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The thermodynamics of the coexistence and the inter-conversion between

different phases of water are important in many natural and technological con-

texts such as the formation of ice clouds catalyzed by aerosols, water adsorption

and transport in porous materials, and crystal nucleation and growth in porous

rocks. The study of these processes is inherently complicated by the presence

of multiple phases, complex pore geometries, and the transport phenomena at

both small spatial and temporal scales. To tackle these challenges, we conducted

experimental studies of model pore materials with well-defined geometries in

order to better understand the underlying thermodynamics and transport kinet-

ics. In this thesis, I first present an experimental study of freezing transition on

nanoporous substrates with well-characterized pore geometries in the context

of cloud formation. Building on the conceptual foundation of Pore Conden-

sation Freezing (PCF) proposed by Fukuta and Marcolli, I conducted freezing

experiments on a series of nano-porous silicon substrates that share similar sur-

face chemistry but differ in surface structures. We found that the deposition

freezing mechanism could not provide a consistent explanation for the observed

data; while PCF offered an adequate explanation for the distinct freezing behav-

iors observed, but outstanding questions remain about the detailed mechanism

of the emergence of bulk ice within pore space.

Secondly, I present an experimental study on the sorption hysteresis and



trans-port dynamics of water in nanochannels. I conducted an experimental

study with a simple nanofluidic device to directly observe phase equilibrium

and phase transformation of water in well-defined channel geometries. I doc-

umented direct evidence of sorption hysteresis due to the pore-blocking effect

that was well described by the Kelvin-Laplace equation. During desorption, I

observed two distinct desorption mechanisms: desorption by meniscus reces-

sion and desorption by cavitation; we studied the emptying dynamics of liquid

water within these channels and found that the transport dynamics is highly

dependent on the channel geometries.

Finally, I present a set of preliminary studies on direct observation of solid-

liquid equilibrium using the nanofluidic device aiming to provide some guide-

line for the future study of crystal nucleation and growth in a porous ma-

terial. In these studies, I demonstrated different experimental strategies and

their ability to directly study the solid-liquid equilibrium between ice and wa-

ter, and for the crystal-solution system. However, these observations appeared

to be confounded by several experimental challenges that further investigation

is required. In conclusion, I present different experimental efforts in probing

the thermodynamics and transport of phase equilibrium and transformation in

well-characterized and well-defined nanoconfinement. These experiments to-

gether provide evidence of nanoconfinement effects on phase equilibrium pre-

dicted by classical thermodynamics.
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CHAPTER 1

INTRODUCTION

1.1 Manifestation of confined phase equilibrium in nature and

technologies

Water is the only substance the exists naturally in its all three phases on our

planet: ice, liquid water and water vapor. The thermodynamics of the coexis-

tence and the inter-conversion between different phases of water are important

in may natural and technological context such as: water transport in plants,1

formation of liquid and ice clouds catalyzed by aerosols,2 crystal nucleation3

and growth in porous rocks etc.4 These processes usually take place in vari-

ous solid porous medium over small length scales, typically down to a few

nanometers. Within this range of confinement, interesting phenomena arises

as continuum theories remain valid while the importance of interfacial phe-

nomena became accentuated.5 These interfacial phenomena also give rise to de-

viation from bulk coexistence behaviors of vapor, liquid and solid, as well as

their interconversion. For example, plants rely on the pit boarder membrane for

maintaining water in liquid phase, even at extremely dry conditions where bulk

liquid water is thermodynamically unfavorable. The extreme stability limit of

liquid water in plants indicates the membrane characteristic pore size are down

to a few nanometers.6 Ice clouds are typically formed with presence of solid

aerosols in upper stratosphere, where the temperature in the the range of -40

to -60 ◦C. The effective pore size found in numerous common mineral aerosols

ranges from 5 to 50 nm. Salt solution with very high concentration can coex-

ist with salt crystal in subsurface within the pore space of rocks,7 the typical

1



pore size in sediment rocks is in the range of 10 nm to 1µm.8 In addition, the

time scale of these processes can vary significantly depending on the configu-

rations of the confinement. For example, the condensation of liquid water in

small pore is typically fast, on the order of micro-seconds9,10,11; however, the

relaxation of pressure in porous medium such as those in subsurface can take

days or longer.12,4 The nature of these confined phenomena requires experimen-

tal methods and instruments to directly or indirectly observed the these equi-

librium at very small length and time scales. These phenomena take places

on a diverse set of chemical and biological substrates; our understanding of

the thermodynamics of different phases interfacing with different substrates re-

mains incomplete. The combination of the diversity in substrates with the small

length and wide range of time scales further impose difficulties in decoupling

of chemical effects from the structural ones. In the following subsection, we will

briefly describe the phase equilibrium and transport behaviors in three differ-

ent contexts: plants, ice clouds, and freezing and crystallization in the geological

sub-surfaces.

1.1.1 Negative pressure in plants

The tallest tree in the world, a coastal redwood in northern California, measured

over 115 meters.13 In order to drive water from the roots system to the canopy of

the tree for biological processes such as photosynthesis and transpiration, trees

must be able to generate and sustain pressure differences that can at least over-

come the hydro-static pressure due to gravity. This indicates that the mechanical

pressure within the tree must be reduced or even under negative pressure, given

the liquid pressure in soil is at ambient. This pressure in fact is a result of a clas-

2



sical thermodynamic phenomenon described by the Kelvin’s equation14: when

liquid water establishes equilibrium with sub-saturated vapor under isothermal

condition, the liquid must be at reduced or even negative pressure (tension).

The mechanical origin of the tension reside in the Laplace stress across curved

interfaces given by the Young-Laplace equation.15 To generate the Laplace pres-

sure, plants utilize various nanoscopic membranes (e.g., pit border membranes),

in which liquid water and sub-saturated water vapor establish a concave (into

the liquid phase) interface, such that the liquid is at reduced pressure relative to

the gas.16,17,1 These negative pressures can also be realized in plants under ex-

treme frost conditions where a curved ice-liquid interface and thus the capillary

stress can be realized. The detail phase equilibrium, the stability of water under

negative pressure and the heat and mass transport pathways present interesting

research questions. A better understanding of these phase and transport phe-

nomena also open the opportunities to understand the physiological response

of plants to extreme draught and frost conditions,18 improve deficit irrigation in

agriculture,19 and provide design guidelines to engineer heat transfer system.20

1.1.2 Ice nucleation in clouds

Cloud formation via freezing on the surface of aerosols affects the global energy

balance.21 In particular, cirrus clouds, a category of high altitude cloud that is

primarily comprises of ice particles are estimated to have a net heating effect

around 5 W/m2 (compared to the net anthropogenic heating of 2 W/m2).22,21

However, the mechanistic pathway of cirrus cloud formation remains unclear

as shown in Fig. 1.1(a). Hoose and Möhler compiled over 50 years of experimen-

tal data on the freezing efficiency on various aerosols.23 No obvious trends can

3



be discerned among these scattered data. One popular theory is that ice clouds

are formed on the surface of suspending aerosol via deposition freezing,24,25,26

in which ice directly nucleates on the surface of aerosol from water vapor. The

atmospheric science community has been relying on ad-hoc parameters fitting

with deposition freezing to model cloud formation.23 On the other hand, recent

studies suggsted that the nanoscopic defects on the surface of aerosol, a much

neglected structural aspect, can catalyze freezing preferentially.27,28,29,30,31,3 The-

ses studies point towards the importance of surface structure on the freezing ef-

ficiency of aerosols in the atmospheric context. The presence of these nanoscopic

defects may alter the phase equilibrium and kinetics of freezing in substantial

ways similar to that in plants. A better understanding of the detail thermo-

dynamics and transport kinetics in nano-confinement can help to clarify the

underlying mechanism of freezing on aerosols, provide guiding principles in

climate modelling as well elucidate the engineering design of ice management,

cloud seeding and geoengineering (modifying climate on large scale) to combat

the global challenge of climate change.

1.1.3 Freezing and Crystallization Porous Material

On the opposite end the the atmosphere, freezing of water also plays important

role in various processes in the geological sub-surfaces. For example, frost heave

is the process by which the freezing of water-saturated soil causes the deforma-

tion and upward thrust of the ground’s surface.32 Such process inflicts struc-

tural damage to foundations, building materials, and pipelines. It is believed

that the origin of frost heave shares an analogous underlying thermodynamic

origin with that discussed in the context of plants, i.e., when liquid water estab-

4



lishes equilibrium with ice at the bulk freezing temperature (0 ◦C) and the liquid

must at a reduced pressure or the ice must be at an elevated pressure. This pres-

sure differential can be sustained by the same mechanical means of the Laplace

pressure, if, the ice-liquid interface can adapt a curved surface in the porous

material. This situation is known as the Gibbs-Thomson effect. Upon establish-

ing equilibrium, this pressure difference between phases exert compressive or

expansive stress on the host porous material and can cause structural damages.

Indeed, experimental studies such as one shown in Fig. 1.1(b) in ordered meso-

porous silica reported that upon freezing, the porous material was subjected to

a non-monotonic compressive strain as temperature decreased.

Similar to the frost heave phenomenon, structural damage due to pressur-

ization by salt crystals was also studied. Taber first observed an intriguing phe-

nomenon: when a copper sulphate crystal was pressurized, it could come to an

equilibrium with supersaturated solution.33 This observation sparked interest

in solution crystal equilibrium as well as the crystallization damage in porous

material, that is: if crystals are confined in the small space and remain in equi-

librium with supersaturated solution, then, the crystal must be at an elevated

pressure.34 This positive crystallization pressure has long been considered as

the culprit in causing structural damages to various porous rocks, such as the

sandstone bricks. The origin of this crystallization pressure is again analogous

to the water under tension in the context of trees with additional complexity.

In order to maintain equilibrium between the crystal and solution at concentra-

tion higher than saturation (in the context of trees, this corresponds to liquid

water in equilibrium with sub-saturated vapor through porous membrane), the

pressure must change to establish equilibrium, i.e., if the solution is at ambi-

ent pressure, the crystal must be at elevated pressure (whereas water must be

5



Figure 1.1: Experimental data on ice nucleation on aerosols23 and deforma-
tion on porous material upon freezing of pore liquid.36 (a) Experimental freez-
ing efficiency of various aerosol particles, reproduced from.23 This presents the
freezing efficiency of aerosols as a function of temperature (x-axis) and the sat-
uration with respect to ice (SRI, y-axis). SRI is defined as the ratio of vapor
pressure over the saturation vapor pressure of ice. The value of SRI gauges the
efficiency of freezing (low SRI implies efficient catalyst for freezing and vice
versa). Different symbols in this plots represent different aerosols types. Insert
shows an image of cirrus cloud, a type of ice cloud formed by freezing of water
on aerosols. (b). The strain measured on liquid filled MCM-41 mesoporous sil-
ica material during freezing of pore liquid (blue triagnles) and melting of pore
ice (red triangles) compared to emptied pore (black circles), reproduced from.36

Insert shows an image of a type of frost heave damage known as ice lensing
where ice displaced the host material.

under tension in plants).35 Understanding this phenomenon will be instrumen-

tal to understanding the weathering process of porous building materials, and

could guide the design of material syntheses and engineering.

1.2 The thermodynamics of phase equilibrium.

In this section, we will attempt to clarify the classical thermodynamic descrip-

tion of phase equilibrium in confinement that underlies the all the phenomena

6



mentioned above, including the Kelvin-Laplace equation for vapor-liquid equi-

librium, Gibbs-Thomson equation for solid-liquid equilibrium and also the gen-

eral thermodynamic description of three-phase equilibrium. We will these con-

cepts in more detail in Chapters 2, 3, and 4. A water phase diagram is presented

in Fig. 1.2 to aid in developing these theories in the section.

1.2.1 Phase equilibrium of pure water and its vapor in confine-

ment

The thermodynamics origin of water under tension

In this section, we will briefly describe the classical thermodynamic descrip-

tion of phase equilibrium and the origin of negative pressure in water given by

Kelvin equation. We start by writing the Gibbs-Duhem relation. Gibbs-Duhem

relation is a general thermodynamics equation that related pressure (P [Pa]),

temperature (T [K]) with the energetic state of a substance or a component of

the system, it is given as follows37:

dµ(P,T ) =
∂µ

∂P
dP +

∂µ

∂T
dT = vdP − sdT (1.1)

where v [m3/mol] and s [J/molK] are the molar volume and the molar entropy

of the substance, and µ [J/mol] is the molar Gibbs free energy or the chemical

potential of the substance. Consider point 1 (red circle labeled as ”1” in Fig.

1.2) on the liquid-vapor saturation curve with liquid at pressurePl = P1, and

temperature Tl = T1 is in equilibrium with saturated vapor with pressure Pv =

P1, and temperature Tv = T1 as shown. In this situation, the chemical potential of

the two phases are equal: µv = µl. If we change the vapor pressure from P1 to P2
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isothermally, the vapor chemical potential changes by ∆µv = vv∆Pv = vv(P2 − P1),

and the liquid chemical potential must change the same amount in order to

maintain equilibrium condition, i.e. ∆µv = ∆µl. Thus we have ∆Pl = vv
vl

∆Pv.

Further, if we assume the water vapor can be approximated by ideal gas law

and integrate the pressure up to saturation vapor pressure, Psat, to derive the

well-known Kelvin equation:

(Pl − Psat) =
RT
vl

ln
(

Pv

Psat

)
(1.2)

Interestingly, we note that equilibrium conditions dictate that the change of liq-

uid pressure is proportional to the change of vapor pressure with a numerical

factor of vv
vl

; for water at 25 ◦C, this factor is around 1350. Thus, even a small ∆Pv

will result in substantial reduction of liquid pressure. Therefore, when vapor

pressure is lower than the saturation vapor pressure of liquid at given temper-

ature, liquid pressure is often low or even negative when equilibrium between

liquid and vapor is established.

Similar scaling emerges from between liquid-solid interaction with some

subtle differences. Here, we first write down the Gibbs-Duhem for solid and

liquid respectively:

dµs = vsdPs − ssdT (1.3)

dµl = vldPl − sldT (1.4)

from here, we take a first order approximation, integrate both equations to the

triple point (P0, T0 as shown in Fig. 1.2), and combine the two equations, we

will arrive at:

vs(Ps − P0) − vl(Pl − P0) = −∆sls(T − T0) (1.5)

where ∆sls = sl − ss,is the difference in molar entropy between liquid and solid.

We first assume both solid and liquid are at identical pressure (i.e., Ps = Pl, this
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is true for bulk solid-liquid coexistence), such that the two phases are on the

solid-liquid coexistence line of the phase diagram (shown as the black solid line

labeled l − s in Fig.1.2). In this situation, Eq. 1.5 approximately becomes:

∆P
∆T

= −
∆sls

vs − vl
= −

1
vs − vl

hls

T
(1.6)

where hls [J/mol] is the molar latent heat of fusion. This is recovers the Thomson

equation (or Clapeyreon equation) which states that the pressure melting of ice

follows the slope of −12MPa/◦C as highlighted in the Fig.1.1 by the l − s line.

Other interesting conclusions emerges from different assumptions. For ex-

ample, similar to the vapor-liquid equilibrium in the Kelvin equation, if we as-

sume the solid pressure Ps ∼ P0 (or Pl ∼ P0), the liquid phase (or solid phase)

must adjust its pressure to maintain equilibrium. Under these assumption, we

can rewrite Eq. 1.5 as:
∆Pl

∆T
=

∆sls

vl
=

hls

vlT
(1.7)

This is a form of the famous Gibbs-Thomson equation. Physically, it represents

the analogous scenario described by the Kelvin equation, i.e., the change of

chemical potential in one phase is compensated by a change in pressure in the

other phase. Numerically, the Gibbs-Thomson relation states that the liquid (or

solid) pressure will scale with temperature with the slope of −1.2MPa/◦C near

triple point if equilibrium is maintained as shown in the dashed blue curve in

Fig. 1.2. This is shown as the This Gibbs-Thomson equation is used to described

the melting point shift of ice in confinement or nanoscopic crystal.38,39 Combin-

ing Gibbs-Thomson and Kelvin equations allows us to generalize to three phase

equilibrium as discussed by Fukuta in the context of freezing of nano-confined

liquid water in the context of the formation of ice clouds on solid aerosols.40,41.

We developed these ideas in Chapter 2 and 4 where we describe the thermody-
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namics of freezing and crystal-solution equilibrium in confinement.

The mechanical origin of water under tension

In the previous sub-sections, we provided detailed thermodynamic justifica-

tions for equilibrium away from the coexistence line on the water phase dia-

gram, i.e., in order to maintain equilibrium, the liquid pressure must scale with

temperature with different pre-factors (shown Eqs. 1.6, 1.7 as well as in Fig.1.2)

as the vapor or solid pressure moves away from the coexistent line. We now

to turn the mechanical origin of this difference in pressure in the presence of

confinement.

Typical scenarios in which such pressure differences can be realized are sum-

marized in the paper by Caupin and Stroock.42 In this thesis, we will focus

on a particular scenario in which it is realized through phase equilibrium in

nanoporous materials that a curved interface between two phases can exist.

These scenarios are shown in the inserted diagrams in Fig. 1.2, for liquid-vapor

and liquid-solid equilibrium pores. In these situations, mechanical pressure dif-

ference between phases is maintained through capillarity by the Young-Laplace

equation:

Pi − P j = σi j

(
1
r1

+
1
r2

)
(1.8)

where Pi and P j are the pressure of phase i and j, σi j [J/m2] is the interfacial

energy and 1
r1

and 1
r2

are the curvatures of two principle directions.

Two special cases are discussed throughout this thesis: first, a spherical in-

terface for which two principle curvature are the same and they both equal to 1
r ,
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Figure 1.2: Water phase diagram and the thermodynamic requirement for
equilibrium away from saturation conditions. Schematic view of phase di-
agram (not to the actual scale) the triple point of (P0,T0), liquid-vapor (l − v),
liquid-solid (l − s), and solid-vapor (s − v) coexistence lines (solid, black) and the
metastable extensions of liquid-vapor (l − v(m)) and liquid-solid (l − s(m)) co-
existence (dashed, black). Also shown are the Gibbs-Thompson for liquid in
equilibrium with bulk ice as the blue dashed line. The equations present the
thermodynamic predictions for the liquid pressure adjustment as the other co-
existing phase (either vapor or solid) is deviating from the coexistence lines in
black; the pressure-temperature scaling Gibbs-Thomson (blue dashed) and the
melting line (black labeled (l-s)) are labeled as m, the functional form the these
scaling can be derived from the Gibbs-Duhem equations presented in the main
text. hxy(J/mole) is the latent heat of phase change, vl [m3/mole] is the molar vol-
ume of the liquid, vs [m3/mole] is the molar volume of the solid. Two inserted
carton represent the liquid-vapor equilibrium in pore (top) and the solid-liquid
equilibrium in pore (bottom)
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where r is the radius of the sphere. In this case, the pressure difference becomes:

Pi − P j =
2σi j

r
(1.9)

This scenario corresponds to the situation discussed in Chapter 2 where phase

equilibrium is established in circular pores.

The second scenario is the case in which interface adopts a hemi-cylindrical

shape in between two infinite parallel planes. In this case, one principle radius

of curvature becomes zero while the other is 1
r , where r is the radius of the

cylinder, the Laplace pressure simply becomes:

Pi − P j =
σi j

r
(1.10)

This scenario corresponds to the situation discussed in Chapter 3 and 4, in

which phase equilibrium is established in high-aspect-ratio nanochannels.

For both of these two cases, we can combine the mechanical pressure dif-

ferences required by the Laplace equation, with the thermodynamic chemical

potential differences by the Kelvin equation, to describe equilibrium phenom-

ena away from bulk saturation (e.g., the liquid-vapor equilibrium depicted by

the inserted diagram in Fig. 1.2). In doing so, we arrives at the well known

Kelvin-Laplace equation:

−
2σlv cos θlvw

rp
=

RT
vl

ln
(

Pv

Psat,l

)
(1.11)

Where σlv is the interfacial energy of water in vapor, θlvw is the contact angle of

water in vapor in on pore wall and rp is the pore radius. Similarly, we can arrive

at the familiar form of Gibbs-Thomson equation by combining Eq. 1.5 and Eq.

1.7:

∆T = −2
σslvs cos θslw

hslrp
T0 (1.12)

where ∆T represents the melting point suppression of the solid in confinement.
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1.2.2 Phase equilibrium of crystal, solution and vapor in con-

finement.

In the previous sub-section, we established the thermodynamic basis for two-

phase equilibrium for single component substance. This formulation can be

readily extended to obtain a description for general phase equilibria in con-

finement. We summarize the various phase equilibrium scenarios realized in

porous materials in the two-by-two matrix in Fig. 1.3. For example, based on

the two pictures of Kelvin and Gibbs-Thomson shown in the top left in Fig.

1.3, Everette41 and Fukuta40 considered the pressure and chemical potential ad-

justment of solid in liquid under tension, i.e., the pressure of the solid phase is

determined by the pressure in liquid phase (Gibbs-Thomson) which in turn de-

pends on the imposed vapor pressure. They combined both the Kelvin-Laplace

and the Gibbs-Thomson equation and arrived at a thermodynamic description

of three phase equilibrium of single component substance in small pore similar

to that shown in Fig. 1.3. This result has important ramifications for the sta-

bility and the nucleation of ice in pores. As depicted in Fig. 1.3(b), during ice

propagation into a pore filled with liquid under tension, the thermodynamic

criterion for ice growth is shifted according to the combined effects of negative

pressure in liquid and the melting point shift due to Gibbs-Thomson effect. This

combined effect will define the thermodynamic conditions at which nucleated

pore ice within the pore filled with liquid can grow and fill the pore. We will

refer this combined effect as the Fukuta’s effect. The importance such picture of

Fukuta’s formulation will be discussed in detail in chapter 2.

Further, the Kelvin-Laplace and Gibbs-Thomson idea can be also be ex-

tended to equilibrium of two-phase involving a two component mixture as de-
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picted in Fig.1.3(c). For example, solution-vapor equilibrium can be described

by the modified Kelvin equation. In this scenario, the reduction in vapor pres-

sure has two effects: first, it concentrates the solution such that the vapor pres-

sure of the solution is lowered; and second, the liquid pressure will be reduced

to accommodate the the reduction in vapor pressure given by Kelvin’s equation.

This effect is well described by Vincent.43 Similarly, when solution confined in

pore is in contact with bulk crystal as shown Fig. 1.3(c), both the concentra-

tion of solution and the pressure of the solution must adjusted accordingly to

remain in equilibrium with the crystalline phase. This crystal-solution equilib-

rium in confinement is described by the Correns34) equation. We will discuss

this equilibrium in detail in Chapter 4. The generalization of Kelvin-Laplace

and Correns equation can also be applied to three phase equilibrium involv-

ing a multi-component mixture as depicted in Fig. 1.5(d) in which crystal is in

equilibrium with solution under tension. This is a generalization the Fukuta’s

effect mentioned above, and we will refer to it as the Fukuta’s effect for crystal-

solution-vapor system. In such system, the pressure of the crystal can be af-

fected by both the solute concentration in solution, as well as the liquid pres-

sure of solution. Aspects of the phenomena have been discussed by Rijiniers,7

Steiger,44 and Flatt45 and will be discussed in detail in Chapter 4.

1.3 Dissertation outline

Up to now, we have presented the contexts and the thermodynamic background

of phase equilibrium in confinement. We clarified the thermodynamics of two-

phase equilibrium in pores, particularly, the scaling of pressure in the con-

densed as equilibrium away from saturation is established. In the following
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Figure 1.3: A two by two matrix schematics of different systems of phase equi-
librium in confinement.The matrix consists of two rows (the top row two-phase
system and the bottom row for three-phase systems) and two columns (the left
column for single component systems and the right column for multi compo-
nent systems). The two-phase systems correspond to scenarios discussed in
Chapter 2 and 3; the three phase systems correspond to the scenarios discussed
in Chapter 4.

chapters of this thesis, we will build on the foundation we laid down for Kelvin-

Laplace and Gibbs-Thomson equations to further develop the thermodynamics

and transport kinetics a more general sense.

In Chapter 2, we will follow Fukuta40 and develop a general description con-

cerning the phase equilibrium between ice, supercooled liquid and vapor, as

well as the interconversion of these phases through nucleation. In particular,
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we present the mechanistic pathways of freezing on model surfaces of porous

silicon with different pore sizes. Based on the ideas from Fukuta40 and Mar-

colli27, we develop theory for Pore Condensation Freezing. We will show that

the Pore Condensation Freezing can explain important aspects of the observed

freezing phenomena. We also point to the open questions in this area.

In Chapter 3, we will present further the thermodynamics of Kelvin-Laplace

and the accompanied dynamics in the context of adsorption and desorption.

In particular, we build an nanofluidic device to study the manifestation of the

capillary stress and Kelvin-Laplace through directly observing adsorption and

desorption in these channels. We also address the dynamics of different des-

orption mechanisms such as desorption by vapor cavitation and by meniscus

recession.

In Chapter 4, we present a set of preliminary studies of general three-phase

equilibria in these nanochannels. Following the theoretical basis of laid down

here as well as those from Flatt45, Rijinier7 and Steiger44, we will extend the idea

in Chapter 2 to describe a general three-phase equilibrium. We will develop a

version of the thermodynamic description and make attempt to connect Cor-

rens34 and Fukuta40 effect. We present a set of preliminary experimental data on

the direction observation of crystal-solution-vapor equilibrium in these chan-

nels under different vapor pressures. We also attempt to explore the possibility

of directly observing the Gibbs-Thomson and Fukuta effect in these nanochan-

nels with ice-water-vapor system. We finally pointed the challenges and oppor-

tunities of studying the generalized Fukuta effects on multi-component three-

phase system with nanofluidics. We will also point to future directions in study-

ing the effect of transport kinetics on Gibbs-Thomson relation, i.e., the general
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Gibbs-Thomson relation in fixed volume system.
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CHAPTER 2

HETEROGENEOUS ICE NUCLEATION FROM VAPOR ON

NANOPOROUS SURFACES

2.1 Introduction

Condensation and freezing of water vapor mediated by solid surfaces play im-

portant roles in both natural46,47,48,21 and technological contexts.46,49 A better un-

derstanding of how solid surfaces catalyze nucleated phase transitions could

improve our ability to design surfaces to either promote or inhibit the forma-

tion of condensate and ice for harvesting of water,50,51,52,53 heat exchange54 and

ice management in aviation.55,56,57 This understanding could also improve our

ability to model the impact of aerosol particles on cloud formation.23 In this pa-

per, we will motivate our study in the context of cloud formation. According to

the IPCC 2013 report,58 a lack of understanding of cloud-aerosol interactions is a

major source of uncertainty estimations of in radiation forcing. A complete un-

derstanding of solid-mediated condensation and freezing remains elusive due

to the intrinsic challenges of experimentally studying the kinetics of nucleation

related to the short time-scale (∼ 0.1 - 1 ns)59 and small length scale of critical

nuclei (∼ 1 nm).60 Additional challenges relate to the diversity of structural and

chemical properties presented by solid substrates and our incomplete knowl-

edge of the thermodynamic and interfacial properties of liquids and solids.

Insoluble solids in the form of mineral dust in atmospheric contexts,23 as well as

metals61,62 and oxides63 in technological contexts, represent an important class of

interfaces for heterogeneous condensation and freezing of water from the vapor

phase. Hoose and Möhler have presented an extensive review of freezing stud-
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ies in the context of atmospheric aerosols.23 With a focus on freezing from the

vapor phase, they summarized the efficiency of various aerosols as substrates

for freezing based on the vapor saturation and temperature at which ice appears

in the presence of the material. In a phase diagram as in Fig. 2.1(a) in terms of

saturation with respect to ice (SRI) and temperature (T [K]), the dashed blue

curve presents an isobaric (or approximately adiabatic) trajectory; such trajec-

tories are commonly followed by packets of up drafting air in the atmosphere

during cloud formation process.64 Efficient substrates induce freezing at values

of SRI above but near the frost line as labeled in Fig. 1(a); inefficient substrates

only induce freezing above the dew line as labeled in Fig. 1(a) (upper black

curve). With their compilation of data from a diversity of insoluble mineral

aerosols, Hoose and Möhler make the following observations: (1) at elevated

temperatures (above 260 K), nearly all substrates are inefficient, with freezing

occurring at or slightly above the dew line, often with the appearance of liq-

uid that subsequently freezes65; (2) at lower temperatures, freezing events can

occur throughout a region between the frost and dew lines with no obvious

trends; however (3) for insoluble aerosols (e.g., mineral dust), the temperature-

dependence of the SRI at freezing often shows a non-monotonic trend like that

depicted by the cyan curve in Fig. 2.1(a). In this paper, we aim to shed light on

the origins of this trend.

A reasonable consensus in the community holds that the freezing process at

high temperatures (red shaded region in Fig. 2.1(a) and the diagrams depicted

in Fig. 2.1(b)-I) occurs by a two-step process that can be interpreted as an ex-

ample of the Ostwald step rule66,64: given the heterogeneous nucleation of su-

percooled liquid is faster than that of ice, liquid will condenses first on the sub-

strate; once liquid is present, it facilities the subsequent nucleation of ice via
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the nucleation mechanism. This nucleation process was well-described by a se-

ries of articles from Turnbull61,62 and Fletcher.67,25,26 This sequence of processes

goes by the appropriate name of condensation freezing or immersion freezing.68

The dew line (the saturation pressure with respect to liquid water) represents

the lower bound of thermodynamic criterion for the condensation of bulk liq-

uid. On liquid wettable substrates, one expects the nucleation of liquid to occur

rapidly for vapor pressures just above this threshold. Observations of conden-

sation freezing are consistent with these theoretical considerations on various

surfaces.23

At lower temperatures, a transition to higher freezing efficiency (freezing at

lower SRI) is observed on many substrates (segment BCDE on cyan curve in

Fig. 2.1(a)). The community’s understanding of this transition remains less set-

tled. A dominant hypothesis, dating back to the classic experiment by Von-

negut,24 proposes that freezing occurs by a single-step process by which ice

deposits directly from vapor on a dry substrate without the formation of an

intermediate liquid phase, as depicted in the diagrams in Fig. 2.1(b); this mech-

anism is called deposition freezing. When deposition is modeled with Classical-

Nucleation-Theory (CNT) following Turnbull’s and Fletcher’s theory, the non-

monotonic freezing behavior (BCDE on cyan curve in Fig. 2.1(a)) requires one

to either: 1. hypothesize that the wetting behavior (contact angle) of ice on

the substrate in vapor has non-monotonic temperature-dependence69; or 2. as-

sume that the substrate presents an ensemble of sites for nucleation (Ice Nu-

cleation Active Sites, INAS) with distinct surface chemistry that become active

at different temperatures.26,70,71,69 Both of these hypotheses invoke significant

temperature-dependent or temperature-specific surface chemical properties for

which we lack independent theoretical or experimental evidence.69,72,27,73
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Fukuta introduced the idea of two-step process of pore-mediated condensa-

tion and freezing in which nanoscopic structures on the aerosol surfaces give

rise to an intermediate capillary condensed liquid phase that mediates subse-

quent freezing40. Several experiments have provided evidence that supports a

condensation freezing picture at temperatures below Homogeneous Nucleation

Temperature, TH (dashed black in Fig. 2.1), as well as at pressures below liquid

saturation (upper black curve in Fig. 2.1).74,73 Marcolli formalized this two-step

freezing hypothesis as Pore Condensation Freezing (PCF).27 PCF is an extension

of the condensation freezing concept in which nano-structures in the substrate

induce liquid condensation from unsaturated vapors (with respect to liquid wa-

ter) and ice nucleates homogeneously or heterogeneously in this pore liquid. In

this view, pores serve as the active sites for freezing; surface defects with dif-

ferent effective internal dimensions condense liquid and subsequently lead to

freezing at different temperatures and SRI.

The PCF hypothesis is appealing because it accounts for the potential role

of surface structure in catalyzing nucleation from vapor, as pointed out in

other studies.75,76,49 PCF also offers a testable hypothesis as to the origin of the

temperature- and SRI-dependent freezing efficiency.

The PCF mechanism involves a series of thermodynamic and kinetic criteria

for the freezing transition that we represent in Fig. 2.2(b) to produce the non-

monotonic freezing transition in the Temperature-SRI diagram shown in 2.2(a):

(I) condensation of liquid must occur within the pores (Fig. 2.2(b)-I). Thermo-

dynamically, the capillary condensation event requires that the vapor pressure

exceeds a value defined by the pore radius, rp, and the contact angle of liquid
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Figure 2.1 (previous page): Summary of different hypothesized freezing path-
ways on insoluble solid substrates. (a) Representation of freezing trends ob-
served (cyan curve) for isobaric cooling trajectories (dashed line with arrow-
head) as a function of Saturation with Respect to Ice (SRI) and temperature (T).
The lower black curve (SRI = 1) is the frost line, above which bulk ice is stable;
the upper black curve is the dew line, above while bulk liquid is stable. The
vertical black dashed line represents the Homogeneous Nucleation Tempera-
ture, TH ≈ 235 K. The other curves and shaded region represent the theoretical
criteria for various freezing processes on substrates. They are: (I) Bulk con-
densation freezing (red-shaded region)68, (II) Deposition freezing with contact
angle of ice in vapor on substrate θa

svw,b in the range of 10 ◦ to 15 ◦; (III) Pore
Condensation Freezing proposed by Marcolli27 (blue-shaded region). The blue-
shaded region represents the range over which the pore condensation can occur
for pore radius from 4 nm to 6 nm with contact angle θlvw,p = 10◦. (b) Schematic
representation of the pore-scale processes labeled as (I) to (III) in (a): I. Bulk
Condensation Freezing. As vapor pressure increases above the dew line, bulk
liquid water can heterogeneously nucleate on preferential sites on the substrates
(as indicated by the cyan region in (b)-I) with contact angle θa

lvw,b; ice can then
freeze subsequently within the condensed liquid, as described by Eq. 2.9. II.
Deposition Freezing. As vapor pressure increases above the frost line, ice can
nucleate heterogeneously on preferential sites on the substrates (as indicated
by the green region in b(II)) with contact angle θa

svw,b (described by Eq. 2.13);
III. Pore Condensation Freezing (PCF) below TH. As vapor pressure increases
above Pc (described by Eq.2.5), the pores are filled with supercooled liquid wa-
ter. Ice can then nucleated homogeneously for temperatures below TH (as in-
dicated in Ref.27,28) and grow to filled the entire pore space. Finally the pore
ice can emerge from the confinement into bulk ice. In this figure, we labeled
the contact angles for different phase with the following scheme: we represent
the contact angle with θ, with subscripts for the phases involve (vapor, liquid,
solid and wall) and the locations (on bulk surface or in pore) and superscripts
indicating if the angle refers to an active site or a macroscopic interfacial prop-
erty. For example, θa

lvw,b represents the contact angle involving liquid (l) in vapor
(v) on substrate (or wall w) on an active site (superscript ”a”) on bulk surface
(b, specifically refers to surfaces outside of pores), while θlvw,b is the equilibrium
contact angle involving the same phases on bulk surface. Figure 2 develops the
PCF mechanism further for heterogeneous nucleation.
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(l) in vapor (v) on the substrate (or wall, denote by w) θlvw,p (subscript “p” indi-

cates properties pertaining to surface of the pore walls) via the Kelvin-Laplace

relation; the blue curve and shaded region in Fig. 2(a) shows this criteria for

rp = 5 ± 1 nm.77 If we assume that nucleation of liquid is fast (compared to ice

nucleation) on liquid wettable pore walls,78 the pores should be filled by capil-

lary condensation above this threshold.

(II) Secondly, ice must nucleate within the pore liquid. If we hypothesize a het-

erogeneous nucleation process on an active site on the pore internal surface as

shown in (Fig. 2.2(b)-II), the rate at which nucleation occurs is primarily defined

by a contact angle of solid (s) of in liquid (l) on the substrate (or wall, denoted

by w), θa
slw,p (subscript “p” stands for properties pertaining to pore internal sur-

face and the superscript “a” stands for properties pertaining to active sites and

therefore this reads: contact angles of solid in liquid on the active sites on the

internal pore surfaces), and a lateral dimension, ra. CNT predicts the kinetic

threshold shown as a yellow curve in Fig. 2.2(a). Below this yellow curve, het-

erogeneous nucleation of ice from capillary condensed pore liquid can readily

occur.

(III) Thirdly, the nucleated ice embryo must grow to fill the pore (Fig. 2.2(b)-III).

The pore radius and the contact angle of ice in pore liquid on pore wall θslw,p

(the characteristic contact of ice in liquid on the pore wall, to be distinguished

from that on active sites,θa
slw,p) define a thermodynamic threshold for this growth

shown as a red curve in Fig. 2(a) for rp = 5 ± 1 nm. Below this red curve, the ice

embryo is thermodynamically favorable to growth and fill the pore.

(IV) Finally, the pore ice must grow out from the pore mouth to form a macro-

scopic ice crystal in order to be observed as a freezing event. This growth step

is the least certain aspect of PCF. Fukuta discussed the emergence of pore ice
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in from a conical pore in his early paper40; Marcolli neglected this step in in

her early work on this topic,27 but has address it in a recent study.28 Although

simple theories (based on Eq. 2.12 and will be discussed in detail in later sec-

tion) predict that this growth process should require large supersaturation with

respect to ice (SRI >> 1) for pore radii less than 5 nm, several recent studies

suggested that more efficient mechanisms in which pore ice can emerge into

bulk phase (SRI ∼ 1) may exist.29,31,3,28 In an experimental study of freezing on

mesoporous silica, Marcolli and collaborators presented experimental data and

molecular simulations that show efficient ice growth on particles of mesoporous

silica (MCM-41 with pore size rp = 1.9 nm).28 They observed a large increase in

freezing efficiency upon cooling through the TH (∼ -38 ◦ C). They showed that

this observation was consistent with PCF perspective and incompatible with

deposition freezing. Additionally, with molecular dynamics simulations, they

observed that ice confined in neighboring pores merged through bridging of

absorbed water on surfaces in between pores.28 While this mechanism seems

plausible, it depends sensitively on the local spacing of pore openings and we

lack a theoretical model that provides quantitative explanation for the experi-

mentally observed efficient growth.
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Figure 2.2 (previous page): Summary of hypothesized scenarios explored in
this study. (a) Representation of freezing region observed (light green) for iso-
baric cooling trajectories (dashed line with arrowhead) as a function of Satura-
tion with Respect to Ice (S RI) and temperature (T ). The lower black curve (S RI
= 1) is the frost line and the upper black curve is the dew line. The other curves
and the corresponding color shadings represent the theoretical criteria for var-
ious processes on a substrate with pores radius rp = 5 ± 1 nm: (I) Capillary
condensation (blue curve), (II) ice nucleation within capillary condensed pore
liquid (yellow curve), (III) ice propagation within pore liquid (red curve), and
(IV) growth of macroscopic ice initiated by the growth of pore ice or deposition
freezing (grey band). At different temperature ranges, the processes that limit
the formation of bulk ice following isobaric trajectories are indicated on top of
the plot in (a). (b) Schematic representation of the pore-scale processes labeled
as (I) to (IV) in 2(a): I. Capillary Condensation. As vapor pressure increases
above Pc for capillary condensation (described by Eq. 2.5), the pores are filled
with supercooled liquid water with contact angle of liquid (l) in vapor (v) on
pore wall (w) θlvw,p, II. Pore Ice Nucleation. After condensation, ice can then nu-
cleate heterogeneously with contact angle of ice (i.e., the solid phase, denoted
by(s)) in liquid (l) on active sites (a) on pore wall (i.e., the wall, denoted by (w)),
θa

slw,p, indicated by the green region. III. Pore Ice Propagation. The nucleated
ice can then grow and advance to occupy the entire pore with equilibrium con-
tact angle of ice (i.e., the solid phase, denoted by(s)) in liquid (l) on pore wall
(w) in pore (p), θslw,p. IV. Pore Ice Growth. Finally, the pore ice emerges from
confinement into bulk phase. The questions marks indicate that we lack a solid
mechanistic understanding of the processes, as discussed in the Theory Section.
(V). Pore ice sublimation. As vapor pressure decreases, pore ice will become un-
stable and thus sublimate with an equilibrium contact angle of ice (i.e., the solid
phase, denoted by(s)) in vapor (v) on pore wall (w) in pore (p) θsvw,p (described
by Eq. 2.12).

Building on the conceptual foundation laid by Fukuta, Marcolli and oth-

ers,40,27,61,25,26,31,3 in this study we present a complementary set of experimental

observations and analyze them in the theoretical contexts of condensation, de-

position, and PCF. In our experiments, we have used a series of silicon sub-

strates that share the same surface chemistry (silicon oxide) but differ in struc-

ture. Our four substrates include a polished surface and three porous surfaces

with distinct, nano-scale sizes of pore. These model substrates provide an op-

portunity to distinguish trends in freezing efficiency as a function of structure
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with fixed surface chemical properties. In inducing and observing freezing, we

followed Knopf and Koop,65 and Wang et. al.79 in tracking the onset of freezing

optically as we cool substrates isobarically in a vacuum chamber (shown in Fig.

2.3(a)). This technique approximates the common thermodynamic trajectory

experienced by aerosols in the atmosphere64 and allows us to probe directly the

freezing transitions predicted within the SRI versus temperature diagram pre-

sented in Fig. 2.1(a) and Fig. 2.2(a).

Across our four distinct substrates and an intermediate range of tempera-

tures (∼ 225 -265 K), we find that: (1) distinct nanostructures lead to qualitatively

distinct trends in the temperature-dependence of freezing efficiency; (2) we can

partially explain these trends as a function of structure based on condensation

freezing ( at higher temperatures of ∼ 255 K and above) and Pore Condensation

Freezing (low temperatures) with an internally consistent set of wetting param-

eters; (3) given our assumption that the surface chemistry is the same across

our substrates, we conclude that the observed trends are inconsistent with de-

position freezing; and (4) an observation of pore ice desorption at low vapor

pressure provides further support for the PCF on these substrates. In addition,

in the context of PCF, we discuss the challenge of explaining the criterion for

growth of pore ice (Fig.2.2(b)-IV) with simple models.
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2.2 Materials and Methods

2.2.1 Substrate Synthesis and Characterization

All cleaning procedures and the transfer of the substrates to the test chamber

were performed in a cleanroom environment (Cornell Nanoscale Science and

Technology Facility (CNF)) to minimize contamination and foreign ice nucleat-

ing particles. For Polished silicon, a test grade (111) p-type wafer (WRS Materi-

als) was first rinsed with solvents (acetone and isopropanol) in a spinner, then

soaked in hot nanostrip solution (Sulfuric Acid, 90 wt.% , Peroxymonosulfuric

Acid 5 wt.%, Water 5 wt.%, Hydrogen Peroxide < 1 wt.%, VWR) for 10 minutes

followed by oxygen plamsa cleaning (Annatech oxygen plasma descum at 220

W, 5 minutes). After this cleaning process, the substrate was immediately trans-

ferred to the vacuum chamber for the freezing experiment. Both “2 nm” and “5

nm” porous silicon samples were formed by anodization of a 5 µm-thick layer

on the polished side of p-type silicon wafers of various doping levels.

To achieve nominal pore radius of 2 nm, wafers with resistivity of 1-10 Ω-

cm were used (WRS material) and anodization was performed in a custom etch

bath in a 1:1 mixture of 49% hydrofluoric acid (VWR international) and 99%

ethanol (VWR international) at a current density of 20 mA/cm2 (NOTE: Spe-

cial safety precautions should be followed when using hydrofluoric acid). The

anodized surface was then further oxidized in O2 rapid thermal annealing pro-

cess at 700 ◦C for 30 seconds. The resulting porous silicon surface had porosity

of approximately 45% with pore radius ranging from 1.7-2.3 nm based on the

BJH analysis of nitrogen sorption porosimetry shown in Fig. 2.3(b). It has been

shown that the BJH method tends to underestimate pore size by up to 20-30 %
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for mesoporous materials. We note, though, that the pore condensation pro-

cess we study here follows the same physical process assumed within the BJH

method. The BJH-defined pore size, though not a true representation of the

physical pore size, should nevertheless capture the onset of capillary condensa-

tion from water vapor. We therefore believe it is appropriate to adopt the BJH

pore size for the evaluation of capillary condensation.

To achieve a nominal pore radius of 5 nm, we used wafers with resistivity

of 0.001 - 0.005 Ω-cm (Purewafer Inc.) we performed anodization in a custom

etch bath in a 2:3 mixture of 49% hydrofluoric acid (VWR international) and 99%

ethanol (VWR international) at a current density of 30 mA/cm2. The resulting

porous silicon layer had porosity of approximately 50% with pore radius rang-

ing from 2.5-6.2 nm and pore spacing of 17.6 ± 4.4 nm as estimated by image

analysis of the SEM micrograph shown in Fig. 2.3(b). In the later discussion,

we will use the pore size and spacing information of the “5 nm” substrate to

examine the validity of different ice growth mechanisms.

The “17 nm” porous SiO2 membrane was synthesized by Block Co-polymer

nano-imprint Lithography (BCL). A film of 100 nm-thick SiO2 was first de-

posited on silicon substrate via plasma enhanced vapor deposition (Oxford in-

strument PECVD low rate SiO2 at 350 ◦C with RF power of 30 W). The substrate

was then spin-coated with 2% P8205-SMMA block-copolymer in toluene (Poly-

mer Source Inc.). A nano-imprint lithography mask pattern was created by ther-

mal annealing the block copolymer at 170 ◦C overnight. The block copolymer

was then exposed under 220 nm UV light to crosslink the polystyrene and to

cleave the PMMA. Selective removal of the cleaved PMMA was conducted by

wet etch in acetic acid. The remaining PS layer served as a mask for etching in
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reactive ion etcher (Oxford 100, Oxford Instruments, CH2F2/He at 20/80 sccm,

RIE/ICP power of 60 W/300 W). The substrate was further cleaned and oxi-

dized in an oxygen plasma asher prior to the experiment. The resulting meso-

porous SiO2 membrane had mean pore radius of 17 nm with 37.8% porosity as

estimated by image analysis of the SEM micrography shown in Fig. 2.3(c). After

synthesis, the porous silicon substrates were rinsed with solvent (acetone and

isopropanol) in a spinner followed by oxygen plasma cleaning (Annatech O2

descum at 220 W, 5 minutes). The cleaned substrates were then transferred into

the test chamber immediately in the cleanroom environment.

2.2.2 Experimental Setup

Experimental System

We conducted the freezing experiments in a custom vacuum flow chamber in

which we control the temperature and SRI of the chamber as shown in Fig.

2.3(a). We built a custom polycarbonate chamber body with a cylindrical cop-

per finger insert pass through the bottom wall to ensure rapid thermal response.

The copper finger was 25.4 mm in diameter with 10 mm in height. The cooling

area of the substrate was defined by the top surface are of the copper finger, on

which we placed the substrate of interest. During experiment, the substrates sat

on top of the cold finger and covered the entire top surface of the copper finger;

no thermal interfacing materials were used in order to minimize contaminants

inside the chamber. To achieve temperature control with 0.1 ◦C resolution in

the flow chamber, we mounted the chamber on top of the Linkam THMS350V

unit (Linkam scientific Inc.). The copper finger was interfaced with the Linkam
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THMS350V unit via a thin layer of thermally conducting paste (Omegabond

201, Omega Engineering Inc.). We measured the chamber pressure directly with

capacitance pressure gauges (Pfiefer CCR365, 0-133.33 Pa with 0.01 Pa resolu-

tion; Adixen 2002, 0-1333.3 Pa with 0.1 Pa resolution); based on this measure-

ment, we controlled the chamber pressure with motorized stepper valve (Auto-

blog 625) in a PID feedback loop controlled by LabView with National Instru-

ment Data Acquisition System (DAQ NI-6211).

The offset of capacitive pressure gauge (Adixen 2002) used in this study were

prone to drifting. To correct for this drift, after each experiment, we measured

the ice saturation pressure Pi,m at the temperature of freezing onset. We obtained

ice saturation pressure was obtained by adjusting the vapor pressure such that

the bulk ice on the substrate neither grew nor shrunk under isothermal condi-

tions. We evaluated the correction to the base as the difference between the pres-

sure measured for bulk freezing and the parameterized vapor pressure (Psat,i (T ))

of ice: Pb,m = Pi,m - Psat,i (T ).80 Finally, we evaluated the experimental measured

SRI value as: S RI =
Pv,m−(Pi,m−Psat,i(Ti,m))

Psat,i(Tm) . We estimated the uncertainties associated

with temperature and pressure measurements by error propagation of each in-

dependent measurements of Pv,m, Pi,m and Tm. The uncertainties associated with

the pressure measurements originated from the accuracy of the pressure gauge

and that of the Data Acquisition System (DAQ), while the temperature uncer-

tainty originated from the temperature control accuracy. We report numeric

values of these error in Table S2 in the Appendix. The error bars in Fig. 2.4 and

2.5 represented the final uncertainties of the reported values of SRI. We note that

the uncertainties in temperature were small compared to the symbols and thus

not reported in the figures.
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Experimental Measurements

Prior to the experiment, we calibrated the stage temperature to the temperature

reading from the Linkam in order to account for any temperature differences be-

tween the substrate and the Linkam reading. We performed the calibration by

first placing a clean polished silicon substrate in direct contact with the cooper

finger without thermal interfacing material to replicate the experimental condi-

tions. We then placed drops of solvent with known melting point on the sub-

strate and performed cooling and heating cycle at a rate of 0.04 K/min. We ob-

served the freezing and melting of the solvent optical and recorded the observed

melting points of solvent. This observed value was then compared to the known

melting point in the literature to calibrate any offset between the observed and

literature value. We repeated this calibration with different solvents s (Acetic

Acid from VWR, Dodecane, Decane, Chlorobenzene, Analytical Grades, from

Sigma Aldrich) with different melting points over the experimental tempera-

ture range of the freezing experiment. For details refer to the Appendix. The

resulting temperature calibration of chamber temperature could be directly cor-

related to the the temperature controller reading by, Tm = 0.985TLK +4.196, where

Tm is the true measured temperature of the substrate and TLK is the temperature

reading from Linkam. In all experiments, the temperature readings were cor-

rected with this calibration.

During each experiment, we allowed the chamber pressure and temperature

to stabilize at the vapor pressure of interest and a temperature such that SRI was

below the expected pore condensation point for the substrate. Then, we cooled

the substrates until bulk ice emerged along an isobaric trajectory. The cooling

rate was 0.04 K/min and both measured vapor pressure Pv,m and measured tem-
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perature Tm (the subscript “m” stands for measured values) were recorded at 1

s intervals. We detected freezing events on substrates via an optical stereoscope

(Leica S8APO) with and CCD camera (Grasshopper3, FLIR) at a rate of 1 frame

per second. In the relevant literature, the detection of freezing onset has been

defined as the conditions (T and S RI) at which a certain fraction of a popula-

tion of aerosol particles (or droplets containing aerosol particles) have frozen.

The threshold of active fractions reported in the literature varies from 0.01%

to 100%.23 Given the macroscopic, monolithic structure of our substrates, we re-

port the temperature and SRI of the first observable freezing event instead of the

frozen fraction adopted by other studies.23 In using this criterion, we report the

onset of the freezing transition defined by the most efficient region or regions

on our samples. For the “2 nm” and “5 nm” samples, we find (see Results) that

this criterion is compatible with the onset of freezing transitions represented

by the average characteristics (i.e., pore size, surface chemistry) of the samples

mentioned above. As we discuss in detail (see Results), for the polished silicon

and the “17 nm” sample, we observed two different onset of freezing transitions

(i.e., at different SRI and temperature values), one of which is compatible with

the average characteristics of the sample and the other we interpret as being as-

sociated with structural or chemical defects that we will discuss further in this

section.

During our experiment, at higher temperatures (T > 245 K), bulk conden-

sation freezing was observed on all substrates as shown in the first rows of

experimental image sequence in Fig. A.2 - A.5, with bulk liquid condensates

appearing on the substrates and subsequently freezing. At lower temperatures

(T < 245 K), bulk condensation was no longer observable, instead, ice appeared

to form instantaneously (with no intermediate liquid condensation) on the sur-
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faces of the substrates following distinct patterns on porous and non porous

substrates. Fig. A.2 - A.5 show the progression of freezing on polished silicon,

“2-nm”, “5-nm” and “17-nm” porous silicon substrates respectively. In partic-

ular, on polished silicon and “17-nm” porous silicon substrates, two different

freezing events were observed: a few ice crystals first grew at specific regions on

the substrates (indicated by the red arrow in Fig. A.2), followed the spreading of

a second wave of densely packed ice crystals across the substrates. We interpret

the first freezing event as being associated with local structural or chemical het-

erogeneity that are not representative of the dominant surface properties of the

substrates. For example, Fig. A.7 shows an SEM image of structural defects on

the “17-nm” porous silicon that may have an effective pore size different from

the rest of the substrate and thus induce freezing at different temperature and

SRI conditions. In Fig. 2.4, we report and distinguish these two types of freezing

events for the polished and the “17 nm” substrate and discuss their significance.

On the other hand, we only observed a dispersed wave of ice crystals on the

“2 nm” and “5 nm” porous silicon substrates. The image sequences of freezing

events on these two types of substrate are shown in Fig. S4 and S5. We interpret

the appearance of these dispersed wave as defining the freezing activity defined

by the average characteristics of the substrates.

2.3 Background and Theory: Pore Condensation Freezing

(PCF) and Phase Diagram

In this section, we develop a theoretical picture of the steps depicted in Fig.

2.2(b), as well as deposition freezing (shown in Fig. 2.1(b)-ii) based on past liter-
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Figure 2.3: Substrate characterization and experimental system. (a) Schematic
diagram of experimental setup for the freezing experiment. The experimental
sample was placed on the temperature control stage in the vacuum chamber.
The inlet and outlet of the chamber were connected to water vapor source and
vacuum pump, respectively. The freezing events on the substrate were captured
by a monochromatic CCD camera. The vapor pressure and the temperature of
the chamber were regulated by computer via a data acquisition system (DAQ)
and controller. (b-d). Distribution of pore radii size of the porous silicon sub-
strates used in this study. The smallest pores (b - “2 nm”) and intermediate
pores (c - “5 nm”) were formed by anodization; the largest pores (d - “17 nm”)
were formed by dry etching through a mask formed by block co-polymers (as
described in the Methods). The pore volume histogram for the “2 nm” sample
was measured by nitrogen sorption porosimetry (b - BJH desorption pore size
distribution, insert shows the nitrogen sorption isotherm). The population his-
togram for the “5 nm” and “17 nm” samples were measured by image analysis
of scanning electron micrographs (shown in inserts c and d; the red scale bars
present 40 nm and 100 nm respectively).
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ature. We will first provide descriptions of the basic ingredients of CNT for all

cases of interest including condensation from vapor, freezing from liquid, and

freezing from vapor. We then present the theories following the chronological

order of freezing process as shown in Fig. 2.2(b) followed by a brief comparison

of PCF and deposition freezing. Our goal is to confront these theories with our

experimental observations. We appreciate that some aspects of this theoretical

development remain disputed. We will return to these points in our discussion

and conclusion.

2.3.1 The Thermodynamics and The Kinetics of Classical Nu-

cleation Theory

The formation of any new phase within a parent phase requires work to be done

in order to create a critical nucleus of the new phase. In CNT,81 it is assumed

that the nuclei are spherical objects that behave like droplets of the new phase

in the parent phase (i.e., the interfacial energy is isotropic and its value is the

same as the bulk phase). The free energy ∆Ghom of a homogeneously nucleated

spherical droplet with radius r is given by:

∆Ghom,i j = 4πr2σi j +
4
3
πr3∆µi j

v j
(2.1)

where subscripts i, j represent the properties pertain to the parent phase i, and

the new phase j; r [m] is the radius of the new phase, ∆µi j [J/mol] is the chemical

potential difference between the new and parent phase, σi j [J/m2] is the inter-

facial energy between the i and j phase, and v j [m3/mol] is the molar volume

of the new phase. This form of free energy has a maximum as r increases; this

maximum value is known as the energy barrier. This energy barrier ∆G∗hom,i j can
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be expressed as:

∆G∗hom,i j =
16πviσ

3
i j

3∆µ2
i j

(2.2)

The critical radius r∗ is the radius at which the energy barrier is reached and it

is expressed as:

r∗ =
2σi jv j

∆µi j
(2.3)

The chemical potential difference between different phases can be further re-

lated to the vapor pressure of the system as follow:

∆µi j = RT ln
(

S i

S j

)
(2.4)

Where R [J/molK] is the universal gas constant; S i = Pv
Pi,sat

and S j = Pv
P j,sat

are the

saturation ratio of the i and j phases respectively; Pv [Pa] is the vapor pressure

of the system at equilibrium, and Pi/ j,sat [Pa] is the saturation vapor pressure of

i or j.

In specific situation where phase equilibrium is established in confinement

space, as in the scenarios shown in Fig. 2.2(b), the equilibrium condition is

related to the vapor pressure as well as the geometry of the confinement accord-

ing to the Kelvin-Laplace equation (assuming the interface adopts a spherical

shape):

RT ln
(

Pv

P j,sat

)
= −

2σi jv j cos θi jw

rp
= v j(Pv − P j) (2.5)

where rp [m] is the pore radius, θi jw is the contact angle of phase i in phase j on

the pore wall (w); and P j is the pressure of the condensed phase j. If the con-

densed phase wets the pore wall (i.e., θi jw ≤
π
2 ), it can come to equilibrium with

its sub-saturated vapor (i.e., Pv < P j,sat), and the pressure of the condensed phase

is lowered (or even becomes negative) due to the presence of confinement. re-

duction of the pressure in the condensed phase reduces the chemical potential
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and the energy barrier (more subtle treatment is required for three phase equi-

librium and nucleation, e.g., ice nucleation in liquid water in equilibrium with

sub-saturated vapor. Detail discussion is in following section).

In the case of heterogeneous nucleation where the new phase is nucleated

on foreign surfaces, the thermodynamic considerations are analogous to homo-

geneous nucleation with additional geometrical factor. The energy barrier of

heterogeneous nucleation ∆Ghet,i j can be related to the homogeneous one as:

∆G∗het,i j = f (θi jw)∆G∗hom,i j (2.6)

Where f is a geometric factor and is a function of the contact angle θi jw. The

expression of f takes the form of f (θi jw) = 1
4 (2 + cos θi jw)(1− cos θi jw)2. If the value

of θi jw approaches zero (i.e., on an active site), the value of f approaches zero

and nucleation becomes highly efficient; on the other hand, if θi jw approaches π,

f approaches one and the heterogeneous nucleation energy barrier approaches

that of the homogeneous nucleation.

Finally the expression of heterogeneous nucleation rate under CNT can be

expressed as the following form in general:

Jhet,i j = Γ0A exp
[
−

f (θi jw)∆G∗hom,i j

kbT

]
(2.7)

where Γ0[1/m2s] is a kinetic pre-factor that takes on different expressions to de-

scribe different nucleation processes (i.e., condensation, immersion freezing or

deposition freezing as discussed in following sections); A [m2] is the surface

area, kb [J/K] is the Boltzmann constant, T [K] is temperature. In the follow-

ing sections, we will adapt this expression to model different phase transition

process including condensation of liquid water (e.g., Eq. 2.8), heterogeneous ice

nucleation in pore (e.g., Eq. 2.9) and deposition freezing (e.g., Eq. 2.13)
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Combining Eq. 2.1 to 2.7, the nucleation rate by heterogeneous nucleation is

fully defined. From this set of equations, it is worth noting that the nucleation

rate is an exponential function of, and thus highly sensitive to the following

parameters: temperature, the chemical properties of the phases, and their inter-

actions with the foreign surface (i.e., the interfacial energy σi j, contact angle θi jw

and ∆µi j), and, on a structured substrate, the geometric factors of the pore struc-

ture, i.e., the pore radius rp as phase equilibrium is being modified by confine-

ment. We argue that the geometry of the pore can affect the rate of nucleation

in the follow ways: 1. When the pore radius is small such that the formation

of nucleus with critical radius is hindered, i.e., rp < r∗ cos θi jw , the nucleation is

suppressed (discussed in the Appendix); 2. the pore radius is large compared to

the critical radius, then the confinement shifts the phase equilibrium conditions

according to the Kelvin-Laplace equation and thus affects the chemical potential

differences between the new and the parent phase. In the following section, we

will describe different nucleation processes and provide concrete expressions

for how the chemical potential is being modified by confinement.

2.3.2 Condensation and Capillary condensation

In this section, we will first investigate the the capillary condensation of super-

cooled liquid following the pathways depicted in Fig. 2.2(b). Nucleation kinet-

ics of capillary condensation follows the heterogeneous nucleation as described

by Eqs. 2.1-2.7 applied to the liquid and vapor phase of water:

Jhet,vl = Γ0A exp
[
−

f (θa
lvw)∆G∗hom,lv

kbT

]
(2.8)

Here θa
lvw is the contact angle of liquid water on an active site (superscript “a”) on

substrate. If the value of θa
lvw is small, i.e., the active site is highly hydrophilic,
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then f approaches zero, and we expect condensation to occur rapidly (faster

than the 1 second time-scale of our optical observations) as soon as the vapor

pressure exceeds the saturation with respect to liquid, i.e., the dew line (solid

black curve in Fig. 2.2(b)).9,78

Next, we will investigate the the capillary condensation of supercooled liq-

uid following the pathways depicted in Fig. 2.2 (b-I). The nucleation kinetics

of capillary condensation follows the exact same formulations shown above for

condensation if we neglect the local curvature of the pore wall (this effect will

be discussed in a later section). In the scenario where nucleation kinetics is

fast due to favorable wetting of liquid on the pore walls,82 the onset of capil-

lary condensation is controlled the thermodynamics condition of establishing

liquid-vapor equilibrium in pore. The thermodynamic conditions for establish-

ing liquid-vapor equilibrium can be described by the Kelvin-Laplace equation

shown in Eq. 2.5 with the i phase being the water vapor and j phase being the

condensed liquid water, this yields:2σlvvl cos θlvw,p

rp
= RT ln

(
S i

S l,sat

)
. We note that two

properties of the substrate affect the onset of capillary condensation: the surface

structure as captured by the effective pore size,rp, and the surface chemistry, as

captured by the contact angle of liquid in vapor on pore wall, θlvw,p. While in

the experiments we controlled for the surface structures, the dependence of the

Kelvin equation on θlvw,p means that condensation should occur preferentially

on the most wettable sites on the pore walls, i.e., the active sites with small con-

tact angle, θa
lvw,p. We also note that the blue curve in Fig.2.2(a) indicates that the

capillary condensation can occur at SRI < 1 at sufficiently high temperatures for

given pore size, such that supercooled liquid in the pores (surrounded by vapor)

becomes a stable condensed phase before ice can form, such that ice formation

is not limited by the availability of pore liquid.
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2.3.3 Freezing of Pore Liquid

After liquid condensation has occurred, we hypothesize that the freezing of the

pore liquid is facilitated by heterogeneous nucleation (i.e., the contact angle of

solid in liquid on substrate θa
slw,p is less than 180◦, the superscript “a” stands for

active site) as shown in Fig. 2.2(b)-II, followed by subsequent propagation from

the nucleated embryo into cylindrical ice column that filled the entire pore (with

θslw,p = 180◦, the equilibrium contact angle in pore) as shown in Fig. 2.2(b)-III. We

further assume that the nucleation is not hindered geometrically (both the size

of nucleation sites and pore radius are large compared to the critical radius of an

ice embryo within pore liquid) such that the free energy of the ice embryo can

be represented a spherical cap in CNT. According to Eq. 2.7, the heterogeneous

nucleation rate is expressed as:

Jhet,ls = A
kbT
h

exp
(
−

∆F
kbT

)
exp

[
−

f (θa
slw,p)∆G∗hom,ls

kbT

]
(2.9)

where kbT
h exp

[
−∆F

KT

]
[1/m2s] is the kinetic pre-factor; this factor captures the fre-

quency kbT
h [s−1] and the energy barrier (∆F [J]) for diffusion of water molecules

across the solid-liquid interface.81 We adopted the parameterization for ∆F from

Ickes et. al.81 (details provided in Appendix). We note that the geometric factor

f (θa
slw,p) is developed for spherical cap on flat surface and thus does not account

for the curvature of the cylindrical pore wall detailed in the literature.67,83,84 Nev-

ertheless, for simplicity, we use the equation above to describe nucleation on

inner cylindrical surface, where we can consider θa
slw,p to be an the effective con-

tact angle of ice on substrate in liquid that maps nucleation on curved surface

to nucleation on flat surface described following Liu. et. al.83 For nucleation in

a pore, we will simply refer this effective contact angle as θa
slw,p and we expect

it to be smaller than the contact angle of ice-liquid-wall θa
slw,b during condensa-
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tion freezing on bulk surfaces, i.e., the θa
slw,p observed on inside pore with small

radius of curvature (on the order of critical critical of the ice embryo) is smaller

than the θa
slw,b observed on flat substrate.

To model the nucleation of ice in pore liquid, we express the chemical poten-

tial difference between pore liquid and pore ice following Fukuta40:

∆µsl = RT ln
(
S l,sat

)
+

vl − vs

vl
RT ln

(
S i

S l,sat

)
(2.10)

where S l,sat is the SRI of the dew line, and S i is the imposed SRI. Physically, the

first term on the RHS of Eq. 2.10 accounts for chemical potential adjustment

due to supercooling, and the second term on the RHS accounts for the chemical

potential adjustment due to tension in the liquid phase via Eq. 2.5. We can

calculate the critical radius of ice embryo in pore liquid by Eq. 2.3 and Eq. 2.10

as a function of temperature, SRI, and confinement radius. As we can see from

Fig. A.8 in the Appendix, the calculated critical radii are smaller than 2 nm at

temperature below 250 K. Thus, at temperature below 250K, our assumption of

unobstructed nucleation is reasonable.

Following the PCF perspective, we assume that ice nucleation is facilitated

by condensed liquid such that ice is nucleated heterogeneously from liquid

through entire temperature range. To compare our predictions of heterogeneous

nucleation rate (Eq. 2.9) with our observations, we must estimate the total solid

surface area presented by our substrates. For the polished silicon we take the

exposed geometrical areas of 6.45 cm2; for the porous substrates, we account for

the internal pore structure to estimate areas in the range 1 m2 (see Appendix for

an explanation of this estimate). With one observation per second, we thus esti-

mate that our observations of freezing correspond to a 0.155 events/cm2s on pol-

ished silicon and 5000 events/cm2s on the porous substrates given its internal
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surface area. Since no direct measurement of the contact angle of ice in liquid on

an active site within pore θa
slw,p is available, we adjust the value of θa

slw,p such that

predictions of the transition are consistent with the experimentally observed on-

set of nucleation (i.e., the divergence of freezing transition from dew line in Fig.

2.2, as discussed in the results section). A typical value for θa
slw,p found in other

condensation freezing experiments is in the range of 54◦ to 105◦.85,86,73,27 In other

words, there are active sites on which ice is partially wetting on pore wall in

water on the nucleation sites. We present the predicted nucleation threshold for

θa
slw,p =70◦ as the yellow curve in Fig. 2(a); conditions to the left of the yellow

curve correspond to nucleation rate higher than 0.155 /cm2s for polished silicon

and 5000/cm2s for porous silicon.

Propagation of Nucleated Pore Ice

Next, we present the thermodynamic conditions associated with the propaga-

tion and melting of ice within the pore liquid, as shown in Fig. 2.2(b)-III. After

ice heterogeneously nucleates on an active site, the ice crystal grows from the

active site and propagates through the entire pore. Previous DSC studies sum-

marized by Marcolli27 indicated that the observable melting transition of ice in

saturated water filled mesoporous silica follows the Gibbs-Thomson relation

with solid-liquid-wall contact angle θslw,p = 180◦. Therefore, we will present a

thermodynamic limit associated with the stability of the hemispherical ice cap

submerged in supercooled liquid in cylindrical confinement with an advancing

contact angle of θslw,p =180◦. This criterion can be expressed as:

2σls cos θslw,pvs

rp
=

vl − vs

vl
RT ln

(
S i

S l,sat(T )

)
+ RT ln

(
S l,sat(T )

)
(2.11)
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Eq. 2.11 describes the conditions for coexistence of pore ice and pore liquid;

cooling below the temperature that satisfies Eq. 2.11 initiates pore ice propaga-

tion and thus filling the pore as depicted in Fig. 2.2(b)-III and in the red shaded

region in Fig. 2.2(a). In Fig. 2.4, we confront this prediction experimentally.

In summary, for the nucleation and propagation processes depicted in Fig.

2.2(b)-II to 2.2(b)-III, we assume ice is nucleated in the pores via heterogeneous

nucleation at local ice favorable sites in pore (i.e., θa
slw,p < 70◦, the upper bound of

contact angle in our nucleation experiment is 70 ◦ deduced from experimental

data); this process produces a nucleation limit depicted as the yellow curve in

Fig. 2.2(a) and Fig. 2.4. The subsequent propagation of pore ice is limited by the

criterion shown in Eq. 2.11 with θslw,p = 180◦. This criterion is depicted as the

red zones are shown in Fig. 2.1(a) and Fig. 2.2(a) for a range of pore size (5 ± 1

nm). We refer this thermodynamic limited ice crystal growth as the propagation

limit as indicated by Fig. 2.2(a).

2.3.4 Bulk Ice Emergence

Finally, we discuss the growth of pore ice into bulk ice from its confined state

(Fig. 2.2(b)-IV). This process remains the most uncertain as indicated by ques-

tion mark in Fig. 2.2 and Fig. 2.2(b)-IV. In the following, we present several

possible mechanisms for growth following the discussions in the literature.28 In

the simplest picture, the emergence mechanism is defined by the equilibrium

growth in which the ice forms a spherical cap at the pore mouth; this case can

be described by a Kelvin-Laplace equation as depicted in Fig. 2.2(b)-IV,35 i.e.,

Eq. 2.5 in which we replace the interfacial energy and the contact angle with
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the values for ice in vapor. Here, we will present a version of growth criterion

in a idealized cylindrical pore as discussed in previous studies31,3 (more detail

discussion can be found in the results and discussion section). The equilibrium

vapor pressure of ice-vapor interface can be described by Kelvin-Laplace equa-

tion, i.e.
2σsv sin β

rp
= RT ln (S i) (2.12)

where rp

sin β is the minimum radius of curvature the spherical interface will adopt

as the ice-vapor interface passes over the corner of the pore mouth depicted

in Fig. 2(b)-IV; β is the maximum apparent angle between solid-vapor inter-

face and horizontal surface, and it adopts the value, β = π
2 for θsvw,p > π

2 , or

β = θsvw,p for θsvw,p ≤
π
2 . The SRI for this equilibrium growth based on Kelvin-

Laplace is relatively insensitive to temperatures given that we do not expect

strong temperature-dependence of the interfacial energy.81 For this reason, this

growth mechanism could potentially explain the relatively flat segment CD de-

picted in Fig. 2.2(a) for pore with pore radius greater than 5 nm. However, the

predicted SRI for growth becomes prohibitively high for small pores (e.g., SRI

> 2.5 ∼ 3 for 2 nm pore); these values are thus much higher than either those

typically reported23,31,3,28 or those we have observed (Fig. 2.4).

David et. al. recently presented a computation simulation in which the

growth of bulk ice from an array of pores was catalyzed by the freezing of sur-

face absorbed water emerging from neighboring pores.28 To calculate this effect,

we propose a classical thermodynamic model in which capillary condensation

can arise in the valleys between two adjacent pore ice caps. This calculation is

included in the Appendix (Fig. A.8). We note that this mechanism predict in an

efficient growth but only for very tightly spaced pores. For example, we find

that for the growth transition to occur at SRI = 1.2 requires a pore spacing of
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0.8 nm for pores of radius of 2 nm (spacing refers to the closest edge to edge

distance between pores) as shown in Fig. A.8. We believe such tight spacing of

pore is rare for the porous silicon that we used in our experiment, given the pore

wall thickness of porous silicon is typically similar the pore size.87 Nonetheless,

we cannot exclude that it occurs at some frequency across our marcoscopic sub-

strates.

A third possible scenario for efficient growth invoking conical- or wedge-

shaped pores in which the growth is set by the largest radius at the mouth

of the pore. As indicated by Eq. 2.12, the limiting factor during equilibrium

growth is the minimum radius of curve the solid-vapor interface adopts during

the growth process; the larger the pore opening the smaller the radius of curva-

ture. David et. al.28 calculated the required pore opening for the emergence of

bulk ice at SRI = 1.1 to be of the order of 10 nm in radius. Given the pore spacing

we observed on the porous silicon as shown in Fig. 2.3, we expect this situation

is rare but not impossible.

Thus, while there is no fully consistent theory to accurately describe the

growth criteria of pore ice into bulk ice for small pore sizes, we believe the

mechanisms we described above provide potentially viable pathways for ef-

ficient growth. For the sake of simplicity, we present a representation of the

growth criterion based on the simplest Kelvin-Laplace argument depicted by

Eq. 2.12 with 5 nm ± 1 nm pore radius and a θsvw,p = 60◦ (This value will be

justified in the discussion section). This growth criterion is represented by the

grey shaded region in Fig. 2.2(a).

Finally for a contact angle θsvw,p = 60◦, we will also expect pore ice to be

able to maintain equilibrium with sub-saturation vapor during a sublimation
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process as shown in Fig. 2.2(b)-V. The thermodynamic condition that describes

such equilibrium is exactly the Kelvin equation shown in Eq. 2.12 with sin β

replaced by cos θsvw,p.

2.3.5 Deposition Freezing

Before PCF was proposed, deposition freezing was the prevailing theory in-

voked to describe the freezing transition on solid surfaces below liquid satu-

ration. In the deposition process, ice directly nucleates from vapor on the dry

substrate. We apply the CNT from Eq. 2.7 and express the nucleation rate for

deposition freezing with single contact angle as:

Jdep = J0A exp
[
−

f (θa
svw,b)∆Ghom(S i)

kbT

]
(2.13)

where the pre-exponential factor is J0 = 1025cm−2s−167,64. Alternative theories

(such as the active site model) of CNT in deposition mode are discussed by

Hoose and Möhler23; these offer more degrees of freedom for fitting experimen-

tal trends.

If one assumes a small, temperature-independent value of contact angle

θa
svw,b, deposition freezing predicts a nearly temperature-independent SRI for

the onset of freezing. For small values of θ (i.e., ice wets the solid well), de-

position is highly efficient, as shown by the grey-shaded zone in Fig. 2.2(a) for

θa
svw,b = 10◦ − 15◦. However, the deposition process with constant contact angle

value cannot explain the variation in freezing efficiency as shown in cyan line

in Fig. 2.2(a) at low temperature without invoking a temperature-dependent

contact angle. We provide a detailed discussion comparing deposition freezing

and equilibrium growth in the results and discussion section.
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2.3.6 Summary of Predicted Freezing Behavior

In the previous paragraphs, we have presented possible mechanistic bases for

the manifestation of PCF in a nanopore and subsequent pore ice growth. The

freezing transition on porous surfaces occurs when all four conditions presented

above are satisfied simultaneously. Thus the feasible region for the emergence

of bulk ice by PCF is the green area shown in Fig. 2.2(a). This region is bounded

above by the dew line (black curve) and the kinetic (yellow, corresponds to Fig

2.2(b)-II) or thermodynamic (red, corresponds to Fig 2.2(b)-III) conditions on

nucleation, and is bounded below by the growth mechanism (grey zone, the

question marks highlights that the exact mechanism is still unclear) as shown

in Fig. 2.2(a). The freezing transition should occur when a cooling trajectory

crosses into this feasible region. For isobaric cooling trajectories, the predicted

freezing transition resembles the lower boundary of the feasible region, i.e., the

cyan curve in Fig. 2.2(a). We emphasize that the cyan curve is in agreement

with the experimental trends summarized by Hoose and Möhler.23 We will now

attempt to rationalize this trend under the mechanisms presented above, and

to contrast it with deposition freezing. We note that hereafter, the term “freez-

ing transition” refers to the appearance of bulk ice on substrates, as a result of

the three-step process: pore condensation, pore freezing and pore ice growth

described in above, or a single step ice nucleation by deposition freezing. The

term ”freezing transition” should be distinguished from the process of hetero-

geneous ice nucleation in the condensed liquid.

The hypothetical processes of PCF are shown in the example phase diagram

depicted in Fig. 2.2(a) for rp = 5 ± 1 nm: At higher temperatures (∼ 255 K < T

< 265 K in this example), pore condensation will occur as the isobar crosses the
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capillary condensation condition (depicted with the curve labeled (i)) governed

by Eq. 2.5). However, freezing of this pore liquid is limited by pore ice nucle-

ation (either kinetically or thermodynamically limited, governed by Eq. 2.9 and

Eq. 2.3) such that no bulk ice appears on the substrate until bulk condensation

occurs above the dew line (depicted in black in Fig. 2.2(a)). Under these con-

ditions, ice forms only by freezing of bulk condensate. Under these conditions,

the freezing trend is identical to that of immersion freezing and it is represented

by segment AB of the cyan curve. At lower temperatures (∼ 230 K < T < 250 K

in this example), capillary condensation (blue curve), pore ice nucleation (red

curve or yellow curve) as well as pore ice growth (grey shaded region) must be

satisfied simultaneously to allow freezing transition on the substrate. An isobar

in this temperature range will first intersect with the limit for nucleation of ice

from liquid at low SRI (not shown in the Fig. 2.1(a)), however, with no liquid

on the surface or in the pores (both capillary condensation and bulk condensa-

tion criteria are not satisfied), no ice forms by freezing of liquid condensate. The

isobar then intersects the capillary condensation limit (blue curve) where capil-

lary condensation occurs and immediately freezes (since the nucleation limit is

already satisfied) and grows to fill the pore (since the pore ice propagation limit

is also satisfied). This pore ice can not grow into bulk phase until the growth

limit is reached (depicted in grey shaded region). Within this regime (depicted

by CD segment of the cyan curve), the freezing transition on the substrate is

limited by growth of ice out of the pores. Here we reiterate the lack of defini-

tive mechanism of pore ice growth that results in an efficient growth as shown

by CD and thus it cannot be distinguished from deposition freezing with small

contact angle value (e.g., θa
svw,b = 10◦ − 15◦). At low temperatures (∼ T < 230 K

in this example), the nucleation criteria are satisfied and the condition for cap-
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illary condensation is above (i.e., at higher SRI than) the growth criterion. In

this regime, the onset of capillary condensation is limiting; as soon as liquid

condenses in the pore, we expect it to freeze, propagate to the pore mouth, and

grow into bulk ice immediately. We refer this regime as the pore condensation

limited regime, and it is represented by segment DE of the cyan curve.

To calculate various thermodynamics and kinetics processes with theories

developed above, we used the following references and models: for the wa-

ter vapor properties, we adopted saturation vapor pressure of ice and super-

cooled liquid parameterized by Murphy and Koop88; for supercooled liquid wa-

ter properties, we used IAPWS formulation80; and for temperature dependent

thermodynamic properties of water and ice, as well as the nucleation parame-

ters, we used the numeric values summarized in Ickes et. al.81 In Table 2.1, we

provide a list of different contact angle values we adopted or deduced from our

experimental results; we will later show that this list of values are consistent. In

the following, we confront these scenarios (the multi-step PCF process with or

without deposition) with experiments performed on four substrates with simi-

lar surface chemistry and distinct, well-defined structure.

2.4 Results and Discussion

Fig. 2.4 presents our observations of the freezing transition on the oxide-

terminated silicon substrates discussed in the Methods section: polished silicon

(Fig. 2.4(a)), “2 nm” porous silicon (Fig. 2.4(b)), “5 nm” porous silicon (Fig.

2.4(C)) and “17 nm” porous silicon (Fig. 2.4(d)). In each case, we followed iso-

baric cooling trajectories from a initial dry state (SRI � 1) and proceeded until
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Table 2.1: Wetting parameters used in calculations

Contact Angles Symbols Values (◦) Determining method

liquid-vapor-Si equilib-
rium

θlvw,b 40 Sessile droplet measure-
ment89

liquid-vapor-Si on active
sites

θa
lvw,b 10 Liquid droplet nucleation

on polished Si

liquid-vapor-Si in pores θlvw,p 10 Onset of capillary con-
densation

solid-liquid-Si equilib-
rium in pores

θslw,p 180 DSC pore ice melting ex-
periments27

solid-liquid-Si on active
sites on bulk surfaces

θa
slw,b 100 Heterogeneous nucle-

ation on polished Si

solid-liquid-Si on active
sites in pores

θa
slw,p ≤70 Heterogeneous ice nucle-

ation in pore

solid-vapor-Si equilib-
rium in pores

θsvw,p 60 Pore ice desorption

solid-vapor-Si on active
sites on bulk surfaces

θa
svw,b 10-15 or 24-29 Fit deposition to data

ice crystals became visible on the substrates (see Methods). We also present

predictions of the four distinct limits established in our theory section based on

the pore structure (Fig. 2.2(a)) the wetting parameters provided in Table 2.1. We

will justify our choice for contact angle values in the discussion below. As noted

in the method section, we report the discrete freezing events in both Fig. 2.4(a)

and 2.4(d) in cyan circles for polished silicon and “17” nm porous silicon. These

events correspond to the initial freezing events shown in the image sequences in

Fig. A.2 and A.5 in the Appendix. These events occurred reproducibly at simi-

lar discrete locations. Thus we argue that these were freezing events catalyzed

by local defects such as a local population of pores with different characteristic

pore sizes; we thus assume that they do not represent the characteristic pore
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size of the entire porous surface.

2.4.1 Heterogeneous Ice Nucleation on polished silicon

Fig. 2.4(a) reports the freezing transition on polished silicon. The observed

freezing transition follows the dew line for temperatures range from 270 to

230 K. We observed the formation of bulk liquid condensate formation prior

to freezing from 270 K to 243 K at SRI slightly above the dew line; we indicate

that liquid condensate appeared first with the open blue circles. Representative

image sequences of freezing transition can be found in Fig. A.2 in the Appendix.

Bulk liquid condensate can be easily distinguished from ice at higher tempera-

tures. At lower temperatures, bulk liquid condensate was no longer observable,

yet the freezing transition remains near or on the dew line down to 230 K, albeit

with large uncertainties due to the low vapor pressure at these temperatures.

In order to interpret these observations, we first compared the bulk liquid

condensation with CNT using Eq. 2.8. The experimental data for supercooled

liquid condensation is compatible with heterogeneous nucleation with liquid-

vapor-wall contact angle on bulk surfaces, θa
lvw,b = 10◦, as shown in blue dashed

line. This value is smaller than the typical macroscopic contact angle (≈ 40◦)

measured in static experiments.89 However, previous simulations90 and exper-

iments91 have shown that condensation on silicon requires small supersatura-

tions with respect to liquid as we observed due, perhaps, to local active sites.

The lowest temperature at which we could observe liquid condensate prior to

subsequent freezing was ∼243 K, . This temperature for the transition to rapid

freezing of condensed liquid is slightly above the homogeneous freezing tem-
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perature of liquid water and implies heterogeneous ice nucleation in liquid with

a contact angle on active site θa
slw,b = 100◦. For colder temepratures, we observed

ice crystals directly form on the substrate without an intermediate supercooled

liquid state, but the transition continues to follow the dew line. We interpret this

continuation of freezing along the dew line as suggesting that liquid conden-

sation may continue to mediate freezing even below homogeneous nucleation

temperature.

These experiments on a smooth surface allow use to confront the alterna-

tive hypothesis that freezing occurred by direct deposition of ice. First, we note

that our direct observation of condensed liquid for T > 243 K provides direct

evidence for the condensation freezing process. Further, we compare the exper-

imental data with the prediction of deposition freezing with ice-vapor-substrate

contact angle θa
svw,b values ranging from 24◦ to 29◦ (the grey shaded region in Fig

2.4(a)). We chose this range of contact angles such that the grey-shaded region

overlapped all filled blue circles within the limit of uncertainties (i.e., freezing

events without experimentally observed immediate liquid phase). It is clear

that no single value of contact angle θa
svw,b reproduces the experimental value,

but rather, the value of θa
svw,b, would need to vary between the chosen range

(i.e., 24◦ to 29◦) with specific temperature dependence. Given all of our sam-

ples have similar surface chemistry, we also expect that the freezing transition

should show similar trends on other samples with different pore sizes if depo-

sition freezing indeed dominates, as we will discuss further in the following.
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Figure 2.4 (previous page): Onset of condensation and freezing on polished
and porous substrates. (a-d) S RI and temperature of observed condensation
(open circles) and freezing (filled circles) along isobaric cooling trajectories on
polished silicon (a) and porous silicon with small (“2 nm” - b), intermediate (“5
nm” - c), and large (“17 nm” - d) pores. Discrete initial freezing events (defined
in the Methods section) on polished silicon and “17 nm” porous silicon are also
reported (filled cyan circles). Vertical error bars represent propagated uncer-
tainty in SRI (see appendix); uncertainty in temperature (0.1 ◦C) is smaller than
symbols. In all plots, the upper black curve is the dew line and the lower black
curve is the frost line. On polished silicon (a), the blue dashed curve presents
the CNT prediction (with a nucleation rate J = 5/cm2s) for liquid condensation
for a liquid-substrate in vapor contact angle θa

lvw,b=10◦C. The grey shaded region
presents the CNT predictions for the deposition freezing of ice on a flat substrate
for θa

svw,b in the range of θa
svw,b ∈ [24◦, 29◦]; this range of contact angles was chosen

such that the grey shaded region covers the solid circles. For porous substrates
(b-d), blue shaded regions present predictions for onset of capillary condensa-
tion for the observe given pore size distributions of pore radii (1.8 - 3.4 nm in
(b); 2.9 - 6.2 nm in (c) and 15.3 - 18.7 nm in (d)); the yellow curves represent
the CNT predictions of heterogeneous nucleation of pore ice from pore liquid
with the contact angle ice (s) in liquid (l) on the wall (w) in pore (p) on active
sites (a), θa

slw,p = 60◦; the red shaded regions represents the pore ice propagation
limit (given by Eq.2.10 in the main text) for each pore size; and the grey shaded
regions represent CNT predictions for the deposition freezing of ice on a flat
substrate for contact angles ice (s) in vapor (v) on substrate (w) on active sites (a)
on bulk surfaces (b) in the range of θa

svw,b ∈ [10◦, 15◦]; the range of contact angles
was chosen such that the grey shaded region covers the solid circles.

2.4.2 Heterogeneous Ice Nucleation on Porous Silicon Sub-

strate

We now turn to the freezing behavior on porous silicon substrates. We begin

with a qualitative comparison across all three porous substrates. Figs. 2.4(b-

d) show the freezing transition on “2 nm”, “5 nm” and “17 nm” porous silicon

substrates, respectively. We first note that these substrates all show qualitatively

different trends in freezing transition when compared to that observed on pol-

ished silicon. At warmer temperatures (roughly above 250 K), freezing on all
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substrates followed identical pathways, i.e., intermediate liquid condensate ap-

peared prior to ice nucleation (representative images are shown in Fig. A.2 -

A.5 in the Appendix). At temperatures below 250 K, the freezing transitions on

all porous substrates drop below the dew line. For these lower temperatures,

the trends depend on substrate, i.e., the freezing onset SRI is non-monotonic

with respect to temperature for the “2 nm” and “5 nm” porous silicon, while

the freezing onset SRI on “17 nm” porous silicon grows monotonically with

decreasing temperature. On “2 nm” and “5 nm” porous silicon, although the

general features of freezing SRI are similar, the temperature at which freezing

transitions from above the dew line to below the dew line is significantly differ-

ent (i.e., ' 250 K on the “2 nm” porous silicon and ' 260 K on the “5 nm” porous

silicon).

Next, we will present a quantitative assessment of freezing on each porous

samples relative to theoretical predictions. Fig. 2.4(b) shows the freezing transi-

tion on “2 nm” porous silicon. At warmer temperature (T>252 K), we observed

condensation of bulk liquid on substrate as denoted by the open circles. The

SRI at the onset of freezing displayed an abrupt decrease, transitioning from the

dew line to a more efficient freezing behavior (lower SRI) at 252 K. This transi-

tion temperature is in reasonable agreement with the pore ice propagation limit

(as shown in Fig. 2.2(b)-III) calculated from Eq. 2.11 with rp = 2 ± 0.3 nm and

θslw,p = 180◦, and shown in red shaded region in Fig. 2.4(b). At temperatures

below this transition, the onset SRI of freezing drops to and remains at SRI '

1.1 down to 220 K. This temperature dependence of the transition is compatible

with both PCF (Eq. 2.5-2.12 with parameters shown in Table 2.1, specifically we

assume the growth of pore ice follows Eq. 2.12 with a partially wetting contact

angle listed in Table 2.1) and with deposition freezing (Eq. 2.13) on flat sub-
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strate with θa
svw,b between 10◦ -15◦ (grey shaded region). We chose this range of

contact angles such that the the grey shaded region overlaps all the filled blue

circles. We cannot reject deposition freezing as the mechanism of phase change

over these lower temperatures, however, we note that this range of contact an-

gle (i.e., θa
svw,b between 10◦ - 15◦) is incompatible with the range of required for

freezing on polished silicon (i.e., θa
svw,b between 24◦ - 29◦).

Fig. 2.4(c) shows the freezing transition on “5 nm” porous silicon. Above

T ∼ 256 K, bulk liquid condensation is observed prior to freezing and thus the

freezing transition follows the dew line. This behavior is consistent with freez-

ing in the pores being nucleation limited such that the freezing transition is only

mediated by bulk condensation. At around T ∼ 256 K, the freezing transition di-

verges from the dew line to a more efficient freezing behavior. This transition

temperature is compatible with the heterogeneous nucleation limit depicted by

the yellow curve (calculated with θa
slw,p = 70◦). At temperatures between 235

K and 256 K, the onset of freezing occurs at SRI ∼ 1.1, similarly to the freez-

ing behavior observed for the “2 nm” sample over the same temperature range.

Again, we can interpret this freezing behavior to be either a PCF growth limited

behavior (depicted in Fig. 2.2(b)) or deposition behavior with θa
svw,b between 10◦

- 15◦ depicted in shaded region. We again note that this range of contact angles

is not compatible with that required by deposition on polished silicon. At lower

temperatures, the onset of freezing may trend to higher SRI as temperature de-

creases, although this rise in the mean value is small relative to uncertainty. We

note that such a rise would be consistent with a transition from growth limited

behavior (or deposition freezing, grey shaded zone) to condensation-limited be-

havior (blue zone), as this transition agrees with the lower bound of the capillary

condensation limited zone at lower temperatures (Eq. 2.5).
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Fig. 2.4(d) shows the freezing transition on “17 nm” porous silicon substrate.

Two types of data are presented in the plot: (1) initial, discrete freezing events

discussed in the Methods section are shown with cyan circles; and (2). subse-

quent, substrate-wide freezing events are shown with blue circles. For tempera-

tures above ∼255 K, the predicted nucleation limit (yellow curve), all trajectories

led to condensation of bulk liquid near the dew line (open blue circles). From

245 to 255 K, we observed a mixture of behaviors, with some trajectories leading

to the formation of ice below the dew line (filled blue circles) and others lead-

ing to bulk condensation (open blue circles). At temperatures below 245 K, no

bulk liquid was observed prior to freezing and freezing events occurred exclu-

sively below the dew line. While we do not have explanations of the mixture

of behaviors observed from 245 - 255 K, the observation at temperatures below

245 K is consistent with the capillary condensation limit (blue shaded region)

within the limit of uncertainties. Here, we also present the initial, discrete freez-

ing events the initial freezing events (depicted in cyan circles). These events

appeared to be consistent a condensation limited process with pore radius of 7

nm. We also explore the deposition freezing as a possible freezing mechanism

on this substrate: if deposition is the dominant freezing mechanism, it would

imply a temperature-dependent contact angle of θa
svw,b between 10◦ - 24◦. This

range of values is inconsistent with both the contact angle implied from data

on polished silicon and the contact angle inferred from the “2 nm” or “5 nm”

poorous silicon.
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2.4.3 Stability and emergence of confined ice and discussion of

wetting of ice in the pores

We conducted further experiments to understand the relations among different

interfaces inside the porous silicon. Specifically, we took advantage of the a

robust change that occurred in the reflected color of our “5 nm” substrate as

a function of temperature and SRI. The other porous substrates did not show

observable change in color and thus were not usable in this study. The change

of apparent refractive index of various nano-porous materials upon adsorption

of material into their pores has been well-documented.60,92,93 The micrographs

in Figs. 2.5(a-c) show this effect along an isotherm (238 K) for SRI = 1.1 (a),

0.8 (b), and 0.66 (c). In Fig. 2.5(a), bulk ice (scattered, bright circular islands),

a lighter grey (seen as red by eye), and the background substrate (dark region

on the periphery). This zone of distinct coloration appeared consistently upon

the emergence of bulk ice. We interpret this signal as the indication of ice filled

pores. After the emergence of ice and of this coloration, as we reduced vapor

pressure below ice saturation, bulk ice sublimated and disappeared as seen in

Fig. 2.5(b), while the red coloration, persisted until a critical SRI; below this

threshold, the color of the substrate reverted to that of its dry state as seen in Fig.

2.5(c). In Fig. 2.5(d), we plot the conditions at which bulk ice appeared as blue

circles (same events as in Fig. 2.4(c)) and the conditions at which the colored

zone disappeared as red circles. Following a hypothesis that this coloration

corresponded to the presence of pore ice, we interpret the loss of color upon

lowering vapor pressure (red circles) as the sublimation of the pore ice. Under

this scenario, we interpret this process as the retraction of ice from the pore (as

in Fig. 2.2(b)-IV) when the Kelvin-Laplace criterion for pore ice in vapor can no
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longer be satisfied (as required by Eq.2.12). In Fig. 2.5(d), the red-shaded region

is the condition at which vapor-ice interface satisfies Kelvin-Laplace equation

with θsvw,p = 60◦ for the pore size rp = 4.4 ± 1.8 nm (based on the distribution of

pore size in Fig.2.3(b)). It can be seen that the coloration reversal lies along the

lower bound of the red shaded region. This observation is consistent with our

interpretation that the pores remained filled with ice down to this SRI and with

partially wetting ice with θsvw,p = 60◦ in the “5 nm” porous silicon sample.

2.4.4 Discussions of Consistent Contact Angles and Freezing

Mechanisms

Consistencies of Freezing Mechanisms

We now return to a discussion of our observations across all four types of sub-

strates to examine the hypotheses developed in the theory section. We first

consider the compatibility of our observations with deposition freezing. On

polished silicon, we observed direct ice formation on the substrate without ob-

servable liquid condensate at temperature below 243 K (shown as the solid blue

circles in Fig. 2.4(a)). We note that deposition freezing can provide a reasonable

explanation of the observed behavior if we take the contact angle of ice in vapor

on the substrate to be between 24 and 29 degrees. Within this range, deposition

predicts a relatively temperature-insensitive SRI threshold above which freez-

ing should occur. This deposition activation bound is shown as gray-shaded

region in Fig. 2.4(a). This region insects the dew line at 243 K, and thus at tem-

peratures below 243 K, deposition freezing is thermodynamically favorable, as

the SRI requirement for deposition freezing falls below the dew line (dashed
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Figure 2.5: Evidence of persistent pore ice on “5 nm” porous silicon. (a-c)
Series of optical micrographs along an isotherm at T = 238 K and S RI = 1 (a), 0.8
(b), and 0.66 (c). At SRI = 1 (a), we observed bulk ice (bright isolated spots) and
a red tone (visible by eye) over the entire porosified zone; the red tone appears
light grey in the black and white image taken with a monochrome camera. We
interpret this tone as corresponding to the presence of pore ice. At SRI = 0.8
(b), we observe the the disappearance of the bright spots, and the persistence
of the red tone. We interpret this state as indicating that pore ice remains in
equilibrium with sub-saturated vapor with respect to ice (i.e., SRI<1). fro SRI
≈ 0.66; below this value of SRI, (c) the red tone disappeared and the substrate
reverted to its initial state. (d) Observation of bulk freezing (blue circles) and the
disappearance of red tone (red circles). The blue shaded region represents the
capillary condensation for pore size distribution correponds to rp ∈ [2.9, 7.1] nm.
The red shade region represents the desorption of pore ice governed Kelvin-
Laplace with a range of ice-vapor-substrate contact angle from 54◦C to 60◦C
(see Fig. S6 and S7 in ESI).
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blue line in Fig. 2.4(a)). In contrast, on the “2 nm” and “5 nm” substrates, we

needed to invoke θa
svw,b = 10◦ − 15◦ in order to explain the high efficiency freez-

ing between 228 K and 255 K via deposition freezing (the deposition activation

bound is again represented as the gay-shaded regions in Figs. 2.4(b-c)). Thus,

despite our expectation of similar surface chemistry defined by silicon’s native

oxide across these three substrates, the deposition would require that they pre-

sented distinct wetting properties for ice in vapor. In addition, the correspond-

ing deposition activation bound (the grey shaded region) intersects with the

dew line at temperature near 270 K. This implies that no liquid condensation

should occur below 270 K and above SRI ∼ 1.15 since deposition would be the

favored mechanism under these conditions. This prediction is inconsistent with

our experimental observation of bulk liquid condensate (shown as the blue open

circles in Fig. 2.4(b-c)) down to 250 K on these two substrates. Finally, on the “17

nm” substrate, deposition freezing would require yet another range of contact

angle, θa
svw,b = 15◦−28◦. Similar to the inconsistencies for the “2 nm” and “5 nm”

substrates, the observation of liquid condensate at temperatures above 250 K

is inconsistent with deposition prediction. In short, the range of contact angles

θa
svw,b inferred by deposition across our substrates are incompatible with one an-

other. Furthermore, the observation of liquid condensate at temperatures above

250 K on all substrates, is incompatible with the deposition mechanism. Taken

together, we believe these observations exclude the deposition mechanism on

these substrates.

Next, we consider the compatibility of our observations with PCF. On pol-

ished silicon, no pores are present. However, the observed freezing trend fol-

lowing the dew line continuously, suggesting that a two-step freezing mecha-

nism (where liquid first condensse and then freeze) was at play. This observa-
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tion supports PCF, a freezing mechanism that involves freezing of condensed

supercooled liquid.

On the “2 nm” and the “5 nm” porous substrates at temperatures above 250

K, we observed condensation of bulk liquid, this observation is compatible with

the pore ice propagation limited behavior (with θslw,p = 180◦ shown in Fig. 2.4(b-

c) as the red shaded region and θa
slw,p ∼ 60◦ shown in Fig. 2.4(b-c) as the yellow

curves) with the substrate pore size distribution predicted by PCF. At tempera-

tures below 250 K, the observed transition switched to a distinct behavior with

highly efficient freezing with no formation of bulk liquid condensate. This tran-

sition is compatible with the predicted transition from pore ice propagation lim-

ited behavior (with θslw,p = 180◦) to a growth limited behavior by PCF.

On “17 nm” porous substrate, the observed freezing transition from 225 K to

245 K is compatible with the capillary condensation limited behavior (θlvw,p = 10◦

shown in Fig. 2.4(d) as the blue shaded region). However, the mixture of ob-

served behaviors with both liquid condensation and direct freezing in tempera-

tures between 245 K and 255 K remains unexplained.

Together, we summarize the different aspects of our experiment and their

compatibility with PCF. At temperature above the pore propagation limit, PCF

forbids pore ice propagation, inhibiting the catalyzing effects of capillary con-

densed liquid on freezing. Hence freezing can only take place within bulk con-

densation as we observed experimentally; at temperatures below capillary con-

densation limit, PCF mechanism is limited by only the availability of capillary

condensed liquid and thus the freezing trend resembles the capillary conden-

sation lines for given pore sizes; finally, at temperatures below the pore prop-

agation limit and above the capillary condensation limit, PCF predicts efficient
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freezing through the putative pore ice growth mechanisms where the emer-

gence of ice crystals results from the growth of pore ice, instead of deposition.

However, the theoretical basis and the physical mechanism of growth of pore

ice into bulk phase, remains unclear.

Consistencies of Contact Angles

In the discussion of Fig. 2.4 and Fig. 2.5, we invoked capillary condensation,

heterogeneous ice nucleation in water filled pore, and growth of pore-confined

ice into bulk ice in explaining the observed freezing transitions; these steps re-

quire the specification of different contact angle values for different combina-

tions of interfaces summarized in Table 2.1. Here, we check the internal consis-

tency of these contact angle values. We start by examining the solid-liquid-wall

contact angle for we which invoke three different values (θslw,p, θa
slw,b and θa

slw,p) in

three different contexts: 1. to explain the limit on propagation of ice in the pore,

we found that both experimental data on “2 nm” and “5 nm” porous silicon are

consistent with θslw,p = 180◦ as shown in the red shaded regions in Fig. 2.4(b-c);

2. to explain the freezing transition of bulk liquid condensate on polished sil-

icon, we found θa
slw,b = 100◦; and 3. to match the transition from condensation

on the the dew line to efficient freezing below dew line observed on “5 nm”

porous silicon we invoked θa
slw,p = 70◦ shown as the yellow curve in Fig. 2.4 (c).

We note that there are discrepancies between the contact angles inferred from

bulk freezing and pore freezing, as mentioned in the theory section, we believe

this discrepancy can be explained by arguments similar to those presented in

the literature.61,83,94,84 These authors argue that the effective contact angle of the

ice nucleus is reduced by local surface curvature in a pore. Nevertheless, we
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will perform consistency check for a range of deduced contact angle values i.e.:

θslw,p ∈ [θa
slw,p, θslw,p] = [60◦, 180◦]; we will also check for consistency with a range

of contact angle values within the two limits we found in the previous sections,

i.e.: θlvw ∈ [θa
lvw,b, θlvw,b] = [10◦, 40◦].

To test the consistency among the contact angle values of θslw,p and θlvw, we

write Young-Dupré relation at the three-phase contact line. The relation be-

tween three different contact angles should satisfy the following equation:

σsv cos θsvw,p − σls cos θslw,p = σlv cos θlvw,b (2.14)

If we adopt the values of interfacial energy values from Ickes et. al.81, we find

that a consistent value for ice-vapor-wall contact angle θsvw,p ∼ 60◦ with small

temperature dependence as shown in the Fig. A.9 in the Appendix (changing

temperature from 270 K to 220 K reduces the ice-vapor-wall contact angle by

5◦). This value of θsvw,p is consistent with the value inferred from observations

of the disappearance of coloration that we interpret as sublimation of pore ice

as presented in Fig. 2.5. Thus, the set of contact angle parameters (shown in

Table 2.1) required to interpret our observations within the PCF framework we

presented in the Theory section, is self-consistent.

2.4.5 Other points of discussions

The crystalline structure of ice in confinement95 or at low temperature (≤ 210

K) may be dominated by cubic ice48,96,97. Thus, it may be appropriate to use

the vapor pressure of cubic ice to consider the growth criterion such as the one

presented in Eq. 2.11. Murray et. al.85 suggested a correlation for the vapor
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pressure of cubic at temperature below 210 K. They suggested that the vapor

pressure of cubic ice can be reasonably approximated as: Pv,c = Pv,h exp
(

∆h
RT

)
,

where Pv,c is the vapor pressure of cubic ice, Pv,h is the vapor pressure of hexag-

onal ice, and ∆h is the enthalpy difference between cubic and hexagonal ice,

with ∆h ≈ 150 J/mol.98 The resulting cubic ice vapor pressure is about 5-10%

higher than that of the hexagonal ice at given temperature. Numerous studies

have shown that for liquid water-ice equilibrium in confinement, the crystalline

structure of confined ice consist of stacking of hexagonal and cubic ice.99,96,97 If

the ice in the pore is indeed cubic ice, the higher ice vapor pressure would lead

to the SRI at which ice emerges from the pore being lower than that in Fig. 2.4;

in this case, pore ice growth would appear to be even more efficient than what

we interpreted in the previous text.

2.5 Conclusions

In summary, we have presented an interpretation of the PCF mechanism that

accounts for all of the processes required by this multi-step pathway. Using

a set of substrates with well-defined surface structure and similar chemistry,

we have confronted both PCF and deposition freezing mechanisms with the

following conclusions: 1. Our experimental data are inconsistent with deposi-

tion freezing; 2. with a reasonable set of substrate properties and assumptions,

our experimental is compatible with PCF; 3. we extended the PCF mechanism

to temperatures above the homogeneous freezing temperature, and provided a

detailed pathway follow which freezing transition occurred; 3.this outcome pro-

vides a new foundation for understanding observations made across a diversity

of ice nucleation substrates by Hoose and Möhler.23
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Several outstanding questions remains: 1. the detailed mechanism of the

growth of pore ice into a bulk phase remains unclear; the theoretical basis for

growth criterion has yet to be formalized and thus the PCF mechanism is not

yet fully understood. 2. The detailed kinetics of heterogeneous ice nucleation

and three-phase equilibrium in confinement are lacking (this includes: the sur-

face properties of porous silicon in confinement and its ice nucleation activity;

the detail pore geometry and its effect on nucleation kinetics29,31,3; the wetting

properties ice and the energetics of different interfaces in confinement; and their

implications on quasi-liquid-layer,100 etc.). To tackle some of these questions, we

propose a future study based on direct observation of nanoconfined ice in well

defined geometries such as nanochannels. These types of study may offer more

insight into the thermodynamics phase equilibrium in confinement. We will dis-

cuss more about phase equilibrium studies in these well-defined nanochannels

in the following chapters.
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CHAPTER 3

DIRECT VISUALIZATION OF PORE BLOCKING AND DESORPTION

HYSTERESIS VIA CAVITATION AND MENISCUS

3.1 Introduction

Mesoporous materials, a category of porous material with pore diameter of 2

- 50 nm as defined by IUPAC,101,102 plays important roles in natural,23,27 and

technological contexts.103,104,51,105,106 The thermodynamics of phase equilibrium

and the transport processes of condensed phase in these mesoporous system

presents interesting research questions and challenges. The inherent small spa-

tial scale of sorption processes in mesoporous material has limited our ability to

characterize the thermodynamics as well as the transport kinetics. In addition,

the diversity of structural and chemical variation within and across different

mesoporous porous materials imposes challenges in understanding the ther-

modynamic and interfacial interactions between pore surfaces and the different

phases of water.

Specifically, sorption hysteresis is observed on a wide range porous mate-

rials with different pore sizes. As illustrated in Fig. 3.1(a), sorption hysteresis

refers to the differences in the shapes and the position of the adsorption (red

curve) and the desportion (blue curve) isotherms of a fluid (nitrogen gases or

water) in the pores of materials. Both the adsorption and the desorption pro-

cesses may show hysteresis via different mechanisms at different pore scales.

In this paper, we will focus on mesoporous scale at which we expect contin-

uum theories apply.21 We first discuss the thermodynamic basis of sorption pro-

cesses; we then turn present hypotheses for the origins of hysteresis between
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the adsorption and desoprtion branches of isotherms. Discussions on hysteresis

in microporous material can be found in several excellent reviews.107,108

Capillary condensation and evaporation described by the Kelvin-Laplace

equation serves as the basis sorption process, it reads:

RT
vl

ln
(

Pv

Pl,sat

)
=

2σlv

r
(3.1)

where R [Jmol−1 K−1] is the universal gas constant, vl [m3/mol] is the molar vol-

ume of liquid phase, Pv [Pa] is the vapor pressure, Pl,sat [Pa] is the saturation

pressure of liquid, σlv [J/m2] is the interfacial energy, and r [m] is the radius of

curvature of the interface.

Based on Kelvin-Laplace equation, the classic treatment of Cohan predicts

hysteresis based on difference in the geometry of the first adsorbed film (an an-

nulus in cylindrical pore with meniscus radius of curvature of twice the pore

radius and of the meniscus in the pore opening that recedes at the onset of des-

orption (hemispherical in a cylindrical pore with the radius of curvature of the

pore radius).109 This theory and its refinements (e.g., using BJH method for esti-

mating pore size distribution110, or the DBdB theory to account for the corrected

energetics of film adsorption with disjoining pressure111,112,113) can successfully

capture measured isotherms in well-defined pore with pore diamater down to

10 nm. Both BJH and DBdB models have been widely adopted as standard

method to analyze sorption isotherms.
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Figure 3.1 (previous page): Typical sorption isotherm in a ink-bottle type of
slit pore and emptying dynamics. (a) A typical sorption isotherm found in
ink-bottle type pores. The adsorption (red curve) and the desorption isotherm
(blue curve) isotherms in a single ink-bottle pore are presented schematically
with liquid fill fraction, φl as a function of vapor activity P/P0 where P is the
imposed vapor pressure and P0 is the saturation vapor pressure. Two different
desorption mechanisms are shown in this diagram: desorption by cavitation
(dashed green curve labelled “1” ) and desorption by meniscus recession (solid
blue curve labeled “2”:). Different states of the sorption processes are labeled
in the diagram by I-VII with black circles; the physical representation of each
states are shown by the schematics in (b) with corresponding labels. (b) During
adsorption, the pores are initially empty. Liquid uptake in pores starts at point
II when vapor pressure reaches Pdes (Note here the desorption pressure coin-
cided with adsorption pressure at adsorption onset as discussed in the main
text). The schematic labeled II shows the initial capillary condensation at the
pore mouth. Pdes is given by the Kelvin Laplace equation (Eq. 3.3) with the
radius of curvature given by the size of the pore neck as labeled in the figure.
When vapor pressure reach Pads, capillary condensation in the main pore body
is possible and thus complete filling of pores occurs (III to IV). The carton la-
beled III shows the advancement of liquid-vapor interface into the main pore
body by capillary condensation. During desorption (dashed blue curve), the
pore is filled initially at IV. As vapor pressure decreases below Pads, evaporation
of liquid in pore body is blocked by the stable condensate in the pore mouth and
the evaporation is delayed; the liquid in the pore body becomes metastable. The
metastable liquid can vaporize and empty via two possible mechanisms: cav-
itation or meniscus recession. (c), The schematic describing emptying by cavi-
tation. Vapor bubble nucleates inside the pore body and vaporizes (shown as
dashed green curve) and empties; and (d), The schematics describing empty-
ing by meniscus recession. Evaporation of pore body liquid is delayed until the
liquid in pore mouth evaporates and the liquid-vapor interface recedes into the
pore body (shown in solid blue curve). For an ensemble of ink-bottle pores, the
overall filled fraction of the pores is represented by the solid blue curve in (a) as-
suming a fraction of pores are emptied by cavitation while the rest are emptied
by meniscus recession when Pdes is reached.

In other mesoporous materials in nature, the pore geometry are not often

ideal (i.e., perfect cylinder or parallel slit), with irregularities along the pore

walls. One common structure known as the “ink-bottle” structure are pores

with varying pore size along the axial direction of the pore, where pore size be-

comes smaller towards the entrance of the pore forming a bottle neck as shown
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in 3.1 (b-c), hence the name “ink-bottle”. This “ink-bottle” structure gives rise

to complex desorption behavior including another important source of hystere-

sis known as the pore blocking effect (we note that pore blocking effect can

also arise from the pore inter-connectivity but is not the focus here).114 The

pore blocking effect refers to the delayed evaporation (i.e., the vapor pressure at

which desorption occurs is lower than the vapor pressure predicted by Kelvin-

Laplace equation with a pore radius of the pore body) of pore liquid when the

pore body is connected to the outside environment via a neck that is narrow

compared to rest of the pore body, as shown in the schematics diagrams in Fig.

3.1(b).

Two basic mechanisms have been proposed for this delay in evaporation

during desorption. The first mechanism was introduced in the early studies of

capillary hysteresis and it is often referred to as the “ink-bottle” or “classical

pore blocking” mechanism. In this scenario, the evaporation of the condensate

from an ink-bottle (or a network of ink-bottles) is obstructed by the narrow-

est point of the pore. Desorption from the pore body may only occur after the

emptying of the pore neck. In a single ink-bottle, the delayed desorption is

governed by the Kelvin-Laplace equation based on dimension of the pore neck;

while in a network of pores, the desorption is often associated with the connec-

tivity of the pores as well as the dimension of the pore neck.107 For example,

Fig. 3.1(a) shows an hypothetical desorption curve by meniscus recession in

blue dashed curve in a single ink-bottle pore. The onset of desorption occurs at

Pdes corresponding the vapor pressure defined by the Kelvin-Laplace equation

with radius of the pore mouth.

A second mechanism of desorption in a blocked pore is related the sponta-

73



neous formation of vapor bubble (cavitation) by either nucleation or spinodal

evaporatio.115,116 As vapor pressure drops below the pressure given by Kelvin-

Laplace in the pore body, the liquid in pore body becomes metastable. This

condition give rise to the possibility of cavitation (nucleation of gas bubble) as

mechanism of pore body emptying as shown in green curve in Fig. 3.1(a) and

the schematics in Fig. 3.1(b)-V. If the cavitation limit corresponds to a vapor

pressure that is higher than the Kelvin-Laplace pressure defined by the pore

neck, then the emptying of the pore body occurs at a vapor pressure defined

by the cavitation threshold and not by the capillary recession as defined by the

pore dimension. Thus, the onset of desoprtion gives information about the sta-

bility limit of the adsorbate, instead of the the pore geometry. Studies in the

context of cryogenic gas sorption have used a combination of experiment and

simulation to infer that if the dimension of the pore neck is less than a critical

width (∼ 6 nm for nitrogen at 77.4 K), the pore body empties by spinodal decom-

position.115,116 In another experimental study, Morishige and Tateishi showed

that the desoprtion of argon, oxygen and carbon dioxide gases in SBA-16 meso-

prous silica cage was consistent with homogeneous nucleation.82 On the other

hand, in studies in which direct observation was possible, cavitation occurred

almost exclusively through heterogeneous nucleation.1,117,42,12 For example, in

an extreme version of the ink-bottle geometry, Vincent et. al. directly visualized

the vapor nucleation statistics in macroscopic water filled cavities connected

to nanoscopic throats with 2-4 nm pore diameter under different vapor pres-

sures. They found that cavitation was dominated by heterogeneous nucleation

with cavitation pressure of -20 to -24 MPa (with relative humidity at 0.83-0.86).

The survival statistics of liquid in the cavities resulted in an survival curve that

resembled that of the desorption isotherm by cavitation observed in other sorp-
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tion experiments.118 Indeed, various factors such as surface chemistry,10 impu-

rities,119 and surface structure61,26 can affect the limit of cavitation. In general,

it remains challenging to diagnose whether cavitation in mesoporous material

occurs via spinodal evaporation, homogeneous, or heterogeneous vapor nucle-

ation.

Additional complications could arise for an ensemble of pores with differ-

ent cavitation probabilities due to heterogeneity in pore geometry and wetting

characteristics. resulting in difference heterogeneous nucleation rate. Consider-

ing cavitation events that take place within these pore over the range of vapor

pressure from Pdes and Pads, as vapor pressure decreases, it is possible that only

a fraction of the pores will emptied by cavitation at higher vapor pressure while

the rest will empty by meniscus recession at lower vapor pressure. In such a

case, the overall desorption isotherm for a collection of ink-bottle pores could

follow the blue solid curve depicted in Fig. 3.1(a). This type of isotherm were

observed and hypothesized in isotherm study in porous glass, where the au-

thors argued both cavitation and meniscus recession were responsible for the

observed desorption process.120 Unfortunately, no direction evidence was avail-

able to clarify the interplay between different desorption mechanisms such as

the one shown in Fig. 3.1(a). Direct visualization of this cavitation in relation

with desorption by meniscus recession will shed light into this question.

Finally, the dynamics of emptying process during desorption can also raise

interesting questions. Particularly, the emptying speed of a liquid filled pore

is expected to be different for cavitation (shown as in Fig. 3.1(c)) relative to

that in the case of meniscus recession (shown as in Fig. 3.1(d)). Researchers

conducted experimental studies on the emptying dynamics of liquid filled pore
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due to meniscus recession in different model porous materials including porous

silicon121 and nanochannels.122,123 While Vincent et. al. concluded that the va-

por transport was typically the limiting step in a cylindrical pore,121 Eijkel et.

al. modeled the emptying process by superimposing additional film flow and

corner flow to the vapor diffusion process and found good agreement between

emptying rates observed from nanochannels over a range of imposed relative

humidity.122 In particular, they found that the emptying rate of nanochannel

is highly dependent on the detail corner geometries and is dominated by cor-

ner flow. They concluded the channels cross-section with acute corner angles

(i.e. ∼ 5.5◦) emptied 10 fold faster compared to channels with rectangular cross-

sections, with corner flow being the primary contributor to this increase. Xie

et. al. conducted similar studies and found results consistent with corner flow

with a range of channel heights from 22 nm to 122 nm.123

On the other hand, desportion by cavitation is a combination of two distinct

phenomena. As shown in Fig. 3.1(c), after initial cavitation in the pore body,

saturated vapor bubble is formed and the channel is divided into three zones:

the liquid column in the front labeled as l f , the vapor column in the middle

labeled as l and the liquid column in the back end of the channel labeled lb as

shown. The entire emptying process can be understood as a two-step process

as followed: initially, since the vapor pressure at which cavitation take place is

higher than Pdes, the left hand liquid-vapor meniscus of liquid column l f stays

pinned at the pore mouth while meniscus on the right hand side of the column

moves towards the pore mouth; the liquid column is being emptied along the

pressure gradient as evaporation continues. Duan et. al. studied this process

with cavitation experiments with nanochannels.124 They observed that the emp-

tying rate of the liquid column in front is much slower than predicted by liquid
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transport and was in fact limited the vapor diffusion process from the evapo-

rating surface to ambient, resulting in a constant drying rate. The front liquid

column will continuous to emptied until it recede into the channel mouth where

the pressure gradient in the liquid diminishes, this remaining liquid will contin-

ues to occupy the channel mouth until Pdes is reached. During the same time as

the front liquid column remains at the pore mouth, the back liquid column can

empty via the same corner flow as described in the previous paragraph, given

that the remaining liquid at the pore mouth does not impose significant trans-

port resistance.

Up to now, we have described the origins of sorption hysteresis with clas-

sic ink-bottle geometry with focus on different mechanisms for the desorption

process. In this study, we aim to conduct experiments to directly observe the

sorption processes in nanochannels to clarify the detail desorption mechanisms

in an ink-bottle structure. In our analyses, we will build on the transport models

proposed the literature125,122,124 and make attempt to understand the transport

kinetics observed during the desorption process. We will organize the paper as

follow: in the Experimental section, we will walk through the fabrication and

the characterization process of the nanochannel device, which we will use as our

experimental platform to study sorption of water vapor in nanoconfinement.

We will describe the experimental and data analysis process that we used to

extract experimental information in these nanochannels. In the theory section,

we will describe the thermodynamic basis of sorption hysteresis with classical

view of the Kelvin-Laplace equation; we will also present models to calculate

the emptying dynamics of the nanochannels by either cavitation and meniscus

recession. In the results and discussions section, we will present our experi-
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mental data analysis and discuss our findings. In particular, we will point out

the direct observation of pore blocking effect in these channels; we will dis-

cuss the two desoprtion mechanisms we observed; and we will comment on the

transport dynamics based on experimental observations. In conclusion, we will

summarize our findings, and point to the implications and the importance of

different emptying mechanisms.

3.2 Experimental Methods

3.2.1 Sample Characterization

To measure isotherm by direct observation, we designed a fluidic platform con-

sisting of high-aspect ratio nanochannels. These channels have micrometer-

scale-width and nanometer-scale-depth. The purpose of this design was to al-

low direct optical observation in the width dimension while imposing nano-

confinement in the depth dimension. Due to the relatively short optical depth

in the depth direction of the channel, we observed limited contrast between

phases that are in equilibrium with similar indices of refraction. Thus, following

the design by Li et. al.,126 we incorporated a film of silicon nitride underneath

the channels to served as an optical cavity. This film magnifies the difference

of reflective coefficient (between confined liquid and vapor) for given channel

thickness; we present a detailed explanation of this effect in the Appendix.

We fabricated the nanochannel device via conventional photo-lithography.

A brief fabrication process flow is shown in Fig. 3.2(a) and the detail proce-

dure is included in the Appendix. The device is composed of four layers: a
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Figure 3.2: Fabrication and the characterization of the high aspect ratio slit
nanochannels. (a) Process flow of fabrication. The device is consists of four
layers: 1) a silicon substrate(dark grey) glass. 2) A layer of silicon nitride (Si3N4)
formed by low pressure chemical vapor deposition (purple); this layer serves as
an optical cavity for contrast enhancement between different phases of water in
the channel. 3) A layer of silicon oxide formed by plasma enhanced chemical
vapor deposition; once etched, this layer defines the sidewalls and depth of the
nanochannels. 4) A glass wafer anodically bonded to the silicon wafer serves
as the top boundary of the channel and provides optical access. (b) A scanning
electron micrograph (SEM) of the cross-section of a cleaved nanochannel device
formed with process in (a). This channel has a channel height of 44 nm, with
two corner angles of 21.1◦ and 14.2◦. (c) A schematics representation of the top-
view (through the glass layer) of a nanochannel device and the corresponding
optical micrograph of experiment observed regions for the sorption isotherm
experiment (defined by the red dashed square) and the imbibition experiment
(defined by the green dashed square).
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polished silicon substrate(<1 1 1>, P-type, SSP, 1” Dia., 500 µm thick, WRS ma-

terials), 200 nm-thick film of silicon nitride formed by Low Pressure Chemical

Vapor Deposition (B4 Nitride furnace at Cornell Nanoscale Facility (CNF)) that

served as an optical cavity, a layer of silicon oxide formed by Plasma Enhanced

Chemical Vapor Deposition (Oxford PECVD, Oxford instruments) that, once

etched, defines the walls and depth of the nanochannels, and a Borofloat glass

wafer (Borofloat 33, DSP, 1” Dia., 500 µm thick, University Wafers). We form the

nanochannel by wetting etching the PECVD oxide in dilute Hydrofluoric acid

(HF). Note: HF is highly toxic. Appropriate safety precautions must be followed

for its use. We also fabricated two microchannels on the glass wafer to serve as

inlet and outlet to the nanochannel array. Prior to bonding, we characeterized

the nanochannel tranches with profilometry (P10 porfilometer, CNF) and AFM

(Veeco Icon with standard silicon tips from CNF supplier) to verify the chan-

nel depth (with measured channel height to be 51 nm prior to bonding). We

then bonded the substrate to glass wafer to form individual channels with an-

odic bonding (Suss SB8e Substrate Bonder). After bonding, we verified the final

channel height with SEM (Zeiss Ultra SEM). A cross-sectional view of a cleaved

device as shown in Fig. 3.2(b) with channel height of 44 nm. We make spe-

cial note to the corner geometry in this SEM micrograph with two of the acute

corner angles with values of 14.2◦ and 15 ◦ respectively. We opened vias to the

microchannels by laser cutting (Versalaser Engraver, CNF) immediately before

each experiment to minimize contamination in the device. We note that, due to

the high bonding pressure (estimation of pressure found in the Appendix) and

low bending strength of Borofloat glass (∼ 25 MPa), we found the nanochan-

nels tended to plastically deformed near the entrance while the main channels

remains at uniform height. This characteristics of the channel resembled the
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classic ink-bottle structure. We discuss the evidence of this effect in the Ap-

pendix.

3.2.2 Experimental Procedure

We first conducted adsorption and desorption experiments from water vapor.

Our experimental setup was a custom vapor chamber with temperature and

pressure control shown in Fig. 2.3(a) in Chapter 2. The chamber pressure was

directly measured and controlled with a feedback control loop. This control

loop consisted of a capacitance pressure gauge (Adixen 2003, 0-13333.3 Pa with

1.3 Pa resolution), a motorized stepper valve (Autoblog 625) in the upstream

of the chamber, and both were monitored and controlled by custom LabView

virtual instrument. We also controlled the chamber temperature with Linkam

THMS350V unit (Linkam scientific Inc.) with 0.1 K resolution. During exper-

iment, samples were monitored through the optical window via a stereoscope

(Leica S8APO) with scientific CCD camera (Grasshopper3).

Prior to each experiment, we performed calibration and uncertainty char-

acterization of the vapor pressure measurement by the following steps: in the

chamber, we placed droplets of pure water in the chamber at fixed temperature;

we then adjusted the chamber pressure such that the water droplet inside the

chamber neither shrunk or grew; this gives a measurement of the water satura-

tion pressure. We recorded the this measured saturated vapor pressure, Psat,m,

and evaluated the difference between this measurement and the saturation pres-

sure Psat from equation of states for water,80 i.e.: ∆Pb,m = Psat,m − Psat. We used

∆Pb,m as the base pressure correction to the pressure gauge measurements. We
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corrected all subsequent pressure measurements with this difference.

During the optical isotherm experiment, we first stabilized the stage tem-

perature at 15◦C and maintained the constant temperature with the Linkam

controller throughout the experiment. We prepared the sorption experiment

by first imposed vaccum condition in the chamber. We then took pressure steps

by increasing the vapor pressure with 20 Pa increments up to the saturation

pressure of water to obtain the adsorption branch; between steps, we allowed

sufficient equilibration time (∼150 sec). We then decreased the vapor pressure

with the same procedure to obtain the desorption branch.

After the sorption experiments, we characterized the channel dimension of

each nanochannel device by imbibition dynamics. The imibition dynamics with

both opened- and closed-end micro/nano-channels has been extensively stud-

ied.127,128,129,130 At the limit of viscous dominated flow, the imbibition of liquid

in small channels driven by capillarity can be well described by the so-called

Lucas-Washburn equation.125 The Washburn equation for parallel plate follows:

l2
f =

2σlv cos θ
3µ

ht (3.2)

where l f [m] is the liquid imibibition length, σlv [N/m] is the surface tension

of solution-vapor interface, θlvw is the contact angle of solution in vapor on sub-

strate, µ [Pa · s] is the viscosity of the solution, and t [s] is the elapsed time of

the imbibition process. Past studies has shown that the Washburn imibibition

dynamics holds for nanochannels with channel heights down to 50 nm without

corrections.127 Following the Washburn dynamics, the imbibtion front advanced

in proportion to the square root of elapsed time for uniform channel heights;

thus we can infer the channel heights from conducting analysis on the evolu-

tion of the imbibition front as a function of elapsed time. We note that there
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may be other contributions to the imbibition speed in a nanochannel such as

corner flow and film flow, all of which will be discussed in detail in the Theory

section. In brief, the classical Washburn imbibition described by Eq. 3.2 holds

for our channel dimensions and that the contribution be corner flow or film

flow should be negligible. Thus, characterizing the channel dimension with the

imbibition dynamics remains a valid approach.

We conducted the imbibition experiment with Lithium Choride (LiCl) so-

lution to characterization the channel height. Note that we used this solution,

rather than pure water, as part of preparation for a different experiment. In the

following, we account for the impact on surface tension and viscosity due to the

presence of LiCl131,93; we do not expect any other corrections are required due

to the presence of these solutes. A freshly laser cut device was placed under an

optical stereoscope (Leica S8APO) with scientific CCD camera (Grasshopper3)

to record the imibibition process. The premixed LiCl solution was then injected

into the microchannels with the CCD camera recording at 10 FPS.

3.2.3 Image analysis methodology

Imbibition Spatial-Temporal Analysis

In order to visualize the temporal evolution of imbibition front, we extracted the

position of the imbibition front as a function of elapsed time with the following

method: first, for each frame of the recorded video of the imbibition experiment,

we cropped a column of pixels that corresponds to the location of one channel ,

and repeated this process for each channel; we concatenated the columns of pix-

els following a chronological order from left to right to form a spatial-temporal
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map for each channel; finally, we took an average of the spatial-temporal map

for all channels to capture the average imbibition behavior over all the channels.

This averaged imbibition spatial-temporal map is shown in Fig. 3.3(a). The im-

bibition front is highlighted by the blue curve as a guide for eyes. Fig. 3.3(b)

showed the imbibition front progression plotted as the square of the distance

versus time (i.e., in the same format as Eq. 3.2). From this plot, we inferred

the channel height to be 45.3 nm, consistent with the SEM micrograph measure-

ment.

Optical Isotherm Analysis

To obtain the fill fraction during the adsorption branch, we employed sim-

ilar spatial-temporal analysis techniques described in the previous section to

first obtain the spatial-temporal map for each channels; we then binarized the

spatial-temporal map such that the pixels corresponding to a vapor filled re-

gion had pixel value of 0 and the pixels corresponding to liquid filled region

had pixel value of 1; after this step, the fill fraction of each channel was simply

the averaged pixel value of the channel; finally, we averaged the fill fraction of

all channels to obtain the total adsorption isotherm of the fluidic device. The

same analysis could be conducted to obtain the desorption isotherm fill frac-

tion. Rather, here, we made an approximation by simply counting the fraction

of the channels that remained liquid filled over the total number of channels.
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Emptying Dynamics Optical Analysis

The analysis of emptying dynamics followed the same procedures described in

Imbibition spatial-temporal analysis. After we generated spatial-temporal map

for each emptying event, we plotted the emptying front as a function of elapsed

time, and compared the experimental results to different models. Detailed mod-

els and analysis will be described in the following sections.

3.3 Theory and background

With the nanochannel device we fabricated, we can explore various thermody-

namic and transport processes during sorption. In the following sub-sections,

we will present a set of models relevant to these processes in nanochannels.

3.3.1 The Thermodynamics of capillary condensation

Under the conditions in which the kinetics of capillary condensation is

fast,9,78 the thermodynamics requirement of capillary condensation described

by Kelvin-Laplace equation should serve as the criterion for the onset of capil-

lary condensation and evaporation. In a nanochannel such as that described in

the methods section, the Kelvin-Laplace equation reads:

2σlvvl cos θlvw

h
= RT ln

(
Pv

Pl,sat

)
(3.3)

Here, σlv [N/m] is the surface tension between liquid-vapor interface, h [m] is

either the slit height of the nanochannel mouth or nanochannel body, θlvw is the

contact angle of lliquid water in vapor on the channel wall, Pv [Pa] is the vapor
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Figure 3.3: Experimental verification of channel height via optical tracking
of wetting dynamics.(a) Spatial-temporal map of imbibition. This map is pro-
duced by first taking the column pixels corresponding to a single channel in
each frame of the wetting video and concatenating the column pixels from left
to right in chronological order to generate a spatial-temporal map for each chan-
nel in the field of view; then we sum the spatial-temporal maps of every single
channels to produce the average spatial-temporal imbibition representation. In
this map, the vertical axis represents the distance from channel entrance and the
horizontal axis represents elapsed time. The lighter grey regions represent the
vapor-filled sate; the darker grey regions represent the liquid-filled state. Imbi-
bition started at ∼ 56 s. The nanochannels was filled with an aqueous solution
of lithium chloride with mole fraction of 0.22. The blue curve (hand drawn as
a guide for eyes) highlights the wetting front of the solution. (b) Progression of
imbibition front (blue lines, extracted from (a) by image analysis) plotted as the
square of the distance of propagation verses time. The red line is the linear least
square fit to the data (R2 = 0.9984). The slope of the curve is a function of the
channel height given by the Washburn equation (Eq. 3.2). The deduced channel
height is 45 nm for this given slope.

pressure at the onset of the capillary condensation at the locations of the given

h values; and Pl,sat [Pa] is the liquid saturation vapor pressure. An implicit as-

sumption here is that the critical film thickness during adsorption is small such

that the liquid-vapor interface shape during capillary condensation and evap-

oration is the same. For water on silicon oxide surface, we estimate the critical

film thickness to be in the order of 1 nm (a detailed calculation is included in the
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Appendix). This film thickness negligible compared to our nanochannel with its

depth of 44 nm.

3.3.2 The concept of water potential in transport dynamics

Before diving into the transport models for desorption, we start by introducing

the concept of the water potential as a unified measure of the driving force for

transport processes in the nanochannels. At thermal equilibrium between liq-

uid at pressure Pl and vapor at externally imposed pressure Pv, the equilibrium

conditions requires the chemical potential of the two phases to be equal, apply-

ing Gibbs-Duhem at isothermal condition, one can arrive at: Pl = Psat + Ψext.

Here, we defined the liquid potential Ψ(Pv) to be:

Ψext =
RT
vl

ln
(

Pv

Psat

)
(3.4)

In the scenario of liquid and vapor come to equilibrium through a curved inter-

face. For example, liquid and vapor establishes equilibrium in a channel with

infinite length with height h by adopting a semi-cylindrical meniscus, and we

can write the water potential with the Kelvin-Laplace equation:

Ψm = −
2σlv cos θlvw

h
(3.5)

We will use the concept of water potential throughout the rest of this section to

model the vapor and liquid transport during desorption process.

3.3.3 Desorption by meniscus recession in nanochannels

Fig. 3.1(c) showed the scenario in which the channels were emptied by menis-

cus recession; and the right diagram in Fig. 3.1(d) showed the second stage of
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emptying after cavitation. In both of these cases, liquid in a plug that fills the

back end of the channel must be emptied through a section of channel that was

primarily filled with vapor to reach the pore mouth. Here, we consider the var-

ious modes of transport that could occur through this vapor-filled section of the

channel: corner flow along the corners of the channel, film flow along the chan-

nel walls, and vapor diffusio as discussed by Eijkel et. al.122 and Xie et. al.123

Here, we adopt the same analysis to model the desorption by meniscus reces-

sion in a nanochannel with height h and width w. There are three fluxes due

to: vapor diffusion Jv, film flow J f and corner flow Jc [m3 liquid/(m2s)] respec-

tively. These fluxes are coupled through water potential Ψ and can be expressed

as:

Jv =
Dknvl

RT
vl

vv

dΨ

dx
(3.6)

J f = −
Ah

18πµΨ

(
−

dΨ

dx

)
(3.7)

Jc = g(α)
r4(x)
whµ

(
−

dΨ

dx

)
(3.8)

Here, Dkn [m2/s] is the Knudsen diffusivity and it can be expressed as Dkn =

h
3

√
8RT
πMw

; vl, vv [m3/mol] are the molar volume of the liquid water and vapor. A

[J] is the Hamaker constant for which we assume a value of -1.9×10−19J for water

on silicon surface. µ [Pa·s] is the viscosity of water, g(α) is a dimensionless flow

resistance related to the corner angle α, the numerical value of g can found in

the reference.132,122 We note that the Knudsen diffusivity is appropriate when

the Knudsen number, a ratio of the mean free path and the channel height (for

water vapor, λ ∼ 70nm and thus Kn = λ
h ∼ 1.4 in our system), is in the order of

1 or greater. We also note that r(x) is the local radius of curvature of the liquid-

vapor interface in the corner and it can be related to the local water potential

through the Laplace equation, i.e., r(x) =
2σlv
Ψ

where σlv is the surface tension
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of liquid-vapor interface. We note that the three fluxes are coupled through

the local water potential Ψ. This coupled flux system can be solved in a first-

order approximation, under the assumption that the sum of the three water

fluxes J [m3/(m2s)] is constant along the axial direction, as a function of Ψm, the

water potential at the liquid-vapor meniscus; and Ψe, the water potential at the

channel entrance and it is determined by the imposed RH. Thus we have: (i.e.,

dΨ
dx = ∆Ψ

∆x = Ψm−Ψe
lv

). Summing all three fluxes and integrating over time t yields:

L2
v = (uc + u f + ud)t (3.9)

where L is the displacement of the drying front from the channel entrance, the

three components uc, u f and ud are the emptying rate due to corner flow, film

flow and vapor diffusion respectively with unit of [m3liquid m−1s−1]. Under this

approximation, the three fluxes become decoupled and the three component can

be written as:

uc = g(α)
2σ4

lv

whµ

(
1

Ψ3
e
−

1
Ψ3

m

)
(3.10)

u f = −
4Ah

18πhµ

(
ln

Ψm

Ψe

)
(3.11)

ud =
2Dknvl

RT
vl

vv
(Ψe − Ψm) (3.12)

For the typical water potential seen in our experiments (Ψe ∼ −5.2 MPa and

Ψm ∼ −2 MPa), the relative magnitudes of the flow contributions by the three

flow mechanisms are uc : u f : ud ∼ 400:10:1. In other words, the corner flow

is the dominant pathway to the overall drying rate especially at high relative

humidity (the relative magnitude of these three component as a function of RH

can be found in reference122). We note that in our experimental system, there

is additional vapor transport process in the microchannel, as vapor exits from

nancohannel entrance to amibent. Thus we must account for this down-stream
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process as well. We write the mass flow rate qm in the microchannel as:

qm = Km∇Ψm = Dwhmwm
M
RT

ρv

ρl

∆Ψext

lm
(3.13)

where Km is the conductance of the diffusion process in the microchannel, Dw

[m2/s] is the water self-diffusivity (i.e., in pure water vapor), lm, wm and hm

[m] are the length, width and height of the microchannel through which the

evaporated water from nanochannel must pass. M [kg/mol] is the molar mass

of water, ρv [kg/m3] and ρl [kg/m3] are the density of water vapor and liq-

uid respectively. By mass conservation, this mass flow should be equal to the

mass flow rate of all the mass flow in the nanochannels combined, let us de-

note the water potential difference within the nanochannel to be ∆Ψn, based

on Eq. 3.6, we can write the total mass flow rate qn in all nanochannels com-

bined: qn = Nρlg(α) r4(x)
µ

(
−

dΨn
dx

)
, with the conductance in nanochannel to be

Kn = Nρlg(α) r4(x)
µ

and N is the total number of nanochannels that undergo emp-

tying process simultaneously. From here, we can compare the conductance of

the two transport processes in series and found that Km
Kn
∼ 108, i.e., the con-

ductance by vapor diffusion in microchannels is much higher than that in the

nanochannels by corner flow. Therefore, the transport process by corner flow is

the limiting process, and it is reasonable to ignore the vapor diffusion resistance

when studying emptying process by corner flow.

3.3.4 Desorption by cavitation

Blocking and Bubble cavitation kinetics

As discussed in the introduction, the pore blocking effect becomes apprecia-

ble when pores present non-uniformitites in their characteristic dimensions, i.e.,
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pore radius for cylindrical pores or the height for slit pores as studied here. For

example, let us assume a classical ink-bottle picture in which the channel open-

ing has the narrowest channel height, hmin and the channel body has height,

hmax. In this scenario, the onset of capillary condensation is unobstructed, i.e.,

capillary condensation proceeds first in the narrowest region of the pore and

will only fill the entire pore after vapor pressure has reach the adsorption pres-

sure given by the Kelvin equation:

Pads = Psat exp
(
2σlvvlθlvw

hmaxRT

)
(3.14)

During desorption, the classical ink-bottle picture assumes that evaporation of

liquid in the main body of the channel can be delayed until the channel mouth

is emptied. This criterion corresponds to the desorption pressure:

Pdes = Psat exp
(
2σlvvlθlvw

hminRT

)
(3.15)

Alternatively, the emptying of the main body can occur via caviation, which

can be modeled by Classical Nucleation Theory (CNT).119 CNT states that the

heterogeneous nucleation energy barrier, ∆G∗het, follows:

∆G∗het = f (θlvw)∆G∗hom = f (θlvw)
16πσ3

lv

3(Pl − Pv)2 (3.16)

Here f (θlvw) is a geometric factor related to the contact angle of vapor nucleus in

liquid on channel walls; it takes the form of f (θlvw) = 1
4 (2 + cos θlvw)(1 − cos θlvw)2.

The numerical value for f (π2 ) = 0.5, and it quickly approaches zeros for θlvw ≤ 40◦.

Physically, this dependence means that on surfaces that favors water vapor, the

energy barrier is reduced and is equivalent to a nucleation process with effective

surface tension that is far lower than that of liquid-vapor interface as suggested

in the literature.119,12 The rate of cavitation can then be written as:

Jcav = Γ0V exp
(
−

f (θlvw)∆G∗hom

kBT

)
(3.17)
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Where Γ0 [1/s] is a kinetic prefactor, V [m3] is the volume of the system and kB

[J/K] is Boltzmann’s constant. From 3.17, we can further calculate the proba-

bility of cavitation occurring within the liquid volume over experimental time

scale τ [s] as133:

Σ = 1 − exp(−Jcavτ) (3.18)

We can finally define the cavitation vapor pressure as the pressure correspond-

ing to cavitaion probability equals to 50%. This will be the desorption pressure

due to cavitation:

Pdes,cav = Pv −

 16 f (θlvw)πσ3
lv

3kBT ln
(

Γ0Vτ
ln 2

)
1/2

(3.19)

Emptying dynamics by cavitation

Upon cavitation, the nanochannel is divided into three different sections: the

liquid column in the front (labeled as l f in Fig. 3.1(d)) that is directly connect

to the pore mouth via a continuous liquid path (the emptying of l f can take

place directly through the liquid transport); the cavitation bubble (labeled as lv

in Fig. 3.1(d)); and the liquid column in the back of the channel (labeled as lb

in Fig. 3.1(d)). The emptying of the two liquid columns in the channel can be

understood as a two-step process as shown in Fig. 3.1(d). First, l f will start

to empty before lb. This emptying process can be understood with a hydraulic

circuit shown in the Appendix Fig. B1. In the Appendix, we also show that

the resistance to vapor diffusion is the dominant resistance (∼ 30 times of the

hydraulic resistance of liquid flow) Therefore, we assume the liquid meniscus

stays pinned at the nanochannel entrance during the emptying process, and that

the the emptying rate purely controlled by the vapor diffusion in the microchan-

nels. In this limit, we can follow that same mass conservation approach in Eq.
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3.13 and express the liquid column length in the emptying nanochannels as:

l f = l f ,0 −
1

ρlNhnwn

Dwhmwm

lm

M
RT

ρv

ρl
(Ψe − Ψext)t (3.20)

as seen in this expression, the front liquid column length should reduce at a

constant rate if the nanochannel geometry stayed constant. However, when the

emptying front approaches the channel entrance where the channel height is

smaller, the water potential of the vapor bubble Ψm is reduced and eventually

equated to Ψe. At this point, the driving force for emptying diminished and the

liquid column in front will reached its final length (shown as l′f in Fig. 3.1(d))

before Pdes was reached. The subsequent emptying of lb would then take place

with the same mechanism by combination of corner flow, film flow and vapor

diffusion as discussed above in Eqs. 3.10.

3.3.5 Imbibition dynamics in nanochannels

Finally, we will apply the similar analysis to the imbibition process and validate

the Wahsburn model used in characterizing the channel height. We write the

volumetric flux in high aspect ratio channels (i.e., h << w ) as due to corner flow

Jc, film flow J f and Washburn Jw as:

Jc = g(α)
r4

whµ

(
−

dΨm

d(L − x)

)
(3.21)

J f = −
Ah

18πµΨ(x)

(
−

dΨm

d(L − x)

)
(3.22)

Jw =
h2

12µ

(
−

dΨext

dx

)
(3.23)

We can compare the relative magnitude of each flux in our experimental system,

we found that Jc
Jw

= 12g(α)
(

r
h

)3 r
w , where g(α) ∼ 1, r

h ∼ 1 and r
w ∼ 10−3 for our

channel dimensions. Thus we conclude that Jw >> Jc >> J f (the later inequality

93



follows from reference.122,123) Therefore, we can safely neglect the corner flow

contribution in an imbibition experiment to characterize channel heights.

We have now finished describing a set of phenomena that can occur in

nanochannels during the adsorption and desorption of water vapor. In the next

section, we will confront these theoretical considerations with the phenomena

observed with the experimental methods described in Section 3.3.

3.4 Results and Discussions

We will first discuss the overall shape of the sorption isotherm. We will then

focus on the desoprtion branch and explore the emptying dynamics of pore

blocking effects on both cavitation and meniscus recession.

3.4.1 Water adsorption in nanochannels

Fig. 3.4 shows the sorption isotherm of water vapor in the nanochannels. We ex-

tracted the optical iostherm following the procedures described in the Methods

section. The sorption isotherm in nanochannels resembled the general shape

of the type “H2” sorption hysteresis loop classified by IUPAC.101 This type of

sorption loop typically displays a steep drop in fill fraction on the desorption

branch. This type of isotherm is typically associated with pore blocking effect

which is consistent with our channels geometries. However, there are important

differences associated with the desoprtion branch in our experiment compared

to the type H2 isotherm, as we will be discussed in detail later. For a porous

material with this type of hysteresis, the adsorption branch can provide pore
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size information by applying the Kelvin-Laplace equation. Therefore, we will

first attempt to extract pore size information from the adsorption branch and

check for consistencies. From the image analysis of the spatial-temporal dia-

grams of the channels, we observed adsorption first occurred near the channel

entrance (or pore mouth, the spatial-temporal diagram of channels are shown

in the Appendix), where the channels are thought to be plastically deformed as

discussed in the methods section. The relative humidity of this visible liquid

uptake at the entrance of the nanochannel is 94.7%. Using Kelvin-Laplace equa-

tion (Eq. 3.3), we can extract the channel height at the channel entrance, he =

22.2 nm. As can be seen in the spatial temporal map, and the adsorption branch

of the isotherm (Fig. 3.3), water uptake continued to increase gradually, fill-

ing the channels from the entrance as vapor pressure increased. This is evident

from both the video recording and the adsorption branch in Fig. 3.3. As soon

as the imposed relative humidity reached 97.4%, discontinuous liquid bridges

started to form and propagated towards the closed end of the channel (similar

phenomenon was observed by Li et. al.126), eventually filling up the channel

completely. We interpret this phenomena as the onset of capillary condensation

in the channel body, where the imposed relative humidity reached the capillary

condensation criterion in the channel body given be Kelvin-Laplace equation

(Eq. 3.3). From this relative humidity, we can inferred the channel height in the

main body where it was not deformed during bonding. We found that a 97.4%

RH corresponded to a channel height of 43.8 nm. This channel height was con-

sistent with the channel height observed the SEM micrograph shown in Fig. 3.2

and the channel height inferred by Washburn dynamics shown in Fig. 3.3.
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Figure 3.4: The individual channel and averaged sorption isotherms.The in-
dividual channel and averaged sorption isotherms. Averaged adsorption (red
circles connected by red lines ) and desorption (blue triangles connected by blue
lines) assessed across an array of 70 nanochannels with 44 - 45 nm depth as
measured in Fig. 3.2 and Fig. 3.3. The orange and the red arrows highlight the
initial uptake of water in the channel entrance and the uptake of water in the
channel body, respectively. The green shaded region represents the range of rel-
ative humidity in which cavitation events were observed during desorption and
the blue shaded region represents the range of relative humidity in which the
nanochannels emptied by meniscus recession. The average desorption is made
up of two types of emptying processes: at higher vapor activities, 18 channels
emptied by cavitation (green dashed lines); at 0.935, the remaining 52 channels
all emptied by meniscus recession (blue dashed line).
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3.4.2 Water desorption in nanochannels

We now turn to a general discussion of the desorption branch shown by the blue

triangles in Fig. 3.4. Interestingly, we observed the desorption process occurred

via both type of desorption mechanisms, i.e., desoprtion by cavitation and des-

orption by meniscus recession as shown in Fig. 3.4). Of 70 channels in the field

of view, we observed that 12 channels cavitated at 0.964 RH, 2 additional cav-

itated at 0.953 RH and 4 cavitated at 0.948 RH. The remaining 52 channels un-

derwent desorption by meniscus recession at 0.937 RH. Using Kelvin-Laplace

equation (Eq. 3.3), we inferred that the liquid pressure in the nanochannels

at which cavitation occurred was in the range of 0.51 - 0.72 MPa, these low

thresholds were consistent with those observed in micofabircated sturctures in

hydrogel119, but much lower than those observed in other experimental plat-

forms12,133, typically with cavitation pressure of -20 to -24 MPa. This low thresh-

old suggested that there were highly active sites for vapor nucleation in the

channels studied here. It is likely that trapped bubbles or defects inside these

nanochannels served an nucleation seed for vapor under these moderate condi-

tions. We note that in a typical nitrogen sorption isotherm experiment, trapped

vapor bubbles were unlikely due to extensive degassing process of the sam-

ple. However, samples with heterogeneous surface chemistry properties (i.e.,

different effective surface tesions) such as mesoporous materials in nature, may

undergo this desoprtion mechanism by cavitation over a wide range of imposed

vapor pressures.

We will now turn to the discussion of the emptying dynamics during desorp-

tion. We will first analyze the emptying dynamics during meniscus recession.

Fig. 3.5(a) showed the spatial-temporal evolution of the emptying front (high-
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lighted by the orange dashed line as guide for eyes) in a single channel at 93.5%

RH. The emptying behavior showed consistent dynamics across all 70 channels,

thus we only present analysis on a single channel, the overlay of all spatial-

temporal map of 58 channels were included in the Appendix. In Fig. 3.5(a), the

meniscus emptying front follows a
√

t behavior as seen in the plot in Fig. 3.5(c).

A linear fit to the square of the front displacement versus elapsed revealed the

best fit with R2 value of 0.9985 with a slope of 1.12×10−8 m2/s. This scaling in-

dicated the underlying transport process was indeed driven by a fixed driving

force with varying transport resistance that scaled with the liquid column length

described by eq. 3.9. The the theoretical emptying dynamics given by Eq. 3.9

gave a linear relation between the square of the emptying front displacement,

and elapsed time, with a slope of 0.53×10−8 m2/s, with corresponding corner

angle of α = 20◦. This is shown in the orange line in Fig. 3.5(c). We also plotted

the theoretical predictions for corner angle α = 10◦ and α = 30◦ in the figure

for comparison. We note that the experimental rate for α = 20◦ was about twice

of that predicted by Eq. 3.9, but is in reasonable agreement with the theoretical

emptying rate of α = 10◦ , with a slope of 1.17×10−8 m2/s. As seen in the SEM

micrograph in Fig. 3.2(c), we observed the corner angle in the nanochannels

are in the range of 14◦ - 21◦, with slight rounding of channel side walls. It is not

unreasonable that both local channel geometries and the side wall rounding can

contribute to the higher experimental emptying rate than the theoretical predic-

tion with α = 20◦, and followed a emptying rate with a characteristic corner

angle of α = 10◦

We also analyzed the emptying dynamics of cavitation events with a simi-

lar spatial-temporal technique described in the Methods. Fig. 3.5 (b) and (d)

showed the spatial-temporal analaysis with one of the cavitated channels at
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Figure 3.5: Analysis of dynamics of nanochannel emptying during desorption
processes. (a-b) Spatial-temporal map of individual channels showing exam-
ples of by meniscus recession (a) and cavitation (b). The dark regions represent
cahnnels filled by liquid and the bright region represents the channels filled by
vapor. In (a), emptying occurred at the channel entrance near the bottom of the
image with the emptying front highlighted by the orange dashed curve (a guide
to eyes). In (b) emptying occurred mid-way along the channel lengths. The
emptying dynamics was nearly identical (and simultaneous) for all channels
that emptied by meniscus recession. The cavitation events occurred at different
sites in each channels and at different activities. channel entrance stayed filled
by liquid after the emptying of the rest of the channels as highlighted by the red
dashed line near the channel entrance. Additional examples of spatial-temporal
maps of individual channels are available in the appendix. The lengths of vapor
column as a function of time were extracted from these images in (a) and (b) by
image analysis. (c) Progression of the length of the vapor-filled regions plotted
as the square of the length versus time elapsed after the initial emptying event
for meniscus recession in the channel shown in (a) at RH = 0.935 (blue curve).
The dynamics of other channels emptied by meniscus recession are included in
the Appendix. The red dashed line is the best fit to the data. A series of orange
curves are the theoretical predictions by Eq. 3.14 with different values of corner
angle, α. (d). Progression of length of vapor-fill region plotted as function of
elapsed time after initial cavitation event in the channel shown in (b) at RH =
0.963 (blue curve). The red dashed line is the best fit to the first 20 seconds of
the data and the orange curve is the theoretical prediction by vapor diffusion in
microchannel.
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96.3% RH, the same analysis on other caviated channels are included in the Ap-

pendix. As described in the Theory section, desoprtion by cavitation followed

the two-step emptying mechanism, such that the displacement of the emptying

front of the front liquid column would follow a distinct scaling (linear scaling

as shown in Eq. 3.20) when compared to the emptying front of the back end liq-

uid column (
√

t scaling as shown in Eq. 3.9). Indicated on the spatial-temporal

map (Fig. 3.5 (b)) is the initial cavitation event (red arrow), emptying front of

the front liquid column (red dashed curves), and the emptying front of the back

end liquid column (orange dashed curves). The liquid column in the front first

emptied after cavitation (shown in red dashed line) while the liquid column

in the back end remained stagnant (indicated by the horizontal orange dashed

line portion). The emptying front of the front liquid column advanced quickly

at early times and proceeded to slow down as the remaining liquid column

retracted towards the channel entrance (shown as the l′f in Fig. 3.1(d)). After-

wards, the liquid column in the back end proceeded to empty with a decaying

rate (indicated by the curved portion of the orange line). Fig. 3.5(d) shows

the emptying front extracted from Fig. 3.5(b) versus the elapsed time. In this

plot, we first note a linear front displacement during early time (i.e., during the

first 20 seconds). This linear displacement implied an emptying process with

a constant rate, consistent with the vapor diffusion limited transport process

described by Eq. 3.20. We fitted a line to the first 20 seconds of the emptying

profile in the front liquid column as shown in the red dashed line with a slope

of 2.97×10−5 m/s. We also plotted the theoretical prediction by vapor diffu-

sion shown in Eq. 3.10 using N = 1 with lm = 0.0075 m (half of microchannel

length). We find that Eq. 3.10 gives a reasonable prediction of the experimen-

tally observed emptying rate. At later time (i.e., after 20 seconds), a decrease in
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emptying rate of the front liquid column as the emptying front approached the

channel entrance (this change of rate can also be seen in Fig. 3.5(d) at around

20 second mark); we attribute this change of emptying rate to the variation in

channel height near the channel entrance. After the front liquid column emp-

tied, the back end liquid column proceeded to empty at a decaying rate. we

used the same analysis to extract the emptying rate as shown in Fig. 3.5 (b),

this analyses were included in the Appendix. Since caviation events took place

across different vapor activities, thus we could compare the emptying rate of

the front and back liquid columns as a function of imposed vapor activities.

Fig. 3.6 shows both emptying rate by corner flow and by diffusion limited

transport in microchannels (emptying of the front liquid columns) at different

imposed water potentials. We find that the experimental emptying rate of the

front liquid column lie between two different scenarios assuming microchnanel

length to be 0.005 and 0.0075 m. Similarly, the emptying rate of the back liquid

column (emptied by meniscus recession) agrees quantitatively with the theoret-

ical prediction using a corner angle of α = 10◦ over the range of experimental

imposed vapor pressures. This suggests the effective corner angle is consistent

with α = 10◦, which is slight smaller than that observed from the SEM micro-

graph. We speculate that the other factors, such as the local goemetry of the cor-

ners, and the surface wetting properties could contribute to this lower effective

corner angle. Finally, the emptying rate increased as imposed water potential

difference increased; this trend is consistent with the theoretical predictions by

Eq. 3.9, i.e., emptying by corner flow dominated dynamics.
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Figure 3.6: Experimental and theoretical emptying rates as a function of wa-
ter potential difference. (a). Experimental emptying rate of the front liquid
column in a cavitatied nanochannel (blue circles) plotted against the theoretical
prediction by Eq. 3.20 with microchannel length Lm = 0.005 m (red line) and Lm =
0.0075 m (blue line). (b). Experimental emptying rate of the back liquid column
during meniscus recession (blue circles) plotted against the theoretical predic-
tion by Eq. 3.10 with a series of corner angle α values. Error bars represent the
standard deviation of observed emptying rates.

3.5 Conclusion

In conclusion, we conducted experimental study in which direct visual obser-

vation of pore blocking effects in sorption isotherm with nanofluidic device. We

extracted the sorption isotherms of 70 individual nanochannels by optical obser-

vation. The optical isotherm of each individual channels revealed several inter-

esting phenomena: during adsorption, the water uptake took place initially at

the channel entrance (where channel height is believed to be smaller compared

to the channel body) and propagated into the main channels. This transition al-

lowed us to infer channel heights of each channels based on the Kelvin-Laplace

equation; we found that the inferred channel height was in quantitative agree-

ment with the direct channel height measurement by SEM, and that inferred
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by an imbibition experiment using Washburn dynamics. During desorption,

the optical tracking of individual channels revealed that two desoprtion mech-

anisms were involved: desorption by meniscus recession, and desorption by

cavitation. We found the desorption dynamics of these two mechanisms were

consistent with our theoretical predictions. This observation provides a new

perspective in pore size extraction from desorption branch. In particular, for

ink-bottle porous system with chemical heterogeneities, cavitation by heteroge-

neous nucleation may occurs prior to the desorption by meniscucs recession,

resulting in a truncated desorption branch such as that shown in Fig. 3.1 and

our experimental observation in Fig. 3.4. We conclude that interpretation of

such desorption isotherms must be done with caution.

103



CHAPTER 4

DIRECT MEASUREMENTS OF SOLID-LIQUID EQUILIBRIUM

4.1 Introduction

The freezing of water and crystallization in confined space has important impli-

cations in many natural contexts (anti-freeze protein,134 and freeze avoidance in

plants135) and technological contexts (nano-particle synthesis,136 thermal man-

agement in extreme conditions,57 crystallization damage45). Frost heaves pro-

vide an example in nature in which liquid water confined in the pore space of

soil freezes, leading to deformation and damage of road surfaces and build-

ings material erosion. Two principal hypotheses46,35,32 have been put forward

for the origin of the stress that drive this deformation: the expansion of water

upon freezing137, or stress in the liquid phase as it is drawn toward the freez-

ing front.138 Similarly, the crystallization of various solutes in porous materials

such as sandstone is thought to exert large positive pressure on the host ma-

terials and thus induce structural damage.139 These phenomena present a set

of interesting research questions related to phase equilibrium in confinement

between ice and supercooled water, phase equilibrium between crystals and so-

lution, and the transport phenomena associated with phase transformation in

both cases. These processes are inherently complicated by the presence of mul-

tiple phases (gas, liquid and solid) and multiple species in the case of solutions.

When confined in a porous medium, interfacial effects at small scales lead to ad-

ditional complexities, including heterogeneity in the geometry and chemistry of

the host material and the potential for large capillary effects on both mechanics

and thermodynamics of the composite system. We lack experimental tools to
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access these phenomena at small spatial and temporal scale and we only have

limited selection of well-defined model porous media. Insufficient understand-

ing of the thermodynamics and transport kinetics in confinement with multi-

components and multi-phases limits our ability to predict and engineer in these

contexts.

Gibbs-Thomson effect describes the shift in phase equilibrium conditions

(e.g., vapor pressure/chemical potential) away from bulk when curved in-

terface is present between two phases. The Gibbs-Thomson effect has been

observed in many experimental studies, where a shift in melting point of

a confined ice phase can be directly related to the degree of the confine-

ment.39,140,70,141,142,136 The thermodynamic origin of the Gibbs-Thomson effect in

confinement can be understood by considering the schematics scenario and

the water phase diagram as shown in Fig. 4.1. In this schematic pressure-

temperature phase diagram of pure water, the solids lines represent the bulk

equilibrium conditions for vapor and liquid (l − v), liquid and solid (l − s) and

solid and vapor (v − s). Consider a liquid-filled pore co-existing with bulk ice

at the triple point as shown in the insert in Fig. 4.1. When the temperature of

the system decreases, bulk ice tends to grow into the pore filled with liquid. In

order to maintain the coexistence at temperatures below triple point, the liquid

in the pore reduces its pressure following the green dashed line in the diagram.

This reduction in pressure before complete ice invasion has been hypothesized

to relate to the size confinement via capillary pressure difference induced by

the curved interface separating the phases, i.e., Gibbs-Thomson effect.36 How-

ever, the appropriate physical mechanism of the Gibbs-Thomson effect, that is,

whether there exists pressure difference between phases, remains disputed as

described in the following paragraph.
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Figure 4.1: Water phase diagram and Gibbs-Thomson relation. Schematic
view the phase diagram of water (not to the actual scale) showing the liquid-
solid (l − s) and solid-vapor (s − v) coexistence lines (solid black curve), the
metastable extensions of liquid-vapor (l − v(m)) and liquid-solid (l − s(m)) co-
existence (dashed black curve). The Gibbs-Thompson (green dashed line) for
liquid in equilibrium with ice at temperatures below the triple point, T0. Ther-
modynamics predicts the liquid pressure decreases roughly 1.2 MPa/◦C as tem-
perature decreases from the triple point (P0, T0). The insert represents schematic
diagram of the hypothesized Gibbs-Thomson equilibrium in a pore as tempera-
ture varies from the triple point T0 (◦C) to the invasion temperature Tm (◦C) and
beyond. At the triple point, bulk ice is in equilibrium with liquid in the bulk
phase as shown in the insert on the left; pore is filled with only the liquid phase
and both ice and liquid are at the same pressure P0. As temperature decreases,
ice proceeds to grow but is first pinned at the pore entrance; the liquid-solid
interface adapts a curved shape and a pressure difference between pore liquid
and invading ice is present according to Laplace equation Eq. 4.4, while the
ice pressure is maintained at Psat,s, the liquid pressure decreases following the
Gibbs-Thomson line, as temperature decreases. The liquid in the pore remains
unfrozen since the phase equilibrium conditions are satisfied. Once the temper-
ature drops below Tm, ice will be unpinned from the pore entrance and grow
into the liquid filled pore space. the pore liquid will subsequent be pressurized
and its pressure will scales with temperature following the displaced melting
line (dashed red curve).
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This dispute comes from the different mathematical descriptions of Gibbs-

Thomson effect with different numerical pre-factors in the literature41,143 as they

were derived from different physical interpretations of the Gibbs-Thomson ef-

fect: (1) the interpretation that is based on the excess pressure given by the

Young-Laplace equation as shown in Chapter 1 and elsewhere144,41,39,137; and

(2) the interpretation that is base on the free energy of the solid-liquid system

in confinement.145,146,143,27 In their article published in 2006, Petrov and Furó ex-

plicitly questioned the validity of the Gibbs-Thomson derivation from excess

pressure approach and pointed out that143:”...Hence, under the conditions con-

sidered here excess-pressure-related treatment [referring to that in Ref.144,41,39,137

as well as the derivation presented in Chapter 1] cannot yield correct results.”

On the other hand, the effect of Laplace pressure in a liquid-vapor system (i.e.,

the compressive stress exerted by the liquid under tension on the host porous

material) has been well-documented in the context of gas adsorption and liq-

uid transport in nanoporous materials.1,147,148,12,149,121 One would expect similar

that a capillary effect could exist in the case of liquid-solid equilibrium in con-

finement, given that a curved interface between a liquid and solid is possible

shown as the insert in Fig. 4.1.150 Indeed, experimental studies have shown de-

formation of porous material during freezing and melting of ice in confinement,

indicating that excess pressure may be at play.39,151,4,36 In particular, Erko et. al.36

studied the deformation of water-filled mesoporous silica MCM-41 upon freez-

ing and melting. Their experimental results are shown in Fig. 4.2. They hypoth-

esized a scenario that resembles the diagram shown in the insert of Fig. 4.1.

Upon cooling the sample below triple point, they first observed the MCM-41

host matrix experienced a compressive strain, indicating the liquid inside the

pore was under a reduced pressued; when temperature decreased beyond Tm
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(the melting temperature of pore ice predicted by Gibbs-Thomson equation for

the pore size of the host material), the compressive strain quickly relaxed with

much sharper slope as shown in Fig. 4.2. This non-monotonic strain can be in-

terpreted as the following: as the system temperature decreases, bulk ice tended

to grow into the pore space where it was initially filled with liquid. Due to the

Gibbs-Thomson effect, the freezing of the pore liquid was delayed to until the

Gibbs-Thomson melting temperature Tm. Within the temperature range from Tm

to T0, due to the Laplace pressure difference across the curved solid-liquid inter-

face, the liquid pressure was reduced relative to the surrounding ice phase such

that the pore wall was subjected to a compressive stress exerted by the reduced

pressure in the liquid phase. At temperature below Tm, pore liquid could freeze

via bulk ice invasion. However, since ice has a larger molar volume than water,

as pore liquid froze, the excess volume due to freezing could compress the pore

liquid with the pressure and temperature scaling following a shifted melting

line represented by the red dashed line (with the same slope of the black l − s

line) in Fig. 4.1. Upon invasion of ice, while the pressure difference between

ice and liquid is maintained through the Laplace pressure, both the pressure in

both the pore liquid and pore ice will increases relative to the host material as

the liquid phase is being compressed by invading ice. The net effect of this phe-

nomenon is a relaxation of compressive stress (or even tensile stress) experience

by the host matrix, as the ice-liquid system follows the red dashed line in Fig.

4.1.

The concept of Gibbs-Thomson can be extended to three phase equilibrium

as introduced in Chapter 1 and Chapter 2. Specifically, Fukuta41,40 formulated

a thermodynamic description of pore ice in pore liquid in equilibrium with

sub-saturated vapor. Fukuta’s formulation on single component system can be
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Figure 4.2: The deformation of porous silica filled with liquid water in equi-
librium with bulk ice. Reproduced from Erko et. al.36. The dotted, vertical
line shows the bulk melting point at 273 K. The black circles show the deforma-
tion of an the empty sample. The blue and red triangles show the deformation of
the sample during cooling and heating when the pores are filled with liquid wa-
ter. The insert shows the representative strain behavior at different temperature
ranges. The border between region II and III corresponds to the Gibbs-Thomson
melting temperature Tm. A decrease in compressive strain is observed below Tm

where ice invasion is hypothesized to take place, as shown in Fig. 4.1.
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extended to a multi-component system describing the pressure variation of a

water soluble crystal in confinement. Analogous to the Gibbs-Thomson effect,

the variation of the pressure difference between phases upon crystal-solution

equilibrium is known as the crystallization pressure and is described by Cor-

ren,34 Scherer,152 and Flatt.45 In the 1930s, Taber was the first to experiment with

the crystallization pressure and demonstrated a relation between crystalliza-

tion pressure and supersaturation by studying the equilibrium between loaded

and free crystal in saturated solution.33 Subsequently, Correns derived the well-

known thermodynamic expression to relate supersaturation and the pressure

applied to crystal.34 In the context of multi-component equilibrium, Scherer first

presented the thermodynamics and the nucleation kinetics of monovalent salt,35

and later Flatt formalized a general thermodynamic expression for salts with

different hydration states as well as solutions under tension.45 Numerous exper-

imental efforts have focused on the measurement of the crystallization pressure,

while variations of solution concentration were observed,7 but existence of crys-

tallization pressure remained inconclusive153 due to the lack of direct access to

the local equilibrium in complex host matrix geometry within small scales. Ad-

ditional challenge relates to the confounding effects of transport rates in com-

plex pore geometry. For example, Coussy showed that the pressure relaxation

time within the confined supercooled liquid can take days.138 Even in a well de-

fined microfluidic device (micron-sized PDMS channels), researchers showed

that the crystallization pressure was determined by the local supersaturation if

solute diffusivity was slow compared to crystal growth.154,155

In order to study the physical origin of Gibbs-Thomson or more generally

the crystallization pressure, we need experimental tools that allow for direct

measurement of: (1) the pressure of the crystal confined in the porous matrix
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upon crystal nucleation in pores; or (2) the state of the liquid phase in contact

with the crystal, e.g. the pressure supercooled water, or the concentration of

solution in a porous materials. Although various analytical tools are available,

there are only a few studies where direct optical access to nano-scopic confine-

ment are available.31,3 Among these studies, the confinement geometry has not

been well-defined. We need model porous materials with well defined small

pore geometry, surface chemistry, and access for direct observation to quantify

the Gibbs-Thomson, the Correns and the Fukuta effects.

We propose a direct measurement of the pressure of confined liquid when in

equilibrium with bulk ice using a MEMS tool micro-tensiometer developed in

the Stroock lab. With the microtensiomter, we probe the liquid pressure scaling

with temperature away from the temperature, i.e., the green dashed line in Fig.

4.1. We also verify the Gibbs-Thomson effects with direct observation of ice

melting in nanochannels of the type introduced in Chapter 3. In addition, we

propose to demonstrate the pressurization effect when temperature decreases

below the Gibbs-Thomson melting temperature Tm to attempt to probe the red

dashed line shown in Fig. 4.1 using the nanochannel platform. Finally, we will

show preliminary results on the Fukuta effect involving multi-component phase

equilibrium in confinement as a function of imposed vapor pressure.

4.1.1 Experimental setup

Fig. 4.3 shows the microtensiometer and the experimental setup we utilize

to directly measure liquid pressure upon freezing. The microtensiometer is

a MEMS device developed in the Stroock group for direct pressure measure-
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ment of Gibbs-Thomson effects. Detailed fabrication processes can be found in

references156 and Antoine Robin’s master thesis.157 A schematic diagram of an

microtensiometer is shown in Fig. 4.3(a). Equilibrium between bulk ice and

supercooled liquid is established through a layer of nanoporous silicon with

average pore radius of rp ∼ 1.5 nm. This membrane prevents bulk ice from

directly invading the bulk supercooled liquid in the cavity of the tensiometer.

Rather, we hypothesize that a curved ice-liquid interface can be established at

the pore mouth, and thus equilibrium can be established following the Gibbs-

Thomson relation shown in Eq. 4.2. This stress is transmitted via the porous

medium and microchannels to the bulk liquid (not confined) in the cavity of the

device (see Fig. 4.3(a)). The pressure of the liquid in the cavity was measured

by a strain gauge on the backside of the tensiometer. Prior to experiment, the

measured strain was calibrated to give a pressure reading following calibration

methods in Antoine Robin’s master thesis.157 At the beginning of an experiment,

the tensiometer was first placed within a container filled with ice-water mixture

submerged in a temperature controlled bath under ambient vapor conditions as

shown. As temperature decreased below 0 ◦C, the ice-water mixture froze and

the tensiometer became surrounded by bulk ice as shown in Fig. 4.3(a). The

temperature and pressure of the liquid within the tensiometer were recorded

with a datalogger (CR6 Datalogger, Campbell Scientific).

In this study, we also used the nanochannel devices, experimental setup,

and sample characterization discussed in previous chapters shown in Fig. 3.2,

Fig. 2.3 and Fig. 3.3 respectively. We used the vacuum chamber with tempera-

ture and pressure control to regulate experimental conditions while monitoring

the freezing or crystallization in nanochannels with optical camera (Grasshop-

per 3) via a stereomicroscope (Leica S8APO). During each experiment, we first
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filled the channels with liquid water and placed the nanochannels within the

experimental chamber. We then nucleated ice in the nanochannel by decreasing

the temperature below 0 ◦C (typically to around -8◦C). Once ice was nucleated

within the channels, we adjusted temperature to directly observe the equilib-

rium of ice and water within the nanochannels. The melting temperature of ice

within the nanochannel was determined by the spatial-temporal analysis de-

scribed in Chapter 3 Methods section, i.e., we determined the moment when

ice in nanochannel melted completely in the channels, and recorded the corre-

sponding temperature as the melting temperature.

Finally, we describe experimental procedure of crystallization and dissolu-

tion in nanochannels. Prior to experiment, we started by characterizing the

uncertainty of the vapor pressure measurements. In the chamber, we placed

droplets of saturated solution in equilibrium with crystal. We then isolated the

chamber and waited until chamber pressure reached equilibrium (i.e., the pres-

sure stayed constant). We recorded the measured pressure, psat,sol,m and the pres-

sure difference between the measured value and the vapor pressure, psat,sol from

an equation of state, ∆Psol = ∆Psat,sol,m − Psat,sol served as an additive correction for

the measured pressure by pressure gauge. After the correction, we prepared

our sample by first filling the device with salt solution of known concentration.

We then placed the device into the temperature-controlled vacuum chamber

and dried the solution filled device under vacuum and monitored crystalliza-

tion process within the channels. After all solution had evaporated and the

nanochannels were partially filled with crystals, we adjusted the vapor pres-

sure inside the experiment chamber to observe the onset of dissolution and re-

crystallization of the confined crystals.
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Figure 4.3: Schematic diagram micro-tensiometer and nanochannel for
Gibbs-Thomson experiments. (a) An optical image of micro-tensiomter un-
der microscope (left) and the schematics of Gibbs-Thomson equilibrium estab-
lished between liquid water inside the cavity of the tensiometer and bulk ice
via porous silicon nanoporous membrane (right). As ice establishes equilib-
rium with the liquid in pores, a reduction of pressure is generated and stress is
transmitted to the cavity walls as shown in the red arrows. This stress is sensed
by the strain gauge on the tensiometer and provides a basis for measuring the
pressure in liquid phase. (b) An optical image of the nanochannel device under
microscope (left) and a schematics of ice melting in nanochannel after tempera-
ture reached the melting temperature of pore ice given by the Gibbs-Thomson
equation (right). This diagram also represents the scenario of ice-liquid equilib-
rium at temperature below Gibbs-Thomson for which the liquid is compressed
by the invading ice. (c) The experimental system used in this study for the
measurement of liquid pressure along the Gibbs-Thomson line shown in Fig.
4.1. This figure reproduced from the thesis of Antoine Robin.157 (d) The exper-
imental system used in this study to provide direct observation of ice-liquid
co-existence in confinement within nanochannels.
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4.2 Theory and Background

In Chapter 1, we presented a derivation of Gibbs-Thosmson equation from the

Gibbs-Duhem equation. In this section, we aim to present a more general de-

scription of the Gibbs-Thomson equation applicable for phase equilibrium in

which both solid and liquid phase are subjected to external mechanical con-

straints such that the pressure of neither phases remains at ambient. We will

also extend this description to describe the multi-component three phase equi-

librium.

4.2.1 Solid-Liquid phase Equilibrium in Confinement

To arrive at the Gibbs-Thomson equation that describes solid-liquid phase equi-

librium under externally applied load, we followed the derivation presented

by Olivier Coussy.138 Under the assumption of no deviatoric stress in the solid

phase (i.e., the ice-liquid interface adapts a spherical interface; this a reasonable

assumption for crystals in nanoscopic scale).137 For more general discussions,

reader please go to reference.158 The final expression for cases including devia-

toric stress only differed by a numerical factor), we can show that the two phases

follow this expression:

vs(Ps − P0) − vl(Pl − P0) = ∆ssl(T − T0) (4.1)

where the subscript s, l and 0 specify the properties pertaining to the solid (crys-

talline) phase, liquid phase, and the triple points; v [m3/mol]is the molar volume,

P [Pa] is the pressure, ∆ssl [J/mol] is the difference in molar entropy between liq-

uid and crystalline phase, and T [K] is temperature. This is the general Gibbs-
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Thomson equation presented in Chapter 1, and it is a first order approximation

of the chemical equilibrium. (In the Appendix, we show that the second order

effects both in pressure and temperature are negligible for water down to -45

◦C. We note that the second order effect may or may not be negligible for other

substances as such as gold particles).159 In addition, if we assume the crystalline

phase is unconfined by any host matrix such that Ps − P0 ∼ 0, we can further

represent the molar entropy change ∆s by the latent heat of fusion hsl [J/molK]

as: ∆s =
hsl
T ; along with ∆Pl = Pl − P0 and ∆T = T − T0, eq. 4.1 becomes:

∆Pl

∆T
=

hsl

vlT
(4.2)

Numerically, this pressure temperature scaling has a value of roughly 1.2

MPa/◦C or MPa/K as shown in the green dashed curve in Fig. 4.1. By ex-

pressing the pressure difference ∆Pl with the Young-Laplace relation, Gibbs-

Thomson can be expressed in terms of the shift in the melting temperature as

following:

∆T = −T0
2σslvs cos θslw

hslρ
(4.3)

where σsl [J/m2] is the solid-liquid interfacial energy, θslw is the contact angle of

solid-liquid on pore wall, ρ [m] a geometric factor related to the confinement

geometry. For example, in a cylindrical pore, ρ = r where the pore radius is

r; in a parallel slit like the nanochannels in Chapter 3, ρ = h, where h is the

channel height. More generally, in the case in which the solid phase experiences

mechanical confinement, we can express the pressure of the solid phase explic-

itly with Eq. 4.1 and eliminate Pl by substituting in Young-Laplace equation

Ps − Pl =
2σsl cos θslw

rp
, we can arrive at:

Ps − P0 =
1

vs − vl

[
∆hsl(T0 − Tm)

T0
−

2σslvl cos θslw

rp

]
(4.4)
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This is the general thermodynamic requirement for equilibrium between solid

and liquid phase. In the case where the solid phase is not subject to any external

constraints (i.e., the solid is not under external mechanical pressure), Ps ∼ P0,

the LHS of Eq. 4.4 vanishes and we recover the Gibbs-Thomson relation showed

in Eq. 4.3. Generally, we can see that the first term on the RHS corresponds to

the slope of the Thomson line (melting line) and the second term on the RHS

corresponds to the slope of Gibbs-Thomson line. In the case of water, the Thom-

son line (i.e., the black line labeled as l− s in Fig. 4.1) has a negative value of -12

MPa/◦C whereas the Gibbs-Thomson line has a positive value of 1.2 MPa/◦C

(the green dashed line in Fig. 4.1). This thermodynamic relation indicates two

regimes for the pressure of the confined phase as temperature varies. To un-

derstand this effect, consider ice invading in the an close ended pore as shown

in the insert of Fig. 4.1. At temperatures below triple point but above Gibbs-

Thomson melting temperature Tm, defined by Eq. 4.3 (also labeled in Fig. 4.1),

the ice at ambient pressure can be in equilibrium with the pore liquid. In this

range, the liquid pressure is reduced or at negative values. However, when

temperature drops below Tm as shown by the schematic insert in Fig. 4.1, the

ice invades and blocks the pore opening such that the remaining liquid water

can not escape from the pore. At this point, liquid pressure rises as ice invades.

In this regime, the liquid pressure quickly becomes positive following the red

dashed line shown in Fig.4.1 according to Eq. 4.5. This effect could explain

the non-monotonic strain observed by Erko et.al. upon cooling a liquid-filled

mesoporous sample shown in the Fig. 4.2.
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4.2.2 Multi-component phase equilibrium in confinement

Here, we extend the idea of phase equilibrium described above to a multi-

component system. Applying the Gibbs-Duhem equation to a multi-component

system, we can show that the multi-component three phase equilibria in con-

finement should satisfy the following (with detailed derivation shown in Ap-

pendix):

∆vsol

vl
w

RT ln
[

pv

pv
sol

(
xl

w
)] − xl

wRT ln

 pv
sol

(
xl

w

)
psat,sol

 =
(
1 − xl

w

)
vs

c
2σcl(xl

w) cos θslw

rp
(4.5)

where the subscript c and w represent properties pertaining to the solute com-

ponent and the solvent component in solution, the subscript sol on the other

hand represent properties pertaining to solution and the subscript sat repre-

sents saturated condition; the superscript v, l and s are properties pertaining in

vapor, liquid and solid phases; v, p, T are the molar volume [m3/mol], pressure

[Pa] and temperature [K] respectively; x is the mole fraction of a component in

solution, and σsl [N/m] is the surface tension at the liquid-solid interface, θslw is

the contact angle of solid phase in solution on pore wall, and rp [m] is the con-

finement pore size. Finally ∆vsol = ṽsol − xl
wvl

w −
(
1 − xl

w

)
vs

c, and ṽsol is the molar

volume of solution evaluated with total number of moles of solution and solute.

Physically, as vapor pressure of the system changes, the first term in Eq. 4.5 ac-

counts for the change of chemical potential due to change in liquid pressure as

dissolution of crystal by solvent occurs. The second term accounts for the effect

of the shift in solution chemical potential as it is away from the the saturation

concentration. Finally, the combined change in the system’s chemical potential

is balanced by the pressure work on the crystal in confinement as shown on the

RHS in Eq. 4.5. We note that in Eq. 4.5, the first term on LHS can either be

positive or negative (i.e., increase or decrease chemical potential of the system)
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depending the the sign the ∆vsol, i.e., if ∆vsol < 0, the solution system undergoes

a reduction in volume upon dissolution of crystal, such that a reduction in pres-

sure in solution pressure increases the chemical potential of the system. In the

case, increasing the pressure of the solution phase disfavors dissolution. This

means that it is possible for crystal to be in equilibrium with undersaturated

solution. On the other hand if ∆vsol > 0, a reduction in liquid pressure favors

dissolution of crystals.

The liquid pressure in the solution phase is directly governed by imposed

vapor pressure for fixed amount of solute in the system. Thus, the range pres-

sure that solution can experienced is bounded by two limits: (1) the imposed

vapor pressure is equal to the solution vapor pressure such that the solution

pressure is equals that of the vapor and the liquid-vapor interface is flat. This

is the maximum liquid pressure the solution will experience. (2) The imposed

vapor pressure is lower than the solution vapor pressure such that Eq. 4.5 is sat-

isfied with liquid-vapor interface at the maximum radius of curvature allowed

by the pore geometries and wetting parameters; at this limit, the solution pres-

sure reaches the minimum pressure allowed by the system. These two limits

of the solution pressure correspond respectively to the Correns scenario (where

bulk super-saturated solution is in equilibrium with compressed crystal) and to

the Fukuta scenario (where confined crystal is submerged in confined solution

under vapor pressure lower than the solution vapor pressure). We will present

the equations for both limits below in a nanochannel: in the Correns limit, as-

suming the channels surface is wetted by the solution liquid, the imposed va-

por pressure is equal to the solution vapor pressure, i.e., pv = pv
sol(xl

w), Eq. 4.5

becomes:

xl
wRT ln

[
pv

sol (xw)
psat,sol

]
= −

(
1 − xl

w

)
vc

2σsl cos θlsw

rp
(4.6)
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In this case, the crystal pressure is maximized for given pore size. When crystal

is subjected to positive pressure, it can be in equilibrium with supersaturated

solution as stated by Correns. This Correns limit also represents the upper limit

of the solute concentration of this three-phase equilibrium in confinement with

the corresponding vapor pressure reaching a maximum value. Further increase

in vapor pressure will result in continuous condensation of bulk solution until

all crystals in the nanochannel are dissolved.

On the other hand, in the Fukuta limit, the minimum solution pressure that

can be achieved in this system is when the solution-vapor interface adopts the

maximum possible curvature, Eq. 4.5 becomes:

∆vsol
2σlv cos θlvw

rp
− xl

wRT ln

 pv
sol

(
xl

w

)
psat,sol

 =
(
1 − xl

w

)
vs

c
2σsl cos θslw

rp
(4.7)

Where σlv is the surface tension of liquid-vapor interface, θlvw is the receding

contact angle of liquid in vapor on pore wall. In passing from eq. 4.5 to 4.7, we

have used the Kelvin-Laplace relation to replace the Kelvin pressure in the first

term in eq. 4.5 with the Laplace pressure. This limit represents the lower limit

solution pressure and solution vapor pressure of this three-phase equilibrium in

confinement. Further decrease in vapor pressure will result in continuous solu-

tion evaporation and crystal growth until all solution in the nanochannel evap-

orates. If the imposed vapor pressure is in between the vapor pressure given

by the Correns and Fukuta limit, then the multi-phase and multi-component

equilibrium can be maintained.

We have laid down the theoretical basis for phase equilibrium between liq-

uid and solid in confinement. Next we will discuss the preliminary results and

future direction with this study.
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4.3 Preliminary Results and Discussions

4.3.1 Direct Measurement of Liquid Pressure and Gibbs-

Thomson effect

Fig. 4.4 shows a typical experimental measurement performed in the microten-

siometer with supercooled liquid pressure as a function of temperature when

equilibrium with bulk ice is established. As predicted by Gibbs-Thomson, the

supercooled liquid decreased its pressure to remain in bulk ice at temperature

below triple point, giving an experimental evidence of the phase equilibrium

picture shown in Fig. 4.1. The measured liquid pressure showed a linear depen-

dence on temperature away from triple with a slope of m = 1.23 ± 0.08 MPa/K.

This value is in quantitative agreement with the theoretical prediction by Gibbs-

Thomson equation in Eq. 4.2 of m = 1.22 MPa/K. This direct measurement of

liquid pressure provides direct evidence to the origin of Gibbs-Thomson effect

and can serve as strong argument against of that from Pertrov and Furo.143

4.3.2 Direct Observation of Ice-Water Equilibrium below

Triple Point

Experiments with nanochannels were also conducted to verify the Gibbs-

Thomson relation. Fig. 4.5 shows the melting temperature of ice in a nanochan-

nel as a function of channel heights. We conducted experiments with nanochan-

nels with three different channel heights: 122 nm, 52 nm and 42 nm. We found

the melting temperature of ice in nanochannels agrees with Gibbs-Thomson

121



Figure 4.4: Micro-tensiometer measurement of liquid pressure in equilibrium
with bulk ice through nano porous membrane. Equilibrium measurements
are shown in the blue circles, measurements were taken at 0.2 ◦C increments. A
linear fit through these data points is shown in the black line. The slope of the
linear fit is 1.24 ± 0.05 MPa/◦C. (Courtesy of Antoine Robin)

prediction within the limit of uncertainties. However, due to large channel

heights, the melting point suppression by Gibbs-Thomson effect was relatively

small. In order to further validate the Gibbs-Thomson effect in these nanochan-

nels, additional experiments with smaller channel height would be desirable.

Further, with nanochannels, we can directly observe equilibrium of ice and liq-

uid in confinement below the Gibbs-Thomson melting temperature.

Fig. 4.6 shows an example of the observed melting front dynamics within

the nanochannels with 52 nm channel height at temperature as low as -10◦C.
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Figure 4.5: The onset of melting observed in three different nanochannels
as a function of temperature. The blue curve is the Gibbs-Thomson melting
temperature predicted by Eq. 4.3, and the red circles with error bars are the
experimentally observed melting temperatures of pore ice in three different de-
vices with distinct channel heights. the asymmetrical error in channel heights is
a result of the functional dependence of melting temperature on channel heights
as stated in Eq. 4.3

Given the channel height and the value of Tm = −1.3◦C, we can calculated the

corresponding equilibrium liquid pressure from Eq. 4.5 to be ∼120 MPa positive

pressure at -10◦C. During the experiment as temperature varied, the system tra-

versed the phase diagram along the green dashed line down to Tm, then along

red dashed line as shown in Fig. 4.1. We note that the pressure of 120 MPa ex-

ceeded the typical strength of the anodic bond between glass and silicon, this

experimental condition should introduce structural damage to the nanochan-
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nels. Suprisingly, no obvious damage to the channels was observed. The time

constant of the melting front to reach a new equilibrium position after a tem-

perature change was around 120 seconds as shown in Fig. 4.6, This is extremely

compared to condensation of liquid described in Chapter 3 (in the order of a few

seconds), implying an additional transport resistance was present such that the

relaxation of pressure, hence the time it took to take equilibrium is slow. This

interpretation is consistent with the literature in which it was reported that the

presence solid phases at the pore mouth considerably slowed down the trans-

port of water in pore.160 Further, we observed inconsistencies in the locations

of melting fronts during repeated experiment, even with the same temperature.

For example, in Fig. 4.6, the experimental temperatures (shown in the red line)

around 11000 seconds and 14000 seconds were the same while the liquid frac-

tions (shown in the blue line) were different. This observation suggests that the

relaxation of liquid pressure has a time scale on the same order as our experi-

mental time scale such that the coexistence of liquid and ice in the channels may

not have reached equilibrium. We also observed peculiar ice nucleation and

melting near the channel entrance during a temperature step between 11000

and 12000 seconds. A relatively short-lived ice crystal appeared near the en-

trance upon a drop in experimental temperature and then proceeded to melting

afterwards (shown in Fig. 4.6(b) as the light grey region near the bottom of the

image labeled as “ice”). Such transient behavior (relaxation of pressure) again

suggests that the dynamics of transport and relaxation appeared to confound

the true thermodynamic state of the system. We do not have explanation for

this observation.

Finally, we present some preliminary results on multi-component three

phase equilibrium in an experiment shown in Fig. 4.7. We followed the meth-
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Figure 4.6: Direct observation of ice-water equilibrium in nanochannels with
average channel heights of 42 nm. (a) Microscope image of nanochannel array
during experiment. We interpret the brighter grey region towards the center
of the nanochannel as filled with ice, the darker grey region near the channel
entrance as filled with supercooled liquid. We also note that the region labeled
microchannels are filled with bulk ice.The interfaces between liquid and ice are
highlighted with red dash. (b) The spatial-temporal map of nanochannel during
the experiment as temperature was varied below the triple point temperature.
(c) The extracted melting front as a function of imposed temperatures. The blue
curve is liquid fraction (left axis) extracted from the spatial-temporal map in
(b) with the error represented by the blue shaded region. The red curve is the
temperature history during the experiment (right axis).
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ods described in Chapter 3 and previous section to first seeded LiCl crystals

in the nanochannel; we then placed the device in the experimental chamber at

different imposed vapor pressures of water to observed the dissolution and the

re-crystallization of the the seeded crystals confined in the channels. Fig. 4.7(a)

showed the spatial-temporal map of the crystal-solution interface movement for

the experimental duration. Fig. 4.7(b) compared the experimental observation

to the Corren (blue line) and Fukuta (red line) limits described in the Theory

section. The experimental trajectory of RH is shown and the grey line while the

the experimental solution fraction shown as the cyan line in Fig. 4.7(b). We ob-

served that the dissolution and re-crystallization of confined crystal took place

near the Correns and Fukuta limit qualitatively as represented by the blue tri-

angles and red ciricle respectively. We can also observed definitively that the

onset of re-crystallization was distinctly lower than the saturation as predicted

by Fukuta (Eq. 4.7). Interestingly, we observed cavitation within the channels

(bright zone in Fig. 4.7(a) circled in red) as vapor pressure dropped below the

Fukuta limit (red line); this observation is supportive of the Fukuta’ s picture

in which the solution drops into a metastable state of superheated region in the

nanochannel, consequently, the channel emptied via cavitation, similar to the

emptying mechanism described in Chapter 3 for confined liquid-vapor coesixs-

tence.

Unfortunately, due to the fluctuations of imposed vapor pressure (shown

as the grey line in Fig. 4.7), we have excessively large experimental uncer-

tainties with respect to the experimental relatively humidity. As shown, the

imposed relative humidity fluctuated with amplitudes larger than the gap be-

tween the blue and red lines, making equilibrium conditions questionable. We

also could not explained the apparent conflict of mass conservation that we cal-
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culated as follow: we expect for every unit volume of dissolved crystal, roughly

10 units volume of saturated solution should be formed. However, during dis-

solution process, no excessive solution was observed during dissolution and

during the re-crystallization process, the crystal re-appeared and filled up the

channels with no obvious loss of crystal volume. This suggests that there exists

an un-observable external reservoir for solution storage during dissolution and

supply for solute during re-crystallization. This apparent violation of mass con-

servation undermines the validity of this experiment since we relied on tracking

the dissolution front as indication of the two thermodynamic limit.

4.4 Next Steps

Up to now, we have explored a set of phenomena encompassing a general three-

phase equilibrium in confinement, not without challenges. While the nanochan-

nels served as a useful platform for direct visualization of phenomena in con-

finement, this set of experiments were plagued by the complexity of observed

phenomena that were not predicted by the simple theories we derived. The ob-

served effects were likely due to confounding effects of long time scale dynam-

ics of pressure relaxation within the confined phase, and the restricted transport

pathways the make for the apparent violation of mass conservation. A better de-

sign system to minimize these effects is worth pursuing to elucidate these im-

portant processes: for example, shorter channels with well defined pore mouth

geometry may help accelerate the observed slow dynamics; and a hybrid design

of a tensiometer with nanochannels may allow direct observation and pressure

measurement at the same time.
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Figure 4.7: Direct observation of LiCl crystal, its aqueous solution and the wa-
ter vapor in a nanochannel. (a) The spatial-temporal map of nanochannels dur-
ing experiment. In this map the darker region represents channel portion filled
with crystal, the light grey region represents channel portion filled with solu-
tion and the red dashed circle highlight the cavitation events. (b) The extracted
crystal dissolution front plotted against experimental trajectory. The black line
represent the saturation relative humidity of LiCl aqueous solution. The blue
and red line correspond the Correns and Fukuta prediction given in Eq. 4.6 and
4.7 respectively. The blue triangles and red circles represent the relative humid-
ity correspond to the onset of dissolution and recrystallization extracted from
the spatial-temporal image in (a).
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CHAPTER 5

SUMMARY AND CONCLUSIONS

As discussed in Chapter 1, phase equilibrium and transport kinetics in

nanoconfinement play an essential role in many important natural and techno-

logical contexts such as cloud formation, gas sorption, and crystallization dam-

age in foundational materials. However, without direct access to phase transi-

tion and transport phenomena in well-defined confinement, it is challenging to

study the detailed thermodynamics and transport kinetics that underpins these

processes. To tackle these challenges and shed light on the physics of phase

transition in confinement, this dissertation presents three different experimen-

tal studies with model nanoporous medium.

In Chapter 2, I presented a study of heterogeneous ice nucleation from va-

por on porous silicon in the context of cloud formation. I confronted differ-

ent hypothesized cloud formation pathways, i.e., the Deposition Freezing and

the Pore Condensation Freezing (PCF). By working with model porous silicon

substrates with consistent surface chemistry and well-defined distributions of

pore size, I provided experimental support for the PCF mechanism while re-

jecting Deposition freezing. Based on the experimental data, we extended PCF

to temperatures above the homogeneous nucleation temperature and presented

an explanation of the general freezing behavior on a wide variety of inorganic

mineral aerosol summarized by Hoose and M ohler.23 We also presented prelim-

inary evidence that, under nanoscopic confinement, ice may be wetting and can

be superheated and in equilibrium with sub-saturated vapor. This observation

provides a basis for understanding the local phase equilibrium of pore ice in

sub-saturated vapor as well as the phase diagram of water in the superheated
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ice region. This study shed light on a general freezing mechanism on porous

surfaces and provides guidelines for understanding the freezing transition on

different classes of aerosol. In Chapter 3. I presented a direct observation of

sorption hysteresis and transport dynamics in well-defined nano-fluidic chan-

nels. For the first time, the pore blocking effects were directly visualized by a

sorption experiment with the nanochannels device. The optical isotherm of each

individual channel revealed several interesting phenomena: during adsorption,

the water uptake took place initially at the channel entrance and propagated

into the main channels as expected by the classical thermodynamics. During

desorption, the optical tracking of individual channels revealed that desorption

of the condensed phase could take place via two distinct mechanisms: desorp-

tion by meniscus recession, and desorption by cavitation. We studied each of

the desorption mechanisms with different transport models. We found that the

desorption process of trapped liquid in the channels was assisted by corner flow,

the speed of which was a strong function of local geometries.

In Chapter 4. I extended the studies in Chapter 3 to a broader range of phase

equilibrium phenomena, such as ice-liquid equilibrium and crystal-solution

equilibrium. In these experiments, we first confronted the dispute revolving

around the Gibbs-Thomson relation. We used different experimental platforms

i.e., the microtensiometer and the nanochannels to experimentally varied the

validity Gibbs-Thomson relation and its accompanied capillarity stress in con-

finement. We further explored the equilibrium phenomena and transport dy-

namics at conditions beyond the Gibbs-Thomson temperature, and we with a

crystal-solution system. Unfortunately, numerous experimental limitations and

confounding effects prevented us from reaching definitive conclusions. Never-

theless, we hope this preliminary study will inspire future studies to shed light
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on the intriguing phenomena that we observed.

In this dissertation, we have explored a set of phenomena encompassing

both two-phase and three-phase equilibrium in confinement, while we were

able to provide important experimental evidence to the thermodynamics of

phase equilibrium in confinement (e.g., the Kelvin-Laplace effect for liquid-

vapor, the Gibbs-Thomson effect for solid-liquid, and the Fukuta effect for three-

phase equilibrium), we encountered challenges advancing further in direct ob-

servation of these equilibrium phenomena in confinement. Even within the

simple geometry of the nanochannels, our experimental results presented in

Chapter 4 were plagued by complexities that were not predicted by the sim-

ple theories we derived. The observed effects were likely due to confounding

effects of long time scale dynamics of pressure relaxation within the confined

phase, and the restricted transport pathways make for the apparent violation

of mass conservation. To truly be able to observe these phenomena directly,

we need a better design system to minimize the confounding effects, such as

unexpected transport phenomena including corner flow, pore-blocking by crys-

tals, and the mysterious, extreme long transient observed during drying of the

solution within the nanochannels. Nevertheless, I am confident that these at-

tempts to directly observe the phase equilibrium presented in this dissertation

will serve as a stepping stone for future studies.
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APPENDIX A

CHAPTER 2 APPENDIX

A.1 Internal Surface Area Characterization

Along with the pore size distribution shown in the main text, we also character-

ized the interval surface area of the “2 nm” , the “5 nm” and the “17 nm” porous

silicon substrate for nucleation rate calculation. The internal surface area of the

“2 nm” porous silicon was measured by the nitrogen sorption isotherm study

with a BET surface area of 1.81 m2. Due to the smaller internal volume of both

“5 nm” and “17 nm” samples, we were not able to synthesize enough sample

volume for an accurate nitrogen sorption study. Instead, we characterized the

porosity of both types of substrates by areal fraction of the SEM micrograph

and estimate the internal surface area by assuming cylindrical pore. From im-

age analysis, we found the porosity for the “5 nm” porous silicon to be 0.227

and porosity for the “17 nm” porous silicon to be 0.379. We note that the poros-

ity estimated by areal fraction tends to underestimate the true porosity for two

reasons: 1. the limited resolution of SEM tends to produce ambiguous pore

boundaries and thus depending on the threshold for the binarization, the re-

sulting binarized image tends to underestimate the pore size. 2. Estimating the

porosity by areal fraction of the pores ignores any tortuosity and roughness on

the pore wall, and thus underestimating the internal surface area. Past literature

showed that the typical porosity for the porous silicon produced following the

“5 nm” synthesis process has porosity of 0.4 to 0.5.1 In the following table we

estimated the pore internal surface area for “5 nm” using a porosity of 0.4.
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Table S3: Internal Surface Area

Substrates Surface Area (m2)
“2 nm” 1.81
“5 nm” 2.57
“17 nm” 1.09×10−3

A.2 Experimental Procedures

A.2.1 Chamber temperature measurement calibration

Fig. 2.3(a) in the main text presented the temperature-controlled vacuum stage

used in the experiment. The data correction components of the system are con-

sist of four main parts: the custom vacuum chamber with copper finger insert,

the temperature control unit (Linkam THMS350V stage), the pressure control

loop including pressure gauges (CCR365, Adixen2002, Adixen2003) and motor-

ize valve(Autoblog 625), the stereomicroscope (Leica S8APO), and the camera

system (Grasshopper3, FLIR). In the following text, we clarify the experiment

design and the uncertainties associated with the measurements.

The custom vacuum was machined from polycarbonate block with a 10 mm

tall cylindrical copper finger with 25.4 mm in diameter. The diameter on the

copper finger was chosen such that it was the same size as the Linkam stage

underneath, which was used as the temperature control to the copper finger.

The custom chamber was placed on top of the Linkam stage with a thin layer

thermally conductive paste (OmegaBond 201, Omega Engineering Inc.), which

served as interface material. Due to the additional materials in between the sub-

strate and the temperature Linkam unit, calibration of the temperature at the top

surface of the copper finger against the Linkam stage reading was necessary. We
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started by first calculating the thermal time constant of the copper finger. We

approximated the heat transfer in the copper finger with a 1-D lumped capaci-

tance analysis with a response time as: τc f =
ρVCp

hA , where ρ [kg/m3], V [m3] and

Cp [J/K] are the density, volume and heat capacity of the copper finger respec-

tively, A [m2]and h [m] is the area and heat transfer coefficient of the top surface.

The heat transfer coefficient at low pressure is a function of the Knudsen num-

ber. For this experimental setup with pressures from 10 to 100 Pa, we found

the Knudsen number was on the order of 0.0001 to 0.001 and the correspond-

ing Nusselt number in this regime was ∼ 3. Thus we can find h ∼ 10W/m2k for

water vapor,2 and the correspond time constant of the copper finger is τc f ∼ 43

s. During the experiment, we adopted cooling rate of 0.04 K/min, which was

equivalent to changing temperature every 150 seconds by 0.1 K (the resolution

of the temperature control unit). Since the time constant of the copper finger

was more than 3 times that of the dwelling time at each temperature step, we

thus expected temperature to reach equilibrium at each temperature steps of 0.1

K during the experiment. As mentioned in the main text, the temperature on

top of the copper finger was calibrated against the Linkam temperature reading

with solvents with known melting temperatures. The calibration process was

as follow: prior to experiments, we placed drops of solvent on a freshly cleaved

mica substrate on top of the cold finger; we then closed the chamber and let the

solvent reached equilibrium with its vapor in the chamber. We then reduced

the chamber temperature until the solvent was frozen; after that, we gradu-

ally increased chamber temperature (at 0.04 K/min until the frozen solvent was

completed melted. We recorded the temperature reading from the Linkam stage

at which the solvent is melted. Table S1 summarizes the chemicals and melting

points. For each solvent, we repeated this calibration process four times and
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the calibration curve of the temperature at top of the copper finger against the

Linkam reading is shown in Fig. A.1, the temperature calibration curve is:

Tc f ,m = 0.985TLK + 4.1959 (A.1)

The melting temperature of solvents given by the Material Safety Data Sheets

(MSDS) showed a perfect correlation with the melting temperature measured

by Linkam (i.e., R2 = 1). The temperature readings from the Linkam stage in

subsequent experiments were corrected with Eq. A.1. For temperatures lower

than 228 K, we extrapolated the current calibration curve to correct for temper-

ature readings outside of this calibration range.

As mentioned in the main text, we also performed calibration for the pres-

sure gauge measurements. We calibrated pressure measurements against the ice

saturation vapor pressure at the end of each experiment. This pressure calibra-

tion was described in the main text as the base pressure correction. In brief, we

measured the saturation ice pressure via direct observation of ice sublimation

on the frozen substrate at isothermal condition. We recorded the vapor pres-

sure at which ice was in equilibrium with the imposed vapor condition, and

compared this vapor pressure value to the saturation vapor pressure of ice from

Equations of States (EoS); we then corrected the measured pressure values for

any discrepancies compared to EoS values.3

Table S1: Temperature Calibration

Chemicals Melting point
DI water 273.2 K
Dodecane 263.7 K
Decane 243.5 K
Chlorobenzene 228.0 K
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Figure A.1: Chamber temperature calibration curve against solvents with
known melting points. Calibration data with four distinct solvents (each re-
peated four times) are plotted in the blue circles. Note for all four experiments
of each solvent, the experimental measured melting temperature coincided. The
linear regression analysis is conducted regressing Linkam measured tempera-
ture to the solvent melting temperature. The regression result is shown in the
figure. This regression result is used as the calibration relation for temperature
measurement for the freezing experiments (Eq. A.1).
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A.2.2 Uncertainty assessment

The uncertainty analysis was performed by propagation of the uncertainties of

all measured quantities and quantities derived from measured quantities (i.e.,

SRI). The SRI values were calculated from measurements of pressure and tem-

peratures as:

S RIm =
Pv,m −

(
Pi,m − Psat,i(Ti,m)

)
Psat,i(Tm)

(A.2)

Where Pv,m and Pi,m are the measured vapor pressure during freezing experi-

ment and measured ice pressure post freezing experiment; Tm and Ti,m are the

measured temperatures during freezing experiment and measured ice sublima-

tion temperature post freezing experiment. The uncertainties associated with

the pressure measurements originated from several sources: the uncertainty of

the pressure gauge, the uncertainty of the Data Acquisition System (DAQ), and

any pressure fluctuations in the chamber due to imperfect control. The temper-

ature uncertainty originated from the resolution limit of the temperature mea-

surements. These uncertainties and their magnitudes are summarized in Table

S2. Here, we simply assume the errors for pressure and temperature measure-

Table S2: Measurement errors

Errors Source of errors Value of errors
Pressure gauge error σp,g Pressure gauge 0.25% of reading
Pressure fluctuations σp,con Pressure controls ∼ 1.7 Pa
Temperature error σT,s instruments & calibration 0.1 ◦C
Temperature fluctuations σT,con Temperature controls 0.1 ◦C

ments are additive such that σpv,m = σp,g + σp,con and σT,m = σT,s + σT,con. With

propagation of errors, we can write the uncertainty of the measured SRI as:

σS RI =

(∂SRIm

∂pv,m

)2

σ2
pv,m +

(
∂SRIm

∂psat,i(Tm)
∂psat,i(Tm)
∂Tm

)2

σ2
T,m

0.5

(A.3)
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The covariance terms are ignored assuming each measurements are indepen-

dent. Fig. 2.4 in the main text reports the experimental data and errors associ-

ated with the measurements. In some instances, the onset of condensation or

nucleation of ice induced large variations in pressure due to inadequate feed-

back control, causing the magnitude of the uncertainty to vary significantly.

This effect can be seen in the large error bars on some data points in Fig. 2.4

in the main text.

A.2.3 Freezing events image sequences

Fig. A.2 - A.5 report image sequences of freezing experiments on the four sub-

strates studied (polished silicon, “2 nm” porous silicon , “5 nm” porous silicon

and “17 nm” porous silicon respectively) at both high ( 255 K, first row of im-

ages in each figures) and low temperatures ( 225 K, second row of images in

each figures) respectively. Instantaneous temperature and SRI values are in-

dicated on each image. On all substrates, we observed a common behavior:

at warm temperatures, supercooled liquid condensate was observed across all

substrates, while at cold temperatures, bulk ice appeared directly without prior

observation of liquid condensate. The “pre-freezing” events (described in the

main text) were observed on both polished silicon and “17 nm” porous silicon,

but not on the others. We highlighted these events with in both Fig. A.2 and

A.5. Both the “2 nm” and “5 nm” porous silicon substrates appeared to be more

hydrophilic when compared to the polished silicon and “17 nm” porous silicon:

large droplets condensed and coalesced on “2 nm” porous silicon, while a liq-

uid film was form and proceeded to wet the entire surface of “5 nm” porous

silicon substrate; on the other hands, smaller droplets tended to condensed on
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Figure A.2: Image sequences of freezing experiment on polished silicon
freezing experiment at different conditions. The temperature and SRI con-
ditions are annotated in each image. At warmer temperature (images in the top
row), the typical freezing sequence follows the a two-step process as depicted
by the first row of the images (also indicated by the open blue circles in Fig.
2.4(a) in main text), where bulk condensate appears prior to bulk freezing. At
lower temperatures (images in the bottom row), no intermediate bulk liquid
formation was observed. Instead, the freezing transition at lower temperatures
typically occurred as follow: first, few discrete ice crystals appeared and grew
(highlighted by the red circles) followed by a dispersed wave of ice crystals
appearing as shown. We categorized the events highlighted by red circles as
the “pre-freezing” events as discussed in the main text Method section. We re-
ported both the “pre-freezing” and the “freezing” in Fig. 2.4(a) as the cyan and
blue solid circles respectively.

the polished silicon and “17 nm” substrate.

The liquid condensation front on the “5 nm” porous silicon (Fig. A.4) is

highlighted with a dotted red line because of the low contrast of this feature.

The onset of bulk condensation and freezing was preceded by a color change
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Figure A.3: Image sequences of freezing experiment on “2 nm” freezing ex-
periment at different conditions. The temperature and SRI conditions are an-
notated in each image. At warmer temperature (images in the top row), the
typical freezing sequence follows the a two-step process as depicted in the top
row of the images (these events are indicated by the open circles shown in Fig.
2.4(b) in main text), where bulk condensate appears prior to bulk freezing. At
lower temperatures (images in the bottom row), no intermediate bulk liquid
formation was observed. Instead, the freezing transition at lower temperatures
typically occurred as a dispersed wave of ice crystals appearing as shown. The
onset of these freezing events are indicated by the solid circles in Fig. 2.4(b).

of the substrate as indicated by the second images on both images sequences in

Fig. A.4. We interpret this color change as the onset of capillary condensation

or freezing in the pore.4,5 On both the polished silicon and the “17 nm” porous

silicon substrate, we observed two temporally distinct freezing onsets as men-

tioned in the main text and highlighted in red circles in Fig. A.2 and Fig. A.5.

The onset of these initial freezing and secondary freezing events were reported

in the main text Fig. 2.4(a) and (d) as the cyan circles. We reiterate that the initial

freezing events on polished silicon are indistinguishable within the limit of un-
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Figure A.4: Image sequences of freezing experiment on “5 nm” freezing ex-
periment at different conditions. The temperature and SRI conditions are an-
notated in each image. At warmer temperature (images in the top row), the
typical freezing sequence follows the a two-step process as depicted in the top
row of the images (these events are indicated by the open circles shown in Fig.
2.4(c) in main text), where bulk condensate appears prior to bulk freezing. The
red dashed line (as a guide for eyes) in the image indicates the condensation
front of the liquid water. At lower temperatures (images in the bottom row), no
intermediate bulk liquid formation was observed. Instead, the freezing transi-
tion at lower temperatures typically occurred as a dispersed wave of ice crystals
appearing as shown. The onset of these freezing events as the solid circles in Fig.
2.4(b). At the onset of either condensation or freezing, the color of the substrate
changed significantly (effect is visible as a change in grey scale can be seen in
the second images of the top and bottom row).

certainty with the secondary freezing (i.e., the cyan circles are close to the corre-

ponding blue circles in Fig. 2.4(a)), while the initial freezing on “17 nm” porous

silicon follows the capillary condensation line pertaining to a smaller pore size

shown as the cyan curve in Fig. 2.4(d) in the main text. We speculated these

initial freezing on “17 nm” porous silicon were governed by the capillary con-

densation of a pore population with smaller pore size on the membrane defects.

Fig. A.6 shows an example of defects on the “17 nm” porous silicon membrane.

As discussed in the main text, we take the secondary freezing events to be the
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Figure A.5: Image sequences of freezing experiment on “17 nm” freezing ex-
periment at different conditions. The temperature and SRI conditions are an-
notated in each image. At warmer temperature (images in the top row), the
typical freezing sequence follows the a two-step process as depicted in the top
row of the images (these events are indicated by the open blue circles in Fig.
2.4(d) in main text), where bulk condensate appears prior to bulk freezing. Also
note that the red arrows indicated the locations at which condensation/freezing
occurred prior to the rest of the substrate surface. These locations consistently
condensed/froze prior to the rest of the substrate surface throughout different
temperature and SRI conditions as shown in the four different image sequences
shown here. At lower temperatures (images in the bottom two rows), no inter-
mediate bulk liquid formation was observed. Instead, the freezing transition at
lower temperatures typically occurred as follow: first, few discrete ice crystals
appeared and grew (red arrows) followed by a dispersed wave of ice crystals
appearing as shown in red circles. We categorized the events highlighted by
red arrows as the “pre-freezing” events as discussed in the main text Method
section. We reported both the “pre-freezing” and the “freezing” in Fig. 2.4(d)
as the cyan and blue solid circles, respectively. The white arrows (bottom left)
showed the out-of-focus speckles from dust particles on the chamber window.

160



Figure A.6: An SEM micrograph of BCP porous silicon membrane. This mi-
crograph shows the defects on the porous silicon membrane (highlighted by the
red arrow) from the fabrication process. The scale bar is of length of 1µm.

true freezing behavior pertaining to the average pore size of the membrane.

A.3 Kinetic and Thermodynamic calculations

A.3.1 CNT based immersion and deposition freezing

The nucleation rate of ice from capillary condensed liquid (immersion freezing)

and from water vapor (deposition freezing) were calculated based on CNT. The

heterogeneous nucleation rate based on Classical Nucleation Theory can be ex-

pressed as6:

Jhet = Cpre exp
(
−

∆F
kBT

)
exp

(
−

∆G∗het

kT

)
(A.4)

where Cpre [J/s] is the pre-exponential factor that accounts for the statistics of

critical and subcritical embryo population; it has been shown that this factor
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can be expressed as: Cpre ≈ Ans
kBT

h . A [m2] is the surface area, ns represents

the number of water molecules in contact with the unit area of ice germ. This

number, ns has been estimated by various studies7 to be in the range of 5 ×

1018 − 1019m−2. The ∆G∗het is the energy barrier for heterogeneous nucleation as

described in the main text and it is directly related to the various materials and

surface properties as described in Eq. 2.1 -2.6 in the main text.

∆F is the activation energy barrier of nucleation and diffusion across water-

ice interface. Zobrist et. al. adapted an empirical expression for ∆F8:

∆F =
kT 2E

(T − T0)2 (A.5)

where the value of E = 892 K and T0 = 118K.

Similarly, heterogeneous nucleation of ice from vapor are calculated follow-

ing similar expression:

Jhet = A exp
(
−

∆G∗

kT

)
(A.6)

Where A [1/m2s] is the pre-factor for deposition freezing. Hoose and Möhler9

summarized various model for pre-factor A, Here, we adopt the value of 1025

/m2s proposed by Fletcher.10 The yellow curves and the grey hashed area in Fig.

4 of the main text were calculated with Eqs. A.4 and A.6 with chosen parameter

values mentioned above.

A.3.2 Discussions of unobstructed nucleation and propagation

Here, we described an unobstructed nucleation process as shown in Fig. A.7.

During the heterogeneous nucleation of ice on an active site in the pore, the

nucleation is unobstructed when the ice embryo can grow beyond the critical
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radius before it encounters: 1. the boundary of the active site upon which the

contact angle of ice of the surface (thus the energetic requirement) changes Fig.

A.7(a); or 2. the pore wall Fig. A.7(b). Therefore, we can rationalize at what

scenarios an unobstructed nucleation is likely by calculating the critical radius

at different conditions and comparing it to both the pore dimensions and esti-

mated active site size. The critical radius of ice embryo in pore liquid can be

calculated by Eqs. 2.3 and 2.4 in the main text, the critical radius as a function of

temperature at the onset of capillary condensation for “2 nm”, “5 nm” and “17

nm” are shown in Fig. Fig. A.7(c). At temperature below 250 K, the calculated

critical radius for all pore sizes are smaller than 2 nm. Assuming the nucleation

sites on the pore wall is larger than 2 nm (e.g., Marcolli et. al.11 assumed the size

of active sites to be 1.8 nm in radius), we can reasonably conclude that the het-

erogeneous ice nucleation in pores are likely to be unobstructed at tempratures

below 250 K upon condensation. In the case when nucleation is obstructed, the

energetics are complicated. A complete description of the energetics for arbi-

trary nucleating surface with heterogeneities for arbitrary nucleus shapes can

be, in principle, derived following the model presented by Gomez et. al.12 This

however, is beyond the scope of this study. One can imagine that, for a case

where the nucleation becomes obstructed by boundaries of confinement or nu-

cleation sites, the nucleation process becomes a activated process with double

energy barriers, similar to that described in the literature.13,12 Our ability to ra-

tionalize the transitions reported in Fig. 2.4 of the main text (particularly on

Fig. 2.4(b) where the transition from dew line to growth behavior) with this un-

obstructed model of nucleation in the pore supports its appropriateness for the

samples studied here.
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Figure A.7: Schematic representation and critical radius for unobstructed nu-
cleation in pores. (a)-(b) The schematic representation of unobstructed hetero-
geneous nucleation of ice in pore from an active site. (c) Thee critical radius of
heterogeneous ice nucleation in porous silicon at the onset of capillary conden-
sation.

A.3.3 Bulk ice growth via bridging mechanism

Other than the simple Kelvin argument for pore ice growth in an isolate pore,

David et. al.14 also proposed an more elaborated scenario: capillary condensa-

tion can emerges in between the valleys of two adjacent pores with protruding

ice spherical caps. Here, we follow the same argument to calculate the growth

criterion. From the SEM micrographs as shown in Fig. 2.3, we can deduce the

interpore spacing of the “5 nm” and “17 nm” porous silicon to be at 17 nm and

51 nm, respectively. The pore spacing is defined as the distance between the

centroids of the closest neighboring pores. the pore spacing of “2 nm” porous

silicon was not available due to limited resolution of the SEM; generally the in-

terpore spacing for anodically formed pore silicon is largely determined by the

charge depletion layer thickness and it is usually twice of the pore diameter.15,16

Thus, for the “2 nm” porous silicon we assumed the pore spacing is in the range
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of 8 nm. We assumed the pores were distributed in a square lattice as shown by

Fig. A.8(a) and (b). The capillary condensation in the valleys between protrud-

ing ice cap resulted in merging of pore ice and thus promots the growth of bulk

ice. Based on simple geometry, we can write:

(rs + rl)2 = (rl + rs cos β)2 + r2
s (A.7)

where rs is the radius of the spherical ice cap, rl is the radius of the liquid-vapor

interface in the valley, and β is the apparent contact angle of ice cap on the hori-

zontal substrate surface as shown in the figure. both the radius of curvature of

liquid and ice can be expressed by the Kelvin-Laplace equation under common

vapor pressure as:

rs =
2σsvvs

RT ln
(

pv
ps,sat

) (A.8)

rl =
2σlvvl

RT ln
(

pv
pl,sat

) (A.9)

Furthermore, the apparent contact angle can be written as β = sin−1 rp

rs
. We can

solve Eqs. A.7 - A.9 simultaneously for the vapor pressure. Fig. A.8(c) shows

the required SRI for the capillary condensation bridging to induce freezing as

described above. It can be seen that, even for closely pack pores with dint =

2rp, the SRI requirement for the bulk ice emergence is up to 13% higher than

the experimental values for the “2 nm” porous silicon. While this mechanism

cannot explain the observed efficiency based on the average properties of the

porous sample, it could be active on some fraction of the population of pores

that were more closely spaced than the average.
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Figure A.8: Multi-pore capillary condensation bridging mechanism for bulk
ice growth. (a) The schematic top view of pore distribution in a square lattice ar-
rangement of the multi-pore bridging mechanism. (b) The cross-sectional side
view along the diagonal of the square lattice at the onset of capillary conden-
sation in the valleys between the protruding pore ice cap. .(c) The SRI at the
onset of capillary condensation in the valleys between two protruding ice caps
as function of temperature and different interpore spacing. This plot is calcu-
lated for the “2 nm” porous silicon with different interpore spacing dint

A.3.4 Other consideration of deposition freezing: nucleation

on curved surfaces

Turnbull17, Fletcher10 studied the heterogeneous nucleation on curved surfaces.

Cooper et. al.18 presented an coherent theory for nucleation on curved surface

and the geometrical reasoning for reduction in nucleation barrier on convex

surfaces. Here, we summarized Cooper et. al.’s formulation and apply it to

deposition freezing on substrates with various surface roughness. According to

Cooper et. al., the energy barrier of heterogeneous nucleation on curved surface

follows the same form as the heterogeneous nucleation on planar surface, it is
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expressed as:

∆Ghet,c = f (θp)∆Ghom = f (θ, r∗)∆Ghom (A.10)

This expression has an identical form to the energy barrier of heterogeneous nu-

cleation on planar surface where ∆Ghet = f (θp)∆Ghom with f (θp) = 1
4 (1−cos θp)2(2+

cos θp), except that θp is no longer the contact angle of embryo on the curved sur-

face, but rather the angle between the embryo and the planar surface tangent to

the curved surface. This angle, θp can be further expressed as:

cos θp = x − y (A.11)

where x = R
r∗ and y =

(
x2 − 2x cos θ + 1

)0.5
, and R is the radius of the curve surface

and r∗ is the critical radius. Nucleation on a concave surface becomes much

more efficient as the surface roughness approaches the size of critical radius

i.e., x → 1. We note that curved surface tend to reduce the apparent energy

barrier of which nucleation must overcome. In principle, for a surface with the

appropriate roughness, the theory above would also give an efficient freezing

process for direct deposition. Due to lack of direct access to nucleation process

or roughness information on individual pore level, we will not discuss further

about the possible relevance of these alternative models.

A.4 Sensitivity of solid-vapor-substrate contact angle

As discussed in the main text, the different contact angles of three phases should

satisfy the following Young-Dupré relation (here, we dropped the superscripts

and subscripts that indicate specific angles pertaining to active site):

σsv cos θsvw − σls cos θslw = σlv cos θlvw (A.12)
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where σlv is the liquid-vapor surface tension , σsl is solid-liquid surface tension

and σsv is solid-vapor surface tension. The value of σsl and σsv are challeng-

ing to measure experimentally. Instead the value of σsl was typically measured

at the triple point and extrapolated into the supercooled temperature range.

Ickes et. al.7 summarized experiments as well as molecular simulation results

for this interfacial energy values. Here, we used the interfacial energy value,

σsl from molecular simulation by Reinhardt and Doye19 based on TIP4P wa-

ter model. We noted that the variations and uncertainties pertaining to the σsl

remains large.

Similarly, the value of σsv is also challenging to obtain experimentally. Cur-

rent available data on σsv is usually calculated from σsl and σlv following the

Antonow’s rule20, which states that the interfacial tension between two mutu-

ally saturated liquids is given by the difference between their respective surface

tensions against the gas surrounding them. In the case of ice-water-vapor sys-

tem it reads: σsl = σsv + σlv. This expression is identical to the Young-Dupré

relation while assuming water is perfect wetting on ice in its vapor. It was noted

by Pruppacher and Klett6 that such assumption should be taken with cation as

the validity of Antonoff’s rule for ice-water-vapor system has not been proven.

Nevertheless, we adopted the temperature dependent σlv and σsl from Ickes et.

al.7 and Reinhardt and Doye,19 and we plotted the relation among the three con-

tact angle at 220 K in Fig. A.9. For the range of contact angles values we inferred

from our experiments: θlvw ∈ [10◦, 40◦] and θslw ∈ [70◦, 180◦], the corresponding

range of θsvw is [39◦, 72◦]. This is consistent the contact angle value θsvw,p inferred

from Fig. 2.5 in the main text. We also calculated temperature dependence of

the the Young-Dupré relation. We concluded that the value of θsvw only has a

weak temperature dependence (increasing temperature to 270 K only increases
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Figure A.9: The consistent contact angle values from Young-Dupré relation.
This plot shows the surface that corresponds to the Young-Dupré relation for
the range of contact angles observed in the main text. the red line is the contour
line for θsvw = 60◦.

the value of θsvw by 5◦).

A.5 Freezing experiments on macroscopic surfaces

Finally, we discuss the implications of freezing on macroscopic planar substrate

in the context of an aerosol. The disadvantage of our experimental setup is ob-
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vious in comparison with more elaborated instruments such as the ZINC cloud

chamber21 or various diffusion flow chambers9 in the following ways: 1. the

freezing behavior of macroscopic substrates is not necessarily representative of

that of actual aerosol particles during cloud formation. 2. The isobars taken

in our experiments are thermodynamically different from that in cloud forma-

tion. Nevertheless, our experiments show quantitative agreement of freezing

behavior as function of pore size, provides insights in constructing a unified

understanding in the freezing behavior of aerosols.
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APPENDIX B

CHAPTER 3 APPENDIX

B.1 Contrast enhancement by optical cavity

To design the optimal thickness of the silicon nitride layer, we will model the

total reflectance following a multi-layer Bragg reflector approach. In our geom-

etry, we have a four different layers on which incoming light is impinged on:

the Borofloat glass, the nanochannels filled with either vapor, liquid water or

ice, the silicon nitride and the silicon substrate as summarized in Fig. B.1. To

model the total reflection, we assume the incident light from our light source is

a Plane wave with s-polarization. In such formulation, we can write this equa-

tions for this optics system in a matrix representation as follow:E1

E′1

 = S

E4

0

 (B.1)

where S is the transmission matrix and is it is expressed as: S = D12P2D23P3D34 =S 11 S 12

S 21 S 22

. Here, P j =

e
ik jxd j 0

0 e−ik jxd j

 is the propagation matrix, Di j is the transfer

matrix and it is

Di j =
1
ti j

 1 ri j

r ji 1

 (B.2)

where ti j and ri j are the transmission and reflection coefficient, they are functions

of the refractive indices the i and j layer of the multiple layer structure. The total

reflective coefficient of this layered structure can be calculated as:

rtot =
E1

E′1
=

S 21

S 11
(B.3)
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Figure B.1: Schematic diagram of the layered optical structure of nanochan-
nels. The schematic diagram of the four-layer optical structure of nanochan-
nels. The four layers are: Borofloat glass (with index of refraction n1 = 1.48),
nanochannel fillde with water or ice (with index of refraction n2 = 1.33 or 1.31),
silicon nitride (with index of refraction n3 = 2.1), and silicon substrate (with in-
dex of refraction n4 = 3.5). The arrows and the responding labels indicated the
direction of incident and reflected plane waves.

With that, we can calculate the difference of reflective coefficient when the

channels is filled with ice or water as a function of different thickness of the

silicon nitride as shown in Fig. B.2. We observed the greatest contrast (i.e., the

greatest difference in reflection coefficient) was achieved at a normalized nitrite

thickness of 0.4, this translate to a nitride thickness of 130 nm to 260 nm for

visible lenght wavelength ranging from 400 nm to 700 nm.
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Figure B.2: The difference in reflection coefficient when nanochannels filled
with liquid and ice as a function of different nitride thickness and channel di-
mensions The difference in reflection coefficient as a function of channel heights
and nitride layer thickness, both normalized to the incident wavelength.

B.2 Fabrication Process Flow for Nanochannels

Below, we describe the detailed process fabrication flow of the nanochannels

with nitride optical cavity. The fabrication process was carried out in the Cornell

Nanoscale technology Facility (CNF), the processes and tools mentioned below

were available in CNF after proper training.

1. The process flow for nanochannel with nitride optical cavity:

(a) LPCVD stochiometric silicon nitride deposition:
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i. MOS clean (SC1 and SC2 clean, 10 mins each. Wafers must be

processed within 6hrs after clean, otherwise redo clean.).

ii. B4 nitride LPCVD furnace: standard nitride recipe, deposition at

775◦C with deposition rate ∼ 3.3 nm/min.

iii. Use the second 4” wafer bowl with at least 5 baffle wafers from

the back. Characterize film thickness at Filmmetric F50, expected

uniformity +/- 2%

(b) PECVD silicon oxide deposition.

i. “Low rate SiO2” recipe with 30W RF power, deposition rate ∼

120 nm/min Deposition at 350degreeC for 30sec, resulting 62 nm

film with uniformity +/- 2% (filmetric F50).

(c) PECVD oxide patterning:

i. S1813 photoresist, 3000/1000/30sec, 60sec soft bake at 115◦C.

ii. ABM contact aligner 5sec exposure.

iii. Develop in Hamatech with recipe 15 “MIF726 90sec DP”.

iv. Check photoresist pattern under optical microscope.

v. Pattern oxide with 30:1 BOE wet etch, etch rate ∼ 50 nm/min.

vi. Check pattern under optical microscope.

vii. Stripe resist in 1165 and Annatech.

(d) Oxide pattern characterization:

i. Check channel profile with P10 profilometer. (Caution: P10 may

give inconsistent reading).

ii. Check channel profile and nitride layer roughness with AFM

(Veeco Icon).

(e) Borofloat patterning:
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i. Preparation: Nanostrip 10mins, rinse and dry.

ii. Oxford PECVD Amorphous silicon deposition:

iii. PECVD amorphous silicon recipe, deposition at 200◦ for 5 mins.

A. (Contact tool manager in advance to lower chamber temper-

ature).

B. Deposition rate unknown, Filmmetric gave invalid measure-

ments.

iv. Optional: A-Si annealing at 425◦C for 2 hours

(f) A-Si hard mask patterning:

i. S1827 photoresist, 3000/1000/30sec, 180sec soft bake at 115degC.

ii. ABM 12sec exposure, develop in Hamatech “MIF726 120sec DP”.

iii. Check pattern under microscope.

iv. RIE etch A-Si hard mask: Oxford 80s,5 mins; AnnaTech O2 clean

for 2 min, O2 low power descum followed by 1 min SF6/O2 etch.

v. Wet etch Borofloat in HF, expected etch rate 7um/min.

vi. Check channel depth with P10 profilometer. (caution: inconsis-

tent p10 measruement).

vii. Strip resist in 1165 and plasma, strip A-Si hard mask in Oxford

80s SF6/O2.

(g) Bonding:

i. MOS clean prior to bonding.

ii. MA6 wafer alignment.

iii. Anodic bonding at Suss bonder, use recipe “hl943-nanochannel-

nitride” (Temperature:400◦C, voltage 800V**, 1500mbar pres-

sure).
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(h) Post bonding packaging and characterization:

i. Dice wafer in Disco dicing saw.

ii. Cleave sample device and measure cross-section in SEM (Zeiss

Ultra).

iii. Laser cut microchannel inlets/outlets (VersaLaser, 8.5% to 10%

power, CO2 laser).

iv. Imbibition experiment to measure channel heights.

B.3 Thickness of the adsorption film

Below is the calculation, keeping it here for now: Here we calculate the critical

film thickness of water in silica surface. The multi-layer adsorption of water is

given by the DBdB theory where the chemical potential of the adsorbed film is:

µ = RT ln
Pv

Psat
= −Π(t f )vl (B.4)

Where Π is the disjoining pressure and it is a function of the film thickness t f .

The disjoining pressure can be calculated using the Frenkel-Halsey-Hill (FHH)

thoery:

Π(h f ) =
RT
vl

k
(t f /t0)m (B.5)

where h0 = 0.1, k and m are empirical parameters and they are k = 9.5 and m =

2 for water. The critical film thickness can be calculated from the following

equation:
dΠ(t f )

dt f
+

σlv

(h − t f )2 = 0 (B.6)

Solving the above algebraic equation gives the critical film thickness tc to be

0.94 nn, much smaller than the channel height of 50 nm and therefore sorption

hysteresis due to film adsorption is negligible.
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B.4 Comparison of various flow resistances

In order to model the emptying process of the liquid column at the nanochan-

nel entrance, we model the transport process with simple hydraulic circuit as

shown in Fig. B.3. Three transport resistances is present in thi system, the hy-

draulic resistance due to vapor diffusion, Rh,m; the hydraulic resistance due to

vapor evaporation from a line source, Rh,e; and the dydraulic resistance due

to liquid flow iin the nanochannel, Rh,n. We will walk through each resistance

starting with Rh,m. According to Fick’s law, we can write the mass flow rate qm

as function of water potential ∆Ψ [J/mol]22:

qm =
∆ρ

Rh,m
=

M
RT

ρv

ρl

∆Ψ

Rh,m
(B.7)

where M [kg/mol] is the molar mass of water, R [J/molK] is the universal gas

constant, T [K] is the temperature,;ρv [kg/m3] and ρl [kg/m3] are the density of

water vapor and liquid respectively. The mass flowrate in the microchannel can

be written as:

˙q(Ψ) =
wmhmD

lm
∆ρ =

wmhmD
lm

M
RT

ρv

ρl
∆Ψ (B.8)

where D is the water self-diffusivity, lm, wm and hm [m] is the length, width and

height of the microchannel. We can now write Rh,m being:

Rh,m =
RT
M

lm

wmhmD
ρl

ρv
(B.9)

Similarly, the resistance in due to the evaporation is23:

Rh,e =
RT
M

ln(hm/hn)
NπDwn

ρl

ρv
(B.10)

From this, we can compare the magnitude of the two transport resistance and

we found that Rh,e/Rh,m < 0.1. Thus, the total transport resistance in the mi-

crochannel can be approximated by Rh,m.
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Next, we will compare the transport resistance in the liquid flow in the

nanochannel with that in the vapor fluid in the microchannel Rh,m. From

Poiseuille, the total mass flowrate all emptying nanochannels can be written

as:

qn = Nρl
wnh3

n

12µln
∆Ψ (B.11)

where And therefore the transport resistance in the nanochannels due to

Poiseuille flow is:

Rh,n =
1
ρl

12µln

Nwnh3
n

(B.12)

where wn and hn is the width and the height of the nanochannel, and ln is the

length of the liquid column in the nanochannel; µ [Pa·s] is the viscosity of liq-

uid water and N is the number of nanochannel that are emptying simultane-

ously. Taking the ratio of the diffusion resistance Rh,m and Rh,n, we found the

Rh,n/Rh,m < 0.036, that is, the transport resistance due to vapor diffusion dom-

inates compared to the liquid flow transport resistance Rh,n. Physically, this

means the potential drop across the liquid column in the front is negligible

and such that Ψm ∼ Ψe. Finally, the emptying vapor column length in each

nanochannel follows:

l f =
qm

ρlNwnhn
=

[
1

Nwnhn

wmhmD
lm

M
RT

ρv

ρl
∆Ψ

]
t (B.13)

In this case, the emptying rate in the nanochannel is a fixed value that is a func-

tion of the imposed vapor activity, both nanochannel and microchannel geome-

try as well as how many channels are simultaneously emptying.
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Figure B.3: Schematic diagram of the transport pathway from the nanochan-
nel to the microchannel. (a) The schematic diagram of an nanochannel under-
goes an emptying process. (b) The hydraulic circuit representing the transport
process depicted in (a) with three transport resistances in series.

B.5 Spatial-Temporal maps for channel emptying process

In this Appendix, we included the same spatial-temporal analysis described by

the Methods in the main text for all channels that were emptied by cavitation.

Fig. B.5 - B.6 showed the analyses on the spatial temporal map and the progres-

sion of emptying front as function of elapsed time. There three figures plotted

the evolution of the square of wetting front, which gave information about the

transport dynamics of corner flow captured by Eq. 3.9. These analyses yielded

the data points presented in Fig. 3.6(b) at different vapor activities. We note that

we also conducted the same analysis to extract the emptying dynamics of the
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liquid column in the front. Those plots were not shown here but was summa-

rized in Fig.3.6(a).
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Figure B.4: Analysis of dynamics of nanochannel emptying during desorp-
tion processes at RH = 0.964. Spatial-temporal map of individual channels
showing examples of by meniscus recession cavitation with imposed vapor con-
ditions at RH = 0.964. The dark regions represent cahnnels filled by liquid and
the bright region represents the channels filled by vapor. In left hand side of
each pair of figures, emptying occurred at the channel entrance near the bottom
of the image with the emptying front highlighted by the orange dashed curve (a
guide to eyes). The cavitation events occurred at different sites in each channels
and at different activities as indicated by the red arrows. The lengths of vapor
column as a function of time were extracted from these images in by image anal-
ysis as shown in right hand side of each pair of figures. The red lines indicate
the linear fit to the square of the displacement of liquid column in the front,
while the orange lines indicated the linear fit to the square of the emptying of
the liquid column in the back end. The slope of the fitted red lines were plotted
in the Fig. 3.6(b)
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Figure B.5: Analysis of dynamics of nanochannel emptying during desorp-
tion processes at RH = 0.953. Spatial-temporal map of individual channels
showing examples of by meniscus recession cavitation with imposed vapor con-
ditions at RH = 0.953. The dark regions represent cahnnels filled by liquid and
the bright region represents the channels filled by vapor. In left hand side of
each pair of figures, emptying occurred at the channel entrance near the bottom
of the image with the emptying front highlighted by the orange dashed curve (a
guide to eyes). The cavitation events occurred at different sites in each channels
and at different activities as indicated by the red arrows. The lengths of vapor
column as a function of time were extracted from these images in by image anal-
ysis as shown in right hand side of each pair of figures. The red lines indicate
the linear fit to the square of the displacement of liquid column in the front,
while the orange lines indicated the linear fit to the square of the emptying of
the liquid column in the back end. The slope of the fitted red lines were plotted
in the Fig. 3.6(b)
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Figure B.6 (previous page): Analysis of dynamics of nanochannel emptying
during desorption processes at RH = 0.935. Spatial-temporal map of individual
channels showing examples of by meniscus recession cavitation with imposed
vapor conditions at RH = 0.935. The dark regions represent cahnnels filled by
liquid and the bright region represents the channels filled by vapor. In left hand
side of each pair of figures, emptying occurred at the channel entrance near the
bottom of the image with the emptying front highlighted by the orange dashed
curve (a guide to eyes). The cavitation events occurred at different sites in each
channels and at different activities as indicated by the red arrows. The lengths
of vapor column as a function of time were extracted from these images in by
image analysis as shown in right hand side of each pair of figures. The red
lines indicate the linear fit to the square of the displacement of liquid column
in the front, while the orange lines indicated the linear fit to the square of the
emptying of the liquid column in the back end. The slope of the fitted red lines
were plotted in the Fig. 3.6(b)
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APPENDIX C

CHAPTER 4 APPENDIX

C.1 Derivation of generalized Kelvin equation

C.1.1 Crystal-Solution-Vapor three-phase equilibria

The thermodynamics of the three phase equilibrium of crystal-solution-vapor

system can be readily described by the Gibbs-Duhem equation at isothermal

condition, they are:

−Nwdµ(v)
w + V (v)dp(v) = 0 (C.1)

for vapor phase,

−N(s)
w dµ(s)

w −
∑

i

N(s)
c,i dµ(s)

c,i + V (s)dp(s) = 0 (C.2)

for solution phase and

−
∑

i

N(c)
c,i dµ(c)

c,i + V (c)dp(c) = 0 (C.3)

for crystal phase.

Where N, µ, V and p represent the number of molecules, chemical potential,

volume and pressure respectively, the subscript/superscript w, (v), (s), (c) and

i refers to properties pertain to water, vapor phase, solution, crystal phase and

the crystal constituent ions. It can be shown that dµ(s)
c =

∑
αidµ

(s)
c,i where αi is

the stoichiometric coefficient the the crystalline composition. At equilibrium,

the chemical potential of each components in different phases are equal, i.e.:

dµv
w = dµl

w, dµ
l
c = dµs

c. Substitute equation C.1 and C.3 into equation C.2, dividing
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by N l
w +

∑
i N l

c,i, it yields:

v(v)dp(v) =
1

x(s)
w

ṽ(s)dp(s) −
1 − x(s)

w

x(s)
w

v(c)dp(c) (C.4)

Where x(s)
w,c are the mole fraction of water and dissociated ions in solution, vv,c are

the molar volume of vapor and crystal and ṽl is the mean molar volume of so-

lution at given concentration and it is equal to ṽl(xl
w) = Vl

Nl
w+

∑
i Nl

c,i
(Noticed under

this definition, ṽl can adapt values that is less than the pure water molar vol-

ume). Assuming ideal gas, we integrate C.4 from reference vapor pressure pre f

to pressure pv as crystal is being dissolved and vapor pressure is reduced. Here

we take the vapor pressure of bulk saturated (with respect to solute) solution

as the reference pressure, since it is a reference state at which cyrstal-solution-

vapor phase equilibria is established.

RT
∫ p(v)

p(v)
sat

1
p

dp(v) =

∫ p(l)

p(l)
sat

ṽl

xl
w

dp(l) −

∫ p(c)

p(c)
sat

1 − xl
w

xl
w

vs
cdp(c) (C.5)

Within the integral of C.5, both the molar volume (which is a function of mole

fraction) and the mole fraction are function of pressure as crystal is being dis-

solved. More in depth discussion of each integral terms is provided below. To

evaluate each integral, we perform integration by parts. The first term on the

RHS is written as:∫ p(l)

p(l)
sat

ṽl

xl
w

dpl =
ṽl

xl
w

p
∣∣∣∣p(v)

p(l)
sat

+

∫ p(l)

p(l)
sat

ṽl
p

(xl
w)2

∂xl
w

∂p
dp(l) −

∫ p(l)

p(l)
sat

p
(
vw −

φ v
)

xl
w

∂xl
w

∂p
dp(l) (C.6)

And the second term on the RHS is written as:∫ p(c)

p(l)
sat

1 − xl
w

xl
w

vs
cdp(c) =

1 − xl
w

xl
w

vs
c p(c)

∣∣∣∣p(c)

p(w)
sat

−

∫ p(c)

p(w)
sat

vs
c

(xl
w)2

∂xl
w

∂p(c) dp(c) (C.7)

In addition, the crystalline pressure can be related to the solution pressure by

Laplace, i.e.:

p(c) − p(l) =
2σcl cos θcl

r
(C.8)
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Since the molar quantities of the system is function of pressure and other

species, the full solution for equations C.5 and C.6 can be obtained by numer-

ical integration given Equations of States for aqueous solution are known. For

potassium chloride solution, we employ the equations of states summarized by

Zezin and Driesner and extrapolate to negative solution pressure regime.

C.1.2 First order approximation of three-phase equilibria

During the dissolution of crystal from vapor, when solution come to equilibrium

with confined crystal and sub-saturation vapor pressure, the solution system

undergoes two distinct physical processes: the solution first reduces its chem-

ical potential by 1) dissolving crystal and form super-saturated solution while

holding the solution-vapor interface flat, i.e., the hydrostatic pressure of solu-

tion reminds at vapor pressure as no change in pressure is introduced by flat

solution-vapor interface; and 2) reducing its hydrostatic pressure by equilibrat-

ing with the sub-saturated (w.r.t. to the saturation vapor pressure) vapor and

allowing the solution-vapor interface to deformed accordingly. Thus we break

down the integration of chemical potential by these two physical processes, we

shall first integrate from saturation vapor pressure p(l)
sat to a vapor pressure cor-

responding to the solution vapor pressure p(l)
s at given super-saturation (w.r.t.

solute) and then integrate from p(v)
s to pv. The final state of this step corresponds

to solution with a flat liquid-vapor interface in equilibrium with a confined crys-

tal (the Corren equilibrium). At this state, considering the solution-vapor equi-

librium, the solution is supersaturated w.r.t. to solute (and thus the subscript

s), the solution pressure p(l)
s is at solution vapor pressure p(v)

s since no tension is
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introduced, i.e.:

p(l)
s = p(v)

s ≈ pl
sat (C.9)

The vapor pressure of solution at molality xl
c can be obtained by Equation of

States (EoS) for aqueous KCl solution, i.e.,p(l)
s = p(v)

s = f
(
xl

c

)
. Here we adapt the

equations of states established for KCl aqueous solution by Zezin and Driesner.

Next, considering the crystal-solution equilibrium, the crystal pressure is at p(c)
s .

Assuming the crystal does not wet the pore wall and its contact angle in solution

on wall is always 180◦ the crystal-solution equilibrium requires:

p(c)
s − p(l)

s =
2σcl

rp
(C.10)

where σcl is the surface tension between crystal and solution and rp is the pore

size. We then consider the second step where we further reduce the vapor pres-

sure from the vapor pressure of at the Corren’s equilibrium p(v)
s to p(v) where the

solution pressure is reduced. Considering the solution-vapor equilibrium, the

solution pressure can be expressed as the generalized Kelvin-equation24, i.e.:

p(l) − p(l)
s =

RT
vw

ln
(

pv

p(v)
s

)
(C.11)

Considering the crystal-solution equilibrium, the Laplace equation for crystal-

solution interface should always hold given the contact angle between crystal

and solution is unique, we can thus write:

p(c) − p(l) = p(c)
s − p(l)

s =
2σcl

rp
(C.12)

Finally, in considering the first order approximation for equation C.5, we as-

sume that the solution is incompressible, the intrinsic solubility does not change

as function of pressure. these assumptions are valid at moderate pressure, i.e.,

according to the Zezin and Driesner, dxl
w

dp(l) ∼ 5 × 10−5/Mpa, while the saturated

mole fraction of water is in the order of 10−1. In the simplest approximation
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where the solution pressure p(l) ∼ −
2σlv
rp
∼ −1 Mpa, the change in solubility is

negligible.). Applying first order approximation stated above, we arrive at:

RT ln
 pv

p(l)
sat

 =
ṽl

xl
w

(
p(l) − p(l)

s

)
+

ṽl

xl
w

(
p(l)

s − p(l)
sat

)
−

1 − xl
w

xl
w

vs
c

(
p(c) − p(c)

s

)
−

1 − xl
w

xl
w

vs
c

(
p(c)

s − p(l)
sat

)
(C.13)

Up to now, we arrived at the complete description of the three-phase equilibria

of the two-component system. In total we have six unknowns: p(v)
s , p(l)

s , p(c)
s , p(l),

p(c) and xl
w and six equations: equation C.9 to C.13 plus EoS of aqueous KCl

solution, we can then solve for the molality at different equilibrium conditions.

C.1.3 Physical interpretation of the phase equilibria

To gain more physical insights on the three-phase equilibria, we substitute equa-

tion C.9 to C.12 into equation C.13 and we arrive at:

∆vsol

vl
w

RT ln
 pv

p(v)
s

(
xl

w
) − xl

wRT ln

 p(v)
s

(
xl

w

)
pl

sat

 =
(
1 − xl

w

)
vs

c
2σcl

rc
(C.14)

Where ∆vsol = ṽl − xl
wvl

w −
(
1 − xl

w

)
vs

c. Physically, as vapor pressure of the system

changes, the first term in equation above accounts for the pressure work done

to the system phase due to tension as dissolution of crystal by solvent preceded.

the second term accounts for the shift in chemical potential of the solution as

it is away from the the saturation concentration; and finally the RHS accounts

for the chemical potential shift due to the crystal in confinement. When there

is no tension in the solution, i.e., pv = p(v)
s , the equilibrium is established solely

by the supersaturation term and the Laplace pressure term, This is the so-called

Corren’s equation:

xl
wRT ln

 p(v)
s

(
xl

w

)
pl

sat

 = −
(
1 − xl

w

)
vs

c
2σcl

rc
(C.15)
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When tension is introduced, depending on the sign of ∆vsol, tension either pro-

motes (if ∆vsol < 0) or suppresses (if ∆vsol > 0) dissolution; the second term

accounts for the osmotic pressure work done to the solution phase. the total

work done to the solution phase is balanced by the total work done to the crys-

talline phase on the right hand side. Equation C.14 is essentially identical to the

equation 28 derived by Flatt.25

To evaluate equation C.14, we adapted the Equations of State for KCl aque-

ous solution. We evaluate the water activity via established osmotic coefficient

φ and the following equation:

φ = −
ln aw

Mwνm
(C.16)

Where ν is the number of ions formed when one mole of salt is dissolved in

water (e.g., for monovalent crystal dissolved in water, ν = 2), m is the molality

of the solution and aw is the water activity of the solution and it follows: aw =

pwat,sol

pw,sat
. The vapor pressure of water can be obtained from Wagner and Pruss.3

We evaluate the solution molar volume via the density of solution measured as

function of concentration. We can express the apparent molar volume by:

ṽl =
Mwxl

w + 1
ν
Mcxl

c

ρsol(xl
w)

(C.17)

In the case of LiCl aqueous solution, ∆vsol > 0, thus tension suppresses dissolu-

tion. The limit of maximum tension that can hold by the solution is determined

by either the kinetic limit of nucleation (bubble or crystal) or the maximum

Laplace pressure.In moderate confinement size, the limit of tension is mostly

determined by the Laplace pressure,5 i.e., p(l) = −
2σlv
rp

+ pv. Recall the crystal

pressure is related to the solution pressure by the Laplace pressure (i.e., equa-

tion C.10), Since the surface tension of solution-vapor is greater than that of
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crystal-solution, thus at the limit of maximum tension, the equilibrium molality

is sub-saturated w.r.t. saturated solution.

The glass construction of the nanochannel gives rise to the opportunity to

track the dissolution front of crystal upon equilibrium, we can then calculate

the solution volume based on the amount of dissolved crystal and the molality

inferred from the equilibrium calculation. the volume of dissolved crystal in the

channel V (c)
dis and the solution volume Vsol should satisfy:

Vsol

V (c)
dis

=
νṽl

(
xl

c

)
vcxl

c
(C.18)

For solution near saturation, the above ratio is in the order of 10. this means

for one unit volume of crystal dissolved, 10 unit volume of solution is formed.

Compared to experimental value, there is apparent contradiction between ten-

sion and the solution volume, where does the extra solution go? If there is extra

solution flowing out from channels to outside, there would be 1) loss of crystal,

2) loss of tension?

C.2 Gibbs-Thomson for elastic solid

C.2.1 Thermodynamic Description of Elastic Deformation

The equations below are derived following Olivier Coussy, Mechanics and

Physics of Porous Solids. Consider the first law of thermodynamics, the free

energy of an open system when dn substance is added:

µdn = Fdn + dW (C.19)
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Where µ is the chemical potential, F is the Helmholtz free energy and dW is the

work associated with adding dn number of extra substance to the system. When

dn is added, the original system needed to be compressed to accommodate for

the volume of dn. We can consider such work is done following two separate

steps: first the system compressed from 0 to dV0 where we take the undeformed

state as reference denoted by subscript 0, the work associated with this com-

pression is dW0⇒dV0 ; Additional work dWdV0⇒dV is the done to the system as dn is

added and strained. Thus we can write:

dW = dW0⇒dV0 + dWdV0⇒dV (C.20)

and

dW0⇒dV0 = −σJvJ,0dn, dWdV0⇒dV = (σJε + sJ : eJ)vJ,0dn (C.21)

Where the J subscript represents phase J, vJ and vJ,0 are the deformed and un-

deformed molar volume and the volumetric strain can be related to the com-

pressed and reference molar volume as: ε = (vJ − vJ,0)/vJ,0. Combine equations

(1)-(3), the equation of states for chemical potential can be shown as:

µJ = FJ − σii,JvJ − si j,J : ei j,JvJ,0 (C.22)

The stress terms in above equations represent Einstein summation. In the text

below, the Einstein notation is omitted, the summation should be carried out by

default unless specify otherwise.Recall the equations of states associated with

chemical potential or Helmholtz free energy, that is µ = µ(P,T ) and F = F(V,T ),

We can differentiate equation (4) and arrive at:

dµ = −vJdσJ − vJ,0eJ : dsJ − sJdT (C.23)

This is the general Gibbs-Duhem equation that describe the free energy of elas-

tically stress substance. For liquid or spherically stressed solid, the deviatoric
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stress is zero and the principle recovered the value of pressure in opposite di-

rection, thus we recover the Gibbs-Duhem equation: dµJ = vJdp − sJdT .

C.2.2 Elastic Solid-Liquid Equilibrium

To obtain a description of phase equilibrium accounting for strain energy as-

sociated with mechanical defomration and thermal expansion, we expand the

chemical potential up to second order:

∆µl = vl∆p − sl∆T +
1
2

(
2
∂µ

∂p∂T
∆p∆T +

∂2µ

∂p2 ∆p2 +
∂2µ

∂T 2 ∆T 2
)

(C.24)

Thus for liquid phase where no shear at equilibrium:

∆µl = vl∆p − sl∆T +
1
2

(
6αlvl∆p∆T +

vl

Kl
∆p2 +

cp,l

T0
∆T 2

)
(C.25)

Where α, K and c are the linear thermal expansion coefficient, bulk modulus and

isobaric specific heat capacity respectively. Similarly, with equation (5), we can

differentiate the chemical potential of an elastic crystal and obtain the following

equation:

∆µc = vc∆σ − sc∆T +
vcsi js ji

4Gc
+

1
2

(
6αcvc∆σ∆T +

vl

Kc
∆σ2 +

cc

T0
∆T 2

)
(C.26)

Where G is the shear modulus of the crystal. The equations of states for linear

elastic stress and strain can be derived by comparing euqation (5) and (8) and

grouping temperature and stress terms, but we did not include such derivation

here. At equilibrium, the chemical potential of solid and liquid is equal, ne-

glecting the energy associate with deformation (which we will justify later), the

equilibrium condition is:

vc(−σ − p0) − vl(pl − p0) = ∆s(T − T0) (C.27)
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Where ∆s = sc − sl. In the case either the solid or liquid phase is unconstrained

and that the spherical stress prevails, i.e. pJ − p0 ≈ 0 and −σ = pc, we can

recover the classical Gibbs-Thomson relation: vJ(pJ − p0) = ∆s(T − T0), which

states that ice melts under pressurization following the slope of ∆s(T − T0)/vc ≈

−1.2MPa/◦C. In the case of both phases are unconstrained, i.e., pl = pc, equation

(9) reduces to dp
dT = ∆s

∆v , this is the well-known Thomson equation, which states

that ice melts under pressurization following the slope of −12MPa/◦C.

Now consider the case where both phases are constrained, we combine equa-

tion (9) with Laplace equation upon melting in confinement, we finally arrive:

2γclvc cos θ
rp

+ (vc − vl)(pl − p0) = ∆s(T − T0) (C.28)

Here we can conclude that the shift of melting point of confined ice is con-

tributed by both the Laplace pressure and the pressure of liquid phase.

In the case where both phases are confined, i.e., upon freezing onset in a

sealed saturated porous material, the melting point suppression is combine ef-

fect from the Gibbs-Thomson and Thomson pressure melting. Ice-liquid equi-

librium in confinement is possible even below Gibbs-Thomson melting temper-

ature when liquid phase is pressurized. From equation (10), we can see the

partition of melting point suppression to liquid pressure and crystal pressure

differs by a factor of (vc − vl)/vc, meaning at any equilibrium temperature that

is below the Gibbs-Thomson melting temperature, the liquid pressure is signifi-

cantly elevated, and that the Laplace pressure contribution is negligible, that is:

pc ≈ pl.

In a similar but fundamentally different scenario where the crystal is uncon-

strained, for example, during invasion or bulk ice, or in unsaturated porous ma-

terials where ice is allowed to expand freely such that the crystal to pressure at
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atmospheric, equation (9) then reduce to: − vl
vc

(pl − p0) =
∆s(T−T0)

vc
. At temperature

above the the Gibbs-Thomson temperature, the Laplace pressure is responsible

for establishing equilibrium; at temperature below the Gibbs-Thomson temper-

ature, the liquid pressure is further reduced, thus transport of water will occur

driven by the negative liquid pressure.

Incidentally, the two scenarios described above are the two limiting cases of

during the freezing of porous materials. As illustrated in Coussy, effective hy-

draulic resistance depends on the liquid saturation (assuming the conductivity

of solid is much lower than that of solid). Towards the end of freezing process,

the resistance approaches infinity and thus the final equilibrium approaches the

isolated case where liquid pressure is positive and large; On the other hand, at

the moment when Gibbs-Thomson equilibrium was established and the crystal

is stress free, the liquid phase is in reduced/negative pressure. a representa-

tive pressure-temperature plot in freezing of porous material, please refer to

Coussy’s Mechanics and Physics and Porous Solids, Chapter 9, Figure 9.12.

Next, we will discuss the validity of the neglecting higher order terms in

equation (8). equation (9) is valid as long as the strain energy (due to deforma-

tion and thermal expansion) is small compared to the first order terms, thus the

conditions are:

∆s(T − T0)
2Kcvc

� 1,
∆s(T − T0)

4Gcvc
� 1,

∆s(T − T0)
2Klvc

� 1 (C.29)

and

3αc(T − T0) � 1, 3αl(T − T0) � 1,
(cc − cp,l)(T − T0)vc

2T0∆svl
� 1 (C.30)

For ice: T0 = 273 K, ∆s/vc = 1.2 MPa/K, Kc ≈ 9 GPa, 3αc = 1.55 × 10−4/K, cc = 38

J/molK and Gc ≈ 3 GPa. And for water: Kl ≈ 2 GPa, 3αl = −2.86 × 10−4/K and
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cp,l = 75 J/molK. With water properties, equations (11) and (12) are always true

for realistic sub-cooling down to -45◦C, thus no significant shear is developed in

ice crystal during freezing in porous materials and equation (9) is always valid

for realistic temperature range.

During the freezing experiment, crystal formation in channels are intro-

duced by nucleation at temperature around -8◦C, then equilibrium is subse-

quently developed. This equilibrium entails a pressure difference between ice

and water of order of 10 MPa, while the Laplace pressure between ice-water

interface is only capable of providing 1 MPa pressure, the liquid pressure has

to be substantially elevated to the order of 90 MPa in establishing equilibrium.

This indicates that the pore wall is subjected to stress in the same order, which

is much higher than the bonding strength and as consequence, the nanochan-

nel ought to be irreversibly damaged, unless the liquid phase is relaxed due to

drainage at a rate such that excessive pressurization did not occur.

C.2.3 Crystal Invasion Length in Saturated Porous Medium

Coussy showed that the relation between melting point and saturation of liquid

or crystal(S l,c) in an isolated porous system can be expressed as:

∆T = [1 − S l(rp)]
KlKcvc(1 − vl/vc)2

S l(rp)Kcvc + (1 − S l(rp))Kl∆s
+

2γclvc cos θ
rp∆s

(C.31)

In the case of well-defined nanochannel, the liquid saturation S l is simply the

ratio of liquid column length over the total length of the nanochannel. Thus in

an ideal isolated nanochannel, the invasion length ice (the same as ice satura-

tion, which is equals to 1 − S l) should follows equation (13) at the channel is

subjected to different degree of sub-cooling.
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However, the assumption of isolated system may not be valid as peculiar

dynamics was observed in preliminary freezing experiment in nanochannel, the

relaxation dynamics of water drainage should be considered.
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