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ABSTRACT OF THE DISSERTATION

Solar Radiation Transfer Through Semitransparent Scattering

Media Across Length Scales
by

Abhinav Bhanawat
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2024

Professor Laurent G. Pilon, Chair

Depleting fossil fuels and climate change have necessitated development of novel energy
technologies for a sustainable future. Many of these technologies involve interaction of so-
lar radiation with scattering particles embedded in an absorbing medium, albeit at different
length scales. For example, photoelectrochemical water splitting involves direct conversion of
water into Hy and O, gases using semiconductor photoelectrodes exposed to sunlight. How-
ever, the gases are released in the form of bubbles of about 1 mm in diameter that scatter the
incident light. Moreover, some of the near-infrared radiation is absorbed in the aqueous elec-
trolyte, resulting in optical losses. Similarly, geoengineering entails large-scale modification
of Earth’s natural systems to reflect enough solar energy to counter the energy imbalance
(known as “radiative forcing”) caused by greenhouse gases. Notably, microbubbles entrained
in ship wakes scatter sunlight, and thus can be harnessed to reflect a significant amount of
solar radiation, thereby mitigating global warming. Likewise, radiative cooling is a passive
cooling technology that involves radiating heat to the outer space (at 3 K) via thermal emis-
sion primarily in the long-wavelength infrared (LWIR) atmospheric transparency window
between 8 to 13 pm. Mesoporous aerogels made up of silica nanoparticles around 4 nm in
diameter could be promising radiative cooling materials because of their high transmittance

(> 90%) in the visible and near-unity LWIR emittance.

This dissertation aims to (i) systematically quantify the optical losses caused by gas
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bubbles during photoelectrochemical water splitting, (ii) critically review and validate dif-
ferent radiative transfer models for semitransparent media containing scatterers and use
the most accurate model to predict albedo of ship wakes containing microbubbles, and (iii)
demonstrate the use of mesoporous silica aerogels as optically transparent radiative cooling

materials.

First, state-of-the-art Monte Carlo ray-tracing models were developed to simulate inter-
action of solar radiation with gas bubbles attached to a large horizontal Si photoelectrode
surface as well as with those dispersed in the semitransparent aqueous electrolyte. The
optical losses were quantified by comparing the photoelectrode absorptance with and with-
out the presence of bubbles for a wide range of bubble diameters, volume fractions, plume
thicknesses, and contact angles. Overall, the results suggested that in order to minimize the
optical losses, the bubble departure diameter D should be large, while the bubble volume
fraction f, and plume thickness H should be as small as possible. The effect of bubble
contact angle 6. on the optical losses was explained by identifying three different optical
regimes based on the interplay of total internal reflection at the electrolyte/bubble interface
and reflection at the bubble/photoelectrode interface. Accordingly, design guidelines were
provided, such as using hydrophilic photoelectrodes to minimize the bubble contact surface

area coverage and using convection to decrease bubble plume thickness.

Second, the relevant models predicting radiation transfer through semitransparent me-
dia containing scatterers were critically reviewed. A new hybrid model was proposed that
predicts the effective scattering coefficient and asymmetry factor using the Lorenz—Mie the-
ory and the effective absorption coefficient as the volume-weighted sum of the bubbles and
medium absorption coefficients and solves the radiative transfer equation using the Monte
Carlo method. Its predictions showed excellent agreement with those by the Monte Carlo
ray-tracing method based on geometric optics for a wide range of bubble volume fractions,
slab thicknesses, and medium absorption coefficients. For experimental validation, micro-
computed X-ray tomography scans were performed on a fused silica sample containing bub-
bles to retrieve the exact locations, diameters, and total volume fraction of bubbles. Here

also, predictions of the hybrid model using the retrieved data agreed well with experimen-
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tal measurements of the spectral normal-hemispherical reflectance and transmittance of the
sample for wavelengths between 0.4 and 3 pm when silica ranges from weakly absorbing
to absorbing. Finally, simulations were performed over solar spectrum throughout the day
using hybrid model to predict the albedo of ship wakes containing microbubbles for a wide
range of bubble diameters and seafoam thicknesses. The results indicated that albedo as
high as 0.9 could be achieved with bubble volume fraction f, = 74%, diameter D = 20 pm,

and seafoam thickness H = 20 mm.

Lastly, mesoporous aerogels composed of silica nanoparticles and having porosities ¢ =
72.5%, 80.9%, or 87.5% and thickness around 1 mm were prepared and characterized for
passive radiative cooling applications with or without aluminum substrates. The samples’
normal-hemispherical reflectance over the solar spectrum and normal emittance over mid-IR
wavelengths were measured experimentally using UV-Visible and FTIR spectrophotometers.
Their radiative cooling power was quantified across different aerogel thicknesses by per-
forming spectral simulations using the Transfer Matrix method. Overall, it was found that
increasing the porosity of silica aerogels eliminated the characteristic decrease in emittance

of silica around 9 pm, enabling significantly larger radiative cooling power.
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CHAPTER 1

Introduction

1.1 Motivations

1.1.1 Photoelectrochemical water splitting

Depleting fossil fuels necessitate immediate measures to switch to renewable energy sources to
sustain human activities [1]. In this context, solar energy has emerged as the most attractive
option to serve the human energy needs given its immense potential compared to other
renewable and non-renewable energy resources [2]. However, one of the biggest challenges
associated with solar energy is its inherent intermittency. Sunlight is only available during
the day, necessitating innovative solutions for energy storage to enable continuous power
generation at night. A viable approach to this challenge is to utilize solar energy to produce

chemicals fuels, referred to as “solar fuels” [3].

One of the most promising solar fuels is hydrogen gas (Hs) due to its high calorific value,
which is more than three times that of gasoline and diesel [4]. In addition, it is a clean fuel
as it releases water upon combustion or in catalytic reactions in polymer membrane fuel cells
without emitting any harmful greenhouse gases. These features make hydrogen an excellent

candidate to replace conventional fossil fuels.

Presently, hydrogen is primarily produced through steam methane reforming, which is
a significant source of COy emissions [5]. Photoelectrochemical water splitting represents a
cutting-edge technology that uses solar radiation to drive the direct conversion of water into
Hy and O4 gases. It involves the use of photoactive semiconductors, which upon absorbing

photons from sunlight, generate electron-hole pairs that can directly participate in redox



reactions. The hydrogen evolution reaction (HER) takes place at the cathode while the
oxygen evolution reaction (OER) takes place at the anode. These redox reactions at the
photoelectrode result in the release of gaseous products in the form of bubbles at nucleation

sites on the surface of the electrodes [6].

Hydrogen evolution reaction (HER): 4H' + 4e~ — 2H,
Oxygen evolution reaction (OER): 2HyO — Oq + 4HT + 4e™

Photoelectrochemical water splitting is usually achieved by three pathways: photocataly-
sis (PC), photoelectrochemical cell (PEC cell), and photovoltaic-driven electrocatalysis (PV-
EC) [7]. Among these three technologies, PEC cell technology has been identified as the most
scalable and economically viable for producing substantial amounts of Hy gas for commer-
cial applications [7-9]. In fact, the US Department of Energy has set the ultimate target of
achieving 25% solar-to-hydrogen (STH) efficiency using concentrated illumination to bring
down the cost of Hy gas generated using PEC cell technology [10]. Such high efficiency

requires generating a high photocurrent density in the PEC cell.

A typical PEC cell comprises of a semiconductor photoelectrode and a counter electrode
in a two-electrode configuration, separated by an ion-exchange membrane and immersed in
an aqueous electrolyte [7]. The photoelectrode is exposed to a flux of photons with energy
larger than the band gap of the semiconductor photoelectrode material. Absorption of these
photons results in redox reactions at the photoelectrode/electrolyte interface and in the
release of gaseous products. The photoelectrode is usually made of PV grade materials such
as Si and GaAs, or metal oxides including TiO, and BiVO,, and may be used as either anode
or cathode [7]. When used as a cathode, Hy gas is released at its surface, while O2 gas is
released at the anode unexposed to light. These gases are released in the form of bubbles
at nucleation sites on the surface of the electrodes [6]. The gas bubbles usually remain
attached to the electrode surface until they grow sufficiently large for buoyancy to overcome
surface tension forces. Then, bubbles detach, rise through the electrolyte, and burst at the
electrolyte free surface. However, the generated gas bubbles also scatter the incident light,

inevitably causing optical losses [11].



Figure 1.1 presents photographs of typical bubble-covered Si or Pt photocathodes in
(a) horizontal [12] or (b) vertical [13] orientations showing significant fraction of the pho-
toelectrode area covered with bubbles. Figure 1.1(a) also indicates that the bubbles are
approximately spherical cap-shaped for horizontal orientation. For all photoelectrode orien-
tations, the gas bubbles attached to the photoelectrode surface as well as those dispersed in

the electrolyte scatter the incident light, resulting in optical losses.

Photoelectrode

Figure 1.1: (a) Hydrogen gas bubbles obstructing the incident light on a horizontal Si pho-
toelectrode immersed in an aqueous electrolyte (reprinted with permission from Ref. [12].
Copyright (©) 2017 American Chemical Society). (b) Hydrogen gas bubbles generated on
a vertical Pt photoelectrode immersed in an aqueous electrolyte. (reprinted from Ref. [13],

Copyright (©) 2019 with permission from Elsevier).

The optics gets further complicated by light absorption by the aqueous electrolyte for
incident radiation of wavelength A > 900 nm. Déscher et al. [14] performed ”detailed-
balance” calculations based on Shockley-Queisser’s method [15, 16] to estimate that the
theoretical maximum solar-to-hydrogen (STH) conversion efficiency of a tandem PEC cell
decreased from 40% to 25% due to sunlight absorption by bubble-free electrolyte of thickness
20 mm. Notably, the absorption losses may further increase due to light scattering by gas

bubbles which increases the photon mean free path through the absorbing electrolyte.

Overall, optical losses reduce the photocurrent density generated in the photoelectrode.



Therefore, quantifying these optical losses and identifying key bubble parameters could en-
able the optimization of PEC cell designs to minimize optical losses and maximize energy
conversion efficiency. The latter is of utmost importance for the commercial viability and

large-scale deployment of this technology.

1.1.2 Geoengineering

Global warming and climate change demand urgent mitigation measures due to the sub-
stantial risk that Earth’s temperature will rise more than 1.5 °C above pre-industrial levels
by 2050, a critical threshold established by the Intergovernmental Panel on Climate Change
(IPCC) [17]. Anthropogenic activities have primarily driven this temperature rise, particu-
larly the emission of greenhouse gases (GHGs) that trap infrared radiation in the atmosphere,
preventing the Earth from cooling. Indeed, the amount of CO5 in the atmosphere has risen
from around 200 ppm in 1800s to about 422 ppm in 2024 [18]. In response, various sustainable
practices have been proposed and implemented, including the adoption of renewable energy
technologies and strategies such as carbon capture and CO, sequestration [19]. However,

these efforts have not yet yielded significant or immediate results.

In this context, it is crucial to explore alternative measures to address global warming
alongside reducing greenhouse gases (GHGs) emissions. Notably, Earth’s temperature can
also be regulated using solar radiation management via geoengineering techniques. The
latter involves large-scale modification of atmospheric phenomena for immediate impact on
climate. Several geoengineering approaches have been explored in the literature, including

stratospheric aerosol injection and marine cloud brightening [20].

A particularly promising idea is to increase ocean albedo via generating seafoams. Indeed,
Figure 1.2 shows that seafoams appear white because of their large reflectance and can
effectively reflect sunlight and reduce solar absorption in the ocean. This is particularly
significant because 71% of the Earth’s surface is covered with water that absorbs a substantial
portion of the solar spectrum. Therefore, enhancing the albedo of seafoam could have a

considerable impact on global climate. However, generating and sustaining seafoams on a



large scale is a challenge. Large bubbles of the order of 1 mm diameter typically have a
lifetime of only a few minutes since they easily rise to the free surface of the ocean and
burst [21]. Stabilizing these bubbles would require large amount of surfactants, which could

harm marine life. On the other hand, producing smaller bubbles is energetically demanding.

Figure 1.2: Wakes from cargo ships can extend for kilometers and have much higher albedo

than bare ocean surface due to light scattering by gas bubbles entrained in the wake (credit:

Ryan Hodnett [22]).

In light of these challenges, it is imperative to leverage the existing shipping channels
and infrastructure. Indeed, there were over 55000 cargo ships at sea every day in the global
shipping lanes, as of 2023 [23]. A typical cargo ship of width 25 to 50 m moving at a speed
of about 30 km/h leaves behind a wake that is 50 to 100 m wide and extends for about 10
kilometers [24]. The ship wake albedo is around 0.15, or about three times larger than that
of bare ocean surface, due to backscattering of solar radiation by gas bubbles of about 200
micron in diameter entrained in the wake [25]. However, the wakes usually have a very short

lifetime of about 15 minutes. Therefore, leveraging ship wakes for geoengineering would first



require accurate simulation of the interaction of solar radiation with seafoam throughout the
day to identify the optimal bubble diameter, seafoam thickness, and wake lifetime. Then,
the ship wake can be accordingly modified, e.g., by injecting microbubbles to increase wake

albedo and/or using natural surfactants to increase bubble lifetime [25].

1.1.3 Radiative cooling

Cooling applications currently account for 15% of the global electricity consumption [26].
This demand is expected to increase to nearly 25% by the end of 2050 due to extreme
temperatures resulting from climate change [26]. In this context, daytime radiative cooling
has emerged as particularly attractive for passively achieving subambient temperatures. It
involves (i) reflecting incident solar energy and (ii) radiating heat to the outer space (at
3 K) via thermal emission primarily in the long-wavelength infrared (LWIR) atmospheric

transparency window between 8 to 13 pm [see Figure 1.3].
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Figure 1.3: (a) The coldness of space can be harnessed for passively cooling objects on Earth
via radiative cooling (credit: Kevin M. Gill [22]). (b) The atmospheric transparency window
between 8 to 13 nm conicides with the spectral range for peak emissive power for blackbodies

around temperature 300 K (reprinted from Ref. [27], with the permission of AIP Publishing).

Raman et al. [28] first demonstrated passive daytime radiative cooling experimentally us-

ing a multilayer photonic structure made up of seven layers of HfO, and SiO, films deposited



on a Ag-coated Si wafer. Their radiative cooling surface achieved a surface temperature 10°C
below the ambient temperature under direct sunlight. Since then, many radiative cooling
materials have been developed for various applications such as cooling of buildings, water

harvesting, and electricity generation [29-31].

A simple daytime radiative cooling surface consists of a spectrally-selective infrared-
emitting coating deposited on top of metallic reflector to reflect solar radiation between
0.3 to 2.5 pm [28]. Ideally, the coating should not absorb any solar radiation and should
have very high emittance in the atmospheric transparency window. Many radiative cooling
surfaces have also been developed that eliminate the need for metallic reflectors by embedding

micron-sized scatterers inside high infrared emissivity coatings to reflect sunlight [32].

In addition, many applications such as photovoltaic cells and glazings in buildings utilize
solar energy in the visible but need to eliminate the undesirable solar heating [33]. Indeed, the
max efficiency of crystalline Si solar cells decreases by 0.45% for every 1 K rise in operating
temperature above the ambient [34]. As such, the aging rate of photovoltaic modules doubles
for every 10 K rise in their operating temperature [35]. For such applications, the radiative
cooling surfaces must be carefully designed to transmit visible solar radiation while selectively

emitting in the atmospheric transparent wavelength window of 8-13 pm.

Silica is a popular Earth-abundant coating material for such applications due to its high
transparency (> 95%) in the visible and large emittance € > 0.8 in the mid-infrared wave-
lengths. However, it also exhibits a significant decrease in emittance at wavelengths A around
9 - 9.5 pm due to a reflectance peak resulting from the Reststrahlen effect when light inter-
acts with the vibrational modes of the silica lattice [36]. This effect decreases substantially
the maximum achievable radiative cooling power for bodies around 300 K that have peak
blackbody spectral emissive power around the same wavelength. To address this decrease
in emissivity, this dissertation explores the use of mesoporous aerogels made up of silica
nanoparticles about 2 nm in diameter. These ambiently-dried aerogel monoliths can be used
on top of metallic surfaces for passive daytime radiative cooling applications. Additionally,
the aerogels could be used as covers for thermophotovoltaic (TPV) cells, glazings, as well as

windows of vehicles to achieve both radiative cooling and visible light transmission.



1.2 Radiation transfer through semitransparent scattering media

In all the aforementioned technologies, solar radiation transfer takes place through a semi-
transparent medium containing scatterers, albeit at different length scales. When solar
radiation is incident on such a medium, it undergoes several interactions before ultimately
getting either reflected back, absorbed, or transmitted. For instance, the radiation may get
back-scattered at the surroundings/medium interfaces or get attenuated and absorbed inside
the medium. Additionally, the particles embedded inside the medium may scatter the radi-
ation thereby affecting its reflectance, absorptance, and transmittance. In this dissertation,
only spherical particles were considered. Therefore, the intensity and angular distribution
of scattering depended on (i) the refractive index mismatch between the particles and the
surrounding medium and (ii) the particle size parameter x = 27r,/\ that compares the
radius 7, of the spherical scatterers with the wavelength A of the incident radiation. The
underlying scattering physics varies vastly depending on the size parameter y, as discussed

in the following subsections.

1.2.1 Size parameter y >>1 - Geometric scattering

Geometric scattering is governed by the laws of geometric optics and occurs when the size of
the scatterer is much larger than the wavelength of the incident radiation. The direction of

the refracted or reflected radiation at an interface is given by the Snell’s law, defined as [37]
n;sind; = nsinb,, (1.1)

where n; and n; are the refractive indices of the medium of incidence and transmittance,
while 6; and 6; are angles of the incident and transmitted radiation measured from the

normal.

For unpolarized light, the fraction of energy reflected from an interface, i.e., the reflec-

tivity p can be calculated using Fresnel’s equation given by [37]

1 n;cost, — n.cosd; 2 n n;cosl; — nycosly 2 (12)
P= 2 | \ n;jcosl; + n;cosb; n;cost; + nycost, '




Then, the transmissivity 7 of the interface can be calculated as [37]

T=1-p. (1.3)

1.2.2 Size parameter y ~ 1 - Mie scattering

Mie scattering occurs when the size of the scatterer is comparable to the wavelength of the
incident radiation, e.g., when sunlight interacts with scatterers such as dust, smoke, and
water droplets in clouds. It is described by the Lorenz-Mie theory, which is a full solution
of Maxwell’s equations for the interaction of a planar wave with a single spherical particle
embedded in a non-absorbing medium [37]. Here, the angular distribution of scattering

intensity varies strongly with the particle size parameter [37].

1.2.3 Size parameter y << 1 - Rayleigh scattering

Rayleigh scattering occurs when the scatterer is much smaller than the wavelength of the
incident radiation such that the radiation is scattered equally in all directions. Here, the
scattering intensity is inversely proportional to the fourth power of incident wavelength [37].
Therefore, shorter wavelengths are scattered much more strongly than longer wavelengths,
which is the reason behind many atmospheric phenomena such as the blue color of the

daytime sky as well as reddish sky appearance around sunrise and sunset [37].

The three scattering regimes discussed above pertain to the interaction of radiation with
a single particle. Typically, host media contain a large number of scatterers. Then, the
incident radiation also undergoes multiple scattering whereby the scattered radiation from
one particle interacts with other particles. The radiation may also get attenuated if the
scatterers and/or the host media are absorbing. All these scattering and/or absorption

events have a cumulative effect on radiation transfer.



1.3 Prediction of radiation transfer

Radiation transfer through a semitransparent scattering medium can be simulated accurately
by solving Maxwell’s equations. However, typical methods such as the superposition T-
matrix method [38], the finite difference time domain (FDTD) method [39], and the discrete
dipole approximation method [40] require large computational resources and are limited to
nanoparticles embedded in suspensions of thickness on the same order of magnitude as the

wavelength of interest [41].

Radiation transfer can also be simulated with high accuracy using the Monte Carlo ray-
tracing (MCRT) method when geometric optics is valid [37,42]. The MCRT is a stochastic
simulation method that traces millions of photon bundles or “rays” along their path in
the computational domain as they undergo specular reflection or refraction at the bub-
ble/medium or medium/surrounding interfaces according to Snell’s law and Fresnel’s equa-
tions [37]. The computational domain can be generated numerically by randomly distributing
polydisperse particles in a semitransparent medium following an arbitrary size distribution.
Alternatively, the location and size distribution of the bubbles can be experimentally de-
termined by performing a microcomputed X-ray tomography (microCT) scan of an actual
sample containing those particles. Finally, periodic boundary conditions (BCs) can be used
such that the rays reaching one edge of the computational domain re-enter the domain
from the opposite edge maintaining their original direction. When the periodic BCs are
eliminated, the rays reaching the edges of the medium undergo reflection/refraction at the
medium /surrounding interface. The reflected rays are then traced on their onward path,
while the refracted rays are considered as lost. Overall, each ray is traced until it is trans-
mitted or reflected from the domain or absorbed in the semitransparent medium or lost from
the edges. A sufficiently large number of rays (on the order of 10°) is necessary to obtain
numerically converged predictions of transmittance, reflectance, and absorptance [43,44].
However, the MCRT method is also computationally intensive and requires development of

customized models.

Conventionally, the 1D radiative transfer equation (RTE) is solved to predict the re-
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flectance and transmittance of an absorbing, scattering, and non-emitting medium [45-47].

The one-dimensional steady-state RTE is expressed as [37]

81}(2, (9)

1
B = —(/{)\—}—087}\)[)\(2,9)—%%/ ]A(Z’Q’)@A(Q”H)dl/’ (14)

-1

where I,(z,0) is the spectral radiation intensity at location z and in direction u = cos#,
and the effective spectral radiation characteristics of the heterogeneous medium treated as
homogeneous include the effective scattering coefficient o, the absorption coefficient &y,
and the effective scattering phase function @,(0’, ). The latter corresponds to the probability
of a photon incident from direction y' = cosf’ being scattered in the direction of interest
i = cosf. Usually, these radiation characteristics are determined using a combination of
Lorenz-Mie theory and superposition principle for an ensemble of particles, assuming the
bubbles scatter independently of each other [37]. This methodology can be used for a wide
range of particle size parameters. However, it cannot be used to determine the effective
radiation characteristics when the host medium containing scatterers is semitransparent
because the Lorenz-Mie theory is based on the assumption that the host medium is non-
absorbing. Additionally, assuming heterogeneous media as homogeneous limits the accuracy
of RTE when properties change abruptly, especially near the boundaries of the medium. As
such, the RTE cannot be used to predict radiation transfer through configurations such as
cap-shaped droplets on top of a windows [48] or bubbles nucleating from substrates subjected
to solar radiation [49]. Finally, the RTE cannot account for coherent backscattering at the
boundaries of a medium containing very small nanoparticles [41]. In that case, the medium
behaves as homogeneous, and its effective refractive and absorption indices are determined
using the Maxwell-Garnett effective medium theory [50]. Then, the radiation transfer can

be solved using other tools such as the Transfer Matrix method [51].

1.4 Objectives of the present study

This dissertation aims to study the interaction of solar radiation with scatterers of different
length scales embedded in semitransparent media for novel climate technology applications,

namely, photoelectrochemical water splitting, geoengineering, and radiative cooling.
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For large scatterers (y >> ), the interaction of light with large gas bubbles present on
the surface of the photoelectrode as well as in the volume of the semitransparent aqueous
electrolyte was studied in order to systematically quantify their effect on the performance
of the photoelectrode during photoelectrochemical water splitting. Monte Carlo ray-tracing
models were developed to simulate light transfer in the presence of bubbles in order to identify
the key parameters affecting optical losses and their relative importance. Accordingly, design

guidelines were provided to minimize the optical losses for enhanced system efficiency.

For scatterers of size comparable to the wavelength, i.e., x ~ A, first, the relevant models
predicting radiation transfer through semitransparent host medium containing scatterers
were critically reviewed, and their validity was assessed numerically and experimentally.
Then, the most accurate model was used to simulate radiation transfer through seafoams in
ship wakes containing microbubbles to predict their albedo for a wide range of bubble radii

and seafoam thickness.

For scatterers much smaller than the wavelength, i.e., y << A, mesoporous aerogels com-
posed of silica nanoparticles were studied for passive daytime radiative cooling applications.
First, simulations were performed using the Transfer Matrix method [51] for design optimiza-
tion. Then, the aerogels were prepared and characterized using UV-Visible and FTIR spec-
trophotometers. Finally, their radiative cooling power and long-wavelength infrared (LWIR)
emissivity were quantified and compared with other radiative cooling surfaces reported in

literature.

1.5 Organization of the document

Chapters 2 and 3 correspond to large gas bubbles exhibiting geometric scattering for appli-
cations in photoelectrochemistry. Chapter 2 quantifies the effect of bubbles attached to the
photoelectrode surface on the optical losses in photoelectrochemical water splitting. Chap-
ter 3 computes the optical losses due to the presence of bubbles randomly dispersed in the
electrolyte volume and assesses their impact on photoelectrode performance. Chapters 4

studies Mie scattering by gas bubbles embedded in a semitransparent medium. It critically
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reviews and assesses numerically and experimentally the validity of different numerical mod-
els predicting radiation transfer through semitransparent media containing scatterers. It also
quantifies the achievable albedo enhancement in ship wakes with the use of microbubbles
and identifies the required bubble size and foam thickness for the same. Chapter 5 studies
the efficacy of mesoporous aerogels composed of silica nanoparticles for daytime radiative
cooling applications. Chapter 6 presents conclusions of the dissertation and discusses poten-
tial future work. Figure 1.4 summarizes the organization of the dissertation in terms of the

different scattering regimes, their corresponding applications, and the methods of solution.
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Figure 1.4: Organization of this dissertation.
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CHAPTER 2

Effect of surface-attached bubbles on the performance

of photoelectrodes for solar water spliting

This chapter systematically investigates the effect of gas bubble formation on the perfor-
mance of a horizontal photoelectrode exposed to normally incident light during photoelectro-
chemical water splitting. The presence of hydrogen or oxygen gas bubbles on photoelectrode
surface increases the back-scattering losses from the photoelectrode, thereby decreasing the
photocurrent density generated. To quantify these optical losses, the normal-hemispherical
reflectance of a Si photoelectrode covered with non-absorbing cap-shaped gas bubbles was
predicted using the Monte Carlo ray-tracing method. The light absorption by a bare photo-
electrode without bubbles served as a reference. For the first time, results are reported for
both monodisperse and polydisperse bubbles with diameter ranging between 0.25 and 1.75
mm, projected surface area coverage varying between 0 and 78.5%, and contact angle ranging
between 0°and 180°. The normal-hemispherical reflectance of the photoelectrode was found
to be independent of the bubble diameter, and spatial and size distribution for any given pro-
jected surface area coverage. However, it varied significantly with the bubble contact angle
due to total internal reflection at the electrolyte/bubble interface. The normal-hemispherical
reflectance also increased with increasing projected surface area coverage thereby reducing
the photon flux absorbed in the photoelectrode. In fact, the photons were absorbed mostly
outside the bubble projection where they were preferentially scattered by the bubbles. The
area-averaged absorptance in a bubble-covered Si photoelectrode reduced by up to 18%
compared with a bare photoelectrode. The results presented in this study indicate that the
performance of large photoelectrodes can be improved by using hydrophilic photoelectrodes

or coatings.
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2.1 Background

Very few studies have analyzed the optical effects of bubbles on the performance of vertical or
horizontal photoelectrodes [1,12,13,52,53]. Holmes-Gentle et al. [52] conducted experiments
to study the optical losses due to a rising plume of O, gas bubbles evolving from a transparent
vertical electrode consisting of a glass slide of surface area 15 x 15 mm? coated with fluorine-
doped tin oxide (FTO) and immersed in an aqueous solution of 1 M NaOH. Collimated light
was incident normally onto the electrode surface and its normal-hemispherical transmittance
was recorded in the presence of bubbles using an integrating sphere. Then, the optical
losses due to back-scattering from the bubble-covered electrode were calculated using the
recorded transmittance since the electrode and electrolyte were non-absorbing. The average
diameter of bubbles in the plume was about 45 um. Optical losses up to 5% were reported
due to scattering by the bubbles. Some of the strategies proposed to mitigate scattering
losses included evolving fewer but larger bubbles and removing bubbles faster by flowing the

electrolyte.

Njoka et al. [13] characterized the behavior of O, and Hy gas bubbles on the surface of
vertically-oriented Pt photoelectrodes by capturing macroscopic images to understand their
effect on the performance of a tandem photoelectrochemical cell subject to normally incident
radiation. The authors observed that Hy bubbles tended to grow independently from one
another, remained attached to the photoelectrode, and accumulated at its surface for longer
periods of time compared to Oy bubbles which tended to coalesce and rise rapidly. They
reported that the size of bubbles on photoelectrodes was much larger than that on electrodes
because of lower photocurrent densities in the photoelectrodes, with average departure di-
ameter of Hy bubbles about 1.7 mm while that of O, bubbles about 1.4 mm at photocurrent
density of 9.6 mA/cm?. Unfortunately, the bubble contact angle and surface area coverage
were not reported. Overall, they estimated about 5% loss in the photocurrent density due

to the presence of bubbles in a tandem photoelectrochemical cell.

Dorfi et al. [12] studied experimentally the losses in photocurrent density and external

quantum efficiency (EQE) due to a single Hy bubble attached to the surface of an upward-
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facing horizontal Si photocathode immersed in 0.5 M HySO4 aqueous electrolyte. The bubble
diameter varied from 200 um to 2 mm while the contact angle of the bubble was either
20°or 50°. The authors used scanning photocurrent microscopy (SPCM) producing line
scans of a normally incident laser beam of wavelength 532 nm over the bubble to determine
experimentally the local variation of photocurrent density and EQE as compared to that of
a Si photoelectrode without bubbles. Then, the experimental results were explained using
predictions from a simple optical model based on Snell’s law and accounting for bubble
curvature but ignoring multiple reflections. The reduction in the photocurrent density caused

by the presence of a bubble of diameter D = 1 mm reached up to 23%.

More recently, Kempler et al. [53] presented experimental measurements and ray-tracing
simulations for the optical and electrochemical effects of Hy bubbles attached to the surface
of upward-facing horizontal 1 x 1 ecm? Si photoelectrodes exposed to unpolarized monochro-
matic light (A = 630 nm). They established experimentally that the photocurrent density
decreased by up to 10% compared to that in a bare Si photoelectrode when a large fraction
of the photoelectrode surface was covered with bubbles and not in direct contact with the
electrolyte. Ray-tracing simulations were performed, generating line-scans of photocurrent
density for a single bubble and a few equally-spaced monodisperse bubbles for a limited
number of bubble contact angles (6, = 20°, 60°, and 90°) and contact surface area coverages
(fs = 0to 60%). Smaller bubbles were reported to cause smaller losses in photocurrent den-
sity as compared to larger bubbles for the same contact surface area coverage fs. This was
attributed to totally internally reflected rays from larger bubbles being redirected away from
the photoelectrode surface. However, line-scan results do not fully capture the envisioned
outdoor operation of photoelectrochemical cells where the entire photoelectrode surface and

the numerous polydisperse bubbles are irradiated simultaneously.

Most previous studies investigated experimentally the effect of bubbles on the perfor-
mance of photoelectrodes. They supported their experimental observations with relatively
simple ray-tracing simulations considering a single bubble or a few monodisperse bubbles.
However, 2.1 shows that in reality, numerous polydisperse bubbles are present on the pho-

toelectrode surface. In addition, discussion of the effect of bubble contact angle on the
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optical losses was limited to a small range of contact angles. Indeed, the presence of micro-
and nano-structures on the photoelectrode surface can change its wettability and thus the
bubble contact angle [54]. In addition, the bubble contact angle may change due to pho-
toinduced hydrophilicity [55] and Marangoni effects due to concentration gradients at the
electrolyte/bubble interface [56]. Moreover, for generating sufficient Hy gas to make the tech-
nology commercially viable, the photoelectrode should ideally be of a very large area [53],
whereas the photoelectrode areas simulated in most previous studies were at most cm-scale

to match the electrode size used in their experiments.

This study aims to comprehensively investigate the optical losses caused by the presence
of bubbles on horizontal photoelectrodes immersed in an aqueous electrolyte and exposed to
normally incident monochromatic radiation. Monte Carlo ray-tracing method was utilized
to predict the local and area-averaged absorptance in the photoelectrode. The simulations
faithfully accounted for the interaction of the incident light on an infinitely large photoelec-
trode surface covered with either ordered or randomly distributed, monodisperse or poly-
disperse non-absorbing cap-shaped bubbles with a wide range of bubble diameters, contact
angles, and projected surface area coverages. The spatial variations of the absorptance and
its area-averaged value were systematically compared with those for the reference case of a

bare photoelectrode immersed in electrolyte but without bubbles.

2.2 Analysis

2.2.1 Problem Statement

Let us consider a square upward-facing horizontal Si photoelectrode of length L and thick-
ness H immersed in an electrolyte and partially covered with a gas bubble of diameter D,
contact angle 6., and projected diameter d, such that d, = D for 0°< 6. < 90°and d, =
D sin(180°- 6..) for 90°< . < 180°. The bubble/photoelectrode contact circle has a diameter
d. such that d. = d,sinf,. for 6, < 90°, and d. = d, for 6. > 90°. The bubble projected

surface area coverage fa represents the fraction of the photoelectrode surface area covered
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with bubbles, as encountered by the normally incident photons. We also define the con-
tact surface area coverage fs as the fraction of the photoelectrode surface area covered
by the bubble/photoelectrode interface. For a single bubble of contact angle 6. and pro-
jected diameter d,, covering the photoelectrode surface area L X L, fa4 = 7rd12, JAL? and fg
= md?/4L?. The opaque photoelectrode, of refractive and absorption indices n, and k, re-
spectively, is immersed in a non-absorbing aqueous electrolyte and is subjected to collimated
and normally incident radiation of wavelength \. Figure 2.1(a) shows the side view of the
three-dimensional (3D) computational domain considered in the Monte Carlo ray-tracing
simulations. It also shows the diameter d; of the circle outside which total internal reflection

occurs at the electrolyte/bubble interface.
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Figure 2.1: (a) 2D cross-section of the 3D computational domain considered in Monte Carlo
ray-tracing simulations for an infinite photoelectrode covered with monodisperse bubbles.
Scattered photons reaching the sides of the system re-enter from the other side at the same
height and travel in the same direction. (b) Photoelectrode surface discretized into M x M

bins for computing the spatial variation of the local absorptance.
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2.2.2 Assumptions

To make the problem mathematically trackable, the following assumptions were made :
(1) gas bubbles were cap-shaped. (2) Gas bubbles had a constant volume, constant contact
angle, and were pinned (no sliding) to the surface of the photoelectrode. (3) Bubbles and
electrolyte were non-absorbing with constant refractive indices denoted by n, and n., re-
spectively. (4) All surfaces were optically smooth so that specular reflection and refraction
occurred at all interfaces according to Snell’s law and Fresnel’s equations. (5) Dimensions
of the photoelectrode and of the bubbles were much larger than the wavelength A of the
incident radiation so that geometric optics was valid and wave effects could be neglected.
(6) The photoelectrode was opaque so that all the photons entering it were absorbed. (7)

Photoinduced hydrophilicity effects were neglected.

2.2.3 Modeling

Dorfi et al. [12] presented the following expression for the area-averaged photocurrent density

Jon (in A/m?) generated in the photoelectrode immersed in an absorbing electrolyte

A

Here, ¢ is the charge of an electron (¢ = 1.60 x 10719 C), IQF is the internal quantum
efficiency of the photoelectrode, I is the intensity of the incident radiation (in W/m?), h is
the Planck’s constant (m? kg/s), ¢ is the speed of light in vacuum (in m/s), A is the wave-
length of the incident radiation (in m), A is the fraction of the incident radiation lost due
to absorption in the electrolyte before reaching the photoelectrode, and R, and T, are the
normal-hemispherical reflectance and transmittance of the photoelectrode immersed in the
electrolyte with or without bubbles. However, Equation (2.1) seems erroneous. Indeed, for
an absorbing electrolyte, the intensity of the radiation reaching the photoelectrode surface
is I(1 — A), a fraction of which is reflected or transmitted by the photoelectrode and is not
converted into charge carriers in the photoelectrode. Therefore, the area-averaged photocur-

rent density J,;, when the electrolyte is partially absorbing the incident radiation should be
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expressed as

T = q[QE(h—i)(l ~ A1 = Ry — Top). (2.2)
In addition, this expression assumes tha/; the internal quantum efficiency IQF is the same at
the bubble/photoelectrode interface and at the electrolyte/photoelectrode interface. How-
ever, among all the photons absorbed by the photoelectrode, those absorbed inside the
bubble contact surface area may not all contribute to the photocurrent due to the absence

of semiconductor-liquid junction where band-bending helps separate the generated charge

carriers.

In the present study, the electrolyte is non-absorbing and the photoelectrode is opaque
so that A = 0 and T,,;, = 0. Therefore, optical losses were only caused by back-scattering at
various interfaces and quantified by the normal-hemispherical reflectance R,,;, of the bubble-
covered photoelectrode. An area-averaged absorptance A of the photoelectrode can be de-
fined as

A=1-R,, = N,/N;, (2.3)

where N; is the number of incident photons at wavelength A and N, is the number of photons
absorbed in the photoelectrode. The absorptance for a photoelectrode without bubbles, with
all other conditions remaining the same, is uniform over the photoelectrode surface, i.e.,

A = A, which can be written as
AO — 1 - Rnh,O — Na,O/Ni7 (24)

where N, is the number of photons absorbed and R, is the normal-hemispherical re-
flectance of the photoelectrode immersed in the electrolyte given by [37,42]

B (np—ne)z—i-k‘g
Pij = (np +1ne)? + k2

(2.5)

Here n, and n. are, respectively, the refractive indices of the photoelectrode and the trans-
parent electrolyte while k, is the absorption index of the photoelectrode. The area-averaged
absorptance normalized by the absorptance of the bare photoelectrode Ag can be used to

assess the optical losses caused by the presence of bubbles and defined as

A 1— R,

—_— = — 2.6
Ay 1 —=Runpo (2:6)
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Equation (2.6) indicates that the normalized area-averaged absorptance depends only on the

normal-hemispherical reflectance R,,;, of the photoelectrode.

Moreover, the presence of bubbles causes spatial variations in the photon flux absorbed
in the photoelectrode. To determine the local absorptance, the photoelectrode surface was
discretized into M x M square bins, as illustrated in Figure 2.1(b). The location of each bin
was identified by the (x,y) coordinates of its center, with the center of the photoelectrode
surface serving as the origin (0,0). By analogy with Equation (?7?), the local absorptance

A(z,y) generated in the bin at location (z,y) can be expressed as
A(I,y) :Na(‘xay)/va (27>

where N, (z,y) is the number of photons locally absorbed in the bin located at (z,y). The
number N,(x,y) varied spatially from one bin to another due to redistribution of the incident
radiation on the photoelectrode surface owing to scattering by the bubbles, and because of
difference in the reflectances of the electrolyte/photoelectrode and bubble/photoelectrode
interfaces. In the absence of bubbles, the number of photons absorbed is the same in all bins
and equal to N,o = N;(1 — Ryp0). Then, the normalized local absorptance A(z,y)/Ay =
No(z,y)/Nyp represents the factor by which the local photon absorption is affected by the

presence of bubbles.

2.2.4 Method of solution: Monte Carlo Ray-Tracing Method

The Monte Carlo ray-tracing method [37,42] was utilized to predict the normal-hemispherical
reflectance R,,;, and the local absorptance in an opaque photoelectrode immersed in a non-
absorbing electrolyte and supporting gas bubbles on its top and subjected to normally in-
cident monochromatic radiation. A step-by-step explanation of the computational proce-
dure was given in our previous studies involving light transfer through a window support-
ing droplets on its front or back side [43,44]. Monodisperse or polydisperse cap-shaped
bubbles were generated and Snell’s law and Fresnel coefficients were calculated at the elec-
trolyte/bubble, bubble/photoelectrode, and electrolyte/photoelectrode interfaces by using

a similar methodology as that used in our previous studies [43,44]. Figure 2(a) illustrates
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the working of periodic boundary conditions such that photons reaching the sides of the
computational domain re-enter from the opposite side at the same height and in the same
direction. Such boundary conditions enable us to quantify the optical losses due to back-
scattering of the incident photons by an infinitely large photoelectrode surface covered with
bubbles. These losses can be characterized by the normal-hemispherical reflectance R,h of
the bubble-covered photoelectrode, as discussed in the next section. In addition, the perfor-
mance of the photoelectrode can be compared with and without bubbles based on the local

and area-averaged absorptance.

2.2.5 Closure Laws

All simulations were performed using normally incident monochromatic radiation at wave-
length A = 630 nm. This wavelength was chosen because scaled-up photoelectrochemical
water splitting systems are envisioned to be driven by visible light [7]. The refractive index
of the aqueous electrolyte solution was assumed to be that of water in the visible, i.e., n,
= 1.33 [53]. Similarly, the refractive index of non-absorbing gas bubbles (Hy or Oy) was
assumed to be the same as that of vacuum, i.e., n, = 1.0 [53]. In this study, crystalline Si
was considered as the photoelectrode because of its relatively low bandgap, low cost, and
abundance [7]. Its refractive and absorption indices at A = 630 nm were taken as n, = 3.88

and k, = 0.016 [53].

The bubble diameter D was varied between 0.25 and 1.75 mm based on experimental
results reported in Ref. [12]. The projected surface area coverage f4 was varied between 0
and 78.5% (i.e.,m/4) corresponding to the maximum possible value for monodisperse bub-
bles attached to the surface of a square photoelectrode. The contact angle 6. was varied
between 0°and 180°in increments of 15°to gain insights into the effects of surface wettability.
For polydisperse bubbles, a normal distribution f(D) of bubble diameter was assumed with
a mean value of D = 1 mm and standard deviation ¢ = 0.25 mm, and the length of the
square photoelectrode was L = 10 mm with periodic boundary conditions. For monodis-

perse bubbles, different bubble diameters D = 0.5, 1, or 1.5 mm were considered and the
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photoelectrode length L was adjusted to achieve the desired value of projected surface area
coverage fa. In order to predict the normalized local absorptance A(x,y)/Ay with a good
spatial resolution at reasonable computational time, the length of the square photoelectrode
was taken as L = 1 mm, and the photoelectrode surface was divided into M x M bins, with
M = 101. Thus, all the bins were square and approximately 10 um in length. Normalized
local absorptance maps were generated for a single bubble with periodic boundary conditions
to simulate monodisperse bubbles. Here, the diameter of the bubble was varied to achieve
the desired projected surface area coverage. Finally, all the results reported correspond to a

total number of incident photons N; = 107 necessary to achieve numerical convergence.

2.3 Results and Discussion

This section presents the effects of (1) bubble diameter D, (2) bubble size distribution f(D),
(3) contact angle ., and (4) projected surface area coverage f4 on the normal-hemispherical
reflectance R,;, and on the local A(x,y) and area-averaged A absorptance of a horizontal Si

photoelectrode covered with Hy or O5 bubbles.

2.3.1 Normal hemispherical reflectance
2.3.1.1 Effect of bubble size, polydispersity and spatial distribution

Figure 2.2(a) plots the normal-hemispherical reflectance R, as a function of contact angle
6. for monodisperse bubbles with projected surface area coverage f4 equal to 40% or 78.5%
and diameter D equal to 0.5, 1.0, or 1.5 mm. Here, the length of the photoelectrode L was
adjusted to achieve the desired projected surface area coverage fs. It is evident that the
bubble diameter D had no effect on the normal-hemispherical reflectance R, for any given
projected surface area coverage f4 and bubble contact angle .. In fact, the reflectance R,
increased systematically with increasing projected surface area coverage f4 for any given
contact angle 6.. However, the bubble contact angle 6. had a more complex effect on R,

as discussed later in this study.
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Figure 2.2(b) compares the normal-hemispherical reflectance R, of a photoelectrode
surface covered with either ordered monodisperse bubbles (diameter D = 1 mm) or randomly
distributed polydisperse bubbles (normal size distribution with D =1 mm and ¢ = 0.25 mm)
as a function of bubble contact angle 6. for projected surface area coverage f4 equals to 20%,
40%, and 60%. The photoelectrode length L was equal to 10 mm. Figure 2.2(b) establishes
that the bubble size distribution and their spatial distribution did not have any significant
effect on R,,;, for given values of projected surface area coverage f, and contact angle 6.

Similar trends were obtained for non-absorbing droplets on a transparent window [43,44].

Overall, Figure 2.2 establishes that for a non-absorbing electrolyte, the bubble diameter
D and size distribution f(D) had no effect on the normal-hemispherical reflectance R, of
the photoelectrode. Instead, R,; was only dependent on the bubble contact angle 6. and

projected surface area coverage fa, i.e., Ry = Run(fa, 0c).

2.3.1.2 Effect of bubble contact angle 6.

Figure 2.3 presents the normal-hemispherical reflectance R,,;, as a function of bubble contact
angle 6, for projected surface area coverage f4 ranging from 0% to 78.5%. The reflectance
R, of a bare Si photoelectrode (i.e., fa= 0 %) immersed in electrolyte and that of a Si
photoelectrode covered with a 1 mm thick gas film (i.e., fa= 100 %) sandwiched between
the photoelectrode and the electrolyte are also shown as references. Here again, it is evident
that the reflectance R,; increased with increasing projected surface coverage f4 for any
given contact angle 6. due to back-scattering caused by various interfaces. Even though the
incident radiation was normal to the photoelectrode surface, the angle of incidence 6; at the
electrolyte/bubble interface - defined from the outward normal to the bubble surface [see
Figure 2.1(a)] = varied due to the bubble curvature. In fact, it varied between 0°and 90°for
0. < 90°and between 0°and 180°- 6., for 6. > 90°. According to Snell’s law, total internal
reflection occurs when the angle of incidence 6; is such that 6; > sin™!(n,/n.) where n, and
ne are the refractive indices of the gas and the electrolyte, respectively. Since the range of

0; depends on the bubble contact angle 6., total internal reflection occurred when 6. was
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Figure 2.2: (a) Normal-hemispherical reflectance R, of a photoelectrode covered with bub-
bles as a function of contact angle 6. for (a) ordered monodisperse bubbles with different
diameter D and projected surface area coverage f4 = 40% or 78.5%; (b) ordered monodis-
perse bubbles and randomly distributed polydisperse bubbles with normal distribution with

D =1 mm and o = 0.25 mm for projected surface area coverage f4 = 20%, 40%, or 60%.
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Figure 2.3: Normal-hemispherical reflectance R, as a function of contact angle 6. for dif-
ferent projected surface area coverage f4. The reflectance R,,;, of a bare Si photoelectrode
(i.e., fa = 0%) immersed in electrolyte, and that of an Si photoelectrode covered with a 1

mm thick gas film (i.e., f4 = 100%) immersed in electrolyte are also shown as references.

In particular, for 6. > 6.., no incident photon was internally reflected at the elec-
trolyte/bubble interface. Thus, for a given projected surface area coverage fa, three distinct
optical regimes can be identified, namely (a) Regime 1 corresponding to contact angles 0°<
0. <90°, (b) Regime 2 with 90°< 6. < 0.,, and (c) Regime 3 such that 6, > 0.,., as illustrated

by the ray-tracing diagrams of Figure 2.4.
Regime 1, 0°< 6. < 90°

As 6, increased from 0°to 90°for a given projected surface area coverage, the contact

d2y - .
surface area coverage fs (= j75) increased. Therefore, more incident rays reached the bub-
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(@) Regime 1: 0°< 6 <90° (b)Regime2:90°'<0 <0 (c)Regime3:0 <0 <180’

Figure 2.4: Schematic illustrating the change in the contributions from surface area coverage

(_ Trdg

= 4L2) and total internal reflection to the normal hemispherical reflectance R,;, based on

the contact angle 6. in (a) Regime 1, (b) Regime 2, and (c) Regime 3.

ble/photoelectrode interface rather than the electrolyte/photoelectrode interface and were
more likely to get reflected back due to the large refractive index mismatch. Therefore, in
Regime 1, the normal-hemispherical reflectance R, increased with increasing contact angle
0.. Also, since 0, < 0., some of the photons were totally internally reflected at the elec-
trolyte/bubble interface and contributed to the reflectance R,,,. However, their contribution
did not change significantly with 6. since the annular region between diameters d; and d,
inside which total internal reflection occurred remained unchanged in this regime and most
of the internally reflected photons were scattered forward [see Figure 2.4(a)] and eventually

reached the surface of the photoelectrode regardless of the contact angle.

Regime 2, 90°< 0, < 6.,

In Regime 2, the contact surface area coverage fg was equal to the projected surface area
coverage f4 since d. = d,. However, for a given value of f4, the annular region between
diameters d; and d,, in which total internal reflection occurred, decreased as the contact

angle 0, increased due to increase in d; up to d; = d, at contact angle 0, = 6.,. Then, fewer

photons were totally internally reflected as compared to Regime 1 and more of them were re-
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fracted across the bubble/electrolyte interface towards the bubble/photoelectrode interface.
Therefore, the contribution of total internal reflection to the reflectance R,,;, decreased while
that of reflection at the bubble/photoelectrode interface increased with increasing contact
angle. Thus, the reflectance R, increased slightly with increasing contact angle up to 6, =

120°and then decreased beyond due to negligible contribution from total internal reflection.
Regime 3, 6. > 0.,

In Regime 3 also, d. = d, and fg = f4 but total internal reflection did not occur at the elec-
trolyte/bubble interface since 6. > 0., [see Figure 2.4]. Therefore, the normal-hemispherical
reflectance R,;, was only due to contribution from reflection at the bubble/photoelectrode
or electrolyte/photoelectrode interfaces. Thus, R, dropped off at 0. = 6., and remained
nearly constant beyond, since the contact surface area coverage fs was constant for a given
fa and the number of photons encountering the bubble/photoelectrode interface remained

unchanged with increasing contact angle.

Finally, it is interesting to note that for all projected surface area coverages f4 considered,
the magnitude of the normal-hemispherical reflectance R, at contact angle 6. = 0°(Regime
1) - when total internal reflection dominated - was smaller than that at 6. = 165°(Regime
3) when reflection at the bubble/photoelectrode interface dominated. These limiting cases
illustrate the interplay between total internal reflection at the electrolyte/bubble interface
and reflection at the bubble/photoelectrode interface for a horizontal photoelectrode under

normal incidence.

2.3.1.3 Effect of bubble projected area coverage f4

Figure 2.5 plots the normal-hemispherical reflectance R,,;, as a function of projected surface
area coverage f4 for three different contact angles 6. equal to 60°, 90°, and 150°corresponding,
respectively, to the optical Regimes 1, 2, and 3 described previously. The figure also shows
the reflectance R, o of a bare photoelectrode immersed in the electrolyte and the reflectance

Ryh.q¢ of the photoelectrode in contact with a non-absorbing gas film with the same thickness
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as the bubble diameter and given by [37,42]

pbp(l - peb)2

2.9
L= pebpup ( )

Rnh,gf = Peb +

where p;; is the reflectance at the optically smooth interface between media i and j under

normal incidence, given by [37,42]

(ni —ny)* + (ki — k;)?
(77,@' + le)2 + (k’l -+ /{Zj)2’

pij = (2.10)

where n; and n; are respectively the refractive indices of media i and j, while k; and k; are

their absorption indices, respectively. The subscripts e, b and p refer to the electrolyte, the

bubble, and the photoelectrode, respectively.

In Regimes 1 and 2, R, increased non-linearly with f4 while in Regime 3, it increased
linearly. This can be explained by analyzing the respective contributions of total internal
reflection at the electrolyte/bubble interface and reflection at the bubble/photoelectrode
interface to the total optical losses. Figure 2.5(b) schematically compares the illumination
over a photoelectrode covered with bubble having small or large projected surface area
coverage f4 for the same bubble contact angle 6. in Regime 1 or 2. It illustrates that the
losses due to total internal reflection increased with increasing projected surface area coverage
fa. In fact, at low projected surface area coverage f4, many photons eventually reached the
photoelectrode surface after total internal reflection. By contrast, for large projected surface
area coverage f4, many photons were back-scattered upon total internal reflection at the
electrolyte/bubble interface. The losses further increased with increasing f4 since the contact
surface area coverage fg increased and more rays encountered the bubble/photoelectrode
interface rather than the electrolyte/photoelectrode interface. Therefore, in Regimes 1 and
2, the normal-hemispherical reflectance R,; increased non-linearly with projected surface
area coverage f4. Note that for a projected surface area coverage fs= 78.5%, the normal-
hemispherical reflectance R, in Regime 2 even surpassed that of a gas film corresponding
to fa= 100%. This can be attributed to the additional back-scattering losses from total

internal reflection arising from the bubbles’ curvatures.

On the other hand, in Regime 3 for contact angles 6. > 6., total internal reflection was

absent and R, could be approximated as the weighted sum of the reflectances (i) Ry of
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Figure 2.5: (a) Normal-hemispherical reflectance R, as a function of projected surface
area coverage f4 for different contact angles 6. in Regimes 1, 2, and 3. The reflectance
R,;, of a bare Si photoelectrode (i.e., f4 = 0%) immersed in electrolyte and that for an
Si photoelectrode completely covered with a gas film (i.e., f4 = 100%) and immersed in
electrolyte are also shown. (b) Ray-tracing diagrams showing an increase in the total internal

reflection losses as f4 increased.
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the photoelectrode in contact with the electrolyte [Equation (A.2)] and (ii) Rnpgs of the

electrode covered with a gas film [Equation (2.9)], i.e.,

Ron = Runo(1 — fa) + Rungrfa (2.11)

Figure 2.5(a) establishes that in Regime 3, predictions of the reflectance R, by Equation

(2.11) were in excellent agreement with results from Monte Carlo Ray Tracing simulations.

All the results correspond to situations when bubbles were attached to the surface of
the photoelectrode and no bubbles were present in the volume of the electrolyte above the
photoelectrode surface. In practice, this situation corresponds to the onset of the photo-
electrochemistry and bubble nucleation. At later times, bubbles may be present in the
electrolyte volume and may increase the back-scattering losses and affect the direction of
rays incident on the photoelectrode surface covered with bubbles. On the other hand, some
of the reflected radiation from the bubble-covered photoelectrode surface may also be back-
scattered towards the photoelectrode after interaction with the bubbles in the volume. Note,
however, that large bubbles in the non-absorbing electrolyte scatter visible light mostly in
the forward direction [37,57]. The overall effect of bubbles in the electrolyte is complicated

and its investigation falls beyond the scope of this study.

The results for the normal-hemispherical reflectance R, can be used to compare the
optical losses in a photoelectrode with and without bubbles quantified by the normalized
area-averaged absorptance. On the other hand, more detailed simulations are necessary for

predicting the normalized local absorptance as discussed in the following sections.

2.3.2 Normalized area-averaged absorptance A/A,

Figure 2.6(a) presents the normalized area-averaged absorptance A/A, (Equation 2.6) as
a function of bubble contact angle 6. for different projected surface area coverage fa. It
indicates that the optical losses caused by the presence of bubbles can be as high as 18% for
fa= 78.5% and 0. = 120°. Figure 2.6(a) also establishes that the losses were the smallest
for . = 0°for any given surface area coverage f4. In fact, for contact angle 6. up to 30°,

the optical losses were less than 10% for any considered value of f4. Therefore, hydrophilic
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surfaces should be used to minimize the photocurrent density losses due to back-scattering
by the bubbles. For silicon, hydroxyl-terminated Si surfaces have a high wettability, which
increase the bubble contact angle 6, and decrease the contact surface area coverage fg [53].
The wettability of photoelectrodes can also be controlled by micro/nanostructuring their

surfaces [53].

Figure 2.6(b) plots the normalized area-averaged absorptance A/Ag as a function of
the projected surface area coverage f4 for different contact angles 6. corresponding to the
three different optical Regimes 1 to 3 previously identified. It indicates that optical losses
increased with increasing f for all values of 6. considered. In addition, the kinetic and
ohmic losses also increase with increasing projected area coverage since the bubble contact
surface area coverage increases [6]. The kinetic and ohmic losses are usually estimated in
terms of their respective activation and ohmic overpotentials [6]. Typically, the kinetic
losses dominate over the ohmic losses at low current densities while the opposite prevails for
high current densities [6]. For photoelectrochemical applications, the current densities are
usually relatively small and therefore, the ohmic losses are negligible compared with kinetic
losses [12]. The kinetic losses are estimated to be between 0 and 2% for bubble contact
surface area coverages fs up to 40% [58]. Increasing the contact surface area coverage
also decreases the photoelectrode surface exposed to the electrolyte and available for the
redox reactions. Due to this loss of semiconductor-liquid junction, some of the generated
charge carriers directly below the bubble contact surface area may not contribute to the
photocurrent. Overall, the photoelectrode performance can be improved by reducing the
bubble coverage by facilitating the early departure of bubbles from the surface with the help

of convection in the electrolyte or the use of surfactants [6,52,59,60].

The results presented in this study show good qualitative agreement with experiments
reported in the literature [12,53]. First, Kempler et al. [53] estimated around 10% loss
in the photocurrent density due to substantial gas coverage on the photoelectrode surface
with bubble advancing contact angle > 70°. These results agree well with the optical loss
predictions from our simulations for bubbles with projected surface area coverage fu = 60%

and the contact angle . = 75° at the same wavelength of incident radiation. Second, the
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fa for different bubble contact angles corresponding to Regimes 1 to 3.
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benefits of using hydrophilic coatings on the surface of the photoelectrode as previously
discussed are substantiated by the experimental results from Kempler et al. [53]. On the
other hand, our predictions differ from the experimental results by Dorfi et al. [12], who
concluded that smaller bubbles were preferable over larger bubbles to minimize optical losses.
By contrast, our study demonstrated that the bubble size had no effect on the photoelectrode
absorptance for a given projected surface area coverage f,. However, the bubble projected
surface area coverage in the study by Dorfi et al. [12] increased with increasing bubble
size. Also, the authors used a small photoelectrode (area = 0.25 cm?) resulting in optical
losses from the edges of the photoelectrode. By contrast, edge effects were negligible for the
large photoelectrodes simulated in our study and light scattered by one bubble interacted
with neighboring bubbles while keeping the projected area coverage constant; hence the

discrepancies.

2.3.3 Normalized local absorptance A(z,y)/Ao

Spatial variations in the local absorbed photon flux due to the presence of bubbles can be

visualized using the normalized local absorptance map of A(x,y)/Ap.

2.3.3.1 Effect of bubble contact angle 6.

Figure 2.7(a) and 2.7(b) show respectively the side and top views of an upward-facing pho-
toelectrode exposed to normally incident collimated radiation and featuring a gas bubble
attached to its surface with a contact angle 6.. Figure 2.7(b) also shows the x-axis, a cen-
terline CL, and three rings corresponding to (i) the bubble’s projected radius r, = d,/2, (ii)
the contact radius 7. of the bubble covering the photoelectrode such that r. = d./2, and (iii)
the radius r; of the circle outside which total internal reflection occurs on the bubble, given
by ry = r,sin(180°- 6.r) where 6., is given by Equation (2.8). The interaction of the incident
photons with interfaces identified by these three rings influenced the spatial distribution of

absorbed light intensity in the photoelectrode.

Figure 2.7 shows the normalized local absorptance maps for bubble contact angle (c) 6, =
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Figure 2.7: (a) Side view of a photoelectrode covered with a bubble. (b) Top view of the
photoelectrode surface, showing the x-axis, the centerline CL, and the three rings of radii
T4, Te, and 7,. Spatial variation of the normalized local absorptance A(z,y)/Ao for contact
angle (c) 0. = 30°, (d) 6. = 60°, (e) §. = 90°, and (f) 6. = 150°at projected surface area
coverage fa= 40% and for projected surface area coverages (g) fa= 20%, (h) fa= 40%, (i)
fa= 60%, and (j) fa= 78.5% at contact angle 6. = 60°.
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30°, (d) 6. = 60°, (e) 6. = 90°, and (f) 6. = 150°and projected surface area coverage fa= 40%.
As a reference, the normalized local absorptance for a bare photoelectrode submerged in the
electrolyte was A(z,y)/Ao = 1. Outside the projected bubble radius r,, A(x,y)/Ay was larger
than 1.0 for bubbles with 6. < 0., (optical Regimes 1 and 2) due to light concentration after
scattering by the bubbles. The thickness of this concentration region shrank as . increased
since the photons traveled relatively shorter distance to reach the photoelectrode surface
after total internal reflection at the surface of one or more bubbles. The concentration
region eventually disappeared for 6. > 6.. when total internal reflection was absent. Inside
the disk such that r < r,, the ratio A(x, y)/A, was less than unity and its spatial variation for
different contact angles 6. can be explained by considering the differences in optics brought
about by the change in the relative positions of the rings of radii 4, r., and r,, as well as by the
changing bubble contact angle. Figure 2.7(c) shows the results for bubble contact angle 6. =
30°, where the contact radius r. was smaller than the radius r; of the circle outside which total
internal reflection prevailed since 6, < 180°- 0.,.. Most of the incident photons in the annular
region r, < r < r, were totally internally reflected at the electrolyte/bubble interface while
those inside the disk of radius r; were mostly refracted towards the photoelectrode surface.
The photons reaching the photoelectrode surface encountered the bubble/photoelectrode
interface inside the disk of radius r., leading to A(z,y)/Ag < 1 due to reflection caused by
the large refractive index mismatch between the bubble(s) and the photoelectrode. Outside
T, the photons encountered the electrolyte/photoelectrode interface, where A(x,y)/Ay < 1
in the annular region r. <1 < r, due to reduced local photon flux as compared to a bare
photoelectrode owing to scattering by the bubbles. Finally, as previously discussed, light
concentrated outside the projected bubble radius such that A(z,y)/Ay > 1 for r > r,. These
results were typical for contact angles in the range 0 < 6, < 180°- 0., since the relative
positions of the three rings remained the same i.e., r. < r; < r,. Figure 2.7(d) corresponds
to 0. = 60°, where the radius of the contact circle r. was greater than the radius r; since 6, >
180°- @.,.. Most of the photons incident in the region r < r; were refracted and got reflected
at the bubble/photoelectrode interface resulting in normalized local absorptance A(z,y)/Ag

< 1. In the annular region r, <r < r,, A(x,y)/As remained less than unity due to reduced
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local photon flux owing to total internal reflection. These results were representative of
contact angles in the range 180°- 0., < 6. < 90°. Figure 2.7(e) shows the results for contact
angle 0, = 90°. Here, the contact and projected bubble radii were equal, i.e., 7. = r, but
r. was larger than r;, the radius for total internal reflection at the bubble surface. Thus, in
the region r < r,, all refracted photons reached the bubble/photoelectrode interface where
reflection due to high refractive index mismatch led to A(z,y)/Ay < 1. In the annular
region r, < r < r,, A(z,y)/As decreased further due to the reduction in the local photon
flux owing to total internal reflection. These results were typical of contact angles in the
optical Regime 2 i.e., 90°< 0, < 0., as discussed earlier. Finally, Figure 2.7(f) shows that
for contact angle . = 150°, the local photon flux was nearly uniform because total internal
reflection did not occur at the electrolyte/bubble interface, since 6. > 6.,. Here also, r. =,
and A(z,y)/ Ao was smaller than 1 for < 7. due to reflection at the bubble/photoelectrode
interface. The photons incident outside r. reached the electrolyte/photoelectrode interface
leading to A(x,y)/Ao = 1. These results were representative of all contact angles 6. > 6,

corresponding to the optical Regime 3.

Overall, the results establish that the presence of bubbles caused significant local vari-
ation in the absorbed photon flux in the photoelectrode. This variation inside and outside
the projected footprint of the bubble was explained by analyzing the different optical phe-
nomena occurring for different bubble contact angles and contact surface area coverages.
The absorbed photon flux was concentrated in the rim of the bubble outside the projected
radius r,,, while inside, it was always less than that in a bare photoelectrode. The results also
indicate that even though hydrophilic surfaces should be preferred to minimize the optical
losses, the bubbles generated on such surfaces can scatter the photons far from their inci-
dent location. This could potentially be an issue when conducting experiments with small
(mm-scale) photoelectrodes due to photons being totally internally reflected away from the

photoelectrode. Then, the optical losses will be larger than those predicted in this study.
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2.3.3.2 Effect of bubble projected surface area coverage f,

Figure 2.7 also presents the normalized local absorptance maps A(x,y)/Aq for projected
surface area coverage fa equal to (g) 20%, (h) 40%, (i) 60%, and (j) 78.5% for contact angle
0. = 60°. It indicates that A(z,y)/Ap became increasingly concentrated (up to a factor
of 2) outside the projected footprint of the bubble as fa increased due to total internal
reflection and the increased proximity of the bubbles (see Figure 2.5(b)). Such high local
concentration of incident radiation due to scattering from bubbles can lead to corrosion of
the photoelectrode, thereby reducing its lifetime [61]. Inside the projected footprint of the
bubble, the spatial variation of A(x,y)/Ao can be explained with the help of rings of radii
Te, Tt, and 7, as discussed earlier for 6. = 60°and fa= 40% (Figure 2.7(d)). Overall, %(;y)
increased at all locations inside the projected footprint of the bubble as f4 increased due to
scattered photons from neighboring bubbles ultimately reaching the bubble/photoelectrode

interface.

2.3.3.3 Comparison of normalized local absorptance

Figure 2.8 plots the normalized local absorptance A(z,y)/Ay as a function of the normalized
location of the center of the bins z/r, along the centerline CL of the bubble (see Figure
2.7(a)) for (a) contact angles 6. = 30°, 60°, 90°, and 150°with projected surface area coverage
fa= 40% and for (b) projected surface area coverages fa= 20%, 40%, 60% and 78.5% with
contact angle 6. = 60°. Figure 2.8(a) shows that for #. = 30°, 60°, and 90°, the presence of
the bubbles concentrated the local absorptance up to 1.5 times in a region outside the bubble
projected diameter. Inside, A(z,y)/Ap decreased sharply to 0.4 and was nearly identical for
all contact angles considered. However, no such concentration or sharp drop-off was observed
for 8. = 150°due to the absence of total internal reflection. Note that the spikes observed
in the plots were due to the small local variation in the number of incident photons due to

random incident locations generated in the Monte Carlo ray-tracing simulations.

Similarly, Figure 2.8(b) compares the magnitude of normalized local absorptance A(x,y)/Ao

for different values of f4. Here, the projected bubble radius r, increased with increasing fa
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Figure 2.8: Normalized local absorptance A(z,y)/Ap along the centerline of a bubble as a
function of normalized location x/r, for (a) different contact angles 6. with projected surface
area coverage f4 = 40% and (b) different projected surface area coverages fa with contact
angle 6. = 60°.
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for the same dimensions of the photoelectrode surface. Figure 2.8(b) shows that the magni-
tude of A(x,y)/Ap increased with f4 both inside and outside the projected footprint of the
bubble, as discussed earlier for Figure 2.7(g)- 2.7(j). Note that the spikes observed in the
plots were due to the small local variation in the number of incident photons due to random

incident locations generated in the Monte Carlo ray-tracing simulations.

2.3.3.4 Comparison of absorption inside and outside bubble contact surface

area

Figure 2.9 plots the fraction of incident radiation reflected and absorbed inside or outside
the bubble contact surface area as a function of bubble contact angle for different projected
surface area coverages (a) fa = 20%, (b) fa = 40%, (¢) fa =60%, and (d) f4 = 78.5%. Figure
2.9 shows that most of the absorption still took place in the photoelectrode area in contact
with the electrolyte even for high projected area coverage fa, provided the contact angle
was small. Thus, hydrophilic photoelectrodes with small bubble contact angle are preferable
since they ensure that most of the photoelectrode surface area remains in contact with the
electrolyte so that the generated charge carriers participate in the water splitting reaction.
However, for large projected area coverage f4, as the contact angle increased, the amount of
absorption inside the bubble contact surface area exceeded that outside it. Such a situation
is undesirable since most of the generated charge carriers may not be able to participate
in the water splitting reaction in the absence of semiconductor-liquid junction. The results
presented in Figure 2.9 also have implications in selecting a suitable anti-reflective coating
for the photoelectrode surface. Indeed, if the projected surface area coverage and the bubble
contact angle are large, it may be appropriate to choose an anti-reflective coating aimed
at reducing the reflectance of the bubble/photoelectrode interface rather than that of the
electrolyte/photoelectrode interface, since most of the rays may reach the photoelectrode
surface inside the bubble contact surface area. For example, at fa= 78.5% and contact
angle 6. = 90°, the contact surface area coverage fs = f4 and most of the incident photons
encounter the bubble/photoelectrode interface. However, for a hydrophilic photoelectrode

surface, the bubble contact surface area is small, and the anti-reflective coating should then
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be chosen to reduce the reflectance of the electrolyte/photoelectrode interface only. For
example, in the case of Si photoelectrodes considered in this study, a ~ 150 nm thick
titania film could serve as an anti-reflective coating, as demonstrated experimentally in
Refs. [62,63]. In fact, Seger et al. [63] reported an increase of around 15% in the saturation
photocurrent density owing to the antireflective properties of titania. In addition, titania
coatings exhibit photoinduced hydrophilicity [64] and also act as a protection layer for the
photoelectrode [53,62,63].

2.4 Conclusions

This chapter presented a comprehensive study to assess and quantify the optical losses caused
by the presence of non-absorbing cap-shaped gas bubbles on large horizontal Si photoelec-
trode immersed in an aqueous electrolyte. Monte Carlo ray-tracing method was utilized to
predict (i) the normal hemispherical reflectance R,, (ii) the area-averaged absorptance ,
and (iii) the local absorptance in the photoelectrode covered with bubbles. The optics in
the photoelectrode without bubbles was used as a reference. It was established that bubble
diameter and polydispersity did not have any significant effect on the optical losses for a
given projected surface area coverage f4. However, the optical losses depended on the con-
tact angle and increased with f4. Three different optical regimes were defined to explain the
variation of optical losses with bubble contact angle 6. based on the interplay of total inter-
nal reflection at the electrolyte/bubble interface and reflection at the bubble/photoelectrode
interface. Overall, a maximum of 18% loss in the absorbed radiation was predicted in the
photoelectrode covered with bubbles of contact angle 8. = 120°and projected area coverage
fa = 78.5%. Scattering by bubbles also caused substantial local variation in the absorbed
photon flux, with significant light concentration by up to a factor 2 outside the projected
footprint of the bubble compared to a bare photoelectrode. The magnitude of absorbed
photon flux just outside the bubble projected footprint was up to 4 times that inside. It was
established that photoelectrodes with hydrophilic materials or coatings should be preferred to

minimize the optical losses caused by the presence of bubbles. However, in these conditions,
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the bubbles significantly redistributed the incident radiation on the photoelectrode surface,
which may lead to more optical losses when performing experiments with small (mm-scale)
photoelectrodes due to losses from the edges. In addition, an anti-reflective coating aimed
at minimizing the reflectance of the electrolyte/photoelectrode interface can further reduce
the back-scattering losses from the photoelectrode. However, at high bubble coverages and
high contact angles, it would be beneficial to explore an anti-reflective coating that mini-
mizes the reflectance of the bubble/photoelectrode interface instead. Finally, high bubble
coverages not only increase the optical losses but also the kinetic and ohmic losses. There-

fore, convection in the electrolyte and/or the use of surfactants can facilitate the removal of

bubbles.

42



(@) f,=20% (b) f,=40%

100 — 100
Area-averaged absorptance, A
W Outside bubble contact surface area Reflectance. R
-~ 80 mmmm [nside bubble contact surface area —_ 2l
$ X
N’ N’
<
~ 60 <.«
5 ]
Q9 Q9
= =
< xR
= =
e 40 =
B B
=] =]
@» @
= =
< 20 <
0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Contact angle, 6. (°) Contact angle, 6, (°)
(¢) S, =60% d) ,=78.5%
100 100
= 80 —_
X X
-’ N’
<-~ 60 <€
- L
Q9 Q9
= =
< <
e N
e 40 =
= B
(=] =]
wn 7]
= =
< 5 <
0
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Contact angle, 6. (°) Contact angle, 6, (°)

Figure 2.9: Fraction of the incident radiation reflected and absorbed inside or outside the
bubble contact surface area as functions of contact angle 6. for projected surface area cov-

erages (a) fa = 20%, (b) fa = 40%, (c) fa = 60%, and (d) fa = 78.5%.
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CHAPTER 3

Light transfer through bubble-filled electrolyte for

solar water splitting

This chapter systematically quantifies the optical losses caused by hydrogen or oxygen bub-
bles released from an illuminated photoelectrode and rising through a semitransparent aque-
ous electrolyte during photoelectrochemical water splitting. Indeed, the presence of gas
bubbles increases backscattering of the incident radiation and absorption losses in the elec-
trolyte due to multiple scattering. These optical losses were quantified by predicting (i) the
normal-hemispherical reflectance, (ii) the electrolyte absorptance, and (iii) the area-averaged
absorptance of the photoelectrode for wavelengths between 400 and 1100 nm using the Monte
Carlo ray-tracing method. Results are reported for randomly distributed monodisperse and
polydisperse bubbles with diameter ranging between 100 pm and 1 mm, volume fraction
varying between 0 and 30%, and plume thickness ranging from 2 to 20 mm. The photoelec-
trode absorptance and efficiency were found to decrease with decreasing bubble diameter
and increasing bubble volume fraction and plume thickness. In fact, without careful design
and operation, the optical losses can significantly degrade the photoelectrode performance.
The contribution to the total optical losses from bubbles attached to the photoelectrode
surface increased with increasing bubble contact surface area coverage and decreasing plume
thickness. The results indicate that increasing the bubble departure diameter by increasing
the surface tension of the electrolyte/bubble interface and flowing the electrolyte to reduce
the plume thickness can substantially minimize the optical losses. Additionally, illuminating
the PEC cell from the anode side could be particularly beneficial given the larger size and

smaller volume fraction of oxygen bubbles as compared to hydrogen bubbles.
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3.1 Background

In Chapter 2, we quantified the effect of surface-attached spherical cap-shaped bubbles on
optical losses in PEC cells consisting of large horizontal photoelectrodes immersed in a
non-absorbing electrolyte and subjected to normally incident monochromatic radiation [49].
Monte Carlo ray-tracing method [37,42] was used to predict the normal-hemispherical re-
flectance and the area-averaged and local absorptance of the photoelectrode in the visibile
part of the solar spectrum for bubble contact angle . varying between 0° and 180°, bubble di-
ameter D ranging from 0.25 to 1.75 mm, and projected surface area coverage f4 varying from
0 to 78.5%. The bubble diameter and polydispersity were found to have no significant effect
on the optical losses for a given projected surface area coverage fs. However, the optical
losses increased with increasing projected surface area coverage f, due to stronger reflectance
at the bubble/photoelectrode interface as compared to the electrolyte/photoelectrode inter-
face. Three different optical regimes were defined by comparing the bubble contact angle
0. and the critical angle 6., for total internal reflection at the electrolyte/bubble interface.
The optical losses in each regime were based on the interplay of reflections at the elec-
trolyte/bubble or the bubble/photoelectrode interface. In addition, the bubbles were found
to significantly redistribute the incident light intensity causing most photons to be absorbed
in a rim outside the projected footprint of the bubble attached to the photoelectrode surface.
The study predicted optical losses up to 18% caused by bubbles with contact angle 6. = 120°,
diameter D = 1 mm, and projected surface area coverage f4 = 78.5%. Finally, hydrophilic
photoelectrodes were recommended to reduce the bubble coverage on the photoelectrode
which not only minimizes the optical losses but also increases the electrochemically active

surface area of the photoelectrode.

However, our previous study [49] was limited to the situation when bubbles were at-
tached to the photoelectrode surface with no additional bubbles in the electrolyte volume.
Such a scenario corresponds to the onset of water splitting reaction and/or to PEC cells
having horizontal photoelelectrodes covered by a very thin layer of electrolyte. In all other

configurations, the bubbles releasing from the photoelectrode surface and rising through the
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electrolyte also scatter the incident light until they burst at the free surface of the elec-
trolyte or are convectively removed. Figure 3.1 shows the schematics of a photoelectrode in
(a) vertical and (b) horizonal configuration, exposed to solar radiation through a bubble-
filled electrolyte in a PEC cell. Figure 3.1(c) shows the photograph of a horizontal planar
Si photoelectrode immersed in an aqueous electrolyte generating O, bubbles while being
illuminated from the top [53]. Thus, the gas bubbles attached to the photoelectrode surface
as well as those dispersed in the electrolyte scatter the incident light, resulting in optical

losses.

Additionally, most previous studies [12,52,53] illuminated the photoelectrode with monochro-
matic light at a wavelength for which the aqueous electrolyte was transparent. They provided
limited discussion on the parameters responsible for the bubble-induced optical losses due
to difficulties in controlling or characterizing the bubbles experimentally. Specifically, the
effects of bubble volume fraction and plume thickness on the optical losses were not quan-
tified. In practice, a higher photocurrent density in a PEC cell increases the gas generation
rate, but it also increases the bubble volume fraction and thus the optical losses. In addi-
tion, horizontal photoelectrodes may incur more optical losses than vertical ones as bubbles
occupy the entire electrolyte thickness (see Figure 3.1) resulting in multiple scattering of
the incident light. Finally, the optical losses further increase due to light absorption by the

aqueous electrolyte in the near-infrared portion of the solar spectrum.

The present study aims to systematically quantify the optical losses caused by gas bub-
bles forming at the photoelectrode surface and rising through the semitransparent electrolyte
under normally incident sunlight. The Monte Carlo ray-tracing (MCRT) method was used to
predict the area-averaged spectral absorptance of an infinitely large photoelectrode surface
illuminated through a volume of electrolyte filled with randomly distributed monodisperse
or polydisperse gas bubbles for a wide range of bubble diameter, volume fraction, and plume
thickness. The predictions were systematically compared with those for a bare photoelec-
trode without any bubbles in the electrolyte. The results will be instrumental in optimizing
the design and improving the performance of PEC cells for their envisioned outdoor opera-

tion.
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Figure 3.1: Schematic of light transfer to a (a) vertical and (b) horizontal photoelectrode
in a PEC cell with a plume of gas bubbles of thickness H scattering the incident sunlight.
(c) Photograph of hydrogen gas bubbles dispersed in the electrolyte covering a horizontal Si
planar photoelectrode illuminated from the top (reprinted with permission from Ref. [53].

Copyright (©) 2021 Royal Society of Chemistry).
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3.2 Analysis

3.2.1 Problem statement and parametrization

Let us consider a square opaque Si photoelectrode of length L and complex index of refrac-
tion my x = npx + ikp » immersed in an aqueous electrolyte of complex index of refraction
Me = Nex+1ke x. The photoelectrode is subjected to collimated and normally incident poly-
chromatic light through a bubble plume of thickness H. The electrolyte volume contains N,
randomly distributed polydisperse spherical gas bubbles of diameter (D, ;)1<; <y, following
a normal size distribution f(D), as illustrated in Figure 3.2. In addition, N, polydisperse
spherical cap-shaped bubbles having normal size distribution with diameter (Ds;)1<;<n,
and contact angle 6. are attached to the photoelectrode surface with a contact surface area
coverage f,. The total volume fraction of the bubbles in the electrolyte and on the photo-
electrode surface is denoted by f,. The bubbles scatter light such that only a fraction of the
incident light intensity is absorbed in the photoelectrode and converted into photocurrent, as
accounted for by the photoelectrode’s area-averaged spectral absorptance Ay. The remaining
incident radiation is lost either by (i) backscattering, as quantified by the spectral normal-
hemispherical reflectance R, », or by (ii) absorption by the electrolyte, as represented by
the spectral absorptance A. . Overall, an energy balance on the radiation incident on an
opaque photoelectrode can be written as R, x + A\ + A, = 1. The objective of the present
study is to quantify the bubble-induced optical losses in a PEC cell represented by R, x
and A, ) and to assess the effects of bubble size distribution f(D), volume fraction f,, plume

thickness H as well as contact surface area coverage fs on the photoelectrode performance.

3.2.2 Assumptions

To make the problem mathematically trackable, the following assumptions were made: (1)
dimensions of the photoelectrode and bubbles were much larger than the wavelength A of
the incident radiation so that geometric optics was valid and wave effects could be neglected.

(2) All surfaces were optically smooth with specular reflection and refraction occurring at all
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Figure 3.2: Side view of the 3D computational domain considered in this study showing
polydisperse spherical bubbles of diameter (D, ;)1<;<n, dispersed in the electrolyte volume
and cap-shaped bubbles of diameter (D; ;)1< j <n, attached to the photoelectrode surface with
contact angle .. Rays reaching a location below the photoelectrode surface, e.g., orange ray,

were retraced and either reflected or refracted at the bubble/photoelectrode interface.
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interfaces according to Snell’s law and Fresnel’s equations. (3) Reflection at the top boundary
of the computational domain was ignored. (4) Gas bubbles were spherical and randomly
distributed in the electrolyte volume. (5) Gas bubbles attached to the photoelectrode surface
were spherical cap-shaped and randomly distributed with constant volume and constant
contact angle 6.. (6) The gas inside the bubbles was transparent with n,, = 1.0. (7)
The photoelectrode was opaque so that all photons transmitted through the photoelectrode
surface were absorbed. (8) The bubble plume thickness H was the same over the entire
photoelectrode surface. (9) The thickness of the semitransparent electrolyte layer covering

the photoelectrode was equal to the bubble plume thickness H.

3.2.3 Computational bubble generation

Monodisperse or polydisperse spherical bubbles having normal size distribution with mean
diameter D and standard deviation o were computationally generated and randomly dis-
tributed in the electrolyte volume following a procedure based on our previous study [49].
First, random bubble diameters were generated in accordance with the imposed size distri-
bution until their total volume fraction in the electrolyte reached the desired value. Then,
the bubbles were assigned random center locations (x;,y;, z;) while ensuring that they did
not overlap and were confined within the electrolyte volume. The corresponding volume

fraction f, for bubbles dispersed in the electrolyte is expressed as

Ny
7
= —D3, | JHL? 3.1
o (3o 31
where N, is the number of bubbles dispersed in the electrolyte volume, D, ; is the diame-

ter of the i'® bubble, H is the bubble plume thickness, and L is the length of the square

photoelectrode.

To simulate the presence of spherical cap-shaped bubbles on the photoelectrode sur-
face, in addition to those in the electrolyte volume, spherical bubbles satisfying an imposed
volume fraction were computationally generated and randomly distributed, as previously
described. However, this time, the bubbles were allowed to intersect the bottom surface of

the electrolyte domain. The resulting cap-shaped bubbles were identified and moved per-
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pendicularly to the bottom surface to achieve the desired bubble contact angle 6.. Then,
the total volume fraction f, of bubbles comprising (i) Ny spherical cap-shaped bubbles of
diameter (D, ;)1<j<n, and contact angle 6, attached to the photoelectrode surface and (ii)

N, spherical bubbles of diameter (D, ;)1<j<n, in the electrolyte volume is given by

Ny
fo = [Z %D + Z 24 (2 + 3cost, — cos® )] JHL? (3.2)
i=1

Moreover, the projected surface area coverage f, of bubbles attached to the photoelectrode

surface is given by
fa= (Z I ) /e, (3:3)

where d,, ; is the projected diameter of the j cap-shaped bubble defined as d,; = D, ; for
0° < 0. <90° and dp, ; = D ;sinf. for 90° < 0. < 180°. Similarly, the bubble contact surface

area coverage f, on the photoelectrode can be defined as

N,
fs = (Z %di]> /LQ, (34)

where d, ; is the diameter of the contact circle of the 4t cap-shaped bubble given by de; =
dy jsinf. for 0, < 90°, and d.; = d,, ; for 6. > 90°.

3.2.4 Closure laws

Spectral simulations were performed over wavelengths ranging between 300 nm and 3 pm
encompassing the solar spectrum. The spectral refractive n. ) and absorption k. indices
of the aqueous electrolyte were assumed to be that of water reported in Ref.[65]. The
photoelectrode material was chosen to be crystalline undoped Si whose spectral refractive

np» and absorption k, , indices were obtained from Ref.[66].

Unless otherwise noted, monodisperse bubbles of diameter D = 1 mm were simulated
based on the values reported in the literature [12,13] and also based on the bubble departure
diameter of 1.14 mm at STP predicted by Fritz correlation [67] for a hydrophilic surface with
contact angle 6. = 20°. However, when studying the effect of monodisperse bubble diameter,

D was taken as either 0.1, 0.3, 0.5, or 1 mm. The effect of polydispersity was also analyzed
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by using normally distributed bubble diameters with a mean value D = 1 mm and standard
deviation ¢ = 0.25 mm with bubble diameter D, ; such that D —30 < D,; < D + 3o.
The bubble volume fraction f, ranged between 0 and 30% corresponding to the bubbly
flow regime [67]. Typically, the bubble volume fraction encountered in water electrolysis
varies between 0 and 12% [6]. The bubble plume thickness H varied between 2 and 20 mm
according to the typical electrolyte thicknesses used in photoelectrochemical cells [14]. The
length of the square photoelectrode was L = 10 mm with periodic boundary conditions,

unless otherwise noted.

3.2.5 Methods of solution
3.2.5.1 Light transfer

The Monte Carlo ray-tracing method [37,42] was used to predict the normal-hemispherical
reflectance R, the electrolyte absorptance A, and the area-averaged absorptance Ay
of the opaque photoelectrode subjected to normally incident light through a bubble-filled
semitransparent electrolyte volume. Collimated photon bundles or "rays” were incident
on the computational domain assuming periodic boundary conditions such that the rays
reaching any of the four sides of the computational domain re-entered from the opposite side
at the same height and in the same direction. The rays were traced until they were either
absorbed in the photoelectrode or in the electrolyte, or were backscattered out from the top

of the computational domain. The computational steps for each ray are listed in Appendix

A.

All the simulations were performed with a total number of incident photon bundles equal
to 107 necessary to achieve numerical convergence [43]. In order to validate the Monte
Carlo ray-tracing (MCRT) code, three cases for which the analytical expressions of the

photoelectrode absorptance were known were simulated (see Appendix A).
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3.2.5.2 Bubble-induced optical losses

First, the area-averaged photoelectrode absorptance A, was normalized with the absorptance

Ap.» of a photoelectrode in the absence of bubbles. The latter can be written as [37]
/_10)\ = (1 — peP’A)G_KE’AH (35)

where H is the thickness (in m) of semitransparent electrolyte covering the photoelectrode,
Kex = 4mken/) is the absorption coefficient of the electrolyte (in m™), and p, is the
reflectance at the optically smooth interface between the electrolyte and the photoelectrode

such that [37]
PR 7 npa)° + (ker = kpa)®
oA (n&)\ + np,,\)Z + (]{Ie’)\ + ]{JPJ\)Q.

Then, the bubble-induced optical losses (%) were given by (1 - Ax/Ag.).

(3.6)

3.2.5.3 Photoelectrode efficiency limit

A photoelectrode immersed in an electrolyte behaves in a similar way as a solar cell due to the
formation of a semiconductor-electrolyte junction that separates the photogenerated charge
carriers [68]. However, the maximum possible efficiency of a photoelectrode is always smaller
than or equal to that of a photovoltaic (PV) solar cell made from the same semiconductor
and operating at its maximum power point (MPP) due to the photovoltage of 1.23 V required
for driving the water splitting reaction [68,69]. The equality only holds for semiconductors
that generate photovoltage exactly equal to 1.23 V at STP. The more commonly cited solar-
to-hydrogen (STH) efficiency is only applicable to photoelectrodes if they can generate the
photovoltage required for water splitting and compensate for overpotential losses [68,69].
Here, we used PV efficiency to quantify the impact of bubbles since it corresponds to the

upper bound of the photoelectrode efficiency for a given material.

Holmes-Gentle et al. [70] developed an open-source computational tool to predict the PV
efficiency limit of a semiconductor based on the detailed-balance model first proposed by
Shockley and Quiesser [15]. The model accounts for the spectral irradiance of sunlight and

recombination losses. However, it neglects light absorption in the electrolyte and backscat-
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tering by the bubbles and photolelectrode surface. Here, we incorporate these optical losses
and predict the maximum PV efficiency to quantify the deleterious effect of bubbles on the
performance of a photoelectrode. To do so, spectral simulations in wavelength intervals of 10
nm were performed over 1 Sun AM 1.5G reference spectrum, according to standard ASTM
G173-3, for different volume fractions f, and plume thicknesses H considering only bubbles
dispersed in the electrolyte. Then, the spectral solar irradiance was multiplied by the pho-
toelectrode’s spectral absorptance predicted from MCRT simulations. Finally, the spectral
solar flux absorbed in the photoelectrode was used as input into the open-source tool devel-
oped by Holmes-Gentle et al. [70] to predict the PV efficiency limit of a Si photoelectrode

having a band gap of 1.12 eV.

3.3 Results and discussion

This section presents the effects of (1) bubble size distribution f(D), (2) volume fraction
fv, (3) plume thickness H, and (4) surface area coverage fs on the normal-hemispherical
reflectance R, 5, electrolyte absorptance A. ), and area-averaged absorptance A, of a Si
photoelectrode. First, the photoelectrode surface was assumed to be free of cap-shaped
bubbles so that f; = 0% and bubbles were only present in the electrolyte volume. Then, the
effect of surface-attached cap-shaped bubbles on the overall optical losses was quantified.
In all cases, the normalized area-averaged absorptance A,/Ag, was used to compare the
spectral optical losses in a PEC cell with and without bubbles for given bubble diameter D,

volume fraction f,, and plume thickness H.

3.3.1 Effect of bubble size distribution

Figures 3.3(a) and 3.3(b) respectively plot the spectral normal-hemispherical reflectance
R,n and area-averaged photoelectrode absorptance A, as functions of wavelength \ for
monodisperse bubbles of diameter D = 1 mm or polydisperse bubbles with either normal
size distribution with mean diameter D = 1 mm and standard deviation ¢ = 0.25 mm, or

lognormal size distribution with mean p = 0.05 and standard deviation y = 0.25 (see Figure
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Figure 3.3: Comparison of (a) spectral normal-hemispherical reflectance R, » and (b) spec-

tral area-averaged photoelectrode absorptance Ay for either monodisperse bubbles or poly-

disperse bubbles with normal size distribution for bubble volume fractions f, of 10% or 20%.
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S3). The probability density functions for the normal f, (D) and lognormal size distribution

fin(D) are respectively expressed as

fn(D) = ! e

o121

(252)’ __ ()
and f,(D) DX\/%G : (3.7)

Here, the bubble volume fraction f, was either 10% or 20% and the bubble plume thickness

D=

H was 10 mm. Predictions for a photoelectrode immersed in the electrolyte without any
bubbles (i.e., f, = 0%) are also shown as references. Figure ?? establishes that the presence
of bubbles in the electrolyte increased the reflection losses and decreased light absorption in

the photoelectrode.

In addition, for a given volume fraction f,, bubble polydispersity led to a slightly smaller
reflectance R, » and a larger photoelectrode absorptance Ay compared to when the bubbles
were monodisperse with the same mean diameter. However, these observations were less
pronounced for A > 900 nm, when both R, \ and Ay decreased substantially due to light
absorption by the aqueous electrolyte. In fact, for a given volume fraction f, and mean
bubble diameter D = 1 mm, the relative difference between the predictions of R and
Ay for polydisperse and monodisperse bubbles was less than 5% at all wavelengths despite
a relatively wide bubble size distribution. In addition, spectral predictions for lognormal
and normal size distributions were similar for the same mean diameter and range of bubble
diameters for all wavelengths. Figures S4(a) and S4(b) show similar trends for smaller
polydisperse bubbles having either normal size distribution with mean diameter D = 300
nm and standard deviation o = 75 nm, or lognormal distribution for diameters (in mm)
with mean p = -1.14 and standard deviation y = 0.24. Figure S5 compares the probability
density functions for these two size distributions. Thus, the bubble volume fraction f, and
mean diameter D had a dominant effect on R, and A, while the bubble polydispersity

had a secondary effect.

Figures A.6(a) and A.6(b) plot the spectral normal-hemispherical reflectance R, » and
area-averaged photoelectrode absorptance A, as functions of wavelength A for normally
distributed polydisperse bubbles with mean diameter D = 0.3 or 1 mm for volume fraction

fo, = 10%. Here, the standard deviation o was taken as 0, D/4, or D/2 and the bubble
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diameters were considered in the range D — 20 < D < D +20. Figure S6 shows that
the standard deviation had a more pronounced effect on the predictions for bubbles with
smaller mean diameter. Overall, the effect of bubble polydispersity should be accounted for,

particularly when the bubbles are small.

3.3.2 Effect of bubble diameter D

Figure 3.4(a) presents the normalized area-averaged photoelectrode absorptance A, / /_10, ) as
a function of wavelength A for bubble diameters D = 0.1, 0.3, 0.5, and 1 mm for volume
fraction f, = 10% and plume thickness H = 10 mm. It indicates that the spectral variation of
Ay/ Am ) followed a similar trend for all bubble diameters i.e., a slight decrease in magnitude
as A increased from 400 to 900 nm, and a substantial decrease beyond 900 nm. However, the
drop was not as sharp as that seen for absorptance A, in Figure 3.3 because the normalization
factor Ag accounts for the significant light absorption by the aqueous electrolyte even in

the absence of bubbles.

Figure 3.4(a) also shows that the photoelectrode absorptance decreased sharply with
decreasing bubble diameter. In fact, for f, = 10% and H = 10 mm, the optical losses
for bubble diameter D = 100 pm were nearly 5 times larger than those for diameter D
= 1 mm for all wavelengths considered. To identify the different underlying mechanisms,
Figure ?7(b) plots the corresponding normal-hemispherical reflectance R, the electrolyte
absorptance A., and the area-averaged photoelectrode absorptance A as functions of bubble
diameter D at wavelength A = 950 nm when absorption by the electrolyte was significant. It
indicates that the photoelectrode absorptance A decreased with decreasing bubble diameter
primarily due to large reflection losses caused by multiple scattering from a large number
of bubbles. On the other hand, the electrolyte absorption losses remained nearly constant
and independent of bubble diameter since absorption is a volumetric phenomenon and the
total electrolyte volume remained constant for given values of volume fraction f, and plume

thickness H.
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Figure 3.4: (a) Normalized area-averaged photoelectrode absorptance Ay/Ag y as a function
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bubble diameter D at wavelength A = 950 nm. In all cases, the bubble volume fraction was
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3.3.3 Effect of bubble volume fraction f,

Figure 3.5(a) plots the normalized area-averaged photoelectrode absorptance Ay/Ag ) as
a function of wavelength A\ for bubble volume fractions f, = 5%, 10%, 20%, and 30% for
bubble diameter D = 1 mm and plume thickness H = 10 mm. Here, the spectral variation of
normalized absorptance A,/ AQ » was similar to that in Figure 3.4(a) for all volume fractions
considered. Interestingly, Figure 3.5(a) shows that light absorption in the photoelectrode
decreased substantially with increasing bubble volume fraction f,. In fact, the bubble-
induced optical losses for f, = 30% reached as high as 30% in the visible, and up to 50%
at wavelength A = 1100 nm when the electrolyte was semitransparent. This indicates that,
in practice, a high gas generation rate in PEC cells, which results in large bubble volume
fraction, also leads to large optical losses. In turn, the generated photocurrent density
decreases, as well as the gas generation rate and the bubble volume fraction. Such an
oscillatory behavior, caused by light scattering by generated bubbles, may lead to oscillating

photocurrent observed in chronoamperometry experiments [12].

Figure 3.5(b) presents the normal-hemispherical reflectance R, the electrolyte absorp-
tance A, and the area-averaged photoelectrode absorptance A as functions of bubble volume
fraction f, for diameter D = 1 mm and plume thickness H = 10 mm at wavelength \ =
950 nm. It establishes that the photoelectrode absorptance decreased significantly with in-
creasing volume fraction f, due to increasing reflection losses and high absorption losses.
On one hand, the reflectance R, increased monotonously with f, due to backscattering and
multiple scattering by the increasing number of bubbles. On the other hand, the electrolyte
absorptance A, first increased slightly and then plateaued with increasing f,,, which can
be attributed to the interplay between increasing mean free path of scattered photons and

decreasing electrolyte volume.

The trends presented in this study show good qualitative agreement with experimental
results reported in Refs. [52,53] showing larger optical losses at higher gas generation rates.
However, a direct comparison of results was not possible owing to a lack of reported bubble

volume fraction and plume thickness. Nonetheless, the optical losses predicted in this study
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remained less than 10% for volume fractions f, < 10%, in agreement with the results reported

experimentally [52,53].

3.3.4 Effect of bubble plume thickness H

Figure 3.6(a) plots the normalized area-averaged photoelectrode absorptance Ay/Ag, as a
function of wavelength A for bubble plume thicknesses H = 2, 5, 10, and 20 mm for bubble
diameter D = 1 mm and volume fraction f, = 10%. It indicates that the spectral variation
of normalized absorptance Ay/Agy was similar to those in Figures 3.4(a) and 3.5(a) for all
thicknesses. Figure 3.6(a) also shows that the normalized absorptance A, /f_lg,,\ decreased
substantially with increasing thickness for all wavelengths. For A < 900 nm, absorption by
the electrolyte remained negligible, while the reflection losses increased with increasing plume
thickness (see Figure A.3(a)) due to backscattering and multiple scattering. Interestingly,
the reflectance R, decreased with increasing plume thickness H for all A > 900 nm because
the scattered radiation was more likely to be absorbed in the semitransparent electrolyte
volume than to be backscattered. The same observations can be made in Figure 3.6(b)
plotting the normal-hemispherical reflectance R,;, the electrolyte absorptance A., and the
area-averaged photoelectrode absorptance A as functions of bubble plume thickness H for

diameter D = 1 mm and volume fraction f, = 10% at wavelength A = 950 nm.

3.3.5 Effect of additional bubbles on photoelectrode surface

This section aims to assess the contribution of cap-shaped bubbles attached to the photoelec-
trode surface to the total optical losses. The bubble contact angle was taken as 6. = 90° to

maximize the bubble contact surface area coverage fs and achieve large backscattering [49].

3.3.5.1 Effect of contact surface area coverage f,

Figures 3.7(a) plots the normalized area-averaged photoelectrode absorptance Ay/Ag  as a
function of wavelength A for bubble diameter D = 1 mm, plume thickness H = 10 mm,

and volume fraction f, = 5%, 19.3%, and 28.3%, while the contact surface area coverage
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fs was respectively equal to 3.1%, 25.1%, and 47.1%. Note that the contact surface area
coverage f, increased with increasing bubble volume fraction f, in qualitative agreement
with experimental observations. Results for a bare photoelectrode such that f, = 0% at
different volume fractions f, are also shown as references. Figure 3.7(a) establishes that the
surface-attached bubbles further increased the optical losses by up to 6% as compared to a
bare photoelectrode for f, = 28.3%. These additional optical losses increased with increasing
contact surface area coverage fs due to the larger reflectance of the bubble/photoelectrode
interface compared to the electrolyte/photoelectrode interface. Thus, Figure 3.7(a) confirms

that the use of hydrophilic photoelectrodes reduces the optical losses.

3.3.5.2 Effect of plume thickness H

Figure 3.7(b) presents the normalized area-averaged photoelectrode absorptance Ay /A as
a function of wavelength A\ for bubble plume thicknesses H = 2, 10, and 20 mm for bubble
contact angle 6, = 90°, contact surface area coverage f, = 42.3%, and bubble diameter
D =1 mm. Again, the results were compared with those for the same volume fraction but
with f; = 0%. Figure 3.7(b) indicates that the absolute difference between the predictions
for f, = 0% and f, = 42.3% decreased from about 10% at H = 2 mm to less than 4%
for H = 20 mm. This can be attributed to the reduced photon flux reaching the bubble-
covered photoelectrode due to backscattering by the bubbles dispersed in the electrolyte. In
other words, the effect of surface-attached bubbles on the overall optical losses decreased
with increasing plume thickness H. Thus, photoelectrodes with thin bubble plumes (e.g.,
vertical photoelectrodes) experience optical losses primarily due to surface-attached cap-
shaped bubbles [49]. By contrast, for thicker plumes, the optical losses are governed mainly

by the bubbles dispersed in the electrolyte.

3.3.6 Discussion

Overall, the results suggest that in order to minimize the optical losses, the bubble diame-

ter D should be large, while the bubble volume fraction f, and plume thickness H should
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be as small as possible. As per Fritz correlation [67], the bubble departure diameter can
be increased by increasing the surface tension ., of the electrolyte/bubble interface. This
can be achieved by decreasing the operating temperature of the PEC cell [71] and/or by
increasing the concentration of salts in the electrolyte [72]. Additionally, the bubble de-
parture diameter can be increased by increasing the bubble contact angle . [67] on the
photoelectrode. However, such a strategy increases optical losses due to backscattering at
the bubble/photoelectrode interfaces. It also decreases the electrochemically active surface
area of the photoelectrode [49,58]. To address this, it is recommended to use a hydrophilic
photoelectrode surface of contact angle 6. ~ 20° which results in bubble departure diameter
of around 1 mm at STP [67]. Such a bubble size would result in relatively low optical losses

for a given gas generation rate.

The bubble-induced optical losses can be further mitigated by continuously removing the
generated gas bubbles using forced convection in the electrolyte [6] which decreases both the
bubble volume fraction f, as well as the plume thickness H. The electrolyte layer should
also be thin to minimize optical losses by absorption. However, the aqueous electrolyte must
be readily available over the entire photoelectrode surface for water splitting to occur in the
first place. In addition, the thickness of the electrolyte layer should not be too thin so as not
to substantially increase the necessary pumping power. Therefore, the optimum electrolyte
layer thickness corresponds to a compromise among optical losses, electrode performance,

and process considerations.

One way to control the electrolyte layer thickness is to cover the photoelectrode with
windows made of ultra-clear glass with anti-reflective coating that are highly transparent
in the UV and visible wavelengths. Then, optical losses due to the presence of the window
are negligible compared to those incurred by the presence of bubbles and by reflections at
the electrolyte/photoelectrode interface, as predicted in this study. Nishiyama et al. [73]
presented such a design with arrangements to adjust the gap between the window and the
photocatalyst sheet panels to as low as 100 pm. For such small thickness, the nucleated

bubbles coalesced thus decreasing scattering losses.

The results also indicate that horizontal photoelectrodes suffer larger optical losses than
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vertical ones due to larger bubble plume thickness H (see Figure 3.1) for given bubble
diameter D and volume fraction f,. As a corollary, tilted photoelectrodes feature optical
losses bounded by those for the horizontal and vertical orientations. Thus, the photoelectrode
orientation should be optimized to maximize solar irradiation but also reduce the bubble

plume thickness and thereby the optical losses.

3.3.7 Maximum achievable photovoltaic efficiency

Figure 3.8 plots the maximum achievable photovoltaic (PV) efficiency (%) as a function of
bubble volume fraction f, and plume thickness H for bubble diameter (a) D = 1 mm and
(b) D = 100 pm, accounting for optical losses due to backscattering from bubbles in the
electrolyte volume, absorption by the electrolyte, as well as reflections at the surface of a
perfectly hydrophilic Si photoelectrode surface with no bubble coverage, i.e., f; = 0. Indeed,
accounting for the effect of surface-attached bubbles fell outside of the scope of the present
study since the bubble coverage leads to local variations in the internal quantum efficiency
in the photoelectrode causing some of the generated charge carriers to not participate in the
redox reactions [12]. Figures 3.8(a) and 3.8(b) indicate that the maximum efficiency sig-
nificantly decreases with decreasing bubble diameter and increasing volume fraction and/or
plume thickness due to increasing optical losses. For example, the PV efficiency limit at f,
= 10%, H = 10 mm, and D = 1 mm is about 20% compared with the efficiency limit of
33.5% for Si neglecting all optical losses. For small bubbles of diameter D = 100 pum, the
efficiency limit was less than 10% for most plume thicknesses and volume fractions. In other

words, optical losses can significantly reduce the photoelectrode performance.

One of the common ways to mitigate optical losses is to use an antireflective coating
(ARC) on the photoelectrode surface. Typically for Si photoelectrodes, TiOq thin film can
serve both as a protective and an antireflective coating [62,63]. The effect of bubbles in
such a scenario was investigated by assuming an idealized ARC-coated Si photoelectrode
surface that was perfectly absorbing over the entire solar spectrum. The effect of ARC was

computationally implemented by imposing the reflectance of the electrolyte/photoelectrode
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Figure 3.8: (a) Detailed-balance PV efficiency limit (%) incorporating bubble-induced optical

losses for a Si photoelectrode immersed in a semitransparent aqueous electrolyte for bubble

diameters (a) D = 1 mm and (b) D = 100 pm. The effect of using an antireflective coating

(ARC) on the maximum achievable photoelectrode efficiency is also presented for bubble

diameters (¢) D = 1 mm and (d) D = 100 pm.

67



interface to be zero. Figures 3.8(c) and 3.8(d) plot the maximum achievable PV efficiency
for ARC-coated Si photoelectrodes as a function of bubble volume fraction and plume thick-
ness for bubble diameters D = 1 mm and 100 pm, respectively. Figures 3.8(c) and 3.8(d)
demonstrate that the use of an antireflective coating increased the efficiency limits of the
photoelectrode. However, the effect of bubbles on PV efficiency still remained significant,
especially when the bubbles were small, resulting in large optical losses owing to multiple
scattering of the incident rays by the bubbles. Overall, this study established that dealing
with bubble-induced optical losses is an important issue to be addressed so as to achieve

better photoelectrode performance in PEC cells.

3.4 Conclusion

This chapter presented a comprehensive study to quantify the optical losses caused by the
presence of non-absorbing gas bubbles in a semitransparent aqueous electrolyte as well as
on the surface of a large Si photoelectrode. The Monte Carlo ray-tracing method was de-
veloped and validated to predict (i) the normal-hemispherical reflectance, (ii) the electrolyte
absorptance, and (iii) the area-averaged absorptance of the photoelectrode for wavelengths
between 400 and 1100 nm. The bubble diameter was found to most significantly affect
the total optical losses, followed by the plume thickness, the bubble volume fraction, and
the contact surface area coverage. Therefore, the bubble departure diameter should be in-
creased to reduce the optical losses using strategies such as increasing the surface tension
of the electrolyte/bubble interface by adding salts, for example. Similarly, the thickness of
the bubble plume should be minimized by using shallow electrolyte layer and/or by flowing
the electrolyte over the photoelectrode. The use of convection also decreases the bubble
volume fraction thereby decreasing the optical losses arising from multiple scattering. The
PEC cell should be illuminated from the anode size to mitigate optical losses since the oxy-
gen bubbles have a larger diameter and smaller volume fraction as compared to hydrogen
bubbles. Hydrophilic photoelectrode surface with bubble contact angle 6. ~ 20° should be

preferred to minimize the bubble contact surface area coverage and still ensure a large bubble
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departure diameter so as to minimize the optical losses. The use of an antireflective coating
on a Si photoelectrode can enhance its performance for large bubbles. However, it is much
less effective for high volume fraction of small bubbles since the photon flux reaching the
photoelectrode decreases substantially due to bubble scattering. The conclusions reached in
this study also apply to tandem configurations where the incident light inevitably interacts
with bubbles. The trends reported for efficiency should be qualitatively the same despite the
lower transmitted light intensity and the different bandgaps of materials. Overall, significant
optical losses incurred at high gas generation rates can prove detrimental to the commercial
viability of water splitting in PEC cells. Thus, careful design and operation to control bubble

size and ensure fast bubble removal is important.
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CHAPTER 4

Review and experimental validation of radiative
transfer models for semitransparent media containing

bubbles with applications in geoengineering

Many materials manufacturing, photobiochemical, and photoelectrochemical processes in-
volve radiation transfer through foams and bubbly fluids. Controlling and optimizing these
processes require accurate predictions of radiation transfer through semitransparent media.
Previously developed models treated the heterogeneous media as homogeneous plane-parallel
slabs with some effective radiation characteristics while radiation transfer was governed by
the one-dimensional radiative transfer equation (RTE). Unfortunately, their accuracy and
range of validity remains unclear for lack of comparison with one another or against the same
set of experimental data. This chapter critically reviews and assesses the validity of these
models both numerically and experimentally. First, predictions of the transmittance and
reflectance of heterogeneous slabs containing large randomly distributed bubbles were com-
pared with those obtained from Monte Carlo ray-tracing (MCRT) method based on geometric
optics. A new hybrid model was proposed that predicts the effective scattering coefficient
and asymmetry factor using the Lorenz—Mie theory and the effective absorption coefficient
as the volume-weighted sum of the bubbles and medium absorption coefficients and solves
the RTE using the Monte Carlo method. Its predictions showed excellent agreement with
those by the MCRT method for a wide range of bubble volume fractions (0%-30%) as well
as slab thicknesses (2-40 mm) and medium absorption coefficients (0.1-100 m™'). Second,
microcomputed X-ray tomography scans were performed on a fused silica sample containing

bubbles with mean radius of 480 pm to retrieve the exact locations, diameters, and total
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volume fraction of bubbles. Here also, predictions of the hybrid model using the retrieved
data agreed well with experimental measurements of the spectral normal-hemispherical re-
flectance and transmittance of the sample for wavelengths between 0.4 and 3 pm when silica

ranges from weakly absorbing to absorbing.

Having identified the appropriate model, this chapter then investigates the use of seafoam
generated in ship wakes to partially counter global radiative forcing, i.e., the energy imbal-
ance caused by the presence of greenhouse gases (GHGs) in the atmosphere. This chapter
shows that wake albedo can be substantially increased to about 0.9 by generating seafoam
in the wake with controlled bubble size distribution and volume fraction. Such high albedo,
combined with extended wake lifetime of several hours that can be achieved using natural
ocean-based surfactants, can enable substantial backscattering of solar radiation and coun-
teract part of the radiative forcing caused by the increasing presence of greenhouse gases in

the atmosphere.

4.1 Background

Gas bubbles dispersed in a medium significantly change its thermophysical properties includ-
ing its radiation characteristics [74]. In fact, bubbles substantially affect radiation transfer
through a semitransparent medium by scattering the radiation and by increasing the absorp-
tion losses by lengthening the mean free path of photons [75]. For example, light scattering
by artificial seafoams covering the surface of oceans could potentially minimize absorption
of the solar radiation by the Earth’s surface by backscattering sunlight [76-78]. Indeed,
seafoams are much more reflective than the bare ocean surface and thus appear white [see
Figure 4.1(a)] [76]. Given that oceans constitute nearly 71% of the Earth’s surface, seafoams
offer an efficient way of reducing the Earth’s net heat input. However, concerns regarding the

long-term effects of ocean albedo manipulation on marine life and ecosystems remain [76].

There are many other applications that deal with radiation transfer through a semitrans-
parent medium containing scatterers. For instance, scattering of solar radiation by gas bub-

bles trapped in ice sheets could accelerate melting of ice during polar summers [79]. Likewise,
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solar water splitting involves generation of hydrogen or oxygen bubbles from semiconductor
photoelectrodes immersed in an aqueous electrolyte, as depicted in Figure 4.1(b) [12]. The
bubbles scatter the incident sunlight and substantially decrease light absorption and pho-
tocurrent generation by the photoelectrode [12,49,52,53,58,80]. In glass manufacturing, gas
bubbles are generated due to various chemical reactions taking place in the glassmelt [74,81].
The bubbles rise to the surface and may form a glass foam layer, reducing radiative heat
transfer from the combustion space to the glassmelt [82,83], as illustrated in Figure 4.1(c).
Similarly, air bubbles trapped in glass panes used in doors and windows give them a hazy

appearance coveted for decorative and privacy purposes, as illustrated in Figure 4.1(d).

It is often difficult to experimentally quantify the effect of bubbles on radiation transfer
in the aforementioned situations owing to the complexity in characterizing the gas bubbles.
Additionally, the effective radiation characteristics of a semitransparent medium containing
gas bubbles cannot be predicted by the Lorenz-Mie theory since it is based on the assumption
that the host medium is non-absorbing. This study aims to combine numerical, theoretical,
and experimental methods to identify appropriate models capable of accurately predicting
radiation transfer through bubble-filled semitransparent slabs [86]. First, the predictions of
reflectance and transmittance by different models proposed in the literature were compared
with those by the Monte Carlo ray-tracing method based on geometric optics for a large num-
ber of bubble volume fractions, slab thicknesses, and absorption coefficients of the continuous
phase. Then, the models were experimentally validated by comparing their predictions with
the measurements of the spectral normal-hemispherical reflectance and transmittance of a
fused silica sample containing gas bubbles in the visible and near infrared. Finally, the most
accurate model was used to simulate the interaction of seafoams with solar radiation to

calculate their albedo over a day for a wide range of bubble radii and seafoam thicknesses.
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Figure 4.1: Examples of bubbles in semitransparent media interacting with incident radia-
tion in various applications. (a) Seafoams generated to increase the ocean surface albedo and
reduce solar absorption of Earth (credit: Stiller Beobachter [22]). (b) Gas bubbles gener-
ated during photoelectrochemical water splitting (reprinted with permission from Ref. [84].
Copyright (©) 2020 American Chemical Society). (c) Foams in glass melting furnaces (credit:
http://www.boconline.co.uk). (d) Glass containing bubbles for decorative and privacy pur-

poses in buildings [85].
4.2 Analysis

4.2.1 Problem statement

Let us consider an infinitely long and wide plane-parallel slab of semitransparent continuous
medium of thickness H and spectral refractive n.\ and absorption k., indices, as illustrated
in Figure 4.2. The slab is surrounded by air (n,, = 1) and contains randomly distributed

polydisperse spherical and non-absorbing gas bubbles of refractive index ngy = 1.0 occu-
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pying a volume fraction f, and having normal size distribution f(7, o) with mean radius 7
and standard deviation o. The heterogeneous slab is subjected to collimated and normally
incident radiation of wavelength A. The bubbles are much larger than the wavelength A so
that geometric optics prevails while dependent scattering effects can be neglected due to the
large interbubble distance compared with the wavelength [87]. The slab thickness and/or
the bubble volume fraction are sufficiently large such that multiple scattering occurs. Bub-
bles scatter the radiation strongly forward such that a fraction of the incident intensity is
transmitted through the slab in various directions, as quantified by the normal-hemispherical
transmittance 7,,, x. The remaining incident radiation is either back-scattered, as accounted
for by the normal-hemispherical reflectance R, », or absorbed by the continuous phase, as
represented by the absorptance A, . Overall, an energy balance on the incident radiation

can be written as R,p ) + Apx + Topy = L.

Incident radiation, /,

air (n, ;= 1)

-

o

COMPUTATIONAL DOMAIN

S

-

N -

Figure 4.2: Schematic of a plane-parallel slab of semitransparent medium (n. .y, k.) con-
taining randomly distributed polydisperse spherical gas bubbles (n4, = 1) and exposed to

normally incident radiation.
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4.3 Radiative Transfer Models

Most studies investigating radiation transfer through absorbing media containing spherical
particles (or bubbles) have modeled them as homogeneous with some effective radiation
characteristics Ky, 0,5, and @,(#', ) assuming independent scattering [88-98], as reviewed

in the next sections.

4.3.0.1 Fedorov-Viskanta model

Fedorov and Viskanta [93,94] developed a theoretical framework for predicting radiation
transfer through glass foams consisting of monodisperse bubbles of radius r with volume
fraction f, < 0.74. First, the effective scattering o, y and absorption «, coefficients of a layer
of foams made of monodisperse bubbles were based on the anomalous diffraction theory and
given by [99]

47ch,A fv

” .

oox = 0.75Q" Jo and k) =

N
scaA .

- 075( st,)\ - st,)\) (41)

The expression of the effective absorption coefficient k) was obtained by subtracting the
absorption coefficient of spherical glass particles in air from that of a glass slab and adding
the absorption coefficient of spherical gas bubbles in glass using their respective absorption

efficiency factors Qg , and ngs’ ) given by [99]
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where py and p. are the Van de Hulst’s normalized size parameters defined as [99]
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The corresponding normalized absorption parameters y; and y. were given by [99]
k k.
Y = tan™" d and 1.\ = tan™" . (4.5)
' ng — 1 ' ne — 1
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Additionally, the extinction efficiency factor ) of a bubble in glass was expressed by [99]

ewt

cos(Yq)

e:ct)\ =2-4 [ —pdtan(yd)szn pd - yd)}
2

(4.6)

e [cos<yd>

] [cos(2yq) — e —patan(ya) cos(py — 2ya)] -
Pd

The corresponding scattering efficiency factor of a bubble in glass Q¢ , was written as

sca,

gca,)\ = th,)\ - st,)\‘ (47)

Finally, the RTE was solved using the two-flux approximation method to obtain closed form
analytical expressions for the normal-hemispherical transmittance 1), x, reflectance R,
and absorptance A, ) of an absorbing and scattering glass slab containing bubbles. The
model assumed isotropic radiation field inside the glass slab owing to the large bubble volume
fraction. Therefore, the model calculated the reflectance at the glass slab/air interface using
a correlation applicable for any diffuse media-to-air interface [100,101]. The reflectance at
air/glass slab interface was calculated using Fresnel’s equation [37]. In the present study, the
glass slabs containing gas bubbles were free-standing with air on both sides and the interface

reflectances were calculated accordingly.

4.3.0.2 Dombrovsky model

Dombrovsky et al. [95,96] used Lorenz-Mie theory to calculate the spectral transport scat-
tering Q, , and absorption Qs efficiency factors of large bubbles of size parameter y, =
27t /A embedded in a semitransparent medium of complex refractive index m. y = 1. +ike
given by

8

= 0. 9(”0)\ - 1) and Qabs,)\ = _g

The effective scattering o, ), transport scattering O'Z)\, and absorption k) coefficients of the

ke aXa- (4.8)

sca,A T

heterogeneous medium were given by [95]

3fU tr
2r’

= 0.675(nex — 1)f , and Ky = (1 — fy)ken (4.9)

Os ) =

where k. ) = 47k, /) is the absorption coeflicient of the continuous semitransparent medium.

In addition, the authors used the so-called “transport approximation” to simplify the radia-
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tive transfer equation by replacing the scattering phase function by a sum of the isotropic

component and the term denoting the peak of forward scattering given by [102,103]
O (6p) =1 — gx + 2920(1 — cos by), (4.10)

where 0 is the Kronecker-delta function, 6, is the angle between the radiation incident on
the scatterer along direction p/ = cos#’ and the intensity scattered in direction u = cos®é.

The asymmetry factor g, was given by [95]
gr=1—0.45(ner — 1), (4.11)

The RTE was then solved using the modified two-flux approximation method accounting for
boundary reflections at the surfaces of the plane-parallel slab surrounded by air. Analytical
expressions for T, y and Ry, » were derived. The authors reported an error of less than 5%
when compared with the numerical calculations based on the composite discrete ordinate

method for the range of size parameter 20 < x4 < 1/(2kc)).

4.3.0.3 Modified Lorenz-Mie theory

Yang et al. [97] established that the scattering and extinction efficiencies of a spherical par-
ticle embedded in an absorbing medium presented by Sudiarta et al. [90] and Fu et al. [91]
were inherent properties derived from the near-field at the particle surface. Yang et al. [97]
further noted that the corresponding scattering and extinction cross-sections could not be
calculated by multiplying these efficiencies with the geometric projected area of the spherical
particle since the host medium was absorbing. Therefore, the authors derived the expressions
for apparent scattering and absorption cross-sections based on the far-field information to
determine the effective radiation characteristics [97]. The apparent scattering cross-section
was scaled by a factor e®e>" to facilitate radiative transfer calculations involving a polydis-
perse particle system. This scaled apparent scattering cross-section was used to determine
the effective scattering coefficient o ) of a semitransparent glass slab containing gas bubbles.
The corresponding effective absorption coefficient x, was equal to the absorption coefficient

of glass k. regardless of the volume fraction f, of bubbles [97]. The asymmetry parameter
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g, was the same as that predicted by Lorenz-Mie theory for bubbles in a non-absorbing
medium. These radiation characteristics were input into a 1D RTE solver based on the
Monte Carlo ray-tracing method to calculate the normal-hemispherical reflectance R, and

transmittance T, while also accounting for boundary reflections at air/glass slab interfaces.

4.3.0.4 Hybrid model

Here, we propose a hybrid model in which (i) the effective scattering coefficient o, and
asymmetry factor g, of the heterogeneous medium were predicted by the Lorenz-Mie theory
assuming the continuous medium was non-absorbing and (ii) the effective absorption coeffi-
cient k) was expressed as a weighted sum of the absorption coefficients of the dispersed and

continuous phases as used in the literature [95, 104]

R) = (1 — fv)IiC,A. (412)

The Henyey-Greenstein phase function was used to model the scattering phase function using
the asymmetry parameter g,. Yalcin et al. [105] developed a code available online [106] that
computes these radiation characteristics and predicts the normal-hemispherical reflectance
R, and transmittance T, by solving the one-dimensional RTE [Equation (1.4)] using the
Monte Carlo method. The code also accounts for reflection and refraction at the boundaries
of the plane-parallel heterogeneous slab. Typically, about 10° rays are necessary to achieve

numerical convergence.

The objective of the study is to assess the validity of the above theoretical models for
simulating radiation transfer in semitransparent media containing large gas bubbles. To
do so, predictions of the effective radiation characteristics ky, o5, and @5(6',6) of a glass
sample containing bubbles as well as its normal-hemispherical reflectance R,;, and trans-
mittance T, predicted by the different models were compared with those predicted by
the Monte Carlo ray-tracing method based on geometric optics. Furthermore, experimental
measurements of the spectral normal-hemispherical reflectance R,,;,, and transmittance T,
of a thick fused silica sample containing bubbles between 0.4 and 3 pm were compared with

predictions by the different models as well as by the Monte Carlo ray-tracing method for the
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sample’s digital twin generated from microcomputed X-ray tomography (microCT) scans.
Finally, spectral simulations were performed over the solar spectrum using the most accurate
model to compute the spectral normal-hemispherical reflectance of seafoams containing mi-
crobubbles covering ocean surface for different solar zenith angles. The predicted reflectance

was integrated over the day to determine the albedo.

4.4 Materials and methods

4.4.1 Glass sample containing bubbles

A glass sample made of Osram Sylvania SG25 Lightning grade fused silica and containing
gas bubbles was analyzed [107]. The sample was cut with a diamond saw from a large piece
of fused silica collected during shutdown of a glass melting furnace [107]. The sample had a
thickness of 10 mm and a 43 mm X 38 mm cross-section. The gas bubbles were spherical
and appeared to be randomly distributed in the sample. The optical properties (nx, k)
of fused silica were obtained from Refs. [107-109].

4.4.2 Bubble characterization

To characterize the bubbles present in the glass sample, microCT scans were performed on
the CrumpCAT scanner at UCLA Crump Institute of Molecular Imaging having a resolution
of 125 ym. The scans achieved excellent contrast between the bubbles and the glass [see
flythrough video in Supplementary Material] which allowed them to be easily distinguished
during post-processing. The scans also confirmed that the bubbles were spherical owing
to the high surface tension of glassmelt. Any conjoined bubbles were separated by fitting
two separate spheres. The diameter and coordinates of each bubble were extracted from
the tomographic data using the open-source medical imaging data analysis software AMIDE
[110]. The normal size distribution f(7, o) was fitted to be used in the radiation transfer

models previously described.
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4.4.3 Reflectance and transmittance measurements

A double-beam ultraviolet-visible (UV-Vis) spectrophotometer (Evolution™ 220, Thermo
Scientific Fisher, USA) equipped with an integrating sphere (Evolution™ ISA-200 Integrat-
ing Sphere Accessory, Thermo Scientific Fisher, USA) was used for measuring the normal-
hemispherical reflectance R, » and transmittance 75, , of the glass sample containing bub-
bles over the wavelength range 0.4 to 1 pm when glass is transparent. The diameter of the
spectrophotometer beam was relatively small compared to the sample dimensions (43 mm
x 38 mm). Therefore, measurements were taken at 10 different locations over the sam-
ple surface to correct for local variations in bubble volume fraction. A similar procedure
was repeated for the measurements of reflectance R, » and transmittance 7, x over the 2
to 3 pm spectral range when glass is absorbing. The measurements were performed on a
nitrogen-purged Fourier transform infrared (FTIR) spectrometer (Nicolet™ iS50, Thermo
Scientific Fischer, USA) equipped with an MCT detector and a KBr beamsplitter, along
with an integrating sphere (Upward IntegratIR™, PIKE Technologies, USA).

4.5 Results and discussion

4.5.1 Validation of models

Figure 4.3 shows a flowchart detailing the different methods and models used in this study to
predict the spectral normal-hemispherical reflectance R, », transmittance 75,5, », and absorp-
tance A, of a fused silica glass slab containing bubbles. The bubbles were non-absorbing
and had a refractive index ng4 )\ = 1.0, volume fraction f,, and size distribution f(7, o). Pre-
dictions by the different models were evaluated against those by the Monte Carlo ray-tracing

method, as previously described.

4.5.1.1 Effective radiation characteristics

Figure 4.4 compares the effective spectral (a) scattering o, , and (b) absorption k) coefficients

as functions of wavelength A as predicted by the four different models for monodisperse
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Figure 4.3: Different numerical, theoretical, and experimental approaches to determine the
spectral normal-hemispherical reflectance R, x, transmittance T}, », and absorptance A, »

of semitransparent media containing gas bubbles.

bubbles of radius = 0.5 mm and volume fraction f, = 20%. Figure 4.4(a) shows that the
effective scattering coefficient o, predicted by the hybrid model and by the Dombrovsky
model [see Equation (4.9)] remained nearly constant over the spectral range considered.
This can be attributed to the large size parameter that caused the scattering and extinction

d, = Q% toreach a value of 2 [37]. The predictions of o, by the

efficiency factors Q¢,, = Q9.

modified Lorenz-Mie theory agreed well with those by the Lorenz-Mie theory. However, the
predicted scattering coefficient o, , exhibited a peak when absorption by the host medium
peaked at around A\ = 2.73 nm. Such a behavior seems erroneous and may be attributed to
the large bubble radius r that increased the magnitude of the exponential scaling factor ee"
used in the modified Lorenz-Mie theory model. On the other hand, the effective scattering
coefficient predicted by the Fedorov-Viskanta model oscillated around the predictions by
the Lorenz-Mie theory. Such oscillations can be attributed to wave effects captured by the

anomalous diffraction theory [99].

Figure 4.4(b) shows that predictions of the effective absorption coefficients k) by the hy-
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brid model, the Dombrovsky model, and the Fedorov-Viskanta model were all in agreement.
However, predictions by the modified Lorenz-Mie theory were uniformly larger than the other
models by 25% at all wavelengths since it considered k) = k. instead of Ky = k(1 — fo).
Figure 4.4(b) also highlights that the medium was weakly absorbing up to A = 2 nm. Be-
yond that wavelength, the absorption of the medium consistently increased, exhibiting an

absorption peak at about A = 2.73 pm.

4.5.1.2 Effect of volume fraction f,

Figure 4.5 compares the normal-hemispherical (a) reflectance R, » and (b) transmittance
Tn predicted as functions of bubble volume fraction f, by the four different models for
monodisperse bubbles of radius » = 0.5 mm, slab thickness H = 10 mm, and wavelength A =
2 pm when the medium was weakly absorbing (k. = 7.3 x 1077). Similarly, Figures 4.5(c)
and 4.5(d) respectively present the normal-hemispherical reflectance R, » and transmittance
Ton but at wavelength A = 2.73 pm when the medium was significantly more absorbing
(kex = 3.27 x 107°). Figure 4.5 shows that all the models predicted a similar trend of
increasing reflectance 7, » and decreasing transmittance 7},; » with increasing bubble vol-
ume fraction f, for both wavelengths considered. It also shows that the Fedorov-Viskanta
model consistently overpredicted the reflectance R, ) and underestimated the transmit-
tance T, » for all volume fractions considered. This can be attributed to the fact that the
Fedorov-Viskanta model assumed isotropic radiation field inside the medium to calculate the
reflectance of medium/air interface [93]. Such an assumption is valid for foams that have
bubble volume fraction f, ~ 74% but may not be realistic for smaller f,. Interestingly, the
predictions by the Dombrovsky model were in agreement with those by the MCRT method
at wavelength A = 2 pm when fused silica was weakly absorbing. However, the model over-
estimated considerably the transmittance 7,,, \ as well as the reflectance R, at A = 2.73
pm when fused silica was more absorbing. Similarly, the predictions of reflectance R, » and
transmittance 7, x by the modified Lorenz-Mie theory agreed well with those by the MCRT
method for a weakly absorbing glass medium at wavelength A = 2 nm. However, when the

medium was more absorbing at A\ = 2.73 pm, the predictions of transmittance T,,; » were
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slightly smaller than those predicted by the MCRT method. This deviation can also be
attributed to the fact that the modified Lorenz-Mie theory did not take into account the
bubble volume fraction f, for predicting the effective absorption coefficient ) of the glass
slab containing bubbles, as previously discussed. Finally, Figure 4.5 establishes that the
predictions of R,;  and T, » by the hybrid model were in excellent agreement with those

by the MCRT method for all volume fractions and for both wavelengths considered.

4.5.1.3 Effect of continuous phase absorption coefficient x,

Figure 4.6 compares the predictions of the normal-hemispherical (a) reflectance R, » and (b)
transmittance 75,5, » by the four different models against predictions by the MCRT method
as functions of the absorption coefficient k., of the continuous phase for monodisperse
bubbles of radius » = 0.5 mm and volume fraction f, = 20% in a slab of thickness H =
10 mm. Here again, the Fedorov-Viskanta model overestimated the reflectance R, and
underestimated the transmittance 7, x as compared with predictions by the MCRT method.
The Dombrovsky model slightly overestimated the transmittance 7},; » by an absolute error
of about 6% while the predicted reflectance R, 5 fell within an absolute difference of 5%
of that predicted by the MCRT method for all absorption coefficients k. considered. The
predictions of R, » and T, » by the modified Lorenz-Mie theory agreed well with those by
the MCRT method for small absorption coefficients such that ., < 5 m~!. However, for
larger absorption coefficients, the predicted transmittance 7,5 » was slightly smaller than that
predicted by the MCRT method. On the other hand, the hybrid model accurately predicted
the reflectance R, ) and transmittance 7, \ for the range of absorption coefficients r, x
between 107! to around 102. This model was able to accurately predict radiation transfer in
a semitransparent medium containing bubbles when absorption was negligible and scattering
dominated, and also when absorption dominated and scattering was negligible. In the latter
case, potential errors made in predicting the effective scattering coefficient o, \ had no effect

in the predictions of R, and Tp ».
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slab’s thickness was H = 10 mm.
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4.5.1.4 Effect of slab thickness H

Figure 4.7 compares the normal-hemispherical (a) reflectance R, » and (b) transmittance
T,n.» predicted by the four different models as functions of the slab’s thickness H for monodis-
perse bubbles of radius » = 0.5 mm and volume fraction f, = 20% at wavelength A = 2 pum.
Here again, the Fedorov-Viskanta model overestimated R,;  and underestimated 7}, » for
all thicknesses H considered except for H < 5 mm. In addition, the Dombrovsky model
slightly underestimated the reflectance R, ) for thickness H < 15 mm but overpredicted it
as the thickness increased. However, its predictions of transmittance 7}, y agreed reasonably
well with the predictions by the MCRT method for all thicknesses. Similarly, the modified
Lorenz-Mie theory slightly underestimated the reflectance R, » and transmittance T, » as
the slab thickness increased due to its overestimation of the effective absorption coefficient
kx. Finally, the reflectance R, and transmittance 7, » predicted by the hybrid model
were in excellent agreement with those predicted by the MCRT method even for sample
thicknesses on the same order of magnitude as the bubble radius. This may seem surprising
because defining effective radiation characteristics may not be valid for such small thicknesses
given the few bubbles interacting with the incident light. However, the simulated samples
had infinite cross-sectional area thanks to the periodic boundary conditions. Thus, averaging
was achieved over a large surface area. Similar considerations were made experimentally by

using a wide beam compared with the sample thickness [107].

4.5.1.5 Comparison with experimental measurements

Bubble characterization

Figure 4.8 shows (a) the photograph of the sample’s top view with (b) the corresponding
image of the sample’s digital twin created from microCT scans, indicating an excellent 3D
reconstruction. Figure 4.8(c) shows a screenshot from the user interface of imaging software
AMIDE, highlighting the identified bubbles in the sample at a depth of 7 mm from the top
of the sample. Finally, Figure 4.8(d) shows the retrieved bubble size distribution from the

636 bubbles contained in the sample with the best fit provided by a normal distribution with
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(a)  Photograph of sample (b) 3D reconstructed image

(c)  Bubble characterization (d) Bubble size distribution
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Figure 4.8: (a) Photograph of the glass sample containing gas bubbles and (b) its 3D recon-
structed image obtained from microcomputed X-ray tomography. (c¢) The radius and location
of each bubble was identified using medical imaging software AMIDE. (d) Retrieved bubble
size distribution fitted with a normal distribution f(7, o) with mean bubble radius 7 = 0.48

mm and standard deviation ¢ = 0.12 mm.
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a mean bubble radius 7 = 0.48 mm and standard deviation ¢ = 0.12 mm. The total bubble

volume fraction f, in the sample was determined to be 2%.

The sample was sufficiently thick and the bubble volume fraction large enough for multiple
scattering to prevail. Thus, the selected sample and the selected wavelength range captured
different light transfer phenomena such as absorption and multiple scattering. However,
retrieving the location and size distribution of the bubbles was challenging because the mi-
croC'T scans had multiple slices containing portions of the same bubble which prevented the
use of image processing programs that use Hough circle transform to quickly extract circular
objects from a single slice. Instead, medical imaging tools that can identify and characterize
volumes from microCT scans were necessary. However, most open source medical imaging
tools did not automatically detect the volumes and required manual identification which was

challenging and tedious when dealing with a large number of scattering bubbles.
Normal-hemispherical reflectance and transmittance

Figure 4.9 compares the experimental measurements of the normal-hemispherical (a) re-
flectance R, » and (b) transmittance T}, » over the wavelength range A = 0.4 - 1 pm when
the glass was weakly absorbing with those predicted numerically by the MCRT method us-
ing the specific locations and radii of the bubbles extracted from microCT scan. Similarly,
Figures 4.9(c) and 4.9(d) present the corresponding results over the wavelength range A =
2 - 3 pnm when the glass was absorbing. Note that the reported experimental measurements
for the glass sample covered a wide range of glass absorption coefficients. The experimental
measurements had a small relative error of around 2% and the error bands are shown in gray.
The predictions by the hybrid model using the bubble size distribution reported in Figure
4.8(d) for volume fraction f, = 2% are also presented. In addition, the results for the case
without bubbles (i.e., f, = 0%) are provided as a reference. Here again, the predictions by
the hybrid model combined with 1D Monte carlo simulations agreed very well with predic-
tions by the MCRT model using periodic boundary conditions. The absolute differences of
about 6-7% in the reflectance R, and of about 3-4% in the transmittance T, \ predicted
by the hybrid model and experimental measurements were most likely due to radiation losses

through the edges of the sample after scattering by bubbles. This is confirmed by the predic-
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Figure 4.9: Comparison of the experimentally measured spectral normal-hemispherical re-
flectance R, » and transmittance T, x as functions of wavelength A with the predictions by
Monte Carlo ray-tracing method with and without periodic boundary conditions for wave-

length range (a-b) A = 0.4 - 1 ym and (c-d) A = 2 - 3 pm. Predictions for the case without

bubbles (f, = 0%) are also provided as a reference.
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tions by the MCRT method without periodic boundary conditions (BCs) which agree better
with the experimental measurements across the spectral range considered. In addition, the
trends in the spectral variations of the predicted reflectance and transmittance differ slightly
from their experimental measurements. This was most likely due to differences between the
actual optical properties of the glass sample and those used in the simulations and obtained

from the literature for fused silica [108,109].

4.5.2 Reflectance of seafoam

Having identified the hybrid model as the most accurate, this chapter now focuses on sim-
ulating radiation transfer through seafoams by solving the 1D radiative transfer equation
(RTE) using the hybrid model. To do so, an infinitely long and wide plane-parallel patch
of seawater of complex index of refraction my, x = 1y + 1k, Was assumed to be covered
with a layer of seafoam of thickness H containing non-absorbing monodisperse air bubbles
of diameter D, as illustrated in Figure 4.10. The seafoam was subjected to direct and diffuse
solar radiation from the top. The bubbles in the seafoam backscattered some of the incident
sunlight, given by the spectral normal-hemispherical reflectance R, x. The remaining frac-
tion of incident radiation was assumed to be absorbed in the seawater, represented by the

spectral absorptance A, .

The spectral refractive n,, » and absorption k, , indices of water were obtained from
Ref.[65]. The air bubbles were non-absorbing and had a refractive index n = 1.0 for all
wavelengths. The volume fraction of bubbles inside seafoam was assumed to be constant at
74%. The spectral normal-hemispherical reflectance R,,j, » of the ocean surface covered with
seafoam containing microbubbles was computed over wavelengths ranging between 0.3 and
3 pm spanning the solar spectrum. The simulations were performed for solar zenith angles

0 varying between -90°and 90°.

The direct solar reflectance R, 4 for a particular zenith angle 6 was calculated by inte-
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Figure 4.10: Schematic of seafoam layer composed of seawater (1, k) containing ran-
domly distributed polydisperse spherical gas bubbles (n; » = 1) on ocean surface and exposed

to normally incident solar radiation.

grating the spectral reflectance over all wavelengths in the solar spectrum, as follows

3.0um
Rap \(0) I \dX
Rya(f) = =2 i) )L , (4.13)

3.0um
0.3um Is ndA

where I; 5 is the spectral solar radiation intensity corresponding to AM 1.5G reference spec-
trum, according to standard ASTM G173-3. The diffuse solar reflectance R, 45y was com-
puted by integrating the direct solar reflectance over all solar zenith angles given by

90°
Ry = / Ra(0)d0. (4.14)

_900
Then, the albedo of seafoam for a specific location was calculated using

f:,f GpnincostRs 4(0) + GprrnRs.difrdh
=" ) (4.15)

fhhif GDNLhCOSH + GDH[,hdh
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where Gpnr, and Gppyr, are respectively the instantaneous direct normal and diffuse hor-
izontal irradiance (in W/m?) corresponding to sunshine hours h varying from h; to hy for

that location.

4.5.2.1 Effect of bubble radius r and foam thickness H

Figure 4.11 plots the normal-hemispherical reflectance R, » of seafoam (a) as a function of
bubble radius r for different foam thicknesses and (b) as a function of foam thickness H for
different bubble radii predicted by the hybrid model for monodisperse bubbles occupying
volume fraction f, = 74%. The simulations were performed for wavelength A = 0.5 pm as a
representative of the visible portion of the solar radiation when water is weakly absorbing.
Figure 4.11(a) shows that the reflectance R, increased exponentially as the bubble radius
r decreased for a given foam thickness H. The reflectance was greater than 80% even for
foam thicknesses as low as 5 mm. This is attributed to the large total scattering cross-section
of the numerous bubbles present in seafoam when the bubble radius is small. On the other
hand, for bubble radii » > 1 mm, the foam thickness needed to be significantly large to
achieve a large reflectance. Figure 4.11(b) establishes that the reflectance R, ) increased
initially with increasing foam thickness before plateauing for all considered bubble radii. The
thickness after which the reflectance plateaus decreased with decreasing bubble radii due to
increasing total scattering cross-section of bubbles. Indeed, for bubbles of radius » = 0.1

mm, the reflectance plateaued after just a thickness of 20 mm.

Figures 4.11(c) and 4.11(d) present the corresponding results for A = 1 pm as a represen-
tative of the near-infrared portion of solar radiation when water is significantly absorbing.
Figures 4.11(c) and 4.11(d) show trends similar to those in Figures 4.11(a) and 4.11(b) re-
spectively, albeit with smaller magnitudes of reflectance R, » due to absorption by water
surrounding the bubbles in the seafoam layer. Figure 4.11(d) indicates that the reflectance

plateaued after even smaller thicknesses when water was absorbing.

Overall, these results suggest that the bubble radius needs to be as small as possible

and the foam thickness as large as possible to achieve the maximum reflectance. However,
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practically, bubbles smaller than 10 pm in radius are very difficult to generate and sustain.
Moreover, there is minimal gain in the achieved reflectance past a thickness H = 20 mm

when the bubble radius r» < 100 pm.

4.5.2.2 Effect of solar zenith angle ¢

Figure 4.12 plots the direct reflectance R, of seafoam calculated over the solar spectrum
using Equation (4.13) as a function of solar zenith angle 6 of solar radiation for bubble radii
r =10, 50, and 100 pm for foam thickness H = 10 mm and volume fraction f, = 0.74. Figure
4.12 shows that the reflectance R; was symmetric with respect to the solar zenith angle 6,
as expected. It establishes that the reflectance R, for small bubbles was consistently larger
than that for larger bubbles for all solar zenith angles 6. This can be attributed to the large
total scattering cross-section of the small bubbles as compared to larger bubbles for a given
volume fraction f, and foam thickness H. Moreover, the reflectance was nearly constant for
0 ranging between the -60° and 60° for all bubble radii. However, as the solar zenith angle
increased further, the reflectance R, increased for all bubble radii and approached unity as

6 was close to 90° or -90°.

4.5.2.3 Albedo calculation

Figure 4.13 presents a contour plot showing the albedo of ocean surface covered with seafoam
computed using Equation (4.15) for bubble radius r ranging between 10 and 1000 pm and
seafoam thickness H varying from 0 to 20 mm. The albedo was calculated using the instan-
taneous direct normal G py; and diffuse horizontal Gpyy irradiance values corresponding
to June 21, 2023 in Hong Kong obtained from the National Oceanic and Atmospheric Ad-
ministration’s (NOAA) solar calculator [111]. The location was chosen given the significant
shipping traffic density in Hong Kong. Figure 4.13 shows that for bubble radii » < 100 pm,
the albedo was larger than 0.8 for foam thickness H as low as 5 mm. In fact, for bubble
radius » = 10 pm, the ocean albedo increased dramatically from about 0.06 to around 0.8 for

foam thickness less than 1 mm. This establishes the efficacy of introducing seafoams filled
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Figure 4.11: Normal-hemispherical reflectance R,  of seafoams containing bubbles (a,c) as

a function of bubble radius r for different foam thicknesses, and (b,d) as a function of foam

thickness H for different bubble radii for seafoams exposed to monochromatic radiation of

wavelength (a,b)

= 0.5 pm and (c¢,d) A = 1 pm. The bubble volume fraction was f,

74% in all the cases. The simulations were performed using hybrid model identified earlier

in the chapter.
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Figure 4.12: Direct solar reflectance R, 4 of seafoams computed as a function of solar zenith

angle 6 using Equation (4.13) for different bubble radii for bubble volume fraction f, = 74%.

with microbubbles over ocean surfaces to reflect sunlight.

4.5.2.4 Radiative forcing calculation

The global impact of any geoengineering technique is quantified using radiative forcing, which
is the change in Earth’s energy balance due to a forcing agent in Earth’s natural systems.
Geoengineering techniques are specifically designed to partially counter the global radiative
forcing from greenhouse gases, which is approximately 3.5 W/m? since the pre-industrial era
(1750) [112]. Popular geoengineering techniques such as stratospheric aerosol injection or
marine cloud brightening have the potential to achieve a radiative forcing of about 4 W /m?,
enough to counter the global radiative forcing from greenhouse gases lenton2009radiative.
However, both these techniques require significant infrastructure that is not yet existent. On
the other hand, existing cargo ships can be easily modified to generate high albedo seafoams

in shipping lanes worldwide.

A typical cargo ship of width 25 to 50 m moving at a speed of about 30 km/h leaves
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Figure 4.13: Contour plot of seafoam albedo calculated using Equation (4.15) for a wide range
of bubble radii » and foam thicknesses H using the instantaneous direct normal Gpy; and

diffuse horizontal G py; irradiance values corresponding to June 21, 2023 in Hong Kong [111].

behind a wake that is 50 to 100 m wide and extends for about 10 kilometers [24]. Here, we
assume the width of ship wake to be 75 m. Assuming that the lifetime of bubbles in the wake
can be increased to about 10 hours using ocean-based natural surfactants and assuming that
the wake thickness remains constant throughout its lifetime, the wake area from a single ship
can be calculated as Ayqre = 30 x 10 x 0.075 = 22.5 km?. Then, increasing the ship wake
albedo from a,,; = 0.06 to ay, s = 0.9 using microbubbles as described in Section 4.5.2.3
could result in radiative forcing f = (Awake X Gsotar X (Qw.f — Quw.i))/Aeartn = 3.67 x 1075
W /m? for a single ship, where G4, is the solar irradiance and assumed to be 1000 W /m?
and A.gn = 5.1 x 10® km? is the total surface area of Earth. Given that there are 55,000

ships at sea each day [23], the total achievable radiative forcing could be about fiu = 2
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W /m?. Such a large radiative forcing could lead to substantial mitigation of climate change

resulting from greenhouse gases.

The above calculations were performed to estimate the achievable radiative forcing by
ocean albedo enhancement in ship wakes. However, the actual radiative forcing could sig-
nificantly differ from the calculated value since the solar irradiance and the shipping traffic
density vary substantially with geographic location. Moreover, the Earth’s climate could
respond to the climate intervention strategy in unexpected ways, resulting in a significantly
higher or substantially lower radiative forcing than predicted. Therefore, detailed simula-
tions using a fully-coupled, global climate model are necessary to accurately predict the

impact of ocean albedo enhancement in ship wakes on the global climate.

4.6 Conclusion

This study combined experimental, numerical, and theoretical methods to assess the validity
of three previously proposed models predicting radiation transfer through semitransparent
slabs containing large non-absorbing gas bubbles. These different models were critically
reviewed and their limitations were unequivocally established. A hybrid model was also
proposed predicting the scattering coefficient and the asymmetry factor by Lorenz-Mie theory
while the absorption coefficient was expressed as the sum of absorption coefficients of the
bubbles and the medium weighted by their respective volume fractions. Unlike previous
models, the new hybrid model showed excellent agreement with rigorous Monte Carlo ray-
tracing results based on geometric optics in predicting the reflectance and transmittance for
a wide range of bubble volume fractions, slab thicknesses, and absorption coefficients. In
addition, a digital twin of a thick glass sample containing large number of gas bubbles was
constructed using a microCT scan of the sample to extract bubble locations, size distribution,
and volume fraction for input into the models. The predictions by the hybrid model were
also in good agreement with the experimental measurements of the normal-hemispherical
transmittance and reflectance in the spectral window between 0.4 and 3 pm when silica ranges

from weakly absorbing to absorbing. These results highlight the adequacy and robustness of
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the hybrid model in rapidly simulating radiation transfer through a semitransparent medium
containing spherical bubbles with a wide range of bubble volume fraction and size distribution
as well as different thicknesses and medium compositions. Finally, the hybrid model was used
to perform spectral simulations of solar radiation transfer through ocean surfaces covered
with seafoams containing microbubbles to quantify the ocean albedo enhancement. It was
found that just introducing 10 mm thick seafoams containing bubbles of radius around 10
nm and volume fraction 74% increased the ocean albedo from about 0.06 to around 0.9. Such
a large albedo could be realistically achieved in ship wakes by using microbubble generators
in ships along with natural ocean-based surfactants. Therefore, this climate intervention
strategy could be a simple and cost-effective approach to partially counter global radiative

forcing from greenhouse gases.
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CHAPTER 5

Optically-clear mesoporous silica aerogels for passive

radiative cooling

This chapter demonstrates the use of mesoporous silica aerogels as optically transparent ra-
diative cooling materials exhibiting emissivity near unity in the long wave infrared radiation
(LWIR) atmospheric transparency window between 8-13 pm. Silica is a popular radiative
cooling material due to its favorable optical properties in the visible and infrared parts of the
electromagnetic spectrum. However, it exhibits a reflectance peak and low emittance around
9 - 9.5 nm resulting from Reststrahlen effect. Consequently, the maximum achievable radia-
tive cooling power decreases significantly for silica-based radiative cooling surfaces at 300 K
corresponding to a peak blackbody spectral emissive power at A = 9.7 pm. Previous studies
have attempted to maximize the emissivity of silica-based radiative coolers using complex
photonic structures. In this study, we utilize the mesoporous microstructure of ambiently
dried and hydrophobic silica aerogels to eliminate the reflectance peak of silica around 9 - 9.5
nm. The aerogels were composed of silica nanoparticles (radius ~ 2 nm) with a narrow pore
size distribution below 20 nm. Both the particles and the pores were much smaller than the
visible wavelengths resulting in minimal scattering and high transmittance (> 95%). The
emissivity and solar absorptance of these silica aerogels with/without aluminum substrates
were experimentally determined over the spectral range from 0.3 - 20 pm. The results es-
tablish that aerogels can be used on top of metallic surfaces for daytime radiative cooling
applications. Additionally, they can be used as covers for applications that require solar

transmission such as thermophotovoltaic (TPV) cells and glazings.
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5.1 Background

Several studies [36,113,114] have attempted to increase the emittance of silica for radiative
cooling applications. Blandre et al. [36] used surface texturing in the form of 1D lamellar
and 2D cubic gratings on silica coatings on top of Ag substrates. The gratings’ dimensions
were designed to scatter evanescent waves and couple them with propagating modes thereby
increasing the emittance value from about 0.3 to 0.85 around A = 9 pm. The net daytime
radiative cooling power ¢, achievable with the 1D lamellar and 2D cubic grating design were
calculated to be 98 W/m? and 114 W/m? respectively. These results should be compared
with ¢,,,, = 89 W/m? achieved using a planar silica coating. However, the proposed design

also increased absorption of the solar radiation which is undesirable.

Chillén et al. [113] demonstrated a scalable fabrication technique to etch nanopillars
of diameter ~ 300 nm and depth ~ 1.25 pm on fused silica glass slab that increased its
emittance from about 0.3 to 0.8 around A = 9 pm by coupling light with surface phonon-
polariton (SPhP) modes [115,116]. However, this approach significantly decreased the slab’s
transmittance in the UV and visible wavelengths due to scattering by the nanopillars. The
authors showed that coating the nanopillars with a 1.5 pm thick layer of PMMA minimized
the visible haze by reducing the refractive index mismatch. However, the PMMA coating

led to significant absorption of UV radiation that could result in heating.

Akerboom et al. [114] patterned a silica slab with silica microcylinders to enhance the
radiative cooling power of a silicon solar module. The authors used photonic structures and
finite-difference time-domain (FDTD) simulations to optimize the microcylinder array design
to maximize the emittance of the glass cover. The fabricated microstructured glass cover
was placed on top of a silicon substrate coated with gold at its back to mimic an opaque
silicon solar module. This new module exhibited an average emittance of 0.97 between A =
7.5-16 nm, which was significantly higher than the average emittance of 0.84 achieved with

planar silica glass cover. However, the emittance around A = 9 pm was only around 0.7.

This study presents multifunctional optically transparent silica-based aerogels with con-

trolled mesoporous structure to maximize the spectral emittance in the atmospheric trans-
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parency window near room temperature and minimize solar absorptance. These ambiently-
dried aerogel monoliths can be used on top of metallic surfaces for passive daytime radiative
cooling applications. Additionally, the aerogels could be used as covers for thermophoto-
voltaic (TPV) cells, glazings, as well as windows of vehicles to achieve both radiative cooling

and visible light transmission.

5.2 DMaterials and methods

5.2.1 Sample preparation

Aerogels of porosity ¢ = 72.5%, 80.9%, and 87.5% and thickness H = 1.15 mm were synthe-
sized by an ambient drying procedure in which complex mesoporous organo-silica monoliths
were prepared using an acid-base-catalyzed sol-gel synthesis [117]. First, a solution was pre-
pared containing tetraethoxysilane (TEOS) (Sigma-Aldrich), methyl triethoxysilane (MTES)
(Sigma-Aldrich), ethanol (EtOH), deionized water, and formamide (Sigma-Aldrich) in molar
ratios of 1.5:1:6.25:6.25:5, respectively. Then, a base catalyst of 2M NH,OH was added at a
volume ratio of 6 mL base to 17 mL sol before transferring to a 10 cm x 10 cm x 1.5 mm
plastic cassette. After ageing for two days, gel monoliths were removed from the cassettes,
and submerged in ethanol. The ethanol was then exchanged with n-heptane, which was the
final drying solvent. The samples were then dried at ambient temperature and pressure by
draining the solvent and allowing slow evaporation of the pore solvent in a sealed container

over ~1 week.

Finally, the prepared aerogel monoliths of porosity ¢ = 72.5%, 80.9%, and 87.5% were
adhered to the top of separate aluminum wafers of radius r; = 12.5 mm using an optically
clear adhesive film (3M) to prepare radiative cooling Samples 1, 2, and 3, respectively.
Sample 4 corresponds to the aerogel of porosity ¢ = 87.5% without any substrate. The

details of all samples are summarized in Table 1.
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Table 5.1: Details of radiative cooling samples

Emitter thickness Emitter porosity Reflector
Samples Emitter
H (mm) ¢ (%) (Substrate)
Sample 1 | Silica aerogel 1.15 87.5% None
Sample 2 | Silica aerogel 1.15 72.5% Aluminum
Sample 3 | Silica aerogel 1.15 80.9% Aluminum
Sample 4 | Silica aerogel 1.15 87.5% Aluminum

5.2.2 Simulations

The effective spectral refractive n.g and absorption k.4 » indices of mesoporous silica aerogel
of thickness H and porosity ¢ were determined using the Maxwell-Garnett effective medium
theory [50]. Using these optical properties, the spectral normal-hemispherical transmittance
Ton and reflectance R, 5 of silica aerogels with or without an aluminum substrate were
predicted using the transfer matrix method (TMM) [51]. Finally, using Kirchhofft’s law of
thermal radiation and energy balance, the spectral normal emittance of the opaque radiative

cooling surfaces was given by €, x = A, x» =1 - Ropx - Thna.

5.2.3 Transmittance and reflectance measurements

A double-beam ultraviolet-visible (UV-Vis) spectrophotometer (Evolution™ 220, Thermo
Scientific Fisher, USA) equipped with an integrating sphere (Evolution™ ISA-200 Integrat-
ing Sphere Accessory, Thermo Scientific Fisher, USA) was used for measuring the normal-
hemispherical transmittance 7}, » and reflectance R, » of the samples over the wavelength
range A = 0.3 to 1.1 pm. Measurements for wavelengths A = 1.1 pm to 20 pm were performed

using a nitrogen-purged Fourier transform infrared (FTIR) spectrometer (Nicolet™ iS50,
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Thermo Scientific Fischer, USA) equipped with an integrating sphere (Upward IntegratIR™
PIKE Technologies, USA). An InGaAs detector with a CaFy beam-splitter was used for the
IR measurements over wavelengths 1.1 to 2 pm while an MCT detector with a KBr beam-

splitter was used for wavelengths ranging from 2 to 20 pm.

5.2.4 Emittance and solar absorptance

Based on Kirchofft’s law of thermal radiation [118], the spectral directional emittance of a
material g 5 is equal to its spectral directional absorptance Ay under thermal equilibrium.
Therefore, the spectral normal emittance €, ) of the aerogel can be experimentally deter-
mined by measuring its spectral normal-hemispherical transmittance 7T),; » and reflectance

R, according to the energy balance expressed as [119]
Enr = Anx =1 = Rupx — Tona- (5.1)

Furthermore, the normal emittance of the aerogels in the LWIR atmospheric transparency

window &, rwrr can be defined as [120]

L3um €n7)\ Eb’>\ (T) d\

8um

[2Hm By \(T)dA

8um

(5.2)

En,LWIR =

where Ej,,(T) is the spectral blackbody emissive power (in W/m?pm) at temperature 7'
Similarly, the normal solar absorptance a; of the sample exposed to collimated and normally
incident spectral solar radiation intensity I;, (AM 1.5G reference spectrum, according to

standard ASTM G173-3) is defined as [119]

3.0pum
Apadsd\
(y = 203um mATATE (5.3)
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5.2.5 Radiative cooling power

. . . . . . "
The radiative cooling surface of unit surface area absorbs solar radiation at a rate of ¢,
given by

i

q;olar = / IS,)\AH,)\d)" (54)
0
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The surface also absorbs atmospheric radiation at a rate of ¢, given by

oo
Qatm :/ / Eb)\(TO)Oég’)\é‘atm’g,)\COSedAdQ, (55)
2w J 0
where T, is the ambient temperature, 6 is the angle of incidence/emission, and umrp =
1— T/\l/ % is the spectral directional emittance of the Earth’s atmosphere having spectral

transmittance T [121]. The radiative cooling surface loses heat by emitting thermal radiation

at a rate of q.,, given by

Q;ad:/ / Ep A (T, )eg xcosOdAdSY, (5.6)
27 JO

where T, is the temperature of the top surface of emitter. Therefore, the net radiative cooling

power ¢, can be written as [28]

” 9

qZOOZ = q:’ad ~ Qsolar — q;tm (57)

Here, the contribution from convective heat transfer was ignored by assuming the emitter
surface temperature to be the same as ambient temperature such that T, = T, = 300 K. Note
that the net radiative cooling power ¢, , can vary substantially with the thickness H of the
emitter. This is because the rate of absorption of solar ¢,,,,. and atmospheric radiation g,,,,
as well as the rate of emission from the radiative cooling surface ¢, increase with increasing

emitter thickness H before plateauing [122].

5.3 Results and discussion

5.3.1 Aerogel as a transparent cover
5.3.1.1 Spectral transmittance and normal emittance

Figure 5.1(a) plots the spectral normal-hemispherical transmittance T, measured over
the solar spectrum for radiative cooling Sample 1 consisting of mesoporous silica aerogel
of porosity ¢ = 87.5% and thickness H = 1.15 mm without any substrate. The spectral
transmittance of non-porous silica slab of the same thickness predicted using transfer matrix

method and the spectral solar irradiance (AM 1.5G spectrum) are also provided as references.
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Figure 5.1: (a) Comparison of spectral normal-hemispherical transmittance T, of a stand-
alone silica aerogel slab (Sample 1) of porosity ¢ = 87.5% and thickness H = 1.15 mm
measured over the solar spectrum with that of a non-porous silica slab of identical thickness
predicted using transfer matrix method. (b) Comparison of their corresponding spectral
normal emittance €, ) in the spectral window 3 to 20 pm. The spectral solar irradiance
(AM 1.5G reference spectrum) and the spectral transmittance of atmosphere are provided

as references in (a) and (b), respectively.
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Figure 5.1(a) shows that the aerogel was highly transparent over the solar spectrum, with
a solar transmittance 7T, = 0.9, comparable to that of a non-porous silica slab of identical
thickness (7, , = 0.92). Here again, some absorption peaks were observed due to the presence

of surface hydroxyl groups and water adsorbed on the surface of aerogels.

Figure 5.1(b) plots the spectral normal emittance ¢, of Sample 1 determined experi-
mentally over the wavelength window 3 to 20 pm in which the transmittance vanishes. The
spectral normal emittance of dense silica slab and the spectral transmittance of the atmo-
sphere are also provided as references. Figure 5.1(b) establishes that the aerogel exhibited
an emittance approaching unity in the atmospheric transparency window of 8-13 pm without
any substrate. The highly porous aerogel microstructure nearly eliminated the characteristic

reflectance peak of silica around 9 pm.

Overall, Figure 5.1 demonstrates that silica aerogels can be used as optically transparent
radiative cooling covers where visible light transmission is essential such as for photovoltaic
solar cells. However, such aerogels covers could act as thermal insulator if they are too thick
due to their significantly low thermal conductivity < 50 mW/mK [117]. Therefore, their
thickness should be optimized to minimize the thermal insulation from aerogels and retain

their high emittance and radiative cooling power.

5.3.2 Aerogel on top of aluminum substrate
5.3.2.1 Effect of porosity on emittance and radiative cooling power

Figure 5.2(a) compares the experimentally determined spectral normal emittance ¢,  of
Samples 2-4 described in Table 5.1 with their corresponding predictions by the transfer
matrix method for wavelengths ranging from 5 to 20 ym. Predictions of the emittance for
a 1.15 mm thick non-porous silica slab on top of aluminum substrate are also provided as
reference. Figure 5.2(a) establishes that the experimental measurements were in relatively
good agreement with the spectral predictions for all aerogel porosities. This can be attributed
to the fact that the radii of the silica nanoparticles (r; ~ 2 nm) and pores (1, ~ 25 nm)

constituting the aerogel samples were much smaller compared to the wavelengths considered
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so that aerogel could be treated as homogeneous with effective refractive n.4» and absorption
keg . indices given by Maxwell-Garnett effective medium approximation. Figure 5.2(a) also
shows that as the porosity increased from ¢ = 0% to 72.5%, the emittance around A = 9
pm significantly increased from about 0.18 to around 0.8. This can be attributed to the
fact that the refractive index mismatch between the effective medium and surrounding air
decreased as porosity increased. In fact, for Sample 4 with very large porosity ¢ = 87.5%,
the characteristic reflectance peak of silica was effectively eliminated and the emittance

approached unity.

Figure 5.2(b) presents the radiative cooling power g, ., corresponding to Samples 2-4
and to dense silica on top of aluminum substrate as a function of emitter thickness H
calculated using Equation (5.7) assuming emitter surface temperature to be the same as
ambient temperature, i.e., T, = T, = 300 K. Predictions of the radiative cooling powers
Qoo Of €ach sample when the aluminum substrate is replaced with a silver substrate are also
provided as references. Figure 5.2(b) establishes that having a porous microstructure for
the silica coating significantly enhanced its radiative cooling power compared to non-porous
coating. Here, the increase in emittance ¢, , around A = 9 pm contributed significantly
to the total radiative cooling power for bodies at temperature T = 300 K that exhibit
peak blackbody spectral emissive power around the same wavelength. Figure 5.2(b) also
shows that the radiative cooling power of the surfaces with aerogel slabs was nearly constant
for thickness H > 100 pm since the aerogels were opaque to LWIR radiation beyond this
thickness. Additionally, the minimum thickness H beyond which the radiative cooling power
plateaued decreased with decreasing porosity. This was expected since aerogels with lower
porosity absorb more infrared radiation than more porous aerogels with the same thickness.
Therefore, both porosity and thickness can be adjusted to maximize radiative cooling power
knowing that it is harder to dry thicker monoliths without cracking. Additionally, Figure
5.2(b) shows that using a silver substrate can lead to substantially larger radiative cooling
power compared to aluminum substrate. However, the high cost of silver substrates may not

justify the potential benefits in terms of radiative cooling power.
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5.3.2.2 Solar spectral reflectance and normal emittance

Figure 5.3(a) plots the spectral normal-hemispherical reflectance R, of radiative cooling
Sample 4 with porosity ¢ = 87.5% measured over the solar spectrum. The spectral reflectance
of a bare aluminum substrate and the spectral solar irradiance (AM 1.5G spectrum) are also
provided as references. Figure 5.3(a) shows that the radiative cooling surface exhibited a
large solar spectral reflectance R, », similar to that of bare aluminum. In fact, the normal
solar absorptance oy [Equation (5.3)] of the radiative cooling surface was calculated to be
0.10 similar to that of bare aluminum estimated as 0.09. This difference can be attributed to
absorption of UV radiation and multiple scattering by silica nanoparticles in the aerogel [108].
The aerogel also exhibited some absorption peaks in the UV and near-IR wavelengths due
to the presence of surface hydroxyl groups as well as water adsorbed on the surface of
aerogels [117]. However, these peaks contributed minimally to the average solar absorptance

of the aerogels because the spectral solar irradiance was small at those wavelengths.

Figure 5.3(b) plots the spectral normal emittance ¢, of the radiative cooling Sample
4 determined experimentally over the wavelengths ranging between 3 and 20 pm. The
spectral transmittance of the Earth’s atmosphere is provided as a reference. Figure 5.3(b)
establishes that the Sample 4 exhibited a near-unity emittance (¢, wrr = 0.99) in the
atmospheric transparency window of 8-13 pm, significantly higher than those previously
reported in literature for silica-based radiative cooling surfaces [36,113,114]. The highly
porous microstructure of the aerogel nearly eliminated the characteristic reflectance peak
of non-porous silica slab around 9 pm. These results establish the efficacy of the proposed

aerogel-based radiative cooling surface in minimizing solar heat gain.

5.3.2.3 Average directional LWIR emittance

Figure 5.4 plots the directional emittance €4 Lwr of radiative cooling Sample 4 (¢ = 87.5%)
and dense silica (¢ = 0%) on aluminum substrate simulated using the transfer matrix method
and averaged over the LWIR atmospheric transparency window between 8-13 pm. The

method was validated by comparing predictions of ¢, » with experimental measurements.
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Figure 5.3: (a) Spectral normal-hemispherical reflectance R, of Sample 4 (¢ = 87.5%)
and bare aluminum measured over the solar spectrum. (b) Corresponding spectral normal
emittance ¢, of the radiative cooling surface computed from the measurements in the
wavelength window 3 to 20 pm. The spectral solar irradiance (AM 1.5G reference spectrum)
and the spectral transmittance of atmosphere are provided as references in (a) and (b),

respectively.
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Figure 5.4 shows that the average emittance of dense silica was only about 0.83 for emission
angles less than about 30°, and decreased significantly for larger angles due to substantial
surface reflection. By contrast, the average emittance of Sample 3 exceeded 0.97 for angles
up to 60°, and decreased thereafter for larger angles due to the aerogel porosity and the
smaller refractive index mismatch with the surrounding air. Such large and broad directional

emittance is beneficial in maximizing its radiative cooling power [123].
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Figure 5.4: Predictions of the LWIR-averaged directional emittance €4 wr of radiative
cooling Sample 4 [see Table 5.1] and dense silica on aluminum substrate in the LWIR atmo-

spheric transparency window ranging between 8-13 pm.

5.4 Conclusion

This study experimentally demonstrated a novel approach to maximize the emittance of
silica-based radiative cooling surfaces that can be used on top of reflective substrates made

of metals such as aluminum or silver for daytime radiative cooling applications. The aerogel
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monoliths exhibited emissivities approaching unity in the atmospheric transparency window.
Their radiative cooling power was significantly larger than those of dense silica covers of
identical thickness at near room temperature. Additionally, the samples could be used alone
as transparent covers in applications requiring solar transmission such as solar cell covers,

glazings, and window solutions.
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CHAPTER 6

Conclusions and Future work

6.1 Conclusions

The objectives of this dissertation were (i) to systematically quantify the optical losses caused
by gas bubbles during photoelectrochemical water splitting, (ii) to critically review and vali-
date different radiative transfer models for semitransparent media containing scatterers and
use the most accurate model to predict albedo of ship wakes containing microbubbles, and
(iii) to demonstrate the use of mesoporous silica aerogels as optically transparent radiative

cooling materials.

The first objective was achieved in Chapters 2 and 3. In Chapter 2, Monte Carlo ray-
tracing model was developed to simulate the scattering of solar radiation by cap-shaped gas
bubbles attached to horizontal Si photoelectrode surface. Such a scenario corresponds to
the onset of water splitting reaction and/or to PEC cells having horizontal photoelelectrodes
covered by a very thin layer of electrolyte. Overall, optical losses up to 18% were predicted for
Si photoelectrodes covered with bubbles having a contact angle of 6. = 120°and a projected
area coverage of 78.5%. Additionally, scattering by bubbles led to significant local variations
in the absorbed photon flux, with substantial light concentration - by a factor of up to
two - outside the bubbles’ projected footprint as compared to a bare photoelectrode. In
Chapter 3, the Monte Carlo ray-tracing model was expanded to account for scattering by
detached spherical gas bubbles and absorption by the aqueous electrolyte. It was found that
the bubble diameter most significantly impacted optical losses, followed by plume thickness,
bubble volume fraction, and surface area coverage. Overall, to minimize optical losses, it

was recommended to use hydrophilic photoelectrodes to minimize the bubble contact surface
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area coverage, increase bubble departure diameter by increasing the surface tension of the
electrolyte/bubble interface, employ convection to flow electrolyte and decrease bubble plume
thickness, and illuminate the PEC cell from the anode side since oxygen bubbles are larger

yet fewer than hydrogen bubbles.

The second objective was achieved in Chapter 4. Different radiative transfer models
were critically reviewed and their limitations were unequivocally established. The normal-
hemispherical reflectance and transmittance predictions of these models were compared
against the predictions by the Monte Carlo ray-tracing (MCRT) method for a wide range
of bubble volume fractions, slab thicknesses, and medium absorption coefficients. For ex-
perimental validation, first, a fused silica sample containing bubbles was characterized using
microcomputed X-ray tomography scans to retrieve the exact locations, diameters, and total
volume fraction of bubbles. The predictions of different models using the retrieved data were
compared with the normal-hemispherical reflectance and transmittance of the fused silica
sample measured experimentally using UV-visible and FTIR spectrophotometers. Overall,
the predictions of hybrid model, that predicts the effective scattering coefficient and asym-
metry factor using the Lorenz-Mie theory and the effective absorption coefficient as the
volume-weighted sum of the bubbles and medium absorption coefficients and solves the ra-
diative transfer equation using the Monte Carlo method, showed excellent agreement with
both the predictions by the MCRT method and with experimental measurements. Finally,
the hybrid model was used to simulate radiation transfer through seafoams in ship wakes

containing microbubbles to predict their albedo and estimate radiative forcing.

The third objective was achieved in Chapter 5. A new method to enhance the emit-
tance of silica-based radiative cooling surfaces was introduced and experimentally validated.
The mesoporous aerogel monoliths demonstrated near-unity emissivities within the atmo-
spheric transparency window, achieving significantly greater radiative cooling power than
dense silica covers of the same thickness at near room temperature while transmitting more
than 95% of solar radiation. These aerogel monoliths could be used atop reflective metal
substrates like aluminum or silver for daytime radiative cooling applications. Additionally,

these samples could serve independently as transparent covers in applications that require
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solar transmission, such as solar cell covers, glazings, and window solutions.

6.2 Future work

6.2.1 Predicting the effect of bubble shape and experimentally validating the
effect of bubble contact angle on light absorption during photoelectro-

chemical water splitting

The simulations presented in Chapter 2 assumed that the bubbles attached to the pho-
toelectrode surface were spherical cap-shaped during photoelectrochemical water splitting.
However, during bubble growth from nucleation to departure, the bubble shape may change
and deviate from cap-shaped due to surface tension and buoyancy forces. Indeed, bubble
shape changes substantially during a growth cycle in photoelectrochemical water splitting,

similar to that during nucleate pool boiling [6], as shown in Figure 6.1.
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Figure 6.1: Bubble shape during a growth cycle in nucleate pool boiling. (reprinted from
Ref. [124], Copyright (C) 2008 with permission from Elsevier.)

Moreover, in Chapter 2, the effect of bubble contact angle 6. on the optical losses in a
PEC cell was predicted. However, there was no experimental data available in the literature

to compare these predictions. Therefore, to fill this gap, experiments should be performed

117



with different coatings on the photoelectrode surface to vary bubble contact angles and study

its effect on light absorption in the photoelectrode.

6.2.2 Assessing the global impact of ocean albedo enhancement in ship wakes

using climate model

Chapter 5 established the achievable albedo values using seafoams containing microbubbles,
and identified the required bubble diameters, volume fractions, and seafoam thickness. How-
ever, to accurately assess the potential of ocean albedo enhancement in global shipping lanes
and quantify its global impact, it is important to simulate the climate intervention strategy
using an appropriate climate model, while also accounting for the climate’s response to it.
This could be achieved using the latest Community Earth System Model (CESM2) [125],
which is a fully-coupled, global climate model that delivers cutting-edge computer simula-

tions of the Earth’s climate across past, present, and future scenarios.

Here, the global maritime traffic density data (in monthly hours/km?) for cargo ships
was obtained from Ref. [126] and analyzed using the open-source geographic information
system software QGIS [127]. The data was composed of pixels representing a geographical
area of 1 km x 1 km. The geospatial variation of shipping traffic density was fractionalized
by enforcing traffic density of more than 1 monthly hours/km? to be 1, while those below 1

were kept unchanged. Then, the albedo for each pixel was calculated by
ap = Say, + (1 — s)ay, (6.1)

where s is the fraction of shipping traffic density (varying between 0 and 1) corresponding
to that pixel, o, = 0.9 is the albedo of seafoam in ship wake, and a, = 0.06 is the albedo
of bare ocean surface. Figure 6.2 presents the corresponding geospatial variation in ocean
albedo obtained by following the procedure described above. Future work should modify
the CESM2 codes to enable using the data plotted in Figure 6.2 as input. Such simulations
could help quantify the radiative forcing achieved using ship wake albedo enhancement, and

analyze its corresponding effects on local and global climate over the years.
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Figure 6.2: Geospatial variation in ocean albedo obtained by transforming shipping traffic
density data obtained from Ref. [126] into albedo data using Equation (6.1) using QGIS
software [127].

6.2.3 Embedding large silica nanoparticles in silica aerogels for passive daytime

radiative cooling

Chapter 6 demonstrated that a mesoporous microstructure eliminated the characteristic
reflectance peak of silica, thereby allowing to achieve near-unity emittance in the long wave
IR spectrum. However, the silica aerogels exhibited a substantially large transparency to
solar radiation, and thus required a metallic substrate as a reflector for daytime radiative
cooling applications. Eliminating this need for a reflective substrate could minimize the
cost of daytime radiative cooling surfaces, while also minimizing the solar absorption in
aerogel. Notably, the porous microstructure in silica aerogels could be leveraged to embed
large silica nanoparticles. These particles could substantially scatter solar radiation while

also contributing to the emittance in the atmospheric transparency window.
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APPENDIX A

Supplementary Materials for Chapter 3

S1. Computational Monte Carlo ray-tracing procedure

1.

11.

1il.

1v.

V1.

Generate a random initial position in the x-y plane on top of the computational domain

for the normally incident ray.

Determine the next location reached by the ray at either the electrolyte/bubble inter-
face, the electrolyte/photoelectrode interface, or the bubble/photoelectrode interface.
If that location was inside the photoelectrode e.g., for rays refracted into surface-
attached bubbles (see Figure 2), update it to a location on the photoelectrode surface

by retracing the ray while maintaining the same direction.

Calculate the distance [ travelled by the ray through the medium from the previous

location to the final position.

Generate a random number rd between 0 and 1 following a uniform distribution to
calculate a random path length I given by I/ = In(rd/k, ) where fy, = 47k, 2 /A
is the absorption coefficient of the medium. If I > I/ , count the ray as absorbed in the

medium. If [ < I/ | calculate the interface reflectance p using Fresnel’s equations.

. Again, generate a random number rd between 0 and 1 following a uniform distribution.

If rd < p, then the ray was reflected, else it was refracted. For either case, update the

ray direction accordingly using the generalized Snell’s law [43].

With this new position and updated direction, trace the ray again in its onward journey

to another interface by repeating steps 2-5.
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vii. If the ray reached the top surface of the computational domain, count it as reflected.
If it was refracted into the photoelectrode through either the bubble/photoelectrode

or the electrolyte/photoelectrode interface, count it as absorbed in the photoelectrode.

S2. Validation of MCRT code

Figure A.1 schematically shows the three simulation cases for which the the analytical expres-
sions for the area-averaged photoelectrode absorptance Ay were available from Refs. [37,42].

The three simulation cases are detailed below.

Case 1

Here, the refractive and absorption indices of the bubbles were chosen to be the same as
that of the electrolyte, equivalent to having a semitransparent electrolyte of thickness H, =
10 mm covering the photoelectrode without any bubbles, as shown schematically in Figure

A.1(a). Thus, the photoelectrode absorptance was given by [37]
A[,)\ = (1 — pen/\)eine’AH‘e, (Al)

where the subscripts I refers to Case I, k. y = 47k, /A and p;; is the reflectance at the
optically smooth interface between media ¢ and j under normal incidence, given by [37]

(nix — )" + (kix — kj)?

= A2
Pig (ni,,\ + n]”)\)2 -+ (kiy)\ + ]fj7,\)2 ( )

Case 11

Here, a gas film of thickness H, = 1 mm having refrative index same as the bubbles was
embedded between the Si photoelectrode and a non-absorbing electrolyte of thickenss H, =
9 mm, as shown schematically in Figure A.1(b). Here, the photoelectrode absorptance was

given by [37]

1—p, 1-—

( P b,)\)( pbp,)\) : (A3)
1 — pevxPop

Ay =

where the subscripts e, b, and p respectively represent the electrolyte, the bubble and the

photoelectrode and p;; 5 is given by Eq. A.3.
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Case III

Here, a gas film of thickness H, = 1 mm having refrative index same as the bubbles was
embedded between two non-absorbing layers of electrolyte, each having thickenss H = 4.5
mm, as shown schematically in Figure A.1(c). Here, the photoelectrode absorptance was
given by [42]

(1 - peb,)\)(l B pbe,)\)(l - pep,)\) (A 4)
L — pebrPrer) (1 — prerpepr) — (1 — Poer)PebrPepr

AIII,A = (

Here again, the subscripts e, b, and p respectively represent the electrolyte, the bubble and

the photoelectrode and p;; » is given by Eq. A.3.

(a) Casel (b) Case Il (¢) Caselll

Figure A.1: Schematics for (a) Case I, (b) Case II, and (c) Case III chosen for validating the
MCRT code.

Figure A.2(a) plots the area-averaged photoelectrode absorptance Ay as a function of
wavelength A of the incident radiation for the three cases considered. It shows excellent
agreement between the analytical and numerical predictions for all wavelengths, thus vali-
dating that reflection and refraction at the electrolyte/bubble, bubble/photoelectrode, and
electrolyte/bubble interfaces, as well as absorption by the electrolyte were accurately ac-

counted for.

Moreover, the area-averaged absorptance of a bubble-covered horizontal Si photoelectrode
subjected to normally incident monochromatic radiation of wavelength A\ = 630 nm was

predicted and compared with those reported in Ref.[49] assuming no bubbles dispersed in
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the transparent electrolyte volume. For these simulations, the bubble plume thickness H and
the bubble diameter D were chosen to be 1 mm such that the code computationally generated
only a monolayer of bubbles attached to the photoelectrode surface having a contact angle
6. and projected surface area coverage f4. The refractive and absorption indices of the
photoelectrode were respectively taken as n, = 3.88 and £, = 0.016. The electrolyte and
bubbles were non-absorbing with their respective refractive indices taken as n, = 1.33 and n,
= 1.0. Figure A.2(b) compares the area-averaged photoelectrode absorptance A predicted
from our study with that reported in Ref.[49] for different projected surface area coverages
fa for bubble contact angle . = 0° or 90°. Here also, excellent agreement was observed,

validating the accurate prediction of the effect of surface-attached bubbles on light transfer.
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