

explanations and comments were appropriate. Besides, the chapter has been 

structured into sections bounded by topics within the experimental and 

theoretical frameworks and sorted by the line of action defined by the 

objectives of this thesis, rather than by contents of each article. This structure 

provides a better perspective and comprehension of the achievements of the 

research, puts stress on the cross-relation of results and makes the document 

easily readable. Some highlights have been included for each section, so that 

partial conclusions from the results can be conveniently annotated. 
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4.1. Synthesis and characterisation of Pd nanoplates. 

Chapter III was closed with Pd nanoplates as the material of choice for 

nanofluids after a rational analysis of the best options for suspect test of the 

starting hypothesis. The formation of this unique morphology in solvothermal 

syntheses of face-centred cubic metal nanostructures is not trivial. The 

expected thermodynamic product, as dictated by the Wulff construction 

principle for minimum total surface energy, are single-crystal octahedra, 

faceted by (111) surfaces, or cuboctahedra, faceted by (111) and (100) 

surfaces. Nanoplate morphology, although mostly faceted by (111) surfaces, 

is not a thermodynamic product for its large specific surface and significant 

lattice strain. For its formation to be favoured, at least in a significant 

proportion compared to the thermodynamic product, the solvothermal process 

has to be deviated by imposing kinetic control to reduction rates of the metal 

precursor during nucleation and growth stages.124, 125 

Two approaches for the shape-controlled synthesis of Pd nanoplates, both 

proposed by Xiong et al., have been tested here. The first one126 is a polyol 

process in which [PdCl4]2- is reduced to Pd0 by ethylene glycol in presence of 

polyvinyl pyrrolidone (PVP), for steric hindrance, and Fe3+ species and O2/Cl- 

pair, for competitive oxidative etching. The second one127 is a hydrothermal 

process in which [PdCl4]2- is reduced to Pd0 by PVP itself, whose terminal 

hydroxyl groups acts as mild reducing agents while the rest of the chain 

provides steric hindrance. The latter was chosen because of its good 

reproducibility, larger prevalence of the desired nanoplate morphology and 

minimum number of chemical species involved in the process, all of which 

provides simplification for scalability if required for future application. 

The typical shape-controlled synthesis of Pd nanoplates requires 56.3 mg of 

Na2PdCl4 (Sigma-Aldrich®, 98%) and 106.4 mg of PVP (Sigma-Aldrich®, ave. 

mol. wt. 40 kDa), in 11.0 ml of deionised water. This aqueous solution, in 

which the molar ratio between [PdCl4]2- (17.4 mM) and PVP monomer 

(84.0 mM) is 1:5, was heated in a jacketed round-bottom flask at 373 K for 3 
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hours. No protective atmosphere was required. The product was centrifuged 

for 15 min at 10000 rpm, then washed twice with ethanol and once with 

acetone, and finally collected and dried in vacuum at 313 K for 48 hours. 

Crystallinity of the as-synthesised powder-like sample was verified by X-ray 

diffraction (XRD) (Bruker®, Massachusetts, United States; D8 Advance A25 

diffractometer, Cu-Kα source, LYNXEYE detector). The acquired diffraction 

pattern is shown in Figure 8A. The Bragg condition for maximum diffracted 

intensity is satisfied for 2θ equal to 40.0º, 46.6º, 68.1º, 82.1º and 86.6º, 

matching the expected angles for the diffraction from (111), (200), (220), (311) 

and (222) planes of face-centred cubic Pd. 

 
Figure 8. X-ray diffractogram [A] and X-ray photoelectron spectrum [B] of the synthesised 
Pd nanoplates. The Pd 3d and 3p regions are included as insets. Source: I. Carrillo-Berdugo 
et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), available in Appendix II (adapted). 

The chemical state bonding of Pd was also verified X-ray photoelectron 

spectroscopy (XPS) (Physical Electronics®, Feldkirchen, Germany; PHI 5000 

VersaProbe II, monochromatic Al-Kα source). The XPS general survey 

spectrum and the Pd 3d region, which is the primary region for Pd, are shown 

in Figure 8B. Here two-well defined spin-orbit components can be identified, 

Pd 3d3/2 and Pd 3d5/2 (𝛿 = 5.25 eV), together with the plasmon loss peak for 

Pd 3d3/2 at 346.5 eV. A binding energy about 334.7 eV for Pd 3d5/2 and 
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asymmetric peak shapes indicate the chemical state of the sample is Pd 

metal.128 The Pd 3p transition in the 572-522 eV region would be ideally better 

(in terms of intensity and resolution) for such purpose but the Pd 3p3/2 spin-

orbit component overlaps with the peak from O 1s transition. The O 1s 

transition does not appear below 530 eV, which is indicative of the oxygen not 

being part of a metal oxide structure but of any organic C=O or C–O from 

molecules adsorbed during sample manipulation. Pd MNN and Pd MNV Auger 

emissions were also assigned for reinforcement of the Pd metal 

determination. Cl 2p and N 1s transitions in the 211-192 eV and 410-392 eV 

spectral regions, respectively, are likely to appear due to the presence of 

residual traces of Cl- (from the metal precursor) or PVP adsorbed on Pd 

nanoplates 

Morphology and size distribution of the nanocrystals were verified by high 

resolution transmission microscopy (HRTEM) (Thermo Fisher Scientific®, 

Massachusetts, United States; Talos F200S). From TEM images, shown in 

Figures 9A-C, it is found that nearly three-quarters of the synthesised 

nanocrystals have a flat plate-like morphology with triangular or hexagonal 

contours. The absence of contrasts in crystallites indicates these are single-

crystal nanoparticles. The particle size distribution, given by the histogram in 

Figures 9D, has two normal distributions given by 34.4±10.0 nm, containing 

mostly nanotriangles, and 78.2±9.9 nm, containing mostly nanohexagons. A 

HRTEM image taken from a single triangular nanoplate is shown in Figure 9E, 

with enough resolution to discern lattice fringes in it. These fringes, as shown 

in Figure 9F, have an associated 6-fold rotational symmetry with an interplanar 

spacing of 1.4 Å and can be consequently indexed as the (220) planes 

(expected 𝑑   = 1.37 Å) in face-centred cubic Pd. It is evident from the 

images that (220) planes are perpendicular to the top/bottom facet of the 

nanoplate, and it can be analytically proved that (110) and (111) families of 

lattice planes are orthogonal by the null scalar product of their normal vectors, 

thus indicating that nanoplates are enclosed by (111) surfaces. These results 
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allow to unequivocally conclude that the synthesised product mainly consists 

of polygonal-shaped single-crystal Pd metal nanoplates. 

 
Figure 9. General purpose TEM images [A-C], size frequency histogram and distributions 
[D], and high resolution TEM images [E-F] of the synthesised Pd nanoplates. The indexed 
(220) planes are highlighted by green lines in high resolution images. Source: I. Carrillo-
Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), available in Appendix II. 

 

4.2. Preparation and stability of Pd nanoplate-containing nanofluids. 

The utility of nanofluids for heat transfer and storage is conditioned not only 

by the magnitude of the enhancement in the physical properties of interest, 

HIGHLIGTHS FROM SECTION 4.1 

 Pd nanoplates were prepared by mild solvothermal reduction with PVP. 

 XRD and XPS confirm the powder-like Pd product has fcc crystalline structure and 

formal oxidation state of zero. 

 TEM confirms the powder-like Pd product is mainly polygonal-shaped single-crystal 

nanoplates enclosed by (111) surfaces at top and bottom facets. 
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but also by their colloidal stability. Goodness criteria for colloidal stability 

demands minimum variations for load and size of nanostructures in 

suspension, for such thermal enhancement to be guaranteed for as long as 

possible under conventional operation conditions. Assessing colloidal stability 

is, therefore, a sine qua non condition before undertaking the characterisation 

of those properties. 

A throwback to the thermodynamic of colloids is a suitable opening for this 

issue. The free energy of dispersion 𝑑𝐺, in a closed isobaric-isothermal 

biphasic system at temperature 𝑇, is given by 

 𝑑𝐺 𝛾 𝑑𝐴 𝑛 𝑑𝜇 𝑇𝑑𝑆  (2) 

in which the first term is the reversible work for an infinitesimal change in the 

area 𝑑𝐴  of a solid-liquid interface with an associated interfacial tension 𝛾 , 

the second term is the change in the chemical potential 𝑑𝜇  of the 𝑛  moles 

of chemical species adsorbed in that interface, and the third term is the 

entropy of mixing 𝑑𝑆  for an ideal mixture in which the enthalpy of mixing 𝑑𝐻  

is null. Only the first term in Equation 2 is in thermodynamic opposition to the 

formation of the colloid. Aggregation is, in fact, a spontaneous process that 

minimises the solid-liquid interfacial area and so the free energy of the system. 

However, as initially discussed by Stol and De Bruyn,129 a thermodynamically 

stable situation for a colloid is possible if the interfacial tension is minimised 

and adsorption of species at the solid-liquid interface occurs. The last term 

always makes a negative contribution because dispersion generates entropy. 

This idea was the starting point for the rationalisation of an interface-inspired 

three-step method (named for consistency with the currently existing 

classification of one-step and two-step methods), as a new procedure for the 

preparation of nanofluids in which colloidal stability requirements are 

strategically engineered in the process. The method itself lies in (i) the 

preparation of the nanomaterial, (ii) the preparation of the host fluid and (iii) 

the dispersion of the nanomaterial into the host fluid. Here the host fluid 
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concept represents a solution of surfactant species in the base fluid with such 

concentration for the solid-liquid interfacial tension 𝛾  to be minimised, if 

possible. 

Fowkes130 developed a theoretical surface chemistry framework in which 

surface tensions can be partitioned according to the underlying atomic 

interactions and treated independently. In this context, Owen, Wendt, Rabel 

and Kaelble131 (OWRK) proposed the solid-liquid interfacial tension 𝛾  for a 

system in which only polar and dispersive interaction exists to be defined as 

 𝛾 𝛾 𝛾 𝛾 𝛾 2 𝛾 𝛾 2 𝛾 𝛾  (3) 

where 𝛾 , 𝛾 , 𝛾  and 𝛾  are the polar and dispersive parts of the surface 

tension of the solid phase and the liquid phase, respectively. Thus, according 

to Equation 3, the magnitudes of 𝛾  and 𝛾  and also the magnitudes of 𝛾  and 

𝛾  should be as close as possible for 𝛾  to be minimised and stable colloid 

to be prepared. Therefore, the basic idea is to adjust the surface tension 

partitions of the base liquid to meet those of the disperse solid by carefully 

controlling the addition of surfactant species. 

This procedure was first tested for the preparation of water-based nanofluids 

with single-walled carbon nanotubes (SWCNT), a book-example of colloidal 

instability if not engineered (experimental details are given in Appendix I). 

Surface tension and its parts can be acquired from drop-weight and contact 

angle measurements on a reference surface, according to Tate’s and Young’s 

relations.132 Figure 10A shows the interfacial tension of the SWCNT-water 

nanofluid as a function of the concentration of the TritonTM X-100 in water. 

Minimum interfacial tension is found for 1.7ꞏ10-3 vol.% of this non-ionic 

surfactant. Aqueous solutions with such a concentration were used as host 

fluid for the sonication-assisted dispersion of SWCNT. The colloidal stability 

of the resulting SWCNT-water nanofluids was characterised. As it is shown in 

Figures 10B and 10C, the spectral extinction at 566 nm (wavelength for 
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maximum extinction coefficient due to S22 transitions between van Hove 

singularities in the electronic structure of [6,5]-SWCNT) and particle size 

distribution remain nearly constant since preparation. No phase segregation 

was observed. These findings validate the proposed theory-based framework 

for the preparation of stable nanofluids with polar-dispersive solid-liquid 

interfaces (see Figures 11A and 11B). 

 
Figure 10. Testing the adjustment of polar-dispersive surface tension components for 
better nanofluid stability. Interfacial tension as a function of the concentration of TritonTM X-
100 surfactant [A] and evolution of stability indicators over time [B, C] in SWCNT-containing 
water-based nanofluids. Source: I. Carrillo-Berdugo et al. in Sci. Rep. 9 7595 (2019), available 
in Appendix I (adapted). 

For metallic nanostructures in molecular liquids, in which the particular case 

of Pd nanoplates in DowthermTM A can be classified, colloidal stabilisation is 

somewhat more complex, if at all possible. Only dispersive interactions should 

be considered to exist between metals and molecular liquids (see Figure 11C). 

The solid-liquid interfacial tension 𝛾 , in that case, should be defined as 

 𝛾 𝛾 𝛾 𝛾 𝛾 2 𝛾 𝛾  (4) 

where 𝛾  is the metallic part of the surface tension of the solid phase, which 

accounts for the surface tension due to metallic bonding. As a general 
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statement, it is known that 𝛾 ≫ 𝛾 𝛾 , which means that even if 𝛾  and 𝛾  

are properly engineered the interfacial tension 𝛾  would still be dominated by 

𝛾 . A thermodynamically stable colloid with a metallic disperse phase and a 

molecular dispersant phase should not be expected. The above should not be 

seen as a limitation of the method itself. Indeed, it is the rationalisation around 

the method what allows to conclude that a limitation exist due to the nature of 

the disperse phase and that an indiscriminate addition of surfactant species 

will not necessarily lead to a stable situation. What is more, an excess amount 

of surfactant may increase dynamic viscosity, which is detrimental for heat 

transfer. 

 
Figure 11. Graphical explanation on how to achieve colloidal stability by engineering 
surface tension components. Three cases are presented: [A] polar-dispersive liquid with a 
polar-dispersive solid, [B] polar-dispersive engineered fluid with a polar-dispersive solid and [C] 
polar-dispersive engineered fluid with a metal-dispersive metallic solid. 

A suitable alternative is to add a concentration of surfactant so that kinetical 

stability by electrosteric repulsions is provided to the nanofluid during its life 

cycle, with no rheological penalty compared to the base fluid. This approach 

is justified in terms of the Derjaguin, Landau, Verwey and Overbeek (DLVO) 

theory of colloidal stability due to forces acting between interfaces.133, 134 

Which surfactant species to be added is another issue to discuss. The 
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DowthermTM A is a mixture of low polarity components, so non-ionic 

surfactants should be considered. Besides, for the high operating 

temperatures of its application, the surfactant should not decrease the boiling 

point of the mixture and is required to be resistant to thermal degradation. 

These requirements narrow the range of available choices, in which the 

TritonTM X-100 surfactant offers the best compromise. Its boiling point is 

estimated to be over 473 K at 1013 hPa and it is only susceptible to oxidation 

in presence of O2. 

The typical preparation of Pd nanoplate-containing aromatic oil-based 

nanofluids, once Pd nanoplates are synthesised as explained in Section 4.1, 

requires 63.7 mg of the powder-like product to be dispersed in 100 ml of a 

1.0 wt.% solution of TritonTM X-100 (Panreac®, analytical grade) in 

DowthermTM A (The Dow Chemical Company®) by pulsed ultrasonication 

(Sonics&Materials®, Connecticut, United States; VCX-500, solid probe with 

non-replaceable 13 mm tip) for 1 h with a 2 s-on, 4 s-off pulsation at 50% 

amplitude. No measurable changes in dynamic viscosity were found with this 

mass fraction of TritonTM X-100 (see Figure 17 in Section 4.4). The colloid 

resulting from ultrasonication and its 1:2 and 1:5 dilutions, with Pd nanoplates 

mass fractions of 0.060 wt.%, 0.030 wt.% and 0.012 wt.% in Pd nanoplates, 

respectively, are the nanofluids to be characterised. 

Now returning to the issue in hand, minimum variations in load and size of 

nanostructures in suspension were established as indicators for the colloidal 

stability assessment. In the practical approach, the load of nanoplates was 

assessed in terms of the spectral extinction, measured by visible spectroscopy 

(OceanOptics©, Florida, United States; DH-2000-BAL source and USB2000+ 

general purpose spectrometer), whereas the particle size distribution was 

assessed in terms of the solvodynamic diameter, measured by dynamic light 

scattering (DLS) (Malvern Instruments©, Malvern, United Kingdom; Zetasizer 

Nano ZS). Both were measured daily, in triplicate, over the course of two 

weeks. 
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Figure 12. Nanofluid stability indicator I: visible extinction spectrum at different times [A] 
and evolution of the extinction coefficient at 450 nm over time [B]. Source: I. Carrillo-
Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), available in Appendix II 
(adapted). 

Figure 12A gathers visible extinction spectra of the nanofluid with the highest 

mass fraction over the two-week period. Visible light is optically extinguished 

over the entire range, but the effect is particularly acute at shorter 

wavelengths, for which the scattering cross section is predominant. The 

extinction value at 450 nm over time is plotted in Figure 12B for a 

representation of the time evolution of the load of heat carriers in suspension. 

Its interpretation is semiquantitative but, in agreement with the decay in 

extinction, the availability of monodisperse nanoplates decreases up to 8.3% 

by the end of the first week. Aggregation occurs, but no variations in the 

effective mass fraction are expected, as no sedimentation occurred in the 

same period. According to Figure 13, aggregate size distribution remains 

gaussian and monomodal, but both the mean and the standard deviation 

increase over time, from 227.4±46.9 nm to 847.0±181.6 nm, as shown in the 

inset. A transition from mesokurtic to platykurtic regime is appreciated, with 

the consequent minimisation of the maximum number density of particles for 

a given size due to an increase in polydispersity. Aggregation rate seems to 

find a minimum after the first week. Figure 12 and 13 are consistent with this 
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interpretation, as shown by the asymptotic exponential fitting functions with 

very similar rates. 

Therefore, it is safe to conclude that the nanofluid is in a kinetically stable 

situation as of the second week and that goodness criteria for colloidal stability 

are fulfilled, and to emphasise that no rheological penalties are assumed in 

favour of stability as the concentration of the TritonTM X-100 surfactant is kept 

to a minimum. For all that, the characterisation of the physical properties of 

the nanofluid was undertaken. 

 
Figure 13. Nanofluid stability indicator II: evolution of the size distribution of particles in 
suspension. Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), 
available in Appendix II. 

 

HIGHLIGTHS FROM SECTION 4.2 

 The preparation of nanofluids is discussed from formal perspective attending to the 

thermodynamic of colloids, and it is concluded that no thermodynamic stability 

should be expected for metallic materials in polar-dispersive fluids. 

 TritonTM X-100 surfactant concentration is chosen for the rheological profile of the 

base fluid not to be modified. 

 The kinetic stability criteria are found to be fulfilled for nanofluid samples two weeks 

after preparation. The apparent mass fraction remains nearly constant according to 

visible spectroscopy, although aggregates are formed according to DLS. 
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4.3. Characterisation of Pd nanoplate-containing nanofluids. 

4.3.1. Spectral extinction coefficients and other optical indicators. 

The applicability as volumetric absorbers require Pd nanoplate-containing 

nanofluids to be a good medium for direct sunlight extinction. An unbiased 

assessment of such applicability can be conducted by characterising the 

optical behaviour of the samples under study. The spectral extinction 

coefficient 𝛼 𝜆 , which implicitly includes the absorption and scattering 

coefficients, can be analytically calculated from the spectral transmittance 

𝑇 𝜆 , as stated by the Lambert-Beer law 

 𝑇 𝜆 𝑒  (5) 

where 𝑙 is the optical path length. The spectral transmittance 𝑇 𝜆  in the 300-

2600 nm range, in which the Rayleigh scattering regime applies,135 was 

measured for the base fluid, the host fluid and the nanofluid samples using a 

double-beam ultraviolet-visible (UV-vis) spectrophotometer (PerkinElmer 

Inc.®, Massachusetts, United States; LAMBDA 900), holding the sample in a 

glass cell of variable length. Samples with mass fractions of 0.060 wt.%, 

0.030 wt.% and 0.006 wt.% were considered for characterisation. The latest 

one was more diluted than initially prepared for the differences in spectral 

extinction as a function of the mass fraction of nanomaterial to be better 

distinguished. 

The acquired spectral extinction coefficients 𝛼 𝜆  are shown in Figure 14. For 

this general survey, an optical path length of 10 mm was set. Nanoplates 

modify the spectra of nanofluids with respect to the base fluid mainly in the 

UV-vis range, with monotonically decreasing curves extending towards the 

near infrared. This due to (i) direct absorption of photons by the longitudinal 

surface plasmon resonance of Pd nanoplates, which is known occur 

preferentially for wavelengths in the 300-1400 nm range for nanoplates with a 

lateral edge of 30-90 nm,119 and (ii) scattering and secondary direct absorption 

of photons, thus further increasing extinction levels. For wavelengths longer 
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than 1600 nm, the contribution of nanoplates is negligible and the spectrum 

of the base fluid is exactly reproduced. 

 
Figure 14. Spectral extinction coefficient, as a function of the wavelength, for the base 
fluid and each nanofluid sample. Source: I. Carrillo-Berdugo et al. in ACS Sustainable Chem. 
Eng. 9 4194-4205 (2021), available in Appendix IV. 

The spectral extinction coefficient allows to calculate some optical indicators 

of interest for a quantitative evaluation of the direct sunlight absorption 

potential. For instance, the sunlight attenuation as a function of the optical 

path length can be estimated as38 

 attenuation 𝑥 1
𝐼 𝜆 𝑒 𝑑𝜆

𝐼 𝜆 𝑑𝜆
 (6) 

where 𝐼 𝜆  is the sunlight spectrum.136 Integration in Equation 6 is defined 

over the entire experimentally available range (𝜆  = 300 nm, 

𝜆  = 2600 nm). The sunlight attenuation factors of the base fluid and 

nanofluid samples are compared in Figure 15. 
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Figure 15. Sunlight attenuation level, as a function of the optical path length within the 
liquid, for the base fluid and each nanofluid sample. Source: I. Carrillo-Berdugo et al. in 
ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in Appendix IV. 

The base fluid shows an attenuation of the incident sunlight of only 21% after 

20 mm of propagation, meaning it is poorly suitable for direct solar absorption. 

The addition of Pd nanoplates and its very significant contribution to the 

absorption and scattering of light raises a completely different picture. For the 

lowest mass fraction under study, 0.006 wt.%, the sunlight attenuation is more 

than doubled after a 20 mm path with respect to the base fluid (53% vs. 21%). 

Sunlight attenuation increases dramatically for higher Pd nanoplate mass 

fractions, exhibiting values of 75% and 90% after 10 mm and 90% and 98% 

after 20 mm for the samples with mass fractions of 0.030 wt.% and 

0.060 wt.%, respectively. Nearly complete sunlight attenuation should be 

expected for these two samples after 30 mm of propagation. 

Another indicator to consider for the assessment of the direct sunlight 

absorption potential is the spatial distribution 𝑆 𝑥  of the attenuated sunlight 

within the nanofluid, which can be estimated as well from the spectral 

extinction coefficient 𝛼 𝜆 . For a cold fluid without convective mixing, which is 
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a fair representation of the samples under experimental conditions for 

characterisation, 𝑆 𝑥  is expressed as38 

 𝑆 𝑥
𝐼 𝜆 𝛼 𝜆 𝑒 𝑑𝜆

𝐼 𝜆 𝑑𝜆
 (7) 

The calculation is referred to the sunlight propagation from a single irradiated 

side, as it is the case of the radial direction of a PTC. Figure 16 shows the 

spatial distribution of energy in the base fluid and the nanofluid samples. This 

parameter can be ultimately interpreted as the local distribution of the energy 

stored in the liquid at different distances from the input surface. For better data 

visualisation, the curves in Figure 16 are normalised to the highest value, 

obtained for the sample with the largest concentration at the input surface. 

The nanofluid with the highest mass fraction is characterised by a distribution 

peaked near the input surface, with a very strong gradient along the first 5 mm. 

Alternatively, less concentrated samples exhibit a much lower gradient and a 

deeper energy penetration in the liquid volume. 

 
Figure 16. Spatial distribution of the locally stored energy, as a function of the optical 
path length within the liquid, in the base fluid and each nanofluid sample. Source: I. 
Carrillo-Berdugo et al. in ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in 
Appendix IV. 
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Results in Figures 14, 15 and 16 constitute a very useful tool for the nanofluid 

optimisation, cross-referenced to the geometrical characteristics of the system 

where they are intended to be applied to, although sufficient to unequivocally 

conclude these nanofluids exhibit a suitable optical behaviour to be used as 

volumetric absorbers. 

4.3.2. Density. 

Density 𝜌 is one of the physical properties of nanofluids to be characterised. 

It already appeared in Chapter III, as the rest of physical properties to be 

discussed in the following sections. It has a direct influence on flow regime, 

which in turn affects convection heat transfer, and friction factors and pressure 

loss, which determine the pumping requirements for the system. Lenert et al.43 

provided a parametrisation of the Mouromtseff FoM, 𝑀𝑜, for a tentative 

comparison of the effectiveness of different HTFs for PTCs by taking into 

account their physical properties. The parametrisation for this FoM considers 

both radial and axial heat transfer and pumping requirements of fully 

developed turbulent flow through circular tubes under heating conditions. In 

the original paper they provided the proportional relationship 𝑀𝑜 ∝ 𝜌 . . 

Table 3. Density values for the base fluid, the host fluid and each nanofluid sample. 
Reported values were measured at 298 K and 1013 hPa. Source: I. Carrillo-Berdugo et al. in 
ACS Appl. Energy Mater. 3 9246-9256 (2020), available in Appendix II. 

Sample 𝜒  / wt.% 𝜒  / 10-2 wt.% 𝜌 / kgꞏm-3 

Base fluid 0.0 0.0 1056.3±0.0 

Host fluid 1.0 0.0 1056.3±0.0 

Nanofluid 1:5 1.0 1.2 1057.2±0.1 

Nanofluid 1:2 1.0 3.0 1057.1±0.1 

Nanofluid 1:1 1.0 6.0 1057.3±0.1 

 

The density of the base fluid, the host fluid and the nanofluid samples were 

measured by means of the pulsed excitation method (Anton Paar®, Madrid, 

Spain; DM35 densitometer) at 298 K and 1013 hPa. Acquired values are 

reported in Table 3. The relative accuracy for the measurement of density is 
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known to be 0.06%, given the density value reported by the supplier for the 

base fluid is 1055.7 kgꞏm-3 and the measured density value, at the same 

temperature and pressure, is 1056.3 kgꞏm-3. The addition of TritonTM X-100, 

which represents 1.0 wt.% of the host fluid composition, does not cause a 

measurable change in density with respect to the base fluid. The density of 

the nanofluid samples is found to increase, in average, by 0.09%, but is 

evident from the standard deviations that the densities of the samples are not 

significantly discernible from each other, which is reasonable considering the 

low mass fractions involved. The 𝑀𝑜 FoM, according the above stated 

proportionality, allows to quantify the impact of this increase in density on 

convective heat transfer as an average multiplicative factor of 1.00, meaning 

that the dispersed mass fractions of Pd nanoplates is not sufficient to cause a 

significant change in density and, therefore, that the density of nanofluid 

samples is not expected to be decisive on the convective heat transfer 

enhancement nor to increase the pumping requirements with respect to the 

base fluid. 

 4.3.3. Dynamic viscosity. 

Dynamic viscosity 𝜂 is probably the most important physical property in the 

rheological profile of a fluid and, just like density, plays a key role in convective 

heat transfer. Its characterisation is, therefore, mostly essential for a complete 

analysis of the thermal and hydraulic behaviour of HTFs in actual applications. 

The 𝑀𝑜 FoM, in the context of the aforementioned boundary conditions for its 

parametrisation, grants viscosity a detrimental impact factor on heat transfer 

given by 𝑀𝑜 ∝ 𝜂 . . 

The steady-state shear flow behaviour and dynamic viscosity of the base fluid, 

the host fluid and all nanofluid samples were evaluated using a stress-

controlled rheometer (Malvern Instruments®, Malvern, United Kingdom; 

Kinexus PRO). The shear rate and viscosity data were collected applying a 

logarithmic shear stress ramp under steady-state condition to the samples 

loaded between a cone and plate geometry with a 60 mm cone diameter and 
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1º cone angle. Temperature of the samples is adjusted and controlled by a 

Peltier temperature control system with a precision of ±0.1 K, below the upper 

plate. Also, both the sample and the cone and plate geometry are enclosed 

within thermal clovers. Measurements were performed at 298 K, 323 K, 348 K 

and 373 K. At least two replicas were carried out for all samples, with no 

significant difference. 

 
Figure 17. Dynamic viscosity as a function of temperature [A] and apparent viscosity as 
a function of the shear rate [B], for the base fluid, the host fluid and each nanofluid 
sample. Solid lines in [A] do not represent data but are included as guide to the eye. Source: 
I. Carrillo-Berdugo et al. in ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in 
Appendix IV. 

Figure 17A shows the viscosity curves for all samples under study. The base 

fluid exhibits a Newtonian behaviour in the 10-1000 s-1 shear rate range for all 

tested temperatures, with an exponentially decreasing viscosity for increasing 

temperatures, as shown in Figure 17B. The uncertainty of the experimental 

procedure for dynamic viscosity characterisation was also evaluated by 

comparing experimental data with supplier data for DowthermTM A, for which 

an average deviation of 3.8% in the range of temperatures of interest is 

determined, thus proving the goodness of the measurements. The host fluid 

also exhibits a Newtonian behaviour in the same shear rate range, with a 

relative difference of 2.8% in magnitude compared to the base fluid. In the 

same way, nanofluid samples also behave as Newtonian fluids except for a 
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slight non-Newtonian deviation only for the sample with the highest mass 

fraction at the lowest temperature. The differences in the apparent viscosity 

value are marginal, with relative increments of 1.4%, 2.3% and 3.8% respect 

to the host fluid for mass fraction of 0.012 wt.%, 0.030 wt.% and 0.060 wt.%, 

respectively. Those differences are lower than the experimental uncertainty of 

the measurement. Trends with temperature remain as negative exponential 

functions in all cases. 

The 𝑀𝑜 FoM, as for density, quantifies the impact of this marginal change in 

dynamic viscosity as an average multiplicative factor of 1.00. Therefore, it is 

safe to conclude that the TritonTM X-100 surfactant and the dispersed Pd 

nanoplates, at least with the mass fractions under study, are clearly 

minoritarian components in the mixture and do not modify the rheological 

profile of the base fluid, whose shear flow behaviour and dynamic viscosity is 

mostly preserved. Such a result is of significant relevance, as these 

nanofluids, compared to their base fluid, will not increase pumping power or 

pressure drop in PTC CSP systems and the potential gains in specific heat 

and thermal conductivity will not be counterbalanced by viscosity. 

 4.3.4. Specific heat. 

Specific heat 𝑐 represents the capacity of the fluid to exchange sensible heat 

given a temperature change, and it is a desirable property for HTF to be used 

in CSP. A higher specific heat implies more energy per unit mass and unit 

temperature can be directly stored by the fluid, without implicating a secondary 

medium for sensible heat storage,137, 138 and higher rates for convection heat 

transfer from the HTF to another medium, which improves its thermal and 

hydraulic performance43, 45 with an impact factor such as it is provided by the 

𝑀𝑜 ∝ 𝑐 .  proportionality. 

The specific heat of the base fluid, the host fluid and nanofluid samples were 

measured by temperature-modulated differential scanning calorimetry 

(TMDSC) (Netzsch©, Selb, Germany; DSC 214 Polyma, closed concavus pan, 



PhD Thesis 53
 

N2 flow). The following temperature program was defined: (i) dynamic step 

from 293 K to 373 K at 10 Kꞏmin-1; (ii) isothermal step for 10 min; (iii) dynamic 

step from 373 K to 293 K at 10 Kꞏmin-1; (iv) isothermal step for 10 min; (v) 

temperature-modulated dynamic step from 293 K to 528 K at 1 Kꞏmin-1 with a 

modulation of ±1 K in amplitude and 120 s in periodicity. Steps (i-iv) are 

required for purging the sample holder and thermally equilibrating the 

samples. Only DSC signal from step (v) is considered for characterisation 

purposes, which provides good resolution with a heating rate of 1 Kꞏmin-1. 

Each sample was analysed in triplicate. Specific heat is derived by means of 

the ratio method, for which the DSC signal baseline was corrected and 

compared to the DSC signal from a sapphire certificated reference sample, 

using the same temperature program. System calibrations were performed 

before the analysis of the samples, using the standard instructions provided 

by the manufacturer with adamantane, In, Sn, Zn, Bi and CsCl certificated 

reference samples. 

Measured specific heat values are shown in Figure 18A. These samples are 

expected to be used as HTF for high working temperatures, thus the range of 

373 K to 473 K is presented. The relative accuracy for these measurements 

is known to be 0.64%, compared to specific heat values reported by the 

supplier. It is clear that the addition of TritonTM X-100 causes a negligible 

variation in specific heat and that the presence of Pd nanoplates increases 

the sensible heat storage. Trends with temperature are monotonously linear 

over the entire range, analogous to that of the base fluid but with divergent 

slopes. The relative enhancements of specific heat are 5.9%, 7.3% and 4.8% 

at 373 K and 13.9%, 17.4% and 10.0% at 473 K, for 0.012 wt.%, 0.030 wt.% 

and 0.060 wt.% samples, respectively. These nanofluids could be actually 

useful for PTC CSP, given a significant enhancement on the direct thermal 

energy storage capacity with respect to the base fluid. This increase in specific 

heat also has implications for the heat transfer rate. The 𝑀𝑜 FoM by Lenert et 

al. quantifies the impact of specific heat on convective heat transfer as a 



 54 Iván Carrillo Berdugo
 

multiplicative factor between 1.08 for the 0.060 wt.% sample at 373 K and 

1.29 for the 0.030 wt.% sample at 473 K. 

 
Figure 18. Specific heat as a function of temperature for the base fluid, the host fluid and 
each nanofluid sample [A] and as a function of the mass fraction in nanofluid samples 
[B]. Predictions with the weighted average model (dash lines) and the mesolayer model (solid 
lines) are included for the isotherms in [B]. Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy 
Mater. 3 9246-9256 (2020), available in Appendix II (adapted). 

An important observation from Figure 18B is that specific heat exhibits a 

distinctive maximum for intermediate mass fractions of nanoplates. The typical 

two-component weighted-average formula, plotted with dashed lines in the 

same figure, predicts a negligible decrease in specific heat for increasing 

mass fractions, which means this trend cannot be rationalised if the nanofluid 

is assumed to be a simple binary system in which the specific heat of the solid 

is lower than that of the base fluid. The nature and interactions between 

components in the nanofluid are not considered in these models, as there is 

no well-established microscopic theory explaining those increments in terms 

of the effects of nanoparticles on the structure and dynamics of the fluid. 

Shin and Banerjee87 attempted, with a roughly approximate phenomenology, 

to identify possible contributions to improved energy storage from the low 

frequency and high amplitude of vibrations of atoms at the nanoparticle 

surface (compared to the corresponding bulk) and solid-fluid interactions as 
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new energy pools increasing the interfacial specific heat. Alternatively, the 

model proposed by Hentschke103 provides better insights on this issue about 

the potential role of the solid-liquid interface. According to this author, the 

specific heat of the nanofluid 𝑐  is given by 

 𝑐 𝜒 𝑐 𝜉 1 𝜒 1 𝜉 𝜒 𝑐  (8) 

where 𝜒  and 𝑐  are the mass fraction and the specific heat of the Pd 

nanoplates (assumed to be the same of Pd bulk and constant for all 

temperatures, 246 Jꞏkg-1ꞏK-1); 𝜒  and 𝑐  are the mass fraction and specific 

heat of the base fluid; and 𝜉 is the ratio of the specific heats of the interfacial 

fluid and of the base fluid. 𝜒  is given by 

 𝜒 𝜌 𝜌⁄ 𝛽 (9) 

where 𝜌  and 𝜌  are the densities of the base fluid and of the nanofluid. 𝜉 is 

given by 

 𝜉 𝜉 𝛽 𝜉 1 𝛽  (10) 

where 𝜉  and 𝜉  are threshold values for 𝜉. Both Equations 9 and 10 

introduce 𝛽, which is a parameter accounting for the interaction between 

interfacial layers and is given by 

 𝛽 exp 𝜒 𝜒 𝜌 𝜌⁄ 1 𝜒 1 𝑅 𝑟⁄  (11) 

where 𝑅 𝑟⁄  is the ratio of the radius of the influence 𝑅 of a particle on the 

surrounding medium with respect to its nominal radius 𝑟. According to the 

author, 𝑅 has no precise meaning and should not be understood as the actual 

interfacial layer thickness. Therefore, 𝑅 𝑟⁄  is mathematically treated as an 

aspect ratio that matches the maximum of the function. For the case under 

study, 𝑅 𝑟⁄  ≈ 19.0. Under that premise, all parameters but 𝜉  and 𝜉  are 

known, and these two can be treated as adjustable parameters for fitting 

experimental data to Equation 8. The values of 𝜉  and 𝜉  obtained by 
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fitting datasets acquired at different temperatures are presented in Table 4, 

and the values of the 𝑐  obtained with these parameters according to 

Equations 8-11 are plotted with solid lines in Figure 18B. According to 

Hentschke,103 the fact that 𝑐  is maximised for intermediate mass fractions, 

instead of gradually increasing with mass fraction, would be a consequence 

of the overlapping between adjacent layers. In a molecular interpretation, that 

would induce positional ordering on liquid molecules, forming a structure of 

lower specific heat. As temperature increases, such positional ordering would 

disappear even if overlap exists. That explains why 𝜉  and 𝜉  increase 

with temperature, and so that the specific heat of the nanofluid increase with 

temperature more than that of the base fluid. 

Table 4. 𝝃𝐌𝐀𝐗 and 𝝃𝐦𝐢𝐧 obtained by fitting Equation 8 to experimental data. 

T / K 𝜉  / d.q. 𝜉  / d.q.

373 0.3±0.3 1.9±0.1 

423 1.3±0.4 2.4±0.2 

473 2.9±0.6 3.2±0.2 

This model is able to predict the specific heat of a nanofluid for any given mass 

fraction, but the reason why it is truly appealing is that it gives significance to 

the concept of interacting interfacial layers. The model, however, is still 

inconclusive at the points of lacking analytical formulisms for any of the 

parameters in it and, even more important than that, the absence of 

nanoscopic evidence supporting the existence of a molecular layer on solid-

liquid interface, a description of its nature nor a tentative quantification of its 

impact on specific heat. This will be addressed in the theoretical part of this 

thesis. 

 4.3.5. Thermal conductivity. 

Thermal conductivity 𝜅 originally aroused the interest of researchers for 

nanofluids, so much that it is the most widely studied physical property of this 

new generation of HTFs, especially from an experimental perspective. This is 
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due to the high impact of thermal conductivity in the overall heat transfer 

process, to the point that the 𝑀𝑜 FoM grants thermal conductivity the highest 

impact factor on heat transfer, given by 𝑀𝑜 ∝ 𝜅 . . 

The transient hot-wire is, by far, the most used method for the measurement 

of thermal conductivity of nanofluids139 because, compared to other methods, 

it reduces the impact of the natural convection in liquid samples on the 

measured signal and so errors in the derived thermal conductivities. The 

transient hot-bridge technique with a hot point sensor (THB-HPS) is a 

particular application of this method,140 with an instrumental configuration to 

provide thermal and electrical self-compensations. Overall terms, the non-

destructive THB-HPS technique provides the highest possible accuracy in the 

transient measurement of thermal conductivity by minimising errors and keeps 

instrumental arrangement and sample preparation to a minimum. All thermal 

conductivity values here reported for Pd nanoplate-containing nanofluid 

samples were acquired by means of the THB-HPS technique (Linseis, Selb, 

Germany; THB-100, sensor type C). An input power of 32 mW was supplied 

to the source, which is sufficient for a good signal-to-noise ratio with negligible 

local convection during characterisation of liquid samples. Measurement time 

was 10 s, with a delay of 30 s between measurements. Temperature was set 

at 298 K, 323 K, 348 K and 373 K by immersing cylindrical glass vials with 

2.5 ml of liquid sample in individual jacketed vessels for homogeneous heating 

in a dry block heater (IKA®, Staufen, Germany; DB5.2). Ten replicas were 

recorded for each sample and temperature, adding up to 200 data sets for 

post-processing and analysis. 

Conceptually, the hot-wire in a liquid sample is a line heat source immersed 

in an infinite isotropic material. The temperature rise ∆𝑇 𝑟, 𝑡 , at radial position 

𝑟 from the line source and time 𝑡, is given by 

 ∆𝑇 𝑟, 𝑡
𝑞

4𝜋𝜅
ln

4𝛿𝑡

𝑟 𝑒
 (12) 
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where 𝑞  is the heat production per unit time and per unit length (Wꞏm-1), 

𝜅 is the thermal conductivity of the sample (Wꞏm-1ꞏK-1), 𝛿 is the thermal 

diffusivity of the sample (m2ꞏs-1) and 𝛾  is the Euler-Mascheroni constant 

(0.57721566). The expression above can be linearised so that thermal 

conductivity 𝜅 can be determined from the slope of linear segments in ∆𝑇 𝑟, 𝑡  

vs 𝑙𝑛 𝑡  datasets. In absence of convection, the ideal behaviour of ∆𝑇 𝑟, 𝑡  vs 

𝑙𝑛 𝑡  curves is completely linear, but the existence of a local temperature 

difference inherently causes a local density difference that promotes natural 

convection. Such natural convection effect is equally present in the whole 

sample, if heated for characterisation at higher temperatures. Thus, datasets 

acquired with the THB-HPS technique, for all samples and temperatures, were 

post-processed in order to choose the linear segment of the non-ideal 

measured signal for the derivation of thermal conductivity values. Figure 19A 

shows an instance of the shape of these curves and their linear segments for 

a particular replica from the characterisation of the base fluid sample and a 

nanofluid sample at 373 K. Thermal conductivity values for each sample at all 

temperatures are presented in Figure 19B for discussion. 

 
Figure 19. Examples of the THB-HPS signal [A] and thermal conductivity values as a 
function of temperature for the base fluid, the host fluid and each nanofluid sample [B]. 
Only the linear segments in [A] are considered for characterisation purposes. Solid lines in [B] 
do not represent data but are included as guide to the eye. Source: I. Carrillo-Berdugo et al. in 
ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in Appendix IV. 
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The thermal conductivity of the base fluid was measured in order to compare 

with the values reported by the supplier. Experimental results match, by an 

average of 99.2%, the thermal conductivity values reported in the technical 

data sheet of DowthermTM A. The relative standard deviation at the highest 

temperature is 2.4%, which is consistent with the measurement uncertainties 

expected for the THB-100 (better than 2% for thermal conductivity according 

to the manufacturer). The above justifies the validity of the proposed 

experimental procedure. Thermal conductivity of the host fluid is also 

characterised, in order to verify if the addition of 1.0 wt.% Triton X-100 

modifies the thermal conductivity of the base fluid. It seems to be the case at 

room temperature, but its significance vanishes at medium-high temperatures. 

The thermal conductivity values of nanofluid samples are now examined. 

Maximum increments of 2.6%, 11.0%, 17.1% and 23.5% are found at 298 K, 

323 K, 348 K and 373 K for the sample with a Pd mass fraction of 0.030 wt.%. 

According to the 𝑀𝑜 FoM used along this section, this increment in thermal 

conductivity could be directly translated into an enhancement in the overall 

heat transfer process with nanofluids, with respect to their base fluid, the 

magnitude of such enhancement being represented by an impact factor of 

1.46 for the cited mass fraction at the highest temperature. It is remarkable 

that the sample with an intermediate mass fraction of Pd nanoplates exhibits 

the best enhancements in this transport property. The relative increments are 

almost halved for samples with Pd nanoplate mass fractions of 0.012 wt.% 

and 0.060 wt.%. Such a unique behaviour was also observed in the previous 

analysis of the specific heat for these nanofluid samples, which was also found 

to be maximised at intermediate mass fractions. Yu and Choi created a 

numerical model141 to calculate the effective thermal conductivity of a cubic 

arrangement of monodispersed spherical nanoparticles in a base fluid, in 

which solid-liquid interfaces exist and overlap. Compared to the Maxwell 

model,142 the Hamilton-Crosser model143 or their revised versions,144, 145 this 

cubic model provides a better description for this trend in thermal conductivity 
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as a function of the mass fraction of nanomaterial. The effective thermal 

conductivity of the nanofluid increases up to a maximum from low to 

intermediate mass fractions, and then decreases for increasing mass fractions 

due to layer overlapping between adjacent particles. The discussion around it 

is conditioned by many parameters such as the interfacial thickness or the 

interfacial thermal conductivity, which are actually unknown and simply 

screened to assess their impact on the effective thermal conductivity. 

However, it is still relevant because, just like the model proposed by 

Hentschke103 for specific heat, it provides significance for the interfacial 

molecular layering on defining the thermal conductivity of nanofluids. It is also 

in the scope of this thesis to assess how this layer impacts the thermal 

conductivity of nanofluids. 

 

HIGHLIGTHS FROM SECTION 4.3 

 The sunlight extinction level hits 53%, 90% and 98% after 20 mm of propagation for 

mass fractions of 0.006 wt.%, 0.030 wt.% and 0.060 wt.%, which is a good indicator 

for Pd nanoplate-containing nanofluids to be used as volumetric absorbers. 

 The density of nanofluid samples is higher than that of the base fluid by an average 

0.1%, but differences between samples are not distinguishable from uncertainty. 

Such increase is not expected to be significant for heat transfer. 

 The dynamic viscosity of nanofluid samples is the same than that of the base fluid, 

as differences cannot be distinguished from uncertainty. No rheological penalty is 

expected for heat transfer. 

 Best enhancement in specific heat is reported for intermediate mass fraction: it 

increases by 17.4% at 473 K for the nanofluid with a mass fraction of 0.030 wt.%. It 

is expected to improve heat transfer with a maximum impact factor of 1.29. 

 Best enhancement in thermal conductivity is reported for intermediate mass fraction: 

it increases by 23.5% at 373 K for the nanofluid with a mass fraction of 0.030 wt.%. 

It is expected to improve heat transfer with a maximum impact factor of 1.46. 

 According to phenomenological numerical models form literature, the existence of 

an interfacial molecular layer and its interaction with the rest of the fluid should 

explain the enhancements in specific heat and thermal conductivity and their non-

monotonous trends with mass fraction. 
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4.4. PTC CSP energy conversion efficiency and design considerations 

with Pd-containing nanofluids. 

The examined Pd nanoplate-containing nanofluid samples have been proven 

to fulfil the intended characteristics for volumetric absorption and heat transfer 

in the CSP sector. However, a complete assessment on the potential of these 

nanofluids for the application demands, at least, a realistic estimation of the 

expected outlet temperature and thermal efficiency of surface and volumetric 

PTCs and also the effectiveness of coupled heat exchangers, including but 

not limited to the currently system design considerations. In fact, the proposal 

of some basic design changes for PTC CSP system is parallelly addressed in 

this section. 

The expected outlet temperature of the HTF flowing through the PTC have 

been calculated using two approximate analytic solutions developed by Bellos 

et al.84 and O’Keeffe et al.65 for one-dimensional steady state models of 

surface and volumetric PTCs under turbulent flow. These models have been 

chosen because their authors kept simplifications and assumptions to a 

minimum and provided integrated expressions that include all possible 

parameters with influence on the system performance and can be solved 

directly with no computational cost. The explicit final form of these expressions 

is to be presented in the following lines. The expected outlet temperature, 𝑇 , 

and the collector efficiency, 𝜓 , for surface PTCs are given by84 

 𝑇 𝐿 𝑇
𝐾

𝑣 𝜌 𝑐
𝐺 𝐶

𝐾
𝑣 𝜌 𝑐

𝑇 𝑇  (13) 

 𝜓 𝐿 𝐾 𝐾
𝑇 𝑇
𝑊 𝐿 𝐺

 (14) 

where parameters 𝐾 , 𝐾 , 𝐾 , 𝐾  and 𝐾  are given by 

 𝐾 𝜋 𝑅 𝐿 𝜀 𝜎 4 𝑇 ℎ  (15) 
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𝐾 𝜋 𝑅 𝐿 𝜀 𝜎 1
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𝐾

 (16) 
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 (17) 

 
𝐾 𝜓 1

4 𝑇 𝐾
𝐾

 (18) 

 
𝐾 𝐾 1

4 𝑇 𝐾
𝐾

 (19) 

Alternatively, the indicators of interest for volumetric PTCs are given by65 

 𝑇 𝐿 𝑇 2
𝐶 𝐺 𝛾 𝛾 𝐹 𝐶

𝑢 𝜌 𝑐 𝑅
𝐿 (20) 

 𝜓 𝛾 𝛾 𝐹 𝐶 (21) 

The number of transfer units (NTU) method has been used for the calculation 

of the effectiveness of the heat exchanger, since the outlet temperatures of 

the fluids in the exchanger are not known. For the special case in which phase 

change of one of the fluids in the exchanger occurs (water evaporation), the 

effectiveness of the heat exchanger, 𝜓 , is independent of its arrangement 

and given by146 

 𝜓 1 𝑒  (22) 

 

1
𝑈 𝐴

1
ℎ 𝐴

ln 𝑅 𝑅⁄

2 𝜋 𝜅 𝐿
1

ℎ 𝐴
≃

≃
1

ℎ 𝐴
1

ℎ 𝐴
 

(23) 

 𝐶 𝑣 𝜌 𝑐  (24) 
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in which the thermal conductivity of the wall separating the fluids, 𝜅 , is 

assumed to be high enough to fairly simplify the expression appearing in 

Equation 23. For the sake of simplicity, each and every single variable, 

parameter or constant in Equations 13-24 is properly identified in Tables 5 and 

6, at the end of this section, including their values in SI units, references from 

the system they apply to or comments on how to calculate them. 

The outlet temperature 𝑇 , as a function of the total length of the array PTC 

modules 𝐿, is discussed at first instance. Final results from Equations 13 and 

20 are presented in Figure 20A, in which different case scenarios with surface 

or volumetric absorbers, with DowthermTM A or the 0.030 wt.% Pd nanofluid 

sample as HTF, and different flow rates. These sample was chosen for the 

purposes of comparison because it provides maximum enhancements in 

specific heat and thermal conductivity. The incident radiative heat flux, the 

width of the collector aperture, the efficiency of optical elements and pipe 

diameters are the same in all cases. The inlet temperature, 𝑇  = 473 K, is also 

the same in all cases. The upper limit for the range of temperatures of interest 

is 𝑇  = 673 K, which is the maximum operating temperature for DowthermTM 

A stability not to be compromised. The aim is to estimate the required length 

of the PTC array and flow rate for each HTF to reach the maximum operating 

temperature (𝑇  = 𝑇 ) in each type of collector, and determine which option 

is more cost-efficient. 

The temperature rise per unit length is diminished for increasing flow rates 

under constant solar irradiation, but large flow rates are required so that 

turbulent regime is guaranteed for energy to be transferred from the surface 

to the HTF as it flows through the PTC in order to avoid local overheating.46 

This is particularly important in the case of surface PTC, not only for radiative 

losses to be minimised but also because surface overheating promotes 

thermal stress of the receiver and degradation of the absorbing coating, 

whose lifespan decays exponentially with temperature.147 The flow rate 𝑣 in a 

typical surface PTC is 𝑣 = 2.6 lꞏs-1 (𝑅𝑒 ≃ 300000). The 𝑇  = 𝑇  condition for 
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surface PTC, according to the results shown in Figure 20A, is satisfied at 

𝐿 ≃ 260 m with DowthermTM A as HTF and 𝐿 ≃ 325 m with the nanofluid 

sample as HTF. 

 
Figure 20. Outlet temperature, as a function of the total length of the PTC array [A] and 
the estimated collector efficiency, heat exchanger effectiveness and system 
performance [B]. Different case scenarios are considered, for surface or volumetric absorbers, 
with the base fluid (BF) and the 0.030 wt.% Pd nanofluid sample (NF) as heat transfer fluids, at 
different flow rates. The dashed blue line in [B] indicates the maximum overall system 
performance. Source: I. Carrillo-Berdugo et al. in ACS Sustainable Chem. Eng. 9 4194-4205 
(2021), available in Appendix IV (adapted). 

Volumetric absorption with DowthermTM A, as shown in Figure 20A, is 

unfeasible from a practical perspective. A volumetric PTC with exactly the 

same geometry and flow rate than a surface PTC would meet the 𝑇  = 𝑇  

condition at 𝐿 ≃ 340 m with the nanofluid sample as HTF. In other words, a 

volumetric PTC with the same configuration than a surface PTC is less cost-

efficient, because a larger PTC array would be required for the maximum 

operating temperature to be achieved. However, as the previously mentioned 

overheating problems do not apply for volumetric absorbers, flow rates can be 

significantly reduced. Particularly, given the storable energy density (i.e., the 

product of density and specific heat, 𝜌 𝑐 ) with the 0.030 wt.% Pd nanofluid 

sample is increased by 20% with respect to the base fluid (2443 kJꞏm-3ꞏK-1 for 

the nanofluid and 1943 kJꞏm-3ꞏK-1 for the base fluid), flow rates can be 
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accordingly reduced by 20%, down to 𝑣 = 2.0 lꞏs-1 (𝑅𝑒 ≃ 240000), so that the 

heat capacity rate is not modified. With this, the 𝑇  = 𝑇  condition for 

volumetric PTC is fulfilled at 𝐿 ≃ 270 m. Do note that a longer PTC array is 

needed for those nanofluids whose specific heat is higher than that of the base 

fluid to be heated up to 673 K, but that does not necessarily imply that the 

performance of the system is lower. The thermal efficiency of the collector and 

the effectiveness of the coupled heat exchanger need to be assessed for an 

informed conclusion on the overall system performance to be drawn. 

The thermal efficiencies 𝜓  associated to each solar collector have been 

calculated with the solutions in Equations 13 and 20 and the effectiveness of 

the heat exchanger for steam generation 𝜓  have been calculated with 

Equation 21. Results are shown in Figure 20B, in which the overall system 

performance is simply calculated as 𝜓  = 𝜓 𝜓 . Four sets are 

included in the diagram for data visualisation: (i) surface PTC with the base 

fluid at 𝑣 = 2.6 lꞏs-1, (ii) surface PTC with the nanofluid sample at 𝑣 = 2.6 lꞏs-1, 

(iii) volumetric PTC with the base fluid at 𝑣 = 2.0 lꞏs-1, (iv) volumetric PTC with 

the nanofluid sample at 𝑣 = 2.0 lꞏs-1. Except for (iii), the other three 

configurations have similar collector efficiencies, with variations below 1%. 

The effectiveness of the heat exchanger is found to be improved by 6% if the 

base fluid is replaced by the nanofluid sample as HTF, because the heat 

transfer rate per unit temperature, defined by the product of the overall heat 

transfer coefficient and the area, 𝑈𝐴, is magnified as a consequence of the 

increased specific heat and thermal conductivity of the nanofluid compared to 

DowthermTM A (for a coil of 20 m, 𝑈𝐴  = 3.7 kWꞏK-1, 𝑈𝐴  = 5.5 kWꞏK-1 and 

𝑈𝐴  = 4.8 kWꞏK-1). The effectiveness of the heat exchanger is also 

increased by an additional 4% if the heat transfer nanofluid enters the 

exchanger with reduced flow rate, which occurs for volumetric PTCs, because 

the minimum heat capacity rate is reduced and that increases the NTU. The 

overall system maximum performance is found to be 45.3% for the volumetric 

PTC with the nanofluid sample as HTF with a flow rate of 2.0 lꞏs-1. 
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Table 5. Summary of parameters in Equations 13-21.41, 42, 148 

Symbol Value Units Description 

𝑇   473 K Inlet temperature 

𝑇   573 K Mean temperature 

𝑇   (dep. var.) K Outlet temperature 

𝑇   298 K Ambient temperature 

𝑊  5 m Concentrator mirror aperture width 

𝐿  (indep. var.) m PTC array total length 

𝑅   0.033 m Receiver inner radius 

𝑅   0.035 m Receiver outer radius 

𝑅   0.055 m Cover inner radius 

𝑅   0.058 m Cover outer radius 

𝐺   1000 Wꞏm-2 Solar irradiation 

𝐶   22.7 – Concentration factor (𝑊𝐿 to 𝜋𝑅 𝐿 ratio) 

𝛾   0.94 – Concentrator mirror reflectance (low-iron glass) 

𝛾   0.94 – Cover transmittance (Pyrex glass) 

𝛾   0.94 – Receiver absorptance (Luz Black Chrome) 

𝜀   0.22 – Receiver emittance (Luz Black Chrome) 

𝜎  5.67ꞏ10-8 Wꞏm-2ꞏK-4 Stefan-Boltzmann constant 

𝐹  0.90 – 
Heat mirror transmittance 
(Sn-doped In2O3 & Corning 7059 glass) 

𝐶  
0.125 (bf) 
1.000 (nf) 

– HTF sunlight attenuation factor 

𝑣  2.6 or 2.0 lꞏs-1 HTF flow rate 

𝑢  0.75 or 0.60 mꞏs-1 HTF mean velocity 

𝜌  𝑇   823.6 kgꞏm-3 Base fluid density at 𝑇  

𝜅  𝑇   1.4ꞏ10-4 Paꞏs Base fluid dynamic viscosity at 𝑇  

𝑐  𝑇   2359.2 Jꞏkg-1ꞏK-1 Base fluid isobaric specific heat at 𝑇  

𝜅  𝑇   0.094 Wꞏm-1ꞏK-1 Base fluid thermal conductivity at 𝑇  

ℎ  𝑇   1289 Wꞏm-2ꞏK-1 
Base fluid convection coefficient at 𝑇  
(Dittus-Boelter formula for a heated fluid) 

𝜌  𝑇   824.5 kgꞏm-3 Nanofluid density at 𝑇  

𝜅  𝑇   1.36ꞏ10-4 Paꞏs Nanofluid dynamic viscosity at 𝑇  

𝑐  𝑇   2963.4 Jꞏkg-1ꞏK-1 Nanofluid isobaric specific heat at 𝑇  

𝜅  𝑇   0.182 Wꞏm-1ꞏK-1 Nanofluid thermal conductivity at 𝑇  

ℎ  𝑇   2104.0 Wꞏm-2ꞏK-1 
Nanofluid convection coefficient at 𝑇  
(Dittus-Boelter formula for a heated fluid) 

ℎ  𝑇   10.0 Wꞏm-2ꞏK-1 Air convection coefficient at 𝑇  

𝜓   0.82 – Optical efficiency (𝛾 𝛾 𝛾 ) 

𝜓   (to be calculated) – Collector thermal efficiency 
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Table 6. Summary of parameters in Equations 22-24. 

Symbol Value Units Description 

𝑇 ,   673 K Inlet temperature of the hot source (HTF) 

𝑇 ,   573 K Mean temperature of the hot source (HTF) 

𝑇 ,   298 K Inlet temperature of the cold source (water) 

𝑇 ,   323 K Mean temperature of the cold source (water) 

𝐿   20 m Pipe coil length (arbitrary value) 

𝑅   0.033 m Pipe inner radius 

𝑅   0.035 m Pipe outer radius 

𝑣   2.6 or 2.0 lꞏs-1 HTF flow rate 

𝑣   2.6 lꞏs-1 Water flow rate 

𝜌  𝑇 ,   823.6 kgꞏm-3 Base fluid density at 𝑇 ,  

𝜅  𝑇 ,   1.36ꞏ10-4 Paꞏs Base fluid dynamic viscosity at 𝑇 ,  

𝑐  𝑇 ,   22359.4 Jꞏkg-1ꞏK-1 Base fluid isobaric specific heat at 𝑇 ,  

𝜅  𝑇 ,   0.094 Wꞏm-1ꞏK-1 Base fluid thermal conductivity at 𝑇 ,  

ℎ  𝑇 ,   1440.2 or 953.6 Wꞏm-2ꞏK-1 
Base fluid convection coefficient at 𝑇 ,  
(Dittus-Boelter formula for a cooled fluid) 

𝜌  𝑇 ,   824.5 kgꞏm-3 Nanofluid density at 𝑇 ,  

𝜅  𝑇 ,   1.36ꞏ10-4 Paꞏs Nanofluid dynamic viscosity at 𝑇 ,  

𝑐  𝑇 ,   2963.4 Jꞏkg-1ꞏK-1 Nanofluid isobaric specific heat at 𝑇 ,  

𝜅  𝑇 ,   0.182 Wꞏm-1ꞏK-1 Nanofluid thermal conductivity at 𝑇 ,  

ℎ  𝑇 ,   1944.1 or 1626.2 Wꞏm-2ꞏK-1 
Nanofluid convection coefficient at 𝑇 ,  
(Dittus-Boelter formula for a cooled fluid) 

𝜌  𝑇 ,   988.5 kgꞏm-3 Water density at 𝑇 ,  

𝜅  𝑇 ,   3.76ꞏ10-4 Paꞏs Water dynamic viscosity at 𝑇 ,  

𝑐  𝑇 ,   4180.9 Jꞏkg-1ꞏK-1 Water isobaric specific heat at 𝑇 ,  

𝜅  𝑇 ,   0.643 Wꞏm-1ꞏK-1 Water thermal conductivity at 𝑇 ,  

ℎ  𝑇 ,   3913.0 Wꞏm-2ꞏK-1 
Water convection coefficient at 𝑇 ,  
(Dittus-Boelter formula for a heated fluid) 

𝜓   (to be calculated) – Heat exchanger effectiveness 

 

To sum up, nanofluid-based volumetric PTCs, compared to the typical surface 

PTCs with DowthermTM A, do not suffer from overheating-induced thermal 

stresses and reduces the required amount of HTF and pumping requirements 

by 20%, with no limitations for the 𝑇  = 𝑇  =673 K condition to be achieved 

but using a 4% longer PTC array only. Besides, the use of this nanofluid 

sample as HTF increases the global heat transfer coefficient in a heat 

exchanger for steam generation, as consequence of its improved 

thermophysical properties. The above analysis allows to conclude that the 
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overall system peak performance increases up to 45.3% and that installation 

and maintenance costs, although tentatively, can be minimised. This is 

ultimately translated into more cost-efficient, optimised PTC CSP plants. 

 

4.5. Thermodynamics and kinetics of the formation of an interfacial 

molecular layer in Pd nanoplate-containing nanofluids. 

According to the results gathered in Sections 4.3.4 and 4.3.5, specific heat 

and thermal conductivity trends with mass fraction exhibited distinctive 

maxima for intermediate mass fractions in Pd nanoplate-containing 

nanofluids. Particular emphasis was put on such anomaly, because the most 

widely used numerical models for the specific heat of mixtures fail to predict 

it.101 Other authors in previous literature attempted to explain this non-

monotonous trends by providing phenomenological descriptions and models 

derived from those descriptions, so that available experimental data is 

approximately reproduced. Some of the most successful models for such 

purpose account for the existence and influence of an interfacial layer existing 

between the disperse and dispersant phases in nanofluids. These numerical 

models do certainly fulfil their purpose, but the information to be derived from 

them is certainly unconclusive sometimes and biased by many adjustable 

parameters for which no data or analytical formulism exists. What is more, 

they are developed on the premise of an active role interfacial molecular layer 

whose existence, nature, structure or impact on physical properties lack 

microscopic evidence, although it is undeniable that they put a very unique 

feature of the nanofluid structure and dynamics under the spotlight. 

HIGHLIGTHS FROM SECTION 4.4 

 Compared to surface PTC with DowthermTM A, volumetric PTC with the nanofluid 

sample of interest increases the system efficiency up to 45.3% and reduces pumping 

requirements by 20%, with minimum increases in the collector length, thus becoming 

more cost-efficient. 
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The adequacy of the phenomenological models by Hentschke103 and Yu and 

Choi141 for the specific heat and thermal conductivity of Pd nanoplate-

containing aromatic oil-based nanofluids suggest these nanofluid could be 

representative case for the study of the interfacial molecular layering 

phenomenon. This section approaches the feasibility for an interfacial 

molecular layer to be formed by investigating the thermodynamic viability and 

kinetic constrains of this molecular layer in the solid-liquid interface of these 

nanofluids by using ab initio calculations. It also represents the first step in a 

more realistic modelling of nanofluids, which is essential for the assessment 

on how much the existence of this interfacial layer affects specific heat and 

thermal conductivity, to be addressed in later sections of Chapter IV. 

The energetics and geometry of adsorption complexes of biphenyl (BP) and 

diphenyl oxide (DPO), which are the constituent molecules of the base fluid, 

on Pd (111) and Pd (100) surfaces, which are the exposed facets in Pd 

nanoplates, are examined. To begin with, it is well established that the 

adsorption of aromatic rings on transition metal surfaces occurs mostly on 

sites where rings sit parallel to the surface and whose symmetry favours good 

alignment for the C pz orbitals to overlap with the metal dz
2 and dyz orbitals,120-

123 so that π-bonding is allowed. Considering this, the initial configurations of 

the complexes under study were such that both phenyl rings in BP and DPO 

were positioned to occupy high-symmetry sites on Pd (111) and Pd (100), as 

shown in Figure 21. In the notation of the adsorption geometries sites, ‘Bri’ 

stands for bridging, ‘H’ for hollow and ‘Top’ for atop-an-atom. Superscripts are 

used to distinguish different hollow sites according to the packaging of atoms 

around it (hcp, fcc or bcc) and subscripts indicate the degrees of rotation (0º 

or 30º) of the aromatic ring with respect to the surface lattice vectors. This 

nomenclature has been used in previous studies.120, 149, 150 

The Vienna Ab initio Simulation Package (VASP)151-153 was used to perform 

all DFT simulations. Structural models in VASP are periodic in three 
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Figure 21. High symmetry sites on Pd surfaces. Pd (111) surface termination is 

presented on the left and Pd (100) surface termination is presented on the right. 

Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), 

available in Appendix II. 

dimensions, therefore supercells representing surface terminations with a 

vacuum slab of 15 Å were used, 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 

using the Perdew, Burke and Ernzerhof (PBE) functional with Grimme’s 

dispersion corrections,154-156 which has been proven to work well for the 

calculation of adsorption energies of molecules on metal surfaces.157 Brillouin-

zone integrations were performed using Monkhorst-Pack grids158, 159 with a k-

point density of 0.2 Å-1 and a first-order Methfessel-Paxton smearing160 of 

0.2 eV. It was verified that these parameters led to convergence and to a 

negligible entropy term below 1 meV per atom. Interactions between valence 

electrons and atomic cores were described using projector-augmented wave 

(PAW) potentials.161, 162 The kinetic energy cut-off of the plane-wave basis set 

expansion was set at 400 eV, which is the default for the employed 

pseudopotentials. When optimising the Pd bulk unit cell including cell vectors, 

the cut-off was increased by 30% to avoid Pulay stress errors. 

Figure 22 shows the different stable adsorption complexes derived from DFT 

calculations in VASP. Other initial adsorption geometries (that including DPO 
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approaching the surfaces by the O atom) were examined, but they either 

converged to one of the arrangements in Figure 22 or showed much weaker 

adsorption than these. None of the resulting structures is representative of a 

dissociative adsorption process when either DPO or BP molecules approach 

the surface. Several initial dissociated adsorption geometries (with phenyl and 

phenoxy fragments attached to the surface) were also considered, but they all 

found to be energetically unfavourable in comparison with the non-dissociated 

adsorption geometries. 

 
Figure 22. Geometry of adsorption complexes of DPO and BP on Pd (111) and (100) 
surfaces. Nine non-redundant non-dissociative stable structures were identified: [A] Bri -

Bri , [B] Bri -H , [C] Bri -H , [D] H -H  and [E] H -H  for DPO on Pd (111); [F] 

Bri -Bri  and [G] H -H  for BP on Pd (111); [H] H -H  for DPO on Pd (100); [I] H -
H  for BP on Pd (100). Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy Mater. 3 9246-
9256 (2020), available in Appendix II. 

Some energetic and geometric data for these adsorption complexes is 

summarised in Table 7. The negative sign of adsorption energies indicates 

that the adsorption of these molecules on Pd (111) or Pd (100) surfaces is a 

thermodynamically favourable process, and the large magnitude indicates a 

very strong adsorption (see values in Table 7, column 4). Considering the 

energetics of thermal effects are in the order of 𝑘 𝑇 (i.e., ~41 meV at 475 K), 

these results also mean that the desorption process is energetically 

prohibitive, demonstrating a strong stability of the adsorbate-adsorbent 
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complexes. This can be understood as the interfacial layer being unmovable 

even if the nanofluid is under high-temperature conditions. It is consistent with 

the experimental data shown in Figure 18, as the unique specific heat 

maximum for intermediate concentrations explained by the mesolayer model 

remains even at the highest characterisation temperature. 

Table 7. Energetic and geometric details of the adsorption complexes under study. 
Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), available in 
Appendix II. 

 Site A Site B 𝐸 a / eV 𝑁 b 𝑙 c / Å 𝑙 d
 / Å 𝑙 e / Å 𝜃 f / º 𝜙 g / º 𝑙 h

 / Å 𝜙 i / º 

DPO (free) (free)    1.40 1.39 117.2 178.3   

BP (free) (free)    1.40    1.48 144.5 

DPO on 
Pd(111) 

Bri  Bri -3.93 8 2.19 1.44 1.40 121.1 150.1   

Bri  H -3.82 7 2.21 1.44 1.40 122.1 153.0   

Bri  H -3.78 7 2.21 1.44 1.40 122.1 153.2   

H  H -3.62 6 2.21 1.44 1.40 124.7 148.6   

H  H -3.53 6 2.21 1.44 1.40 124.7 148.5   

BP on 
Pd(111) 

Bri  Bri -4.07 8 2.20 1.45    1.48 176.9 

H  H -3.65 6 2.25 1.44    1.48 178.2 

DPO on 
Pd(100) H  H -4.68 8 2.21 1.44 1.40 124.0 153.2   

BP on 
Pd(100) H  H -4.62 8 2.22 1.44    1.46 176.6 

aAdsorption energy, calculated as the difference between the free energy of the adsorption
complex and the sum of the free energies of the isolated bare surface and the gas-phase 
molecule; bnumber of Pd atoms involved in the molecule-surface interaction; cC–Pd bond 
length; dC=C bond length; eC–O bond length; fC–O–C angle; gO–C=C=C dihedron; hC–C bond 
length; iC=C–C=C dihedron. 

In order to understand the molecule-surface interaction in more detail, the 

relative stabilities of the different adsorption geometries on each surface are 

discussed. For the adsorption of DPO and BP on Pd (111) surface, aromatic 

rings are preferentially coordinated to Bri H H  sites (see Table 7, 

column 4). This can be explained by a couple of considerations. First, the 

number of Pd atoms involved in the adsorption. Aromatic rings on Bri  sites 

are coordinated to four Pd atoms, whereas those on H  and H  sites are 

only coordinated to three of them. This results into a more distributed energy 
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density for Bri  and, consequently, a tighter binding as it is reflected in C–Pd 

bond lengths (see Table 7, columns 5 and 6). Second, the contributions from 

geometry distortions of the adsorbed molecule compared to the gas phase 

molecule, i.e., the optimal geometry. The average C=C bond length (see Table 

7, column 7) is usually taken as a geometric reference to discuss the distortion 

of adsorbed aromatic rings on different surfaces, but the information it gives 

for these adsorption complexes is limited as it indistinctly widens from 1.40 Å 

in gas phase molecule to 1.44 Å in all adsorbed molecules. Looking at DPO, 

the average C–O bond length (see Table 7, column 8) slightly varies from 

1.39 Å in gas phase to 1.40 Å adsorbed, however the C–O–C angle (see Table 

7, column 9) in adsorbed DPO becomes more obtuse with respect to the free 

molecule (117.2º), this distortion being more significant if both aromatic rings 

or one of them are on H  or H  sites (124.7º and 122.1º, respectively) 

instead of Bri  sites (121.1º). The distortion of O–C=C=C dihedron (see 

Table 7, column 10) is also significant (178.3º in gas phase) but not limiting. 

Looking at BP, the extent of geometry distortion is almost the same regardless 

of the occupation of sites, except for the difference of 1.3º in the C=C–C=C 

dihedron (see Table 7, column 12), which suggest that the difference in 

adsorption energies is mostly due to the number of Pd atoms the aromatic 

rings are coordinated to. Now for the adsorption of DPO and BP on Pd (100) 

surface: only H  sites are found to be occupied. Looking at BP, in Figure 22I, 

the C–C bond length (see Table 7, column 11) shortens in favour of good 

alignment between both aromatic rings on H  sites. This geometry distortion 

may explain why the adsorption on Pd (100) is slightly less favoured for BP 

than for DPO. 

In summary, according to adsorption energies in Table 7, the most stable 

configurations are Bri -Bri  for both DPO and BP on Pd (111) (see Figures 

22A and 22F) and H -H  for both DPO and BP on Pd (100) (see Figures 

22H and 22I). Overall, the geometry of the aromatic rings is mostly preserved, 

but it is the distortion of the linkers between them what limits and explains the 
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preferential occupation of different sites. Also, for adsorbed molecules on Pd 

(111), preferential occupation of Bri H H  sites were found, as was 

described above. 

With the configurations of the different adsorption complexes of DPO and BP 

on Pd (111) and Pd (100) surfaces and their relative thermodynamic driving 

force now established, the kinetic limitations for each case are now discussed. 

For that, the nudged elastic band (NEB) method163, 164 was used for the 

approximation of minimum energy paths (MEP) and the estimation of energy 

barriers in adsorption/desorption and surface-diffusion processes. A series of 

NEB calculations for MEP approximations were carried out in VASP. Five 

images were considered, with initial positions created by linearly interpolating 

the ionic coordinates of two optimised well-known structures. During the NEB 

optimization, images were kept equidistant, and the energy minimised until 

the total free energy difference between two ionic steps was smaller than 

0.01 eV. 

Figures 23A and 23B show the energy profile for the adsorption of DPO and 

BP from gas phase configuration to Bri -Bri  configuration on Pd (111) and 

to H -H  configuration on Pd (100), which are the most stable 

configurations according to Table 7. These plots highlight the 0.31 eV and 

0.18 eV activation energy requirement for the adsorption of DPO on Pd (111) 

and Pd (100) whereas the adsorption of BP seems to be, regardless the 

surface, kinetically unhindered. The computed MEP suggests that the critical 

parts of the path for the adsorption of DPO are the broadening of the C–O–C 

angle and the narrowing of the O–C=C=C dihedron, as shown with the 

graphical insets in Figures 23A and 23B. 
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Figure 23. Computed MEP for the adsorption of DPO and BP on Pd (111) [A] and Pd (100) 
[B] surfaces. Initial, transition state and final structures are highlighted. All energies are given 
relative to their corresponding first image in the NEB calculation. Source: I. Carrillo-Berdugo et 
al. in ACS Appl. Energy Mater. 3 9246-9256 (2020), available in Appendix II. 

Additionally, for the Pd (111) surface, which is the most exposed facet on 

nanoplates surface, the activation barriers for on-surface diffusion were 

studied, in order to assess the mobility of the molecules once adsorbed. These 

calculations provide a preliminary insight into the dynamic or static nature of 

the interfacial layer, at least, on the boundaries of the nanoplate. The first case 

is the diffusion of adsorbed DPO from H -H  configuration (see Figure 

22D) to Bri -H  configuration (see Figure 22B) and to Bri -Bri  
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configuration (see Figure 22A). According to the computed MEP in Figure 

24A, the first aromatic ring would translate from H  site to Bri  site through 

a Bri -like transition state (TS) with an associated activation energy of 

0.16 eV, and the second one would translate through an H -like TS with an 

associated activation energy of 0.06 eV. 

The second-step TS being structurally more similar to the initial than to the 

final configuration in the second step is consistent with Hammond’s 

postulate,165 as the activation energy is very small. The second case is the 

diffusion of adsorbed DPO from H -H  (see Figure 22E) configuration to 

Bri -H  (see Figure 22C) configuration and to Bri -Bri  configuration (see 

Figure 22A). The computed MEP in Figure 24B reveals that the energy profile 

for this diffusion pathway is very similar to the previous case. The first aromatic 

ring would translate from H  site to Bri  site through a Bri -like TS with an 

associated activation energy of 0.12 eV, and the second one would translate 

through another Bri -like TS with an associated activation energy of 0.16 eV. 

In this case, as the activation energy is higher, the second-step TS is 

structurally more similar to the final configuration. 

The last case studied is the diffusion of adsorbed BP from H -H  

configuration (see Figure 22G) to Bri -Bri  configuration (see Figure 22F). 

Here the translation of both rings seems to be simultaneous, as the degrees 

of freedom are much more limited due to their direct bonding. NEB calculation 

predicts the MEP plotted in Figure 24C, in which the aromatic ring on H  site 

would translate to Bri  site over the top of a Pd atom, and the other one on 

H  site would translate to Bri  site through a Bri -like TS. The overall 

activation energy is 0.62 eV and, attending to the structure of the TS, the 

kinetic barrier of the H -Top-Bri  transition is expected to be the major 

contribution. 

 



PhD Thesis 77
 

 
Figure 24. Computed MEP for the diffusion of DPO and BP on the Pd (111) surface. 

Different pathways are studied: from H -H  to Bri -H  to Bri -Bri  configurations [A]; 

from H -H  to Bri -H  to Bri -Bri  configurations [B]; and from H -H  to Bri -Bri  
configurations [C]. Initial, transition state and final structures are presented (their points in the 
energy profile are indicated with crossed squares). Pd atoms with direct interactions are 
highlighted in yellow. All energies are given relative to their corresponding first image in the 
NEB calculation. Source: I. Carrillo-Berdugo et al. in ACS Appl. Energy Mater. 3 9246-9256 
(2020), available in Appendix II. 

It is clear from these results that a non-negligible energy requirement exists 

for both DPO and BP molecules to diffuse on Pd (111). This requirement is 



 78 Iván Carrillo Berdugo
 

kinetically prohibitive for the process to occur, at least under operating 

temperatures. Considering also the magnitude of adsorption energies, one 

can think of the solid-liquid interfacial layer as a static molecular architecture 

in which adsorbed molecules are somewhat more confined and with a smaller 

inter-molecular spacing than in liquid phase. Further investigation is required 

to elucidate the implication of this architecture on the observed specific heat 

and thermal conductivity enhancements. 

 

4.6. The potential energy surface of Pd–C interactions. 

The existence of the interfacial molecular layer was proven to exist in the 

previous section, but no unequivocal direct link between the existence of such 

layer and the observed enhancements in the specific heat and thermal 

conductivity of Pd nanoplate-containing aromatic oil-based nanofluids has 

been provided. That will be investigated using MD simulations with different 

models with physisorption-induced and chemisorption-induced interfaces for 

these nanofluids. 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 force field. Since the goal is to investigate the effect of the 

chemisorbed layer on the properties of the nanofluid, the accurate 

parameterisation of a potential function for this bonding interaction, specifically 

HIGHLIGTHS FROM SECTION 4.5 

 The non-dissociative adsorption of DPO and BP molecules on Pd (111) and (100) 

surfaces is thermodynamically favoured. The magnitude of adsorption energy is high 

enough to state that molecules will not leave the surface under high temperature 

operating conditions. 

 An activation energy requirement exists for the adsorption of DPO, which indicates 

only BP should cover the surface. 

 An activation energy requirement exists for the diffusion of DPO and BP on Pd (111) 

surface, which indicates the interfacial molecular layer is likely to be static. 



PhD Thesis 79
 

a Morse potential, is of crucial importance. Such a potential function can be 

derived from a PES, which is generated by scanning the Pd–C bond with 

single-point energy calculations, for different distances from the equilibrium 

bond length, at the periodic-DFT level of theory with VASP, using the same 

setup described for the optimisation of the adsorbate-adsorbent 

configurations in the previous section. Thus, as shown in Figure 25A, a total 

of four DFT PES are generated, for the chemisorption of each molecule on 

each surface, in which the absolute minima are associated to one of the most 

stable adsorption geometries shown in Figure 22: Bri -Bri  for both DPO 

and BP on the Pd (111) surface and H -H  for both DPO and BP on the 

Pd (100) surface. 

The parameters for a Morse potential are derived from the computed PES 

using the fitting feature available in General Utility Lattice Program (GULP),166-

170 which considers the Newton-Raphson approach for the minimisation of the 

sum of squares, 𝐹, as 

 𝐹 𝑤 𝑓 , 𝑓 ,  (25) 

where 𝑓 ,  and 𝑓 ,  are the calculated and observed quantities and 𝑤  is a 

weighting factor. For this particular case, the calculated and observed 

quantities are the energy calculated by the Morse potential function and the 

energy obtained by DFT simulations from a total of eleven different structures 

(𝑛 = 11). The three energy points in the minimum of the PES are weighted by 

a factor of 2.0, whereas the furthest two points in the harmonic tail are 

weighted by factors of 0.5 and 0.25. Also, for a more representative 

interatomic potential for the Pd–C interaction, potential parameters are 

successively averaged and refined: (i) 𝐷 , 𝛼 and 𝑙  are set as variables to be 

fitted; (ii) average 𝑙  from the first fit is set as a constant, 𝐷  and 𝛼 are set as 

variables to be fitted; (iii) average 𝑙  from the first fit and average 𝛼 from the 

second fit are set as constants, only 𝐷  is set as variable to be fitted. The 
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parameters obtained from the final average are the Morse potential 

parameters to be used in MD simulations, which are explicitly presented in 

Table 12, in Section 4.7. 

As it is shown in Figure 25A, 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. According to the relative errors plotted in Figure 25B, 

the calculation of energies is more accurate for those energy points closer to 

the minimum of the well (within ±2.5%) than those in its tails (mostly within 

±10%). This is in agreement with the distribution of weighting factors in GULP, 

chosen for the minimum of the well, which is going to be predominantly 

explored in MD trajectories, to be described with the best possible accuracy. 

 
Figure 25. DFT PES and force field PES for the interaction between fluid molecules and 
Pd surfaces [A] and relative errors in the calculations of energies for each point in the 
PES [B]. 𝑑 is the interplanar spacing between the planes defined by phenyl rings and the 
metallic surface. Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available 
in Appendix III (adapted). 

Overall, the PESs are properly described by the parametrised Morse potential 

function, which will keep molecules permanently attached to the surface 

during the dynamics of chemisorption-induced models. This is a reasonable 

approach considering the stability of the adsorbate-adsorbent complexes in 
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the range of operating temperatures has been proven in the previous section, 

meaning BP and DPO molecules will not leave the solid-liquid interface during 

MD simulations. 

 

4.7. Initial configuration, forcefield and setup for molecular dynamics: 

validation and sources of systematic errors. 

A multiple-model comparison at the MD level-of-theory is the strategy of 

choice for an assessment of the effects induced by the existence of an 

interfacial molecular layer on the physical properties of nanofluids. A total of 

four different MD models are implicated, one for the base fluid and three others 

for the nanofluid. Each of the nanofluid models represents a unique case 

scenario in which the solid-liquid interface is recreated by attending to different 

physical chemistry backgrounds, with the aim of ascertaining which is the 

impact of interactions at the molecular scale, molecular coverage and 

temperature on the specific heat and transport properties in Pd nanoplate-

containing aromatic oil-based nanofluids. These three models are 

represented in Figure 26. 

The base fluid model, BF, is represented by a box of 265 BP molecules and 

735 DPO molecules, preserving the eutectic proportion. A total of 1000 

molecules was verified to satisfy the thermodynamic limit condition, so that 

statistical mechanics relations between macroscopic observables and 

microscopic features of the physical system can be used for analysis. The 

HIGHLIGTHS FROM SECTION 4.6 

 A Morse potential has been parametrised to describe the PES of the interactions 

between base fluid molecules and Pd surfaces, so that chemisorption can be 

properly described in MD simulations. 

 This Morse potential is able to reproduce and distinguish fine details such the 

adsorption energy or the distance of the chemisorbed molecule from the surface in 

each case. 
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Optimised Potential for Liquid Simulation – All Atom (OPLS-AA) force field171 

with parameters from LigParGen172-174 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). 

 
Figure 26. Summary of all nanofluid models considered for MD. A description of each case 
scenario is given, together with the classical potential functions describing atomic interactions 
between atoms in the base fluid, the nanoplate and the interface. Source: I. Carrillo-Berdugo et 
al. in ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in Appendix IV. 

The first nanofluid model, NF1, has a physisorption-induced solid-liquid 

interface. Here 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 as part of 

the experimental framework of this thesis. A Morse potential with parameters 

from Yokoyama and Ohta175 is introduced to account for bonding interactions 

between Pd atoms in the nanostructure. Pairwise interactions between Pd 
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atoms176 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 second and third nanofluid models, NF2 and NF3, have a chemisorption-

induced solid-liquid interface. Here a surface-decorated Pd nanoplate is 

surrounded by 1206 base fluid molecules. In model NF2 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. Alternatively, in 

model NF3 chemisorption is treated as a kinetically-controlled process, thus 

one of the molecules is predominantly chemisorbed over the other one. It is 

known, from results in Figure 23, in Section 4.5, 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. A maximum of two C atoms are simultaneously bonded to 

one Pd atom. The ab initio parametrised Morse potential from Section 4.6 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. 

Although some of the classical potentials in the forcefield have been 

mentioned in paragraphs above, the explicit form and parametrisation of the 

functional of classical potentials that describe the energetics of bonding and 

non-bonding interactions between atoms in base fluid and nanofluid models 

is now presented in detail. Non-bonding interactions between all atoms 

species in the system were simulated by 
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 𝑈 4𝜖
𝜎

𝑟

𝜎

𝑟

𝑞 𝑞

4𝜋𝜀 𝑟
 (26) 

where 𝑟  is the distance between each pair of non-bonded atoms, i and j, 

interacting as described by the energetics of the Lennard-Jones potential, 

which is a function of the well depth 𝜖  and the collision diameter 𝜎 , and the 

Coulomb potential, which is a function of the atomic charges 𝑞  and 𝑞 . These 

parameters are included in Table 8. The Lorentz-Berthelot combining rules, 

𝜖 𝜖 𝜖  and 𝜎 𝜎 𝜎 2⁄ , were used to define the Lennard-Jones 

potential parameters for pair interactions between odd atoms. 

Table 8. Atom types description, atomic charges for the Coulomb potential and well 
depth and collision diameter for the Lennard-Jones potential.172-174, 176 All parameters are 
presented in the units of the unit style real in LAMMPS. Source: I. Carrillo-Berdugo et al. in J. 

Mol. Liq. 325 115217 (2021), available in Appendix III. 

Atom type Type description 𝑞  / e- 𝜖  / kcalꞏmol-1 𝜎  / Å 

Ha Aromatic H atom in DPO 0.1483 0.03 2.42 

C1a Unsubstituted Aromatic C atom in DPO -0.1441 0.07 3.55 

C2a Substituted Aromatic C atom in DPO 0.1126 0.07 3.55 

Oa Ether-group O atom in DPO -0.2672 0.14 2.90 

Hb Aromatic H atom in BP 0.1398 0.03 2.42 

C1b Unsubstituted Aromatic C atom in BP -0.1317 0.07 3.55 

C2b Substituted Aromatic C atom in BP -0.0405 0.07 3.55 

Pd Metallic Pd atom 0.0 6.15 2.82 

 

Bonding interactions between C, H and O atoms in base fluid molecules were 

simulated by 

 

𝑈 𝐾 𝑙 𝑙 𝐾 𝜃 𝜃

1
2

𝐾 1 𝑐𝑜𝑠 𝜙 𝐾 1 𝑐𝑜𝑠 2𝜙
𝐾 1 𝑐𝑜𝑠 3𝜙 𝐾 1 𝑐𝑜𝑠 4𝜙

 

(27) 

in which the first term is an harmonic potential for 1,2 interactions between 

bonded atoms, where 𝐾  is the force constant and 𝑙  is the equilibrium bond 
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length; the second term is an harmonic potential for 1,3 interactions between 

bonded atoms, where 𝐾  is the force constant and 𝜃  is the equilibrium angle; 

and the third term is a Fourier dihedral potential (distinctive of the OPLS-AA 

force field)171 for 1,4 interactions between bonded atoms, where 𝐾  are the 

torsional barriers and 𝜙 is the dihedral angle. These parameters are included 

in Tables 9-11. 

Table 9. Bond types and their harmonic force constants and equilibrium bond lengths.172-

174 All parameters are presented in the units of the unit style real in LAMMPS. Source: I. Carrillo-
Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available in Appendix III. 

Bond type 𝐾  / kcalꞏmol-1ꞏÅ-1 𝑙  / Å

H1a–C1a 367.0 1.080

C1a–C1a 469.0 1.400

C1a–C2a 469.0 1.400

C2a–Oa 450.0 1.364

H1b–C1b 367.0 1.080

C1b–C1b 469.0 1.400

C1b–C2b 469.0 1.400

C2b–C2b 385.0 1.460

 

Table 10. Angle types and their harmonic force constants and equilibrium angles.172-174 
All parameters are presented in the units of the unit style real in LAMMPS. Source: I. Carrillo-
Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available in Appendix III. 

Angle type 𝐾  / kcalꞏmol-1ꞏrad-1 𝜃  / º

H1a–C1a–C1a 35.0 120.0

H1a–C1a–C2a 35.0 120.0

C1a–C1a–C1a 63.0 120.0

C1a–C1a–C2a 63.0 120.0

C1a–C2a–C1a 63.0 120.0

C1a–C2a–Oa 70.0 120.0

C2a–Oa–C2a 75.0 111.0

H1b–C1b–C1b 35.0 120.0

H1b–C1b–C2b 35.0 120.0

C1b–C1b–C1b 63.0 120.0

C1b–C1b–C2b 63.0 120.0

C1b–C2b–C2b 63.0 120.0

C1b–C2b–C1b 63.0 120.0
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Table 11. Dihedral types and their torsional barriers.172-174 All parameters are presented in 
the units of the unit style real in LAMMPS. Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 325 

115217 (2021), available in Appendix III. 

Dihedral type 𝐾  / kcalꞏmol-1 𝐾  / kcalꞏmol-1 𝐾  / kcalꞏmol-1 𝐾  / kcalꞏmol-1 

H1a–C1a–C1a–H1a 0.0 7.25 0.0 0.0 

H1a–C1a–C1a–C1a 0.0 7.25 0.0 0.0 

H1a–C1a–C1a–C2a 0.0 7.25 0.0 0.0 

H1a–C1a–C2a–C1a 0.0 7.25 0.0 0.0 

H1a–C1a–C2a–Oa 0.0 7.25 0.0 0.0 

C1a–C1a–C1a–C1a 0.0 7.25 0.0 0.0 

C1a–C1a–C1a–C2a 0.0 7.25 0.0 0.0 

C1a–C1a–C2a–C1a 0.0 7.25 0.0 0.0 

C1a–C1a–C2a–Oa 0.0 7.25 0.0 0.0 

C1a–C2a–Oa–C2a 0.0 3.00 0.0 0.0 

H1b–C1b–C1b–C1b 0.0 7.25 0.0 0.0 

H1b–C1b–C1b–H1b 0.0 7.25 0.0 0.0 

H1b–C1b–C1b–C2b 0.0 7.25 0.0 0.0 

H1b–C1b–C2b–C2b 0.0 7.25 0.0 0.0 

H1b–C1b–C2b–C1b 0.0 7.25 0.0 0.0 

C1b–C1b–C1b–C1b 0.0 7.25 0.0 0.0 

C1b–C1b–C1b–C2b 0.0 7.25 0.0 0.0 

C1b–C1b–C2b–C2b 0.0 7.25 0.0 0.0 

C1b–C1b–C2b–C1b 0.0 7.25 0.0 0.0 

C1b–C2b–C2b–C1b 0.0 2.17 0.0 0.0 

 

Bonding interactions between Pd atoms in the nanoplate and between Pd 

atoms on the surface of the nanoplate and C atoms in base fluid molecules 

were simulated by 

 𝑈 𝐷 1 𝑒  (28) 

which are Morse potential functions, where 𝐷  is the dissociation energy, 𝛼 is 

the curvature of the well and 𝑙  is the equilibrium bond length. No additional 

functions for 1,3 and 1,4 interactions are required as each Pd atom is 

connected to all the nearest neighbour Pd atoms. These parameters are 

included in Table 12. 
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Table 12. Bond types and their Morse dissociation energy, curvature and equilibrium 
bond length.175 All parameters are presented in the units of the unit style real in LAMMPS. 
Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available in Appendix III. 

Bond type 𝐷  / kcalꞏmol-1 𝛼 / Å-1 𝑙  / Å

Pd–Pd 24.91 1.204 2.700

Pd–C1a 5.786 2.967 2.184

Pd–C2a 5.786 2.967 2.184

Pd–C1b 5.786 2.967 2.184

Pd–C2b 5.786 2.967 2.184

 

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)177, 

178 is the classical MD code of choice for the main core activities of the 

theoretical framework, with the models presented before. Each of the above 

explained initial configurations have been created with Moltemplate,179, 180 a 

text-based molecular builder for LAMMPS. The atom style ‘full’ and unit style 

‘real’ were set for LAMMPS, for which the attributes and parameters in Tables 

8-12 apply to. Periodic boundary conditions are imposed in the system. The 

Verlet integration scheme181 is used with a timestep of 1.0 fs for the numerical 

computation of trajectories from the equations of motions. Velocities are 

rescaled with the Nosé-Hoover thermostat and barostat algorithms.182-185 

Lennard-Jones pairwise interactions are limited to a cut-off distance of 10 Å. 

The particle-particle particle-mesh (PPPM) summation method186 was applied 

to compute long-range electrostatics. 

With that general set-up, all models were first relaxed for 10 ps in NVE 

(microcanonical ensemble conditions) and then equilibrated for 0.5 ns in NVT 

(canonical ensemble conditions) and 1.5 ns in NPT (isobaric-isothermal 

ensemble conditions). A restart file was then dumped for each system and 

temperature, so that trajectories could be resumed for further computation of 

the properties on interest with an already equilibrated system at temperature 

and pressure of interest. The values at issue for these state variables, in line 

with experimental conditions, are specified alongside the computed 

magnitude for the observables under study in the figures to come. A 5 ns run 

in NVT for the computation of energies, volume and radial distribution 
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functions (RDFs) was applied. Thermodynamic outputs from this run were 

printed every 1 ps, whereas pair RDFs were acquired every 50 ps. Other two 

5 ns runs in NVT for the computation of thermal conductivity and dynamic 

viscosity were applied. Both transport properties were computed using the 

Green-Kubo formalism.187, 188 Sampling interval (𝑠) and correlation points (𝑝) 

for flux data collection and correlation were selected for the above integrals to 

saturate in the calculation of transport properties with the base fluid model, 

which are 𝑠 = 5 fs and 𝑝 = 1000 for the calculation of thermal conductivity and 

𝑠 = 5 fs and 𝑝 = 10000 for the calculation of dynamic viscosity. For adequacy, 

dumping interval (𝑑) was chosen to be 𝑑 = 𝑠ꞏ𝑝 in all cases. 

The above presented forcefield parametrisation and simulation setup were 

validated before using the simulation approach for the identification of 

structural features and dynamic phenomena at the nanoscale, aiming for the 

rationalisation of the observed changes in physical properties of nanofluids. 

The validation procedure is supported on point-by-point comparison between 

computed data and referenced experimental data (reported by The Dow 

Chemical Company® in the DowthermTM A technical datasheet) for density, 

specific heat, thermal conductivity and dynamic viscosity of the base fluid, at 

the same temperature. Figure 27 is intended for validation purposes. Trends 

with temperature are well reproduced for all physical properties, which proves 

the chosen force field parameters provide the model with good response 

sensitivity to changes in this state variable. This is particularly significant for 

thermal conductivity, because the decreasing magnitude of this transport 

property for increasing temperatures is a very unique behaviour of this base 

fluid. In terms of exactitude, there is very good accord between computed 

values and referenced experimental values, but systematic overestimation for 

specific heat, thermal conductivity and dynamic viscosity exists. 

The overestimation of specific heat is an issue that Jorgensen et al.171 already 

addressed when the OPLS-AA force field was introduced. Although this force 

field was originally developed to reproduce gas-phase torsional profile of 
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organic molecules and their liquid phase properties, such as densities and 

specific heat capacities, the problem with the computed specific heat arises, 

as for other fluctuation properties, from the classical treatment of vibrations, 

which does not permit proper computation of the intramolecular contribution 

to it. This is particularly significant for the all-atom approach, as it increases 

the number of internal degrees of freedom and so energy fluctuations, from 

which specific heat is ultimately derived. 

 
Figure 27. Validation of MD simulations conditions and force field parameters. Reference 
and computed values for density [A], specific heat [B], thermal conductivity [C] and dynamic 
viscosity [D] of the base fluid, as a function of temperature, are compared. 

With respect to thermal conductivity, the compute heat/flux command in 

LAMMPS has been recently reported189, 190 to produce anomalous values 

when the compute stress/atom command is applied to systems with many-

body interactions (namely angles and dihedra), which is the case here, as it is 

necessary for the calculation of the per-atom stress tensor in the heat flux for 

Green-Kubo integrals. This might explain the overestimation of thermal 

conductivity values. The OPLS-AA force field has also been previously 

reported to overestimate the Green-Kubo viscosity of organic liquids,191 

providing values two or three times larger than experimental observations.  



 90 Iván Carrillo Berdugo
 

Overall, trends with temperature are well reproduced and computed data for 

transport properties of the base fluid are found to be in the same order of 

magnitude than reference experimental data, albeit systematically 

overestimated for the reasons stated in the former paragraph. It all allows to 

conclude that a successful representation of the dynamics of the base fluid is 

achieved, which gives confidence on the validity of the force field and 

simulation conditions. 

 

4.8. The interfacial molecular architecture from pair radial distribution 

functions. 

As stated early in Section 4.7, MD simulations are intended to approach the 

effect of the interfacial molecular layering on the physical properties of Pd 

nanoplate-containing nanofluids by multiple-model comparison. A 

physisorption-induced interface model (NF1), an unhindered chemisorption-

induced interface model (NF2) and a kinetically-controlled chemisorption-

induced interface model (NF3) were considered. Each model represents a 

unique case scenario defined by the chemical interactions acting at the solid-

liquid interface, resulting into different levels of complexity (NF1 < NF2 < NF3) 

in terms of the adequacy with which the system is described with the available 

information from DFT simulations presented in Section 4.5. 

HIGHLIGTHS FROM SECTION 4.7 

 Three nanofluid models will be considered for MD simulations, representing three 

scenarios in which interactions between species at the solid-liquid interface are 

defined attending to different physical chemistry backgrounds. 

 Force field parameters and simulation conditions are validated, as trends with 

temperature for the physical properties of interest are well reproduced. A 

systematic overestimation of the magnitudes is found, and the sources for it have 

been identified.2 
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As consequence of the different chemical interactions that come into play in 

these models, the interfacial molecular architectures around the Pd nanoplate, 

once the system is equilibrated, should be expected to be different in each 

case. It is the purpose of this section to provide a detailed description of those 

molecular architectures on the basis of pair radial distribution functions 𝑔 𝑟 . 

These functions give the probability of finding a pair of atoms i and j a distance 

𝑟 apart, relative to the probability for a completely random distribution at the 

same density.192 These are the simplest structural quantities to characterise 

the structure of a system in MD simulations. For usefulness, the molecular 

radial distribution functions 𝐺 𝑟  is defined 

 𝐺 𝑟 𝑤 𝑔 𝑟  (29) 

which is a sum of the individual 𝑔 𝑟  for each atom j with respect to each 

atom i, weighted by the atomic fraction 𝑤  of atom j; given the case under 

study, for each H, C or O atom in base fluid molecules with respect to each 

Pd atom in the nanoplate. The molecular RDFs are more suitable than 

individual pair RDFs for the purpose of this thesis, as the ultimate purpose is 

to have a big picture of the configurational distribution of molecules around 

the nanoplate and how can that be related to the anomalous change in the 

physical properties of the base fluid beyond the solely presence of the 

nanoplate itself. 𝐺 𝑟  for all nanofluid models are included in Figure 28A and 

will occupy the central part of the discussion in this section. 𝑔 𝑟  for Pd–C and 

Pd–O interactions are included in Figure 29 for verification purposes only, but 

its discussion is significantly parallel to the one around Figure 28. 

On the one hand, the molecular RDF for model NF1, for which a physisorption-

induced solid-liquid interface was expected, reveals three peaks, at 3.45 Å, 

5.95 Å and 7.95 Å, whose locally higher number density. This suggests the 

solely presence of the Pd nanoplate, mediated by the Van der Waals forces, 

whose effects are included in the model in the form of a classical Lennard-
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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 NF2 and NF3, for which a 

chemisorption-induced solid-liquid interface was expected, show analogous 

features in both cases, but quite different compared to model NF1. First, a 

very sharp peak with the highest number density appears at 2.15 Å. 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. 

 
Figure 28. Analysis of molecular RDFs for all nanofluids models in MD. The molecular 
RDFs of all models are compared [A], including a detail of the contributions from physisorbed 
and chemisorbed species to the molecular RDFs [B] and an example of the distribution of C 
atoms with respect to a given Pd atom [C]. Distances in [C] 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. 
Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available in Appendix III. 

As shown in Figure 28B, in which the molecular RDFs of NF2 and NF3 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 Å, the position of the peaks 
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Figure 29. Individual pair RDFs. Model NF-1 (physisorption-induced solid-liquid interface) [A], 
model NF-2 (unhindered chemisorption-induced solid-liquid interface) [B] and model NF-3 
(kinetically controlled chemisorption-induced solid-liquid interface) [C] are presented. Do note 
Pd–H interactions have been excluded for simplicity. Source: I. Carrillo-Berdugo et al. in J. Mol. 
Liq. 325 115217 (2021), available in Appendix III (adapted). 

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 28C). 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 
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parametrised Morse potential for its purpose. Alternatively, it is reflected in 

Figure 28B that the presence of this chemisorbed layer imposes a shielding 

effect on the interaction between the nanoplate and the non-adsorbed 

surrounding fluid, as only one peak appears at 3.65 Å (the second one has 

vanished, almost completely), further and lower in number density compared 

to the first peak in the molecular RDF of NF1 model. 

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 Å, 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 

0.87±0.01 gꞏcm-3 for BF, 0.97±0.01 gꞏcm-3 for NF1 and 0.98±0.01 gꞏcm-3 for 

both NF2 and NF3. The increase in this physical property with respect to the 

base fluid is 12.5% for the model NF1 and 13.0% for models NF2 and NF3. 

Although the standard deviations limit this discussion, it is remarkable that the 

densities of model NF2 and NF3 (chemisorption) are slightly higher than that 

of model NF1 (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. 

 

HIGHLIGTHS FROM SECTION 4.8 

 MD simulations prove molecular layering occurs at the solid-liquid interface of 

nanofluids, with notable differences if it is induced by physisorption or chemisorption. 

A molecular architecture with more than one layer should be expected in any case. 
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4.9. Understanding specific heat of Pd nanoplate-containing nanofluids. 

With the interfacial molecular layering architecture of each model already 

described, its relation with 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 mechanics192 

 𝑐
〈𝐸 〉 〈𝐸 〉

𝑘 𝑇
Var 𝐸

𝑘 𝑇
 (30) 

in which Var 𝐸  is the total energy variance, 𝑘  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 

nanofluid model are included in Figure 30A. 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 NF1 increases the specific heat by 4.2%, whilst the 

presence of the same Pd nanoplate with a chemisorbed molecular layer on its 

surface in models NF2 and NF3 increases it by 7.2% and 6.6%. 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 30 establishes a clear relation between the macroscopic observable 

specific heat and the microscopic quantity internal energy. The proposal of 

this thesis 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 energy terms. This can be achieved by 

partitioning total energy 𝐸  into kinetic and potential energy terms, 𝐾 and 𝑈, 
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Figure 30. The role of interfacial molecular layering on specific heat. The specific heat 
values for all models at 473 K [A], the excess specific heat from each energy term for nanofluid 
models at 473 K [B], the specific heat of model NF-3, as a function of the number of 
chemisorbed BP molecules [C] and as a function of temperature [D] are presented. The base 
fluid is taken as a zero-reference point in [B]. Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 
325 115217 (2021), available in Appendix III. 

and the potential energy term can be subsequently partitioned by types of 

interaction. This can be easily computed with the thermo command in 

LAMMPS. Thus, total energy 𝐸  is 

 𝐸 𝑈 𝐾 𝑈 𝑈 𝑈 𝑈 𝐾 (31) 
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and then Var 𝐸  becomes 

 

Var 𝐸 Var 𝑈 𝑈 𝑈 𝑈 𝐾

Var 𝑈 Var 𝑈 Var 𝑈 Var 𝑈 Var 𝐾  

2Cov 𝑈 , 𝑈 2Cov 𝑈 , 𝑈 2Cov 𝑈 , 𝑈  

2Cov 𝑈 , 𝐾 2Cov 𝑈 , 𝑈 2Cov 𝑈 , 𝑈  

2Cov 𝑈 , 𝐾 2Cov 𝑈 , 𝑈 2Cov 𝑈 , 𝐾  

2Cov 𝑈 , 𝐾

(32) 

where Cov is the energy-energy covariance between the different terms, given 

these interactions are not completely independent and their energies are 

treated as correlated variables. Statistically, Cov simply accounts for the joint 

variability of energy fluctuations, which can be physically interpreted, to some 

extent, as the degree of correlation between the different terms due to atomic 

motion. Atomic modes of motion are not independent by conditioned by their 

surrounding chemical environment. If energy fluctuations in MD arise from 

atomic motions and atomic motions are correlated, then energy fluctuations 

show covariability. 

In order to investigate each contribution separately and simplify its 

interpretation, given covariance is a symmetric operation, meaning 

Cov X, Y Cov Y, X , it is convenient to rearrange the previous equation and 

group them to account for energy variability from a particular term adjusted by 

the sum of energy covariability due to inter- and intramolecular energy 

redistribution affecting it, so that 

 

Var 𝐸 Var 𝑈 𝑈 𝑈 𝑈 𝐾

Var 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝐾  

Var 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov U , 𝐾  

Var 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝐾  

Var 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝑈 Cov 𝑈 , 𝐾  

Var 𝐾 Cov 𝐾, 𝑈 Cov 𝐾, 𝑈 Cov 𝐾, 𝑈 Cov 𝐾, 𝑈  

𝐵 𝐴 𝐷 𝑃 𝐾  

(33) 
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where 𝐵 , 𝐴 , 𝐷 , 𝑃  and 𝐾  are respectivelly noted as bond, angle, 

dihedron, pairwise and kinetic terms. The contributions to specific heat from 

each term 𝑐  can be calculated using the already presented definition from 

Statistical Mechanics in Equation 30. For model comparisons, the excess 

specific heat quantity ∆𝑐  is presented in Figure 30B, which is defined as 

 ∆𝑐 𝑐 , 𝑐 ,  (34) 

where 𝑐 ,  and 𝑐 ,  are the specific heat contributions from terms 𝐵 , 𝐴 , 

𝐷 , 𝑃  and 𝐾 , which are described above in Equation 33, to the base fluid 

and the nanofluid, respectively. 

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 NF1, 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 NF2 and NF3 is notably larger than in NF1, 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 

NF3 may arise from C–C tension between phenyl rings in BP, as it was verified 

in DFT calculations that this distance is slightly stretched in order to the 

symmetry of rings to fit that of the surface. 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 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 NF2, in which the C–O–C angle is also 
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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 

NF2 and NF3, 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 NF2 and smaller in the case of model NF3. 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 NF3 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 NF3 seems to exhibit a higher stiffness. This is 

also reflected in the kinetic term, which is again smaller for model NF3. 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. 

Overall, MD simulations revealed significant increases in the specific heat of 

nanofluid models and the analysis of energy variances and covariances allows 
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to identify three sources for energy storage with respect to the base fluid (see 

Figure 31), explaining those enhancements: surface storage, which is a low-

tier contribution, due to bond interactions between surface Pd atoms in the 

nanoplate, vibrating with higher amplitudes; interfacial layer storage, which is 

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, which is 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. 

 
Figure 31. Nanoscale phenomena explaining the observed enhancement in specific heat. 
The following contributions are recognised: surface storage [A], interfacial layer storage [B] and 
mesolayer storage [C]. All structures presented in this figure are part of the same snapshot from 
MD trajectory. Source: I. Carrillo-Berdugo et al. in J. Mol. Liq. 325 115217 (2021), available in 
Appendix III. 

A parallel study on the dependence of specific heat of this nanofluid as a 

function of the number of occupied adsorption sites was undertaken by 

computing the dynamics of nanofluid model NF3 at 473 K and 1013 hPa, with 

the same conditions stated in Section 4.7 but with different numbers of 

chemisorbed BP molecules. The choice of model NF3 over model NF2 here 

is encouraged by the fact that it is the model that considers both the 
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thermodynamics and kinetics of the adsorption process as computed by 

periodic-DFT simulations. The purpose of this alternate analysis is to further 

strength the direct link between the existence of a chemisorbed molecular 

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

interfacial energy storage. In contrast to the above-presented results, in which 

the significance on ‘how’ molecules are adsorbed was assessed, now the 

focus is on ‘how many’ molecules are absorbed. 

The computed values for specific heat in MD, as a function of the number of 

adsorbed BP molecules, are presented in Figure 30C. 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. 

Another significant observation from Figure 18 in Section 4.3.4 are the 

divergent trends in the specific heat of Pd nanoplate-containing nanofluids 

with respect to its base fluid as temperature increases. In other words, the 

enhancement in specific heat due to the addition of Pd nanoplates into the 

base fluid was observed not to be constant with temperature. Figure 30D 

gathers the specific heat values derived from MD simulations for the nanofluid 

model NF3 (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 
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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 one pays 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. 

 

4.10. Understanding transport properties of Pd nanoplate-containing 

nanofluids. 

The last section of this chapter is dedicated to evaluate how and how much 

the presence of an adsorbed molecular layer on the solid-liquid interface of 

HIGHLIGTHS FROM SECTION 4.9 

 MD simulations reveal 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. 

 Three sources for energy storage are recognised: surface, interfacial layer and 

mesolayer storage. This molecular interpretation is created by taking advantage of 

the partition of energy and the definition of excess specific heats from the different 

partitions. 

 The specific heat enhancement is proportional to the number of chemisorbed 

molecules and increases for increasing temperatures, more than expected for the 

base fluid. 

 Findings from this section suggest that engineering the interaction between the 

nanoparticle surfaces and the liquid to promote chemisorption interactions is a 

promising avenue to further improve energy storage in nanofluids. 
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nanofluids impacts their transport properties. To do so, several MD trajectories 

with the three nanofluid models shown in Figure 32 were computed at different 

temperatures. Both transport properties were computed using the Green-

Kubo formalism,187, 188 based on the integrals of time auto-correlation 

functions: 

 𝜅
𝑉

𝑘 𝑇
〈𝐽 0 𝐽 𝑡 〉 𝑑𝑡 (35) 

 
𝜂

𝑉
𝑘 𝑇

〈𝑃 0 𝑃 𝑡 〉 𝑑𝑡 
(36) 

where 𝜅 is the thermal conductivity, 𝜂 is the dynamic viscosity, 𝑘  is the 

Boltzmann constant, 𝑉 is the equilibrium volume, 𝑇 is the equilibrium 

temperature, 〈𝐽 0 𝐽 𝑡 〉 is the heat flux vector auto-correlation function and 

〈𝑃 0 𝑃 𝑡 〉 is the auto-correlation function of the off-diagonal components of 

the stress tensor. 

The computed thermal conductivity values for nanofluid models are plotted in 

Figure 32A and compared with each other and with the base fluid model. 

When it comes to comparisons with experimental results, the computed 

thermal conductivities for nanofluids are clearly higher than expected, at all 

temperatures. This is not due to the technical (compute command) issues 

described above, which indistinctly appears in all nanofluid and base fluid 

models, but to the fact the mass of the Pd nanoplate with respect to the total 

mass of the simulation box is much higher, by two orders of magnitude, than 

the mass fractions contained in experimental samples. This is a limitation 

arising from the size of the simulation cell, which is necessarily restricted by 

computational cost. The discussion that follows is therefore qualitative and 

conceptual, not for quantitative prediction purposes. 

MD results reveal thermal conductivity linearly increases for increasing 

temperatures in the nanofluids models, an opposite trend compared to the 
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base fluid model, which is consistent with experimental results presented 

above. All nanofluid models here studied exhibit this behaviour with 

temperature, which indicates it must be mostly caused by the presence of the 

nanoplate, regardless of the nature of the solid-liquid interaction. The time-

averaged heat flux auto-correlation functions, 〈𝐽 0 𝐽 𝑡 〉, in Figure 32B, 

 

Figure 32. The role of interfacial molecular layering on thermal conductivity. Computed 
thermal conductivity values from MD simulations with nanofluid and base fluid models, as a 
function of temperature [A], time-averaged heat flux auto-correlation functions [B], integrated 
heat flux auto-correlation functions [C] and area under the heat flux auto-correlation functions 
[D], for all models and temperatures. Solid lines in [A] do not represent data but are included 
as guide to the eye. Source: I. Carrillo-Berdugo et al. in ACS Sustainable Chem. Eng. 9 4194-
4205 (2021), available in Appendix IV. 
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decays to zero and fluctuates around zero for all models under study, as 

expected for any system in true equilibrium. This means the chosen 

correlation time is long enough for the Green-Kubo method to provide 

consistent thermal conductivity values. However, it is quite difficult to highlight 

any differences between models by attending to these auto-correlation 

functions only, as the frequency and amplitude of the oscillatory fluctuations, 

and even the 𝐽 0 𝐽 0  value, are very similar in all cases. The integrated 

〈𝐽 0 𝐽 𝑡 〉 functions, in Figure 32C, reveal all models undergo a very similar 

decay pattern up to 0.5 ps, but the time for correlation loss (i.e., the required 

time for the integral of 〈𝐽 0 𝐽 𝑡 〉 to saturate) is ~1.5 ps for the base fluid 

model at all temperatures and ~1.5 ps, ~1.7 ps, ~2.2 ps and ~2.5 ps for 

nanofluid models at 298 K, 323 K, 348 K and 373 K, respectively. The values 

from the cumulative integration up to this point, independently reported in 

Figure 32D, are also found to increase with temperature in all cases and to be 

larger for all nanofluid models compared to the base fluid model. The 

fluctuations around the saturation point are sufficiently small for these values 

to be unequivocally distinguished from each other. Besides, the 𝐽 𝑡  vector 

includes a 𝑉  scaling factor, meaning the values reported in Figure 32D are 

intensive, so that any differences between them are independent of the 

number of atoms in the system and only dependent of its dynamics. 

The information obtained from 〈𝐽 0 𝐽 𝑡 〉 functions and their integrated 

counterparts allows to conclude that thermal conductivity enhancements in 

these nanofluids models can be due to an increase in the mean free path of 

thermal vibrations, because it takes longer for heat to dissipate according to 

the correlation loss times. Also, minimum changes are observed in the decay 

pattern of 〈𝐽 0 𝐽 𝑡 〉 with respect to the base fluid, suggesting the nanoplate 

has a local influence on the nanofluid enhanced heat conduction, which 

involves the solid phase and the interface but does not affect the base fluid 

any further. 
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Thermal transport across the solid-liquid interface is sensitive to the mode of 

adsorption of those molecules. According to the results in Figure 32A, models 

NF2 and NF3, with chemisorption-induced solid-liquid interfaces in which base 

fluid molecules are bonded to the surface, show thermal conductivity values 

lower by an average 10.5% compared to model NF1, with a physisorption-

induced solid-liquid interface in which no interactions between base fluid 

molecules and the surface beyond van der Waals forces exist. The integrated 

areas are, indeed, smaller for models NF2 and NF3 than for model NF1, which 

means heat transfer is significantly worsen for the chemisorption-induce 

interface models compared to the physisorption-induced one. That difference 

becomes even more strongly marked as temperature increases. Base fluid 

molecules in this chemisorption-induced interfacial layer molecules directly 

distort the atomic-level structure of the nanoplate surface, interrupting the 

propagation of thermal vibrations. Interfacial layering is a shelter-like boundary 

of high thermal resistance that hinders heat conduction. Given the thermal 

conductivity for models NF2 and NF3 is lower than for model NF1, the 

interfacial thermal resistance in models NF2 and NF3 is expected to be larger 

than in model NF1. This effect does not seem to depend on the nature of 

chemisorbed species, as it can be appreciated by comparing thermal 

conductivities of model NF2 (chemisorbed DPO and BP) and model NF3 

(chemisorbed BP only). 

We also investigated if a dependency of heat conduction with the directions 

of the system exists by analysing the spatial components of 〈𝐽 0 𝐽 𝑡 〉 

functions, that is 〈𝐽 0 𝐽 𝑡 〉, 〈𝐽 0 𝐽 𝑡 〉 and 〈𝐽 0 𝐽 𝑡 〉. These 

components were found to be undistinguishable from each other. The 

nanoplate was verified not to rotate during the simulation, so this isotropic heat 

conduction is not a consequence of time average over different orientations. 

Although the 2D morphology of the nanomaterials is likely to exhibit 

anisotropic heat conduction, the aspect ratio of the nanostructure may not be 

sufficient for anisotropy to appear. 
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Figure 33. The role of interfacial molecular layering on dynamic viscosity. Computed 
dynamic viscosity values from MD simulations with nanofluid and base fluid models, as a 
function of temperature [A], time-averaged auto-correlation functions of the off-diagonal 
components of the stress tensor [B], integrated stress auto-correlation functions [C] and area 
under the stress auto-correlation functions [D], for all models and temperatures. Solid lines in 
[A] do not represent data but are included as guide to the eye. Source: I. Carrillo-Berdugo et al. 
in ACS Sustainable Chem. Eng. 9 4194-4205 (2021), available in Appendix IV. 

The focus is now shifted to the computed dynamic viscosity values, plotted in 

Figure 33A. As for thermal conductivity, the discussion around MD results is 

qualitative and not intended for prediction purposes when compared to 

experimental results, due to the limitations imposed by the enormous mass 

fraction of Pd in the simulation box. All nanofluid models as well as the 
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basefluid model exhibit an exponentially decreasing viscosity for increasing 

temperatures, in clear parallelism with experimental results. The auto-

correlation functions of the off-diagonal components of the stress tensor, 

〈𝑃 0 𝑃 𝑡 〉, in Figure 33B, decay to zero within the timeframe provided by 

the chosen correlation time. Given this condition, the Green Kubo method is 

also expected to provide reliable viscosity values. Unfortunately, as for the 

〈𝐽 0 𝐽 𝑡 〉 functions, it is difficult to set the parameters for a discussion 

around the 〈𝑃 0 𝑃 𝑡 〉 functions, since the differences in oscillatory decay 

pattern, between systems at a given temperature, are minimal. For that, their 

integrated counterparts, presented in Figure 33C, were investigated, as they 

make more evident that much longer times are required for the Green-Kubo 

integral to saturate, meaning the times for correlation loss in the 〈𝑃 0 𝑃 𝑡 〉 

functions are consequently longer. The dissipation of shear stress (or 

momentum flux) to equilibrium is, compared to the dissipation of heat flux, a 

slower process by one order of magnitude. Times for correlation loss are 

~100 ps, ~90 ps, ~70 ps and ~60 ps at 298 K, 323 K, 348 K and 373 K, 

respectively, with no significant differences between models. It was not 

possible to accurately stablish the time for correlation loss for the models at 

298 K, as the plateau region is not as well defined as for the rest of 

temperature. The upper limit of correlation time was chosen in these cases, 

as a fair approximation for comparison purposes within an accessible 

simulation time scale. The values from the cumulative integration up to this 

point, in Figure 33D, are also found to decrease with temperature in all cases. 

It all explains why dynamic viscosity values from all models converge at the 

highest temperature. 

The shear stress, as the heat flux, is also sensitive to the mode of adsorption. 

Models NF2 and NF3, with chemisorption-induced solid-liquid interfaces, 

show dynamic viscosity values lower by 9.4% at 298 K compared to model 

NF1, with a physisorption-induced solid-liquid interface. Although times for 

correlation loss are very similar, the integrated areas are, in fact, smaller for 
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models NF2 and NF3. This means the internal frictional force that arises 

between the nanoplate and the adjacent base fluid molecules in perpetual 

motion during the MD trajectories is significantly smaller in models NF2 and 

NF3 than in model NF1, as the interactions between the nanoplate and the 

surrounding fluid molecules are weaker for being mediated by those 

molecules permanently chemisorbed at the interface. Here again, the nature 

of the chemisorbed species is not really significant, as it can be appreciated 

by comparing dynamic viscosities of model NF2 (DPO and BP) and model 

NF3 (BP only). As for heat transfer, no dependency on momentum transfer 

with the directions of the system was found by analysing the individual auto-

correlation function for each component of the stress tensor, 〈𝑃 0 𝑃 𝑡 〉, 

〈𝑃 0 𝑃 𝑡 〉 and 〈𝑃 0 𝑃 𝑡 〉. 

 

 

 

HIGHLIGTHS FROM SECTION 4.10 

 MD simulations reveal that the impact of the nanoplate on the overall nanofluid heat 

transfer and momentum transfer are limited to a local scale and sensitive to the 

mode of adsorption of base fluid molecules on the solid-liquid interface. 

 The interfacial molecular layer is a shelter-like boundary of high thermal resistance 

that hinders heat conduction. Chemisorbed base fluid molecules directly distort the 

atomic-level structure of the nanoplate surface, interrupting the propagation of 

thermal vibrations. 

 The interfacial molecular layer mediates the interaction between the nanoplate and 

the base fluid molecules surrounding it. The internal frictional force that arises 

between them due to perpetual motion in MD trajectories is reduced because 

intermolecular forces are weaker. 

 Findings from this section suggest that engineering the interaction between the 

nanoparticle surfaces and the liquid to promote chemisorption interactions is a 

promising avenue to minimise the rheological penalty, although it has to be carefully 

controlled in favour of thermal conductivity. 
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Chapter V 

Conclusions and 
implications 
 

5.1. General conclusions and achievements. 

In this thesis, Pd nanoplate-containing aromatic oil-based nanofluids have 

been object of a practical and fundamental study aimed at verifying their heat 

transfer and storage capabilities for next-generation cost-efficient PTC CSP 

plants, and understanding how the particularities of the structure and 

dynamics of this system, with special attention to its interface, influence those 

capabilities. 

Section 4.1 covered the synthesis of Pd nanoplates, by a relatively 

straightforward solvothermal reduction of the metallic precursor with PVP, 

without discriminating requirements and ideally easy to scale. Structural and 

compositional characterisation of the product unequivocally confirmed it 

mainly contains polygonal-shaped single-crystal metallic nanoplates faceted 

by (111) and (100) surfaces. Objective A1, on the design and optimisation of 
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a method for the preparation of 2D metallic nanomaterials in which shape 

control is prioritised, has been accomplished. 

Section 4.2 presented a theory-based framework whose target is to find a 

minimum interfacial tension by adjusting the surface tension partitions of the 

constituent phases, with the purpose of assisting the preparation of stable 

nanofluids. It was stemmed from this framework that the dispersion of metallic 

disperse phase in a molecular dispersant phase is not thermodynamically 

stable in any case, and that only the necessary minimum concentration of 

surfactants species should be added for kinetic stability to be guaranteed 

without rheological penalty. Pd nanoplate-containing aromatic oil-based 

nanofluid samples were prepared under these considerations, with 

satisfactory results according to the evolution of stability indicators over time. 

Objective A2, on the design and optimisation of a method for the preparation 

of nanofluids in which colloidal stability is prioritised, has been accomplished. 

The samples were characterised and the measured magnitudes for spectral 

extinction, density, dynamic viscosity, specific heat and thermal conductivity 

were discussed in Section 4.3 and later used in Section 4.4 for a complete 

assessment of the applicability of these nanofluid samples as HTF in both 

surface and volumetric PTC CSP. Nearly complete sunlight attenuation was 

found for nanoplate mass fractions over 0.030 wt.% and optical paths longer 

than 20 mm, which is an excellent indicator for their use as volumetric 

absorbers. Maximum relative enhancements of 17.4% and 23.5% were found 

for specific heat and thermal conductivity, respectively, for a nanoplate mass 

fraction of 0.030 wt.%, with respect to the DowthermTM A base fluid, at their 

upper limits of the characterised range of temperatures. No significant 

changes in density or dynamic viscosity were reported. Some realistic 

estimations of the required collector length and flow rate for the HTF to reach 

its maximum operating temperature, the collector thermal efficiency and the 

heat exchanger effectiveness were conducted. It was verified that volumetric 

PTC with the stated nanofluid as HTF, compared to the typical surface PTC 
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with the DowthermTM A HTF, increases the system efficiency up to 45.3% 

(which is better by an absolute 6.4%) and reduces pumping requirements by 

20%, with minimum increases in the collector length, thus becoming more 

cost-efficient. Objective A3, on the characterisation of the physical properties 

of nanofluids and the assessment of its performance as HTF, has been 

accomplished. 

Enough information is available at this point so that it can be safely concluded 

that Aim A, on the verification of the use of 2D metallic nanomaterials for the 

production of stable nanofluids with enhanced heat transfer and storage 

capabilities compared to the base fluid, has been satisfactorily achieved. 

The specific heat and thermal conductivity trends with mass fraction exhibited 

very distinctive maxima that were reasonably well-described by a couple of 

independent phenomenological numerical models in which the existence of a 

unique molecular layer at the solid-liquid interface is assumed to exist and to 

be responsible of such behaviour. Section 4.5 was dedicated to the study, at 

the DFT level-of-theory, of the thermodynamic and kinetic requirements for 

the adsorption of DPO and BP molecules (in the base fluid) on Pd (111) and 

(100) surfaces. It was found that the adsorption, likely chemisorption, is non-

dissociative and thermodynamically favoured in all cases, with sufficiently high 

adsorption energies to categorically state that molecules will not leave these 

surfaces under high temperature conditions. An activation energy requirement 

for the adsorption of DPO exists due to the required conformational changes, 

whereas the adsorption of BP is expected to occur freely and, therefore, 

preferentially. Objective B1, on the modelling of 2D metallic nanostructures 

and their molecular architecture at solid-liquid interfaces, has been 

accomplished. 

Section 4.6 focused on the parametrisation of a Morse potential energy 

function describing Pd–C interactions for an adequate representation of the 

chemisorption phenomenon in simulations at the MD level-of-theory, as 

explained in Section 4.7 and Section 4.8. The parametrised function 
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reproduces the ab initio potential energy surfaces of interest with excellent 

agreement, to the extent of being able to reproduce fine details such the 

adsorption energy of each adsorption geometry. Objective B2, on the 

parametrisation of a thermodynamically consistent potential for the energetics 

of atomic interactions in nanofluid models, has been accomplished. 

It was demonstrated in Section 4.9 that the solely presence of the bare 

nanoplate in nanofluid models increases specific heat by 4% (additional 

energy storage arising from high-amplitude vibrations of Pd atoms with lower 

coordination numbers), and up to 7% if a layer of base fluid molecules is 

chemisorbed at its surfaces (from Pd–C bonding and pairwise interactions 

between chemisorbed molecules and those in their surroundings). The 

enhancement is directly proportional to the number of chemisorbed 

molecules. It was also demonstrated in Section 4.10 that the presence of the 

chemisorbed layer of base fluid molecules on the surface of the nanoplate 

decreases thermal conductivity by an 11% compared to the bare nanoplate, 

because even if the nanoplate increases the mean free path of vibrations and 

it takes longer for heat to dissipate, the presence of chemisorbed species 

distorts the atomic-level surface structure of the nanoplate, interrupting the 

propagation of thermal vibrations. Interfacial layering is a boundary of high 

thermal resistance that hinders heat conduction. Alternatively, the presence 

of this layer at the solid-liquid interface minimises the impact of the nanoplate 

on the dynamic viscosity of the nanofluid model by 9%. This layer reduces the 

internal frictional force arising from the interactions between the nanoplate and 

the surrounding base fluid molecules. Thus, Objective B3, on the simulation 

of the trajectories of nanofluid models and the rationalisation of its 

macroscopic properties in terms of microscopic observables, is accomplished. 

Enough information is available at this point so that it can be safely concluded 

that Aim B, on the detection of the structural and dynamic factors that are 

responsible of the enhanced heat transfer and storage in nanofluids and the 

rationalisation of how and how much those factors contribute to their physical 
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properties, has been satisfactorily achieved. Therewith, all aims for this thesis 

have been procured and its starting hypothesis is consequently proven, 

meaning the use of 2D metallic nanomaterials, in fact, induce changes in the 

structure and dynamics of the base fluid so that a stable nanofluid with 

enhanced heat transfer and storage capabilities is produced. 

5.2. Implications and recommendations for future research. 

Contributions from this thesis are expected to have an impact, to some extent, 

on the current scholarly understanding of nanofluids and, therefore, on future 

research studies framed within the topic. Here, some well-founded proposals 

directed, particularly, towards changes on research methodology were made. 

For those who approach the topic from a more experimental perspective, it is 

strongly recommended to make a rational design of the nanofluids preparation 

process and to push the envelope of systematisation in the characterisation 

of their thermal and rheological properties, for proper benchmarking and better 

assessment of the actual impact of nanofluids in heat transfer and thermal 

management applications. Efforts are particularly required on exploring how 

the functionalisation of metal surfaces could help on improving their dispersion 

in molecular liquids. 

For those who approach the topic from a more theoretical perspective, it is 

strongly recommended to approach the atomic-scale modelling of nanofluids 

with an integrated DFT/MD proposal, and even with ab initio MD if possible, 

so that all the information that can be constructed about the structure and 

dynamics of these systems is derived from first principles rather than 

semiempirical principles. Efforts are particularly required on understanding the 

role, if any, of solid-liquid interfaces on the properties of nanofluids in which 

strong physisorption (interfacial layering occurs without chemical bonding) or 

hydrophobic interactions are dominant. 
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HIGHLIGTHS FROM CHAPTER V 

 Kinetically controlled solvothermal synthesis with mild reductors species and low 

temperatures are suitable routes for the preparation of Pd nanoplates. 

 The analysis of surface tension partitions allows to identify the dispersion of bare Pd 

nanoplates in an aromatic oil (the eutectic mixture of biphenyl and diphenyl oxide) is 

thermodynamically impossible and so that colloidal stability is limited to kinetic 

hindrance with surfactants. 

 The addition of Pd nanoplates significantly increases specific heat and thermal 

conductivity with no rheological penalty. 

 The chemisorption of biphenyl and diphenyl oxide molecules on Pd surfaces is 

thermodynamically favoured, but kinetically impeded for diphenyl oxide. Adsorption 

energies are high enough for desorption to be energetically prohibitive at operating 

temperatures. 

 The existence of an interfacial layer of chemisorbed layers is proven to be 

responsible of the enhancements in specific heat, to act as a boundary of high 

thermal resistance that hinders heat conduction and to reduce the internal frictional 

force arising from the interactions between the nanoplate and the surrounding base 

fluid molecules. 

 It is proven, using Pd nanoplate-containing aromatic oil-based nanofluids as a 

flagship, that the use of 2D metallic nanomaterials induce changes in the structure 

and dynamics of the base fluid so that a stable nanofluid with enhanced heat transfer 

and storage capabilities can be produced. 
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Interface-inspired formulation 
and molecular-level perspectives 
on heat conduction and energy 

I. Carrillo-Berdugo, D. Zorrilla, J. Sánchez-Márquez, T. Aguilar, J. J. Gallardo, R. Gómez-Villarejo, 
R. Alcántara  , C. Fernández-Lorenzo   & J. Navas  

for a minimum tension at the solid-liquid interface by adjusting the polar and dispersive components 

providing consistent response to changes in the state variable temperature in a classical Molecular 

function, using the equilibrium approach, it was possible to elucidate that heat conduction through the 

the structural features described by radial distribution functions, it was concluded that additional heat 

Nanofluids1 are a new generation of heat transfer fluids (HTF) that stand out for their heat transport and storage 
capabilities, greater than those of trivial fluids2. Their applicability for a better performance of heat exchangers 
in renewable power generation3 or microelectronics cooling4, among other applications, has promoted basic and 
applied research on nanofluids over the last two decades. Even though a lot of progress has been made, proper 
stability and heat transfer and storage mechanisms still remain as priority challenges in this field.

Stability is an essential requirement for preserving heat carriers and the sustaining these thermal properties. 
Previous works covering the stability of nanofluids5–8 are mainly focused on the dispersion gain with different 
methods and conditions or the changes in thermal properties as aggregation phenomena happen, but do not deal 
with the stability issue a priori. We realise the need for the rationalisation of new strategies that integrate stability 
in the formulation of nanofluids and, for that, this work introduces an interface-based three-step method. The 
inception of this three-step method stemmed from the poor stability that the existing procedures offer on the 
preparation of nanofluids with carbon nanotubes as disperse solid and water as base fluid. The method itself 
lies in: (i) the preparation of the nanomaterial, (ii) the preparation of a host fluid and (iii) the dispersion of the 
nanomaterial into the host fluid. The second step is innovative and involves an adjustment of the surface tension 
polar and dispersive components of the base fluid to meet those of the nanomaterial, so that the total tension at 
the interface is minimised. Conventional one-step and two-step methods for preparation9 do not include criteria 
for regulating the addition of surfactants, which in excess may increase viscosity and thermal resistance10, thus 
limiting heat transfer. A significant amount of time can be saved by rationalising the formulation of nanofluids 
under this method, because it avoids trial and error attempts when choosing surfactant concentration.

Heat transfer performance of nanofluids has been widely studied. The available literature reveals that thermal 
properties of nanofluids are influenced by the volume fraction11,12, nature13,14, morphology15,16 and size17,18 of the 
disperse particles, but the actual understanding of them is still quite limited due to the lack of a non-continuum 
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heat transfer theory2,19. There are many formulations for the prediction of thermal conductivity in mixtures and 
composites20 and almost none of them are reliable for a general description of nanofluids because of discrepan-
cies with experimental results. For isobaric specific heat, which is less studied, volume-weighted average and 
two-phase thermal equilibrium models21 are assumed to be valid while ignoring the role solid-liquid interac-
tions. We explored new concepts that could be responsible of the anomalous thermal properties enhancement. 
A molecular model of the previously mentioned nanofluids was designed for its simulation in a Molecular 
Dynamics (MD) environment. Several runs were performed in order to validate the response of the model and 
to gain a molecular-level insight of its dynamics and structure for further comprehension on heat transport and 
storage mechanisms of these nanofluids. By doing so, the integrated experimental-theoretical approach aims to 
enable a clearer understanding on the behaviour of nanofluids.

The first step, preparation of the nanomaterial, involves any physical or chemi-
cal route leading to the acquisition of nano-structured solids. For this case, we started from commercial SWCNT 
(Sigma-Aldrich© [6,5] chirality being most abundant, 0.78 nm ave. diameter, 1000 nm ave. length) prepared by 
CoMoCAT® chemical vapour deposition.

The second step, preparation of a host fluid (a concept that comprises the base liquid and its additives), 
exploits some theoretical considerations about the thermodynamics of colloids22, whose formation is favoured if 
tension at the solid-liquid interface, γSL, is minimized. Fowkes23 and Owens-Wendt24 defined γSL as

γ = γ + γ + γ + γ − γ γ − γ γ2 2 (1)SL S
p

S
d

L
p

L
d

S
p

L
p

S
d

L
d

where γS
p, γS

d, γL
p and γL

d are the polar and dispersive components of the solid and liquid surface tensions, respec-
tively. Thus, in order to minimize γSL, the magnitudes of γS

p and γS
d and also the magnitudes of γL

p and γL
d should 

be as close as possible. Therefore, the basic idea is to modify and to adjust with additives the components of the 
base liquid to meet those of the disperse solid because in such case both phases are expected to be compatible and 
so a stable colloid can be prepared. Given the case of carbon nanotubes (γCNT

p  = 26.9 mN·m−1 and γCNT
d  = 18.4 

mN·m−1)25 in water (γH O
p

2
 = 54.8 mN·m−1 and γH O

d
2

 = 22.1 mN·m−1), the components of the host fluid need to be 
decreased. This approach should be valid for SWCNT, MWCNT and carbon nanofibers, since their wetting prop-
erties are quite similar25–27. We prepared a series of aqueous standards with different concentrations (1.0·10−3, 
2.0·10−3, 3.0·10−3, 4.0·10−3 and 5.0·10−3 vol.%) of Triton X-100 (Panreac©, surfactant for automatical analysis) and 
determined their polar and dispersive components. Although Triton X-100 surfactant has been previously used 
for the preparation of similar nanofluids28–30, its use has not been rationalised from this perspective. Young’s 
equation provides a relation of them with the contact angle θRL of a drop of these standards onto a surface (R) of 
reference:

γ = γ − γ θ = γ + γ − γ + γ θcos ( ) ( )cos (2)RL R L S L R
p

R
d

L
p

L
d

RLR

The equalization of Eqs 1 and 2 lead to
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A neat polished polytetrafluoroethylene (PTFE) stratum was chosen as surface of reference. Its polar and 
dispersive components were previously characterized by measuring the contact angles of a series of pure liquids 
whose polar and dispersive components are well known. At 25 °C and 1.0 atm in air atmosphere with 55% relative 
humidity, we found γR

p = 0.8 mN·m−1 y γR
d = 21.4 mN·m−1. Taking γ 0R

p  is a fair assumption that simplifies Eq. 3 
into
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γ
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d L

2
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2
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so that the dispersive components of each standard can be directly acquired from its absolute surface tension γL, 
which is determined using the drop-weight method, and its contact angle θRL, using a goniometer and an optical 
subsystem31. The same stratum and ambient conditions were used. Table 1 summarises the results for each stand-
ard. From these values, we predicted the dependence of the solid-liquid interface tension of the SWCNT/TX/H2O 
system for increasing volumetric fractions of Triton X-100. This is the plot in Fig. 1. From the fitting function, we 
determined a 1.7·10−3 vol.% of Triton X-100 in water that satisfies the minimum tension, which defines the host 
fluid of use.

The last step, dispersion of the nanomaterial into the host fluid, comprises the immersion, disaggregation 
and mixing processes. Approximately 1 mg of as-received powder-like SWCNT was dispersed within 100 ml of 
host fluid by means of stirring and pulsed sonication (Sonics&Materials©, VCX-500, 13 mm probe tip) set at 50% 
amplitude with alternating on/off bursts of 2 s length (47 W per pulse). Aliquots were extracted after four, six and 
eight hours of sonication and centrifuged at 7500 rpm for one hour in order to remove aggregates of large size. 
Supernatants were collected for characterisation and labelled as NF4, NF6 and NF8 (a nomenclature that refer-
ences sonication time in hours). They were the nanofluids analysed in this work.

Goodness criteria for nanofluid stability are constant load and size of 
heat carriers in suspension within the host fluid over a long-time period. The load was assessed in terms of 
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spectral extinction using a UV-Vis extinction spectrometer (OceanOptics©, DH-2000-BAL light source and 
USB2000 + general purpose spectrometer), whereas the size was estimated by means of the dynamic light scatter-
ing technique (Malvern Instruments©, Zetasizer Nano ZS), both measured in triplicate every day during the first 
week and once a week during a full month. Also, the degree of dispersion was qualitatively studied with scanning 
electron microscopy (FEI©, Nova NanoSEM-450) images of SWCNT solid samples directly extracted from the 
host fluid by evaporation at 150 °C.

Since forced convection is the mechanism that rules macroscopic heat flow in a heat exchanger, quantifying 
the convection coefficient (h) is a minimum requirement to assess whether thermal performance is enhanced or 
not. The dimensionless Figure of Merit (FoM) hnf/hbf may be used as an indicator to quantify the relative enhance-
ment of thermal performance which is solely due to changes in those properties of the nanofluid (nf) with respect 
to its base fluid (bf), which is the HTF in use. According to the Dittus-Boelter equation32 (valid for fully developed 
turbulent flow in circular tubes under heating conditions), hnf/hbf can be defined as
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where ρ is the density,η is the dynamic viscosity, κ is the thermal conductivity and Cp is the isobaric specific heat. 
Henceforth, these four properties were determined for each nanofluid. Density was measured using a pycnom-
eter (Pobel©, 10 ml) at 25 °C and 1 atm. Dynamic viscosity was measured using a sine-wave viscometer (A&D 
Company©, SV-10) at 25 °C and 1 atm. Density and viscosity measurements were performed in triplicate. Thermal 
conductivity was measured with a transient hot-bridge (Linseis©, THB-100) operating at 25, 50 and 70 °C and 
1 atm, with increasing input powers (10, 20 and 30 mW, respectively) for a better signal-to-noise ratio. Up to ten 
replicas were recorded for each sample and temperature. Lastly, isobaric specific heat was measured by means of 
temperature modulated differential scanning calorimetry (Netzsch©, DSC 214 Polyma), setting a temperature 
program that involves (i) a 5 °C/min ramp up to 40 °C, (ii) isothermal equilibration for 10 min, (iii) a 1 °C/min 
ramp down to 10 °C and (iv) a 1 °C/min ramp from 10 °C to 70 °C under temperature-modulated conditions with 
oscillations of ±1 °C amplitude and 1 min period.

Computational Framework
LAMMPS33 (Sandia National Labs, 31Mar17 version) was the code chosen to 

perform MD simulations for a comprehensive theoretical study of nanofluids. We configured models for the base 
fluid and the nanofluid using the molecular building tool Moltemplate34 (Jensen Lab, 23Oct17 version). Three 
templates (namely the TIP3P water molecule, the [6,5]-SWCNT unit cell and the Triton X-100 macromolecule 

[TX]/10−3 vol.% γL/mN·m−1 θRL/° γ L
P/mN·m−1 γL

d/mN·m−1

0.0 76.9 ± 1.8 115.8 ± 1.6 54.8 ± 2.9 22.1 ± 2.2

1.0 71.2 ± 2.8 108.2 ± 3.2 43.2 ± 5.6 28.0 ± 4.9
2.0 65.8 ± 2.5 101.6 ± 0.6 33.5 ± 3.6 32.3 ± 2.6
3.0 61.3 ± 1.9 93.5 ± 4.0 22.6 ± 6.5 38.7 ± 6.2
4.0 56.7 ± 2.8 87.4 ± 0.7 15.6 ± 5.0 41.1 ± 4.2
5.0 53.1 ± 1.6 82.6 ± 0.9 11.1 ± 3.1 42.0 ± 2.6

Table 1. Absolute surface tension, contact angles and polar and dispersive component for a series of aqueous 
standards with different concentrations of Triton X-100.

Figure 1. Dependence of the solid-liquid interface tension in the SWCNT/TX/H2O system for increasing 
volumetric fractions of Triton X-100.
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in its all-anti conformation) were considered, with all their sites being explicit and a maximum occupancy of 
one atom per site. The nanofluid initial configuration was created by removing a cubic domain from an arrange-
ment of equally spaced water molecules and then inserting a nanotube and two surfactant units. This ensures no 
overlap of atomic positions in the initial configuration and so that the simulation runs without instabilities. The 
OPLS-AA force field35,36 was used to compute bonding and non-bonding atomic interactions within the model in 
liquid phase simulations. It is described by the following functional of classical potentials
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where K1 is the harmonic force constant of each two-body interactions of covalently bonded atoms stretching 
from their equilibrium length 10; Kθ is the harmonic force constant of each three-body interactions of covalently 
bonded atoms bending from their equilibrium angle θ0; Vm are the torsion barriers for the dihedral angle φ of 
each four-body interactions of covalently bonded atoms rotating around a bond; rij is the distance between each 
pair non-bonded atoms, i and j, that interact as described by the energetics of the standard 12/6 Lennard-Jones 
potential, which is a function of the well depth εij and the collision diameter σij, and the Coulomb potential, which 
is a function of the atomic charges qi and qj. The parameters used for the OPLS-AA force field were adopted from 
literature37–41, as they were found to be compatible and transferable to our model. Lorentz-Berthelot combining 
rules were used to define the Lennard-Jones potential parameters for pair interactions between odd atoms, except 
for water-nanotube interactions, whose parameters were derived by Kaukonen et al.38 from van der Waals density 
functional (vdW-DF) calculations with no empirical parameters.

Equilibrium MD simulations were performed in a cubic environment with peri-
odic boundary conditions imposed in all Cartesian directions. Velocities were rescaled with the Nosé-Hoover 
thermostat and barostat42–44 (with damps of 10 and 100 fs, respectively) and updated using the Verlet integration 
algorithm45 with a timestep of 1.0 fs. For the sake of computational time, Lennard-Jones pairwise interactions 
were limited to a cut-off distance of 10.0 Å, Ewald summation46 was applied to compute long-range electrostatics 
beyond that cut-off and TIP3P water geometry was constrained using the SHAKE algorithm, so that dynamics 
run freely but bonds and angles are reset to their equilibrium length and angular values after each timestep47.

Systems were initially forced to change their volume until density was equal to 1000 kg·m−3 (by doing so, 
velocities were rescaled for the atoms to match the box change and keep their natural motion), and then thermal-
ized using the NVT ensemble at 25, 50 or 70 °C during 100 ps. Keeping up those conditions for 500 ps, transport 
coefficients were computed using the Green-Kubo formalisms48,49, considering a 10 ps correlation length and a 
100 ps−1 sampling frequency. Autocorrelation functions were integrated using the trapezoidal rule numerical 
integration scheme. Lastly, the systems were pressurized using the isobaric-isothermal (NPT) ensemble at 1 atm 
during 100 ps. Now radial distribution functions (RDF) were computed, using the same correlation length and 
sampling frequency stated above. Simultaneously, density and isobaric specific heat values were computed every 
10 ps up to 500 ps. Also, we dumped *.xyz files every 10 ps for the creation of 3D graphics in VMD50 (NIH Center 
for Macromolecular Modelling & Bioinformatics, 1.9.3 version).

Results and Discussion
Stability assessment. Changes in load and size of heat carriers were monitored as stability indicators. The 
load of SWCNT in nanofluids was related to their spectral extinction, since the intensity of light that is extin-
guished due to absorption and scattering phenomena as radiation passes through the liquid sample and interacts 
with them. Figure 2A shows the evolution of extinction values registered at 566 nm during a full month period 
after nanofluids were prepared. Wavelength choice is not arbitrary but meaningfully justified by S22 transitions 

Figure 2. Evolution of (A) spectral extinction values at 566 nm and (B) average size and distribution width, in 
time, as indicators for stability.
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between van Hove singularities in [6,5]-SWCNT51,52, which is the most abundant chirality according to the infor-
mation in supplier data sheet.

Attending to the initial values of extinction, the load of SWCNT introduced in the host fluid is greater for 
NF8, which is the sample treated under sonication for a larger time. However, there are no significant changes 
in the way they evolve. All nanofluids undergo a minimal aggregation process that is perceptible in a very early 
extinction decay that may be interpreted as a spontaneous change towards the equilibrium. Surface tension at 
the solid-liquid interface is low but still positive (see Fig. 1), so it can be expected from the system to reduce 
the interfacial surface. Indeed, we know from dynamic light scattering determinations, shown in Fig. 2B, that 
the average size (in terms of the hydrodynamic diameter) of heat carriers peaks a maximum value over the first 
two weeks in all cases. Size distribution width slightly increases over time, from about ±50 nm to ±100 nm. No 
phase segregation was observed by the end of the tests. So, the discussion above allows to conclude that NF4, 
NF6 and NF8 samples are stable once the equilibrium situation is reached, so their rheological and thermal prop-
erties are expected to be sustainable in time. What is more, the fulfilment of both stability criteria validates the 
theory-based design framework for nanofluids proposed in this three-step method for the preparation of stable 
carbon-based nanofluids in a polar host liquid.

Figure 3A contains SEM images of as-received SWCNT commercial powder, revealing that carbon nanotubes 
are originally entangled and compact. Alternatively, an array of randomly oriented carbon nanotubes can be 
seen in Fig. 3B, which corresponds to a powder-like sample extracted from the nanofluid. The entanglement is 
significantly reduced after sonication, even though they are forming some bundles after the extraction process. 
More sharpness and higher magnification in Fig. 3C allow the identification of small groups of carbon nanotubes 
in solid state samples. By comparing all SEM images, it can be clearly appreciated that the sonication treatment 
included in the preparation protocol provides a good degree of dispersion and that the properly controlled addi-
tion of stabilizers favours the availability of individual SWCNT or bundles with a small number of them.

Thermal performance assessment. Density values for each nanofluid are available in Table 2. Given a 
standard volumetric flow in a heat exchanger system, that HTF with a higher density will provide a greater mass 
transfer coefficient and so a better heat transfer rate. This is numerically considered in the Dittus-Boelter equation 
introducing density values to the power of a positive exponent. However, we found density to increase up to 0.1% 
with respect to the base fluid, so it is no expected to be decisive for heat transfer enhancement. We estimated the 
volume fractions of solid (for discussions attending to the content of nanomaterial in each sample) from density 
by assuming that

ϕ =
ρ − ρ

ρ − ρ (7)
nf bf

nt bf

where ρnf, ρbf and ρnt are the densities of the nanofluid, the base fluid and the nanotube.

Figure 3. SEM images of SWCNT (A) from commercial powder and (B,C) from nanofluids.

Sample ID ρ/kg·m−3 ϕ/10−2 vol.% η/mPa·s
Base fluid 996.4 0.89
Host fluid 996.4 ± 0.1 0.0 0.90 ± 0.01
NF4 996.6 ± 0.1 2.5 ± 1.3 0.93 ± 0.01
NF6 996.9 ± 0.1 6.2 ± 1.5 0.98 ± 0.01
NF8 997.1 ± 0.1 8.7 ± 1.7 1.01 ± 0.01

Table 2. Density and dynamic viscosity values of the base fluid and the nanofluids at 25 °C, together with the 
estimated volume fractions of solid (ρnt = 1800 ± 100 kg·m−3).
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Dynamic viscosity values are also represented in Table 2. It can be appreciated that they increase for increasing 
volume fractions of nanomaterial, up to 13.9%, which is still affordable for conventional pumping systems. We 
checked that the diluted amount of Triton X-100 does not cause a measurable difference in viscosity, so it is solely 
due to the presence of nanotubes. In Fig. 4 we compared our results with those predicted by those numerical mod-
els presented in Table 3. Einstein’s model53 for the viscosity of suspensions (Eq. 8) is based on the resolution of 
the hydrodynamic equations for suspensions of non-interacting rigid particles. Alternatively, Batchelor’s model54 
(Eq. 9) takes into account the influence of two-particle interactions by introducing the Huggins coefficient kH, 
whose value was calculated by Berry et Russel55 as 2/5 for interactions between rigid rods under steady shear flow 
conditions. In both cases the intrinsic viscosity {η} parameter is included, which is sensitive to the particle shape. 
Its theoretical expression, which can be found in literature56, is a function of the particle diameter-to-length ratio 
dnp/Lnp. For the calculation of such a ratio, average diameter and length of SWCNT (available in the supplier data 
sheet) were considered. Despite this, none of these models was found to fit our experimental data, and the main 
limitation here may be the fact of nanotubes being considered as rigid bodies (as both models are constructed 
on this assumption) with a diameter-to-length ratio of 7.8·10−4 whereas they can be stacked or partially folded in 
suspension, which should be properly represented by a larger aspect ratio. Still, the main conclusion that can be 
drawn from the comparison of these models in Fig. 4 is that the rheological behaviour of these nanofluids is ‘bet-
ter’ described (since it is reasonably linear) by the Einstein’s model and so that SWCNT, for low volume fractions 
in a host fluid with optimum surface tension, are more likely to behave as non-interacting (but not necessarily 
rigid) particles. This means minimum aggregation and maximum availability of heat carriers in suspension.

Figure 5A shows thermal conductivity values of the base fluid, the host fluid and SWCNT/TX/H2O nano-
fluids, as a function of temperature. As it increases, that nanofluid with the highest volume fraction of SWCNT 
seems to be more sensitive to changes in temperature, peaking a 79.5% enhancement in thermal conductivity 
at 70 °C. These enhancements are better than expected by numerical predictions using models from Table 3, at 
any temperature. This is better appreciated in Fig. 5B–D. Hamilton-Crosser’s model57 (Eq. 11) is supposed to 
calculate the effective thermal conductivity of a biphasic mixture as a function of their individual thermal con-
ductivities by considering the sphericity Ψ and the volume fraction ϕ of the disperse particles but, for this case, 
it estimates an enhancement below 2.0%. The applicability of this model is hardly limited by its poor approach 
to non-spheroid particle shapes. Aiming for a wider applicability of thermal conductivity predicting formulae, 
Yamada-Ota’s model58 (Eq. 12) was originally proposed for parallelepiped particle suspensions by introducing 
the length-to-diameter ratio Lnp/dnp. For the calculation of such a ratio, once again, average length and diameter 
of SWCNT (available in the supplier data sheet) were considered. The prediction is closer indeed, but this model 
also fails to predict thermal conductivities of the nanofluids presented in this study. A discussion of transport 
properties of nanofluids on the basis of numerical models is clearly limited because they are systems of high 

Figure 4. Dynamic viscosity values at 25 °C, as a function of SWCNT volume fraction, compared to those 
predicted by Einstein’s and Batchelor’s models.

Reference Equation

Einstein53 η = η + η ϕ(1 { } )eff bf     (9)

Batchelor54 η = η + η ϕ + η ϕ(1 { } k { } )eff bf H
2 2                (10)

Hamilton-Crosser57 κ = κ
κ + Ψ− − κ − ϕ κ − κ

κ + Ψ− − κ + ϕ κ − κeff bf
np (3 1 1)( bf ( bf np))

np (3 1 1) bf ( bf np)          (11)

Yamada-Ota58 κ = κ
κ κ + ϕ . − ϕ − κ κ

κ κ + ϕ . + ϕ − κ κeff bf
np / bf 2 0 2Lnp /dnp(1 (1 np / bf))

np / bf 2 0 2Lnp /dnp (1 np / bf)     (12)

Table 3. Models to calculate the effective viscosity (Eqs 8 and 9) and thermal conductivity (Eqs 10 and 11), as a 
function of the volume fraction and shape of the disperse solid.
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complexity that cannot be properly understood as common solid-liquid mixtures. For that we think the use of 
MD simulations helps for a better understanding of these systems and their properties.

Now considering the low volume fractions involved in this work, these are, to our knowledge, the highest 
enhancements ever reported in literature for nanofluids containing carbon nanotubes. For instance, Choi et al.59 
reported a 159% enhancement of thermal conductivity in a synthetic poly-α-olefin oil with a 1.0 vol.% load of 
MWCNT at room temperature. Ding et al.60 also studied the thermal behaviour of nanofluids with a 1.0 vol.% 
load of MWCNT in ethylene glycol as reported an 80% enhancement of thermal conductivity. Alternatively, 
Harish et al.61 reported a 14.8% enhancement for a 0.20 vol.% load of SWCNT in ethylene glycol at 25 °C, whereas 
Sabiha et al.62 reported a 36.4% enhancement for a 0.25 vol.% load of SWCNT in water at 60 °C. Our achievement, 
as far as we can conclude, is a consequence of the availability of properly dispersed and stabilized heat carriers.

The values of isobaric specific heat are discussed. This property plays an important role in heat transport phe-
nomena, as it determines the thermal energy storage capacity of the HTF in use. The specific heat of nanofluids 
is expected to decrease for increasing volume fractions, as the specific heat of solids is generally lower than that 
of liquids, but some experimental observations are opposed to this assumption63. Figure 6 illustrates that the iso-
baric specific heat of NF4 sample is lower than those of the base fluid and the host fluid at low temperatures, but 

Figure 5. (A) Measured thermal conductivity values, as a function of temperature and volume fraction of 
disperse solid, compared to those predicted by Hamilton-Crosser’s, and Yamada-Ota’s models, at (B) 25 °C,  
(C) 50 °C and (D) 70 °C.

Figure 6. Isobaric specific heat values, as a function of temperature and volume fraction of disperse solid.
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it significantly increases with temperature. NF6 and NF8 samples have higher specific heats over the entire range. 
A maximum 8.6% enhancement was found for the 0.087 vol.% nanofluids at 70 °C.

Contributions to heat transfer from these parameters must be assessed attending to a single criterion, what 
gives sense to the FoM defined in Eq. 5. Figure 7 gathers the values calculated for each temperature and volume 
fraction according to this formula. Any FoM value higher than 1.0 implies that nanofluids enhances the heat 
transfer process with respect to the base fluid. Best performance was found for the 0.087 vol.% SWCNT/TX/H2O 
nanofluid, which is more efficient than water by 31.3% under heating conditions at 70 °C, but still the criterion 
is satisfied in all cases, so any of these nanofluids could be a choice of preference over its base fluid to be used as 
HTF for thermal management. In overall terms, the conception of the three-step method leads us to the produc-
tion of a whole series of SWCNT/TX/H2O nanofluids that were found to be stable and to provide an exceptional 
heat transfer efficiency for both conduction and convection processes according to the findings of an exhaustive 
systematic characterisation. So, the three-step method proposed here can be a promising advance in the field of 
nanofluids.

Understanding heat conduction. Before using the simulation approach for understanding and rationalis-
ing a system, it is important to validate the model with well-known experimental results. Figure 8A–D show com-
puted values of the physical properties for both the base fluid and the nanofluid models, and how the presence 
of a carbon nanotube induces changes in the properties of the base fluid, which are clearly exalted. These values 
are slightly overestimated if compared with empirical evidences, and this is due to the limitation of the model 
size (the occupancy of carbon nanotube in the simulation box is equivalent to 1.4 vol.%, which is higher than 
experimental volume fractions by two orders of magnitude). Note that it is built as a finite box under periodic 

Figure 7. Expected enhancements in convective heat transfer, in terms of the FoM, as a function of temperature 
and volume fraction of disperse solid.

Figure 8. Computed values for (A) density, (B) dynamic viscosity, (C) thermal conductivity and (D) isobaric 
specific heat, for both the base fluid and the nanofluid models, as a function of temperature.
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boundary conditions that pretends to emulate an infinite bulk domain. The major concern here was the number 
of atoms within that finite box and for that a trade-off between system representativeness (i.e. the nanotube must 
be a minor component with respect to whole number of water molecules), calculation convergence and pro-
cessing time was required for the simulation to be feasible. However, it is noteworthy that thermal conductivity 
(see Figs 5A and 8C) and isobaric specific heat (see Figs 6 and 8D) values follow experimental-like trends. This 
proves that the model offers good response to state variable changes and good representativeness of nanofluids, 
and also demonstrates the thermodynamic consistency of the chosen force field parameters for the simulation of 
its dynamics64. All these facts lead to a successful and unambiguous validation of the model for further analysis.

Defining the mechanisms that rule heat transport phenomena in nanofluids is a key factor towards the com-
prehension of their thermal properties. This is a controversial issue among researchers. Keblinski et al.65, on 
the basis of MD simulations using a hypothetical nanofluid, suggested that the major contribution to thermal 
conductivity is the ballistic heat transport through in solid nanoparticles promoted by phonons and also that 
solid-liquid interfaces may influence the overall process in nanofluids. Evans et al.66, following a similar scheme, 
stated that thermal conductivity enhancements are not associated to hydrodynamic effects induced by Brownian 
motion. Alternatively, Sarkar et al.67, using copper-argon system model, concluded that is not the Brownian 
motion of nanoparticles but the enhanced movement of the surrounding base fluid atoms what promotes local-
ized heat transport. These proposals, although they are far from being conciliated in a heat transfer theory for 
nanofluids, share a common point: nanoparticles modify the natural dynamics of the base fluid.

Our thermal conductivity results encouraged the need for understanding the underlying heat conduction 
mechanisms in nanofluids. In this work, we proceeded with the equilibrium approach for the analysis of heat 
conduction through nanofluids using a model whose dynamics were observed in a MD environment. For such 
approach, the Green-Kubo formalism48,49 provides the following time-correlation function to calculate thermal 
conductivity

∫κ =
∞

·1
3VT k

J(t) J(0) dt
(8)2

B 0

where V is the system volume, T is the system temperature, kB is the Boltzmann constant and 〈J(t) · J(0)〉 is the 
heat flux autocorrelation function (HFAF). This function describes how long it takes for the fluctuations (about 
zero at equilibrium) of the heat flux vector J(t) to dissipate, which implicitly contains information about the heat 
conduction process through the nanofluid68.

Figure 9A contains the HFAF of the base fluid and the nanofluid at the same temperature. Decay pat-
tern to zero was found to be monotone for the base fluid but oscillating for the nanofluid, in agreement with 
Keblinski et al. and Sarkar et al.65,67 Correlation lasted longer due to these thermal fluctuations, thus leading to 
a higher thermal conductivity of the nanofluid upon integration. For increasing temperatures, as it is shown 
in Fig. 9B, the decay ratio is lower and that explains why thermal conductivity of these nanofluids is sensi-
tive to changes of this state variable. Figure 9C shows the spatial components of the HFAF (this is Jx(t) · Jx(0), 
Jy(t) · Jy(0) and Jz(t) · Jz(0)) for the nanofluid system at the highest temperature. Thermal fluctuations within the 
x- and z-directions, which are orthogonal to the nanotube longitudinal axis, depict a random sequence but 
those within the y-direction, which contains the nanotube longitudinal axis, depict some periodic features that 
resemble much of ‘heat beats’, as it is shown in Fig. 9C. We verified that the frequency of those features in the 
HFAF fits with that expected for the superposition of resonant n = 1 and n = 2 vibration modes of phonons in 
a well whose boundary width is equal to the nanotube length69, together with a higher frequency pattern that 
matches the oscillations in the HFAF of the base fluid, but with a much larger amplitude. This could be due to 
phonon-enhanced water flow, as we found water molecules occupy the nanotube inner cavity, as is discussed 
below. For better appreciation, we found convenient to plot the superposition of the temporal parts of the clas-
sical waves with the matching frequencies.

Given the statements above, we concluded that presence of nanotubes disturbs the natural dynamics of the 
base fluid by increasing the phonon mean free path along the nanotube longitudinal axis (local anisotropy), thus 
promoting the correlation of thermal fluctuations and leading to a higher thermal conductivity. If extended to a 
bulk system, we suggest that coherent and consecutive phonon propagation events between randomly oriented 
nanotubes (average isotropy), together with phonon-enhanced water flow, are responsible of the macroscopic 
thermal conductivity of the nanofluid. It is important to note that it is the Green-Kubo equilibrium methodology 
what provides access to this information (which is otherwise missed by non-equilibrium methodologies that 
impose a temperature gradient in a certain direction) and so we assert that it meets the requirement for the anal-
ysis of heat conduction at a non-continuum scale in nanofluids.

Understanding heat storage. The enhancement of isobaric specific heat in nanofluids has received much 
less attention than thermal conductivity from theoretical research. Shin et al.70, in a consideration on the mecha-
nisms responsible of this anomalous enhancement, proposed three independent modes for heat storage in nano-
fluids: (i) higher specific heat of nanoparticles compared to the bulk solid, due to the high surface energy per unit 
mass; (ii) additional storage arising from solid-liquid interactions at interfaces; (iii) layering of liquid molecules 
around nanoparticles, configuring a solid-like layer with higher specific heat than the bulk liquid. Jo et al.71, on 
the basis of MD simulations, were able to estimate the thickness and the density of a compressed liquid layer on 
the surface of graphite nanoparticles in a binary carbonate molten-salt. Navas et al.13, by analysing radial and 
spatial distribution functions from MD simulations, observed the arrangement of base fluid (a eutectic mixture 
of biphenyl and diphenyl oxide) molecules in a rigid layer surrounding copper and nickel nanoparticles and also 
concluded that the nature of interactions determines how tightly the layer is bound to the surface and how that 
boost heat transfer through the interface.
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Since our model was found to reproduce that anomalous heat storage enhancement, we proceeded with an 
analysis of the equilibrium molecular architecture from MD simulations. Computed RDFs for the Cnt ··· Obf pair, 
which are shown in Fig. 10A, revealed an anomalous population of water molecules within a virtual shell defined 
between 3.0–4.0 Å from the nanotube surface. This accounts for both water inside and outside the nanotube 
(see Fig. 11A for better appreciation). Cnt ··· Obf RDFs were again computed for a system that was forced not to 
have water molecules inside the nanotube and plotted in Fig. 10B. Number density of water molecules outside 
the nanotube is not consistent with sharp layering due to specific interactions but with some short-range order 
induced by the presence of the nanotube, that is distinguishable of bulk disorder and not altered by temperature 

Figure 9. (A) HFAF for the base fluid and the nanofluid, at the same temperature; (B) HFAF of the nanofluid 
for increasing temperatures; (C) Components of the HFAF of the nanofluid.

Figure 10. RDF for the Cnt … Obf pair, acquired from the nanofluid model by MD simulations at different 
temperatures, including (A) or excluding (B) the presence of water inside the nanotube.

158 Iván Carrillo Berdugo



1 1SCIENTIFIC REPORTS |          (2019) 9:7595  | 

www.nature.com/scientificreportswww.nature.com/scientificreports/

(although loss of order would be expected as kinetic energy increases, it seems not to be significant for the studied 
range of temperatures). This observation allows a molecular interpretation of the isobaric specific heat increase 
in terms of the ‘hydrophobic effect’72,73: since nanotubes are non-polar, its inclusion in water forces the forma-
tion of a cage of molecules around them (i.e. some sort of clathrate), with those molecules being in a more 
‘solid-like’ (yet dynamic) situation due to constrains arising from a higher number atom-atom interactions per 
molecule. Compared to liquid water, more heat is required to break up that structure, hence isobaric specific heat 
is increased.

On the other hand, RDF revealed no significant number density for any interaction of Triton X-100 atoms 
within a 10.0 Å cut-off radius from nanotube carbon atoms and, given its spatial configuration (see Fig. 11B,C), 
it seems not to be fully adsorbed onto the surface. The polyether chain is indeed preferentially located in the 
aqueous phase; as nanotube carbon atoms exhibit no natural charge separation, the extension of its adsorption is 
limited to van der Waals interactions to the nanotube surface, which are weaker than electrostatics interactions 
making water more competitive for solvation. The non-polar head is more akin to the surface but still attached 
to the polyether chain, which makes it more steric demanding and unable to approach towards the surface. The 
cumulative result of the above-stated forces suggests that Triton X-100 is partially adsorbed, yet located in the 
vicinity of the solid-liquid interface and altering its energetics. This fact may serve as a piece of evidence to con-
clude that the stabilisation provided to SWCNT/TX/H2O nanofluids is not arising from electrosteric events but 
from its influence on those energetics, changing cohesive forces and thus change surface tension.

Conclusions
Next stage on the roadmap of nanofluids is the improvement of colloidal stability for sustainable thermal prop-
erties. An interface-based three-step method, arising from the rationalisation of the minimum tension at the 
interface between the disperse solid and the host fluid, was proposed in this paper. It was tested for the prepa-
ration of aqueous nanofluids containing single-walled carbon nanotubes, using the non-ionic surfactant Triton 
X-100 for the purpose of adjusting the polar and dispersive components of the base liquid until convergence with 
those of the disperse solid, thus making both phases compatible. Characterisation procedures revealed good 
dispersion and stability, in terms of constant particle load and size distribution, during at least one month. No 
significant changes in rheological properties were found but an extraordinary 79.5% enhancement in thermal 
conductivity and 8.6% in isobaric specific heat were observed for that nanofluid with a 0.087 vol.% load of nano-
tubes in suspension at 70 °C. Also, the heat convection process, as assessed by the Dittus-Boelter Figure of Merit, 
was enhanced by 31.3% for same nanofluid at the same temperature. Overall stability and thermal performance 
endorse the proposed three-step method and the method itself fulfils the target of sustainable thermal properties.

These results promoted the interest for the understanding of structural and dynamic features explaining ther-
mal properties of nanofluids. For that, a homologous nanofluid system was modelled and validated for its simu-
lation in a classical Molecular Dynamics environment. The spatial components of the heat flux autocorrelation 
function of the system revealed that heat conduction is significantly enhanced along the nanotube longitudinal 
axis due to a larger phonon mean free path. We suggested that consecutive phonon propagation events between 
randomly oriented nanotubes are responsible of the macroscopic thermal conductivity observed for these type 
of nanofluids. It was possible to elucidate from an analysis of the radial distribution functions that liquid layering 
phenomena occurs and may be related to isobaric specific heat enhancement due to the hydrophobic effect. Also, 
that Triton X-100 surfactant is partially adsorbed on the solid-liquid interface and so the stabilisation mechanism 
is not arising from electrosteric hindrance but from surface tension minimisation. Here modelling and simulation 
have supported experimental characterisation by providing information that cannot be obtained empirically.
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ABSTRACT: Nanofluids have emerged as an addition for thermal management and energy
conversion applications. The dispersion of a small amount of solid nanoparticles occasionally
leads to an unexpected enhancement in the specific heat of the dispersant fluid. This effect has
technical, economic, and social significance, and for that, it has received a lot of attention from
applied research, but the associated physical and chemical phenomena explaining this
phenomenon are yet to be described. We report here a combined experimental and theoretical
investigation of nanofluids consisting of palladium nanoplates in a typical heat transfer oil used for
concentrating solar power. Their specific heat per unit volume is found to be maximally enhanced
at intermediate nanoparticle concentrations, at all temperatures. This is consistent with the
phenomenological description provided by the mesolayer model. Density functional theory
calculations of adsorption energies and diffusion/desorption activation barriers reveal a strong interaction between the base fluid
molecules and palladium surfaces, leading to a nanofluid model where the metal particles are decorated by a static layer of organic
molecules. Such layering is potentially responsible for the anomalous enhancement on the thermal properties of the nanofluid, such
as the specific heat. Our contribution with this work is a first step toward a complete understanding on the structure and properties
of nanofluids using ab initio molecular simulation techniques rather than phenomenological descriptions only.

KEYWORDS: nanofluids, thermal energy storage, concentrating solar power, specific heat, metal−liquid interfaces, DFT calculations

1. INTRODUCTION

Comparing both concentrated solar power (CSP) and solar
photovoltaics (PV) technologies, the latter is more competitive
in terms of performance and costs viability, with the world
total power capacity of PV installations being higher by two
orders of magnitude, than that of CSP installations (505 and
5.5 GW in 2018, respectively).1 Even if PV technology is a
mainstream option in our current power sector, there is no sign
of overcoming an inherently intermittent availability of the
generated power, as it can only produce direct current under
ceaseless irradiation, to be either consumed in situ or sold to
distribution companies and injected into the grid. In contrast, a
key advantage of CSP systems is their ability to take advantage
of thermal energy storage (TES), which allows to partially shift
electricity production to periods of peak demand or reduce
solar irradiation, e.g., due to weather conditions or night time.
TES-CSP installations are therefore more flexible and reliable
power blocks, as they can produce electricity on demand.2−9

However, new additions to installed CSP capacity1 are limited
by the low achievable efficiencies, which is mainly due to the
poor thermal performance of the heat transfer fluid (HTF)
involved in the underlying thermodynamic cycle. This HTF,
typically a eutectic mixture of biphenyl (BP) and diphenyl
oxide (DPO), commercially available as DowthermTM A, is
operative in the liquid phase for a wide range of temperatures,
but its resistance to thermal degradation restrictively limits the

maximum operating temperature to approximately 400 °C and
its isobaric specific heat is relatively low, from 1.587 kJ·
kg−1·°C−1 at 25.0 °C to 2.258 kJ·kg−1·°C−1 at 250.0 °C.
Specific heat represents the capacity of the fluid to exchange

sensible heat given a temperature change, and it is a desirable
property for HTF to be used in CSP.10,11 A higher specific heat
implies that a more thermal energy per unit volume can be
directly stored by the fluid, without implicating a secondary
medium for thermal energy storage, and higher rates for
convection heat transfer from the collector, which improves its
thermal and hydraulic performance.12,13 Previous research
papers have reported either an increase14−22 or decrease23−29

in isobaric specific heat by dispersing a small load of
nanoparticles within the fluid, thereby generating a nano-
fluid.30 The ability to tune the specific heat of the fluids has
suggested potential applications in the field of CSP.31,32

Current numerical models do not provide an adequate
description of the variation of isobaric specific heat in
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nanofluids with respect to the base fluid, as they always predict
increases or decreases, regardless. The nature and interactions
between components in the nanofluid are not considered in
these models, as there is no well-established microscopic
theory explaining those increments in terms of the effects of
nanoparticles on the structure and dynamics of the fluid. Only
phenomenological theories have been considered so far for the
purpose of rationalization. The proposal by Shin and
Banerjee,14 although roughly approximate, identifies possible
contributions to improved energy storage from the low
frequency and high amplitude of vibrations of atoms at the
nanoparticle surface (compared to the corresponding bulk)
and solid−fluid interactions as new energy pools increasing the
interfacial specific heat. The interfacial layer concept was
further developed by Hentschke,33 who introduced the
interacting mesolayer concept in an attempt to explain
nonmonotonous trends of specific heat as a function of the
load of nanoparticles, with a distinctive maximum at
intermediate concentrations.34−38 Both models assume the
formation of a solid-like layer of fluid on the surface of
nanoparticles, but microscopic evidence for it is yet to be
found.
The aim of the present study is to understand the observed

increment in the specific heat of Dowtherm A containing Pd
nanoplates as a disperse phase, for a range of temperatures and
mass fractions, by investigating the feasibility for molecular
layering in this system. The nature of the solid−liquid interface
is investigated on the basis of periodic density functional
theory (DFT) calculations. The present work is, to our
knowledge, the first attempt to provide a full description on the
thermodynamic viability and kinetic constrains of this
molecular layer in the solid−liquid interface of nanofluids by
using ab initio calculations to support experimental evidence. It
also represents the first step in a more realistic modeling of
nanofluids, which is essential for the assessment on how much
the existence of this interfacial layer affects specific heat.

2. METHODOLOGY

2.1. Experimental Framework. For the shape-controlled
synthesis of Pd nanoplates, 56.3 mg of Na2PdCl4 (Sigma-
Aldrich, 98%) and 106.4 mg of PVP (Sigma-Aldrich, ave. mol
wt 40,000) were simultaneously added to a round-bottom flask
with 11 mL of deionized water. This aqueous solution in which
the molar ratio for Pd2+ to the PVP monomer is 1:5 was heated
at 100 °C for 3 h under an air atmosphere. This is a
reproduction of the method proposed by Lim et al.,39 repeated
until a desired amount of product is obtained. The product was
centrifuged for 15 min at 10,000 rpm, then washed twice with

ethanol and once with acetone, and finally collected in a
powder form after drying it in vacuum at 40 °C for 48 h.
Crystallinity and chemical state bonding of Pd in the as-
synthesized sample were assessed by X-ray diffraction (XRD)
(Bruker, D8 Advance A25 diffractometer, Cu Kα source,
LYNXEYE detector) and X-ray photoelectron spectroscopy
(XPS) (Physical Electronic©, PHI 5000 VersaProbe II,
monochromatic Al Kα source). Morphology and size
distribution of nanoplates were both determined by high-
resolution transmission microscopy (HRTEM) (FEI, Talos
F200S).
For the preparation of nanofluids, 63.7 mg of Pd nanoplates

was immersed in 100 mL of a 1 wt % solution of Triton X-100
(Panreac, a surfactant for automatical analysis) in Dowtherm A
(The Dow Chemical Company) and dispersed by ultra-
sonication (Sonics&Materials, VCX-500, a solid probe with a
nonreplaceable 13 mm tip) for 1 h with a 2:4 s on:off pulsation
at 50% amplitude. The mass fraction of Triton X-100 was
chosen for the dispersive surface tension component of the
base fluid to be minimized (and so does the solid−liquid
interfacial tension) without a measurable change in its dynamic
viscosity. The colloid resulting from sonication, with a mass
fraction of 6.0 × 10−2 wt % in Pd nanoplates, is a nanofluid to
be characterized. First, its stability was assessed. Desirable
characteristics for nanofluid stability are the constant load of
the nanomaterial in suspension and the minimum aggregation
and flocculation over time. The load of nanoplates was
assessed in terms of spectral extinction measured by visible
spectroscopy (OceanOptics, a DH-2000-BAL light source and
USB2000+ general purpose spectrometer), whereas the
solvodynamic diameter was estimated by dynamic light
scattering (DLS) (Malvern Instruments, Zetasizer Nano ZS).
Both were measured in triplicate over the course of 2 weeks.
Once the sample was considered to be in equilibrium, the
physical properties of interest for energy storage applications
were characterized. An important criterion in the selection a
HTF for sensible heat storage is its ρ · CP value, the product of
its density and isobaric specific heat.40 For that, the density of
the base fluid, the nanofluid, and its 1:2 and 1:5 dilutions were
measured by means of the pulsed excitation method (Anton
Paar, DM35 densitometer) at room temperature. Isobaric
specific heat values for the same samples were measured by
temperature-modulated differential scanning calorimetry
(TMDSC) (Netzsch, DSC 214 Polyma, closed concavus pan,
N2 flow), setting the following temperature program as follows:
(i) dynamic step from 20 to 100 °C at 10 °C·min−1; (ii)
isothermal step for 10 min; (iii) dynamic step from 100 to 20
°C at 10 °C·min−1; (iv) isothermal step for 10 min; (v)

Figure 1. High symmetry sites on Pd (111) (left side) and Pd (100) (right side) surfaces. The Bri, H, and Top nomenclatures stand for bridging,
hollow (hcp, fcc or bcc type), and atop-an-atom sites, respectively. Due to the six-fold rotational symmetry of Pd (111), rings at this surface have
two possible orientations, nonrotated or rotated 30° with respect to the surface lattice vectors.
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temperature-modulated dynamic step from 20 to 255 °C at 1
°C·min−1 with a modulation of ±1 °C in amplitude and 120 s
in periodicity. Steps i−iv are required for purging the sample
holder and thermally equilibrating the samples. Only the DSC
signal from step v is considered for characterization purposes,
which provides good resolution with a heating rate of 1 °C·
min−1. Specific heat is derived by means of the ratio method
for which the DSC signal baseline was corrected and compared
to the DSC signal from a sapphire-certificated reference
sample, using the same temperature program. Temperature,
sensitivity, and Tau-R calibrations were performed before the
analysis of the samples, using the standard calibration
instructions provided by the manufacturer with adamantane-,
In-, Sn-, Zn-, Bi-, and CsCl-certificated reference samples.
2.2. Computational Framework. The energetics and

geometry of adsorption complexes of BP and DPO on Pd
(111) and Pd (100) have been examined to assess whether the
formation of a molecular nanolayer is feasible. It is well
established that the adsorption of aromatic rings on transition
metal surfaces occurs mostly on sites where rings sit parallel to
the surface and whose symmetry favors good alignment for the
C pz orbitals to overlap with the metal dz2 and dyz orbitals

41−44

so that π-bonding is allowed. Considering this, the initial
configurations of the complexes under study were such that
both phenyl rings in BP and DPO were positioned to occupy
high-symmetry sites on Pd (111) and Pd (100), as shown in
Figure 1.
The Vienna ab initio simulation package (VASP)45−47 was

used to perform all DFT simulations. Structural models in
VASP are periodic in three dimensions; therefore, we used
supercells representing surface terminations with a vacuum slab
of 15 Å, to minimize unphysical interactions with periodic
images in the direction perpendicular to the surface. The
exchange-correlation term was calculated within the general-
ized gradient approximation (GGA) using the dispersion-
corrected Perdew−Burke−Ernzerhof (PBE-D3) function-
al,48,49 which has been proven to work well for the calculation
of adsorption energies of molecules on metal surfaces.50

Brillouin-zone integrations were performed using Monkhorst−
Pack grids51,52 with a k-point density of 0.2 Å−1 and a first-
order Methfessel−Paxton smearing53 of 0.2 eV. We verified
that these parameters led to convergence and a negligible
entropy term below 1 meV/atom. Interactions between
valence electrons and atomic cores were described using
projector-augmented wave (PAW) potentials.54,55 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.
When optimizing the Pd bulk unit cell including cell vectors,
the cut-off was increased by 30% to avoid Pulay stress errors.
We also investigated the ease of movement for the molecules

adsorbed on Pd surfaces, as this determines the dynamic or
static nature of this nanolayer. The nudged elastic band (NEB)
method56,57 was used for the approximation of the minimum
energy paths (MEP) and the estimation of energy barriers in
adsorption/desorption and surface-diffusion processes. Five
images were considered, with initial positions created by
linearly interpolating the ionic coordinates of two optimized
well-known structures. During the NEB optimization, images
were kept equidistant, and the energy minimized until the total
free energy difference between two ionic steps was smaller than
0.01 eV.

3. RESULTS AND DISCUSSION
3.1. Characterization of Pd Nanoplates. Preceding its

processing as a disperse phase for nanofluids, an exhaustive
characterization of the product from kinetically controlled
hydrothermal synthesis was undertaken to verify the successful
obtention of Pd metal nanoplates. Crystallinity of the as-
synthesized sample was verified by XRD; the diffraction
pattern is shown in Figure 2A. The Bragg condition for the

maximum-diffracted intensity is satisfied for 2θ equal to 40.0°,
46.6°, 68.1°, 82.1°, and 86.6°, matching the expected angles for
the diffraction from (111), (200), (220), (311), and (222)
planes of fcc Pd, respectively, even with noise and peak
broadening due to randomly oriented crystallites in powder-
like samples. The chemical state of Pd was also verified. The
XPS general survey spectrum is available in the electronic
Supplementary Information. Figure 2B shows the Pd 3d
region, which is the primary region for Pd. Here, two well-
defined spin-orbit components can be identified, Pd 3d3/2 and
Pd 3d5/2 (Δ = 5.25 eV), together with the plasmon loss peak
for Pd 3d3/2 at 346.5 eV. A binding energy about 334.7 eV for
Pd 3d5/2 and asymmetric peak shapes indicate that the
chemical state of the sample is Pd metal.58

From TEM images, three of them shown in Figure 3A−C, it
is found that the synthesized product contains 75% of the
nanoplates with both truncated-corner triangular and hex-
agonal contours. The electrotransparency and lack of contrast
in individual crystallites suggest that these are 2D-structured
polygonal-shaped nanoparticles. The size distribution of
nanoplates, derived from the histogram in Figure 3D,
comprises two normal distributions given by 34.4 ± 10.0
and 78.2 ± 9.9 nm. The smaller distribution contains mostly
nanotriangles, whereas the bigger one contains mostly
nanohexagons. The HRTEM image taken from a single-
triangular nanoplate is shown in Figure 3E, with enough
resolution to discern lattice fringes in it. As shown in Figure
3F, these fringes have an associated six-fold rotational
symmetry with an interplanar spacing of 1.4 Å and can be
consequently indexed as the (220) planes (d220 = 1.37 Å
expected) in fcc Pd. It is evident from the images that (220)
planes are perpendicular to the top/bottom facet of the
nanoplate, and it can be analytically proved that (110) and
(111) families of lattice planes are orthogonal by the null scalar
product of their normal vectors, thus indicating that nanoplates
are enclosed by (111) planes.
The discussion above is presented for verification purposes

and allows us to unequivocally conclude that the synthesized

Figure 2. (A) X-ray diffractogram and (B) X-ray photoelectron
spectrum (Pd 3d region) of the synthesised powder-like sample
containing Pd nanoplates.
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product mainly consists of 2D polygonal-shaped Pd metal
nanoplates. The growth mechanism for theses nanostructures
have been previously described by other authors.39,59

3.2. Characterization of Nanofluid Stability. The utility
of nanofluids in TES, as for many other applications, is
conditioned not only by their thermophysical properties but
also by their colloidal stability. Goodness criteria for colloidal
stability demands the minimum variation in the load and size
of heat carriers in suspension, and this is a sine qua
noncondition before assessing any potential enhancement in
specific heat. Aggregation may occur, as it is a spontaneous
process that reduces the excess energy per unit area of surface.
Disperse phases with metallic nanoparticles are particularly
susceptible of aggregation due to high surface tensions, but the
process can be kinetically hindered so that the nanofluid is
metastable for a time equal to the extension of the life cycle of
the base fluid under working conditions. For that, in the

sonication-assisted dispersion of Pd nanoplates, a 1 wt %
Triton X-100 surfactant was added to the base fluid. This
surfactant has been previously tested with successful results for
nanofluids with Dowtherm A as base fluid.
Changes in the load of heat carriers (i.e., Pd nanoplates in

suspension) were monitored by periodically measuring the
spectral extinction of the nanofluid. Figure 4A stacks its visible
extinction spectra over a 2-week period and shows that
incident visible light is optically extinguished over the entire
range. The effect is particularly acute at shorter wavelengths for
which the scattering cross section is predominant. Therefore,
the extinction value at 450 nm over time is plotted in Figure
4B for a representation of the time evolution of the load of
heat carriers in suspension. Its interpretation is semi-
quantitative, but in agreement with the decay in extinction,
the availability of heat carriers decreases up to 8.3% by the end
of the first week. No variations in the overall metallic content

Figure 3. (A)−(C) TEM images of Pd triangular and hexagonal nanoplates, prepared by hydrothermal reduction of Pd2+ with PVP under kinetic
control conditions. (D) Frequency histogram and normal distributions for size of nanoplates. (E, F) HRTEM images of a single nanoplate with the
indexed (220) planes highlighted by green lines.

Figure 4. (A) Visible extinction spectrum at different times and (B) evolution of the extinction coefficient at 450 nm over time. Presented as a
stability indicator for the Pd-containing aromatic-based nanofluid.
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are expected, as no phase segregation or sedimentation occurs.
Such a decrease is closely related to the aggregation
phenomenon, according to Figure 5. Size distribution remains

Gaussian and monomodal, but both the mean and the standard
deviation increase over time, from 227.4 ± 46.9 to 847.0 ±
181.6 nm, as highlighted in the inset. A clear transition from
the mesokurtic regime to the platykurtic regime can be
appreciated, with the consequent minimization of the
maximum number density due to an increase in polydispersity.
The aggregation rate seems to find a minimum after the 1st
week. Figures 4 and 5 are consistent with this interpretation, as
shown by the asymptotic exponential fitting functions with
very similar rates. Therefore, it is safe to conclude that the
nanofluid is in equilibrium as of the 2nd week and that
goodness criteria for colloidal stability is fulfilled. For that, we
proceeded with the characterization of the thermophysical
properties of the nanofluid.
3.3. Characterization of Nanofluid Thermophysical

Properties. The achievable performance of a CSP system is
given by its energy density Q,40

Q C TPρ= · ·Δ (1)

where ρ and CP are the density and isobaric specific heat of the
HTF, respectively, and ΔT is the working temperature interval.
This formulation is valid if only sensible heat storage is
involved. The ρ · CP factor here is the specific heat per unit
volume, which is a characteristic property of the HTF and can
be used to compare the performance for direct thermal energy
storage of different HTFs in the same CSP installation, for
instance, the performance of a nanofluid with respect to its
base fluid. The higher the density and isobaric specific heat of
the nanofluid are, the better its performance compared to that
of the base fluid.
Density values for each sample, at room temperature, are

detailed in Table 1. The accuracy for the measurement of
density is known to be 0.06% (the density value reported by

the supplier is 1055.7 kg·m−3 at 25.0 °C). The addition of
Triton X-100 does not cause a measurable change in density.
The density of the nanofluid samples is found to increase, in
average, by 0.09%. It is evident from the standard deviations
that the densities of the samples are not significantly
discernible from each other, which is reasonable considering
the mass fractions involved. Because of this, we conclude that
the metallic content in suspension does not cause a significant
change in its density and so that density is not expected to be
decisive on the comparison of energy storage performances of
the base fluid and nanofluids under study.
From the discussion above, it is clear that the isobaric

specific heat is the key property determining the enhancement
on energy densities with Pd-nanofluids. Figure 6A shows the
measured values of this thermophysical property, for each
sample, as a function of temperature. The accuracy for these
measurements is known to be 0.64%, compared to isobaric
specific heat values reported by the supplier. These samples are
expected to be used for high working temperatures; thus, the
range of 100.0 to 200.0 °C is presented. It is clear that the
addition of Triton X-100 causes a negligible variation in
isobaric specific heat and that the presence of Pd nanoplates
increases the sensible heat storage. Trends with temperature
are monotonously linear over the entire range, analogous to
that of the base fluid but with divergent slopes This divergency
is dependent on the mass fraction of nanoplates, as it will be
discussed later in this section. The relative enhancements of
isobaric specific heat are 5.9, 7.3, and
4.8% at 100.0 °C and 13.9, 17.4, and 10.0% at 200.0 °C, for

1.2 × 10−2, 3.0 × 10−2, and 6.0 × 10−2 wt % samples,
respectively, which reveals a significant enhancement on the
direct thermal energy storage capacity with respect to the base
fluid. This increase in specific heat also has implications for the
heat transfer rate. Lenert et al.13 provided a parametrization of
the Mouromtseff figure of merit, Mo, to compare the
convective heat transfer performance of HTFs for parabolic-
through solar collectors (considering the radial and axial heat
transfer and pumping requirement of fully developed turbulent
flow through circular tubes under heating conditions). They
stated the proportional relationship to be Mo ∝ CP

1.6 that allows
us to quantify the impact of specific heat on convective heat
transfer as a multiplicative factor between 1.08 (for the 6.0 ×
10−2 wt % sample at 100 °C) and 1.29 (for the 3.0 × 10−2 wt %
sample at 200 °C). All the above indicates that these
nanofluids could be useful in the CSP industry.
As shown in Figure 6B, the isobaric specific heat as a

function of the mass fraction of nanoplates exhibits a
distinctive maximum at intermediate loads. This trend cannot
be rationalized, by any means, if the nanofluid is assumed to be
a simple binary system. The two-component weighted-average
formula, plotted with dashed lines in Figure 6B, predicts an
almost unnoticeable decrease in isobaric specific heat for
increasing mass fractions, as the specific heat of the solid is
lower than that of the base fluid. It is conceptually more
appropriate to describe a nanofluid including the presence of a
solid−liquid interface. The model proposed by Hentschke33

provides good insights into this issue. According to this author,
the specific heat of the nanofluid (nf), CP, nf, is given by

C C C(1 ) (1 )P,nf np P,np np bf P,bfχ κ χ κ χ= · + [ · − + − · ′ ]·
(2)

where χnp and CP, np are the mass fraction and specific heat of
the Pd nanoplates (their specific heat is assumed to be the

Figure 5. Evolution of the size distribution of particles in suspension.
Presented as a stability indicator for the Pd-containing aromatic-based
nanofluid.

Table 1. Mass Fractions of Triton X-100 and Pd-Nanoplates
of each Nanofluid, Together with Their Measured Density
Values at 25.0 °C

sample χTX100 (wt %) χPd (wt %) ρ (kg·m−3)

base fluid 0.0 0.0 1056.3 ± 0.0
host fluid 1.0 0.0 1056.3 ± 0.0
nanofluid 1:5 1.0 1.2 × 10−2 1057.2 ± 0.1
nanofluid 1:2 1.0 3.0 × 10−2 1057.1 ± 0.1
nanofluid 1:1 1.0 6.0 × 10−2 1057.3 ± 0.1
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same of Pd bulk, 0.246 J·g−1·K−1);60 χbf′ and CP, bf are the mass
fraction and specific heat of the base fluid (bf), respectively;
and κ is the ratio of the specific heats of the interfacial fluid and
of the base fluid. χbf′ is given by

( / )bf bf nfχ ρ ρ β′ = · (3)

where ρbf and ρnf are the densities of the base fluid and
nanofluid. κ is given by

(1 )max minκ κ β κ β= · − · − (4)

where κmax and κmin are threshold values for κ. Both eqs 3 and 4
introduce β, which is a parameter accounting for the
interaction between interfacial layers and is given by

R rexp ( / ) (1 ) (1 / )np np bf np np
3β χ χ ρ ρ χ= { ·[ + · − · + ]}

(5)

where χnp is the mass fraction of nanoplates, and R/r is the
ratio of the radius of the influence of a particle on the
surrounding medium with respect to its nominal radius r.
According to the author, here, R has no precise meaning and
should not be understood as the actual interfacial layer
thickness. Therefore, R/r is treated as an aspect ratio that
matches the maximum of the function. For the case under
study, R/r ≈ 19.0. Under that premise, all parameters but κmax
and κmin are known, and these two can be treated as adjustable
parameters for fitting experimental data to eq 2. The values of
κmax and κmin obtained by fitting datasets acquired at different
temperatures are presented in Table 2, and the values of the

CP, nf obtained with these parameters according to eqs 2−5 are
plotted with solid lines in Figure 6B. According to
Hentschke,33 the fact that CP, nf is maximized for intermediate
mass fractions, instead of gradually increasing with mass
fraction, would be a consequence of the overlapping between
adjacent layers. In a molecular interpretation, it would induce
positional ordering on liquid molecules, forming a structure of
lower specific heat. As temperature increases, such positional
ordering would disappear even if overlap exists that explains

why κmax and κmin increase with temperature, which means that
the specific heat of the nanofluid increases with temperature
more than that of the base fluid.
This model is able to predict the specific heat of a nanofluid

for any given mass fraction, but the reason why it is truly
appealing is that it gives significance to the concept of
interacting interfacial layers. The model, however, is still
inconclusive at some points. There is no analytical formulism
for calculating any of the parameters mentioned above; what is
more, there is no nanoscopic evidence supporting the
formation of a molecular layer on the solid−liquid interface
or providing a description of its nature. The latter two points
will be addressed in the present work.

3.4. Description of the Solid−Liquid Interface in Pd-
Containing Aromatic-Based Nanofluids. The above
results on the specific heat enhancement of Pd-containing
aromatic-based nanofluids suggest that the formation of a
molecular layer in its solid−liquid interface might occur. The
study of the adsorption of DPO and BP molecules on Pd
surfaces is the first elementary step for the elucidation of this
phenomenon.
Figure 7 shows the different stable adsorption complexes

derived from DFT calculations in VASP. In the notation of the
adsorption geometries, Bri stands for a bridging site, H for the
hollow site, and Top for the atop-an-atom site. Superscripts are
used to distinguish different hollow sites according to the
packaging of atoms around it (hcp, fcc, or bcc). Subscripts
indicate the degrees of rotation (0° or 30°) of the aromatic
ring with respect to the surface lattice vectors. This
nomenclature has been used in previous studies.41,61,62 Other
initial adsorption geometries (including DPO approaching the
surfaces by the oxygen atom) were examined, but they either
converged to one of the arrangements in Figure 7 or showed
much weaker adsorption than these. None of the resulting
structures is representative of a dissociative adsorption process
when either DPO or BP molecules approach the surface.
Several initial dissociated adsorption geometries (with phenyl
and phenoxy fragments attached to the surface) were also
considered, but they all found to be energetically unfavorable
in comparison with the nondissociated adsorption geometries.
Some energetic and geometric data for these adsorption

complexes is summarized in Table 3. The negative sign of
adsorption energies indicates that the adsorption of these
molecules on Pd (111) or Pd (100) surfaces is a
thermodynamically favorable process, and the large magnitude
indicates a very strong adsorption (see values in Table 3,
column 4). Considering the energetics of thermal effects is in

Figure 6. (A) Measured specific heat values as a function of temperature and (B) isotherms for the analysis of specific heat as a function of the mass
fraction of Pd-nanoplates and predictions with the weighted average model and the mesolayer model.

Table 2. κmax and κmin Obtained by Fitting the Mesolayer
Model (eq 2) to Experimental Data

temperature (°C) κmin (d.q.) κmax (d.q.)

100 0.29 ± 0.25 1.87 ± 0.10
150 1.33 ± 0.41 2.43 ± 0.16
200 2.91 ± 0.61 3.20 ± 0.22
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the order of kBT (i.e., ∼34 meV at 400 K), these results also
mean that the desorption process is energetically prohibitive,
demonstrating a strong stability of the adsorbate−absorbent
complexes. This can be understood as the interfacial layer
being unmovable even if the nanofluid is under high-
temperature conditions. It is consistent with the experimental
data shown in Figure 6B, as the unique specific heat maximum
for intermediate concentrations explained by the mesolayer
model remains even at the highest characterization temper-
ature.
To understand the molecule−surface interaction in more

detail, we discuss now the relative stabilities of the different
adsorption geometries on each surface. For the adsorption of
DPO and BP on the Pd (111) surface, aromatic rings are
preferentially coordinated to Bri30 > H00

hcp > H00
fcc sites (see

Table 3, column 4). This can be explained by a couple of
considerations. First, the number of Pd atoms involved in the
adsorption. Aromatic rings on Bri30 sites are coordinated to
four Pd atoms, whereas those on H00

hcp and H00
fcc sites are only

coordinated to three of them. This results into a more
distributed energy density for Bri30 and, consequently, a tighter
binding as it is reflected in C−Pd bond lengths (see Table 3,
columns from 6 to 8). Second, the contributions from
geometry distortions of the adsorbed molecule compared to
the gas phase molecule, i.e., the optimal geometry. The average
CC bond length (δCC in Table 3, column 7) is usually taken
as a geometric reference to discuss the distortion of adsorbed
aromatic rings on different surfaces, but the information it
gives for these adsorption complexes is limited as it indistinctly

widens from 1.40 Å in gas phase molecule to 1.44 Å in all
adsorbed molecules. Looking at DPO, the average C−O bond
length (see Table 3, column 8) slightly varies from 1.39 Å in
gas phase to 1.40 Å adsorbed; however, the C−O−C angle
(see Table 3, column 9) in adsorbed DPO becomes more
obtuse with respect to the free molecule (117.2°), this
distortion being more significant if both aromatic rings or
one of them are on H00

hcp or H00
fcc sites (124.7° and 122.1°,

respectively) instead of Bri30 sites (121.1°). The distortion of
the O−CCC dihedron (φOCCC in Table 3, column 10) is
also significant (178.3° in the gas phase) but not limiting.
Looking at BP, the extent of geometry distortion is almost the
same regardless of the occupation of sites, except for the
difference of 1.3° in the CC−CC dihedron (see Table 3,
column 12), which suggest that the difference in adsorption
energies is mostly due to the number of Pd atoms the aromatic
rings are coordinated to. Now for the adsorption of DPO and
BP on Pd (100) surface, only Hbcc sites are found to be
occupied. Looking at BP, in Figure 7I, the C−C bond length
(see Table 3, column 11) shortens in favor of good alignment
between both aromatic rings on Hbcc sites. This geometry
distortion may explain why the adsorption on Pd (100) is
slightly less favored for BP than for DPO.
In summary, according to adsorption energies in Table 3,

the most stable configurations are Bri30-Bri30 for both DPO
and BP on Pd (111) (see Figure 7A,F) and Hbcc-Hbcc for both
DPO and BP on Pd (100) (see Figure 7H,I). Overall, the
geometry of the aromatic rings is mostly preserved, but it is the
distortion of the linkers between them what limits and explains

Figure 7. Geometry of adsorption complexes: (a) Bri30-Bri30, (b) Bri30-H00
hcp, (c) Bri30-H00

fcc, (d) H00
hcp-H00

hcp, and (e) H30
fcc-H00

fcc for DPO on Pd (111);
(f) Bri30-Bri30 and (g) H00

hcp-H00
fcc for BP on Pd (111); (h) Hbcc-Hbcc for DPO on Pd (100); and (i) Hbcc-Hbcc for BP on Pd (100). Sites nomenclature

is described in Figure 1.

Table 3. Energetic and Geometric Details of the Adsorption Complexes under Study

complex site A site B Eads
a (eV) NPd

b δCPd
c (Å) δCC

d (Å) δCO
e (Å) θCOC

f (°) φOCCC
g (°) δCC

h (Å) φCCCC
i (°)

DPO (free) (free) 1.40 1.39 117.2 178.3
BP (free) (free) 1.40 1.48 144.5
DPO onPd(111) Bri30 Bri30 −3.93 8 2.19 1.44 1.40 121.1 150.1

Bri30 H00
hcp −3.82 7 2.21 1.44 1.40 122.1 153.0

Bri30 H00
fcc −3.78 7 2.21 1.44 1.40 122.1 153.2

H00
hcp H00

hcp −3.62 6 2.21 1.44 1.40 124.7 148.6
H00

fcc H00
fcc −3.53 6 2.21 1.44 1.40 124.7 148.5

BP onPd(111) Bri30 Bri30 −4.07 8 2.20 1.45 1.48 176.9
H00

hcp H00
fcc −3.65 6 2.25 1.44 1.48 178.2

DPO onPd(100) Hbcc Hbcc −4.68 8 2.21 1.44 1.40 124.0 153.2
BP onPd(100) Hbcc Hbcc −4.62 8 2.22 1.44 1.46 176.6

aAdsorption energy, calculated as the difference between the free energy of the adsorption complex and the sum of the free energies of the isolated
bare surface and the gas-phase molecule. bNumber of Pd atoms involved in the molecule−surface interaction. cC−Pd bond length. dCC bond
length. eC−O bond length. fC−O−C angle. gOCCC dihedron. hC−C bond length. iCCCC dihedron.
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the preferential occupation of different sites. These config-
urations will be taken as the final image for NEB simulations of
the adsorption MEP. Also, for adsorbed molecules on Pd
(111), preferential occupation of Bri30 > H00

hcp > H00
fcc sites was

found, as was described above. This trend will define the order
in the sequence images for NEB simulations of diffusion MEP.
With the configurations of the different adsorption

complexes of DPO and BP on Pd (111) and Pd (100)
surfaces and their relative thermodynamic driving force now
established, we discuss the activation barriers of adsorption for
each case. For that, a series of NEB calculations for adsorption
MEP approximations were carried out in VASP. Figure 8A,B

shows the energy profile for the adsorption of DPO and BP
from gas phase configurations to Bri30-Bri30 configuration on
Pd (111) and to Hbcc-Hbcc configuration on Pd (100), which
are the most stable configurations according to Table 3. These
plots highlight the 0.31 and 0.18 eV activation energy
requirements for the adsorption of DPO on Pd (111) and
Pd (100), whereas the adsorption of BP seems to be, regardless
the surface, kinetically unhindered. The computed MEP
suggests that the critical parts of the path for the adsorption
of DPO are the broadening of the C−O−C angle and
narrowing of the OCCC dihedron, as shown with the
graphical insets in Figure 8A,B.
Additionally, for the Pd (111) surface, which is the most

exposed facet on the nanoplate surface, we studied the
activation barriers for on-surface diffusion to assess the
mobility of the molecules once adsorbed. These calculations
provide preliminary insights into the dynamic or static nature
of the interfacial layer, at least, on the boundaries of the
nanoplate.
The first case is the diffusion of adsorbed DPO from the

H00
hcp-H00

hcp configuration (see Figure 7D) to the Bri30-H00
hcp

configuration (see Figure 7B) and to the Bri30-Bri30
configuration (see Figure 7A). According to the computed
MEP in Figure 9A, the first aromatic ring would translate from
the H00

hcp site to the Bri30 site through a Bri15-like transition
state (TS) with an associated activation energy of 0.16 eV, and
the second one would translate through an H00

hcp-like TS with
an associated activation energy of 0.06 eV. The second-step TS
being structurally more similar to the initial than to the final
configuration in the second step is consistent with Hammond’s
postulate,63 as the activation energy is very small.
The second case is the diffusion of adsorbed DPO from the

H00
fcc-H00

fcc (see Figure 7E) configuration to the Bri30-H00
fcc (see

Figure 7C) configuration and to the Bri30-Bri30 configuration
(see Figure 7A). The computed MEP in Figure 9B reveals that
the energy profile for this diffusion pathway is very similar to
the previous case. The first aromatic ring would translate from
the H00

fcc site to the Bri30 site through a Bri15-like TS with an
associated activation energy of 0.12 eV, and the second one
would translate through another Bri15-like TS with an
associated activation energy of 0.16 eV. In this case, as the
activation energy is higher, the second-step TS is structurally
more similar to the final configuration.
The last case studied is the diffusion of adsorbed BP from

the H00
hcp-H00

fcc configuration (see Figure 7G) to the Bri30-Bri30
configuration (see Figure 7F). Here, the translation of both
rings seems to be simultaneous, as the degrees of freedom are
much more limited due to their direct bonding. NEB
calculation predicts the MEP plotted in Figure 9C in which
the aromatic ring on the H00

hcp site would translate to the Bri30
site over the top of a Pd atom, and the other one on the H00

fcc

site would translate to the Bri30 site through a Bri30-like TS.
The overall activation energy is 0.62 eV; attending to the
structure of the TS, the kinetic barrier of the H00

hcp-Top-Bri30
transition is expected to be the major contribution.
It is clear from these results that a nonnegligible energy

requirement exists for both DPO and BP molecules to diffuse
on Pd (111). This requirement is kinetically prohibitive for the
process to occur, at least under operating temperatures.
Considering also the magnitude of adsorption energies, we
can think of the solid−liquid interfacial layer as a static
molecular architecture in which adsorbed molecules are
somewhat more confined and with a smaller intermolecular
spacing than in the liquid phase. Further investigation is
required to elucidate the implication of this architecture on the
observed specific heat enhancements and other properties.

4. CONCLUSIONS

We have presented a comprehensive study on the specific heat
of nanofluids with palladium nanoplates in a typical heat
transfer fluid for concentrated solar power. The nanofluids
were found to meet stability criteria, in terms of both constant
load and size of nanostructures in suspension, for two weeks
after preparation. Density was found to increase by 0.1%, but
variations between samples were not distinguishable from
uncertainty. Isobaric specific heat was found to increase by 5.9,
7.3, and 4.8% at 100.0 °C and 13.9, 17.4, and 10.0% at 200.0
°C, for 1.2 × 10−2, 3.0 × 10−2, and 6.0 × 10−2 wt % samples,
respectively. Trends with temperature were monotonously
linear with the slopes diverging with respect to the base fluid,
i.e., the presence of palladium nanoplates increases sensible
heat storage for increasing temperatures. Trends with mass
fraction exhibited a distinctive maximum for intermediate

Figure 8. Computed MEP and visual representation for the
adsorption of DPO and BP on (A) Pd (111) surface and (B) Pd
(100) surface. Initial, transition state and final structures are
highlighted. Do note that all energies are given relative to their
corresponding first image in the NEB calculation.
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concentrations that was explained in terms of the interacting
mesolayer model.
The adequacy of this phenomenological description allowed

us to consider this nanofluid to be a representative case for the
study of the interfacial molecular layering phenomenon. Using
DFT calculations, we determined that both biphenyl and
diphenyl oxide molecules in the base fluid chemisorb on Pd
(111) and (100) surfaces with no dissociation. The process,
according to adsorption energies, is found to be thermody-
namically favored in both cases. A very low activation barrier
for diphenyl oxide due to significant conformational changes in
the adsorbed molecule, according to the computed minimum
energy path. The formation of a molecular layer on the solid−
liquid interface is feasible and expected to be stable at high
temperatures. Activation barriers for diffusion reveal that the
molecular layers are more likely to be static, as there is a
nonnegligible energy requirement for diphenyl oxide and
biphenyl to diffuse on Pd (111).
The interfacial layering concept was widely accepted but still

under suspect in the field of nanofluids. With this work, we
present the first ab initio evidence for the formation of a static
molecular layer in the solid−liquid interface of nanofluids. This
layer is expected to affect not only the isobaric specific heat but
also other properties such as thermal conductivity. For that, we
will continue developing the work around this concept by
computing transport properties for a theoretical assessment of
the role of this molecular layer on those properties.
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(17) Goḿez-Villarejo, R.; Martín, E. I.; Navas, J.; Sańchez-Coronilla,
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Systems Using Solid Particles as TES and HTF Material: A Review.
Appl. Energy 2018, 213, 100−111.
(33) Hentschke, R. On the Specific Heat Capacity Enhancement in
Nanofluids. Nanoscale Res. Lett. 2016, 11, 1−11.
(34) Heilmann, P. Evaluation, Neuentwicklung und Optimierung des
Eigenschaftsprofils von Salzschmelzen für die Verwendung als War̈me-
trag̈erfluide; PhD Bergische Universitaẗ: Wuppertal, Germany, 2013.
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(56) Mills, G.; Jońsson, H.; Schenter, G. K. Reversible Work
Transition State Theory: Application to Dissociative Adsorption of
Hydrogen. Surf. Sci. 1995, 324, 305−337.
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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 asso-
ciated to the presence of the nanoparticles is due to strong chemisorption interaction of the fluidmolecules at the
nanoparticle surfaces. This insight opens new avenues for the nanofluid research community by providing suffi-
cient understanding on the role of chemical interactions in the specific heat of nanofluids, helping on the discus-
sion 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 ther-
mal management processes.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The use of nanofluids [1,2] as an advanced generation of heat trans-
fer fluids (HTF) is a cost-saving passive technique for the purpose of op-
timisation 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 conduc-
tivity, dynamic viscosity, specific heat and density. However, compara-
tive 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 atten-
tion. 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 com-
plexity 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 con-
sidered.More recently, Shin and Banerjee [11] identified the higher am-
plitude 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 nanopar-
ticles, with a distinctive maximum at intermediate concentrations. This
phenomenological model provides an approximate description of avail-
able 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 nano-
fluids 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 re-
spect to the base fluid, with a maximum for specific heat for
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intermediate mass fractions in all cases. We assessed the feasibility
for such interfacial layering to occur on these nanofluids via DFT sim-
ulations. The chemisorption of BP and DPO was determined to be
thermodynamically favoured, with an activation energy require-
ment 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-AO) 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 in-
terfaces 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 Fig. 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 Supple-
mentary Material.

The firstmodel system is the base fluidmodel (BF), shown in Fig. 1A,
represented by a box of 265 BPmolecules and 735 DPOmolecules, pre-
serving the eutectic proportion. The Optimised Potential for Liquid Sim-
ulation – All Atom (OPLS-AA) force field [14] with parameters from
LigParGen [15–17] was considered for bonding and non-bonding inter-
actions between atoms in the base fluid. The Lorentz-Berthelot combin-
ing rules are used to parametrise the Lennard-Jones potential for
pairwise interactions between odd atoms. All atoms are explicitly in-
cluded (no dummy atoms are used).

The secondmodel is a Pd-AO nanofluidmodel with a physisorption-
induced solid-liquid interface (NF-1), shown in Fig. 1B, in which the Pd
nanoplate is initially uncovered and surrounded by 1206 base fluidmol-
ecules. 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 synthe-
sised in our previous work [9]. A Morse potential with parameters from
Yokoyama and Ohta [18] is introduced to account for bonding interac-
tions 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

Fig. 1. Summary ofMDmodels for [A] the base fluid (BF) andnanofluids different solid-liquid interfaces induced by [B] physisorption (NF-1), [C] unhindered chemisorption (NF-2) and [D]
kinetically controlled chemisorption (NF-3).

Abbreviations

HTF heat transfer fluid
BP biphenyl
DPO diphenyl oxide
Pd-AO Pd-containing aromatic oil-based nanofluid
MD molecular dynamics
OPLS-AA Optimised Potential for Liquid Simulations – All Atoms

forcefield
PES potential energy surface
DFT density functional theory
VASP Vienna Ab-initio Simulation Package
GGA generalized gradient approximation
PBE-D3 Perdew-Burke-Ernzerhof functional with Grimme's D3

dispersion correction
PAW projector augmented wave pseudopotentials
GULP General Utility Lattice Programme
LAMMPS Large Atomic/Molecular Massively Parallel Simulator
PPPM particle-particle particle-mesh
RDF radial distribution function

Symbols
E energy
d interplanar spacing
G(r) molecular radial distribution function
gij(r) ij pair radial distribution function
r radial distance
α atomic fraction
c specific heat
kB Boltzmann's constant
T temperature
cχ′ specific heat contribution from energy partition term χ
Δcχ′ excess specific heat contribution from energy partition

term χ
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Lorentz-Berthelot combining rules. No chemical interactions, beyond
van der Waals effects represented in the Lennard-Jones potential, are
allowed between thenanoparticle and thefluidmolecules in thismodel.

The third and fourth models for this study are those of a Pd-AO
nanofluid with a chemisorption-induced solid-liquid interface, repre-
sented as a surface-decorated Pd nanoplate surrounded by 1206 base
fluidmolecules. In the thirdmodel (NF-2), shown in Fig. 1C, chemisorp-
tion is assumed to occur freely, with no activation energy requirements,
hence both BP and DPO are chemisorbed with a fractional coverage de-
termined by the relative proportion of the species in the eutectic mix-
ture. In the fourth model (NF-3), shown in Fig. 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
chemisorbedmolecules are considered in eachmodel, for surface cover-
age 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 inter-
actions 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 en-
ergy calculations as shown in the following section.

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

The quality of thedescription of the chemisorption phenomenon in a
classical MD simulation depends on the accuracywithwhich the poten-
tial 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 Bri30-Bri30 for both DPO and
BP on the Pd (111) surface and Hbcc-Hbcc for both DPO and BP on the
Pd (100) surface, respectively. The geometry of these configurations
(shown in Fig. 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 ge-
ometry 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 Å, to minimise unphysical interactions with
periodic images in the direction perpendicular to the surface. The
exchange-correlation termwas calculatedwithin the generalized gradi-
ent approximation (GGA) using the dispersion-corrected Perdew-
Burke-Ernzerhof (PBE-D3) functional [24,25]. Brillouin-zone integra-
tions were performed using Monkhorst-Pack grids [26,27] with a k-
point density of 0.2 Å−1 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) poten-
tials. The kinetic energy cut-off of the plane-wave basis set expansion
was set at 400 eV,which is the default for the employed PAWpotentials
[29,30]. The parameters for a Morse potential are derived from these
PES using the fitting feature available in the General Utility Lattice Pro-
gram (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 togetherwith an analysis of the distribution
of energy residuals is presented in Tables S6-S8 in the Supplementary
Material.

Thus, a total of four DFT PES have been generated, for the chemisorp-
tion of eachmolecule on each surface, and aMorse potential function for
Pd-C interaction has been derived from them. As it is shown in Fig. 2
(also in Fig. S2 in the Supplementary Material), the force field describes
the PES with excellent agreement, to the extent of being able to repro-
duce and distinguish fine details such the adsorption energy or the dis-
tance of the chemisorbed molecule from the surface in each case. This
Morse potential will keep molecules permanently attached to the sur-
face during the dynamics of chemisorption-induced models. This is jus-
tified considering the stability of the adsorbate-adsorbent complexes
has been proven in our previouswork on this system [9]. Adsorption en-
ergies are in the order of ~4.0 eV and the energetics of thermal effects
are in the order of kBT (i.e. 41 meV at 475 K) thus, in the range of oper-
ating 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 classicalMD code of choice for the comprehen-
sive study on the effect of the interfacial molecular layering on the spe-
cific 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 andbarostat algorithms [41–44]. Lennard-Jones pairwise in-
teractions are limited to a cut-off distance of 10 Å. The particle-particle
particle-mesh (PPPM) summationmethod [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, (ii) a 0.5 ns
run 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). Thermody-
namic 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 basefluidmodel and simulation conditionswere validated
as both density and specific heat were found to be in the same order of

Fig. 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.
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magnitude than experimental observations and exhibited the same be-
haviour versus changes in the state variable temperature (data for vali-
dation is presented in Fig. S3 of the Supplementary Material). Then the
comparison of Pd-AO nanofluidmodels with different interfacialmolec-
ular layering considerations is approached by computing the dynamics
of eachmodel system at 473 K and 1 atm. The dynamics of themost rep-
resentative 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 com-
puted 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 theMD level of theory. The dynamics of three differ-
ent models with different representations of the solid-liquid interface
(see Fig. 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 mo-
lecular architectures at equilibrium are discussed in this section on
the basis of the RDFs. We are particularly interested on the molecular
RDFs, G(r),

G rð Þ ¼ ∑
j
αjgij rð Þ ð1Þ

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),
gij(r), weighted by the atomic fraction of atom j, αj. The molecular RDFs
are more suitable than individual pair RDFs for the purpose of this pa-
per, which is to describe themolecular architecture formedby basefluid
molecules around Pd nanoplates and its relation with the specific heat
of Pd-AO nanofluids. G(r) for all nanofluid models are included in
Fig. 3A for discussion and g(r) for Pd-C and Pd-O interactions are in-
cluded in Fig. 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 Å, 5.95 Å and 7.95 Å, whose locally higher number
density. This suggests the solely presence of the Pd nanoplate, mediated
by the Van derWaals forces (whose effects are included in themodel in
the form of a classical Lennard-Jones potential), induces some ordering
on the surrounding molecules, creating an interface with two solvation
layers of basefluidmolecules. On the other hand, themolecular RDFs for
models NF-2 and NF-3, for which a chemisorption-induced solid-liquid
interfacewas expected, showanalogous 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 Å. 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 Fig. 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 mole-
cules, whichmeans it cannot be interpreted asmultiple solvation layers.
Up to 6.0 Å, the position of the peaks in this sequence matches the dis-
tances 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 Fig. 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 sharpfirst peak and the following sequence of peaks in themo-
lecular 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. Alterna-
tively, it is reflected in Fig. 3B that the presence of this chemisorbed
layer imposes a shielding effect on the interaction between the
nanoplate and thenon-adsorbed surroundingfluid, as only onepeak ap-
pears at 3.65 Å (the second one has vanished, almost completely), fur-
ther and lower in number density compared to the first peak in the
molecular RDF of NF-1 model.

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 interfacialmolecular
layers appear in both cases, but in the chemisorbed-induced interface

Fig. 3. [A] Molecular RDFs for all MDmodels. [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 schememay not exactlymatch the peaks in themolecular RDF, as this is a snapshot from a particular step in the trajectory of the system).
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the first layer is closer, by 1.3 Å, than in the physisorbed one. The conse-
quences 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 0.87±0.01 g·cm−3 for model BF,
0.97±0.01 g·cm−3 for model NF-1, and 0.98±0.01 g·cm−3 for both
model NF-2 and NF-3. The increase in this physical property with re-
spect to the base fluid is 12.5% for themodel NF-1 and 13.0% for models
NF-2 andNF-3. Although the standard deviations limit this discussion, it
is remarkable that the densities of model NF-2 and NF-3 (chemisorp-
tion) 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 follow-
ing fundamental relation from statistical mechanics [13].

c ¼ 〈E2T〉−〈ET〉2

kBT
2 ¼ Var ETð Þ

kBT
2 ð2Þ

in which Var(ET) is the total energy variance, kB is the Boltzmann's con-
stant and T is the average temperature. Do note the specific heat is in-
tentionally 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 Fig. 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 sur-
face in models NF-2 and NF-3 increases it by 7.2% and 6.6%.

That result already supports the former statements from different
authors on the effect of the strong interfacial molecular layering phe-
nomenon on the specific heat of nanofluids and provides a semiquanti-
tative description on how positive is that effect, but the discussion can
be taken one step further. Eq. (2) establishes a clear relation between
the macroscopic observable specific heat and the microscopic quantity

Fig. 4. [A] Specific heat values for allmodels at 473K. [B] Excess specific heat from each energy term for nanofluidmodels, with the basefluid as a zero-reference point, at 473 K. [C] Specific
heat of model NF-3, as a function of the number of chemisorbed BPmolecules. [D] Specific heat of themodels BF and NF-3 as a function of temperature (experimental data from reference
[9] is included in the inset for comparison purposes).
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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 (VanderWaals and Coulomb) and ki-
netic 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, cχ′, from
the energy variances and covariances associated to each of them. A de-
tailed 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, Δcχ′ = cχ, nf′ − cχ, bf′, are
conveniently plotted in Fig. 4B, for these contributions to the total spe-
cific 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 in-
teractions 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-3may arise from C–C tension between phenyl rings in BP, aswe ver-
ified inDFT 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 exis-
tence 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 consequence of a more rigid intra-annular geo-
metry for phenyl rings in the surrounding (either physisorbed or
chemisorbed) base fluid molecules. This negative contribution is partic-
ularly accused in NF-2, inwhich the C–O–C angle is also constrained due
to chemisorption. Alternatively, the dihedron term causes a positive ex-
cess specific heat, due to the energy variability arising from the imposi-
tion 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 sys-
tem. 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 stab-
lishes long-range interactionswith the surroundingmedium. 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 chem-
isorption 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 net-
work 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 formodel NF-3. This kinetic termaccounts for the variabil-
ity in the kinetic energy associated to the different atomicmodes of mo-
tion 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.

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 Fig. 5), explaining those enhance-
ments: surface storage (a low-tier contribution, due to bond interac-
tions 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 stor-
age (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).

3.3. The response of the specific heat of nanofluids to changes in the number
of chemisorbed molecules and temperature

We have determined fromMD 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

Fig. 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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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 ad-
sorption 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 Fig. 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 follow-
ing a sigmoid trend until surface saturation. Each molecule is simulta-
neously 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 enhance-
ment in specific heat due to the addition of Pd nanoplates into the base
fluid was observed not to be constant with temperature. This encour-
aged its study for this paper. Fig. 4D gathers the specific heat values de-
rived fromMD simulations for the nanofluidmodel NF-3 (full coverage)
and the base fluid model, at 323 K, 373 K, 423 K and 473 K. The diver-
gent 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 fluidmodel) 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 sys-
tem effectively low and easier to sample during MD simulations, caus-
ing 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 somenanofluidswas postu-
lated and widely accepted among researchers on the field, but under
suspect heretofore. Its existence was proved via periodic-DFT simula-
tions of the adsorption energies for the complexes of biphenyl and
diphenyl oxide on Pd (111) and (100) surfaces, all of it in a recently pub-
lished paper by our group. Here we report on its significance of the in-
terfacial 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 in-
terfaces for specific heat by comparing models 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 in-
terfacial 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 pro-
portional 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 in-
teractions 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
interactwith themetal surfaces, as this is not a behaviour specific to pal-
ladium. Our work shows that the magnitude of specific heat enhance-
ment 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.

Declaration of Competing Interest

The authors declare no competing financial interests.

Acknowledgments

I.C.-B. acknowledges FPU16/02425 studentship from Ministerio de
Universidades del Gobierno de España. We also acknowledge Ministerio
de Ciencia e Innovación del Gobierno de España for funding under Grant
No. RTI2018-096393-B-I00 and for financial support related to mea-
surements of thermal properties, which were carried out using devices
acquired under Grant No. UNCA15-CE-2945. This work made use of
ARCHER, the UK'S national high-performance computing service, via
R.G.-C.'s membership in the HPC Materials Chemistry Consortium,
which is funded by EPSRC (EP/R029431).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.115217.

References

[1] H. Masuda, A. Ebata, K. Teramae, N. Hishinuma, Alteration of thermal conductivity
and viscosity of liquid by dispersing ultra-fine particles (Dispersion of γ-Al2O3,
SiO2, and TiO2 Ultra-fine Particles), Netsu Bussei 7 (1993) 227–233, https://doi.
org/10.2963/jjtp.7.227.

[2] S.U.S. Choi, J.A. Eastman, Enhancing Thermal Conductivity of Fluids with Nanoparti-
cles, ASME IMECE, 1995.

[3] S. Rashidi, M. Eskandarian, O. Mahian, S. Poncet, Combination of nanofluid and in-
serts for heat transfer enhancement, J. Therm. Anal. Calorim. 135 (2018) 437–460,
https://doi.org/10.1007/s10973-018-7070-9.

[4] E.V. Timofeeva, W. Yu, D.M. France, D. Singh, J.L. Routbort, Nanofluids for Heat
Transfer: An Engineering Approach, Nanoscale Res. Lett. 6 (2011) 1–7, https://doi.
org/10.1186/1556-276X-6-182.

[5] M. Lasfargues, A. Bell, Y. Ding, In situ Production of Titanium Dioxide Nanoparticles
in Molten Salt Phase for Thermal Energy Storage and Heat-transfer Fluid Applica-
tions, J. Nanopart. Res. 18 (2016) 1–11, https://doi.org/10.1007/s11051-016-3460-8.

I. Carrillo-Berdugo, R. Grau-Crespo, D. Zorrilla et al. Journal of Molecular Liquids 325 (2021) 115217

7

PhD Thesis 191



[6] G. Qiao, M. Lasfargues, A. Alexiadis, Y. Ding, Simulation and experimental study of
the specific heat capacity of molten salt based Nanofluids, Appl. Therm. Eng. 111
(2017) 1517–1522, https://doi.org/10.1016/j.applthermaleng.2016.07.159.

[7] R. Gómez-Villarejo, E.I. Martín, J. Navas, A. Sánchez-Coronilla, T. Aguilar, J.J. Gallardo,
R. Alcántara, D. De los Santos, I. Carrillo-Berdugo, C. Fernández-Lorenzo, Ag-based
Nanofluidic System to Enhance Heat Transfer Fluids for Concentrating Solar
Power: Nano-level Insights, Appl. Energy 194 (2017) 19–29, https://doi.org/10.
1016/j.apenergy.2017.03.003.

[8] Y. Hu, Y. He, Z. Zhang, D.Wen, Enhanced heat capacity of binary nitrate eutectic salt-
silica Nanofluid for solar energy storage, Sol. Energ. Mat. Sol. C. 192 (2019) 94–102,
https://doi.org/10.1016/j.solmat.2018.12.019.

[9] I. Carrillo-Berdugo, S. Midgley, D. Zorrilla, R. Grau-Crespo, J. Navas, Understanding
the specific heat enhancement in metal-containing Nanofluids for thermal energy
storage: experimental and Ab-initio evidence for a strong interfacial layering effect,
ACS Appl. Energy Mater. 3 (2020) 9246–9256, https://doi.org/10.1021/acsaem.
0c01556.

[10] L.-P. Zhou, B.-X. Wang, X.-F. Peng, X.-Z. Du, Y.-P. Yang, On the specific heat capacity
of CuO Nanofluid, Adv. Mech. Eng. 2 (2015) 1–4, https://doi.org/10.1155/2010/
172085.

[11] D. Shin, D. Banerjee, Enhancement of specific heat capacity of high-temperature
silica-nanofluids synthesized in alkali chloride salt eutectics for solar thermal-
energy storage applications, Int. J. Heat Mass Transf. 54 (2011) 1064–1070,
https://doi.org/10.1016/j.ijheatmasstransfer.2010.11.017.

[12] R. Hentschke, On the Specific Heat Capacity Enhancement in Nanofluids, Nanoscale
Res. Lett. 11 (2016) 1–11, https://doi.org/10.1186/s11671-015-1188-5.

[13] M.P. Allen, D.J. Tildesley, Computer Simulation of Liquids, 2nd ed. Oxford University
Press, Oxford, UK, 2017.

[14] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, Development and testing of the OPLS
all-atom force field on conformational energetics and properties of organic liquids,
J. Am. Chem. Soc. 118 (1996) 11225–11236, https://doi.org/10.1021/ja9621760.

[15] W.L. Jorgensen, J. Tirado-Rives, Potential energy functions for atomic-level simula-
tions of water and organic and biomolecular systems, Proc. Natl. Acad. Sci. U. S. A.
102 (2005) 6665–6670, https://doi.org/10.1073/pnas.0408037102.

[16] L.S. Dodda, J.Z. Vilseck, J. Tirado-Rives, W.L. Jorgensen, 1.14*CM1A-LBCC: Localized
Bond-Charge Corrected CM1A Charges for Condensed-Phase Simulations, J. Phys.
Chem. B 121 (2017) 3864–3870, https://doi.org/10.1021/acs.jpcb.7b00272.

[17] L.S. Dodda, I. Cabeza de Vaca, J. Tirado-Rives, W.L. Jorgensen, LigParGen web server:
an automatic OPLS-AA parameter generator for organic ligands, Nucleic Acids Res.
45 (2017) 331–336, https://doi.org/10.1093/nar/gkx312.

[18] T. Yokoyama, T. Ohta, Temperature-dependent EXAFS study on supported silver and
palladium clusters: comparison on their interatomic potentials with those of bulk
metals, Jpn. J. Appl. Phys. 29 (1990) 2052–2058, https://doi.org/10.1143/JJAP.29.
2052.

[19] H. Heinz, L. T-J, R.K. Mishra, F.S. Emami, Thermodynamically consistent force fields
for the assembly of inorganic, organic, and biological nanostructures: the
INTERFACE force field, Langmuir 29 (2013) 1754–1765, https://doi.org/10.1021/
la3038846.

[20] G. Kresse, D. Vogtenhuber, M. Marsman, M. Kaltak, F. Karsai, M. Schlipf, Vienna Ab-
initio Simulation Package (VASP) 5.4.4, https://www.vasp.at 2017.

[21] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal-
amorphous-semiconductor transition in germanium, Phys. Rev. B 47 (1994)
14251–14269, https://doi.org/10.1103/PhysRevB.49.14251.

[22] G. Kresse, J. Furthmüller, Efficiency of Ab-initio Total energy calculations for metals
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996)
15–50, https://doi.org/10.1016/0927-0256(96)00008-0.

[23] G. Kresse, J. Furthmüller, Efficient iterative schemes for Ab initio Total-energy calcu-
lations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169–11186, https://
doi.org/10.1103/PhysRevB.54.11169.

[24] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made Sim-
ple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/PhysRevLett.77.
3865.

[25] J.P. Perdew, K. Burke, M. Ernzerhof, Erratum: Generalized Gradient Approximation
Made Simple, Phys. Rev. Lett 78 (1997) 1396, https://doi.org/10.1103/PhysRevLett.
78.1396.

[26] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys. Rev. B
13 (1976) 5188–5192, https://doi.org/10.1103/PhysRevB.13.5188.

[27] H.J. Monkhorst, J.D. Pack, “special points for Brillouin-zone integrations” – a reply,
Phys. Rev. B 16 (1977) 1748–1749, https://doi.org/10.1103/PhysRevB.16.1748.

[28] M.Methfessel, A.T. Paxton, High-precision sampling for Brillouin-zone integration in
metals, Phys. Rev. B 40 (1989) 3616–3621, https://doi.org/10.1103/PhysRevB.40.
3616.

[29] G. Kresse, J. Hafner, Norm-Conserving and Ultrasoft Pseudopotentials for First-Row
and Transition Elements, J. Phys.: Condens. Matter 6 (1994) 8245–8257, https://
doi.org/10.1088/0953-8984/6/40/015.

[30] G. Kresse, D. Joubert, From Ultrasoft Pseudopotentials to the projector augmented-
wave method, Phys. Rev. B 59 (1999) 1758–1775, https://doi.org/10.1103/
PhysRevB.59.1758.

[31] J.D. Gale, General Utility Lattice Program (GULP) 5.1.1, http://gulp.curtin.edu.au/
gulp/ 2019.

[32] J.D. Gale, Empirical potential derivation for ionic materials, Philos. Mag. B 73 (1996)
3–19, https://doi.org/10.1080/13642819608239107.

[33] J.D. Gale, GULP: A Computer Program for the Symmetry-adapted Simulation of
Solids, J. Chem. Soc., Faraday Trans 93 (1997) 629–637https://doi.org/10.1039/
A606455H.

[34] J.D. Gale, A.L. Rohl, The general utility lattice program (GULP), Mol. Simul. 29 (2003)
291–341, https://doi.org/10.1080/0892702031000104887.

[35] J.D. Gale, GULP: capabilities and prospects, Z. Krist. 220 (2005) 552–554, https://doi.
org/10.1524/zkri.220.5.552.65070.

[36] S. Plimpton, A. Thompson, S. Moore, A. Kohlmeyer, R. Berger, Large Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) 17Nov2016, http://lammps.sandia.gov
2016.

[37] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J. Comput.
Phys. 117 (1995) 1–19, https://doi.org/10.1006/jcph.1995.1039.

[38] A. Jewett, Moltemplate 1.34, https://www.moltemplate.org 2015.
[39] A.I. Jewett, Z. Zhuang, J.-E. Shea, Moltemplate a Coarse-Grained Model Assembly

Tool, Biophys. J. 104 (2013) 169a, https://doi.org/10.1016/j.bpj.2012.11.953.
[40] L. Verlet, Computer “experiments” on classical fluids. I. Thermodynamical properties

of Lennard-Jones molecules, Phys. Rev. A 159 (1967) 98–103, https://doi.org/10.
1103/PhysRev.159.98.

[41] S. Nosé, A molecular dynamics method for simulations in the canonical ensemble,
Mol. Phys. 52 (1984) 255–268, https://doi.org/10.1080/00268978400101201.

[42] S. Nosé, A unified formulation of the constant temperature molecular dynamics
methods, J. Chem. Phys. 81 (1984) 511–519, https://doi.org/10.1063/1.447334.

[43] W.G. Hoover, Canonical dynamics: equilibrium phase-space distributions, Phys. Rev.
A 1985 (1985) 1695–1697, https://doi.org/10.1103/PhysRevA.31.1695.

[44] W.G. Hoover, Constant-pressure equations of motion, Phys. Rev. A 34 (1986)
2499–2500, https://doi.org/10.1103/PhysRevA.34.2499.

[45] R.W. Hockney, J.W. Eastwood, Computer Simulation Using Particles, 1st ed. Taylor &
Francis Group, Abingdon, UK, 1988.

I. Carrillo-Berdugo, R. Grau-Crespo, D. Zorrilla et al. Journal of Molecular Liquids 325 (2021) 115217

8

192 Iván Carrillo Berdugo



 

PhD Thesis 193
 

 

 

 

Appendix IV 

Publication IV 
Optical and Transport Properties of Metal-oil Nanofluids for Thermal Solar 

Industry: Experimental Characterization, Performance Assessment and 

Molecular Dynamics Insights 

I. Carrillo-Berdugo; P. Estellé; E. Sani; L. Mercatelli; R. Grau-Crespo; D. Zorrilla; 

J. Navas 

ACS Sustainable Chem. Eng. 9, 4194–4205 (2021) 

DOI: 10.1021/acssuschemeng.1c00053 

Publisher: American Chemical Society 

ISSN: 2168-0485 

Journal of Citations Report 2019 2-year Impact Factor: 7.632 

Journal of Citations Report 2019 5-year Impact Factor: 7.741 

Category Rank Quartile 

Chemical Engineering 8/143 Q1 

Green & Sustainable Science & Technology 4/41 Q1 

Multidisciplinary Chemistry 25/177 Q1 

 



 

 194 Iván Carrillo Berdugo
 

All co-authors, the undersigned, in order to fulfil the requirements issued by 

Article 23 of the UCA/CG06/2012 regulation, dated 27 June 2012, on the 

organisation of doctoral studies at the University of Cádiz, hereby declare that: 

 The PhD candidate, Iván Carrillo Berdugo, contributed to the preparation 

and characterisation of nanofluids, MD simulations, revision and 

discussion of results and writing of the article. 

 They expressly and formally agree for this scholarly publication to be 

included as a part of the compendium of publications to be submitted by 

the PhD candidate. 

 They expressly and formally renounce to reuse this scholarly publication 

as a part of another PhD thesis at any other university. 

 
 

 

I. Carrillo-Berdugo P. Estellé E. Sani 

  

 

L. Mercatelli R. Grau-Crespo D. Zorrilla 

 

  

J. Navas   

 



Home Help Email Support Ivan Carrillo-Berdugo  

© 2021 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. |  Privacy statement | Terms and Conditions

RightsLink

Optical and Transport Properties of Metal–Oil Nano uids for
Thermal Solar Industry: Experimental Characterization,
Performance Assessment, and Molecular Dynamics Insights
Author: Iván Carrillo-Berdugo, Patrice Estellé, Elisa Sani, et al

Publication: ACS Sustainable Chemistry & Engineering

Publisher: American Chemical Society

Date: Mar 1, 2021

Copyright © 2021, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no fee is being
charged for your order. Please note the following: 

- Permission is granted for your request in both print and electronic formats, and translations.  
- If gures and/or tables were requested, they may be adapted or used in part.  
- Please print this page for your records and send a copy of it to your publisher/graduate school.  
- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission
from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society." Insert appropriate
information in place of the capitalized words.  
- One-time permission is granted only for the use speci ed in your request. No additional uses are granted (such as
derivative works or other editions). For any other uses, please submit a new request.

BACK CLOSE WINDOW

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

PhD Thesis 195



196 Iván Carrillo Berdugo



PhD Thesis 197



198 Iván Carrillo Berdugo



Optical and Transport Properties of Metal−Oil Nanofluids for
Thermal Solar Industry: Experimental Characterization, Performance
Assessment, and Molecular Dynamics Insights
Iván Carrillo-Berdugo, Patrice Estellé, Elisa Sani, Luca Mercatelli, Ricardo Grau-Crespo, David Zorrilla,
and Javier Navas*

Cite This: ACS Sustainable Chem. Eng. 2021, 9, 4194−4205 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Concentrating solar power (CSP) technology can
become a very valuable contributor to the transformation and
decarbonization of our energy landscape, but for this technology to
overcome the barrier toward market deployment, significant
enhancements in the solar-to-thermal-to-electric energy conversion
efficiency are needed. Here, an in-depth experimental analysis of
the optical and transport properties of Pd-containing aromatic oil-
based nanofluids is presented, with promising results for their
prospective use as volumetric absorbers and heat transfer fluids in
next-generation parabolic-trough CSP plants. A 0.030 wt %
concentration of Pd nanoplates increases sunlight extinction by
90% after 20 mm propagation length and thermal conductivity by
23.5% at 373 K, which is enough to increase the overall system efficiency up to 45.3% and to reduce pumping requirements by 20%,
with minimum increases in the collector length. In addition to that, molecular dynamics simulations are used to gain atomistic-level
insights about the heat and momentum transfer in these nanofluids, with a focus on the role played by the solid−liquid interface in
these phenomena. Molecules chemisorbed at the interface behave as a shelter-like boundary that hinders heat conduction, as a high
thermal resistance path, and minimizes the impact of the solid on dynamic viscosity, as it weakens the interactions between the
nanoplate and the surrounding nonadsorbed fluid molecules.

KEYWORDS: nanofluids, concentrated solar power, thermal performance, molecular dynamics, sunlight extinction

■ INTRODUCTION

Achieving sustainable development with secure, affordable, and
clean energy supply is a priority challenge for society. Fossil
fuels remain the main energy source at the global level; only
11% of the total final energy consumption in 2018 came from
modern renewable energy technologies.1 Concentrating solar
power (CSP) has been recognized as a technology with the
potential to make significant greenhouse gas emission
reductions and to provide power on demand through
integrated thermal storage,2,3 which consolidates reliable
power blocks that can positively contribute for the penetration
of solar energy in our energy consumption landscape and boost
the decarbonization of our economies.
The limit in the operational value of CSP systems is the low

solar-to-thermal-to-electric energy conversion efficiency; there-
fore, its improvement could accelerate the deployment of CSP
technology. A promising strategy for such purposes is to use
nanofluids4,5 as heat transfer fluids (HTF). Nanofluids,
compared to conventional HTF, exhibit enhanced thermo-
physical properties for convection heat transfer,6−12 which is
significant for heat transfer from the surface receiver to the

HTF and from the HTF to the heat exchanger in the steam
generator. Additionally, if their absorption and scattering
properties provide enough optical efficiency,10,13−15 some
nanofluids can be used as volumetric absorbers in parabolic-
trough receivers for directly harvesting concentrated solar
radiation.16 Eggers et al.17 proved that the surface absorber
requires very high Reynolds numbers to transfer the absorbed
energy into the HTF and avoid overheating of the absorber
tube. This demand for pumping power can be reduced
significantly using volumetric absorption, as the temperature
difference between the surface absorber and the fluid would be
minimized and emissive losses consequently reduced.18

Here, we report on the optical and transport properties of
Pd-containing aromatic oil-based (Pd-AO) nanofluids for
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thermal solar industry with detailed experimental character-
ization results. The extinction coefficient in the UV−Vis−NIR
range (300−2600 nm) and the sunlight extinction as a
function of the path length are investigated to verify if the
presence of Pd nanoplates (NPs) affects the spectral behavior
of the base fluid (BF), potentially making these nanofluids
good candidates for volumetric absorption. Thermal con-
ductivity (as a function of the mass fraction of NPs and
temperature) and dynamic viscosity (as a function of the shear
rate, the mass fraction of NPs, and temperature) are also
studied to assess thermal and flow requirements for the
application. Based on these results and on density and specific
heat characterizations from a previous work,19 the overall
efficiency of these nanofluids in both surface and volumetric
parabolic-trough collectors (PTCs) and also in heat exchangers
is assessed. We find that the characterized nanofluids,
compared to their BF (the eutectic mixture of diphenyl
oxide (DPO) and biphenyl (BP), commercially available as
Dowtherm A), are superlative candidates for both volumetric
absorption and heat transfer, as they exhibit full sunlight
extinction at short path lengths and a notable increment in
thermal conductivity, with negligible change in dynamic
viscosity. The latter is an excellent yet very infrequently
achieved condition, which may be related to the unique
properties of the solid−liquid interface of these nanofluids. We
provide insights into this issue by assessing the impact of the
interfacial molecular layering on thermal conductivity and
dynamic viscosity via classical molecular dynamics (MD)
simulations. This phenomenon was already proven to exist and
to play a key role in the anomalous enhancement of specific
heat for these nanofluids,20 but we demonstrate here that its
effect goes beyond the impact on the specific heat.

■ METHODOLOGY
Nanofluid Sample Preparation. Nanofluids were pre-

pared following a three-step formulation procedure: (i) Pd
NPs were synthesized by mild chemical reduction of Pd2+ with
polyvinyl pyrrolidone in a kinetically controlled solvothermal
process;21 (ii) the host fluid was prepared by dilution of 1.0 wt
% of the Triton X-100 surfactant in the BF Dowtherm A, given
that the mass fraction of Triton X-100 minimizes the dispersive
surface tension component of the BF (and so does the solid−
liquid interfacial tension) without a measurable change in its
dynamic viscosity; and (iii) Pd NPs (mainly triangular and
hexagonal shaped with size distributions of 34.4 ± 10.0 and
78.2 ± 9.9 nm, respectively) in dry powder form were
dispersed into the host fluid by ultrasonication. The colloid
resulting from ultrasonication and its 1:2 and 1:5 dilutions,
with mass fractions of 0.060, 0.030, and 0.012 wt % in Pd NPs,
are the nanofluids, whose thermal conductivity and dynamic
viscosity are to be characterized. An in-depth description on
the formulation procedure, together with the basic character-
ization of the nanomaterial and the stability of these nanofluid
samples, is available elsewhere.19

Optical Measurements. The spectral optical trans-
mittance in the 300−2600 nm range of nanofluid samples
and also of the BF and the host fluid (BF with 1.0 wt % of the
Triton X-100 surfactant), for reference, was measured using a
double-beam UV−VIS spectrophotometer (PerkinElmer Inc.,
LAMBDA 900), holding the sample in a variable-length
cell.22,23 Samples with mass fractions of 0.060, 0.030, and 0.006
wt % in Pd NPs are considered for characterization. A more
diluted sample is required for the differences in sunlight

extinction as a function of the mass fraction of the
nanomaterial to be better distinguished.

Thermal Conductivity Measurements. Thermal con-
ductivity was measured using the nondestructive transient hot-
bridge technique with a hot point sensor (THB−HPS)
(Linseis GmbH, THB-100, sensor type C). The THB−HPS
technique provides the highest possible accuracy in the
transient measurement of thermal conductivity by minimizing
the error due to natural convection and keeps instrumental
arrangement and sample preparation to a minimum. An input
power of 32 mW was supplied to the source, which is sufficient
for a good signal-to-noise ratio with negligible local convection
during characterization of liquid samples. The measurement
time was 10 s, with a delay of 30 s between measurements.
Temperatures were set at 298, 323, 348, and 373 K by
immersing cylindrical glass vials with 1.0 mL of the liquid
sample in individual jacketed vessels for homogeneous heating.
Ten replicas were recorded for each sample and temperature,
adding up to 200 data sets for post-processing and statistical
analysis.

Rheological Measurements. Steady-state shear flow
behavior and dynamic viscosity of the BF, the host fluid, and
all nanofluids were evaluated using a stress-controlled
rheometer (Malvern Instruments Ltd, Kinexus PRO). The
shear rate and viscosity data were collected applying a
logarithmic shear stress ramp under steady-state conditions
to the samples loaded between a cone and plate geometry (60
mm cone diameter; 1° cone angle). Temperature of the
samples is adjusted and controlled by a Peltier temperature
control system with a precision of ±0.1 K below the upper
plate. Also, both the sample and the cone and plate geometry
are enclosed within thermal clovers. As for thermal
conductivity, experiments were performed at 298, 323, 348,
and 373 K. At least two replicas were carried out for all samples
without significant difference. Uncertainty in viscosity
determination was evaluated comparing the viscosity data of
BFs with the manufacturer data. Additional information about
the experimental procedure can be found in previous
works.24,25

MD Models. The structure and properties of solid−liquid
interfaces have been proven to play a key role in energy and
momentum transfer across them.26−28 Considering the
enormous exposed surface of the disperse phase in nanofluids,
the solid−liquid interface can be expected to significantly
contribute to the nanofluid properties and should therefore be
studied in order to fully understand thermal and flow
phenomena in these systems. Here, we will consider three
case scenarios for the solid−liquid interface of Pd-AO
nanofluids, in which intermolecular interactions between
species at these interfaces are defined by different physical
chemistry backgrounds: (i) a physisorption-induced solid−
liquid interface, in which no chemical interactions, beyond van
der Waals effects, are allowed between the nanoparticle and the
fluid molecules; (ii) an unhindered chemisorption-induced
solid−liquid interface, in which both DPO and BP can
chemisorb on Pd surfaces; and (iii) a kinetically restricted
chemisorption-induced solid−liquid interface, in which the
activation energy requirement for DPO adsorption is
considered, so that only BP can chemisorb on Pd surfaces.
The all-atom optimized potential for liquid simulation
(OPLS−AA) force field with parameters obtained from
LigParGen was considered for bonding and nonbonding
interactions between atoms in the BF, and a Morse potential
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with parameters obtained from the study by Yokoyama and
Ohta29 was also introduced to account for bonding
interactions between Pd atoms in the nanostructure. Also,
we parametrized a unique Morse potential from ab initio
calculations for the interaction between Pd atoms on the
surface and C atoms of the chemisorbed BF molecules in
nanofluid models.20 This is important, as the interfacial
potential parameters were previously reported to be of great
significance in order to correctly simulate heat transport in
solid−liquid systems with the Green−Kubo method.28 The
Lorentz−Berthelot combining rules are used to parameterize
the Lennard-Jones potential for pairwise interactions between
odd atoms. Lennard-Jones pairwise interactions are limited to a
cutoff distance of 10 Å. The particle−particle particle−mesh
summation method30 was applied to compute long-range
electrostatics. AAs are explicitly included (no dummy atoms
are used). A thorough description of the simulated systems
(number of molecules, NP aspect ratio, and surface saturation)
and the force field parameterization are available in Section SI
of the Supporting Information.
MD Simulations. The large atomic/molecular massively

parallel simulator (LAMMPS)31,32 is the classical MD code of
choice for the comprehensive study on the effect of the
interfacial molecular layering on the transport properties of Pd-
AO nanofluids. The initial configurations were created with
Moltemplate,33,34 a text-based molecular builder for the
LAMMPS. Periodic boundary conditions are imposed in all
directions. The Verlet integration scheme35 is used with a
timestep of 1 fs. Velocities are rescaled with the Nose−́Hoover
thermostat and barostat algorithms.36−39 The simulation run,
with the abovementioned setup, involves (i) a 10 ps run in
NVE for relaxation, (ii) a 0.5 ns run in NVT for thermalization,
(iii) a 1.5 ns run in NPT for equilibration, (iv) a 5 ns run in
NVT for the computation of thermal conductivity, and (v) a 5
ns run in NVT for the computation of dynamic viscosity. Both
transport properties were computed using the Green−Kubo
formalism.40,41 Sampling interval (s) and correlation points (p)
for flux data collection and correlation were selected for the
abovementioned integrals to saturate in the calculation of
transport properties with the BF model: s = 5 fs and p = 1000
were chosen for the calculation of thermal conductivity and s =
5 fs and p = 10,000 were chosen for the calculation of dynamic
viscosity. The dumping interval (d) is chosen to be d = s·p in
all cases. The trajectories of the BF model and nanofluid
models are all computed with this scheme at 298, 323, 348,
and 373 K and 1 atm (in line with experimental conditions) for
a comparative analysis of the results on thermal conductivity
and dynamic viscosity under different considerations for the
interfacial molecular layering and, also, as a function of
temperature.

■ RESULTS AND DISCUSSION
Optical Characterization. The experimental spectral

extinction coefficients are shown in Figure 1. It can be clearly
seen that NPs modify the spectra of nanofluids with respect to
the BF mainly in the UV−visible range, with monotonically
decreasing curves extending toward the near-infrared. For
wavelengths longer than about 1600 nm, the contribution of
NPs becomes negligible, and the spectrum of the BF is exactly
reproduced.
The obtained spectral extinction coefficient μ(λ) allows us

to give an estimation of the amount of sunlight attenuated
during its propagation in the nanofluid volume. It can be

expressed as a function of the propagation path length x as
follows42,43

∫
∫

λ λ

λ λ
= −

·
λ

λ μ λ

λ
λ

−

x
I

I
sunlight extinction( ) 1

( ) e d

( )d

x( )

min

max

min

max

(1)

where I(λ) is the sunlight spectrum,44 and the integration is
carried out in the whole range experimentally available (λmin =
300 nm and λmax = 2600 nm). Figure 2 compares the results for
the nanofluids and BF.

From Figure 2, we can see that, in the absence of NPs, the
BF shows an attenuation of the incident sunlight of only 21%
after a 20 mm propagation path; therefore, it is not suitable for
direct solar absorption. The addition of Pd NPs dramatically
changes the interaction with solar radiation. In fact, even at the
lowest investigated concentration, 0.006 wt %, the sunlight
attenuation in the nanofluid is more than doubled after a 20
mm path with respect to the BF (53 vs 21%). At higher Pd NP
concentrations, sunlight attenuation correspondingly increases,

Figure 1. Spectral extinction coefficient of samples. The spectrum of
the BF (black solid line) is also shown for reference.

Figure 2. Sunlight extinction level as a function of the propagation
path length within the liquid.
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showing values of 75 and 90% after 10 mm and 90 and 98%
after 20 mm for the samples with mass fractions of 0.030 and
0.060 wt %, respectively.
The spatial distribution S(x) of the attenuated sunlight

within the nanofluid can be calculated as well from the spectral
extinction coefficient. It represents another important param-
eter to consider for assessing the samples potential for direct
sunlight absorption. For the basic approximation of a cold fluid
without convective mixing, which is a reasonable hypothesis if
we aim to identify the optimized nanofluid composition for a
given solar collector architecture and dimensioning and not to
assess the actual temperature distribution in the nanofluid
volume, it is expressed as

∫
∫

λ μ λ λ

λ λ
=

· ·
λ

λ μ λ

λ
λS x

I

I
( )

( ) ( ) e d

( )d

x( )

min

max

min

max

(2)

The calculation is referred to the sunlight propagation from
a single irradiated side, as it is the case of the radial direction of
a PTC or the thickness direction of a flat-plate collector. Figure
3 shows the plots for the nanofluids and BF, according to eq 2.

For an easier readability, the curves are normalized to the
highest value, obtained for the sample with the largest
concentration at the input surface.
The undiluted nanofluid, that with the highest investigated

concentration, is characterized by a distribution peaked near
the input surface, with a strong gradient in the first 5 mm. Less
concentrated samples result in a lower gradient and a deeper
energy penetration in the liquid volume. The results shown in
Figures 1−3 constitute a tool for the colloid optimization,
cross-referenced to the geometrical characteristics of the
system where they have to be employed, although sufficient
to conclude that these nanofluids exhibit a suitable optical
behavior to be used as volumetric absorbers.

Thermal Conductivity Characterization. The transient
hot wire is, by far, the most used method for the measurement
of thermal conductivity of nanofluids45 because, compared to
other methods, it reduces the impact of the natural convection
in liquid samples on the measured signal and so errors in the
derived thermal conductivities. The THB−HPS technique is a
particular application of this method,46 with an instrumental
configuration to provide thermal and electrical self-compensa-
tions. All the thermal conductivity values reported here for Pd-
AO nanofluid samples were acquired by means of the THB−
HPS technique.
Conceptually, the hot wire in a liquid sample is a line heat

source immersed in an infinite isotropic material. The
temperature rise, ΔT(r,t), at radial position r from the line
source and time t, is given by

αΔ =
πκ γT r t
q t

r
( , )

4
ln

4
e2 (3)

where q is the heat production per unit time and per unit
length (W·m−1), κ is the thermal conductivity of the sample
(W·m−1·K−1), α is the thermal diffusivity of the sample (m2·
s−1), and γ is the Euler−Mascheroni constant. The expression
mentioned above can be linearized, so that the thermal
conductivity κ can be determined from the slope of linear
segments in ΔT(r,t) versus ln(t) data sets. In the absence of
convection, the ideal behavior of ΔT(r,t) versus ln(t) curves is
completely linear, but the existence of a local temperature
difference inherently causes a local density difference that
promotes natural convection. Such a natural convection effect
is equally present in the whole sample, if heated for

Figure 3. Spatial distributions of the energy locally stored in the
fluids.

Figure 4. (A) Example of the acquired THB−HPS signals, represented by the temperature rise, as a function of the natural logarithm of time (only
linear segments are considered for characterization purposes). (B) Thermal conductivity, as a function of temperature, for the BF, the host fluid,
and all nanofluid samples (solid lines do not represent data but are included as a guide to the eye).
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characterization at higher temperatures. Thus, data sets
acquired with the THB−HPS technique, for all samples and
temperatures, were post-processed in order to choose the
linear segment of the nonideal measured signal for the
derivation of thermal conductivity values. Figure 4A shows
an instance of the shape of these curves and their linear
segments for a particular replica from the characterization of
the BF sample and a nanofluid sample at 373 K. Thermal
conductivity values for each sample at all temperatures are
presented in Figure 4B for discussion.
The thermal conductivity of the BF was measured in order

to compare with commercially reported values. Our results
match (by an average of 99.2%) the thermal conductivity
values reported in the technical data sheet of Dowtherm A.
The relative standard deviation at the highest temperature is
2.4%, which is consistent with the measurement uncertainties
expected for THB-100 (better than 2% for thermal
conductivity according to the manufacturer). The above-
mentioned justifies the validity of the proposed experimental
procedure. Thermal conductivity of the host fluid is also
characterized in order to verify if the addition of 1.0 wt %
Triton X-100 modifies the thermal conductivity of the BF. It
seems to be the case at room temperature, but its significance
vanishes at medium−high temperatures.
The thermal conductivity values of nanofluid samples are

now examined. Maximum increments of 2.6, 11.0, 17.1, and
23.5% are found at 298, 323, 348, and 373 K for the sample
with a Pd content of 0.030 wt %. It is remarkable that the
sample with an intermediate mass fraction of Pd NPs exhibits
the best enhancements in this transport property. The relative
increments are almost halved for samples with Pd contents of
0.012 and 0.060 wt %. Such a unique behavior was also
observed in a previous analysis of the specific heat of these
nanofluid samples, which was also found to be maximized at
intermediate mass fractions.19 A numerical model developed
by Hentschke,47 assuming the existence of interacting
interfacial layers of fluids around nanoparticles, was found to
successfully describe this behavior of the specific heat. Yu and
Choi created a numerical model48 to calculate the effective
thermal conductivity of a cubic arrangement of monodispersed
spherical nanoparticles in a BF, in which solid−liquid
interfaces exist and overlap. Compared to the Maxwell
model,49 the Hamilton−Crosser model,50 or their revised
versions,51,52 this cubic model provides a better description for

this trend in thermal conductivity as a function of the mass
fraction of nanomaterials. The effective thermal conductivity of
the nanofluid increases up to a maximum from low to
intermediate mass fractions and then decreases for increasing
mass fractions because of layer overlapping between adjacent
particles. The discussion around it is conditioned by many
parameters such as the interfacial layer thickness or the
interfacial thermal conductivities, which are actually unknown
and simply screened to assess their impact on the effective
thermal conductivity. However, it is still relevant because it
provides significance for the interfacial molecular layering and
its role in the thermal conductivity of nanofluids. We
previously proved that such an interfacial layer exists via
density functional theory simulations19 and assessed how and
how much it impacts the specific heat via MD simulations.20 A
similar analysis in terms of the transport properties is presented
later in this paper.

Rheological Characterization. The uncertainty of the
experimental procedure for dynamic viscosity evaluation was
first evaluated by comparing the experimental data with the
manufacturer data of Dowtherm A. As expected and reported
earlier,24,25 the BF behaves in a Newtonian manner in the shear
rate range of 10−1000 s−1 for all tested temperatures, with a
decrease of viscosity with increasing temperature, as shown in
Figure 5A. An absolute average deviation of 3.8% in the range
of 298−373 K is obtained between the experimental and
manufacturer data, demonstrating the goodness of experi-
ments. Dynamic viscosity of the host fluids in the shear rate
range of 10−1000 s−1 is also measured to evaluate in which
way the presence of Triton X-100 can modify the dynamic
viscosity of the BF. These results are presented in Figure 5B,
evidencing the Newtonian behavior of host fluids. In addition,
a comparison of viscosity values between host and BFs,
reported in Figure 5A, shows an average absolute deviation of
2.8%. A slight increase in viscosity is noticed with the presence
of the Triton X-100, but the value is within the experimental
uncertainty domain. Finally, the shear flow behavior and
dynamic viscosity of nanofluids are reported in Figure 5B. The
figure shows that the nanofluids also behave as Newtonian
fluids with a really slight difference in the viscosity value.
Similar results were obtained at all temperatures. The slight
difference between viscosity values of nanofluids and hosts
fluids is also shown in Figure 5B. In the tested temperature
range, the average increases in viscosity for the three

Figure 5. (A) Dynamic viscosity, as a function of temperature, for the BF, the host fluid, and all nanofluid samples (solid lines do not represent data
but are included as a guide to the eye). (B) Apparent viscosity values, as a function of the shear rate, for the same samples.
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concentrations in nanoparticles compared to host fluids are
1.4, 2.3, and 3.8% (lower than the experimental uncertainty)
for mass fractions of 0.012, 0.030, and 0.060 wt %, respectively.
Such a result is of significant relevance, as these nanofluids will
not increase pumping power or pressure drop in CSP systems,
compared to their BF.
Assessment of Solar Collector Efficiencies and Heat

Exchanger Effectiveness. The nanofluid samples we have
examined are proven to provide the intended characteristics for
volumetric absorption and heat transfer in the CSP sector.
However, a complete assessment of the potential of these
nanofluids for the application demands a realistic estimation of
the dimensions and the expected thermal efficiency of surface
and volumetric PTCs, which are one of the most mature CSP
technologies in current use53 and also of the effectiveness of
coupled heat exchangers, which are the primary units for steam
generation.
We have calculated the expected outlet temperature of the

HTF flowing through the PTC using two approximate analytic
solutions developed by Bellos and Tzivanidis54 and O’Keeffe et
al.55 for steady-state models of surface and volumetric PTCs
under turbulent flow. We chose these models because the
authors kept simplifications and assumptions to a minimum
and provided integrated expressions that include all possible
parameters with influence on the system performance and can
be solved directly with no computational cost. A more detailed
revision on the explicit form of these expressions and
parameters and their choice to be a representative of an actual
system is presented in Section SII of the Supporting
Information. Final results from these expressions are presented
in Figure S1 and discussed here. We compare the outlet
temperature, To, as a function of the total length of the array
PTC modules, L, for different case scenarios with surface or
volumetric absorbers, with Dowtherm A or the 0.030 wt % Pd
nanofluid sample (for which maximum enhancements in
specific heat and thermal conductivity are found) as HTF
and different flow rates. The incident radiative heat flux, the
width of the collector aperture, the efficiency of optical
elements, and pipe diameters are the same in all cases. The
inlet temperature, Ti = 473 K, is also the same in all cases. The
upper limit for the range of temperatures of interest is Tmax =
673 K, which is the maximum operating temperature at which
Dowtherm A stability is not compromised. Our aims are to
assess the required length of the PTC array and flow rate for
each HTF to reach the maximum operating temperature (To =
Tmax) in each type of the collector and determine which option
is more cost-efficient.
The temperature rise per unit length is diminished for

increasing flow rates under constant solar irradiation, but large
flow rates are required, so that the turbulent regime is
guaranteed for energy to be transferred from the surface to the
HTF as it flows through the PTC in order to avoid local
overheating.17 This is particularly important in the case of the
surface PTC, not only for radiative losses to be minimized but
also because surface overheating promotes thermal stress of the
receiver and degradation of the absorbing coating, whose
lifespan decays exponentially with temperature.56 The flow
rate, ṽ, in a typical surface PTC is ṽ = 2.6 l·s−1 (Re ≃ 300,000).
The To = Tmax condition for the surface PTC, according to the
results shown in Figure S1, is satisfied at L ≃ 260 m with
Dowtherm A as HTF and L ≃ 325 m with the nanofluid
sample as HTF.

A volumetric PTC with exactly the same geometry and flow
rate as a surface PTC would meet the To = Tmax condition at L
≃ 340 m with the nanofluid sample as HTF (volumetric
absorption with Dowtherm A, as shown in Figure S1, is
unfeasible from a practical perspective). In other words, a
volumetric PTC with the same configuration as a surface PTC
is less cost-efficient because a larger PTC array would be
required for the maximum operating temperature to be
achieved. However, as the previously mentioned overheating
problems do not apply for volumetric absorbers, flow rates can
be significantly reduced. Particularly, given the storable energy
density (i.e., the product of density and specific heat, ρ·Cp)
with the 0.030 wt % Pd nanofluid sample is increased by 20%
with respect to the BF (2443 kJ·m−3·K−1 for the nanofluid and
1943 kJ·m−3·K−1 for the BF),19 flow rates can be accordingly
reduced by 20%, down to ṽ = 2.0 l·s−1 (Re ≃ 240,000), so that
the heat capacity rate is not modified. With this, the To = Tmax
condition for volumetric PTC is fulfilled at L ≃ 270 m. It is to
be noted that a longer PTC array is needed for those
nanofluids, whose specific heat is higher than that of the BF to
be heated up to 673 K, but that does not necessarily imply that
the performance of the system is lower. The thermal efficiency
of the collector and the effectiveness of the coupled heat
exchanger need to be assessed for an informed conclusion on
the overall system performance to be drawn.
The thermal efficiencies, ψcollector, associated with each solar

collector can be calculated with the solutions derived by Bellos
and Tzivanidis54 and O’Keeffe et al.55 Alternatively, the
number of transfer unit (NTU) method has been considered
for an estimation of the effectiveness, ψexchanger, of a heat
exchanger in which phase change for one of the fluids (water
evaporation) is assumed to occur.57 The overall system
performance is given by ψsystem = ψcollector·ψexchanger. As for the
previous calculations of outlet temperatures, full details are
available in Section SII of the Supporting Information, and
final results are presented here in Figure 6. Four sets are
included in the diagram for data visualization: (i) surface PTC
with the BF at ṽ = 2.6 l·s−1, (ii) surface PTC with the nanofluid
sample at ṽ = 2.6 l·s−1, (iii) volumetric PTC with the BF at ṽ =
2.0 l·s−1, and (iv) volumetric PTC with the nanofluid sample at
ṽ = 2.0 l·s−1. Except for (iii), the other three configurations are

Figure 6. Expected collector thermal efficiency heat exchanger
effectiveness and overall system performance for the different case
scenarios under study (the dashed blue line indicates the maximum
overall system performance).
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found to provide similar collector thermal efficiencies, with
variations below 1%. The effectiveness of the heat exchanger is
found to be improved by 6% if the BF is replaced by the

nanofluid sample as HTF because the heat transfer rate per
unit temperature, defined by the product of the overall heat
transfer coefficient and the area, UA, is magnified as a

Figure 7. Summary of all MD models considered for this study. A description of each case scenario is given, together with the classical potential
functions, describing atomic interactions between atoms in the BF, the NP, and the interface. A more detailed description is available in Section SI
of the Supporting Information.

Figure 8. (A) Thermal conductivity values calculated from MD simulations with nanofluid and BF models, as a function of temperature (the solid
lines do not represent data but are included as a guide to the eye). (B) Time-averaged heat flux autocorrelation functions, ⟨J(0)·J(t)⟩, for all models
and temperatures (presented in LAMMPS real units). (C) Integrated ⟨J(0)·J(t)⟩ functions. (D) Area under the ⟨J(0)·J(t)⟩ functions.
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consequence of the increased specific heat and thermal
conductivity of the nanofluid compared to Dowtherm A (for
a exchanger coil of 20 m, UA(i) = 3.7 kW·K−1, UA(ii) = 5.5 kW·
K−1, and UA(iv) = 4.8 kW·K−1). The effectiveness of the heat
exchanger is also increased by an additional 4% if the heat
transfer nanofluid enters the exchanger with reduced flow rate,
which occurs for volumetric PTCs, because the minimum heat
capacity rate is reduced and that increases the NTU. The
overall system maximum performance is found to be 45.3% for
the volumetric PTC with the nanofluid sample as HTF with a
flow rate of 2.0 l·s−1.
To sum up, nanofluid-based volumetric PTCs, compared to

the typical surface PTCs with Dowtherm A, do not suffer from
overheating-induced thermal stresses and reduce the required
amount of HTF and pumping requirements by 20%, with no
limitations for the To = Tmax =673 K condition to be achieved
but using a 4% longer PTC array only. Besides, the use of this
nanofluid sample as HTF increases the global heat transfer
coefficient in a heat exchanger for steam generation, as
consequence of its improved thermophysical properties. The
abovementioned analysis allowed us to conclude that the
overall system peak performance increases up to 45.3% and
that installation and maintenance costs, although tentatively, it
can be minimized (an actual assessment of the latter is out of

the scope of this work). This is ultimately translated into more
cost-efficient, optimized PTC−CSP plants.

Insights into Transport Properties from MD Simu-
lations. The goal of the theoretical part of this work is to
assess how and how much the presence of an adsorbed
molecular layer on the solid−liquid interface of nanofluids
impacts their transport properties. To do so, we computed
several MD trajectories, with three nanofluid models
representing different scenarios of interactions at the nano-
particle−fluid interface (those shown in Figure 7), for their
response to changes in this state variable to be assessed as a
function of temperature. Both transport properties were
computed using the Green−Kubo formalism40,41 based on
the integrals of time autocorrelation functions

∫κ = ·
∞V

k T
J J t t(0) ( )d

B
2 0 (4)

∫η = ·
∞V

k T
P P t t(0) ( )d

B 0 (5)

where κ is the thermal conductivity, η is the dynamic viscosity,
kB is the Boltzmann constant, V is the equilibrium volume, T is
the equilibrium temperature, ⟨J(0)·J(t)⟩ is the heat flux vector
autocorrelation function, and ⟨P(0)·P(t)⟩ is the autocorrela-

Figure 9. (A) Dynamic viscosity values calculated from MD simulations with nanofluid and BF models as a function of temperature (the solid lines
do not represent data but are included as a guide to the eye). (B) Time-averaged autocorrelation functions of the off-diagonal components of the
stress tensor, ⟨P(0)·P(t)⟩, for all models and temperatures (presented in LAMMPS real units). (C) Integrated ⟨P(0)·P(t)⟩ functions. (D) Area
under the ⟨P(0)·P(t)⟩ functions.
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tion function of the off-diagonal components of the stress
tensor.
Before using the simulation approach for understanding

thermal and flow behavior of these nanofluid systems, it is
important to validate the force field parameters and the
simulation setup conditions by comparing computed results on
thermal conductivity and dynamic viscosity for the BF, at 298,
323, 348, and 373 K and 1 atm, with well-known experimental
data available from the supplier. Computed data for transport
properties of the BF model (filled black dots in Figures 8A and
9A) are found to be in the same order of magnitude than the
experimental data (empty black dots in the same figures),
albeit overestimated. The computed heat/flux command in the
LAMMPS has been recently reported58,59 to produce
anomalous values when the computed stress/atom command
(which is necessary for the calculation of the per-atom stress
tensor in the heat flux) is applied to systems with many-body
interactions (angles and dihedra), which is the case here. This
might explain the overestimation of thermal conductivity
values. The OPLS−AA force field has been previously reported
to overestimate the Green−Kubo viscosity of organic liquids,60

providing values two or three times larger than experimental
observations. Still, both transport properties exhibited the
expected response to changes in temperature. This is
particularly significant because the decreasing thermal
conductivity with increasing temperature is a very unique
behavior of this BF. The successful representation of the
dynamics of the BF gives us confidence on the validity of the
force field and simulation conditions.
In Figure 8A, the computed thermal conductivity values for

nanofluid models are compared with each other and with the
BF model. When it comes to comparisons with experimental
results, the computed nanofluid thermal conductivities are
clearly higher than expected, at all temperatures. This is not
due to the technical (compute command) issues described
above, which indistinctly appears in all nanofluid and BF
models, but to the fact that the mass of the Pd NP with respect
to the total mass of the simulation box is much higher, by 2
orders of magnitude, than the mass fractions contained in
experimental samples. This is a limitation arising from the size
of the simulation cell, which is necessarily restricted by
computational cost. The discussion that follows is therefore
qualitative and conceptual, and not for quantitative prediction
purposes.
The MD results reveal that thermal conductivity linearly

increases for increasing temperatures in the nanofluid models,
an opposite trend compared to the BF model, which is
consistent with the experimental results presented above. All
nanofluid models here studied exhibit this behavior with
temperature, which indicates that it must be mostly caused by
the presence of the NP, regardless of the nature of the solid−
liquid interaction. The time-averaged heat flux autocorrelation
functions, ⟨J(0)·J(t)⟩, as shown in Figure 8B, decay to zero and
fluctuate around zero for all models under study, as expected
for any system in true equilibrium. This means that the chosen
correlation time is long enough for the Green−Kubo method
to provide consistent thermal conductivity values. However, it
is quite difficult to highlight any differences between models by
attending to these autocorrelation functions only, as the
frequency and amplitude of the oscillatory fluctuations, and
even the J(0)·J(0) value, are very similar in all cases. The
integrated ⟨J(0)·J(t)⟩ functions, as shown in Figure 8C, reveal
that all models undergo a very similar decay pattern up to 0.5

ps, but the time for correlation loss (i.e., the required time for
the integral of ⟨J(0)·J(t)⟩ to saturate) is ∼1.5 ps for the BF
model at all temperatures and ∼1.5, ∼1.7, ∼2.2, and ∼2.5 ps
for nanofluid models at 298, 323, 348, and 373 K, respectively.
The values from the cumulative integration up to this point,
independently reported in Figure 8D, are also found to
increase with temperature in all cases and to be larger for all
nanofluid models compared to the BF model. The fluctuations
around the saturation point are sufficiently small for these
values to be unequivocally distinguished from each other.
Besides, the J(t) vector includes a V−1 scaling factor, meaning
that the values reported in Figure 8D are intensive, so that any
differences between them are independent of the number of
atoms in the system and only dependent of its dynamics. The
information obtained from ⟨J(0)·J(t)⟩ functions and their
integrated counterparts allows us to conclude that thermal
conductivity enhancements in these nanofluids models can be
due to an increase in the mean free path of thermal vibrations
because it takes longer for heat to dissipate according to the
correlation loss times. Also, minimum changes are observed in
the decay pattern of ⟨J(0)·J(t)⟩ with respect to the BF,
suggesting that the NP has a local influence on the nanofluid
enhanced heat conduction, which involves the solid phase and
the interface but does not affect the BF any further.
Thermal transport across the solid−liquid interface is

sensitive to the mode of adsorption of those molecules.
According to the results given in Figure 8A, models NF2 and
NF3, with chemisorption-induced solid−liquid interfaces in
which BF molecules are bonded to the surface, show thermal
conductivity values lower by an average 10.5% compared to
model NF1, with a physisorption-induced solid−liquid inter-
face in which no interactions between BF molecules and the
surface beyond van der Waals forces exist. The integrated areas
are, indeed, smaller for models NF2 and NF3 than for model
NF1, which means that heat transfer significantly worsens for
the chemisorption−induce interface models compared to the
physisorption-induced one. That difference becomes even
more strongly marked as the temperature increases. BF
molecules in these chemisorption-induced interfacial layer
molecules directly distort the atomic-level structure of the NP
surface, interrupting the propagation of thermal vibrations.
Interfacial layering is a shelter-like boundary of high thermal
resistance that hinders heat conduction. Given that the thermal
conductivity for models NF2 and NF3 is lower than that for
model NF1, the interfacial thermal resistance in models NF2
and NF3 is expected to be larger than that in model NF1. This
effect does not seem to depend on the nature of chemisorbed
species, as it can be appreciated by comparing thermal
conductivities of model NF2 (chemisorbed DPO and BP)
and model NF3 (chemisorbed BP only).
We also investigated if dependency of heat conduction with

the directions of the system exists by analyzing the spatial
components of ⟨J(0)·J(t)⟩ functions, that is, ⟨Jx(0)·Jx(t)⟩,
⟨Jy(0)·Jy(t)⟩, and ⟨Jz(0)·Jz(t)⟩. These components were found
to be undistinguishable from each other. We verified that the
NP does not rotate during the simulation, and so, this isotropic
heat conduction is not a consequence of time average over
different orientations. Although the 2D morphology of the
nanomaterials is likely to exhibit anisotropic heat conduction,
the aspect ratio of the nanostructure may not be sufficient for
anisotropy to appear.
We now focus on the computed dynamic viscosity values,

plotted in Figure 9A. Here, as for thermal conductivity, the
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discussion around MD results is qualitative and not intended
for prediction purposes when compared to experimental results
because of the limitations imposed by the enormous mass
fraction of Pd in the simulation box. All nanofluid models and
the BF model exhibit an exponentially decreasing viscosity for
increasing temperatures, in clear parallelism with experimental
results. The autocorrelation functions of the off-diagonal
components of the stress tensor, ⟨P(0)·P(t)⟩, as shown in
Figure 9B, decay to zero within the timeframe provided by the
chosen correlation time. Given this condition, the Green−
Kubo method is also expected to provide reliable viscosity
values. Unfortunately, as for the ⟨J(0)·J(t)⟩ functions, it is
difficult to set the parameters for discussion around the ⟨P(0)·
P(t)⟩ functions because the differences in the oscillatory decay
pattern, between systems at a given temperature, are minimal.
For that, we go to their integrated counterparts, presented in
Figure 9C, in which it is evident that much longer times are
required for the Green−Kubo integral to saturate, which
means that the time for correlation loss in the ⟨P(0)·P(t)⟩
functions is consequently longer. The dissipation of shear
stress (or momentum flux) to equilibrium is, compared to the
dissipation of heat flux, a slower process by 1 order of
magnitude. Times for correlation loss are ∼100, ∼90, ∼70, and
∼60 ps at 298, 323, 348, and 373 K, respectively, with no
significant differences between models. It was not possible to
accurately establish the time for correlation loss for the models
at 298 K, as the plateau region is not as well defined as the
temperature. The upper limit of correlation time was chosen in
these cases as a fair approximation for comparison purposes
within an accessible simulation time scale. The values from the
cumulative integration up to this point, as shown in Figure 9D,
are also found to decrease with temperature in all cases. It all
explains why dynamic viscosity values from all models
converge at the highest temperature.
The shear stress, as the heat flux, is also sensitive to the

mode of adsorption. Models NF2 and NF3, with chem-
isorption-induced solid−liquid interfaces, show dynamic
viscosity values lower by 9.4% at 298 K compared to model
NF1, with a physisorption-induced solid−liquid interface.
Although times for correlation loss are very similar, the
integrated areas are, in fact, smaller for models NF2 and NF3.
This means that the internal frictional force that arises between
the NP and the adjacent BF molecules in perpetual motion
during the MD trajectories is significantly smaller in models
NF2 and NF3 than in model NF1, as the interactions between
the NP and the surrounding fluid molecules are weaker
because of being mediated by those molecules permanently
chemisorbed at the interface. Here again, the nature of the
chemisorbed species is not really significant, as it can be
appreciated by comparing dynamic viscosities of model NF2
(DPO and BP) and model NF3 (BP only). As for heat transfer,
no dependency on momentum transfer with the directions of
the system was found by analyzing the individual autocorre-
lation function for each component of the stress tensor,
⟨Pxy(0)·Pxy(t)⟩, ⟨Pxz(0)·Pxz(t)⟩, and ⟨Pyz(0)·Pyz(t)⟩.

■ CONCLUSIONS
We have presented a detailed analysis on the potential of
aromatic oil-based nanofluids with Pd NPs as volumetric
absorbers and HTFs for concentrated solar power systems,
with experimental results on optical and transport properties,
revealing that these nanofluids are promising candidates for the
application. The sunlight extinction level hits 53, 90, and 98%

after a propagation length of 20 mm for mass fractions of
0.006, 0.030, and 0.060 wt %, which is a good indicator for
these nanofluids to be used as volumetric absorbers. Thermal
conductivity is found to be increased by 2.6, 11.0, 17.1, and
23.5% at 298, 323, 348, and 373 K for an intermediate mass
fraction of 0.030 wt %. Dynamic viscosity, in the range of
concentrations and temperatures under study, remains
unchanged, as no measured differences could be distinguished
from experimental uncertainty. Results from characterization
allowed us to carry out a realistic assessment of the outlet
temperature profiles in surface and volumetric PTCs using
these nanofluids. It was concluded that, compared to the
typical surface PTC with Dowtherm A, volumetric absorption
with these nanofluid samples increases the overall system
efficiency up to 45.3% and reduces pumping requirements by
20%, with minimum increases in the collector length, thus
becoming more cost-efficient than the current technology. MD
revealed the impact of the NP on the overall nanofluid heat
transfer and momentum transfer, which are quantified by
thermal conductivity and dynamic viscosity, respectively, are
limited to a local scale and sensitive to the mode of adsorption
of BF molecules on the solid−liquid interface. This finding
suggests that engineering interactions at the solid−liquid
interface could become an innovative approach to further
improve the thermophysical properties of nanofluids and
encourages the discussion on what solid−liquid pairs are of
potential interest and should therefore be tested as candidates
for volumetric absorption and heat transfer in CSP systems.
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ABSTRACT

TheThe cost-effective optimisation of renewable power generation systems is 
a must in the present context of a global climate crisis and a growing 
demand for reliable, affordable and clean power supply. Reliability is a 
challenging issue for renewable technologies like photovoltaics, which 
produces electricity under ceaseless solar irradiation and therefore suffers 
of daily intermittency. The integration of concentrated solar power plants 
in hybrid power blocks has been proposed as a solution for this 
intermittencyintermittency by taking advantage of thermal energy storage to maintain 
production and compensate the supply. A limitation for this solution is the 
low solar-to-thermal energy conversion due to the poor thermophysical 
properties of the typical heat transfer fluid flowing through solar collectors. 
The use of nanofluids as has been proposed to improve this conversion.

This thesis aims to provide knowledge and understanding of the Physical 
Chemistry of nanofluids, with particular attention to features and 
processes that determine their stability and heat transfer and storage 
capabilities. Here Pd nanoplate-containing aromatic oil-based nanofluids 
have been prepared and characterised through different techniques to 
assess their applicability as volumetric absorbers and heat transfer fluids in 
parabolic trough collectors of concentrating solar power plants. A 
significantsignificant contribution from this thesis refers to the influence of the 
structure and dynamics of solid-liquid interfaces on the physical properties 
of nanofluids on the basis of simulations at the density functional theory 
and molecular dynamics levels-of-theory. The findings presented are 
expected to have both practical and fundamental implications on future 
research.
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