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ABSTRACT
Hydrophobic surfaces that are robust can have widespread applications in various
industries including energy, hydropower, and transportation. In particular, hydrophobic
materials promote dropwise condensation, which results in heat transfer coefficients that
can be an order of magnitude higher than those seen in conventional filmwise
condensation. Existing durable materials such as metals and ceramics are generally
hydrophilic and require polymeric modifiers to render them hydrophobic, but these
modifiers deteriorate in harsh environments. Therefore, robust hydrophobic surfaces have
been difficult to realize and their widespread applicability has been limited.
In this thesis, the class of ceramics comprising the lanthanide series rare-earth oxides
(REOs) is studied for their hydrophobic potential. The unique electronic structure of the
rare-earth metal atom inhibits hydrogen bonding with interfacial water molecules
resulting in a hydrophobic hydration structure where the surface oxygen atoms are the
only hydrogen bonding sites. Despite being inherently hydrophobic, the presence of
excess surface oxygen on REOs can lead to increased hydrogen bonding and thereby
reduce their hydrophobicity. Using X-ray Photoelectron Spectroscopy (XPS) and wetting
measurements, surface stoichiometry and surface relaxations have been shown to impact
wetting properties of REOs. Specifically, freshly sputtered ceria is shown to be
hydrophilic due to excess surface oxygen (shown to have an O/Ce ratio of ~3), which
when relaxed in a clean, ultra-high vacuum environment isolated from airborne
contaminants reaches close to stoichiometric O/Ce ratio (-2.2) and becomes
hydrophobic. Further, airborne hydrocarbon contaminants do not exclusively impact the
wetting properties of REOs, and relaxed REOs are intrinsically hydrophobic.
This thesis also demonstrates that thin-film coatings (-300 nm) of relaxed hydrophobic
REOs show sustained dropwise condensation behavior for over 100 hours at accelerated
saturated steam conditions without compromising structural integrity or hydrophobicity,
5 kW/m 2 K)
and produce a tenfold enhancement in the heat transfer co-efficient (103
2
compared to conventional filmwise condensation (usually <10 kW/m K).
Finally, the political economy of rare-earths has been studied to understand the causes for
market failure. A knowledge assessment exercise finds that rare-earth prices greatly

depend on the rise of competing technologies and alternative resources, and international
trade policies. It is envisioned that robust hydrophobic rare-earth oxide ceramics will
have far reaching technological applications, especially in dropwise condensation.
Thesis Supervisor: Kripa K. Varanasi
Title: Associate Professor of Mechanical Engineering, MIT
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1. Introduction
Interfaces are ubiquitous -- from industrial surfaces such as turbine blades to
household surfaces such as non-stick cookware. Defined as the boundary between two
phases of matter, two-dimensional interfaces possess unique physicochemical properties
that differentiate them from the otherwise three-dimensional bulk matter. Fundamental
interactions at the interface gives rise to the broader "interfacial phenomena" that is twodimensional in nature. Catalysis, drugs, colloids, foams are all illustrations of interfacial
phenomena and have been widely studied under the branch of interfacial science.
One such interfacial phenomenon is the interaction of liquids with solid phases.
Broadly speaking, the interaction between water and solids in particular can be classified
as hydrophilic or hydrophobic. The words hydrophilic and hydrophobic, derived from
Ancient Greek, literally mean water-loving and water-fearing respectively. Materials
which have. affinity for water are known as hydrophilic materials, and cause water to
spread across them, maximizing contact. Most materials tend to be hydrophilic -- metals,
for example, usually spread water upon contact. Those that tend to repel water and cause
water to bead up are known as hydrophobic materials. A common example of a
hydrophobic material in nature is the lotus leaf: with a slippery, waxy coating on the
surface it is capable of keeping itself remarkably dry. Another example is the wing of the
Morpho butterfly (Morpho didius) (see Figure 1-1)1. A more common household example
is the protective wax layer often applied on cars. In fact, mechanics often recommend
splashing the surface of the car with water to identify if it needs waxing -- if water
spreads then it likely needs to be waxed, but if it forms beads of water it is hydrophobic
and does not need waxing.

11

~410

tIOiI

Figure 1-1: Water drop impacting a hydrophobic butterfly wing

For decades, hydrophilic and hydrophobic materials have been extensively
studied for applications in a wide range of settings. Both classes of materials can have a
significant impact on the performance of power plants, hydropower systems, airplane
wings and desalination plants, among other technologies. Improvements in hydrophilic
and hydrophobic surfaces could provide better containers with liquids gliding out easily,
anti-fog goggles, \veather-resistant fabrics, corrosion and fouling resistant surfaces in
hydropower systems, or power plants that harness lesser fliel to generate more electricity.
In this thesis, a particular class of hydrophobic ceramics called rare-eath oxides
has been studied for aspects of their surface chemistry as well as broader applications.
1.1 Motivation
Hydrophobic materials typically possess low surface energy and have an eclectic
range of applications as discussed earlier. Superhydrophobic surfaces in particular, which
require a combination of surface chemistry and surface topography, have attracted

12

significant attention over the past decade because of their broad technological potential2
6.

There has been considerable focus on understanding their wettability 7 ' and developing

them for a wide range of applications including droplet impact resistance, 9-"'1'3, antidrop-wise

icing 4-19,

evaporation
1.1.1

33,34

condensation 20-24,

and anti-corrosion

electro-wetting2 5 26,

drag

reduction27-32

35-38

Condensation Heat Transfer and Power Generation

Fossil fuels such as coal, natural gas and oil, under the umbrella term
"conventional energy sources", have for decades addressed electricity generation needs:
presently accounting for about 67% of the needs in the US and about 87% worldwide
39,40.

Owing to their limited supply and the ever-increasing greenhouse gas
emissions,

policymakers have been forced to re-evaluate the use of fossil fuels and consider
alternative forms of energy such as solar, geothermal and wind energy. While modem
research in conjunction with new incentive programs continue to bring alternative forms
of energy to fruition, the basic conundrum remains: is the proposed renewable energy
mix sufficient to completely end reliance on fossil fuels in the near future? Some studies
have estimated it will take several decades to make this transition: the world's energy
reliance on fossil fuels barely changed from 88% to 87% between 1990 and 201240. This
is a staggering reality, which suggests that conventional energy is here to stay at least in
the near future and as such, any efficiency enhancements in conventional electricity
generation are highly desirable.
For years, researchers have studied ways to improve energy efficiency in
conventional power plants in order to maximize the energy generation output for a given
fuel input. Succinctly put, in a conventional power plant, the heat of combustion from

13

fossil fuels is utilized to boil water and convert to high-pressure steam, which then drives
turbines to generate electricity. The stearn then condenses to water, which is recycled
back to the boiler (See Figure 1-2).

ab
w

w4
2:

Figure 1-2: Condensation heat transfer in power plants a) Typical Rankine cycle in power plants
showing the main steps: 1-2: pumping water from low to high pressure, 2-3: boiling, 3-4: steam
running the turbine, 4-1: condensation of steam and b) typical condenser used in power plants
This condensation process is crucial in the overall power plant infrastructure, as
roughly 85% of the global installed base of electricity generation plants rely on steam
condensers to generate

a low backpi-essure

at the outlet of a steam turbine.4 1

Traditionally, steam condensers have been constructed from high surface-energy metals
such as copper and titanium, which are typically hydrophilic. As such, steam condenses
in a film-wise manner on these metals (see right side of Figure 1-3). The presence of this
hydrophilic film is very detrimental to process efficiency: using the analogy of an
uncomfortable jacket on a hot summer day, this film adds significant resistance to heat
transfer and prevents steam from condensing on the underlying surface, thereby reducing
heat transfer performance.
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If steam were instead made to condense on a hydrophobic material, it would do so
in a "drop-wise" manner - as seen below on the left side of Figure 1-3. These drops shed
very quickly and expose more of the underlying surface to steam, thereby significantly
reducing thermal resistance and improving heat transfer performance. Hydrophobic
materials coated over existing condenser surfaces can increase the corresponding heat
transfer co-efficient by ten times, which in turn corresponds to a superior improvement
in the overall plant efficiency by a remarkable 3-5%.

t

I

4L'

f

4

IT

Figure

1-3: Dropwise vs. filmnwise condensation. A silicon wafer with one half is covered in a

thin layer Of flUorosilane (a hydrophobic mnaterial) on the left, and the other half cleaned with
r1

"

ev

stit~

oxygen plasmna on the right (hydrophi liC)43
1.1.2

Hydropower Industry - Corrosion and Fouling Mitigation

Hydropower has provided a clean, alternative form of energy for many years that
si continues to meet the er-nesigglobal

electricity

demnand.

Presently,

is a vital
hydropower accounts for about 7% of the electricity needs in the U.S, and
component of the clean-energy cnix; representing about 52% of the total renewable
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energy generation44 . Hydropower turbines have over the years evolved to become
extremely efficient. With over 90% net efficiency, hydropower systems have served as an
excellent model for harnessing maximum potential while maintaining a high standard of
performance and reliability.
Despite these high performance metrics, hydropower systems have not been
immune from environmental factors that affect long-term performance and increase
annual maintenance costs. A common example is bio-fouling -- in particular, infestation
by zebra mussels in many North American hydropower facilities . These species rapidly
adhere to hydropower conveyance structures such as penstocks as well as inside cooling
water systems for turbines (see Figure 1-4 below). Some plants have adopted chemical
treatment procedures to mitigate the infestation; however, such methods have large
annual

operating costs (estimated around US$100,000

per year), and may have

detrimental environment effects.

4
Figure 1-4: Zebra mussel fouling on a condenser tube sheet

Corrosion of plant components, drag-induced losses and scale-formation are other
issues that potentially affect the performance of hydropower systems. Several studies
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over the past decades have shown that the costs associated with corrosion are high both
from an operational and safety perspective. Typical numbers are on the order of 3% for a
given country's Gross National Product, and in the United States this amounts to over
$276 billion per year46,47. Similarly, fouling results in significant operational losses due to
impaired heat transfer, flow blockage, and decreased equipment lifetime. Moreover, the
costs of heat exchanger fouling arising from cleaning, fluid treatment, additional
hardware, and loss of energy and production have been estimated to be about 0.25% of
the GDP of industrialized countries 8 . In fact corrosion and fouling are coupled and each
exacerbates the effects of the other. Despite the many advances that have been made in
corrosion protection, there is still a significant need for the development of robust
materials that can overcome the current challenges. A major obstacle for the advance is
the lack of understanding of the fundamental interfacial interactions and the ability to
dynamically address these interactions.
Thus, it is highly desirable to have a long-term robust solution in the form of
infrastructural upgrades and reliable low-surface energy/hydrophobic coatings that can
address some of these challenges and thereby reduce net annual costs for the industry and
improve performance and efficiency.
1.1.3

The Need for Robust Hydrophobic Materials

An important challenge for broad applicability of hydrophobic materials is their
limited robustness

45 49 .

Most approaches for fabricating superhydrophobic surfaces

involve texturing a polymeric hydrophobic material or coating a textured hydrophilic
material with a polymeric hydrophobic modifier such as organosilanes or thiols. Existing
durable materials such as metals and ceramics are generally hydrophilic and require
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polymeric hydrophobic modifiers to render them hydrophobic . However, polymeric
modifiers deteriorate in harsh environments such as steam, making it difficult to realize
robust hydrophobic surfaces. Hence, there is a clear need for robust materials such as
ceramics that are intrinsically hydrophobic.
In hydropower systems in particular, robust material surfaces that can minimize
polar interactions (in other words, maximize hydrophobic interactions) can have
significant impact on corrosion and fouling mitigation. However, there are many
fundamental material science barriers that have to be overcome for the realization of
these benefits. For example, low surface energy polymers dominate the field of
hydrophobic materials. These polymeric materials lack the stability and durability to last
in aggressive environments that include temperature fluctuations, abrasion, erosion, wear,
and so on. As discussed previously, these polymeric coatings do not last long in harsh
environments; hence robust hydrophobic/superhydrophobic surfaces have been difficult
to realize and their widespread applicability has been limited. Therefore, there is a
significant need for developing intrinsically hydrophobic or low surface robust materials
for controlling fouling and corrosion.
Recent studies have shown that the class of ceramics comprising the lanthanide
series rare-earth oxides (REOs) is intrinsically hydrophobic 51-56 . Ceramics have a greater
robustness advantage than most polymers when it comes to temperature and abrasion
resistance. REO-based cermaics are capable of sustaining their intrinsic hydrophobicity
after exposure to extreme processing conditions such as high temperature, abrasive wear,
and steam 51
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Little work has been done in the past to better understand the intrinsic
hydrophobicity of REOs and the role of surface chemistry changes and environmental
factors such as airborne hydrocarbons. Furthermore, no past studies have demonstrated
long-term sustained dropwise condensation on REOs and addressed the feasibility of
their realistic applications in the industry with a focus on material costs. This leads to the
main focus of this thesis.
1.2 Thesis Objectives
Succinctly stated, the main objectives of this thesis are:
e

Study the intrinsic hydrophobicity of REOs and demonstrate that airborne
hydrocarbons that may accumulate on their surface do not exclusively explain
their hydrophobicity

e

Study the effect of excess hydrogen-bonding sites such as a higher-thanstoichiometric lattice oxygen content that may affect the wettability of REOs

-

Develop stable thin-films of REOs that do not degrade when exposed to harsh
environments

e

Perform extended steam condensation experiments on hydrophobic REOs to
demonstrate dropwise condensation performance and longevity

-

Derive inferences for viability of hydrophobic REO coatings in hydropower
systems, reducing ice adhesion, anti-corrosion and anti-fouling applications and
so on

e

Analyze the political economy for rare-earth elements to determine the potential
for market failure and follow the price dynamics in light of the potential
applications of REOs as hydrophobic coatings
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e

Provide recommendations for policy-makers regarding rare-earths.

1.3 Thesis Layout
In this thesis, Chapter 1 has introduced the subject of hydrophobic materials and
provided a broader motivation for the work, as well as the specific objectives.
Chapter 2 "Review of Wetting and Adhesion" discusses some of the fundamental
concepts in interfacial science such as contact angle, surface energy, adhesion,
superhydrophobicity and so on.
Chapter 3 "Fundamental Studies on the Hydrophobicity of Rare-earth Oxides"
begins by surveying previous work that has studied the wettability of REOs. It will then
describe experiments that were performed to demonstrate that REOs are intrinsically
hydrophobic, and that ambient airborne hydrocarbons do not exclusively explain their
hydrophobic behavior. The effect of morphological and surface chemistry defects will be
studied as well.
Chapter 4 "Sustained Drop-wise Condensation on REOs" describes experiments
that were performed to study condensation behavior and heat transfer performance on
hydrophobic REOs.
Chapter 5 "Policy Considerations" will address the political economy of rareearths and knowledge assessment elements. It will also provide recommendations to
policymakers with regards to REOs.
Finally, Chapter 6 "Summary and Conclusions" will summarize the main takeaway points from this thesis.
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2. Review of Wetting and Adhesion
In this chapter, fundamental concepts in wetting and adhesion will be reviewed.
2.1 Fundamentals of Wetting
The phenonenon of wetting has been known for Many centuries. Aristotle first
reported around 300 BC that when a thin solid object that is denser than water is laid on
the surface of water, it will float5 7. (alileo.

in 1612, further noted that the top of such a

floating solid was typically below the surface of the water . This phenomenon arises due
to a unique property of water called "surLace tension" -- which provides a force at the
contact line surrounding the floating object.
2.1.1

Young's Model

Thomas Young, in 1805, was the first to explicitly quantify wettability in form of
an interfacial property called "contact angle".

Vapor

Lqi

K

a
b

Figure 2-1: Young's wetting model (a) Sessile drop of liquid on a solid, showing the strain field
in the solid under the three-phase boundary. (b) Complete resolution of forces about a three-phase

line

7

Essentially, Young's model is a two-dimensional force balance at the contact line
of a droplet (Figure 2-1). This force balance relates the three principal interfacial
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energies: the liquid-vapor interfacial energy YLV, the solid-liquid interfacial energy YSL,
and the vapor-solid interfacial energy ysv. With regards to a vertical force balance, the
vertical forces due to YLv are balanced by the strain field below the contact line, assuming
that the solid material is rigid and non-deformable. Therefore, the horizontal force
balance results in the famous Young equation:
YSV= YSL +

Equation 2-1

YLv COS Ge

where, 0, is known as the equilibrium or static contact angle, and is a property of given
solid-liquid pair.
The principles of hydrophilicity and hydrophobicity introduced earlier can be
quantified using Ge. By convention:
Hydrophilic materials: 0 <Ge < 90'
Hydrophobic materials: 900 < 0, < 180'

It can be further inferred from the Young's equation that 0, depends on interfacial
energies y, which is the free energy per unit area. In a liquid, each molecule in the bulk is
pulled equally in every direction by neighboring liquid molecules, resulting in a net force
of zero. However, on the surface, molecules do not have neighbors in all directions to
provide a net balanced force and as such, they are pulled inwards by neighboring
molecules creating a "tension". As a result, the liquid contracts its surface area to
maintain the lowest possible surface free energy. This intermolecular force to contract the
surface is called "surface tension" and is responsible for the shape of liquid droplets (see
Figure 2-2).
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The differences betweeni surface tensions of common liquids provide insight into
the nature of intermolecular forces in these liquids. For example, hydrocarbon liquids
such as hexane and octane tend to have the lowest surface tensions among all known
0
liquids, usually less than 25 mi/mn 2 . On the other hand, water at 25 C has a surface

tension of 72 mi/mn 2 . The difference can be explained by the nature and strength of
intermolecular forces: water tends to have hydrogen-bonding networks among its
molecules

due to the

electronegative

character

of the

oxygen

atoms

and the

electropositive characters of hydrogen atoms in water giving rise to this dynamic
interaction (See Figure 2-3). Hydrocarbon liquids do not possess such intermolecular
forces of attraction, and as such their surface tension is lower. Liquid mercury has an
even higher surface tension of 465 mi/rn 2 , which can be explained by the high strength of
metallic bonding in liquid mercury.
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Hydrogen bond

{
(+)
H

0

Figure 2-3: Hydrogen bonding interactions between water molecules
For solids, the interfacial energy is more commonly known as "surface free
energy". Most solids possess free surface energies that are much larger than water.
2
Metals such as aluminum and copper have surface energies of 1.14 and 1.78 J/n

respectively

. This explains why water typically spreads on these metals. On the other

9

hand, on materials with a low surface energy such as polytetrafluoroethylene (PTFE, or
2~

611

2
Teflon*)), with free surface energy of about 0.020 i/m , water beads up . Typically,

hydrophobic materials are known to possess low surface energy, which makes them
attractive for repelling both water and solids.
2.1.2

Advancing and Receding Contact Angles and Contact Angle Hysteresis

While Young's equation provides a fIrst-principles understanding of wetting on a
theoretical

"smooth"

surface,

in

reality

most

solid

surfaces

possess

significant

heterogeneities, either due to chemical imperfections or roughness. Even the most wellpolished single-crystal solid surfaces such as a chip of Yttria-stabilized Zirconia (YSZ)
possesses heterogeneities and micro and nano-scale roughness. These heterogeneities act
as "pinning sites" for the contact line of a drop and when a moving drop encounters these
defect sites, it can assume a contact aigle that may be higher or lower than the

24

equilibrium contact angle 0, postulated by Young's theory. As such, the measurement of
a single static contact angle to characterize wetting behavior is not particularly adequate
in realistic situations.
Thus, in order to address these drawbacks, a new type of characterization of
wettability is needed in terms of "dynamic" contact angles. Specifically, it is important to
define the contact angles formed by expanding and contracting liquids, and are referred to
as the advancing contact angle 0, and the receding contact angle 0 , respectively (See
Figure 2-4). The advancing angle O, is simply the maximum observed contact angle
attained by a drop, whereas the receding angle is the minimum observed contact angle
attained. The difference between the advancing angle and the receding angle is called
contact angle hysteresis (CAH)=

, - 0,. The significance of CAH is that it represents the

degree of drop pinning sites on the surface and governs the ease at which a drop can roll
off a surface. For solids that have a low CAH, water drops shed relatively easily from the
surface given that pinning sites are minimal.

receding angle

advancing angle

Figure 2-4: Illustration of advancing and receding contact angles
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It is well known that the experimentally measured advancing contact angle

0 a is

a

good approximation of Young's theoretical equilibrium contact angle 0, and as such a
better measure

of hydrophobicity

versus hydrophilicity,61,62.

In this thesis, all

experimentally measured contact angle values are the advancing contact angles and have
been used to characterize wettability.
2.1.3

Wenzel and Cassie Models for Rough Surfaces and Superhydrophobicity

Surface heterogeneities also exist in terms of roughness, which complicates
Young's contact angle model further. The apparent contact angle of a droplet on a surface
relies greatly on the wetting state of the droplet and the morphology of the surface. The
two most common models of wetting states that incorporate the effect of roughness are
the "Wenzel" and "Cassie-Baxter" models.
In the Wenzel state (Figure 2-5), the roughness features on the surface impale the
drop within the features. As such, the drop may demonstrate a high contact angle, albeit it
will be highly pinned on the surface. The change in contact angle owing to the Wenzel
state is given by the following equation:
Equation 2-2

cos 0* = r (cos Oe)

Where
r = "Roughness factor" = Total surface area/Projected surface area (always > 1)
0*= Apparent contact angle due to roughness effects in Wenzel state
0e = Theoretical equilibrium contact angle

It can be seen that in the limiting case where r = 1, the surface is perfectly smooth
and the apparent contact angle is equal to the Young's equilibrium angle. This relation
also implies that any roughness will amplify a solid's intrinsic wettability. In other words,
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a hydrophilic solid (0e < 90') will become even more hydrophilic (0* < 0e) whereas a
hydrophobic solid (0e > 90') will become even more hydrophobic (0* > 0,).
The other commonly used model - the Cassie-Baxter model - postulates that the

drop sits on top of the roughness features rather than sinking inside (see Figure 2-5). As
such, there is a composite of liquid/vapor and liquid/solid interfaces and the drop is not
quite pinned as compared to the Wenzel state. The change in contact angle owing to the
Cassie-Baxter state is given by the following equation:
Equation 2-3

cos 0*= p(1 + cos 0e) - 1
Where,
p

=

Apparent contact angle due to roughness effects in Wenzel state

0*
0,

wetted area fraction

=

Theoretical equilibrium contact angle

Similar to the Wenzel state, the Cassie-Baxter state amplifies the intrinsic
wettability of solids. In fact, if solids exhibit the Cassie-Baxter state in the hydrophobic
regime with 0* > 1500, they are often referred to as superhydrophobic materials. Many
surfaces in nature such as the lotus leaf and wings of the Morpho butterfly as discussed
earlier possess roughness features and intrinsic hydrophobicity, and as such demonstrate
superior water-repellency with Q*> 150'. This extremely high apparent contact angle is
accompanied by very low contact angle hysteresis. As such, superhydrophobic materials
especially those that mimic such surfaces found in nature, are highly attractive for
research and industrial applications.
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(a)

(b)

-M

Air

Liquid
Liquid

Airi

Rough solid

Rough solid

Wenzel state

Cassie-Baxter state

Figure 2-5: Commonly used models for rough surfaces (a) Wenzel state model where the water
drop impales within the roughness features and (b) Cassie state model where the water drop sits
atop roughness features

In this thesis, all contact angles were measured using an instrument called the
goniometer (Rame-Hart M500 series - See Figure 2-6). Water drops dispensed on the
solid surface of interest are illuminated using a lamp and recorded by a live camera. An
in-built software recognizes the drop and surface and measures the contact angle. Both
advancing and receding contact angles can be measured by dispensing liquid to or
withdrawing fluid from the drop respectively.

Figure 2-6: Goniometer used to measure contact angles
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2.1.4

Adhesion

Intuitively, low-surface energy hydrophobic materials are attractive in repelling
solids as well. Several studies have shown the relation between wettability and solid
adhesion. For example, researchers Iound that the ice adhesion strength (force required to
fracture ice from a surface) scales with the cosine of the receding contact angle
in Figure 2-7. Another study

lound

4

as seen

a positive correlation between marine biolfouling

fracture energy and contact angle hysteresis.
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Figure 2-7: Correlation between Ice Adhesion Strength and Water Wettability

4

It is therefore hypothesized that low-surface energy hydrophobic materials also
offer promise in repelling solids and as such this makes them attractive for hydropower
applications where scale and bio-fouling resistance is important.
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3. Fundamental Studies on Hydrophobicity of Rareearth Oxides (REOs)
In this chapter, fundamental studies on the wettability of rare-earth oxides (REOs)
will be detailed. Experiments investigating effect of surface chemistry and ambient
airborne hydrocarbons on the wettability of REOs will be discussed. The basic hypothesis
of whether REOs are intrinsically hydrophobic will be addressed. Henceforth, rare-earth
oxides will be abbreviated as REOs for simplicity.
3.1 What are the rare-earths elements?
Rare-earth elements (REEs) range from lanthanum to lutetium (including
scandium and yttrium), and are often called "lanthanide series elements" (see Figure 3-1
below). The adjective "rare" is a misnomer; rare-earth elements are in-fact highly
abundant in the earth's crust and are naturally-occurring (with the exception of
Promethium which is synthetically made).
Group
.
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Figure 3-1: The Rare Earth Elements in the Periodic Table
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The Japanese have called them "the seeds of technology". The U.S. Department
of Energy have called them "technology metals". Senior geologists have gone so far to
say they are the "vitamins of chemistry". Unbeknownst to many, REEs have truly
evolved as the pillars supporting many of the technological advances today -- from the
down-scaling of electronics to the enabling of green energy and medical technologies,
and supporting a variety of essential telecommunications and defense systems. Owing to
their unique magnetic, phosphorescent, and catalytic properties, REEs have been integral
ingredients in enabling many modern technologies to fruition. Some of the most
significant applications of REEs include 64:
-

Permanent neodymium magnets which are some of the strongest known magnets
and are critical for operation on modem wind turbines and are also used in
consumer products such as headphones, hard drives and electric vehicles

-

Color monitors for computers, consumer electronics and televisions are dependent
on REE phosphors for the colors red (europium), blue (europium) and green
(terbium).

e

Light emitting diodes (LEDs) that find applications in many electronics use
yttrium, terbium and erbium

-

Catalysts - REEs in used in many industrial applications: specifically - fluidcracking catalysts used in the refining of crude oil.

Figure 3-2 shows many more novel areas of applications of REEs6 s
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Figure 3-2: Somc additional applications of rare-earth elements O'

3.2 Previous Studies on Hydrophobicity of Rare-earth Oxides
Previous studies have shown that the class of ceramics comprising the oxides of
the rare-earth group of elements in the lanthanide series (rare-earth oxides or REOs) is
intrinsically hydrophobic 1

-6

. An important property that governs a material's surface

energy is its polarity: increasing polarity generally leads to increased surface energy and
hydrophilicity. Common ceramics and metals tend to have high surface energy and are
hydrophilic, as their surfaces are known to have a large number of polar sites due to
coordinative unsaturation effects 6 6 6-X. While most common ceramics tend to have high
surface energy and are hydrophilic, the unique electronic structure of REOs can minimize
polar interactions, inhibit hydrogen bonding with the surface, and render them intrinsically
hydrophobic.

Other recent studies have found a one-to-one correspondence between

surface polarity, and hydrophobicity or hydrophilicity of the surface
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69,70.

NEIPMEW-6

What makes REOs so different from other metal oxides in terms of their
wettability? Metal atoms in REOs have a unique electronic structure: the unfilled 4f
orbitals are shielded from interactions with the surrounding environment by the full octet
of electrons in the 5s 2p6 outer shell (See Figure 3-3). This shielding effect minimizes the
as
hydrogen bonding with interfacial water molecules and renders REOs hydrophobic"l
shown in Figure 3-3. In contrast, in the case of a common ceramic like alumina, the lack
water
of such a shielding effect allows the metal atom to hydrogen bond with interfacial
molecules' . In this case, water molecules are able to maintain their hydrogen-bonding
network on alumina, resulting in hydrophilicity.
(b)

(a)

Empty 3p orbital on valence bandXOctet outer shell
5s 2p 6

Empty orbitals on (4f)
inner shell

Figure 3-3: Schematic of the orientation of water molecules and the associated wetting properties
to an
of a surface (a) Hydrophilicity and schematic of the orientation of water molecules next
alumina surface (using different scales for the surface and water molecules). (b) Hydrophobicity
(surface and
and schematic of the orientation of water molecules next to neodymia (an REO)
51
water molecules not to scale) . Scale bars,

I mmii.

Hence, in the case of REOs, water molecules next to the surface cannot maintain
their hydrogen-bonding network and attain an anti-clathrate hydrophobic hydration
structure (Figure 3-3) and in fact, the entire REO series ranging from ceria to lutecia is
intrinsically hydrophobic as seen by the macroscopic contact angle (Figure 3-4 (c). The
anti-clathrate hydration structure has been verified through FTIR/GATR (Fourier
transform infrared/grazing-angle attenuated total reflection) measurements72. Note that
lanthanum is not an f-block rare-earth element, and as such lanthanum oxide does not
demonstrate hydrophobicity and has not been included in any studied on the wettability
of REOs.
(a)
CeO

PrO

NO

SmO,

Eu O, Gd20

TbO 7 Dy 2O3

Ho,03

Er2O,

Tm 20,

Yb 203

Lu2O,

Figure 3-4: Hydrophobicity of the entire rare-earth oxides series from ceria to lutecia (a)
photographs of sintered REO pellets synthesized using solid-state chemistry techniques (b)
Hydration structure of interfacial water molecules next to a typical ceramic like alumina and rare-

earth oxide (c) Surface energy and contact angle data on REOs (d) superhydrophobic REO by
conformally coating onto a multiscale-textured surface72
In fact, REOs also demonstrate superhydrophobicity when conformally coated on

.

textured surfaces (Figure 3-5) and completely repel high-speed impinging droplets 72

Superhydrophobic laser-ablated REOs have also been developed55 . REOs are capable of

sustaining their intrinsic hydrophobicity after exposure to extreme processing conditions
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'L

such as high temperature, abrasive wear, and stean 72. Because of the unique electronic
properties of the metal atoms in REOs, absence of polar interactions, and their
hydrophobic properties, it is hypothesized that RE(

ceramic based systems can be

effective for inhibiting electrochemical reactions and as such are also a unique system to
systematically study the impact of electronic structure, defects, and doping on fouling and
corrosion and other low-sLirface energy applications.

aa

Figure 3-5: (a) Scanning electronic micrograph of a textured surface coated with a thin layer of

cerium oxide (-200 n); scale bar, 10 tm. (b) Photographs of water droplets on the rare-earth
oxide surface in (a) (contact angle: -160'); scale bar, 2.5 mm. (c) Sequential photographs of
water droplet impinging at

1.6 m/s on the surface in (a); Scale bar, 2.5mm. 7

While previous studies have demonstrated proof-of-principle of hydrophobicity of
REOs, little work has been perlormed on investigating the elTect of surface.chemistry
changes and other environmental factors such as ambient airborne hydrocarbons on their
wettability. In light of these previous results, it is worthwhile exploring

acets of REQ

1
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surface chemistry in relation to their wettability, which has been the focus of the many
experiments conducted during this research.
3.3 Thin-Film Fabrication of REOs
In previous studies on REOs, wettability was studied on pellets that were pressed
into shape using REO powders55,72 (see Figure 3-4 (a) for examples of pellets that were
fabricated). While pellets are a convenient method of providing an experimental surface
to study for wettability using readily available powders, they have a few inherent
drawbacks. Firstly, pellet surlaces are composed of numerous grains (see Figure 3-6) and
as such they possess both physical and chemical heterogeneities. As discussed previously
in Chapter 2, the presence of such heterogeneities affects contact angle measurements.
For example, grain boundaries may provide pinning sites for droplets and as such,
receding anigle measurements are unpredictable and unreliable on pellets. In fact, on a
ceria pellet (Figure 3-6 (a)), the measured contact angle hysteresis is 480, whereas a
sputter-deposited thin-film of cerila has a significantly lower hysteresis at 19' given the
relative homogeneity and lack of pinning sites as seen in Figure 3-6 (b).

Figure 3-6: SEM comparison of ceria as (a) pellet showing numerous grains (b) sputter-deposited
thin-film showing relative homogeneity. Both scale bars are 10 tm
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Secondly, pellets are not quite suitable for broader scalable applications. Most
industrial surfaces are constructed from robust materials such as metals, and as such any
wettability modification on these materials is best realized by means of an overlying
coating. This is also more effective from a cost perspective. As such, thin-films of REOs
(<1 Vm) are more advantageous and throughout this project, thin-films have been
fabricated and studied for wettability rather than pellets.
There are many known techniques to deposit thin-films of materials. Commonly
used methods include: electron beam deposition, pulsed laser deposition (PLD), atomic
layer deposition (ALD), spin coating, and so on. In this thesis, sputter-deposition has
been primarily used as the preferred method to deposit thin films of REOs. Sputterdeposition is best described as playing "billiard balls with ions and atoms" (see Figure 37). In this process, a gaseous plasma is first created in a vacuum chamber typically using
argon gas. Then, ions from the plasma are accelerated into a bulk solid "target" that is
made from the material whose thin-film is being deposited. This material is eroded by the
high-energy ions emanating from the plasma via energy transfer and is ejected in the
form of particles -- either as atoms, molecules or clusters of both. As these particles are
ejected they travel to a "substrate" at the bottom of the sputtering chamber, which is
typically a polished silicon wafer.
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Figure 3-7: Sputter-deposition process in a vacuum chamber

Cerium oxide (also called ceria and henceforth referred to as such) has been
chosen as a model REO in this thesis given the technical feasibility of fabricating thinfilms of ceria and considerations of cost and availability of sputtering targets of ceria, as
well as the availability of extensive past literature on the surface chemistry of ceria.
Erbium oxide (also called erbia) has also been used for thin film-depositions. Typically,
thin-films of ~300 nm thickness have been deposited. Figure 3-8 shows a cross-section
slice of a ceria thin-film deposited on a silicon wafer as seen in an SEM.

---... Ceria Layer (-300 nm)

Silicon Substrate

Figure 3-8: SEM cross-section image of a -300 nm thin-film of
bar: I pn)
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ceria on a silicon substrate. Scale

3.4 Surface hydrocarbon content and wettability of REOs
Airborne hydrocarbons in ambient air can originate from both natural and
anthropogenic sources such as incomplete combustion. The concentration of these
hydrocarbons is typically very dilute compared to the other bulk gases in the atmosphere
such as oxygen, and these concentrations range in the parts-per-trillion to parts-perbillion level. Despite their dilute concentrations such hydrocarbons may adsorb on solid
surfaces and as such, interfere with wettability. As discussed previously, given that
hydrocarbons typically refrain from bonding with water due to their inherent chemical
properties, any surface that contains ambient airborne hydrocarbons may show an
increase in water contact angle.
As such, there have been concerns in recent literature that the hydrophobicity of
REOs may in fact originate from ambient airborne hydrocarbons. Researchers have
shown that the contact angle of water measured on REOs increases with time when left in
.

ambient air as it progressively adsorbs atmospheric hydrocarbon contaminants 73

Therefore, they have attributed the hydrophobicity of REOs to adsorbed hydrocarbon
contaminants rather than arising from intrinsic material characteristics of REOs.
While it is important to avoid ruling out the effect of adsorbed surface
hydrocarbon contaminants on the wettability of REOs, it is also important to study if
hydrocarbon-free REOs indeed demonstrate intrinsic hydrophobicity and characterize
their wettability relative to other hydrophilic materials that may also adsorb
hydrocarbons. Also, changes in surface chemistry and stoichiometry of a pristine REO
surface may potentially impact wettability. As explained previously, hydrophobic
materials typically demonstrate unique behaviors such as superhydrophobicity, complete

39

bounce-off of impinging droplets, dropwise condensation, ice-repellence and so on. If
superficial adsorbed hydrocarbons are responsible for these properties then it would be
detrimental to realizing viable, long-term applications of hydrophobic REOs. Hence, in
order to better understand the contribution of surface hydrocarbon contamination towards
the wettability of REOs and demonstrate genuine intrinsic hydrophobicity, the following
experiments were carefully designed and conducted.
Comparison between Ceria and Alumina

3.4.1

Surface hydrocarbon levels were compared and contrasted on hydrophobic and
hydrophilic materials under identical conditions. Ceria and alumina were selected (which,
as described earlier, are intrinsically hydrophobic and hydrophilic, respectively).
Approximately 300 nm thick layers of ceria and alumina were sputter-deposited on
distinct silicon wafers (AJAsputterer ATC series), and were transported in the same
vacuum desiccator for X-Ray Photoelectron Spectroscopy (XPS) analysis in an ultra-high
vacuum

(UHV)

chamber

(PHI

Versaprobe

II XPS).

Immediately

after XPS

measurements, water contact angles (WCA) were measured using a goniometer (RameHart M500 series). As shown in Table 3-1, both surfaces were found to have similar
surface carbon content (-15%) measured by XPS, yet only ceria was hydrophobic (WCA
> 900) while alumina was hydrophilic (WCA< 90').

Table 3-1: Effect of surface carbon content: comparison between ceria and alumina
Surface

Surface atomic

Contact angle (0)

carbon content (%)
Ceria

15.1

2.1

104

Alumina

15.8

2.5

45

2
3
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These results clearly indicate that surface hydrocarbon contamination exclusively
cannot explain the hydrophobicity of REOs. In fact, the ceria sample in this experiment
was hydrophobic despite having an almost two-fold lower surface carbon content (~ 15%)
than previously reported values on a hydrophobic ceria surface exposed to ambient air
(~34%)73.

All REO samples used in this thesis have been controlled and handled carefully to
minimize hydrocarbon contamination by storing in vacuum (dessicator chambers at ~100
Pa or less) immediately after they were fabricated, until the point of reasonable
experimentation in ambient air. XPS measurements on such samples indicate ~12%
carbon on the surface, which is significantly lower than that expected in the case of
hydrocarbon contamination-induced hydrophobicity such as steel, as explained further.
3.4.2

Hydrophobicity in pure steam environment and dropwise condensation

Steam is highly aggressive in terms of temperature and pressure and is often use
to clean and sanitize surfaces. In fact even silane or thiol based hydrophobic coatings are
not robust and degrade in steam environments2 4 , and as such steam can degrade adsorbed
hydrocarbons from the ambient atmosphere. As stated previously, a unique hallmark of
hydrophobic materials is sustained dropwise condensation: if a material has adsorbed
hydrocarbons that would degrade in the presence of steam, it would not demonstrate
dropwise condensation for extended periods of time. Therefore, it can be hypothesized
that only genuinely hydrophobic materials whose wettability does not exclusively depend
on adsorbed surface hydrocarbons demonstrate sustained dropwise condensation.
In order to test this hypothesis, steel and ceria were compared and contrasted in
this experiment. Contact angles were measured on an as-received stainless steel 304
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sample and a ceria sputtered silicon wafer and surface hydrocarbon content was measured
using XPS. As seen in Table 3-2, the as-received steel sample had a significantly high
water contact angle (~85') due to adsorbed hydrocarbons. In contrast, ceria was
hydrophobic (CA > 90') despite having a lower surface carbon percentage.
Table 3-2: Surface carbon (measured by XPS) and water contact angle
Surface
Ceria
Steel

Surface carbon (%)
15.1
50.7

Contact angle
101
85

(0)

Upon steam condensation, ceria showed sustained dropwise condensation while
the condensate on the steel sample turned into a film as steam washed away the adsorbed
hydrocarbons as shown in Figure 3-6. Furthermore, on the ceria-coated surface, small
departing drop sizes and higher condensation heat transfer co-efficients were measured.
In fact, as described extensively in Chapter 4, ceria remarkably showed sustained
dropwise condensation for over 100 hours without compromising hydrophobicity or
structural integrity.
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Figure 3-9: (a) su~stained dropwise condensation
hyvdrocarbonis washed away by steam

on ceria spu~ttered siliconi

wafer (b) adsorbed

oni stainless steel sample and the resultin1g condensation is

fi-1m1wise.
This experiment

demonstrates that While sur-faCe hydrocarbons

can

greatly

increase the contact angle of' hydrophilic materials such as steel, they are unstable and
their degradation in steamn results In filmnwise condensation. On the contrary, there is an
element of intrinsic hydrophobicity in REOs that shows Sustained dropwise condensation.
3.4.3

Superh~ydrophobicproperty, qf textitredsurfices coated with R EO

As explained preVIOuIsly, ceria-coated textured sur-Faces exhibit super1hyvdr-ophobiC
Cassie wetting behavior, with a contact angle of'- 160' and complete recoil of impacting
drops. Superhydrophobic surfaces that can repel impacting water droplets require both
su-rf'ace texture and hydrophobic surface chemistry (exceptions to this include special reentrant surfaICe texture S74).

Wh Ile

It Is well known in the literature that many metals and

ceramics adsorb hydrocarbons to lower their surface energy and can show high water
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CAs (typically around -70'-80'), hydrocarbon adsorption alone is not sufficient to
promote superhydrophobic properties such as Cassie-state droplets or drop bouncing. If
this were possible, many of the metal/metal oxide surfaces when textured should be able
to bounce water droplets off the surface -- but this does not happen and on the contrary
textures often makes these materials superhydrophilic.
In this experiment, surface carbon and contact angles were compared between
micro-nano textured silicon surfaces both with and without sputtered ceria coating. The
textured surface used was a nanograss-covered silicon micropost surface, similar to the
one in Figure 3-5 above. As can be seen in Table 3-3, the contact angles are significantly
different: the ceria-coated textured surface is superhydrophobic (water droplets are in
Cassie state with high contact angles ~ 160'), while the as-fabricated uncoated micronano textured silicon surface is superhydrophilic. As discussed previously, water droplets
bounce off such ceria coated surfaces.
Table 3-3: Surface carbon (measured by XPS) and water contact angle.
Surface

Surface carbon

Contact angle

(%)

(0)

22.2

0

15.6

160

As-fabricated micro-nano
textured silicon surface
Ceria-coated micro-nano
textured silicon surface

Based on these multiple experiments that demonstrate the non-wetting properties
of REO ceramics under different conditions, it can be argued that hydrocarbon adsorption
exclusively cannot explain these results and leads to the conclusion that REOs are
intrinsically hydrophobic.
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3.5 Role of Surface Oxygen-to-Metal Ratio on the Wettability of REOs
The surface chemistry of REOs plays a significant role in determining the
wettability. If the REO surface were to be modified in that the surface lattice oxygen sites
were increased relative to the rare-earth metal sites, its hydrophobicity will be affected. In
other words, a net increase in the surface oxygen-to-metal ratio beyond the typical
stoichiometric value is detrimental because an increase in surface lattice oxygen provides
more avenues for hydrogen-bonding with interfacial water which further breaks down the
hydrophobic hydration structure seen in Figure 3-3, thereby increasing wettability. In the
case of ceria (CeO 2) studied in this thesis, an O/Ce ratio higher than 2.0 can negatively
impact wettability, as it provides more sites for hydrogen bonding with water.
There are many factors that could potentially cause a departure from the pristine
stoichiometric state of ceria. Chin et al.75 found that freshly sputter-deposited ceria films
have an over-stoichiometric O/Ce ratio on the surface, reaching as high as 3.3. They
attributed this anomaly to cerium vacancies or interstitial excess oxygen on the surface
arising from the sputtering process. Such surfaces need to undergo long-term relaxation
to reach an optimal surface stoichiometry before intrinsic hydrophobicity can be truly
ascertained.
If REOs were made to relax in ambient air, atmospheric hydrocarbon
contaminants would potentially accumulate on the surface and hence interfere with
genuine intrinsic hydrophobicity. Hence, in order to observe surface relaxation in an
environment isolated from airborne hydrocarbon contaminants, a UHV chamber that was
maintained at a vacuum of 1.4 - 4.8 x 10-t torr was used. A 300 nm thick layer of ceria
was sputter-deposited on a silicon wafer and immediately transferred in a vacuum
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desiccator to the UHV chamber.

In situ XPS analyses were conducted in the same

chamber at regular time intervals for 6 hours after which the sample was left to relax in
the chamber overnight for 14 hours, following which a final XPS spectrum was obtained.
Figures 3-10(a) and 3-10(b) compare the high-resolution XPS spectra for cerium
(Ce 3d) obtained before and after overnight UHV relaxation respectively. It can be seen
that the shape of the cerium spectrum changed considerably after overnight relaxation for
14 hours in UHV. To investigate this change in detail, the Ce 3d spectra were
deconvoluted into constituent satellite peaks and identified using the nomenclature
proposed by Burroughs et al.76. Specifically, the satellite peaks were designated with two
different letters for the two 3d components of Ce 3d; v for 3d51 peaks and u for 3d 3/2 . All
constituent satellite peaks of Ce 3d were identified by this method as shown in Figures 310(a) and 3-10(b) (with the exception of u, and v, which could not be resolved at their
characteristic peak position due to lack of intensity). The peaks were fitted according to
the constraint that the intensity ratio between each v peak and its corresponding u peak
should equal 1.577' 8.

The peaks were then associated with the Ce44 or the Ce3+ oxidation state. Peaks v,
v",V"', u, u" and u"' were associated with the Ce 4 state, while vo, v', uO and u' were
+3

76-8
3-1
associated with the Ce+ state -O. The relative concentrations of Ce 4 and Ce34 were

determined using the following equations76-80A(Ce3 ) = A(vo) + A(v') + A(uO) + A(u')

A(Ce4

)

= A(v) + A(v") + A(v"') + A(u) + A(u") + A(u"')
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% Ce"' =

A(Ce+)
A(Ce")+ A(Ce")

100

(v = 3,4)

A(x) above refers to the peak area (and corresponding peak intensity) as determined from
the XPS spectra.
Using the above equations it was determined that the Ce + contribution to the

overall surface cerium increased from 10.2% to 27.2% with overnight relaxation in UHV,
while the Ce4 contribution decreased from 89.8% to 72.8%. This indicates that the ceria
sample underwent a partial reduction in state from Ce4

to Ce3

in UHV, which is

consistent with Zhang et al.'s79 observations. Specifically, it can be seen in Figures 310(a) and 3-10(b) that the intensity of both the characteristic Ce3'

peaks v' and u'

increased following overnight relaxation in UHV, while the characteristic Ce

peaks v,

v v" u, u" and u"' all decreased in intensity. Preisler et al.Y' have further correlated the
change in the oxidation state from Ce 4+ to Ce3+ with a net decrease in the O/Ce ratio.

Therefore, in view of all these observations, it can be claimed that the change in cerium
chemistry as seen in Figures 3-10(a) and 3-10(b), is consistent with the hypothesis that
surface relaxation in UHV caused an overall decrease in the surface O/Ce ratio.

It can be further seen from Figures 3-10(c) and 3-10(d) that the intensity of both
the lattice and non-lattice oxygen peaks decreased with overnight relaxation in UHV. It is
known in literature that ceria can release surface lattice oxygen as part of a wider surface
reconstruction process. As an example, Solovyov et al. 82 studied oxygen reconstruction
on an unstable [001] ceria surface. Such surfaces release lattice oxygen in order to
maintain a net zero dipole moment perpendicular to the surface, which potentially

explains the reason for decreasing lattice oxygen sites as observed by the reduction in the
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lattice oxygen peak intensity after overnight relaxation in UHV. Therefore, the change in
the surface oxygen is consistent with the hypothesis that surface relaxation in UHV
caused an overall decrease in the surface O/Ce ratio.
The non-lattice oxygen peaks at 530.7 eV and 531.4 eV in Figures 3-10(c) and 310(d) have been previously attributed to adsorbed surface oxygen species such as
hydroxyls or carbonates53'83'84. Furthermore, the characteristic 0 1s peak associated with

adsorbed molecular water at 532.9 eV was not observed. Martinez et al.53 on the contrary
observed very intense peaks for adsorbed surface oxygen and molecular water relative to
the lattice oxygen. Thus, the low concentration of adsorbed surface oxygen species
relative to the lattice oxygen as well as the lack of adsorbed molecular water confirms the
low degree of surface contamination on our ceria sample. This is attributable to the quick
transfer of the sputtered samples to the UHV chamber under vacuum as well as the clean,
isolated nature of the UHV environment.
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Figure 3-10: (a) XPS spCctrum ci' cerium (Ce 3d) with constituent satellite peaks
immediately after loading in the UHV chamber. (b) XPS spectrum
constituLent satellite peaks obtained after 14 hours relaxation

o' cerium (Ce 3d) with

in UHV. (c) X1PS spectrum of
oxygen (0

.

oxygen (0 Is) immediately after loading in the UIV chamber. (d) XPS spectrum1
Is) obtained after 14 hours relaxation in UHV

obtained

The high-resolution XPS spectra were used to determine the relative surface
atomic concentrations of cerium, oxygen and carbon. Figure 3-1 l(a) shows that as the
sample relaxed in UHV, the surface O/Ce ratio steadily decreased from 3.0 to 2.2 over
the 14 hours of the experiment, reaching close to the stoichiometric ratio of ceria. The
surface carbon remained steady at ~12% throughout the experiment as seen in Fig1ure 3l(b) which was expected given that the UHV chamber was practically devoid of
hydrocarbon contaminants, and well sealed from the ambient environment.
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of a sputtered ceria surface on the 0/Ce ratio. The

O/Ce ratio decreases from -3.0 at the start of the analysis to -2.2 after 14 hours in a UHV
chamber. (b) Variation of surface atomic carbon concentration with relaxation time in UHV. (c)
Advancing water contact angle on a freshly-sputtered ceria surface with an
measured as 15'
surface with an

O/Ce ratio of --3.0

using a gonioneter. (d) Advancing water contact angle on a UHV-relaxed ceria

O/Ce ratio of -2.2I

measured as

104' using a goniometer.

How does the decreasing O/Ce ratio impact wettability? As explained previously
in Figure 3-3, greater the oxygen sites on the surface, the greater the tendency to form
hydrogen bonds with interfacial water and hence higher the wettability. As seen in Figfure
3-1 ](a), the O/Ce ratio on a freshly sputter-deposited ceria surface was measured as -3.0,
which is similar to Chin el ai.'s

observations. Indeed, it was observed that water spreads

on a freshly sputter-deposited ceria surface as shown in Figure 3-1 1(c) givenl the higherthan-stoichiometric 0/Ce ratio. However, when this surface was allowed to relax in a

UIV environment, the O/Ce ratio approaches the stoichionietric ratio and the surface is
rendered hydrophobic (WCA > 90') as shown in Figure 3-1 1(d). Hence, because of the
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extensive surface relaxation in the form of decreasing O/Ce ratio, the ceria surface
transitioned from being initially hydrophilic to hydrophobic. It is important to note that
this transition occurred with a negligible change in surface carbon content. This
demonstrates that surface relaxation and determining the O/Ce ratio are crucial towards
ascertaining hydrophobicity of REOs and surface hydrocarbons do not exclusively
explain this unique phenomenon. This is further consistent with contact angle
measurements confirming hydrophobicity on the relaxed sample with a close-tostoichiometric O/Ce ratio, and is overall consistent with our theory on wetting behavior
of REOs. Table 3-4 summarizes the results from the start and end points of the surface
relaxation experiment.
Table 3-4: Comparison of water contact angles, O/Ce ratio and surface carbon content on freshly
sputtered and UHV-relaxed ceria samples
Advancing WCA (0)

Sample

O/Ce ratio

Surface Carbon

(%)
As-sputtered

15

UHV-relaxed (14

104

6

3

2.98

0.04

11.7

0.3

2.22

0.02

12.7

0.2

hours)

This experiment shows how excess surface oxygen can negatively impact
hydrophobicity of REOs. More broadly, it is shown that surface chemistry (in particular,
excess surface oxygen) and surface relaxations can impact wettability of REOs. In fact,
contact angle measurements can be used as a tool to determine the extent of surface
relaxation of REOs. It is important to carefully consider these effects before ascertaining
the true origins of hydrophobicity of REOs.
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3.6 Drawbacks of Hydrocarbon Contamination Cleaning Methods
Given the interference of airborne hydrocarbon contaminants, wettability studies
on REOs should be ideally performed on hydrocarbon-free surfaces. However, some of
the known hydrocarbon cleaning approaches applied to REOs have inherent drawbacks in
that they either alter the pristine surface chemistry of REOs or introduce morphological
defects concurrently with hydrocarbon removal, and thereby affect wettability. The
following cleaning methods in particular have been investigated in detail: plasma
cleaning, thermal annealing, UV radiation treatment and thermal annealing.
Argon plasma etching is a well-known method to clean surfaces, however it has
been shown to disturb the pristine surface chemistry of REOs. In the case of ceria,
cleaning by argon plasma induces polarized oxide groups on the surface, which in turn
6

.

results in increased hydrogen bonding with water and hence increased wettability

Similarly, ultraviolet (UV) radiation treatment of ceria introduces hydrophilic superoxide
species on the surface, which are not easily removed in vacuum and can lead to lowering
.

of contact angle 878 9

Thermal annealing as an approach to burn off surface hydrocarbons is also
disadvantageous as it can introduce cracks and other severe morphological defects that
consequently impact wettability. In thin ceramic films in particular, there is often a
significant co-efficient of thermal expansion (CTE) mismatch between the film and the
underlying substrate, which can further accentuate the formation of cracks and defects
upon annealing and expose areas of the underlying substrate. In terms of the implications
of these defects on wettability, it is well known that chemical heterogeneities can affect
contact angle measurements and result in pinning sites4-57'90 . Hence, contact angle
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measurements are unpredictable and unreliable on annealed thin films that have defects
and exposed areas of the underlying substrate.
Morphological defects broadly refer to cracks and pits and other structural
shortcomings on the surface that can interfere with wettability measurements. As such, if
an REO surface is ridden with cracks and defects and contact angle measurements it can
be falsely construed as hydrophilic. To demonstrate such defects, foils of Gadolinium and
Dysprosium metal were annealed at 500'C. The annealing process automatically resulted
in the formation of an oxide film on the surface. However, as shown in Figure 3-12, the
thermal annealing processes resulted in surfaces that are covered in defects and cracks at
both macroscopic and microscopic length scales. The annealed surface is quite unstable,
flaky, and spalls off the surface to expose the underlying metal (Figure 3-12). These
cracks and surface defects can provide pathways for water to hemi-wick, spread on the
surface, and also come into contact with the underlying reactive metal. Hence, water
contact angle measurements on annealed surfaces will be significantly affected by a
combination of hemi-wicking at the defect sites and possible reaction with the underlying
metal.
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Micro surface cracks

Crack-ridden oxide layer

c

d

Flaky, unstable oxide layer

Flaky, unstable oxide layer

Exposed reactive metal

Flaky, unstable oxide layer

Figure 3-12: Morphology of annealed surfaces (a-b) visible cracks on the Gd surface as well as
microcracks at higher magnification (c-e) flaky oxide layer on annealed Dy surface

To demonstrate the formation of morphological defects from CTE mismatch,
ceria-coated silicon wafers were annealed at 500'C for I hour. One of these wafers was
then cooled down to room temperature and then again annealed at 500'C for another
hour.

In both

morphological

cases,

it was found

defects on the

that the annealing

surface.

After analyzing

process introduced
the

samples

severe

under SEM,

ubiquitous pits were found on the surface revealing the underlying hydrophilic silicon
substrate (see Figure 3-13(a)). In fact in the goniometer images in Figure 3-13(b) we can
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clearly see hydrophilicity due to these defects, and that the contact angle is unequal on
both sides of the drop due to the apparent pinning by these defects, in agreement with
past literature4,57,90. Hence, if contact angle measurements, it would lead to false
conclusions about the hydrophobicity of REOs.
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was

tound

that

this

annealed

sample

was

hydrophilic with a contact angle of 690. If surface carbon were to be the sole factor
causing hydrophobicity in REOs, then the ceria sample annealed at 500*C should have
been hydrophobic after exposure to ambient air for such an extended period and having
an over 50% higher surface carbon level than that reported previously. In fact, the surface
carbon content on the annealed sample was almost three times higher than the carbon
content observed in our recent paper on a relaxed, hydrophobic ceria surface 5 and yet it
was hydrophilic. This clearly demonstrates that the major morphological defects induced
by the annealing process reduce the hydrophilicity of REOs rather than surface
hydrocarbon

contamination,

and

that there

is

no direct

correlation

between

hydrophobicity of REOs and surface carbon content.
Table 3-5: Comparison of Surface Carbon Content and Water Contact Angle on Ceria Samples
Surface

Surface carbon

(%)
1. Ceria, as is, relaxed and pristine

Advancing
Contact angle

12.7%

104

1 hour and left in air for

32.8%

68

3. Ceria sample sputtered in sitt with Ar+ in XPS chamber and

4.2%

96

2. Ceria sample annealed at 500'C for

(0)

-4 weeks

allowed to relax overnight in UHV

Therefore, if any of the above cleaning methods were to be used on REOs, it
would alter the pristine hydrophobic state, which should be taken into consideration
while ascertaining wettability of REOs.
3.7 Hydrophobicity at Ultra-low Surface Carbon Levels
Finally, to demonstrate that REOs possess intrinsic hydrophobicity even at ultralow surface carbon levels, Ar* ions were sputtered on a ceria sample in situ within a
UHV chamber (measured carbon after sputtering was <1%), and the sample was allowed
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to relax overnight for 12 hours in the same chamber (in order to let the sample reach an
optimal chemistry and consequent hydrophobic state post-relaxation) and then the water
contact angle was immediately measured. It was observed that indeed the sample was
hydrophobic with a contact angle of 960, even though the surface carbon was only 4.2%.
This demonstrates that when free from any detrimental morphological or surface
chemistry defects, REOs possess an element of intrinsic hydrophobicity even at extremely
low surfice carbon levels.

In summary, in view of all of the above results, it can be conclusively confirmed
that rare-earthoxides are intrinsicallyhydrophobic. Airborne hydrocarbon contaminants
do not exclusively explain the hydrophobicity of REOs, and standard cleaning methods to
remove surface hydrocarbon contamination introduce chemical and/or morphological
defects simultaneously that affect wettability. The lowering of contact angle on ceria after
annealing cannot be exclusively attributedto removal of surface hydrocarbon, but rather
to the severe morphological deftcts introduced by the process. Saturating these samples
with more hydrocarbons does not change wettability, and we have also demonstrated that
REOs are intrinsically hydrophobic even at ultra-low carbon levels.
Hydrophobicity of REOs continues to be an evolving area of research around the
world, as well as at MIT. The following recent independent studies additionally support
9
3
intrinsic hydrophobicity of REOs99.
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4. Sustained Dropwise Condensation on REOs
Given that REOs possess intrinsic hydrophobicity, it is worthwhile investigating

viable long-term applications. As explained earlier, dropwise condensation is a field that
has been researched quite extensively over the past several decades, but has been difficult
to realize in industrial applications given that most hydrophobic materials deteriorate in
harsh steam conditions, or installing them is simply not cost-effective. It is hypothesized
that REOs will demonstrate sustained long-term dropwise condensation with their
robustness

and longevity. This chapter will present

results from

an accelerated

condensation study on thin-fili coatings of REOs.
4.1 Need for a Titanium Adhesion Layer
The stability of i-are earth oxides on metals has been a subject of research for many
years

.

Metals are widely used in industrial applications and are prone to issues such

as corrosion and scale-formation ".

Some metals such as copper and nickel are unable

to maintain a stable REO film when subject to harsh conditions such as high temperature.
Furthermore, current literature shows no evidence of past work of REO coatings on
titanium. In this study, proof-of-principle stability of REO coatings on titanium using
ceria has been demonstrated (see Figure 4-1 for schematic of the proposed titanium
adhesion layer).

Cerium (IV) Oxide Layer
Titanium Layer
Substrate

Figure 4-1: Cross-section view of a ceria film deposited on titanium on a silicon substrate
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A 90 nm thin layer of titanium was sputter-deposited on a silicon wafer after which
further on this layer, a -300 nm layer of ceria was deposited. Figure 4-2 shows a crosssection of the two layers deposited as seen under an SEM.

Cerium (IV) Oxide Layer (-300 nm)
Titanium Layer (-90 nm)

Si Substrate

Figure 4-2: SEM Micrograph inage showing cross section of the cerium

oxide layer deposited

on top of a titanium adhesion layer on a silicon substrate. Scale bar: I pmi.
In order to test the stability of wafers coated with the films as show n above in
Figures 4-1 and 4-2, these wafers were subject to two harsh processing conditions: steam
treatment and boiling, both for one hour. For the sake of comparison, ceria films
deposited on the wafers in the absence of the titanium layer were also studied.
As seen in Figure 4-3 (a), steam treatment caused damage to the ceria coating
deposited in the absence of a titanium layer, thereby revealing the underlying substrate.
However, as seen in Figure 4-3 (b), ceria in the presence of the titanium adhesion layer
did not degrade despite the steam treatment. In fact, the ceria layer did not wear off even
after 100 hours of continuous steam treatment (details of this experiment are in Sections

4.2 and 4.3).
The sample was then immersed in a 250 ml beaker containing boiling water
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maintained at 100'C for one hour. Similar damage and flaking was observed on the ceria
sample without the titanium adhesion layer after boiling water treatment as seen in Figure
4-3 (c). However, in contrast, the ceria films coated on the titanium adhesion layer show
superior robustness with no visual signs of damage to the coating after treatment vith
steam or boiling water, as seen in Figures 4-3 (b) and (d) respectively.

a

b

c

d

Damage to ceria coating
with steam revealing
underlying substrate

Unstable ceria coating
flaking off revealing
underlying substrate

Figure 4-3: (a) Ceria film in the absence of an underlying titanium layer exposed to steam for I

hour (b) Ceria film with an underlying titanium layer exposed to steam for I hour (c) Ceria film
in the absence of an underlying titanium layer exposed to boiling water for 1 hour (d) Ceria film
with an underlying titanium layer exposed to steam for 1 hour
No previous reported metal possesses the advantagc of adhering to a stable REO
coating than titanium. This work is the first to report the potential longevity of REO
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coatings in the presence of titanium especially when subjected to destructive conditions
such as steam and boiling water. In the presence of titanium, hydrophobic REO coatings
can outperform other hydrophobic materials such as organic silanes that would normally
degrade relatively quickly in the presence of harsh process environments
Particular advantage can be seen in the hydropower industry and marine
applications where hydrophobic REOs in the presence of titanium can maintain integrity
and promote corrosion resistance for an extended period of time. As addressed previously,
these materials also have anti-scaling and bio-fouling resistant properties owing to their
low surface energy. Environmental damage that is commonly associated with degradation
of process equipment and coatings either due to corrosion or harsh process conditions
will be extremely minimized given the robustness and longevity promise of these
adhesion layers.
4.2 Experimental Rig for Steam Condensation Experiments
The experimental rig used for accelerated steam condensation experiments in this
thesis was designed by Adam T. Paxson 99 - see Figure 4-4 for schematic of the rig set-up
and photographs.
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Figure 4-4: Schematic of condensation rig and photographs

4.2.1

Accelerated Steam Conditions

In general, surface condensers in power plants operate under sub-atmospheric
vacuum conditions in order to lower the temperature required to condense which is
determined from the thermodynamic properties of saturated steam. The effects of noncondensable gases in the measurenents in particular must be given special consideration,
as it could lead to inaccurate measurements. The main condensation chamber shown in
Figure 4-4 is held under vacuum in order to replicate the conditions of a typical industrial
condenser. Typical operating pressures and temperatures of power plant condensers are
between 3 and 5 kPa and 25 and 30'C 99.
However, for the purpose of this project, a significantly higher operating pressure
and temperature of saturated steam was chosen and employed in the condensation test rig
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chamber - 90 kPa and 97'C respectively;

for two reasons. Firstly, such higher

temperatures and pressures best represent harsh steamn conditions -- and if REOs are

indeed able to survive under these conditions and maintain hydrophobicity and integrity,
they provide meaningful implications on the long-term robustness of these coatings.
Secondly, these conditions are able to shorten the duration of endurance tests. In other
words, if the REO coatings do not degrade after 100 hours of condensation at the harsh
steam conditions of 90 kPa and 97'C, it can be predicted with reasonable confidence that
they would be sustainable for a significantly longer time, likely in the order of years, at
the relatively more benign conditions in typical power plants -- which as stated earlier are
significantly less harsh at around 3 kPa and 25'C respectively.
4.2.2

Measurement Principle of Heat Transfer Co-efficient

This condensation chamber enables direct measurement of the heat flux over a
wide range of experimental conditions, analogous to those of real industrial condensers.
In order to measure the heat transfer co-efficient, the philosophy shown in Figure 4-5 was
employed.

Figure 4-5: Measurement philosophy of the heat transfer co-efficient employed in the
condensation test rig used in this experiment"
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A sample-cooling block (or "puck") made of titanium or copper (shown above in
brown) has a few drilled holes for inserting highly accurate temperature measuring
devices

called

thermistors

(accuracy

of

0.01'C).

These

instruments measure

temperatures T1 to Tn at sample points x, to xn in the puck. The sample side of the puck
(left side in Figure 4-5) is exposed to saturated steam while the back-side is cooled.
Thermal insulation around the periphery of the block ensures one-dimensional heat
transfer, so that all heat fluxes occur in parallel. As such, the thermal temperature
gradient, dT/dx can be calculated from the thermistor measurements, and the surface
temperature Ts can be extrapolated. Further, knowing the thermal conductivity of the
puck material k, the heat flux q can be calculated using Fourier's law:
q

=

dT
-k d

Equation 4.1

dx

Once the heat flux q and the surface temperature T, have been determined as above,
knowing the saturated steam temperature Tsat, the condensation heat transfer co-efficient
h can be calculated using:
h

q

T-

Equation 4.2
TE

In these experiments, saturated steam at a pressure of 90 kPa and temperature of
970 C was generated by a 20 kW electric boiler. A water-cooled heat exchanger provided
20 kW of cooling power to the test surface. The heat flux and heat transfer co-efficient
were measured by calculating the temperature gradient along the cooling block as
described above, and the departing drop sizes were measured from images obtained with
a high-resolution Nikon D300 video camera. Non-condensable gases were constantly
purged from the space right in the vicinity of the sample surface using a vacuum vent.
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This rig also has integrated control features that can maintain the saturation
pressure and temperature of the steam. Furthermore, endurance features have been
implemented to replenish water in the boiler so that the rig can be operated indefinitely
for endurance purposes. As stated previously, all of the condensation experiments were
conducted continuously for 100 hours under accelerated steam conditions and were made
possible by these endurance features.
4.3 Condensation on Ceria
To study condensation of steam on ceria, a thin-film (~300 nrn) of ceria was

sputter-deposited on a 90 nm titanium layer on a silicon wafer using the technique
described in Section 4.1. Using Atomic Force Microscopy (AFM), the mean root mean
square (RMS) roughness of the sample was determined to be 34

6 nm (See Figure 4-6).

The advancing and receding contact angles on the sample were measured to be 1020 and
740 respectively. The wafer was then clamped to an instrumented titanium puck and
fitted inside the condensation chamber as seen in Figure 4-6 (b).
b

a

I

50 nm

0 nmn

Figure 4-6: Condensation on ceria. a) A ~300 nm layer of ceria deposited on a ~90 nm layer of
titanium on a silicon wafer that was then attached to a titanium puck and fitted inside the
condensation chamber. b) AFM micrograph of the ceria sample showing a highly smooth surface
with an RMS roughness of 34

6 nm
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Steam was then introduced in the chamber and it started condensing on the ceria
sample. As seen in Figure 4-7, excellent dropwise condensation behavior was observed
on the sample and was maintained throughout the 100 hours duration of the experiment.
No significant degradation of the ceria film was observed throughout the experiment, and
the film retained its hydrophobicity throughout.
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Figure 4-7: Sustained dropwise condensation on ceria for 100 houirs
Using the heat transfer co-efficient calculation principle described earlier, the heat
transfer co-efficient on ceria was calculated to be 107
tenfold

improvement

in previously reported

5 kW/m 2K. This is an almost

heat transfer

co-efficient values on

hydrophilic materials such as aluminum (<10 kW/m2 K)24(. This demonstrates the
excellent advantage of using hydrophobic ceria coatings in maintaining dropwise
condensation and ensuring superior heat transfer performance.
4.4 Condensation on Erbia
The 100 hours steam condensation experiment with ceria above demonstrated
long-term robustness of ceria that was coated on a silicon wafer. However, commercial
condensers are typically constructed using metals such as titanium, stainless steel, copper,
and aluminum. To demonstrate realistic performance on such a relevant industrial
material as well as versatility within the REO series, another REO erbia was directly
sputter-deposited on a titanium puck as shown in Figure 4-8 (a). Using AFM, the mean
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root mean square (RMS) roughness of the sample was determined to be 796

128 nm

(See Figure 4-8 (b)). This indicates that the sample is significantly rougher than the
silicon wafer used for condensation on ceria, and is expected given the more machined
finish of the titanium puck. The advancing and receding contact angles on the sample
were measured as 98' and 590 respectively.

a

b

1500 nI

750 nm
0 nul

Figure 4-8: Condensation on erbia. a) A -300 nm layer of erbia directly sputter-deposited on a
titanium puck and fitted inside the condensation chamber. b) AFM micrograph of the erbia-coated
titanium sample showing a rough surface with an RMS roughness of 796

128 nm

Similar to ceria, sustained drop-wise condensation was observed on the erbia
sample for the 100 hour duration of the experiment, as seen in Figure 4-9. The departing
droplet sizes observed were significantly higher than ceria, which is expected given the
higher roughness of the titanium puck as measured by AFM.
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Figur-e 4-9: Sustained dropwise condenisation on erbia foi 100 hours
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I

The heat transfer co-efficient on this sample was calculated to be 53

2 kW/m 2 K,

which is again a significant improvement over heat transfer co-efficients obtained from
filmwise condensation (<10 kW/m 2 K). The heat transfer co-efficient is lower than ceria,
and is expected given the greater roughness of the sample and also the greater contact
angle hysteresis leading to larger size of the departing drops.
4.5 Environmental SEM Condensation
The heat transfer co-efficient from dropwise condensation also depends on
density of nucleation sites on which water vapor condenses to liquid droplets

In

order to better understand the condensation process on a micro-scale, a small 2mm by
2mm chip of the ceria-coated silicon wafer was subject to condensation in an
environmental scanning electron microscope (EVO 55, Zeiss). The sample was secured
to an aluminum stud with double-sided carbon adhesive tape, which was then clamped
into a Peltier cooling stage attached in the microscope.
The chamber was purged with water vapor three times up to 3 kPa and down to 10
Pa to remove non-condensable gases. After purging, the pressure was held at -1000 Pa
and the temperature was slowly decreased at a rate of 0.5 K min' until formation of
observable water droplets (condensing from the water vapor introduced into the
chamber). Accelerating voltage was kept at 25 kV and the beam current was 200 nA.
Images were recorded at approximately 1-2 Hz and the stage was moved to different
areas to avoid charging effects on nucleation. Figure 4-10 shows the top and side view of
the condensing drops on the ceria surface.
The nucleation density was calculated using five different micrographs obtained
from the environmental SEM, and was determined to be 335
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23 mm-2 . This value is on

the same order of magnitude as previously reported nucleation densities on other
'

hydrophobic materials- 4

a

h

Figure 4-10: Condensing droplets on a ceria surface as seen under an environmental SEM a) top
view and b) side view. Scale bars in both figures: 10 pm
4.6 Robustness of REO coatings compared to other hydrophobic coatings
As a comparison, condensation behavior on Iluorosi lane - a hydrophobic modifier
was surveyed from past vork. Although

nitially Iluorosilane coated on a silicon

wafer demonstrates dropwise condensation with a heat transfer co-efficient of 61

2

kW/m 2K, it quickly degrades in a matter of minutes and exhibits filmwise condensation
with a heat transfer co-efficient of 4.6

0.4 kW/mK (see Figure 4- 11

REO coatings demonstrate outstanding versatility and robustness.
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In contrast,

1

.1.

50,4%

Figure 4-11: Degradation of a hydrophobic fluorosilane coating over a period ol'30 min
of steam condensation indicating lack of robuIstness compared to REOs?4
Thecse results clearly show that hydrophobic REOs are extremely promising as
coatings In steam condensers in power plants. Trhey do not compromise struLCtUral
Integrity as demronstrated by the endUrance test and show a signiicant improvement in
heat transfer performance. As addressed previouIsly, an order of magynitUde enhancement
in the hecat transfer co-eff-icient cani translate into a 5-7%/ improvement in the overall
process efficiency of steamn power plants, and consequen1tly significantly lower fuiel
consu~mption and grecenhOuIse gas emissions.
Given that steam is a harsh enivironmen1C1t, these r-esults also demonstrate that REOs
can be reliably used as coatings in other applications su~ch as reduICIng bi]O-fou)ling) and
corrosion in hydropower systems.
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5. Policy Implications
Given the superior technical applications of REOs, it is worth addressing the
following questions: are applications for REOs realistic given their market and prices?
What are the factors that can lead to market failure of REEs/REOs? Should policymakers
follow the price dynamics of REEs and what specific recommendations can be made?
5.1 The Political Economy of Rare Earths
REEs

have gained

significant

attention recently

with their

outstanding

applications in existing and emerging technologies such as modem electronics, clean
energy, medicine and fuel cells to name a few 65 ,103. Neodymium and dysprosium, for
example, are two REEs that are widely used to develop permanent magnets that drive

U.S., China, Australia, Russia, India; with China in particular taking the lion's share

.

modem wind turbines65 ,103. Traditionally, global suppliers of REEs have included the

But with recent frictions in the geopolitical atmosphere and diminishing REE supplies in
the U.S. and other countries, China has now dominated the REE supply chain accounting
for over 97% of the world's supply "4 . While exact projections of demand in future years
are difficult to make, analysts have estimated the lower and upper bounds for annual
.

growth for total REE demand to be 5% and 9% respectively over the next 25 years'( 3

Although the global supply is generally projected to meet the demand for the next 5-7
years, net demand is projected to exceed the net supply in the longer run and China's
continued dominance and unpredictability as a supplier has led to concerns over a
sustainable, long-term global supply of REEs " 0 '. China's superiority in the REE market
and their value for REEs as a highly prized natural resource is aptly reflected in a famous
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quotation made by the former paramount leader of China, Deng Xiaoping: "Rare earths
are to China what oil is to the Middle East".
This chapter will examine the important aspects associated with the market for
REEs. The so-called "rare-earth crisis" of 2010 will be studied as part of a market failure
analysis, particularly focusing on strategic stability as an externality and security of
supply -- and the broader implications thereof. In the knowledge assessment component,
the paper will evaluate if the supply crunch was indeed legitimate or more of an
unnecessary concern. Various policy recommendations will be examined: should the U.S.
continue trade with China but also develop reserve capacity? Should companies
developing applications of REEs be subsidized'? Should the U.S. subsidize active
production from American REE sources and also consider alternative sources from
"friendlier" trading countries such as Canada'? A particular focus will be placed on the
Nechalacho Rare Earth Deposit in Northwest Territories, Canada which has shown great
promise in supplying marketable REEs over 20 years starting 2018 105.106.
REEs are further categorized into Light Rare Earth Elements (LREEs) and Heavy
Rare Earth Elements (HREEs) based on their chemical properties. Table 5-I lists the
LREEs and HREEs, and their current market prices (As of November, 2015)107
Table 5-1: Light and Heavy Rarc-earth Elements and their Market Prices
Element

Classification

Price ($/kg)

Lanthanum

Light Rare Earth

2.30

Cerium

Light Rare Earth

2.35

Praseodymium

Light Rare Earth

58.00

Neodymium

Light Rare Earth

42.00

Samarium

Light Rare Earth

3.10

Europium

Heavy Rare Earth

220.00
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Gadolinium

Heavy Rare Earth

20.40

Terbium

Heavy Rare Earth

490.00

Dysprosium

Heavy Rare Earth

240.00

Holmium

Heavy Rare Earth

N/A

Erbium

Heavy Rare Earth

35.00

Thulium

Heavy Rare Earth

N/A

Ytterbium

Heavy Rare Earth

N/A

Lutetium

Heavy Rare Earth

N/A

Yttrium

Heavy Rare Earth

5.4

For anyone interested in the subtlety of the REE markets, it is vital to understand
the fine distinctions between LREEs and HREEs in terms of their availability, uses and
costs. LREEs are ubiquitously available -- cerium for example is readily found outside of
China in monazite sands in Africa, Australia and India 5 " 08 . Some of the other minerals
.

that are known to host LREEs are: bastnaesite, synchysite, fergusonite and eudialyte 5

As such, the price for cerium (and other similar LREEs) has been fairly reflective of a
competitive market price; currently selling at $2.35/kg, cerium's price is comparable to
other "cheap" and more commonly used metals such as aluminum and zinc.
On the contrary however, HREEs are not as widely available. Chinese reserves
are thought to contain about 80% of the world's HREE resources and at present China
exclusively supplies almost all of the world's HREE supply 65 . As such, their prices
remain high as seen above in Table 5-1 relative to LREEs - terbium (an HREE) for
example is about 200 times more expensive than cerium (an LREE). Yet, there is an
escalating demand for HREEs given their outstanding applications as discussed earlier. A
recent report by the U.S. Department of Energy entitled "Critical Materials Strategy" has
in fact explicitly identified the following REEs as having the highest supply risk as well
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as importance to future clean energy development: Neodymium, Dysprosium, Terbium,
Europium and Yttrium, four of which are HREEs 109. Figure 5-1 shows the global REE
reserves.

14
13

160

12
111
*
2

41

.31D

-3

36

23

42

22
38

35

*34
24

33

32

250 2070
19

S

26%
27

44.

31

46*

5s
S

45'
51

REE
mines

53

52
2

Other REE deposits/
occurences
0

1
2
3
4
5

Carbonatite-associated

Alkaline igneous rock-associated
1

Iron-REE deposits
Hydrothermal deposits exclusive
alkaline settings

(

-

E

Marine
placers
Av

C

Paleoplacers

Mountain

Pass. USA
Pajarito Mountain. USA
GalnsMount Ins. USAMarona
Naga,
Ins ll. . USA T22Bou
Bald Mountain. USA

6 Bear Lodge. USA
7 Pea Ridge, USA
8 Green Cove Spings, USA
9
Carolina plaers. USA
10 Lemhi Pass, USA
11 Snowbird. USA
12 Rock Canyon Creek. Canada
13 Hoidas Lake, Canada
14 Thor Lake. Canada
15 Eliot Lake. Canada
16 Strange Lake. Canada
17 limaussaq complex. Greenland
18 Arax. Brazil

4

19 Barro do Itapirapua. Brazil
20 Lmozero and Khbina comnplexes, Russia
21
reeplnu. Menro
SayanTarruansht
0, CCna

37 Orrisa, India
38 Perak, Malaysis
39 Moeeerteeg/Dalurao, China

23

41 Welshan China,

Nile Delta and

Rosetta,

Egypt

24 Elanro. Namibia
2
sOkoruse. NamiNa
26 Sleenkampskraal. South Afrca
27 Zandkopsdrift, South Ainca
28 Plineoberg Complex. South Aflca
29 Naboomspruit. South Afraa
30 Palabora. SouthAa
31 Rchards Bay, South Africa
32 Kangankunde. MalaI
33 Congolone. Mozambique
34 Karonge. Burndi
35 Chavora. India
36 Amba Dongar, India

42
43
44

XuwruoLongran.
Dog

China

Pao. V.etnam

Eneabba, Austraia
45 Jangardup, Australia
46 Mount Weld. Amstralis
47 Brockman, Australia
48 Nars Born, AoStral
49 Mary Kathleen, Australia
50 Olympic Dam, Australia

51

WIM 150, Australia
52 Dubbo Zironoa Australia
53 Fraser Island, Australia

Lateritic deposits
0

lon-adsorption clays

Figure 5-1: Map showing global distribution of REE deposits 65
5.1.1

The REE Crisis - Potentialfor Market Failure

Given the crucial importance of REEs in accelerating modern technology and
clean energy development, yet the lopsided supply chain dominated by China, is there an
imminent rare-earth crisis? The following section will analyze the market failure issues
associated with REEs in detail.
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How tid China seize the global market fir REEs?
Until the 1980s, the U.S. led the world in REE production. Its flagship mine,
"Mountain Pass" in California was producing 20,000 tons a year - almost 60% of the
world market back then16 , 10
However, the American dominance in the rare-earth sector began to dwindle in
the mid-1980s. China, which for decades had been developing the technology to extract
REEs from ores entered the world market around the same time. With plenty of
government support, cheap labor, and lax environmental regulations, China started to
eliminate competitors and dominate the global market. Prices declined and as mining
operations became more and more expensive, the Mountain Pass mine ceased operations
in 2002, and Baotou, a city in the Inner Mongolia province of China, became the world's
newest rare earth hub. Figure 5-2 aptly highlights how global REE production trends
significantly changed and market share oscillated over the three decades between 1980
and 2010 culminating in China's unrivaled dominance.

UOther

OUSA

*Ch~n

Figure 5-2: Global REE Production Trends: 1956-2010
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To understand China's dominance in the REE market further, it is worthwhile to
look at similar examples where certain industries hold near and dear strategic interests to
states - such as the civil aircraft industry. In the case of Boeing and Airbus for example,
Marc Busch suggests that learning and scale effects make entry into the aircraft
production difficult, that the U.S. and EU respectively derive substantial positive
spillover benefits from aircraft production, and that these benefits do not diffuse readily
across international boundaries"'. As a consequence, the U.S. and EU subsidize and
protect heavily to support Boeing and Airbus respectively.
Similarly, the REE industry is the national champion for China. As argued by
Busch, the return to investing in a national champion depends on whether related
industries are positioned to benefit from these externalities. In the case of China, many of
the other mining companies benefit from the expertise developed by the REE industry,
and industries that explore applications of REEs such as manufacturers of consumer
electronics derive positive spillover benefits. China has strictly ensured that these benefits
and expertise do not readily diffuse out of the country in to the global domain. For
decades, there was no major World Trade Organization (WTO) regulation controlling
-

China's behavior in the REE market, and China continued its unparalleled dominance
until the 2010 when there was the so-called "rare-earth crisis".
What was the REE Supply Crunch of the early 2010s?

In the early 2010s, a series of decisions by China and consequent media attention
led to widespread fear that a "rare-earth crisis" was developing.
China shocked the global markets in the fall of 2010 when it reduced REE exports
in order to protect the supplies of its own rapidly growing industries, which already
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consumed about 60 percent of the REEs produced in the country back then. Fears of
future shortages consequently sent prices soaring. Dysprosium, for example, sold at $212
a pound, an over thirty-fold increase from $6.77 in 2003110. There were concerns that in
addition to volatile prices, the world demand would significantly exceed world supply by
2011. Mark A. Smith, the CEO of MolyCorp, an American REE mining company, said in
2010, "We're in a supply crunch right now, and it's a pretty severe one... the demand
will be 55,000 to 60,000 tons outside of China, and everyone's best guess right now is
that China will be exporting about 24,000 tons of material. We'll survive because of
industry inventories and government stockpiles, but I think 2011 will be a very, very
critical year in terms of supply and demand"" 0 . Some policymakers were concerned that
China had cut its REE exports and appeared to be restricting the world's access to REEs,
and that the U.S. depended nearly exclusively on China for REEs. Additionally, some
policymakers expressed growing concern that the U.S. had lost its domestic capacity with
the shutting down of the Mountain Pass mine in 2002 and the lack of any successful REE
2

.

development venture since then'

In a regular, competitive market, supply reductions would trigger an increase in
prices, and consequently lead to an impetus for the development of new resources.
However, with the long lead-time between discovery and production of REEs given the
complexity of the extraction process, it is relatively difficult to flood the market with new
streams of REEs pursuant to a price change. End-users are at a significant disadvantage
by only having one major supplier - in this case China. Even though other projects were
in development in the early 2010s in the U.S, Australia and Canada, none were at the
level enough to provide the full suite of all REEs and challenge China. These factors
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resulted in a great deal of uncertainty in the marketplace and significant price volatility
that contributed to the "REE supply crunch panic" of the early 201 Os.
5.1.2

Security Externalities

REEs are extensively used in defense applications, such as:
*

Fin actuators in missile guidance and control systems, controlling the direction of
missiles;

e

Disk drive motors installed in aircraft, tanks, missile systems, and command and
control centers;

*

Lasers for enemy mine detection, interrogators, underwater mines, and
countermeasures;

*

Satellite communications, radar, and sonar on submarines and surface ships;

* Night-vision goggles, cruise missiles, and other weapons.
In a study published by the U.S. Congressional Research Service in 2013, REEs
were deemed to hold strategic interest for the U.S. given their widespread defense
applications

. As such policy-makers were concerned about the reliability of depending

solely on China for applications of REEs and the security externalities associated with
any potential geopolitical frictions.
China, in the past, already demonstrated the capability of using REEs as an
extortion weapon by cutting exports to Japan following a maritime border dispute in
September, 2010. Japan had detained the captain of a Chinese fishing trawler, which had
collided with two Japanese coast guard vessels'1 . China responded by announcing that it
would halt all shipments of REEs to Japan. This decision greatly alarmed the Japanese
especially because many Japanese manufacturers such as Panasonic and Toshiba used
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REEs in their products, while car-makers such as Toyota and Honda heavily relied on
REEs for motor magnets used in automated seats and windows, and for batteries used in
hybrid vehicles. Feeling the brunt of the Chinese decision and the detrimental impacts on
Japanese manufacturers, Japan immediately bowed under pressure and released the
Chinese fishing captain. The New York Times in fact, called it a "humiliating retreat" for
Tokyo 4.

From the U.S. point of view, China appeared to have successfully demonstrated
the power that came with the supreme control of an important strategic resource -- this
was the equivalent of the "Oil Weapon" deployed by Arab countries during the 1973
OPEC embargo. China and the U.S. have had their share of diplomatic disputes and
geopolitical tensions in recent years -- such as the ongoing debate about territorial waters
in the South China Sea. In the light of the ever-dynamic geopolitical atmosphere, and the
critical need for REEs for U.S. defense and other strategic interests, it is very important
for policy-makers to consider potential security externalities. Sensitive matters such as
national security and defense interests can have repercussions in international trade and
affect downstream users, leading to market failure.
5.1.3

Lack of Technical Expertise on REEs

The process to extract REEs from ores is extremely complicated. Given that most
of the REEs occur together in these minerals and are chemically similar, it is extremely
challenging to individually separate them. A good analogy is a lentil soup with several
different ingredients -- if one was tasked with separating out the salt, sugar and individual
spices, it would be a significantly arduous multi-step process that would potentially result
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in a low yield of every separated material and high overall expenses. Figure 5-3 shows a
typical REE extraction process.
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Over the years, Chinese scientists have championed the REE extraction and
purification process. Using techniques such as acid leaching and solvent extraction, they
have developed a viable process that maximizes the yield of REEs and is economically
justifiable. However, much of this grass-root knowledge still dwells within China, and is
not quite available on the public domain. As such it has been difficult to replicate the
process that is used in China in other countries. Furthermore, the process economics may
not be justified by the current market prices and there are many environmental and health
and safety considerations that impact process design. As such, the lack of technical
knowledge on REE mining and separation has contributed to the sluggish development of
projects outside China, consequently causing market failure.
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5.1.4

Environmental and Health and Safety Externalities

As with any mining process, the extraction procedures for REEs have many
associated environmental externalities and health and safety concerns for workers in the
mines and the downstream processing plants. Most notably, REE ores tend to have
harmful radioactive contaminants such as uranium and thorium. Villagers near China's
main REE mine in Baotou for example have been often asked to relocate because their
water and crops have been contaminated with mining wastes arising from REE
operations". Every year, the mines near Baotou produce about ten million tons of
wastewater, much of which is either highly acidic or radioactive, and nearly all of which
is left untreated. There have been reports suggesting that the chemicals used in the
refining process have responsible for disease and occupational poisoning of local
resident"115 . While the Chinese government in recent years has been working hard to
minimize environmental externalities and actively terminate projects that are not in
compliance with regulations, REE projects - both legal and illegal - have continued to
flourish and meet the global demand, albeit resulting in irreversible environmental
damage.
There's a subtle dilemma policymakers face when choosing between two starkly
different priorities - is meeting the ever-increasing REE demand more important than
protecting the environment? Over the years, China has overwhelmingly answered this
question in the affirmative and as such has been extremely successful despite having a
questionable environmental track record in the extraction processes for REEs. However,
in countries such as U.S. and Canada, such projects are simply not feasible with the
current state of stringent environmental regulations in these countries.
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Take the example of the Mountain Pass mine in the U.S., which successfully
produced REEs since the 1960s until it started to face the brunt of environmental
regulations. In 1998, chemical processing at the mine was stopped after a series of
wastewater leaks' 1 6 . A detailed federal investigation later found that in all, about 600,000
gallons of radioactive and other hazardous waste flowed onto the desert floor. As a result,
eventually Mountain Pass ceased operations in 2002, after which China stepped in and
dominated the market. More recently, MolyCorp Inc. has attempted to revive the
Mountain Pass mine and extract REEs in an environmentally sustainable way. However,
this endeavor has not been easy, as a recent press article stated, "They are trying to make
a

fairly environmentally

dangerous business

environmentally

compliant in an

environmentally conscious place like California". 11
All of the above factors have the potential to cause a widespread market failure of
REEs. The rare-earth crisis of 2010 was an apt representation of a potential market
failure. Now that the political economy aspects of REEs have been discussed in detail,
the next section will evaluate the REE crisis in detail and perform a knowledge
assessment to understand if the crisis was indeed legitimate and if there are any takeaway lessons that can be learned by the REE community and policy-makers.
5.2 Knowledge Assessment
Given the so-called REE crisis and the resulting debates and arguments that took
place among scientists and policy-makers, it is worthwhile doing a knowledge assessment
to understand if the hype was legitimate or simply an overreaction. The constructivist
approach proposed by Sheila Jasanoff is relevant in this exercise -- true scientific and
policy inferences come out controversy and debate" 8 . Policy-making is the result of
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negotiations, as suggested by Jasanoff, and scientists claim authority as policymakers
doubt their independence and certainty. Partial removal of science's authority is seen as
key to validate policy. Given that a few years have now transpired since the 2010 crisis,
one can look back at the episode and perform a detailed knowledge assessment.
5.2.1

Market Dynamics of REEs

The broader issue of market dynamics is critical to any analysis of market failure
of REEs given that policy decisions are greatly influenced by prices. China's monopoly
in the REE sector led to concerns that prices could be readily magnified beyond control at
any time, and could thus jeopardize the global market and affect downstream users. Until
2010, China controlled a large portion of the global REE market share with stable prices.
But when it sought to impose export controls to give an advantage to domestic electronics
producers, prices rose by up to 20 or 30 times the previous levels leading to widespread
panic among end-users as part of the 2010 REE crisis and prompted hurried actions by
policymakers.
However, a closer examination of the price dynamics in the last five years shows
that the REE prices do not necessarily stay consistent at a high level despite China's
monopoly power. Prices greatly depend on the rise of competing technologies and
development

of alternative sources. In 2014, for example, increased domestic

consumption of REEs was stimulated by lower prices and increased availability of REEs
in the market from other countries such as U.S. and Australia. At the same time, the
higher prices of 2010 increased illegal mining activities within China. Many of these
illegal companies are small and completely unregulated, and use controversial mining
and extraction methods that escalate environmental damage. Experts have observed that
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China's production quotas are not meeting the global demand, which is further
encouraging illegal miners in the country. Government-authorized production quotas in
China run at about 105,000 tons of REEs every year, and illegal operations are estimated
to be selling another 40,000 tons in addition' 1 7 . This extra supply alone was enough to
drive down prices in 2014. But many illegal producers also shrewdly undercut their
regulated counterparts' prices by 50 percent thereby engaging in price wars.
While end users were unhappy with the high prices in 2010, many REE mining
companies rushed into rare earth mining and production business attracted by the
prospects of lucrative returns-on-investment. MolyCorp Inc. for example, entered the
mining scene in 2010 hoping to revive the dormant Mountain Pass mine and have a
sustainable REE production operation. However, prices then dropped in 2014 due to
overproduction and illegal mining from China, and thereby affected MolyCorp's business
strategy. As discussed later, MolyCorp recently filed for bankruptcy protection owing to
the historically low prices of REEs in the market resulting in unfavorable rate of returns.
Meanwhile, China continues to restrict the number of firms allowed to produce
and export rare earths. This means there will remain a significant supply bottleneck that
is potentially unable to meet the growing global demand. This will likely further
encourage illegal mining even more, with the feared consequences in prices.
These examples show that market dynamics are an important consideration in the
knowledge assessment of REEs. Therefore, the boundary-defining assertions that "China
controls REE prices" or "there is an REE supply crunch" are not really valid, and in the
long run with development of other REE projects around the world the prices will likely
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not be as volatile. Another factor that can affect pricing is regulation by international
trade organizations, as discussed further.
5.2.2

Impact of the World Trade Organization Ruling on REEs

In early 2012, the U.S., the European Union and Japan filed a challenge with the
World Trade Organization (WTO) against China's export restrictions on REEs. Disputes
arose when the Chinese government reduced its export quotas by 40% in 2010, thereby
greatly increasing the REE prices in the markets outside China. While the Chinese
government argued that the quotas were necessary to protect the environment, the move
was really viewed as a display of power in disguise. The difference in prices inside and
outside China, as such, gave unfair advantage to Chinese firms.
The WTO reviewed the challenge and in late 2014 ruled in favor of the U.S., EU
and Japan's claims that China violated trade rules with respect to the unfair imposition of
export restrictions on REEs. China responded by dropping REEs from the list of products
subject to export controls. Instead, China replaced export quotas with "tightly controlled
export licenses" to comply with WTO ruling. The caveat here is that even though the
export licenses are in accordance with WTO rules, they are expected to make the REE
market less transparent and thereby increase uncertainty for end-users outside of China.
Nevertheless, REE prices dropped significantly after the WTO ruling demonstrating how
international trade policies can impact markets.
5.2.3

Other REE producers apartfrom China

As stated earlier, in addition to China, there are several countries that have active
mining processes or deposits rich in REEs. The Nechalacho deposit in Canada, for
example, is located in the Northwest Territories, approximately 100 km southeast of the
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city of Yellowknife. This deposit is particularly well known for its unusually high content
of HREEs, which as mentioned previously are relatively critical and presently mostly
sourced out of China. Furthermore, the deposit is known to have very low uranium and
thorium levels, and good rock mechanics and shallow depth, which are amenable to lowcost underground bulk mining methods. 10 5
The Nechalacho deposit is considered to be the most advanced HREE
development project in the world outside China and could be brought into commercial
operation within three years of initiating construction. Avalon Rare Metals Inc., the
company owning the deposit, completed a feasibility study in 2013 predicting a net
positive rate of return. Given the healthy bilateral relations between U.S. and Canada, the
Nechalacho deposit could be an attractive alternative to invest in and promote in the near
future. 15

In France, the Rhodia processing plant has shown promise in separating
individual REEs from flotation concentrate in an economically feasible way 19. Rhodia
already has separation plants to process concentrates from mines such as Mount Weld
and Mountain Pass, and also to recycle HREEs from fluorescent lamps and magnets. For
years, recycling of REEs was considered to be extremely challenging given the difficulty
in collecting and identifying waste products, but the increasing rate of selectively
identifying fluorescent lights to keep mercury out of landfills, especially in Europe, has
made new recycling feedstock available. The combination of recycling and expanded
non-Chinese production of HREE concentrates from Canada for example relieves some
of the dependence on China for HREEs. These alternative options should be considered
and accelerated to diversify the REE supply chain.
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5.2.4

Environmental Considerations

As stated previously, the environmental impact of REE mining is severe.
However, simply stating that REEs as a whole are causing an environmental disaster is
untrue: one needs to consider the positive benefits that arise out of the end-use of REEs in
various clean energy applications.
Windmills, for example, use neodymium-based magnets to run wind turbines.
Modern batteries and fuel cells also employ REEs. For example, using lanthanum in
rechargeable batteries instead of nickel-cadmium or lead results in fewer environmental
issues downstream. Using REEs in fluorescent lamps and magnetic refrigeration can
significantly reduce greenhouse gas emissions owing to increased energy efficiency.
Radioactive materials that occur together with REEs in ores do not pose a risk to
the environment if properly separated during the REE extraction process and disposed
accordingly. Future REE processing technologies should focus on greater efficiency of
removal of radioactive contaminants such as uranium and thorium from REE
concentrates. In fact, if properly separated, they could also possess economic value. For
example, nuclear plants could benefit from the uranium and thorium that are extracted
from REE concentrates.
A more thorough environmental assessment is needed to justify the benefits of the
end-use of REEs in clean energy applications against the dire environmental impact that
occurs from the mining and extraction process, which is beyond the scope of this paper.
5.2.5

Example of Japan - Diversification of Sources

Japan has traditionally been a leading consumer of REEs. As mentioned earlier,
Japanese firms such as Toyota and Panasonic significantly use REEs in the development
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of their products. Japan, which sources virtually all its REEs from China, either directly
or indirectly, has been trying to find new sources of supply since China threatened to
block exports of REEs to Japan in 2010 during a row over disputed islands and then
toyed with global REE export quotas to preserve its own resources.
In the previous five years, Japan has pushed to secure at least 60 percent of its
REE needs from outside China, as it increases efforts to minimize its dependence on a
single source. For example, Japan recently signed deals that would give it four types of
LREEs from India, thereby supplying about 15 percent of its REE needs. It has also
funded an Australian mining venture with the hope that ramped-up production in the next
few years would provide Japan with more than 60 percent of its expected REE demand
from outside China by 2018. Japan has also invested in REE recycling technology: it has
recently undertaken a joint venture in Kazakhstan, recycling REEs from batteries and
motor magnets. 120
Japan has also invested in exploring sea-based sources of REEs. The Deep Ocean
Resources Development Co. and Japan Oil, Gas and Metals National (JOGMEC) have
secured two of 24 contracts issued by the International Seabed Authority to explore
international waters for REEs. JOGMEC began a three-year program in 2014, drilling
around 40 sites near a small southern Japanese island to assess ocean-based reserves.
Thus, Japan has taken the necessary initiatives to reduce its reliance on a single
source of REEs by investing in more reliable projects and undertaking exploration
endeavors of its own - an example that can be emulated by the U.S. in the near future.
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5.2.6

Recent Developments - Bankruptcy of the U.S. rare earth producer
MolyCorp Inc.

As recently as October 2015, MolyCorp Inc. filed for bankruptcy with a plan to
restructure its growing debt structure

2

. This was a major blow to the prospects of

having a local U.S. REE supplier enter the global market to challenge Chinese supply.
MolyCorp's decision to shutdown reflects the dramatic rise and fall of the REE
markets over the past five years. Initially attracted by the high prices in 2010, MolyCorp
performed a feasibility study for extracting REEs from the Mountain Pass mine and
developed a viable mining process. But then, hit by the recent lower prices, it decided to
suspend production realizing it may not have enough money to remain in business. This
demonstrates the importance of closely following the market for REEs and not blindly
assuming that REE prices will remain constant over a given time period.
In conclusion, the so-called "rare-earth crisis" of 2010, while raising legitimate
market-failure

concerns such

as monopoly power,

security and environmental

externalities was severely over-exaggerated. The knowledge assessment finds that even
though China has a monopoly power, prices greatly depend on the rise of competing
technologies, alternative resources and international trade policies. Illegal mining in
China and a recent World Trade Organization ruling has already driven down REE prices
to historical lows in 2014. It is therefore very important not to blindly assume the market
prices will stay consistent at a high price, but rather follow the dynamics carefully.
In light of this exercise, the following recommendations can be made to U.S.
policy-makers:
Recommendation 1: Follow the example of Japan and diversify REE sources
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Policy-makers should diversify REE sources and not completely rely on China.
As with Japan, strategic trade agreements would be helpful especially with traditional
allies such as Canada, which have shown promise in bringing a viable REE stream to the
global market.
Recommendation 2: Relax environmental regulations or tailor them specifically to rareearth mining processes, if needed, to encourage development of ventures
Although a much more detailed environmental assessment is needed to
understand the specific impacts of REE mining and processing, stringent environmental
regulations should not impede the development of REE ventures. As we learned from the
example of Mountain Pass in 2002, local producers that do not comply with outdated or
overly-generalized environmental regulations would diminish, thereby increasing reliance
on international sources and increasing supply risks.
Recommendation 3: Create a rare-earth expert board for regular consultation and invest
in research and development work

Policy-makers could greatly benefit from a dedicated panel of rare-earth experts
and specialists. The board should have a fair mix of market analysts and technical experts
who are capable of performing credible knowledge assessments and can advise policymakers at all times. Furthermore, investing in REE research and development both in
academia and industry is advantageous in the long run, and will promote concentration of
expertise outside of China.
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6. Summary and Conclusions
In summary, rare-earth oxides (REOs) are intrinsically hydrophobic, and offer
excellent promise as long-lasting hydrophobic coatings. More broadly, the main
conclusions from this research are:
e

REOs are intrinsically hydrophobic, and airborne hydrocarbons that may
accumulate on their surface do not exclusively explain their hydrophobicity

-

The presence of excess hydrogen-bonding sites such as a higher-thanstoichiometric lattice oxygen content affects the wettability of REOs

-

Surface chemistry (in particular, excess surface oxygen) and surface relaxations
can impact wettability of REOs. In fact, contact angle measurements can be used
as a probe to determine the extent of surface relaxation of REOs.

e

Thin films of REOs demonstrate sustained dropwise condensation for over 100
hours at accelerated steam conditions without compromising structural integrity
and hydrophobicity

e

The resulting heat transfer co-efficients by using REO coatings are an order of
magnitude higher than typical film-wise condensation

-

In view of the accelerated steam condensation results, it can be predicted that
REO coatings will demonstrate long-lasting hydrophobic performance in typical
condensers in power plants which operate at significantly less harsh pressure and
temperature conditions than the ones used in the accelerated tests in this thesis

e

The enhancement in heat transfer performance by using hydrophobic REO
coatings in turn translates to a superior improvement in the overall plant
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efficiency by a remarkable 3-5% and significant reduction in greenhouse gas
emissions
e

REOs are robust and can withstand harsh conditions and maintain their
hydrophobicity and longevity in a wide variety of applications such as coatings
for hydropower systems, reducing ice adhesion, anti-corrosion and anti-fouling
applications and so on

*

Despite the name "rare", in fact REOs are relatively cheap and readily available
compared to other hydrophobic materials (especially ceria)

* Even though 97% of the worldwide supply of rare-earths comes out of China
presently, the potential for market failure of rare-earths is low in the long run -prices greatly depend on the rise of competing technologies, alternative resources
and international trade policies and they will be stable in the long run given that
other countries are rapidly entering the market.
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