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Abstract

Freshwater scarcity is one of world biggest challenges and needsatitessedngently. The
composite of polydimethylsiloxane (PDMS) and carbbased materials have attracted intensive
research interests over the past several decades owing to its stretchatb&jmi@atures which

can be applied in various fields swahflexibleenergy haresting andgtorage devices. In this work,
carbon nanoparticle (CNP) doped PDMS composite foams with anrpmpens structure were
fabricated via a facile salkéaching technique to achieve excellent pktb&rmal properties for
solar desalinatbn applicatbns. The #ect of different foam parameters on the phtitermal
performance of the CNP/PDMS foams was investigated and demonstrated in this thesis. The
results showed that the addition of a small amount of the CNP dopants sidlyificgoroved the

light absorptivty of the PDMS foams to about 97 % over the broad solar spectrum while causing
little impact on the inherent low thermal conductivity of the foams. A modification using polyvinyl
alcohol endowed improved surface wettabitif the canposite foara to provide continuous water
supply to the evaporative layer. An enhanced water evaporation rate ofgln#®K30.24 mm

/day) with an overall energy conversion efficiency of 81 % was achieved using a relatively low
solar energyriput of 850W/m?. The indings inthis work offer key insight for the development

of photothermal composite films with high absorptivity, floatability and optimal porosity and
thermal properties for the next generation of solar harvesting and seawatBnatesa

technologies.
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1. Introduction

Living on an overpopulated planet, human society has been struggling with resource poverty and

environment deterioration, among which the lack of freshwatemsst vital challenge.

1.1. World water status

Freshwaters one of the key elements for mostiates happening on the planet from the basic
functioning of tiny biological cells to the development of the entire human society. Howeyer,
reservation bwater resources has beeredeokedfor too long and we fially stepped into the
corner wherenadequate access to clean water has become a big challenge since the 1§1¢.1980s
Based on global watdootprint investigation and assessmdnternational Water Management
(IWMI) announced that around 2.8 billion people already resided in areas of potetdial wa
scarcity in 2013 considelg monthly variability, and tis figure reached 3.6 billion (abob0 %

of the population) five years later. Yet the number of people being affected is projected to
continuously increase to 4i&.7 billion by the year 2050alf of whom will live undethe threats

of severe water sinage[2]i [4].

The endangered freshwater status does not only influendeleo@tater and daily use b also
reflected in thedeclinal capability for food productianThefact is, although not realized by the
majority, almost 800 million people were already reported to starve in 2017 Still the world
population is prescribed tacrease up to a peak of anali10 billion by 2090, and exgs are

highly concerned about theropetence of the planet to support sudizaabledemand5]i [7].



1.1.1. Water scarcity assessment

Are wereally in the situation of water scarcity? Restricted lbgck of knowledge, most people
are lkely to be biased and make their own estimation based merely on drinkergawailability,
which is the most intuitive information to them. Generally, watarcity can be described as a
mismatch between the huge demd and inadequate supply in termsja@ntity and/or qualitjl].
Although it is widely accepted that tiwrld is currently and will be underwater crisis for a long
time, it has been a challenge to quantify thisustalue to the complexity of the causes. A variety
of models have been developedniater accounting and auditing to demonstrate water status a

provide future projectionf8]1 [11].

One of the ediest assessments is the Falkenmark indicator, also eadltat stress index (WSI),
calculatedusing population and the volume of available blue watarfdce water andgundwatey

within a given district[12], [13]. Countries a considered to be watstressed whe water

availability is lower than 1,700 hper year per personandwillexp i ence fdscarcityo
scarcityo as the avabandb00 hper year der mepsen thieshbldsw  t h €
respectively. A a rough estimation based on thepdyyside datd1], WSI is a pioneer indicator

that provides for a quiicgrasp of the water resource state & still widely used nowaday$4],

[15]. A modified indic#or is thecriticality ratio that integrates demasdtiven shortage into the

model by water withdrawal analysifl6], [17]. However, these classic approaches are still

considered todinsufficient because of their oversimplification.

To acheve a better comprehension of the evatcarcity problem, continuous efforts have been
made to incorporate moreterdisciplinaryelements, especially soegzonomic factors including
water manageent, institutional capability for providing water servieesl related policies, which

are gradally combined into global water shortage analysis to provide practicalfarop®licy
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and decision makergl8]i[20]. IWMI, for example, intoduced the concept of physical and
economic water scarcity in 199&nsidering the adaptive capacity of a society in terms of
infrastructure development and t@aplanning at a country level and these concepts have been
widely adopted since then. In thisodel countries that are unable to fulfill the estimated water
demauls, even if all the potential technological and strategical advances were to be implemented,
are classified as beingypacat edorny,e vilpiblyes i cal
make use of sufficient water resources due to reasons ingludorerinvested infrastructure are
classified into the 0eleld Aoonpleofyeas taterr Sivanetaal ci t y o
accounted for water sdation in addition to socieconomic variables and formulated a evat

poverty index (WPD[22], [23]. WPI also brings the assessment down tooaséhold and

community scale and is widely accepted as dribeomost holistic measurement novags[24].

There are still a large number of metrics and analtiicds besides the main methods niemed
above[2], [25]1[27]. Consequently, wre factors are carefully weighed and integrated into water
scarcity modelling such as virtue waflow analysis, which focuses on water trading and-long
distancetransfer in addition to local resourcsl], [28], [29], and analysis of green tea (soll
moisture in unsaturated zes) which provides for 90 % of the total agricultural demand and 60 %
of the global food productiofB80]i [33]. Progress in alytical procedures are made with high
spatial resolution considering geographic variability and diverse denjia#i$36], as well as
high temporal resolign, on a monthly rather than annuadsis[37]i [39]. The results of water
scarcity assessment depend highly on the models being employed and data collected fearn differ
levels, but most of the evaluations of the authorityaarggions (such as the United Natmn
IWMI and the World Resource Institution) come to a similar concluiahAsia, Africa and the

west coastline of America are more threatened by watesgtras other areas in the warlhe



the UN investigation ao indicates that the majority of phigally scarce areas are located in the
mid to low latitude zone of Asia and Africa, and the areas identified to have economic water
scarcity is reported to bmostly Southeast Asia, Central Africa and South Americ0iR[40].
Furthermore, the latest version of the water scarcity map shows a notewspiéuyson and

exacerbation of these araaghe last six yeargt1].

1.1.2. Drivin g factors

Driven by the collective effect of population growth, urbanizatindustrialization,agriculture
intensification, climate changppverty,and everunbalanced power relatiofd], [42], [43], an
increasing nutpber of regions are likely to confront severe groundwatezrexploitation and
depletion in theirattempt to meet the evgrowing water demand and delivegliable water

services

Natural water resources are never infiiitaen the contrary, these resoweee in fact quite limited.
Freshwater resources repnetsearound 3.3 % of the total water reszes (1.~ 10’ km®) on the

planet, most of which is frozen in the glaciers and only 0.7 % can be utilized dietkly
Groundwater is the main freshwater srurepresenting 97 % of the accessible reserve worldwide,

and thus has beesxpansivelyextrace d i n many di stricts, but on e
important groundwater systems were already on the verge oéseas by 2018 5]. In addtion,

great reductions in wedrilling costs, due to technological advancements, worsens tinggisn,

resulting in an enormous groundwater withdrawal rate reaching a level three times as much as fifty
years agd46]. Global freshwater demand increased dramatically in the pastrgeswing not

only to population growthbut also the combined effects of rapid urbanization, economic

development and evolving consumptipatterns. This pressure has continued without mitigation



at a steady rate of 1 % per year, projected to causé 829 escalation by 2050 compared with

the present demand levgll], [47], [48].

The rapid development of human society contributes overwhelmingly to weaecity by
intensifying water usage withoutiitation. Despite some discrepancies, the general conclusions
from various investigations on wateonsumption are unanimous as showfigure 1-1, which

shows that the agriculture sector including irrigation, divek and aquaculture is identified as the
principal water consumer accounting for 69 % of theuah global freshwater withdrawal.
Industry and muaicipality sectors take up 19 % and 12 %, respectively, according to the database
of theFood and Agricultur®©rganization of the UNlobal information system on water resources
and agricultural water managent[41]. Predictions for the following decades suggest a slight
shrinkage of the agricultural consumption rate as sulteof rapidly growingindustrial and
domesticusage (a surge of 400 % and 130 % separatalfjough the gricultural sector will

continue to withdraw the largest amount of wai#®]i [51].

Another factor worth noting is climate change induced by the notorious global warming. The

recent assessment by Intergovernmental Panel on Climate CheGgs 8hows that the Earth
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Figure 1-1 Worldwide annual water withdrawal by sectdt].



has experienced a rise of approximately 1 °C in its mean surface &umpeelative to pre
industrial times (1850 1899) over the past century caused by greenhouse gas (GHG) emissions
of human activities. Moreover, this numlval reach 1.5 °C in 2040 with a current rate of growth

of 0.2 £ 0.1 °C per decadB2]. Arctic melting and island dipping, which are predicted to occur
when the humarinduced global warming reaches 2.7 °C above theinghestrial level, are
expected tdurther amplify both regional and global water scarcity pressures in addition to that

already expected from a 40 % population gro\dh

1.2. World energy status

Apart from the water crisis, the current generation is unfortunately faced with the additional
dilemma of energy famine. Witlimalogous root causes to freshwater scarcity, namely population
induced industrial expansion antbanization, human society experienced an imbalance between
energy provisions and consumptiornthe 1970s when significant petroleum shortage occurred in
mary industrial countrie$53]. Many countries are nhow witnessing an enormous surge in energy
demand in all enduse sectors including residential, commercial, industrial and transportation,
especially in regions with rapid economic development. The estimatiom the US Energy
Information Administration (EIA) indicate that the growth of global enexaygumption will grow

by 49 % compared with the 2007 baseline in the next 20 yB4ls The indugrial sector is
currently leading the ascending trend, with an energy consumption increment from 211 quadrillion
Btu® in 2011 to 276 quadrillion Btu in 2040 &will account for more than half of the total energy

consumption by then.

1 Btu: British thermal unit, the quantity of heat required to raise the temperature of one pound of liquid water by 1
at the temperature that water has its greatest density (approximatély[391].



In terms of energy somces, conventional fossil fuel sources are still the major contributors,
especially petroleum which will continue to be the top energy provider for the Gepdass.
Taking the worldbés top economies for edwampl e,
consumed in 2016 according to the International Energy Statistics database, and Chind@fsed 4
metric tonnes of coal (nearly 30 times as much as its stmmeserve) in 2015 to support
nationwide development in a parallel cf#s8]. Investigations also show a preference for natural
gas over other fossil fuels becaws the price reduction and recent crude oil shortage in many
regions which willcause a naturajas production intensification all the way through 2050. The
overuse of combustible fosdilel based energy sources not only causes irreversible damage to th
natural topography of the Earth due to extraction activities, but also chdregesmospheric
composition by emitting excessive @9 % above the primdustrial level in 2010), and therefore
has accelerated global warming dramatically, which definisgjgravates the water status as
discussed abo\i®6]. Thus, insufficient energy and water are agntly relatedopics that merit

close attention and urgent priority.

With the aim to attenuate the energy crisis,-BWG energy sources have been explored on a
global scat, which gives impetus to rapid scientific and technological progress. Nuckeayyen
was once gromising alternative for power generation, eliminating 64 billion tonnes of CO
equivalent GHG emissions that otherwise would have resulted from fossitfuelsistion since
the commercializatiorof nuclear energy in the 197(57]. However, only a limited number of
countries use this technique because of the international nuclear regulations, ang oibtats
might be further discouraged by the consequences of the famous racdielant in Japa[40].
Fortunately, the emergence of renewable energycasted light on future energy solutions. In

contrast to the neacofriendly naiire of conventinal energy sources, renewable energy in the



form of biomass, wind, direct solar, hydropower and geothermal energy is the key to a safe, clean
and sustainableov | d t o offer fAbenefits to a redection
environment ad human health as well as a large potential to mitigate climate cia8jge i f
employed properly to produce direct thermal/mechanical power, generate electricity, or be stored

in secondary fuels and other chieais.

The outcome of the international effort turns out to be encouragin@O®, 2bout 12.96 of the
primary energy supply was produced from renewable energy sdGB8je&or instance, the EIA
declared that the gradual switch from carottensive fossil fuels to zercarbon renewables,
principally wind and solar in the electric power sector, has payed off with a one fourthedecli
domestic ©: concentration thus far, which could incite growing interest in more renewable
energy adoptiorf59]. The alteration of the universal energy distribution towardewables
indicates a lessened reliance on conventional sources will be obsseeiically a pint share

of petroleum and coal is projected to drop by 7 %, and the latter will be surpassed by natural gases
in the same time frame (s€&gure 1-2). Meanwhile a 56 % increase (taking up 129 out of the
overall 73} quadrillion Btu consumption) in renewable sources by the 2040s will mark an exciting
accomplishment towardthe realization ofthe ambitious goal of holdingtmospheric CQ@

concentrations below 440 ppm by 2060].

1.3. Water — energy neus and desalination

Neither energy shortage nor water stress is independent, as they are apparently related issue
sharing the similar causes and comparatlgortance. Thus, the entire world needs to come up
with an altinclusive solutionto overcome theinprecedentedrises in solidarity So far, many

relevant protocols and agreements have been reachad@pteéd on enultinationalscale to speed



up the proess. The UN has announced 8westainable Development Goals (SDGs) to emphasize
universal and eqtable access tolean water together with affordable and clean energy to call for
immediate action againhslimate change (Goal 6, 7 and 13). Other orgamimatand institutions
such as the World Water Council (WWC), International Water Associ@éitiéA), International
Energy AgencyIEA) and IPCC are also making effort®d monitorinternationaldata, geneta

reports and raise public awarenegsthe long jouney of overcominghese challenges

Covering most of t he Earnbbedéourcesal wateg especiallysfera wa t e
ground and surface water in coastal aredsgadinherently high sahity (33,0001 35,000 ppm on

average), containing amly sodium and chloridand minor elementsuch ascalcium, sulphur,
magnesium, potassium antbmide[61]. Only with desalinatiorprocesses, the propeeatments

to remove the excessive mineral components, can seawater reach the standard required for various
human uses. According to the report of the Intéonal Desalination Association and Global

Water Intelligence, the world owlated desalinatiorapacity increased by over 100 % (from 57.9
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Figure 1-2 Historical and projected worldwide energy consumptgrsourceg§59]. Source
U.S. Energynformation Administration (July 2018



to 118 million n¥/day) during the period from 2000 2017, from which the huge future
development potential of degahtion can bdoreseen2], [62]. Desalination plants have been
adopted in manplaces, for example the Middle East, Australia, Spain, Singapore anditiee U
States, and 14 %f the global population is estimated to rely on desalinated water by[@BR5

[64].

1.3.1. Traditional seawater desalination

According to separation mechanisms, traditional seawater and brackish water desalination can be
classified roughly into twaatalogs thermal and membranéasedprocessesThermatbased
desalination technologies rete those procedureghere salty water is heated using direct thermal
energy and freshwater can be collected following a scenario of evaporation and condensation. The
most classichermal methods are uttistage flash distillatiofMSF), multiple effect dstillation

(MED) and \apor compression (VCYhese methodare normally suitable for large scale water
treatment with high production quality and reliable kdimye service (sed@able1-1) [65], [66].

The membrandased procesgenerally include seawater or brackish water r&eosmosis
(SWRO/BWRO), electrodialysis (ED) and some filtration meth@@lg]. Most of these systems

carry semipermeable membeanas the core unit that is driven by dynamic or electrical power to
overcomeosmotic pressure of the saline solution and € Ifholeculegrather than othebigger
molecules or iong)ass through the membranes fr§é], [69]. Nevertheless, the total dissolved

salt (TDS) of the product is commonly up to 500 ppm, significantly highetttizaiof the thermal

processes (also sdablel-1).

Theoretically, aroun®.77 kWh/m? of energy is theninimum required to desalinate salty water

(33,000 ppmat28C) based on the vanét Hoff f o[7Ophul a
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Despite theelatively low product qualitymembrane processes have become increasingly popular
andgradually surpassed thieermatbasedfacilities, takingthe main market sham@ving to less
energy consumption (mostly less thak\Wh/m?®) and a wide range of capaes, yet both types
consume 5 26 times as much energy as the minimum leading to a universal mission to develop

less energyntensive approaches, a requirement on the path towards sustairé®]lity

Table1-1 Main operation data of conventional desalination U6, [71]i [79].

Type Typical Daily Equivalent Total Energy Product Water | Cost
Cagpacity Consumption (KWh/r) Quality (ppm) | (USD/nv)
MSF gg,?)OO’I’ 70,000 19.5871 23.5 alo 0.5671 1.75
MED 12,0001 320,000 14.4571 21.35 alo 0.5271 8
VC 10007 30,000 77 16.26 alo 0.8771 2.6
SWRO | ~128,000 471 6 40071 500 0.457 1.72
BWRO | ~98,000 157125 20071 500 0.267 12.99
ED ~ 145,000 25155 1507 500 0.67 1.05

1.3.2. The integration of solar energy into desalination systems

To achieve the goal of providing reliable freshwater actesdl with reduced GHG emissions

and less impact on the environment, extensive integration of renewable energy in desalination
industries is impeative. Many of the renewable energy technologees be easily adapted to feed

a centralized electric grid endelivered with modern energy transmission methods mostly for
electricity generation, or designed as a standalone supply for both electricity and
thermal/mechanical energy for the end user enautonomous buildings thanks to their modular
features andlesirable flexibility[58]. In the renewable energgmily, solar stands out and is
considered to be one of t he fShcentuybegause dfizesod i n

GHG emissios andinexhaustibleavailability [80]. The energy potential of solar irradiance

11



impingg ng on the Earthés surface per year i s repo

t he worl doés [568]n[&lL @hus, sblar mregy appears to be a good match with the
energyintensive seawater desalting technologiestunately, those areasentioned previously
suffering tle most from water poverty such as Africa, Asial aouth America are actually
endowed withplenty d sunlightto support solar distillatiomccording to the World Banked
regions shown irFigure 1-3 [82]), encouraging massive research work on soisition to the

ongoing crises.

In short, to lessen the pressure on the limited freshwater resources, seawater dasialiaatio
promising approach to meet the growing water demand. Furthermore, by integrating the renewable
solar energy into the existing desalinatigatems, the producin of freshwater can be lessergy
intensivewith lower GHG emissios Solar desalinatioreflects a concept of watenergy nexus

and is worth extensive development which will be discussdétailin Chapter 2.
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Figure 1-3 Global horizontal irradiation colormajy3], Copyright2017. Reproduced with tt
permission fronThe World Bank, Solaresource data: Solargis
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2. Background and Literature Review

Solar desalination denotes a technique whereby the inexhaustible solar irradiance is used to
evaprate water at a temperature below its boiling point through a direct or indirect manner to
replace conventional energy sources used for seawzdalination83]i [85]. Solar desalination

is not a new corept,in fact itemerged as early as the 4th century B.C., and was firstly recorded

in a document about perfumeogiuction in the 18 century[86], [87]. However, solar desalination

did not arouse massive research passion until lately in an urgent reaction to the threatgyof ene
and water shortage as discussed in Chapter 1. Nowadays the significancedriseaieseawater
desalinations better understood than ever before, whiaatly motivates academic research and
exertion towards scalingp practical water supply sereicin the hope that this promising

alternativewill alleviate or even eliminate the heavy dependence on fossilroes.

2.1. Traditional solar desalination

The earliest solar desalination plants comprised a rather straightforwardssopgestructure
wheren salty water was fed into a reservoir and heated under natural sunlight. The generated vapor

condensed onto dted transparent ceilingrotop of the plant and the roff was collected.

From a microscale perspective, the incoming solar irradianceasestbethermodynamic energy

in liquid water and the intrinsic vibration of the hydrogen bonds betweéh rhblealles is
consequently intensified. If the vibration is significant enough to break the intermolecular
connections, water molecules will be rededinto the gaseous phase as vapor. Otherwise the extra
energy will be stored in the dynamic vibration tbe wder bonds and/or dissipated to the

environment without causing water to evaporate. In the first case, the received solar energy is

converteditothesec al | ed Al atent heato as the evaporat:i

13



solar energy imsccumuht ed i n the system as fAsensi bl e hea:

rise in the liquid.

From this point of view,He primitive directheding approaches with different ceiling designs
(single slope, double slope,-$hape and hemisphere, d&gure 2-1) ends up wasting a large
portion of the absorbed soldrermal energy to heat up the bulk water ihuge reservoir as
opposed to generating ste§®8], [89]. Hence direct heating appaches exhibit a very limited
overall efficiency (30 40 % for a single basin solar still) and low distillation output (roughly 2.8

i 7 L/m?per day for a typical single slope construc{i®d]i [96]). The performance can be slightly
improved by blackening the basin and preheating the bulk water with the condensation energy
released, but this technology/still more suitable for household or smattommunity and is not

economically viable for largecale commercializatiof®7].
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Figure2-1 Common designs of traditional solar stills: (a) sirgjlepe basin still, (b) doubl
slope bam still, (c) V-type solar still and (d) meispherical type solar still [79]80], Copyrigh
2015. Reproduced with Creati@®@mmons Attribution 3.0 License.
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For indirect solar distillation processes, solar harvesting modules are integrated into existing direct
desalination systems. The collected solargynean be concentrated acdnverted into hedbr
thermalbased desalination plants (MSF, MED and VC), or converted into electricity by a
photovoltaic unit to power membrabased processes such as [B6), [87], [98], [99]. Even

though both solar powered thermal and elegiracesses hayaroven to be beneficial to control

the energy footprint, it is still difficult to completely substitute conventional fossitidaséd

power wth solar as the primary ergy source to suppoan entire system due to the technical
restriction on photdéhermal/electrical energy conversion efficiencies and dependence on the
uncertain climate. The commercially available silidmased photovoltaic & panels and cells,

as anexample, can onlyeach an efficiency lower than 30 %, apparently adding negative impact

to the productivity of solar desalination systgi30].

2.2. Modification of solar desalination design and localized solar heating

To make better use of the abundant and clean solar energy, advanced technologiedeeed t
developed indigutably to make desalination processes more energy efficient to achieve future
sustainability. Many investigations have been reported in the literdticusing on several factors

to upgrade the efficiency of presetdy solar distillion systems.
(1) Cancentratiorof solar radiation

The energy carried by the natural solar irradiaatcair mass 1.% ~ 1 kW/nt (1 sun),which is
inadequate to vapae water at a high rate, inspiring the idea to concentrate the incident light for
an irtensified power supgp. Optical concentrators with different geometries such as parabolic
trough/dish[101]i [105] and Fresnel lensd406], [107] have been explored for their ability to

focus sunlight onto solar receivers that utilize absorbed solar energy to evaporafé @@&tén
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astudy carried out in Egypt during summer by Onwral, it was indicated that the employment
of a parabolic dish solar concentrator increased the daily freshwater productiwithr@eotable
upsuge of 244 % in comparison to a conventional singleesistil [102]. Conversely, hese

concentrators also display drawbacks of manufaajuromplexity and expensive cost.

(2) Improvement upon solar absorptivity and energy conversion

To capture more solaradiation, assistive photthermal materials, namely solabsorbers or
receives, with broadband solar absorptivity and outstandit@rgbermal transformation ability

should be introduced into the desalting systems. Thermal energy is generated at, or within a small
region close to the surface of the materialsich is definedaa fil ocal i zed heating
Absorbers used for smtdriven water desalination fall into three main groups based on their
position: those located near the bottom of the water being desalinated, those dispersed in the water
being eesalinated, and thedocated at the awater interface (se€igure2-2 [109]). Metals and
semiconductors are commonly bott@@ated solar receiversdause of their high density. When

using these materials, a large portion of the incident solar irradiance is transfetinedentire
reservar, resulting in large sensible heat losses. By bringing their dimensions down to the micro

or nanoscale, the$eavy materials can be suspended in water to function as volumetric receivers.
Volumetric absorbers have been proven tdéeeficial to enharecvaporization which will be

further discussed in Sections 2.3.1 and 2.3.2, but it is challenging to find ealisiplersion
methods and the solution to the potential pollution issues associated with these materials. For the
third type of absorber, lightveight materials such as carbon are able to stay at tveater

interface and are thus called interfacial sodaeivers. Interfacial solar receivers were reported to

give superior overall evaporation efficiencies with little saffiects. A detailed reiew of

interfacial solar receivers will be discussed in Section 2.3.3.
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(3) Reduction of unnecessary losses

Except for the employment of advanced materials, it is of egigalificance to optimize system
parameters including basin sjzgroper insulatiorand pay attention to climatic factors such as
ambient temperature since these affect the heat loss mechfi®in&or examplethe efficiency

of the system will drop dramatically in a resgar of a larger vlume [111] and details will be

discussed in Chapter 3.

Among these concepts, points (2) and (3) were explored more in this work for the design,
fabrication and evaluatioof sdar receivers to achieve efficiemidalized heat genation in water
evaporation systems. To provide the relevant background information pertaining to point (2),
recently reported photothermal materials used for enhanced solar desalination are reviesved in

next section.

Solar energy

Sunlight

Low T

N

Bottom heating Bulk heating Interfacial heating

Figure 2-2 lllustration of three types of solar receivéiom left to right): bottomseatec
volumetric and interfacial [1), Copyright 2018. Reproduced with permissiamnf
SpringerNature
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2.3. Photo-thermal materials for localized heating

According to the description of Caat al, i deal solar receivers n
properties of high solar absamice and low thermal emittance, which can be achieved through
high reflectivity in the longwavelength infrared regiai2.51 2 5  ¢[1i2].dn this regard, poto-
thermal materials used in localized heatingliapions should meet the bastandardshighly
absoptive over the broad solar spectrum, while being capable of producing and delivering thermal
energy to a limited volume of the surroundsajty water. By manipulating morphologies, bulk
structures anghemical componentsariousphotathermal materialbave been investigatddr

their performance of light trapping and heat generation in solar distillation with tailored properties
to promoe photethermal conversion efficiency and thereby system pripdtyc [111], [113]

[115].

2.3.1. Metals

Localized surface plasmons (LSPs) refer to constrained charge oscillations ashichostly
observed in metallic nanostructures aytclusterd116]. LSPs show intense absorption baatls

one or more particular wavelengtlisie tothe coherent interaction of the electrons in the
corduction band with the electromagnetic field in the incident solar irradiance. This phenomenon
is defined as local surfacéagmon resonance (LSPR) and is highly tunable by altering the size,
shape and aembly status of the metallic nanostructuf@$7]i [120]. Common strategies of
expanding absorption bands include decreasinglihpe symmetry and integrating voids in the

structure[121]i [124].

Noble metals and their cermet, such as gold (AR%]i [131], silver (Ag)[132]i [134], aluminum

and alumind135]i [137], copper (Cu) athcopper sulfidg138]i [140] and nitride§141], [142]or
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a combination of them, have been widely investigated as LSP materials &tizddcheat

generation.

Au nanopatrticles (AuNPs) are famous for strong resonant interactions with the-MB®(eear
infrared region) portion of the solar spectrid®3], which is the spectral region where solar energy

is concentrated, and consequently AUNPs are exploited the most frequergl Jiior example,
dispersed AuN® with an average diameter of 20 nm in water, achieving a peak temperature of
100°C within 90 s under 220 suns illuminati¢i?5]. This work reached a high level of selar
thermal conversioefficiency of 80.3 %, which ithe ratio of the amount of thermal energy used

for evaporation and the total incident solar energy but was rather demanding in the energy input.

In another case a delicate construction of mesoporous plasmonic nanoshells was prepared using
an Ag/Au alloyby Zielinskiet al.[124]. SiC; beads were used to mask Ag coresieethe surface
deposition of Au. After removing the beads and cores, Ag/Au nanoshells with pinholes were
attained to enablfast vapor diffusion and heat transfer (ségure2-3). The shell thickness and

pinhole $&ze of the nanoshells were controllable by adjusting synthetic parameters. The best solar

A si0,beads ~ AuCl+ 3¢ e 4C LMP-Ns

B © HAuC, 3ees Mask
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(,4 deflcnt &. ® removal/ /'
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3 A/ Be 7 Ag core \ RS
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Flgure2 -3 Schematic |IIustrat|on of the fabrlcatlon process of the Ag/Au he
mesoporous plasmonic and SEM micrographs showing thetevoaf nanopatrticl
morphology during fabricatin ( s ¢ a | 15 @opyright2016. Rgproduc
with permission from Amaécan Chemical Society
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to-vapor conversion efficiency achieved was 69 %, more than tvas tmgher than that achieved

with the common Au colloids.

Notably, in a very recent research reéparrarely used metallic compound, tungsten carbide was
manufactured into a nararray film which effectively reduced the light reflection at the water
surface, and led to an outstanding sdtawapor efficiency of 90.8 % when tested with salty water

atthe rate of (1.06 + 0.1Kg/nm?d 2 [144].

2.3.2. Semiconductors

Semiconductors are another important branch of wvlargy harvestingnaterial that absorb
photons carrying an amount of energy that is greater than their bandgap. Electrons imtee vala
band within semiconductors absorb incident electromagnetic waves and become excited and jump
to conduction band states, initiating electiayle pair generation and free charge carriers so that
electrical or photghermal conversion of solar radiatioocurs. The extent of light absorption can

be governed by bandgap engineering such as the control of material dimensions and introduction

of dopant4145], [146]

Titanium oxides, as typical semiconducting materials, have been studied fortpdrmbal
translation of their active responsive behavior in electromagnetic fiedd$i [149]. Wanget al.
prepared black $Os nanoparticles with an ultraarrow bandgap using a batlilling process to
introduce oxygen vacancies, which were proven to absorb ~ 92.5 % of the total energy across the
entire solar speaim [147]. After a vacuum deposition onto cellulddens, the floating samples

showed hot spots on their surface under 5 kWillamination reaching about 58C and an

2kg/mPA = 24mm/day
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evaporation rate of 5.08y/m?d was achieved. Meanwhile the bulk water beneath these floating
films stayed cool with a temperature 23 lower than that of the films after 15 min of light
exposure, suggesting effective thermal insulation was provided by the underlying cellulose
membrae[150]. Zhuet al. synthesized an interesting safsembled nanocage structarélack
Titania offering strong internal scattering to trap ligh49]. The nanocage film was able to
produce water vapor with a sotdrermal eficiency of 70.9 % under 1 sun and showed a surface
temperature of 88C, which is higher than most temperatures reported in the literature for 1 sun

power input.

Other than Titania, Ishit al reportedhe preparation of a silicon nanofluiditoprovethe solar
evaporation rate by 60 % compared with pure water with a concentration as low as 0.01 vol%
using 0.8 kW/m (0.8 sun) irradiatiofil51]. However, this method is still subjected to a difficult
recycling problem, which is as aromon dravback of volumetric solar receivers. Although the
typical working temperature of solar desalination devices is below the boiling temperature (100
°C), future steam generation processes may require extreméehiglerature environments to
improve dealinaton rates, especially those integrated with concentrating solar power modules. In
this regard, a potential problem already pointed out by the thermoelectric industry, where a similar
setup and operating conditions are engaged, is that the systesaffeit from thermal aging of

the materiald152]i [155]. To address this degradation issue, Ktral. developed a spectrally
selective coating (SS®y creating silicon boride on the silicon fage using a molten sadissisted
reaction to prevent Si oxidation effectually in a harsh situation {856 the air, se€igure2-4)

[156]. This structure also displayed a reduced reflectivity and superior absorptivityvisitiie

range compared to the primitive silicon NPs.
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2.3.3. Carbon-based materials

Investigations ofCarbonrbased materials has gained a reputation as one of the edteg
research fields, and has become even more fascinating when nanotechnologies weredtrodu
into this field Carbonbased materials are now invasive options in almost every domaatouant

of their uniqgue mechanical, electrical and phibtermal featurefl57]i [162]. Specifically, with

their robwstness, low density, chemical stability, superior thermal and electrical conductivity, wide
accessibility and ecofriendly trait, carbbased materials offer cleaadvantages over the

commonly used metals and semiconductors as receivers in solar desakpaiication$163].

The diverse exploration of carbdrased materials for localized heating applications is summarized
in the following categories: graphite/carbblack[164]i[167], graphendl168]i [172], graphene
oxide (GO)/reduced graphene oxide (rd@§3]i [179], singlewall/multiwall carbon nanotubes
(SWCNTs, MWCNTSs) [180]i[184], bio-based carbon materialgl85]i[187], and other
compositeg[188]i[197]. Two main carboibased structures have been reported to be highly

applicable for interfacial solairiven desalination, namely 3D carbon aerogels/spofi@é],

(a)
As-prepared 850 °C/5h/Air 850 oC/10h/Air

SSC with
Si-Si boride
]
Si boride SSC with Si I
shell -
Si core
— —
50 nm

Figure2-4 TEM image showing the 1020 nm thick silicon boride shell on the surface o
silicon namparticle. surface color change of ggectrally selective coatingSC) annealedl
850°C for 10 h[147], Copyright 2014. Reproduced with permission from Elsevier.
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[171], [172], [177], [179], [198Rnd 2D thin film structured 66]i [170], [174) [176], [178], [181],

[182], [184], [190] [196], [199] because of their robustness and fabrication feasibility.

Carbon aerogels and sponges can be considered as a mixture of-theirosd part (carbon) and

an insulating part (air voids). These carliased materials exhibit high solar absaipti low

thermal conductivity, efficient water supply pathways and good floatability. Their 3D porous
construction is thus capable of outstaugdheat localization at the aivater interface due to the
inherent resistance to convective heat loss to thiervieelow. Fuet al. fabricated a hydrophilic

rGO aerogel by a hydrothermal method and plasma treatment that induced an evaporation
efficiencyof 76.9 % under one sun radiatifit¥9]. The hydropHic modification helped pump

small amounts of wateroastantly to the evaporative surface to avoid heating the water in the
whole beaker. Similarly, Het al. modified a freezalried rGO aerogel using MWCNTs and
sodium alginate, whichmproved its solar aworptivity from 82 % to 92 % and reduced its static
water contact angle (WCA) from 1230 74°[177]. An evapoation rate of 1.622 kg/fh was
achieved, ranking first to date in the published works for testing with 1 sun illumination.et. Ito

al. found that a nitrogen doped naporous graphene structure at¢ thirwater interface could be
heated to 100C under concentrated solar irradiance (9 suns) with the bulk water remaining at 35
°C, converting 80 % of the received solar energy to the latent heat of [4&83r Instead of
artificial synthesis, natural 3D carbtwased structures have also been investigai@sii [187].

For examplegarbonized mushrooms warsed directly due to their stepileus configuration and
interior poreq185]. Wood was employed as a matrix to benefit fromhiegarchical mero- and
nanochannels for water transport and demonstrated an 81 % efficiency when CNTs were coated

on their top surfacgl86].
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Carbonbased 2Dthin films have also been extensively studied. Unlike thénadine design of
aerogels, thin films with thicknesses on the order of millimeter scale or even thinner are usually
combinedwith an insulation layer, normally polymers, to confine heat lodsesd ceworkers

added a polystyrerfeam (thermal conductivity 0.04/m3X) at the bottom of a black GO film as

an insulation structure to realize heat localization around the filmli#lase paper was wrapped

over the foam to provide capillary pumpifgr water replenishmertLl74]. Another relatively
complicated design was composed bfdrophilic carbon black/polyacrylonitrile composite layer

and a hydrophobic polyvinylidene fluoride layer carrying aligned vertical charBetls.layers

were made of nanofibers to build a highlgrpus material, and exhibited an energy conversion
efficiency of 82 % in solar evaporation tefl86]. Samplesomprised of carbebased ink coated

on top of paper, polypropylene and wood substrates using atomic layer deposition were also

attested to beather effective interfacial solar absorbgrg0].

Based on this investigation af wide range of photthermal materials, carbdvased marial,
specifically carbon nanoparticle (CNP) was selected in this study to act as the solar receiver due
to its minimal environmental impacto obtain an interfacial structure, CNP was incorparate

with a polymer substrate to achieve floatability. Thiymer used here wamlydimethylsiloxane

(PDMS), which igdiscussed in the next section below.

2.4. Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a type airganosilicorpolymer and can be described using the
formula CH[Si(CH3)20]:Si(CHs)z wheran n represents the number of monomer repeti{i208].
This siliconbased organic material is elastic, optically transparent, chemically inert, thermally

stable, biocompatible and easy to manipulate, and ofahese benefits are the results loé t
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strong chemical bonding between silicon and oxygen atoms in the siloxane ba@@n&he
past two decades hawitnessed the rapid development indeaic and industrial applications to
use pristine PDMS as well as its derivatives with versatile modification in structure and chemical

component.

2.4.1. Pristine PDMS

PDMS has been the most favored material as a subst@iutonventional silicon imicrochip
fabrication forthe prevailing study of microelectromechanical systems (MEMS) and microfluidic
devices Through cast molding and soft lithography of PDMS, these devices can be produced
without cuttingedge tools while reduces the costs significantly yettwa decent quality down to

submicron or nanometer sca[@92], [203]

Another main application of pristine PDMS makes use of its unique surfacetmspue to the
inertness and stabiiof its polymer surface, PDMS shows high potential to be used as a protective
coating against flame, environmental contaminations, and corrosion/oxif2®}i[209]. The
silanol groups in PDMS tend to formetallosiloxane (SiO-metal) covalent bonds witimetallic
surfaces to achieve robust adiom at the interface, making it attractive darrosion control,
especially for, but not restricted to, metals and allf®&0]i [213]. Considering its inherent
hydrophobicity, PDMS can be also used agl&cleaning and anicing agent for buildings and

car surfaceq4214]i[217], and antireflection coatings if integrated with optical gridding and
patterning[218]i [220]. Remarkably, the hydrophobicity also endows PDMS with floatability on
water even though it has a density which is slightly higher (1.03%y/étowever, this floating
behavior is unstable and PDMS witerwhicrsdoeskot af t er

meet the requirement of awater interfacial heating applications. The solution to address the
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floating issue is to reduce the densitytioé polymer and this will be discussed subsequently in

Section 2.4.3.

2.4.2. PDMS composites- componentmodification

Exploration of composites is a major branch in material science nowadays, aiming to take
advantage of each component in a singe structure aatearew properties and therefore broader
applicability. A variety of modification strategies oDRIS have also been developed for this
purpose, which consist of mainly two types: bulk modification (solution mixing, filtration,
percolation[221], [222) and surface modification (coating, printing, infusion, tinaf [223]i

[226]) techniques. The most commonly studied complaelements are losdimensional carbon

based (graphitf227], graphend228], rGO[229], CNTs[226], [230], [231] carbon fibre$232],

carbon blacq233], [234) and metallic materials (Af235]i[237], Au [238]i [241]) which are

often used to introduce electronic and capacitive features to & &MS substratel42].

One of the biggest mieets for carbon/PDMS and metal/PDMS composites turns out to be medical
diagnostics, specifically for humanachine interfaces in physiological data acquisition devices.
For example these composite are competitive candidates for dry surface electrodesevbata

and reliable for longerm monitoring in ubiquitous health care applicatiof213]i[247].
Moreover, another important applicatioh PDMS-based compositeis more relevant to their
mechanicasktretchability|248]. Relative thvanges in resistance or capacitance of the materials will
be induced by the structural deformation of theM@matrix as a result gbiezoresistance,
piezocapacitance, tunneling effects and crackieghanism§249], making them fully complian

with the requirements fareakttime strain, pressure and motion detection devices, such as soft

robots, fexible, wearable, and skin mountable strain sensors asidnEelectronic skin)221],
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[223], [250] [254]. The bulk linear thermal expansioaetficient of the PDMS substrate, which

is more than ten times higher than that of most metallic mat¢?i2a®j, [233] enables optical
ultrasound signal generation iasponse to the local temperature rise created by the carbon or
metal fillers upon laser excitation which is good for invasive imaging techniques such as

intravascular photoacoustic imagif2B4], [242], [248], [255] [258].

2.4.3. PDMS sponge/scaffold- structure modification

In addition to adding another component to PDMS substrates, processing methods, often inspired
by porous orgaems in nature, have also been developed to modify the structunistafePDMS

[172], [259], [260] Open and closed pores can be introducedtmdoulkof PDMS to fabricate

new stuctures such as PDMS sponges and scaffolds. To date, many different approaches have
been develped to fabricate PDMS sponges including direct or emulsion templating, gas forming,
phase separation and 3D printing technig[&&l]. Direct templating is the most commonly
employed method among all the fabrication processes, where sacrificial templates (particles,
crydals, beads, foams) are mixed with PDMS to create voids in the bulk after dissolution in proper
solvents. Salt parties [262], sugar[263], [264] and soluble organics such as citricida
monohydrate (CAM]265] are ofte used in this process as they withstand the curing conditions

of PDMS and can be easily leached without hazardous chemicals. Morphbolugjiameters
essential to the properties of the products comprising pore size distribution and porosity are

controllabde by altering particle size and concentration of the tem2étH.

Many of the original advantages of pimme PDMS are further amplified by making it porous. The
existence of the air voids inside the PDMS material results in lower densitgr lsgrface area

and better flexibility compared with the bulk material. These enhanced properties successfully
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broade the application of porous PDMS into the fields of catalj&s6], [267] and molecular
separatiorf260], [268] [270]. Yu and ceworkers reported PDMS sponges prepared using CAM
templates and centrifugation method with a porositiougb %[265]. The PDMS samples shed

an impressive wateil separation efficiency of > 99.8 % with no degradation after 25 absorption
cycles due to its superoleophilic neg. Similarly, Choet al.fabricated porous PDMS using sugar
particles with different sizes and concluded that iasirey noruniformity of the template crystals

could result in better absorptivity of organ[263].

PDMS composite sponges can be synthesized by loading the polymer sponges with carbon and
metallic particles mentioned in Section 2.3. These sponges also have potgiicatians in

elastic electronic§271]i[278] and energy storag@79]i [282] . As an example of one PC#4

metal compositd,iangand coworkers recently fabricated metahted 3D interconnected Ag/Cu

PDMS sponges using an electroless deposition m¢#rad The asprepared samples turned out

to have outstanding electrical conductivity to support LED lightings as satgéchircuits Figure

2-5). Parket al.infiltrated eutectic Galn alloy into porous PDMS skeletons to form a composite

that exhibited a conductivity of 2.4.0* S/cm with a huge stretchability beyond 200 % stjafi6].

. PDMS  Ag/Cu-PDMS

khagy)

AR AT Ny oiticg T
‘."Jlrﬁu-.d.;a
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|
Figure2-5 Optical images of the origih®RDMS sponge and Ag/GBDMS sponge, and the LE

circuits built with the Ag/CePDMS sponge when bend§b8], Copyright 2014. Reproduc
with permission from John Wiley and 150
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Another group loaded ligd GalnSn into the pores of PDMS sponges and achieved a high
conductivity of 1.62 10* S/cm, which is as good as that of bulk Galf3n5]. Although the
performance of this composite did not surpass the work done by Park amfksos, they

introduced a more feasible synthesis process.

In a parallel scen®, carbonbased materials are also studied as fillers in PDMS scaffolds. On the
one hand, the carbon (graphene, CNT and graphite)/PDMS sponges exhibited better mechanical
compressibility and tolerance of large strains in comparis@ute PDMS, and cabe used as a

shape memory viscoelastic damper and b(i#&8]i [287]. On the other hand, the inclusiof the

active cabon additive brings about better electron transfer and can be applied in analogous

electronic adoptions to those of the bulk composites as discussed prej2@8$/y288], [289]

Chenet al. developed a synthetic process wherein graphene sheets were anchored via chemical
vapor deposition onto a PDMS foam prepared by the replication of a Ni ten®@e The
resulting samples were ulthight with a density 20 times lower than that of the solid polymer and
with an improved electtal conductivity 3orders of magnitude higher than previous results
reported in literature. This light, highly conductive foam was suitable for electromagnetic
interference. Moreover, in order to further increase the conduc@lignet al.assembled alénd

of CNTs and r® on the Nifoam-derived PDMS scaffold through simple solution impregnation

and subsequent incubati¢p291]. The nteraction between graphene sheets and CNTs enabled
well-dispersed distributions of each other in the structure by preveningestacking, achieving
continuous networks and higher conductivity than those with the same concentration of a single

filler [292], [293]

Porous carbon/PMDS are also in hiigmand as a substantial component for secondary batteries

and soft conductors. For example in the work of Li andvodkers, ®/PDMS sponges were
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engineered via sugar leaching, graphene oxide infiltration and hydroiodiceakcidtion[281].
Vanadium phosphat®/OPQy) and hard adon were then bonded to the interior surface of the
sponges to form cathodes and anodes for sethanbatteries. The resultabatteries displayed
good reversible capacity of 103 rtig when no force was applied, and > 89 % of this capacity
was maintaine after 100 cycles of deformation loads. Although the main trend is still focusing on
wearable, flexible sensors, the applicat@MPDMS in the thriving new generation of energy

storage and harvesting devices is an inevitable prospect of PDMS emplohates#ri be foreseen.

In this work, PDMS was tailored in the form of an ojmEmous foam structure to dramatically
reduce its dernty. These opeiporous PDMS foams exhibited perfeadtability, addressing the

problem wherein PDMS would sink. As a resbly, introducing the opeporous structure, the

PDMS foams became suitable candidates to be used as floating substrates farainsent

heating, once they had been loaded withtpiiocermal CNP solar receivers.

2.4.4. Special surface treatment of PDMShasedmaterials

The innate hydrophobicity of PDMBased materials is an asset in oil extraction, corrosion
protection and seltleaning applications, but will lead to severe contaminatiio® to a strong
affinity towards norpolar organics and thus causes saf@oblems[294]i [296]. To overcome

this limitation, chercal treatmats of have been developed to make PDMS surfaces more
repellent to organics and consequently less resistive to polar molecules such §9whter

Oxygen plasma functionalization is a classic method for reducing the hydrophobwitsfaces,
whereby extra oxygen atoms are introduced to the molech&ns to generate polar hydroxyl
groups {OH) at the expense ofCH bonding, resulting in improvedhemical activity and

bondability at the exposed PDMS surf§2@8], [299] The resultant hydrophiliactivation of the
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surfaceis confined within a depth of a few hundred nanometers fronsittface,creating no
changesn the bulk properties, and the surface undergoesieopfiobic recovery within several
hours when stored in gi800]i [302].

To achievdong-lasting hydrophilicity, other strategies can be implemented to functiorthkze
PDMS surface via reliable assembly of selected chemical gf808E For examplepolyethylene
glycol (PEG) is a commonly used aggo achieve a hydrophilic coatinBoly(L-lysine)graft-
poly(ethylene glycol) copolymers, namely RQtPEG, can be absorbed onto a plagreated
PDMS surface im water stution through hydroxyl/carboxylic connectiof84]. In this structure

PLL acts as the link in direct contact with PDMS while PEG chains formed a hydrophilic exterior
which enabled impressive resistance to proteins. bthan publshed work, Makambat al.
mounted PEG molecules by covalent bonding via crosslingblyelectrolyte multilayers on top

of PDMS substrates, and attained permanent suppression against biofdQlihgHowever,
modifying processes involving PEG dikesly to produce harmful wastes, and an improved method
was reported using PESH. and 3glycidoxypropyltrimethoxysilane and caused no damage to
the ecosysterj225].

Zwitterionic polymers, representing a class of organalecules that carry moieties with both
postive and negtive charges separately and appear electrically neutral on a moleculahavale
recently emerged as prospective antifouling reagi8t8], [305], [306] The stability of the
hydrophilic reatment is garanteed by (1) the covalent bonds between the chemical coating and
the substratesoupled with (2) a strong, interconnected ionic network generated by the highly polar
radicals within the coated polymeric chains. In a particular study yu&ang Yehetal., the
pristine PDMS was exposed to oxygen plasma and dipped mvwdtarionic sulfobetaine silane

solution for silanization treatment. The testing results of the original and modified samples
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indicateda reduction in surface contact &drom 103° to around 20 with a perfect resistance

(> 99.7 %) to two kinds of bacteria, amemarkably, could retain the hydrophilic property for over
5,000 h[307].

Quaternary ammonium polymers have been adopted ity megorts agntimicrobial surfactants

for lab-onchip and cell cultivation deves. Tu et al developed a quaternized
poly(dimethylaminoethyl methacrylat®DMS surface via a surfadeitiated atom transfer
radical polymerization method. Instead of tegular plasmactivation, the hydroxyl groups were
inserted in the native PDMS dha by the immersion ipiranha solution, whersulfuric acid and
hydrogen peroxide provided a harsh oxidizing environrf@&b®]. Then the catinic quaternized
poly(dimethylaminoethyl methacrylate) monomers wea@splanted onto the activated surfaces
to create a barrier against protein/bacteria adsorption. Contact angle measurement revealed an
improvement in hydrophilicity to abod7 ° and expdaenced an increase to 3@fter undergoing
hydrophobic recovery iair for two days.

Folic acid(FA) was explored as well in an attempt to combine physical and chemical approaches
for PDMS hydrophilic modification by Hu and -seorkers[309]. Notably, PDMS films underwen

a nanoimprinting pretreatment using anodized aluminum oxide templates, folloyeal
salinization step to aminate the films, and finally reaction with FA to add hydroxyl, amino and
carboxyl polar groups. The WCA of the Fno-PDMS surface decreased frapproximately
110°to 20° but experienced a rise to 7ih one week. This wase first time thatmall molecules

were applied with grafting techniquasbenefit microsystem analysis.

Polyvinyl alcohol, orPVA, is welkknown for its affinity with wagr, and hence a prevalent
modifier to render surfaces hydrophilic. For exampleAR¥as mixed with PDMS to add good

hydration capability to the elastomer to imitate human skin as an epidermal skin equivalent design
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[310]. With regard to surface treatment, it can be traeett ko 1994 when Gilge=t al.converted

the inner wall of fused silica capillaries into hydrophilic surfacesibyply depositing PVA via
thermal immobilization at 14%C in flowing nitrogen311]. The coating proved to be permanent,
insoluble, and resistive to pH changes, as it was secured by the existence ofcpgealtioe
domains even in the abnce of tight covalent couplifgl2]. Subsequent studies investigated the
influence of the degree of hydrolysis of polyvinyl acetate, the monomevAfd@mpounds, on
coating quality, and the characterization suggested that an ptetenmydrolysis of 75 % 88 %
produced stronger interacti® with the surface material being coated including PDMS and
polystyrend313], [314] Zhou led a team working dsoth structural and surface manipulation to
fabricate a durable hydrophilRDMS sponge using the sugar cube l@agimethod with a five

layer PVA coating to facilitate continuous water transgianan microchannelg315].

Due to the large surface area of the eperous PDMS foamst was assumed that the surface
hydrophobicity/hydrophilicity would be highly ihfential to the properties of the foams especially

in an apfication related to water such as in this work. To attain practical evidence to this
hypothesis, part of the CNHIRIS composite foams prepared in the experiments were treated
with hydrophilic modiication and compared with the original hydrophobic onesmaterial
properties and photthermal performance. PVA deposition was chosen as the treatment step to
induce hydrehilicity because of the netoxicity of the chemical, stable coating quality antple

procedure.

2.5. Objective and approaches

Although mathematal analysis has been conducted for traditional solar stills in the literature,
analytical studies on interfaciablar heating systems are lacking. The employment of thermal
insulating structuretogether with solar receivers has become a popular pattenprove energy
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conversion efficiency of interfacial solar heating, however most of these studies were reported
without mentioning the underlying reasons, and quantitative analysis has heteyeteported.

The work presented in this thesis addressissresearch gap by offering heat transfer analysis of
the effects of integrating an insulation layer into integhsolar heating systems. Furthermore,

the exploration of carbeRDMS compositeshas been restricted to mainly electronic and
biomedical aplications. In this work the ability of carbePDMS composites to function as photo

thermal materials are investigd for the first time.

Numerous carbobased interfacial solar receivers haverbesported irthe literature withhigh
efficiencies betwee@0 %1 90 %, althoughthere is stillroom for improvement. Most of the
materials are highly demanding in termdiué fabrication methods, for example the requirement
of low temperature conditionshen fabricating carbon aerogels usfrepzedrying[176], [178],
[316], high temperatueneeded duringarbonzationof mushroomg185] and wood[187], and

the use of concentrated acidsptrepae GOJ[176], [287] Additional stuctures such as cellulose
and polystyrenepolyurethaneare also needed in many researches to assist the solar regeiver
float, wick water and reduce unwanted heat losses, resulting in coohglee configurations
[174], [178], [185], [195], [316]Apparently more facile synthetic routes need to be developed and
the structures progling different functions neea e integrated for the feasibyl of interfacial

solar heating technologies in practical desalimaapplications.

The work presented in this thesis focuses on the enhancement of solar desalination efficiencies
using localized heating technologies. Tohiave the goal of advancing thghotothermal
conversion efficiency of awater interfacial soldneating systems to 80 % or higher, aAralbne
CNP/PDMS composite foam was designed and fabricated using a facleashihg method with

suitable propeies to enhance water evapooati According to the literature review, the
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composites should exhtl@xceptional light absorptivity to capture solar energy and convert it into
thermal energy effectively, suitable thermal properties to control heat Igeseksfloatability to
ensure theproper airwater interfacial position, and an environmetitendly nature for
sustainable considerations. These requirements are fulfilled by carefully tailoring the chemical
composition and physical structure of CNP/PDI®tothermal composite foam$4oreover,
characterization and evaporation tests are carried otltese foams to optimize and support the
validity of the design at a laboratory level, and eventually provide insights for practical desalting

applications.

Theanalysis was first condted to provide a theoretical basis and insight for the design e¢dpho
thermal films for interfacial solar heating systems. This analysis will be elucidated in Chapter 3
from a heat transfer perspective to investigate tfecedf an insulation structur@n the energy
distribution in interfacial solar heating systems dgrithe solar heating process. Chapter 4
describes the fabrication of various CNP/PDMS composite foams, including all the synthetic
parameters for each sarapChapter 5 presents the chéeazation of the morphologies, optical
properties, thermal propez8 and wettability of the gwepared CNP/PDMS foams. The photo
thermal performance of CNP/PDMS foams, determined from-glolkagn evaporation tests, are
presented in Chapter 6. Duringetkvaporation tests foams were situated at theatier interface

and subjected to simulated solar illumination while the mass change of the water and temperature
at three representative locations in the system were meditbrata from the experiments sva
collected and analyzed to derive the average vapor generatiorovatall energy conversion
efficiency and the temperature profile of the solar heating system over the duration of the tests. In

Chapter 7 the key finding# this work are summarized, éfuture directions are proposed.

35



3. Numerical Analysis of Interfacial Solar Heating

Water evaporation is never a simple procedure related only to the heat source and vapor flux. It is
an outcome of the interaction of many graeters including water depthalisity, basin material,

energy intensity, wind, humidity, ambiergntperature and other relevant factors when talking
about practical cases. To date, plenty of simulations and mathematical analysis of heat and mass
transferin traditional solar distillabn plantd317]i [320], thermodynamic analysis of irreversible
processes in a symmetric structyB21]i[323] and molecular modeling for general water
evaporatior]324], [325]have been reported in published work. However, few studies have paid
attention to hedbss mechanisms in interfacial solar receivers used fovatier solar heating from

a heat transfer perspectit@eseek guantitative explanations for thaiperior performance.

This chapter provides a heat transfer analysis to examine some of thetiafltaztors in solar

driven airwater interfacial steam generation systems aiming to comprehend the general
interrelation among input power, surface termapere of the interfacial solar receiver and
vaporization rate as the first step of the project. 3diar receiver was assumed to be a film with

a negligible thickness made of a higarformance photthermal méerial (e.g. carborbased)
exhibiting high &sorptivity towards solar radiation such that its temperature was sufficiently

increased to facilite water evaporation. The analysis was conducted for two configurations:

(1) the photethermal receiver at the avater interface;
(2) the photethermal receiveat the airwater interface with an insulation layieserted between

its lower surface and the bulif the water.

Heat transfer processescluding convection and radiation from the film to its surrounding

envronment (water and air) have been evaludi@da given range of film temperatures to
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determine the relative share of each heat loss mechasigmall agthe energy contributed to water
evaporationfor the two configurations abov@he effect of the addedisulation layer orthe
systematic energyistribution can thubeinferred from the loss analysis. Details will be described

in the followingthree sections.

3.1. General assumptions

To simplify the heat transfer analysis, assumptions are made in the interfacial heating system as

listed below.

(1) Solar radiation is incident onto a planar solar receiver from the normal diredtienlight
coming fromthe environment is not considered.

(2) In practice he photethermal receiver would be porous to allow vapor to escape from the
reservoir. However, an assumgptiis made that the photbermal film is flat on both its upper
and lower surfaces and has zerokhiss for simplification.

(3) The temperature of ¢hphotethermal film“Y is given in a range from 300 to 340 K in the
calculation, whichare typical evaporation temperatgr@ccording to the literature. It is

reasonable to assume that the film is heated isothermally with the solar’zrersidering
its highabsorptivity and high thermal conductivity and negligible thickness.
(4) The physical and chemical properties of the film are assumed to be independent of temperature
and its heat capacity is negligible.
(5) The analysis presented here is a ggé=sady state @ Hence horizontal heat diffusion along
the planar direction of the film is not considered.
(6) Small turbulence induced by mass transfer from the bulk water to the zone that is heated

directly below the film is not considered.
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(7) Edge effectare not considetkin the calculation.

(8) The material of the reservoir holding the water (both sidewalls and bottom) are perfect-thermal
insulators with negligible thermal capacity.

(9) The reservoir is deep enough such that the temperature of theTwatar beneath the air
water interface maintains a constant value (288 K).

(10) The air is quiescent and remains at an unaffected temperatw®96 K= at distances
far above the film receiver.

(11) Both the air and water vapor behave as ideal gagbsunchanged thermal properties in

the given temperature range.

The parameters considered in the analysis as well as the dimearsioakted physical properties

are provided inrable3-1.

Table3-1 Symbols and values of related parameters and physical properties in the heat transfer
analysis of hetwo interfacial solar heating configurations.

0 Surface area of the phetbermal film (n¥)

0 Specific heat capacity of water (4.2 k3K

Q Acceleration due to gravity (9.8 Nf@)

Q Heat transfer coefficient of natural convection (k@)

Q Heat transfer coefficient of natur@nvection to the air (W/fX)

Q Latent heat of water (2,400 kJ/kg at4h

Q Heat transfer coefficient of natural convection to the bulk water &&j)m
o) Thermal conductivity (W/riX)

ko) Thermal conductivity of the insulatioayer (0.05 W/riX)

0 Side length of thghotothermal film 0.0971 2.5m)

Lc Characteristic length of the phetieermal film (=0/4 m)

a Weight (g)

a Evaporation rate or vapor flux from water to the air (Ign

00 Nusselt number

5 g?rr:gg)ctive heat transfer from tipbotothermal film to the insulation laye
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Heat use for water evaporation (38)

C

Radiative heat transfer to the air (38)
Radiative heat transfer to the bulater (J/m3)
Convective hedtransfer to the air (J/f®)

Convective heat transfer to the bulk water &Bin
Thermal resistance (K/W)
Rayleigh number

Temperature of the air (296 K)

Temperatue of the photahermal film (300F 340 K)

Temperature at the interface of the phtitermal film and the underlyin
water (K)

Initial temperature of the water (288 K)

Temperature difference between relevant locations (K)
Thermaldiffusivity (m?/s)

Volume thermakxpansion coefficient (/K)

Kinetic viscosity (n/s)

Thickness of the insulation layer (m)

Emissivity of the photahermal film (0.9)
StefanBoltzmann constant (5.67.0% W/m#K#)
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3.2. Calculation

Natural convection Within the given'Y (3007 340 K), convectiveheat losses from the film to

the air and water are calculated using Newton

0Q Y Y (1)

(]

0 0Q Y Y (2)

where the heat transfer coefficients are caledlatsing the following empirical correlatiof326]:

Yo — (3)
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This estimation process valid when theside lengthof the square photthermal film 0, is
between 0.09 2.5 m, whch setsthe'Y wvaluewithin therequired range foequation (4).

Radiation. Radiative healbsses from the film surface to the air and water are calculatedtbeing

StefanBoltzmann Law:

6 6-.Y Y (6)

C

6- Y Y 7)

Conduction. Conductive losseacross thénsulation layein configuration 2are calculated by the

following equation

C

(8)

where’Y denotes the temperature at the lower surface of the insulation layer.

Energy for evaporation. Thermal energy transferred from the film receiver to the evaporative

layer consists of two parts. One iset latent heat@ ), or the driving energy of the liquigas

phase change process. The other one is the sensible heat calculated using the heat capacity of water
(6) and the increase of the water temperature from thialingmperatureY , to the final
temperature’Y, because the temperature of the vapor is assumed to be the same as that of the film.
Thus, the energy used for water evaporation is given by the following formula, which accounts for

contributiors fromboth latent and seride heating:
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To determine the mass flux of the vapor at thenaiter interface , an empirical description as a
function of the surface temperature of the interfacial recéivdras beerderived based on
experimental data in the literature as showkigure 3-1 [146], [175], [327][329]. That is, by
reviewing the experimentagsults in the reported aivater interfacial solar heating systems with
various photehermal sheelike carbon materials such as grapk, rGO and graphite, an
exponential curve fitting of the evaporation rate versus surface temperature of the employed

material has been applied and the resultant correlation is

G 1 pm AgEit i (10)

The evaporation rates achieved are between 0.92®gand 3.5 kg/rfh in most studies.
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Figure 3-1 Exponential fitthg of the evaporation r¢
using carborbased interfacial solar receivers reporte
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The calculated amount of thermal energy of natural convectamiation, conduction and
evaporation are compared to determine the major heat loss mechantsrtie a&ffect of the

insulation layer in Section 3.3.

3.3.Interfacial solar heating model

As mentioned previously, the interfacial solar heating system was rdodei two
configurations. Irconfigurationl, the interfaciakeceiverfloats at the aiwvater interface and is in
direct contact with the water (as showrrigure3-2 (a)). The thermal resistance circuit of thesah
transferred from the solaeceiveris shown inFigure 3-2 (b), which is consistent with the
assumption that vaporization takes place in an-thiralayer (evaporative layer) at the same
location where theeceiver resides. Except for the latent heat of evaporating water, heat is
dissipatedfom the hot film by means of convection to the &ir (2=, radiation to the air) )

Qra, convection to the bulk wateb ( ), and radiation to the bulk wate¥ ( )@rw.

(a) Solar Energy (b)

I Evaporation {ﬁ@}
. Convection
Air mlssuh Qevap \Q_/ /
Q MTH Ta T va_-

ra a
Vapor

. t
(Evaporation) Heat Loss

Film
Ty
Tyo Two
Convection Radiation
QU u QTW

Figure 3-2 (a) Schematic illustration and (b) thermal resistance networtonfiguration
photothermal film without the insulation layer.
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In configuration 2 the airwaterinterfacial solar heating configuration, an iregidn layer (such

as a polystyrene foam with a low thermal conductivity of 0.05 W)ns inserted below the solar
receiver to reduce convective loss to the bulk of the water, with a small spacing in baswseen
confined preheating regiosdeFigure3-3). The insulation layer is wrapped with a cellulose paper

to provide capillary force to continuously drive water up to the evaporative layer for replenishment.
The influence of this structure@vaporation processssasumed to be negligible. In other words,
water is driven by capillary forces from the bulk to the hgazone between the film receiver and

the insulation layerThethin water layer formed to fill the preheating region, herefarred to as

t h e atéiplz ® n eFgure3rB (a), is maintained with a thickness of ~ 0.1 mm during the entire
evaporation process and is assumebet@t a temperature equal to that of the filf) pased on

its small volume. Té amout of thermal energy transferred from the film downwards through the
insulator is equivalent to the sum of the convective and radiative heat losses from the bottom of

the insulation layer to the bulk water, and can be written as

0 0 0 (1)

Thus, the total heat loss from the phtiermal film is estimated to be the sum of three
mechanisms: radiation and convection to the air, together with conduction to the insulation layer.
In this configuration the temperature at the lasng layerbulk water interface}Y, is used to
calculate the radiative and convective heat losses to the bulk of water and is determined using

equation(11).
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Figure 3-3 (a) Schematic illustration and (b) thermal resistance networdonfiguration2. An
insulation layer with a thermal conductivity of 0.05 W#mwvas placed underneath the ph
thermal film in the solar interfacial heatingssgm

3.4.Results

The analysis is performed for interfacial solar heating models using diffédrerdifnensions {
=0.097 2.5 m) and) = 0.3 m will be described as an example here. The amount of the energy
carried by different heat transfer paths are obtained and plotted as a function of film temperature

“Yin Figure3-4.

For configuration 1, with no insulation layer in the setup, the thermal energy transferred through
all the pathways steadily increases wittsince the root driving forces, namely the temperature
difference betweenthe film andits surounding environments, are amplified because of the
unchanged temperature in the bulk water and the aifHigeee3-4 (a)). When the film receiver

reaches a temperature of 340 K, the sum of the heat et &y (0 and0 ) and radiation to
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Figure3-4 Results of the heat transfer analysis for both configurations with the-fitestoal filnr
(0 = 0.3 m) in the systenThermal energy transferred from the phtitermal film due to wat
evaporation, convection and radiation to the water, and convection and radiation to ambi
a function of 'Y in (a) configuration 1 without the insulatidayer, andb) configuation2 with ar
insul ation |l ayer (U0 = 0.001 m).

the bulk wateD is merely 4 %. In the meantime, the amount of energy used to evaporate water,

0 , is predicted to be ~ 9.6 10° J/n?d, whereas the convective loss to the bulk water, (),

is almost 7 times higherthan (80 % and 10 % of the ergy input respectivelyominating

over other heat transfer processes. It can be concluded that natural convection to the bulk water is
the fundamental loss mechanism which supmesbe efficiency of aiwater interfacial solar

heating evaporation systemrlhe heat transfer coefficient of this convective 10s$s estimated

to be between 206370 W/ntX.

In configuration 2, the influence of the insertion of an insulatigar®eneath the phetbermal
film receiver to mitigate convective heat losses from the film to the bulk water is analyzed and the

results are shown iRigure 3-4 (b). The results indicate that the addition of asulation layer
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significantly alters the thermal energy distribution greatly. By using a tiny insulation(laijrer =
0.001 m) an extra resistance is added to the heat flow, resulting in avlaw the filmwater
interface. The convective lo8s is thus reduced dramatically in that the temperature difference
between the insulation layer and the bulkvater is decreasdxy about 90 % and the value ™©f
decreasetb a range of 95 155 W/nf& when 300 K <Y< 340 K.0 s calculated to be 8.77

10° J/n?d at a film receiver temperature 6¥ = 340 K, which is only 1.26 % ofstformer value

of 6.95 10’ J/n?d in configuration 1 where the insulating material is absent. Consequently, the
percentage of heat used in evaporating water, , is promoted from 11 % to 76 % of the total
energyreceived by the film receiver the system. Moreover, the influence of the insulation layer
thickness o is also shown in the inset Figure3-5. As the insulation layer becomes thicker,

the convective heat lossesthe bulk water @& further decreased. For the thickest insulation layer

5

9 x 10°
'—no insulation
8 |—6=0.001m
.1 ‘ ()::0.005m
i ()‘:0.0 Im
6t ‘ 0=0.02m N .
= §=0.05m o insulation
”é 5 }—(Sfi-().lm
V:; 4+ rTE
= 3r g
o

With insulation

| R

0 — s
Figure3-5 Convective heat losses to the bulk of water vers
in configuration 2 using photethermal film @ = 03 m) an«
insul ation | ayers with diff
0.05 and 0.1 m). The inset shows the huge difference betwe
convective losses to the bulk of water of teamfigurations
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considered in this chaptgr,= 0.1 m, convective loss to the bulk water decreases to < 9,08@,J/m
even lower tha® and0 . Thermal energy dissipations to the air, nantelyandd , stay

unchanged because they are decidedrtand”Y regardless of the presence of the insulation layer.

3.5. Summary of the analysis

In short, the numerical analysis of the thermal energy losseswater interfacial solar heating
systems indicates that free convection to thmelerlying water body is the dominant loss
mechanism, wasting up to over 80 % of the available thermal energy. However, these heat losses
to the underlying water can be reduadmatically by inserting an inkion layer with a low

thermal conductivity below theokar receiver.Generally, for therange of values db and™Y
considered irthis heat transfer analysis, the heat transfer coefficient of the natural convection to
the bulk of waterQ, is reduced from 120 500 W/ntX to a much lower level of 50 210

W/m?XK after adding a 0.001 m insulatioaykr (seeFigure 3-6), and thus thephotothermal

500
400
£ 300 Without insulation layer
S 200
With a0.001m thick insulation layer
100
0
0.09 0.1 0.150.2 02503 05 1 15 2 25

L (m)

Figure 3-6 the calculated heat transfer coefficient from the pi
thermal film to the underlying bulk of water for the f
configurationsl( = 0.091 2.5 m,”Y = 3007 340 K;] =0.001 m)
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conversion efficiency can be enhancétie natural convection to the & for all cases is less

than 9 W/mM X and not sensitive to the insulation structule. practical interfacial solar
desalination systems, the application of thermally insulated structurassing photghermal
strucures withlow thermal conductivity is recommended to effectively suppress heat losses to the

bulk of the reservoiandimprove the overall performance

The key findings from this chapter arensidered irthe design and fabrication atarbonPDMS
composite for enhanced interfacial solar water evaporatiowilAise described in Chapter 4, the
composite exhibgthe desiredoropertiesincluding high solar absorptivity, good pheteermal
conversion abity, floatability and lower thermal conductivity than water. In additigugreporous
structures are introduced to the matepabvidng for water replenishment during theagoration

process.
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4. Synthesis of PVACNP/PDMS Composite Foams

This chapter prests the fabrication (shown Kigure4-1) of polyvinyl alcohol (PVA)-modified
flexible carbon nanoparticle (CNPB@lydimethylsiloxandPDMS) composite foams with
macroscopic opeporous structures amehproved wettability. Notably, structure and composition
modification of PDMS polymer were both adopted in this work by combitiiegeported sl
leaching techniquf261], [262] and CNP doping method270], [272]for the first time, together
with a PVA-basedsurface modification toobtain a material with desirable phdtermal
properties, effective heat localization, good floatability, and chemical stabilitypfmst efficient

interfacial solar heating.

4.1.Chemicals and reagents

Commercially available cle@olydimethylsiloxaneRDMS, SYLGARD™ 184 silicone elastomer)

was purchased from Dow Corning Corporation in the form of agarb kit consisting of the base
pre-polymer and the curing agent. Carbon nanoparticles (CNP, amorphous, particle size < 100 nm,
molecular weight = 12.01 gyol) from SigmaAldrich was used asfdler. Polyvinyl alcohol (PVA,

871 90 % hydrolyzed, average molecular weight = 30,000,000g/mol) was purchased from
SigmaAldrich and was used to render the PDMS hydrophilitmaterials were used as received

without further modification.

4.2. Preparation of PVA-CNP/PDMS composite foams
Step 1. Preparation of CNP/PDMS slurry

The opercell foans were fabricated via a facile leaching method using salt particles as the

template. The CNP/PDMBiixturewas first prepaed by adding CNP to PDMS ppolymer at a
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10:1 weight ratio to form a clear liquid blend of the base and the curing agent. The CNP
concentration was tunable simply by varying the mixing ratio of CNP and PDMS in this step. A
black, viscous slurry was obt&d after blending with a glass stick arisirhin of sonication (40

kHz, 110 W) in an ultrasonic cleaning bath (CPX3800, Fisherband).
Step 2. Preparation of CNP/PDMS foams

Table salt was sieved in advance to sepgraticles bigger than 53n in diameter, to be used

as the sacrificial template, which were added to the CNP/PBIM$®y immediately after the
sonication in Step IThe salt/CNP/PDMS system was thoroughly stirred before being subjected
to vacuum desiccation for about 1.5 hourseimove trapped air bubbles. Longer degassing time
reported in the literature (for example 2 hd@64], [277) is not necessary since the working time

of SYLGARD™ 184 is only 90 min nder room temperature according to the manufacturer, after

which the crosginking reaction between the base and curing agent will take pRR@.

’- ] Compr e
PDMS Mol di n :
-peo | JT - —
lppe U CNP Sal t Curing

DI wali e
Leachi

Figure 4-1 Schematic illustration of the sd&aching fabrication of the CNP/PDMS consge
foams.
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Subsequently, the mixture was put into a cylindrical;@Dted PLA mold ad loaded into the
compression molding machine (4386 CH, Craver Press) which was used to apply a constant
external pressure of 2,000 psi at room temperature for a duration of 120 s to obtain salt/CNP/PDMS
discs with a diameter of 70 mm. After overnightiograt 50°C in the oven, the solidified discs

were transferred to the freezer right away and cooled at a temperatL@é®for 3 min to detach

the PDMS scaffold from the template. Subsequently, the salt crystals were dissolved in DI water
on a hotplatdeated to 60C for more than 6 hrs, with the water being refreshed multiple times as
needed. Due to the low foam density and the inherent surface hydrophobicity of PDMS, the
samples gradually rose from the bottom of the container and floated at-tiateaiinterface as

the salt template was washed away. The CNP/PDMS-oglefoams were finally attained after

drying in air at 50C.

Step 3. Preparation of PVA aqueous solution

To prevent gelation, 5 g of PVA powder was slowly added to 495 g of DI watesom
temperature with magnetic stirring for 40 min until the polymer powder was dispersed in the liquid
phase and formed a whitish solution. Then the mixture was heated°® @&® a hot plate for
another 40 min, maintained at a lower temperature 8C6&vernight and cooled down to 26
naturally. Thesetupwas equipped with a reflux unit while being heated to prevent water loss and
retain the expected PVA concentration. Gansstirring was applied throughout the entire process.
A clear, stable 1 W6 PVA solution was then ready for later use. Original hydrophobic CNP/PDMS

foams were obtained when this step was completed.

Step 4: Hydrophilic modification of CNP/PDMS foams.
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The resultant PDMS/CNP foams from Step 2 were treated by oxygen plasma0QRbIP,

Harrick Plasma) for 60 s. The-pgepared PVA solution was poured onto the surface of the
activated foams immediately after the oxygen plasma treatment. The PDMS foamkefivere
immersed in the PVA solution for 15 min, blown with air to remove anh#d PVA and dried at

50°C to deposit the hydrophilic PVéoating on the wall of the porous structudele to the plasma
exposure, the inert chemical groups in the side chainBDIS temporarily became polar,
enhancing the subsequent chemical coatiraggss wherein PDMS was soaked in PVA, as
discussed in Chapter 2. This coating step was repeated 5 times and PVA was immobilized at 115
°C for 15 min to finish the modification. PV&NP/PDMS foams with hydrophilic coatings were

obtained.

4.3. Experimental variations

The main parameters of the P\@ANP/PDMS foams were tunable through the adjustments of the

synthetic conditions including:

O CNP concentration (CNP %)controlled by the weight ratio of CNP and PDMS-patymer
in Step 1,

O porosity §) T determined bythe @atio of salt and PDMS p#golymer in Step 2 (estimated

volumetric percentage using the formwa: J. ) j 100 %);

O thickness £) i controlled by the absolute amount HIt/CNP/PDMS mixture used in the
compression molding in Step 2;

O hydrophilic coating coated or not coated with PVA (conduct or skip Step 4).

52



For the purpose of variation control, the porosity was set the same for all foams (theoretically 85 %
accordingto the calculation). The other thrparameters were explored for their effect on foam

properties and photthermal performance.

The fabricated samples are listed in belowatle4-1. For sample identification:

O pristine PDMS structures with mo pldiree st e(ssta no
samples are all foams

O CNP content and thickness of the samples are tagged as prefix and suffix in the following
chapters respectivel$famples without CNP filler®( wt %) do not have ACNP

© samples with and without-CNPPWAOMS®atainmdg AN / Il

Sample 9, for example, is a PDMS foam doped with 0.5 wt% CNPs with a thickness of 1 mm.
Thus, itiscal ed fA0. 5C.NFPd PAMDECNPPPDOMSL . 50 before and a

treatment.

Relative studies are shown Trable 4-2, where the influence of the tisophilic coating, foam
thickness and doping level of CNP on sample properties and-fitestoal performance are
investigated and compared in the following chapters. Saniptedre the control samples used in

different characterization and studies.

Table4-1 List of the asprepared CNP/PDMS compasitoams.

Sample No. | Sample label (mm) | CNP content (wt%) | Theoretical porosity
1 p-PDMS-2 2 0 0

2 p-5CNP/PDMS2 | 2 5 0

3 PDMS1 1 85 %

4 PDMS-1.5 1.5 0

5 PDMS-2 2

6 5CNP/PDMS1 1 5
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7 5CNP/PDMS1.5 | 1.5

8 5CNP/PDMS2 2

9 0.5CNP/PDMSL | 1 0.5
10 1CNP/PDMS1 1 1
11 2.5CNP/PDMSL |1 2.5
12 7CNP/PDMS1 1 7
13 10CNP/PDMS1 |1 10
14 13CNP/PDMS1 |1 13
15 15CNP/PDMSL |1 15
16 20CNP/PDMS1 |1 20
17 30CNP/PDMS1 |1 30

Table4-2 Samples involed in studies of the effect of three different factors: wettability, sample
thickness and CNP doping concentration.

Study Samples involved Hydrophilic modification
Wettability 61 8 Tested both with and without PVA coatit
Thickness 37 8 Tested wih PVA coating
CNP concentration | 3, 6, 91 17 Tested with PVA coating
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5. Characterization of CNP/PDMS Composite Foams

The asprepared pristine PDMS film and CNP/PDMS foams were characterized by their

morphologies, optical and thermal properties.

5.1. Macroscopic appearance and mechanical flexibility

Digital images of the afabricated samples are showrHigure5-1 (a), which have a diameter of
about 45 mm (except for the pristine PDMS) and thickness ranging fror intn. The pristine
PDMS is a transpant and colorless elastomer but loses its transparency after the introduction of
a large number of pores in the dalhching process. The foams were pigmented because of the
inclusionof CNPs with a greyscale varyirgcording to the doping level. CNP/P[@Moams are

grey when the amount of CNP is lower than 1 wt% and become completely black beyond this
concentration. No difference can be observed with the naked eye before and after PVA

modification.

ThePVA-CNP/PDMSand CNP/PDMS foamsxhibit excellent bedability, which can be seen in
Figure5-1 (b), dueto the inborn elasticity of the PDMS matrix. However, this flexibility does
cause a contraction of around 10 % of both tlaendter and thickness of the sample during the
incubation &er leaching. To overcome this volume change, the mold was designed 76 ban,

big enough to compensate for the shrinkage and the foams were resized to the suitable dimension.
In addition,it is noticed that th€ NP/PDMS foamsire more resistive to ternalforces than the

white foams without CNP fillers, showing better magital strength which is broadly stated in

the literature on carbereinforced polymer$283], [331] Figure5-1 (c) shows the light weight
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(0.47 1 g with the given sample size) of the CNP/PDMS composite foam with a low density of

0.27 0.3 g/cm.

Figure5-1 Digital images of the samples. (a) From left to right: samplePTIMS
2), sample 5FDMS-2), sampe 9 (0.5CNP/PDMSL), sample 8 (5CNP/PDM3).
(b) Sample 8 wakended using a tweezer showing excellent flexibility. (c) Se
8 was placed on a leaf and only supported only by the stem.

5.2. Scanning electron microscopy (SEM)

The surface morphologgf the samples was ahacterized using scanning electron microscope
(SEM, Thermofisher Quanta 3D FEG, FEI Company). The SEM was operated at an accelerating
voltage of 51 20 kV and a low vacuum mode (chamber pressure between 50 and 90 Pa) was

employed ¢ image the noicondudive CNP/PDMS foams with a secondary electron detector.
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The porous structures in the foams is examifégure 5-2 (a) shows the @ss section of the
5CNP/PDMS2 foam where pores can be seen with a regular cubeskize same as the salt
templates. The side lengths of the pores are around 400 um, which is smaller than the salt particles

(around 500 pum) due to the shrinking problecswred in the leaching process.

Images were also taken to see the CNP distributidhe composites-igure 5-2 (b) shows the

cross section of sample 2%CNP/PMDS2), that is, pristine PDMS film doped with 5 wt% CNP

with a nonporous structure. To expose a cross section to perceive the ChNButst inside the

bulk of the polymer substrate the film was broken in liquid nitrogen, which minimized damage
and reconfiguration at the cressctional surface. Due to aggregation, a common issue for
nanoparticle dispersions, small CNP clusters witksiraging from several to tens of microns
appear in the SEM image instead of the ~ 100 nm individual particles. For exankjigireb-2

(b), there is a laye aggregated clump of CNP with a size ofi 280 um atthe uppetleft corner,

but most of the clusters are ~ 3 um along their longest dimension. The CNP clusters are embedded
in the PDMS and separated from each other such that they form a discrdiatdistin the PDMS

matrix regardless of the cluster szaccording to images of multiple spots taken across the entire
cross section. Due to structural complexity, it is difficult to spot the CNPs in the foam samples
Considering that merely mechanicakibtiing was applied during the synthetic process, it is
estimated that there might be more agglomeration in the composite foam than the composite film
with the same CNP concentratjdor examples the CNP cluster showrFigure5-3 (a). Also,
interconnected networks ohé CNPs or CNP clusters were not found, indicating that the

distribution of the dopant in the foams should be analogous to that oflkh@ Bigure5-2 (b).

Residual salt particles were noticed during the imagipgearing as regular cubic crystals in the

material (sed-igure5-3 (b)). This is attributed to the inevitable existence of closed pores in the
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PDMS fabrication process. These completely encapsulated pasatielest removed during the
leaching process and are uncovered at theftaypbured crossectional surface prepared for SEM

imaging. Interestingly, the residual particles are all less than 10 um, indicating the incomplete

sievingprocess.

Figure5-2 SEM image of the cross section @) the SCNP/PDMS2 foam showing the cut
pores inside(b) the pristine PDMS with 5 wt% CNP (sample Z2@NP/PMDS2) showng the
CNP distribution at the cross section of the film prepared by afcatture method.

?

"l

Figure5-3 SEM image of(a) an isolated CNP cluster in a CNP/PDM8mposite foam with
doping concentration of 5 wt% (sample 8, 5CNP/PBR)Sb) asingle salt crystal remained
the CNP/PDMSoam with an approximate size of 8.2 um.
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5.3.Micro-CT

The CNP/PDMS foamsawere cut into small pieces (about 4 mm x 4 mm x 2 mm) and scanned

with a highresolution micreCT system (SKYSCAN 12723D -Xay Microscopy, Bruker) at a
voltage of 40 kV and a current of 180°% A wit!
rotationsteps of 0.1%3wi t h an 8 em voxel -€Timagesmare shownunt i on .
Figure5-4. The open porosity of the PVBCNP/PDMS2 foam is meased to be 70.73 % rather

than the theoretical value (85 %). ThEsattributed to main two reasons. Firstly, it is expected that

the foams contain some closed pores, induced by the complete encapsulation of the salt particles

by the CNP/PDMS slurry. Secondllishrinkage of the foams occurred during the leaching and

drying processes which further contributed to the reduction in the volume percentage of the open
pores. Residue of salt particles were found in the r@ffamages, although CNPs were not

detecteddue to the small sizes of the CNP clusters.

Fiure5—4 Micro-CT images of a small piece of the PABENP/PDMS2. (a) Side vie
of the whole specimen; (b) three example imagesads section
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5.4. Ultraviolet -visible-near infrared Spectrophotometer (UV/Vis/NIR)

The impact of the CNP doping level on the optical properties was investigated by the measurement
of the transmissivity andeflectivity of the samples using a UV/Vis/NIR spectrophotometer
(Lambdal050,PerknElmer Inc., USA) with a 150 mm integrating sphere reflectance accessory
at room temperature. The device is equipped with-det8ctor module to cover the entire
UV/VisINIR range. The integrating sphere collects both the specular and diffuse components of
the transmitted and reflected light regardless of the incident angle, ensuring all transmitted and
reflected light is accounted for. Reliable data for the total reflectanderansmittance spectra

was obtained in the VABIIR range (380 1600 nm) using acanning step of 5 nm. The absorption
spectra were derived using the relation that the sum of the absorptivity, transmissivity and

reflectivity of an objective is 1.

5.4.1. Validation

To validate the reliability of the spectrophotometer used in tbikwa pristine PDMS bulk film
(sample 1, ?DMS-2) with a thickness of 2 mm wasdity tested in the range of 380 nni600

nm after baseline correctioRigure5-5 (a)), and compared with the results reported by Zeranska
Chudeket al.using a 0.8 mnthick pristine PDMS film (se€igure5-5 (b)) [332]. The resultant
spectra osample 1 indicates almost zero absorption from 380 nm to 1100 nm, in alignment with
the generally accepted transparency of pristine PDMS over this spectral [B&34ig335].

Despite slight differences in normalized values caused by thickness variations, three characteristic
absorption peaks (or transtaice troughs), mainly due the higher harmonics of fundamental

symmetrical stretching of € bonds and their synergy with bending vibratj@85], [336] are
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observed in the spectra of sample 1 at around 1180 nm, 1395 nm and 1530 nm, which matches

perfectly with the results reported BgranskaChudeket al.[332].

100 100

9O—~/—_F_/_~T\/V 904

ol So_f_—\d\f'\/\/
£ 704 < 70
i : ~ | —— Absorption
Cendl— Q
T?, o ﬁbgori).twn E 60- Reflection
.; 504 eriec 19n_ _Z 50 Transmission
8 Transmission o
‘7540— = 404
£ 304 % 30
Z. Z

20 (a) 204

s o | e

0 0-

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Figure5-5 The absorbance, reflectance and transmittapeetra of (a) a pristine PDMS fi

with a thickness of 0.8 mm [3Band (b) sample 1 (fFDMS-2), a pristine PDMS film fabratec
in this work with a thickness of 2 mm.

5.4.2. Influence of porous structures

In this section the influenc& themacrostructure on reflectance, transmittance and absorbance is
studied by the aoparison of the measured spectra of sample 1 and sample 5 (pure PDMS sponge
and PDMS2) as shown ifFigure5-6. The introduction of a large portion of air voids in PDMS
does affect its optical properties, which ispeessed as a huge reduction of ~ 70 % of it
transmittance together with an increase in reflectance by ~ 42 % over th#R/region. The
calculated absorption of incident light is thus enhanced by ~ 28 %, and the sample appearance
switches from a trangpent bulk film to a white foam. However gtlshape and peak locations of

the foam spectra are almost identical to those of the pristine bulk, indicating that the bonding status
in PDMS polymer is impervious to the introduction of the porous structuretheiseaching

technique.
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Figure5-6 The absdrance, reflectance and transmittance spectra of (a) samplelIMB-2,
pristine) and (b) sample 5 (PMBEX white foam).

5.4.3. CNP concentration study

As for the effect of CNP doping on the optical properties, apparently the addition of the black
nanoparticles lowers material clarity. Furthermore, it is expected that higher doping concentrations
lead todarker coloring levels. A set of CNP/PDMS foamshwtiffering CNP content were
characterized in this section for a quantified descriptibgure 5-7 demonstrates the spectra
obtained for the involved samples (3, 80, 12, 14 and 17) prepared with different CNP
concentrations of 0 wt%, 0.5 wt%, 1 wt%, 5 wt%, 10 wt% and 20 wt%. All samples characterized
here are 1 mm thick and were treated with PVAadionf a hydrophilic coating. Sample 9 (PVA
0.5CNP/PDMS1) appears grey color with the smallest doping content of 0.5 wt%, transmitting
over 40 % less light compared with the white PDMS foam (FRDMS-1) while reflecting 30 %

less. The decreased transmit@anand reflectance is resultant of a significant increase in
aborptivity. That is, the absorptivity of Sample 9 (P\OCNP/PDMSL1) increases to an
approximate average value of 87 % in the spectral regime from 38QL660 nm with a slightly

descending &lue of the absorptivity with increasing wavelength. For CNBitmppercentages in
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excess of 1 wt%, the absorptivity of these heavily doped samples has little space for further
improvement and reaches an absorptive saturation of 98 % (seeFigure 5-8). This high
absorptiviy value is more than 4 times better than that of the undoped sample (~ 18 %) and is very

desirable for photothermal applicationdNotably, the signature peaks of pure PDMS disappear for

all doped samples, showing relatively flat profiles despite infsogmit fluctuations.
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Figure5-7 The transmittance, reflectance and absorbance spectra ehf®dAied foam
with different CNP content of 0 wt% (sample?3/A-PDMS-1), 0.5 wt% (sample 9, P\A
0.5CNP/PDMSL), 1 wt% (sample 10, PVACNP/PDMSL1), 5 wt% (sample 12, P\4
5CNP/PDMS1), 10 wt% (sample 14, PVAOCNP/PDMS1) and 20 wt% (sample !
PVA-20CNP/PDMS1). All the samples are of the same thickness of 1 mm.
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Since the pristine PDMS is roughly transparent showing extremely lowbara® over the 380

T 1600 nm spectral region, the mechanism with which the PDMS foams interact with incident light
is considered to be a joint phenomenon 9ofréflective trapping in the air cavitiesd (2) Mie
scattering within the CNP/PDMS scaffolahee the sizes of the clusters are much bigger than the
related electromagnetic wavelengths. It can also be concluded that the absorptivity of PDMS
polymer can b tuned greatly with only a small amount of CNP inclusions, while the reflectivity

is more sensive to the structural change, that is, the incorporation of the air voids in this work.
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Figure5-8 The average light absorptivity of the P\odified sample
with different CNPdoping level (0 wt%, 0.5 wt%, 1 wt%, 5 wt%, 10 w
and 20 wt%) over the range of 380 iml600 nm. Theblue dash lin
represents an approximate saturation value of the absorptivity.
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5.4.4. Thickness study

The effect of the thickness of the foams on theiicapproperties was also investigateaplicitly,

sample @ 8 with different thicknesses (1 mm, 1.5 mm and 2 mm) are characterized in this section.
Other sample parameters are controlled to be the same including 5 wt% CNP dopantayeith 5
PVA deposdiion. As shown inFigure 5-9, the absorption of incident light, which is the most
important optical property of the samples, turns out to be comparable for all three samples, which

is the plateau value around 97 %mtiored in the previous section. The CNP concentration of 5
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Figure5-9 The transmittance, reflectance and absorbance sped®&femodified foams wit
different thicknesse (a) sample 6 (PVACNP/PDMS1), 1 mm; (b) sample 7 (P\%
5CNP/PDMSL.5), 1.5 mm; (c) sample 8 (PVBCNP/PDMS2), 2 mm.
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wt% is sufficiently high for the 1 msthick composite foam to reach its saturation point for
absorption, such that further increasing the thickness does not noticeably further increase
absorptiviy. Notably, it is possible that an increase in absorptivity with increasing doping
concentrations may be observed for samples with lower doping levels (such as < 0.5 wt%) or for

samples significantly thinner than 1 mm.

5.4.5. Influence of PVA modification

To check fa any alteration in the optical properties that may have been induced by the hydrophilic
surface modification of the composite foams, the reflectance and transmittance of sample 8 was
measured before and after being subjected to the PVA coatingnérgaPVA-5CNP/PDMS2

and 5CNP/PDM£). The resultshow thatafter the 5layers of PVA were deposited, the foam
absorptivity increases by only a trivial amount of < 1 %. Since the spectra are relatively flat, the
average of the absorptivity is calculatedbe97.1 % and 97.9 % for the coated and uncoated
foams, respectively. There is nearly no light transmitted through both black samples, and only a
tiny fluctuation in reflection. Thus, it is safe to conclude that the PVA coating does not cause any
significantchanges in the optical properties of the CNP/PDMS foams despite the bonding relation

between the chemical components at the foam surface.

Based on the analysis in this section, the absorptivity of samples containing 1 wt% CNP dopant or
more exhibit a avenge absorptivity between 96 % and 98%er the 380 1600 nm spectral
region. Moreover, the small influence of PVA treatment on the optical parameters are insignificant

and not considered.
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5.5. Thermal conductivity

The thermal conductivity of the PDMBYA-CNP/PDMS and CNP/PDMS foams were measured
using a TCi Thermal Conductivity Analyzer fromT®erm Technologies with a modified transient
plane source (MTPS) accessory sensor. The sensor contains a spiral heating element with a
diameter of about 12.3 mmvhich produces a small amount of thermal energy over a short duration
(~ 17 3 s) with a known current and is transferred towards the sample on the top through a one
dimensional path. The interface between the sample and the sensor is thus heatesingp, cau
voltage alternation of the sensor coil. Then the thermal conductivity of the samples is calculable
using the applied current and the collected voltage signal. A small weight of 30.72 g was put on
the top of the foams to ensure good contact betweefotmsand the sensor. The test was
conducted by measuring three positions on the foam surface under ambient temperatiire (24.4
24.6 °C). Interestingly, the readings show that the thermal conductivity of all foams falls in a
narrow range of 0.03D 0.045W/mX, which is one order of magnitude lower than that of the
pristine PDMS (0.2%W/mX) andclose to that of ambient air (0.026 WH) Furthermore, this

also shows that the foams are much more thermally resistive than water (~ 036) \Whan
measured in # air. However, when these foams were placed at the water surface in the
evaporation tests, water filled part of the pores insidéddums especially those with hydrophilic
coatings. This caused a change in thermal conductivity of the structure aneé dificoissed in

Chapter 6.

Although carbon nanofillers have been used a lot in polymers to enhance their thermal and
electrical condutvity, only selected types have proven to be effective such as SWCNTSs,
MWCNTs and carbon nanofibef831], [337], [338] One crucial feature of these fillers is their
large aspect ratio, which is preferable in network construction to create continuous pathways. In
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this work the cemented CNP agglomerates are dispersed in th8 Riligtrates and do not form
interconnected structures, as revealed by the filler distribution in the SEM images. Even the
composite foams are very thermally resistive because the incoming heat flow is likely to be cut off
either by the polymer matrix oné air voids inside the material. This means that theeassured
thermal conductivity of the samples is greatly dependent on the properties of PDMS and the air.
Consequently, the addition of CNP has little or no effect on the thermal conductivity dret neit
does the PVA surface treatment. Only the structural modification where the pores are introduced

determines the thermal conductivity.

5.6. Wettability

The wettability of a solid surface depends strongly on free surface energy, and is usually estimated
by the contact angle (CA) which refers to the angle between thelsglidl contact line (baseline)

and the tangent of the drop[@02], [339] The pristine PDMS is reported to be very hydrophobic

and to have poor wettability with a 100112 ° static CA with water in the literatuf294].
However, the CA of a practical solid surfaseften a range rather than an exact value, especially

for roughandheterogeneousurfaces such as that of the highly porous samples in this work. In
this case the upper and lower limit of this range, namely the advancing and receding contact angle
(ACA and RCA), will be used to describe the wettability and can be detedhby a dynamic

process of adding and removing a fluid droplet on the sufBaics.

Samples consisting of 5 wt% CNP with and without PVA modification (BCNP/PDMS and
5CNP/PDMS) were testl for their ACAs and RCAby a drop shape analyze€RUSS DSA
100E Germany) in ambient air to characterize the influence of PVA treatment on the wetting

behavior of these foams. Since wettability depends on surface properties and is not related to the
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bulk, the thicknesses of the samples are not specified in thisrsektier fabrication, the samples
were stored in vacuum to isolate contamination/humidity and blown with compressgdrant
cleaner (Dusbff, containingdifluoroethang before the exgriments. A sessile drop method was
applied for all measurements, @re a deionized (DI) water drop with a fixed volume of 15 pL
was carefully deposited onto the foam surface usingsaiape needle at a constant rate of 2 uL/s.
The angle grew to a maximuamd was recorded as the ACA. Then as the droplet was removed, a
point was reached when the wateam contact line, a line observed from the side view
representing the contact area of the liquid and the solid, started shrinking and theaRCA
measured. file whole process was completed within 15 s to prevent inaccurasgdchy water
evaporation. Measurements were performed at three different spots on each sample surface to
minimize experimental uncertainty. All the experiments were conducted within tapehiod of

time to eliminate variation caused by the environmdatdbrs (room temperature 26 = 0.2°C,
relative humidity 20 % * 5 %). The CAs were calculated from the acquired imagesKiWgS

ADVANCE software.

Examples of tests taken at doeation of both PVASCNP/PDMS and 5CNP/PDMS foams are
given inFigure5-10. The composite foam without PVA modification (5CNP/PDMS) shows an
ACA ranging from 129.4° to 133° and an RCA between 7&nd 79.8 (Figure5-10 (a-d)). On

the other Bnd, the ACA of the same foam coated with PVA is measiorée 99.9 7 109.3°,
which does not differ much from the former one (Segire5-10 (f)). However, by comparing the
receding stage, it is apparent thet tirwaterfoam triplephase contact points (the end points of
the contact lines marked by the yellow circlesFigure 5-10 (e) and (f)) were pinned at the
interface during the removal of the droplet revealirftxed length of L2 of the contact line (red

line), unlike tle reduction of Lobserved for the other sampkdure5-10(c) and (d)). As a result,
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it was very difficult to determine the RCA. This means thatRCAis very small (< 10) and is

a manifestation of the strong adhesion of the FGMP/PDMS foam surface to water.

The measured CA values differ from spot to spot but are withifdiOthe same santgy, which

can be explained with the high surface rougisrencheterogeneityf the foams induced by the
porous structures. The wettability of the CNP/PDMS foams are improved with no doubt after the
5-layer PVA deposition which is supported by the fact tha CAs decreased after the treatment
was applied, egzially the RCAs. It was also observed that when placed at thetgr interface,

the surface 06CNP/PDMS2 stayed completely dry for a long time (> 1 hour), while the upper
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Figure 5-10 Dynamic contact angle measurement of 5CNP/PEEM&d) and PVA
5CNP/PDMS2 (e-h).
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surface of the PVACNRPDMS2 wetted quickly but the foam still floated on tvater (see

Figure5-11).

From the results of the material charactear@g it can be clearly seen that thefalsricated PVA
CNP/PDMScomposite foams had all the designed properties as an interfacial solameugh
absortivity of solar radiation (~ 97 %), low therazainducivity (0.04 W/ measured in aiy
reliable floatability and high opeporosity (70 %)for waterrepenishmentTheir photethermal

perfoamance was then measured in solar evaporatiomrtestse results are presentechapter

6.

Figure5-11 Digital images of sample 8 (5CNP/PDMSJ when testd at the akwvater interface
(a) Original hydrophobic foam without PVA dirags, showing a dry surface; (b) the same 1
deposited with 5 layers of PVA which was totally wetted by the water underneath.
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6. Solar-Heating Application of CNP/PDMS Foams- Evaporation Tests

The asfabricated foams were tested in an evaporation system simigiated solar irradiance to
evaluate their photthermal performance by comparing measured evaporation rates achieved
using samples with different wettabilifwith or without a hydrophilic coating), thicknesses and

doping concentrations.

6.1. Experimental setup

The schematic illustration and digital images of the solar evaporation system is in the drawing in

Figure6-1 andFigure6-2, which comprises the following parts:

(1) Water reservoir
A glass beaker with a volume of 100 mL was used as a-scal# watereservoir. The
diameter of its opening area is about 45 mm.

(2) Solar simulatoi light source
A solar simulator (Sciencetech SF30) provides simulated solar radiation from a xenon
arc lamp directly above the beaker as the only energy source in the sylseedevice is
equipped with an air mass 1.5G filter and offers aligned radiatibtim a spectrum
analogous to natural sunlight. The beam is circular in shape with a diameter of 50.8 mm,
enough to cover the whole beaker surface.

(3) Weighing scalé weight loss
An Adventurer® Precision scale (model AX423, Ohaus) was used to continuoustgmmon
mass change during the experiments. The maximum capacity of the scale is 420 g, which

is enough to carry the relatively heavy beaker/water/foam system. The accurascaféhe
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goes down to 1 mg to ensure adequate precision of the mass measurEneestale can
communicate to the computer via a USB connection.

(4) K-type thermal couple (TQ)temperature
Two K-type thermocouples from OMEGA were bent as necessary and plated a
positions in the water: right at the lower surface of the @gdnlar foams and 6.5 cm
below that lower surface to measure and record the temperature change over the duration
of the experiment (sdeigure6-1 (b)).

(5) Data logger
An eightchannel OctTemp data logger (MagdeTech) was usedata acquisition with a
resolution of 0.°C and an accuracy of + 0°%6. The device was mated with thetype
TCs and connected with the computer for4téak data monitoring.

(6) Infrared (IR) camera temperature
A high-resolution infrared camera (A67&d, FLIR) with an excellent sensitivity (< 20 mK)
was employed to record the temperature profile of the top sudfthe samples during
the evaporation tests. The infrared camera can detect light radiation with wavelengths from
3 t o usthg @&cooled Indium Antimonide detector and can measure temperature ranges
of -2071 350°C. The recoding resolution was set 48 & 512 pixels with an image frame
rate of 20/s. The temperatures were analyzed and exported using FLIR ResearchIR
software, and the ambient temperature and humidity was logged to account for
environmental effects.
Considering space restrictions (pasitiof the solar simulator and volume of the camera
itself), the IR camera had to be placed at a tilted angle instead of vertically above the surface

being measured. Furthermore, for the purpose of noise controllssafrdirect reflection
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should be avoied, which imposed further limitation on the possible position of the IR
camera. After a couple of trials, the IR camera was eventually set 610 mm away from the
sample surface at an angle of about db a tripod anthe camera remained in this position
for all the evaporation tests. Before initiating the actual experiments, the camera was also
calibrated using an OMEGA#¥pe TC.
For the accuracy of the temperature readings from the IR analysis, the emissivity of the
opencellular foams needs to be detémed before the experiments. A blackbody
(accessory of the IR camera) was used as an external correction reference with an
emissivity of around 1. Specifically, a black opmailular foam sample and the blackbody
reference were heated in an oven to the séemperature of 4% for more than 10 min,
and then immediately measured together using the IR camera%aagl®. The emissivity
of the black opeittellular foams could be calculated with the FLIR ResearchiRvaod
using the known blackbody emisitivand the actual object temperature based on the
StefanBoltzmann theory stating that the radiant power of any object is proportional to its
emissivity and the fourth power of its temperature. The measured eryigsdiatl the
CNP/PDMS foams is around@regardless of the foam thickness and different treatments
that were applied to the foams. It is assumed that the emissivity of the sample stays constant
within the operating temperature (up to°8) and measuregsctral rang€371 5 € m) .

(7) Power metert light intensity
A power meter was purchased from Thorlabs (model PM100D) with a therrhasibel
sensor(S401C). Thesensor detects the power or irradiance of the incident light with an

input aperture of 9 mm with a fast resporestime of 1.1 s. It shows high absorbance
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(around 99 %) over a broapectral range from 0.19 to 10.6 um, independent of the

incident angle. The resolution can reach as low as 1 pW with an uncertainty of + 5 %.
(8) Humidity meteri relative humdity

A digital hygrometer (TF55, ThermoPro) was used to log relative humidity of the ambient

environment.

For the solar evaporation experinigneach opegellular foam sample was placed at the top
surface of the DI water and floated perfectly at thenater inteface, 110 mm underneath the
solar simulator. Then the simulator was turned on for a duration of 30 min to provide simulated
solar eergy, during which time the TCs and IR camera were engaged to record the corresponding
temperature change. The balance wetste monitor the weight loss of the beaker/water/foam
automatically by taking one reading per minute as the water evaporatedsio tvery involved

sample underwent at least three experiments and the average of the collected data was calculated

amera
Solar Simulator

Bottom
TC

Beaker —
Water

Petri dish
Air

7 / Scale

Figure6-1 (a) Schematic lustration of the setup of the solar evaporation sy:
(b) Digital image of the beaker part in the system marked with the posifitme
TCs (orange and green circles).
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Figure6-2 Digital image of thesetup of the evaporation systen

and wsed in the analysis. The samples were thoroughly dried @ &@er the experiments. Dark
experiments were also conducted with the same conditions in the absence of the simulated solar

radiation.

To achieve a fixed energy input for all experiments diseance between the upper surface of the
foams and the lend the solar simulator should be unchanged. This was done by adjusting the
amount of water filled to the beaker to locate the upper surface at the same position regardless of
the thicknesses ohé samples. Since the foams have relatively small volumssadhistment of

the water amount (< 2 mL) is too minor to cause a difference in the vaporization processes.
Furthermore, to minimize the evaporatimluced position change of the foams, theegxpents

were conducted for a limited duration of 30 min tatcol the water loss (< 1.2 g), so that the drop

of the foam surface was negligiblehe foams were sized into a circular shape with a diameter of

45 mm to cover the entire water surface atttipeof the beakeiA plastic petri dish was inserted

between lte beaker and the weighing scale to create a thegsstive air layer for heat loss
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minimization. The metal plate of the scale was covered with brown paper towel for two main
purposes: to radte light reflection that contributes to noise in the IR canmeeasurements, and

to prevent the metallic plate from generating heat that could transfer to the water in the beaker
during experiments. The TCs were not in physical contact with the beaker samples to avoid
erroneous weight measurements that coatdribute to false measurements of evaporative weight

losses.

6.2. Data analysis

The average evaporation rafe)(achieved by the system was ca#tat by the following equation:

<

(12)

whereYd& denotes the total weight loss, that is, the difference between the weight measured once
the solar simulator was turned on at the beginning of the test and 30 min later when it was turned

off, andorepresents the lighting duian, which is 30 min for alexperiments.

The overall energy conversion efficiency) Was estimated as the ratio of the thermal energy

harvested for the evaporation and the total solar energy input. The formula is:

- (13)

whereYd is calculated by subtracting the weight change of the dark testsyfrornsing the
same sample and is thus called the net weight ¥§¥denotes the temperature rise of the liquid
water from its initial temperatar(20°C) to the assumed vaporizatipoint (45°C)."Q (2,400
kJ/kg)is thelatent heat of water at 28, representing the amount of energy required for the liquid

gas phase chang®.(4.2 kJ/kdK) is the heat capacity of watebrefers to the wface area of the
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foam samples and cé& calculated using the constant diameter (45 ritha)the intensity of the
simulated solar radiation, which was determined by takingnB@te light intensity measurements
with the powermeter everyday. As showrrigure6-3, the actual intensity fluctuated over the 50
day period ranging from 800 to 900 W/ishowing no obvious descending or ascending trend.

Hence, the average light intensity measured over trdag@eriod & 8 5 0%) wAg used as the

solar intensity in the efficiency calculation.

For each sampl| the evaporation test was repeated at least three times with the same experimental
settings and so was the control test in order to remove contingency. Thedtdations of all

the experiments is less than 5 %, revealing good reproducibility babiliy of the results.
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Figure6-3 Actual intensity of the simulated solar radiation meas
using the powermeter in 50 days.
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6.3. Effect of foam thickness and wettability

To examine the influence of the thickness and the wettability of the agleiar foam samples

on their photethermal performance, sample$ & with and without PVA coating were tested in
the evaporation system and are listedable6-1 for comparison. Control tests were performed
in the absence of the CNHDMS composite foams. Two kinds of experiments were carried out

for all sample$ in the dark and under the simulatedesahdiation.

Table6-1 Samples involved in the study of the effect of the foam thickaed wettability on their
photathermal properties.

Sample name Thickness (mm) | PVA modification CNP content
PVA-5CNP/PDMS1 1 Yes 5 wt%
PVA-5CNP/PDMS1.5 1.5
PVA-5CNP/PDMS2 2

5CNP/PDMS1 1 No
5CNP/PDMSL1.5 1.5
5CNP/PDMS2 2

6.3.1. Evaporation rate and efficiency

The mass change of the water was obtained directly from the scale measurempbateahdersus

time in Figure6-4. The weight loss curves exhibit a similar convex shape in all cases, indicating
that the water evaporation in the syst gradually accelerated as incoming light energy
accumulated. The difference of the slope becomes obvious shortly after the exposure to the
radiation, which is a sign of varied rates of vaporization. The measuredimaagg is rather small

(mostly lesshian 1 g) due to the dimension of the system and the short illumination duration.

The average evaporation rate per unit surface area was derived as discussed in the previous section

and shown belowkigure6-5 (a) demonstrates the average rates of the evaporation experiments
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conducted without light. In the dark environment, DI water evaporated more slowly when
5CNP/PDMS foams (thickness = 1, 1.5 and 2 mm) were placed on tapaif thater interface as
compared to the control test wherein no samples were involved at theswédee (blue line, 0.26
kg/m?d). All the 5CNP/PDMS foams repelled water and its upper surface was dry during the
evaporation tests becausdlué nonwettable property of PDMS and air voids formed and blocked

the diffusive movement of water moleculesvéwds the air. The thicker the foam is, treater

the obstacle for the evaporation process. As can be seegune6-5 (a), a 2 mrthick composite

foam in the evaporation system leads to an average measured evaporation rate of 6:h5 kg/m
which is almost comparable with the evaporation rate measured for the 1.5 mm thick sample but

is 28 % lower than the evapomati rate measured using the 1 mm thick foam.
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Figure 6-4 Mass change of the water during the 30 min evapoil
experiments with samples listed in Talllas well as the control t
without any samples.
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Unlike the hydrophobic foams, the PY#ACNP/PDMS samples with PVA modification exhibit

good wettability and were completely wetted while floating at thevater interface. A thin liquid

layer formed on the pper surface of the foanallowing direct diffusion of the vapor to the
atmosphere. Thus, the average evaporation rate over3@WNP/PDMS1 surpasses the control

test by about 20 % due to the PVA treatment, although the evaporation rate over PVA
5CNP/PDMS2 (0.28 kg/m) is just $ightly over the control test. This trend wherein the
evaporation rates over the PVA treated samples decreases with increasing thickness is attributed
to the nonuniformity of the PVA coating. Although the whole foam is immersedhe PVA

solution duringthe modification procedure, only the surface exposed to the oxygen plasma and
several nanometers below is able to bond tightly with the polar groups on PVA chains, whereas
the other parts of the foam were not as hydrophilic asgper surface (but stilave some degree

of increased wettability). In addition, during the plasmonic treatment, the upper and lower surfaces
were more exposed to the plasma which made them more activated than the wall of the pores inside
the foams andoirmed stronger bonds witPVA. Hence, it is assumed that the body of the foams

are less hydrophilic than the surfaces, which provides a weaker force to drive water upwards
through the foams. Thus, the evaporation will slow once the transfer pathway of isvate

lengthened by largdoam thickness.

Generally, the water evaporates slowly in the dark. But this situation is changed when the
simulated solar radiation is included in the system. As showigure6-5 (b), the hydrophobic

foams work better when subjected to the selarulated radiation and the vaporization process is
accelerated by more than 100 % compared to when these samples are tested in the dark. The
negative corretion between evaporation rate anthpke thickness for the 5CNP/PDMS samples

remains unchanged and the evaporation rates for the two thicker foams is still less than that of the
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control test, wherein the water surface is bare, due to the poor wateottatisp. On the contrary,

the PVAS5CNP/PDMS samples exhibit a reversed tendency in comparison to their hydrophobic
counterpart, andhe larger thickness becomes an advantage, which is attributed to a collective
effect of the wettability and the thermalnzhuctivity of these foams. The impred interaction

with water provides continuous supply to the upper surface where most of the heat energy is
generated from the absorbed lightthough the thermal conductivity of the foams is subjected to
changes in watr which will be further discussed 8ection 6.3.2, it is still supposed to be lower
than water and will confinéhe heat in a limited volumeearthe airwater interfaceand this
confinement is strengthened with the expanded depth of the thersigtive structurepr the
increasing thickess of the foams. Notably, an average vaporization rate of 1.26gisn
achieved through the employment of the thickest PPONP/PDMS2 foam at the aiwater
interface, showing an enhancement of nearly 24 % in cosapeto the evaporation rates achieved
while testing PVASCNP/PDMS1. Notably, these results are in goodnsistency with the
numerical analysis result in Chapter 3. This remarkable evaporation rate is also 87 % higher than
the control test where the watirface is bare and nearly 2.5 times as fast as the evaporation rate

measured for the same foam but withBVA treatment (5CNP/PDM3).

The overall evaporation efficiency is calculated for the tests with simulated solar radiation and
shown inFigure 6-6. The evaporation rates for the dark tests were subtracted frmmates
measured in the light, and the resultant efficiencies are not pimprto the evaporation rate,
although they do follow a similar inclination. The thickness of the hydrophobic samples has a
negative effect on the overall efficiency which ipgressed below 18 % for the 2 mm thick sample.
On the other hand, the systemncmake use of the received radiation and generate water vapor

more efficiently when the PVA treatment had been applied to the black foams to increase their
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wettability. The oveall efficiency is greatly enhanced from 58 % to 81 % as the thickness of the

PVA-treated films is increased from the thinnest 1-think foam to the thickest one of 2 mm.

6.3.2. Temperature analysis

Temperature is one of the decisive factors of the evapoatmess. In this proposed evaporation
system, the temperature at certain locations is even more important than others for the evaluation
of the thermal processes. For instance, the temperdtihe composite foams is related to its
photothermal energyanversion ability. The temperature of the evaporative layer, normally refers

to the layer located at the ligughs interface, is apparently linked to the water vaporization rate

with the knowlelge that hot surfaces are beneficial for driving the ligaidapour phase change.

090—5 SCNP/PDMS
PVA-5CNP/PDMS [
> 0.759- - - - Control test \
o
5 81'%
= y
S 0.60 . ¢
=
2
5 0451
)
53
>
é’ 0.30-
f ;
@ 0l5+:-~ -~ - ]
0.00 . . .
1.0 1.5 2.0
Thickness (mm)

Figure6-6 The calculated overall efficiency of the evaporation tests usil
5 wt% CNRdoped composite foams with different thickness of 1, 1.5
mm, both before and after PVA deposition (5CNP/PDMS and A
5CNP/PDMS namely). The dash line represents the control test wh
sample was in the system.
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However, with regards to efficiency, a hotter surface may cause excessive heat losses as well. The
temperature difference between the upper and lower surfaces of the tenipams are also

crucial as it reflects the heabnfinementability of these films. Moreover, the temperature
difference between the lower surface of the foam and the bulk of the water beneath the film
represents the driving factor for the convectivathesses to the bottom of the water reservoir as
discussed ithe numerical analysis in Chapter 3. From this standpoint, the temperature at the upper
and lower surface of the foams along with that in the bulk of water (at the bottom of the beaker)

was moitored by the IR camera and TCs for further analysis.

The coresponding infrared images of the system (&gare6-7) were captured by the IR camera
atseveral instances over thé& @800 s duration of the evaporation tests. Although the IR thermal
analysis was done for alamples listed at the beginning of this section, the 2thick foam with

and without PVA deposition (namely PYBCNP/PDMS2 and 5CNP/PDMS2) are taken as the
representing cases sufficiently embodying all the valuable, common features for explicit
descripion. The quantified surface temperature profiles were extracted for the three PVA
modified foams with variant thicknesses and thiettgd together with the readings from the TCs,

that is, temperature measured at the lower surface of the foams and 6fomrihbdower surface

in the bulk water (se€igure 6-8). Again, the same process was also completed for the three
hydrophilic samples, but only one of them (5CNP/PDMS) is shown here as an example due to the
great esemblance of these curves. Themntioned results were labeled & T, and T
representing the temperature at the top surface of the foam, the lower surface of the foam and bulk

of the water, respectively, as showrFigure6-8.

The IR images demonstrate the change pfTiTand T in the system over the 30 min testing

duration and the temperature rise can be seen for both samples due to the exposure to light. The
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hydrophobic 5CNP/PDM& foam became hot vefgst and stabilized at a temperature of about
72°C (red regions irigure6-7 (a)) from the original 20C in less than 50 s. The temperature of
the PVAS5CNP/PDMS2 sample rose fast in the first 5 min and then iyl increased at a slower
rate, reaching a temperature of about@mat the last stage of the lighting periddhe afected
domain, or the heaip zone, in the water expanded as time elapsed with akin depths, which is
evident from the color developmentthe upper part of the beakBoth samples are able to utilize

the electromagnetic radiation to produce thermal gnéug to their photohermal property.

©

72

@180%

SCNP/PDMS

PVA-SCNP/PDMS

Figure 6-7 The IR images captured through the 30 min evaporation tests using
hydrophobic 5CNP/PDM2 and (b) the hydrophilic PVACNP/PDMS2 composite foar
Three spots were marked with the values of temperature and the end of the tests just |
light was turned off (unit®°C).
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Although the Tprofile of the 5CNP/PDM£ and PVASCNP/PDMS2 samples differs a lot, the
measuwed value ofTy, for tests conducted on these two samples share similar shape andavalue;
trivial temperature rise (< Z) was obseved at the bottom of the beaker witli800 s T, curves

for all tests also turn out to be similar, showing a smooth aseref up to 12C compared with

the value of T at the beginning of the tests. The absolute values| dbrTthe case of the
hydrophobic sample (gray area igure 6-8) is much lower than {J demongating a steep
temperature drop (> 5%C) across the sample vertically. This is attributed to the low thermal
conductivity of the composite foam, which helps trap most of the thermal energy inside the foam.
However, since the upper surface of the foamssumed to fldsabove the water without being
wetted, the evaporative layer is not located at the upper surface of the foam, so that the temperature
of the evaporative layer surface was cooler thaPC7@&hich was measured at the upper surface.

The portio of the foam esiding above the awater interface is also expected to create a blocking
effect that hinders vapor escape. Consequently, the water evaporation in the tests with hydrophobic

foams are slow.

In the tests of the PVA modified foams, thiference betwee: and T remained roughly constant
with a moderate value of about 45 (except for the first several minutes) which resulted from the
active water vaporization. Meanwhile a small rise of°€2vas seen inpl showing that the bulk

of water was cool tlmughout the tests. The thinnest foam (1 mm) shows the highé&sading to
extra heat losses to the underlying bulk water and thus a lower evaporation rate compadhed with
1.5 mm and 2 mm foam$, was almost the same for all the s&2$te unclear tned of the influence

of thickness on jTand Ty is attributed to the change of the thermal conductivity of the-eéted
foams when wetted by water. As discussed in Chapter 2, the hydrophilic treatmpeplies to

thetop surface and he internal surfags ofthe foams are less hydrophilic. The perfect floatability
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of the PVAcoated foams suggests that a large portion of the pores are not filled witlluvatgr

the evaporation testeyen though the surfaces are completely wetiahnwhile, water can &

wicked into some of the open pores to different levels and thus raises the thermal conductivity of
the whole structure. A rough estimation of the effective thermal conductivity of this
CNP/PDMS/air/water combination can be madmg tre measured, andTy, the thickness of the
foams andequation (11)which indicates that the conduction through the foam)(equas the

sum of the convective and radiative heat losses from the lower surface of the foam down to the
water. The resuls from the estimatiompredictthe conductivity of the foam® be around 0.4
W/mX when immersed in watgwhich ishigherthanthe conductivityof dry foams (0.04 W/1&)

and lower than that of water (0.6 WI), and thisis reasonable considering thexed structure.

80
70+
1 — PVA-5CNP/PDMS-1
604 upper surface — PVA-5CNP/PDMS-1.5
—— PVA-5CNP/PDMS-2
—— S5CNP/PDMS-2
. 50+
lower surface
= 4
B 401 P bulk of the water
.

. \Light on Light off
10 1 ) ) L) L) 1 L) Ll L) T
0 5 10 15 20 25 30 35 40 45 50 55
Time (min)
Figure6-8 Temperature profiles at the upper surface of the composite foay;

at the lower surface of the foams)(@ndin the bulk water at the bottom of
beaker (F). Data were collected using the IR camera and ré§sectively
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In short, the large temperatugeadientfrom the illuminated foam surface all the way down to the
bulk of the water is evidence of the effective heat localization induced by the implantation of the
composite foamsHowever for the hydrophobic foamgjespte this impressive temperature
difference between the top and the bottointhe samplesevaporation is ngiroperly enhanced

due to insufficient diffusion of wateio the upper surface of the foarmaused bytheir poor
wettability. On the other hand, themperature of thBVA-treated foamsluring the evaporation

tests islower thanthat ofther hydrophobic canterpartsbut an evaporative layes createdat

thar top surface where the generated thermal energy is concentratdtedndAtreated foams

wins the competition in terms of water evaporation rate and overall efficiency. It can be concluded
that goodwettability and continuous water replenishment are very influential for the performance

of the CNP/PDMS foams in this proposed study.

6.4. Effect of CNP content

In addition to the study on the foam wettability and thickness, the concentration of embedded
CNPsis also explored for its effect on the efficiency of the solar evaporation tests. Samples
fabricated with a series of CNP content ramggfrom 0 wt% to 20 wt% were tested in the same
evaporation experiment and their performance was compared. As disaussedion 6.3, it is
important for the foams to be subjected to PVA treatment to increase their wettability, and all foam
samples condered in this section underwent PVA treatment to facilitate water evaporation.
Furthermore, the thicknesses of the sasplansidered in this section was controlled to be 1 mm

during their synthesis.

The results are shown kKigure6-9. Firstly, the average evaporation rates outperform the control

tests (only water in the system) gtly for all the experiments with composite foams due to the
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hydrophilic coating. Interestingly, the undoped pure PDMS sample (PIdMS-1) also brings

about a slight improvement in the evaporation rate of about 0.04°®g/wpparently a top
evaporative layer is formed at the foain interface which is advantageous for vapifiiudion,

yet the polymer itself is not a phetibermal material and suffers from optical energy loss of over

80 % due to significant amounts ofriemission and reflection of the incident light. The water
evaporates faster for the tests with compositen®with higher doping level, but only within a

low concentration range. For example, an enhancement of 0.32kégrachieved when the CNP
contentincreases from 0 wt% to 0.5 wt% (PVASCNP/PDMSL) and the rate can be improved

by another 0.31 kg/f wsing the foam containing 1 wt% CNP (PMACNP/PDMS1), which

adds up to be an acceleration of 130 % as compared to the undoped sample. HoweMét, for C
concentrations beyond 1 wt%, the solar absorbance of the composite foams becomes saturated
according tolte optical properties discussed in Chapter 5 such that the additional amount of the
carbon dopant has little influence on heat generation. The eadgooration rate stabilized at
approximately 1.05 kg/Ath, with a small fluctuation of < 10 %, for samplegth CNP
concentrations increasing beyond 1 wt%, converting 60.7 % of the solar input into latent heat of
water on average. As for the temperature analysis, great similarity is found between the current
content study and the former thickness study in 8ed8i.3 despite of the difference in foam
parameters, where the top surface of the composite foams reached ar6Qnalihtn 30 min of

light exposure and the bulk water stayed chill exhibiting an inaneofe< 1°C in good agreement

with the heat localiation analysis.

90



1.20

1.05+

Average rate (kg/mzh)

o o o o ©
O T S N o
S » S wn S

L 1 L 1 i 1 1 1 n 1

0O 05 1 25 5 7 10 13 15 20
CNP content (%)
1.0
0.8
& ? 3
Q
= []
506 st { ¢
=
Q
'S 0.4- =
2
@ Control test
0.2 \
s |
0.0

ORGSO iS00
CNP content (%)

Figure6-9 The calculated average evaporation rate and correspt

overall efficiency of tle experiments using the PWeeated sampls

with different CNP content (0, 0.5, 1, 2.5,/510, 13, 15 and@wt%).

91



7. Conclusion and Future Directions

Focusing on the enhancement of the current solar desalination devices, theoretical heat transfer
analysis was combined with experimental design anacttion of CNP/PDMS composite foams
to act asn interfacial solar receiver to capture solar energy and accelerate the evaporation process

efficiently. The main findings of this work include:

(1) A heat transfer analysis of the effect of an insulatioerlay the interfacial solar heating

systems

An interfacial solar heating system was modelled to quantify the various heat loss mechanisms
occurring during the evaporation process. The results indicate the excellent performance of a
hybrid photethermal magrial/insulation structure by reducing the eeative heat losses by nearly

two orders of magnitudes. Although ideal conditions were considered in the analysis rather than
the complicated conditions that may be present in practical cases, this numeafisatamovides

strong theoretical results suurting the recommendation to integrate a small insulating structure
beneath the interfacial photothermal film to effectively suppress sensible heating in the bulk water.
Of course, this insulating layer must Bble to provide proper water supply to theporative

layer, which can be achieved by making it porous.

(2) A facile, reliable process to fabricate ogmrous CNP/PDMS composite foai@8IP/PDMS
composite foams were fabricated by a leaching technigath 8e chemical component and
structure of te PDMS were adjusted with bulk and surface modification strategies to tailor the

material with desired attributes:

0 CNPs were dispersed in the polymer matrix to endow the composite with excellent photo
thermal poperties;
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O interconnected macro porous struetiwere introduced into the bulk using salt crystals (>
500 pm) as sacrificial templates for reliable floatability and to provide pathways for water
replenishment;

0 hydrophilic PVA coatings were deposited orttoe composites to improve surface

wettability.

Various CNP/PDMS foams with different parameters were obtained by slightly adjusting the
synthetic recipe. The sustainable design of the composites was baseecompaiible and inert
materials without caursg damage to the environment. Tér@ployment of the facile, ecofriendly

and lowcost salleaching technique in this study is a big advantage over the common methods
such as freezdrying (requiring extreme temperature), supercriticab@aming (requinng high
pressure), carbonizationefuiring high temperatures of ~ 100Q) and lithography (which
requires advanced equipment) to create quae networks for the solar desalination purposes but

still achieve good photthermal performance (see Table 9).
(3) Photethermal application ofarborPDMS composite foams

Although carborcemented PDMS composites have been widely used for their mechanical
flexibility and electrical conductivity, the current work in this thesis focused on their rarely
explored phat-thermal properties. Numerous sdegp were characterized and tested in
evaporation experiments with DI water to study the effect of dopant content, thickness and

wettability on material properties and performance in solar heating applications.

Only a smdlamount (no more than 1 wt%) of ®Ns needed to saturate the optical absorption to >
96 % across a broad spectral region from 380 to 1600 nm. A vaporization rate of/inZB kas

achieved under 0.85 sun (850 W)rirradiance using a 2 muick PVA-modfied PDMS foam
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containing 5 wt% of CNPs (PVVACNP/PDMS2), featuring an enhancement of 87 % compared
with the control test (no samples) as a proof of the excellent phetmal performance of the
composite foam. Anond 81 % of the solar energy input waslized by the photdghermal
composite foam to contribute to liqughs phase change of the water, 65 % higher than the overall

energy conversion efficiency of the control test.

In addition, effective heat localizah at the akwater interface can beethonstrated by the vertical
temperature drop from the illuminated foam surface all the way down to the bulk of the water (>
50 °C with the hydrophobic foams and > 23 for the hydrophilic ones) which wasduced by

the lower thermal conductivity of the eoposite foamgompared with wateGood wettability is

also essential in terms of lifting the evaporative layer above the upper surface of the foams, such
that the foams are not blocking the evaporation processloiw fdr continuous water supply.
Resuls from the evaporation tests clearly showed that the-B¥#&ed foams worked a lot better

than the original hydrophobic samples.

Future work should be directed towards optimizing other influential factopsotoote energy
conversion efficiency. For exaie, the pore size distribution of the foam is an interesting
parameter to investigate because it brings about the analysis of the balance between the diffusive
behavior of the water and thermal losses fronptiecthermal material to its surroundingshe

effective thermal conductivitthroughoutthe solar receivewhen it is immerse¢h water should

also be studietbr further optimizatiorto achieve even more effective heat localization. This can
beexplored by changing thgeometryandarrangemenof the fillersand poresor by using more
thermalresistive polymer substrate&nother important factor to consider is the concentration of

the incident solar radiation, which is closely related to the temperature of the system and can be

studied by the imgration of Fresnel lenses to alter solar radiation intensity. Moreovevater
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should be replaced by seawater, of varying representative compositions, to conduct actual

desalination evaluation.

It might be hard to scalep the adabricated CNP/PDMS ceoposite foams to a commercial level
with the current research outcome duthdcost of the raw materials. However, what is important
is that this work can provide general recommendations for the design ofiaroad interfacial
photathermal compositencluding hydrophilicity, thermal insulation and low density, which can
be adapted for other cheaper materials such as recycled paper and cotton fibresdfie cinst

manufacture of interfacial solar receivers.

To conclude, the work presented in tthissis demonstrates a feasible method to fabricate an open
pore composite foCNPs and PDMS providing excellent phdbermal performance and heat
conservation to achieve efficient sefawwered evaporation. This study will impose guidance for
the design bthe nextgeneration solar distill technologies with high production rates$ low
energy consumption to pursue ftipeal of providing clean, sustainabater supply to all in the

future.
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Appendices

Appendix A: Fitting of the UV/Vis/NIR measurement

Due to thesystematidesign of thd.ambdal050UV/Vis/NIR spectrophotometer, two detectors,
namely the Photomultiplier R68712PMT) and a wide band InGaAs detector, are employed to
separately measure over the WMible and near infrared range. During the measurement,
switching detectors created an artifact in the measured signal, which was apparent in the
measurement over anterded spectral region from about 825 nm to 1050 nm. In this study this
defect is treated using a fitting method. The comparison of the transmittarateusp of PVA

treated sample 8 (PVVBCNP/PDMS2) before and after fitting is shownhigure las an exaple.

The affected region is removed, and the resultant interval is extrapolated by a linear fitting using

50 data from both ends (data within the greiedes).
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Figure 1 Fitting of the transmittance spectrum of sample 8 (BENP/PDMS2).
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