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Hydrophobic surfaces that are robust can have widespread applications in drop-wise condensation,

anti-corrosion, and anti-icing. Recently, it was shown that the class of ceramics comprising the lan-

thanide series rare-earth oxides (REOs) is intrinsically hydrophobic. 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.

Hence, the presence of excess surface oxygen can lead to increased hydrogen bonding and thereby

reduce hydrophobicity of REOs. Herein, we demonstrate how surface stoichiometry and surface

relaxations can impact wetting properties of REOs. Using X-ray Photoelectron Spectroscopy and

wetting measurements, we show that freshly sputtered ceria is hydrophilic due to excess surface oxy-

gen (shown to have an O/Ce ratio of �3 and a water contact angle of �15�), which when relaxed in a

clean, ultra-high vacuum environment isolated from airborne contaminants reaches close to stoichio-

metric O/Ce ratio (�2.2) and becomes hydrophobic (contact angle of �104�). Further, we show that

airborne hydrocarbon contaminants do not exclusively impact the wetting properties of REOs, and

that relaxed REOs are intrinsically hydrophobic. This study provides insight into the role of surface

relaxation on the wettability of REOs.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907756]

Superhydrophobic surfaces, which require a combina-

tion of surface chemistry and surface topography, have

attracted significant attention over the past decade because

of their broad technological potential.1–5 There has been con-

siderable focus on understanding their wettability6,7 and

developing them for a wide range of applications including

droplet impact resistance,8–13 anti-icing,14–19 dropwise con-

densation,20–24 electro-wetting,25,26 drag reduction,27–32

evaporation,33,34 and anti-corrosion.35–38 An important chal-

lenge for broad applicability of these hydrophobic materials

is their limited robustness.3,4,39 Most approaches for fabricat-

ing superhydrophobic surfaces involve texturing a polymeric

hydrophobic material or coating a textured hydrophilic mate-

rial with a polymeric hydrophobic modifier such as organosi-

lanes or thiols.40 Existing durable materials such as metals

and ceramics are generally hydrophilic and require poly-

meric hydrophobic modifiers to render them hydrophobic.41

However, polymeric modifiers deteriorate in harsh environ-

ments making it difficult to realize robust hydrophobic surfa-

ces. Hence, there is a clear need for robust materials such as

ceramics that are intrinsically hydrophobic.

Recent studies have shown that the class of ceramics

comprising the lanthanide series rare-earth oxides (REOs) is

intrinsically hydrophobic.42–47 REOs are capable of sustaining

their intrinsic hydrophobicity after exposure to extreme proc-

essing conditions such as high temperature, abrasive wear,

and steam.42 The underlying phenomenon of hydrophobicity

in REOs arises from the unique electronic structure of the

rare-earth metal atoms where the unfilled 4f orbitals are

shielded from interactions with the environment by a full

octet of electrons in the 5s2p6 outer shell.42 This shielding

effect minimizes the hydrogen bonding with interfacial water

molecules and renders REOs hydrophobic42 as shown in

Figure 1. In contrast, in the case of a common ceramic like

alumina, the lack of such a shielding effect allows the metal

FIG. 1. Schematic of the orientation of water molecules and the associated

wetting properties of a surface. (a) Hydrophilicity and schematic of the ori-

entation of water molecules next to an alumina surface (using different

scales for the surface and water molecules). (b) Hydrophobicity and sche-

matic of the orientation of water molecules next to neodymia (an REO) (sur-

face and water molecules not to scale). Scale bars, 1mm. Reprinted with

permission from Azimi et al., Nat. Mater. 12, 315 (2013). Copyright 2013

Macmillan Publishers Limited.

a)Author to whom correspondence should be addressed. Electronic mail:

varanasi@mit.edu
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atom to hydrogen bond with interfacial water molecules.48,49 In

this case, water molecules are able to maintain their hydrogen-

bonding network on alumina, resulting in hydrophilicity.

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 hydropho-

bicity will be affected. In other words, a net increase in the

surface oxygen-to-metal ratio beyond the typical stoichio-

metric value is detrimental because an increase in surface

lattice oxygen provides more avenues for hydrogen-bonding

with interfacial water which further breaks down the hydro-

phobic hydration structure seen in Figure 1, thereby increas-

ing wettability. In the case of ceria (CeO2) studied in this

paper, an O/Ce ratio higher than 2.0 can negatively impact

wettability, as it provides more sites for hydrogen bonding

with water.

Furthermore, recent literature has addressed the contri-

bution of surface hydrocarbons arising from natural airborne

contamination towards wettability of REOs.50 Researchers

have shown that the contact angle of water measured on

REOs increases with time when left in ambient air as it pro-

gressively adsorbs atmospheric hydrocarbon contaminants.50

While it is important to avoid ruling out the effect of

adsorbed surface hydrocarbon contaminants on the wettabil-

ity of REOs, it is also important to study how changes in sur-

face chemistry and stoichiometry of a pristine REO surface

potentially impact wettability.

In this paper, we show how surface relaxation plays an

important role in determining the wettability of REOs. We

first show that hydrophobicity of REOs is not exclusively

dominated by surface hydrocarbon contamination. We then

show that surface relaxation in a low carbon, ultra-high vac-

uum (UHV) environment causes a reduction in the surface

oxygen-to-metal ratio in REOs owing to changes in both

oxygen and rare-earth metal chemistry. Finally, we show

that a decrease in the surface oxygen-to-metal ratio in REOs

is accompanied by a corresponding increase in water contact

angle (WCA), and thereby we demonstrate the crucial impor-

tance of surface relaxations in ascertaining the hydrophobic-

ity of REOs. Ceria was chosen as a model REO in this study

given the extensive past literature on surface chemistry and

relaxation of ceria. Henceforth, we will define surface relax-

ation as the change in surface stoichiometry.

In order to better understand the contribution of surface

hydrocarbon contamination towards the hydrophobicity of

REOs, we first compared and contrasted ceria and alumina

under identical conditions (which, as described earlier, are

intrinsically hydrophobic and hydrophilic, respectively). We

sputter-deposited approximately 300 nm thick layers of ceria

and alumina on distinct silicon wafers (AJAsputterer ATC

series) and transported both samples in the same vacuum

desiccator for X-Ray Photoelectron Spectroscopy (XPS)

analysis in an UHV chamber (PHI Versaprobe II XPS).

Immediately after XPS measurements, WCAs were meas-

ured using a goniometer (Rame-Hart M500 series). As

shown in Table I, both surfaces were found to have similar

surface carbon content (�15%) measured by XPS, yet only

ceria was hydrophobic (WCA > 90�), while alumina was

hydrophilic (WCA � 90�). These results clearly indicate

that surface hydrocarbon contamination exclusively cannot

explain the hydrophobicity of REOs. In fact, the ceria sample

was hydrophobic despite having an almost two-fold lower

surface carbon content (�15%) than previously reported val-

ues on a hydrophobic ceria surface exposed to ambient air

(�34%).50

Having demonstrated that surface carbon does not

uniquely explain the hydrophobicity of ceria, we then

focused on better understanding the surface chemistry of

ceria and the phenomenon of surface relaxation. There are

many factors that could potentially cause a departure from

the pristine stoichiometric state of ceria. Chin et al.51 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 in-

terstitial excess oxygen on the surface arising from the sput-

tering 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 hydro-

phobicity. Hence, in order to observe surface relaxation in an

environment isolated from airborne hydrocarbon contami-

nants, we used a UHV chamber that was maintained at a vac-

uum of 1.4� 10�10 to 5.5� 10�10Torr. We sputter-deposited

a 300 nm thick layer of ceria on a silicon wafer and immedi-

ately transferred the sample in a vacuum desiccator to the

UHV chamber. In situ XPS analyses were conducted in the

same chamber at regular time intervals for 6 h after which

the sample was left to relax in the chamber overnight for 14 h,

following which a final XPS spectrum was obtained.

Figures 2(a) and 2(b) compare the high-resolution XPS

spectra for cerium (Ce 3d) obtained before and after over-

night UHV relaxation, respectively. It can be seen that the

shape of the cerium spectrum changed considerably after

overnight relaxation for 14 h in UHV. To investigate this

change in detail, the Ce 3d spectra were deconvoluted into

constituent satellite peaks and identified using the nomencla-

ture proposed by Burroughs et al.52 Specifically, the satellite

peaks were designated with two different letters for the two

3d components of Ce 3d; v for 3d5/2 peaks and u for 3d3/2.

All constituent satellite peaks of Ce 3d were identified by

this method as shown in Figures 2(a) and 2(b) (with the

exception of uo and vo 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 1.5.53,54

The peaks were then associated with the Ce4þ or the

Ce3þ oxidation state. Peaks v, v00, v000, u, u00, and u000 were

associated with the Ce4þ state, while v0, v
0, u0, and u0 were

TABLE I. Effect of surface carbon content: Comparison between ceria and

alumina.

Surface Surface atomic carbon content (%) Contact angle (deg)

Ceria 15.16 2.1 1046 2

Alumina 15.86 2.5 456 3

061601-2 Khan et al. Appl. Phys. Lett. 106, 061601 (2015)
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associated with the Ce3þ state.52–56 The relative concentra-

tions of Ce4þ and Ce3þ were determined using the following

equations:52–56

AðCe3þÞ ¼ Aðv0Þ þ Aðv0Þ þ Aðu0Þ þ Aðu0Þ; (1)

AðCe4þÞ ¼ AðvÞ þ Aðv00Þ þ Aðv000Þ þ AðuÞ þ Aðu00Þ þ Aðu000Þ;

(2)

%Ceyþ ¼
A Ceyþð Þ

A Ce3þð Þ þ A Ce4þð Þ
� 100 y ¼ 3; 4ð Þ: (3)

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

Ce3þ contribution to the overall surface cerium increased

from 10.2% to 27.2% with overnight relaxation in UHV,

while the Ce4þ contribution decreased from 89.8% to 72.8%.

This indicates that the ceria sample underwent a partial reduc-

tion in state from Ce4þ to Ce3þ in UHV, which is consistent

with observations of Zhang et al.55 Specifically, it can be seen

in Figures 2(a) and 2(b) that the intensity of both the charac-

teristic Ce3þ peaks v0 and u0 increased following overnight

relaxation in UHV, while the characteristic Ce4þ peaks v, v00,

v000, u, u00, and u000 all decreased in intensity. Preisler et al.57

have further correlated the change in the oxidation state from

Ce4þ to Ce3þ with a net decrease in the O/Ce ratio. Therefore,

in view of all these observations, we can say, that the change

in cerium chemistry, as seen in Figures 2(a) and 2(b), is con-

sistent 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 2(c) and 2(d) that the

intensity of both the lattice and non-lattice oxygen peaks

decreased with overnight relaxation in UHV. It is known in

the literature that ceria can release surface lattice oxygen as

part of a wider surface reconstruction process. As an

example, Solovyov et al.58 studied oxygen reconstruction on

an unstable [001] ceria surface. Such surfaces release lattice

oxygen in order to maintain a net zero dipole moment per-

pendicular to the surface, which potentially explains the rea-

son for decreasing lattice oxygen sites as observed by the

reduction in the lattice oxygen peak intensity after overnight

relaxation in UHV. Therefore, the change in the surface oxy-

gen 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 2(c) and 2(d) have been previously attributed to

adsorbed surface oxygen species such as hydroxyls or carbo-

nates.44,59,60 Furthermore, the characteristic O 1s peak asso-

ciated with adsorbed molecular water at 532.9 eV was not

observed. Mart�ınez et al.44 on the contrary observed very

intense peaks for adsorbed surface oxygen and molecular

water relative to the lattice oxygen. Thus, the low concentra-

tion of adsorbed surface oxygen species relative to the lattice

oxygen as well as the lack of adsorbed molecular water con-

firms the low degree of surface contamination on our ceria

sample. This is attributable to the quick transfer of the sput-

tered samples to the UHV chamber under vacuum as well as

the clean, isolated nature of the UHV environment.

The high-resolution XPS spectra were used to determine

the relative surface atomic concentrations of cerium, oxygen,

and carbon. Figure 3(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 h of the experiment, reaching close to the

stoichiometric ratio of ceria. The surface carbon remained

steady at �12% throughout the experiment as seen in Figure

3(b) which was expected given that the UHV chamber was

practically devoid of hydrocarbon contaminants and well

sealed from the ambient environment.

How does the decreasing O/Ce ratio impact wettability?

As explained previously in Figure 1, greater the oxygen sites

FIG. 2. (a) XPS spectrum of cerium

(Ce 3d) with constituent satellite peaks

obtained immediately after loading in

the UHV chamber. (b) XPS spectrum

of cerium (Ce 3d) with constituent sat-

ellite peaks obtained after 14 h relaxa-

tion in UHV. (c) XPS spectrum of

oxygen (O 1s) immediately after load-

ing in the UHV chamber. (d) XPS

spectrum of oxygen (O 1s) obtained

after 14 h relaxation in UHV.
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on the surface, the greater the tendency to form hydrogen

bonds with interfacial water and hence higher the wettability.

As seen in Figure 3(a), the O/Ce ratio on a freshly sputter-

deposited ceria surface was measured as �3.0, which is simi-

lar to observations of Chin et al.51 Indeed, we observed that

water spreads on a freshly sputter-deposited ceria surface

as shown in Figure 3(c) given the higher-than-stoichiometric

O/Ce ratio. However, when this surface was allowed to relax

in a UHV environment, the O/Ce ratio approaches the stoi-

chiometric ratio and the surface is rendered hydrophobic

(WCA> 90�) as shown in Figure 3(d). Hence, because of the

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 car-

bon 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-to-stoi-

chiometric O/Ce ratio and is overall consistent with our

theory on wetting behavior of REOs. Table II summarizes

the results from the start and end points of the surface relaxa-

tion experiment.

In summary, REOs are intrinsically hydrophobic and we

show how excess surface oxygen can negatively impact

hydrophobicity. More broadly, we show how surface chem-

istry (in particular, excess surface oxygen) and surface relax-

ations 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. Further, we show that air-

borne hydrocarbon contaminants do not exclusively impact

wetting properties of REOs. Hence, it is important to care-

fully consider these effects before ascertaining the true ori-

gins of hydrophobicity of REOs.

We gratefully acknowledge financial support from

the NSF Career Award (Project Number: 0952564), the

MIT-KFUPM Center for Clean Water and Clean Energy

under Project #MIT-KFUPM-R16, and the Hydro Research

Foundation Graduate Award.

1P.-G. de Gennes, F. Brochard-Wyart, and D. Quere, Capillarity and

Wetting Phenomena: Drops, Bubbles, Pearls, Waves (Springer Science &

Business Media, 2004).
2H.-J. Butt, K. Graf, and M. Kappl, Physics and Chemistry of Interfaces

(John Wiley & Sons, 2006).
3D. Qu�er�e, Annu. Rev. Mater. Res. 38, 71 (2008).
4L. Bocquet and E. Lauga, Nat. Mater. 10, 334 (2011).
5X. Deng, L. Mammen, H.-J. Butt, and D. Vollmer, Science 335, 67 (2012).
6D. Qu�er�e, Rep. Prog. Phys. 68, 2495 (2005).
7P. Papadopoulos, L. Mammen, X. Deng, D. Vollmer, and H.-J. Butt, Proc.

Natl. Acad. Sci. U. S. A. 110, 3254 (2013).
8D. Richard, C. Clanet, and D. Qu�er�e, Nature 417, 811 (2002).
9C. Antonini, A. Amirfazli, and M. Marengo, Phys. Fluids 24, 102104

(2012).
10S. Dash, M. T. Alt, and S. V. Garimella, Langmuir 28, 9606 (2012).
11J. C. Bird, R. Dhiman, H.-M. Kwon, and K. K. Varanasi, Nature 503, 385

(2013).
12C. Antonini, I. Bernagozzi, S. Jung, D. Poulikakos, and M. Marengo,

Phys. Rev. Lett. 111, 014501 (2013).
13J. de Ruiter, R. Lagraauw, D. van den Ende, and F. Mugele, Nat. Phys. 11,

48 (2015).
14A. J. Meuler, J. D. Smith, K. K. Varanasi, J. M. Mabry, G. H. McKinley,

and R. E. Cohen, ACS Appl. Mater. Interfaces 2, 3100 (2010).
15H. Lee, M. L. Alcaraz, M. F. Rubner, and R. E. Cohen, ACS Nano 7, 2172

(2013).
16J. B. Boreyko and C. P. Collier, ACS Nano 7, 1618 (2013).
17P. Eberle, M. K. Tiwari, T. Maitra, and D. Poulikakos, Nanoscale 6, 4874

(2014).
18T. Maitra, M. K. Tiwari, C. Antonini, P. Schoch, S. Jung, P. Eberle, and D.

Poulikakos, Nano Lett. 14, 172 (2014).
19J. Lv, Y. Song, L. Jiang, and J. Wang, ACS Nano 8, 3152 (2014).
20N. A. Patankar, Soft Matter 6, 1613 (2010).
21C. Dietz, K. Rykaczewski, A. G. Fedorov, and Y. Joshi, Appl. Phys. Lett.

97, 033104 (2010).
22D. M. Anderson, M. K. Gupta, A. A. Voevodin, C. N. Hunter, S. A.

Putnam, V. V. Tsukruk, and A. G. Fedorov, ACS Nano 6, 3262 (2012).
23A. Ghosh, S. Beaini, B. J. Zhang, R. Ganguly, and C. M. Megaridis,

Langmuir 30, 13103 (2014).

FIG. 3. (a) Effect of UHV relaxation of

a sputtered ceria surface on the O/Ce

ratio. The O/Ce ratio decreases from

�3.0 at the start of the analysis to �2.2

after 14 h in a UHV chamber. (b)

Variation of surface atomic carbon con-

centration with relaxation time in UHV.

(c) Advancing water contact angle on a

freshly sputtered ceria surface with an

O/Ce ratio of �3.0 measured as 15�

using a goniometer. (d) Advancing

water contact angle on a UHV-relaxed

ceria surface with an O/Ce ratio of �2.2

measured as 104� using a goniometer.

TABLE II. Comparison of water contact angles, O/Ce ratio, and surface car-

bon content on freshly sputtered and UHV-relaxed ceria samples.

Sample Advancing WCA (deg) O/Ce ratio Surface carbon (%)

As-sputtered 156 6 2.986 0.04 11.76 0.3

UHV-relaxed (14 h) 1046 3 2.226 0.02 12.76 0.2

061601-4 Khan et al. Appl. Phys. Lett. 106, 061601 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  18.140.1.65

On: Tue, 03 Mar 2015 00:21:41

http://dx.doi.org/10.1146/annurev.matsci.38.060407.132434
http://dx.doi.org/10.1038/nmat2994
http://dx.doi.org/10.1126/science.1207115
http://dx.doi.org/10.1088/0034-4885/68/11/R01
http://dx.doi.org/10.1073/pnas.1218673110
http://dx.doi.org/10.1073/pnas.1218673110
http://dx.doi.org/10.1038/417811a
http://dx.doi.org/10.1063/1.4757122
http://dx.doi.org/10.1021/la301743p
http://dx.doi.org/10.1038/nature12740
http://dx.doi.org/10.1103/PhysRevLett.111.014501
http://dx.doi.org/10.1038/nphys3145
http://dx.doi.org/10.1021/am1006035
http://dx.doi.org/10.1021/nn3057966
http://dx.doi.org/10.1021/nn3055048
http://dx.doi.org/10.1039/c3nr06644d
http://dx.doi.org/10.1021/nl4037092
http://dx.doi.org/10.1021/nn406522n
http://dx.doi.org/10.1039/b923967g
http://dx.doi.org/10.1063/1.3460275
http://dx.doi.org/10.1021/nn300183d
http://dx.doi.org/10.1021/la5028866


24A. T. Paxson, J. L. Yag€ue, K. K. Gleason, and K. K. Varanasi, Adv.

Mater. 26, 418 (2014).
25V. Bahadur and S. V. Garimella, Langmuir 23, 4918 (2007).
26D. ’tMannetje, S. Ghosh, R. Lagraauw, S. Otten, A. Pit, C. Berendsen, J.

Zeegers, D. van den Ende, and F. Mugele, Nat. Commun. 5, 3559 (2014).
27P. Joseph, C. Cottin-Bizonne, J.-M. Benôıt, C. Ybert, C. Journet, P.
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