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ABSTRACT: Corrosion and surface fouling of structural materi-
als, such as concrete, are persistent problems accelerating
undesirable material degradation for many industries and infra-
structures. To counteract these detrimental effects, protective
coatings are frequently applied, but these solid-based coatings can
degrade or become mechanically damaged over time. Such
irreversible and irreparable damage on solid-based protective
coatings expose underlying surfaces and bulk materials to adverse
environmental stresses leading to subsequent fouling and degradation. We introduce a new concept of a hybrid liquid-in-solid
protective barrier (LIB) to overcome the limitations of traditional protective coatings with broad applicability to structural materials.
Through optimization of capillary forces and reduction of the interfacial energy between an upper mobile liquid and a lower
immobile solid phase, a stable liquid-based protective layer is created. This provides a persistent self-repairing barrier against the
infiltration of moisture and salt, in addition to omniphobic surface properties. As a model experimental test bed, we applied this
concept to cementitious materials, which are commonly used as binders in concrete, and investigated how the mobile liquid phase
embedded within a porous solid support contributes to the material’s barrier protection and antifouling properties. Using industry
standard test methods for acid resistance, chloride-ion penetrability, freeze−thaw cyclability, and mechanical durability, we
demonstrate that LIBs exhibit significantly reduced water absorption and ion penetrability, improved repellency against various
nonaqueous liquids, and resistance to corrosion while maintaining their required mechanical performance as structural materials.

KEYWORDS: barrier protection, hybrid liquid−solid materials, functional coatings, antifouling, anticorrosion

1. INTRODUCTION

Concrete is a ubiquitous building material that has been used for
millennia, from construction of the Roman Colosseum to
modern-day skyscrapers and monuments. The widespread use
of concrete is attributed to its low cost and structural stability. In
addition to filler materials such as pebbles, flyash, slag, and other
additives, a key component of concrete is the cement binder,
which when mixed with water forms a paste and over time forms
a rigid porous structure via hydration.1 Today, Portland cement
(PC) is the most common type of cement with an annual
consumption in excess of 4 billion metric tons. However,
alternate cementitious materials such as geopolymers (GP) have
recently garnered interest as they provide comparable
mechanical properties to PC with a lower carbon footprint.2−4

The surface and bulk of cementitious materials are highly
porous and hydrophilic by nature, rendering them prone to
absorption of moisture and permeation of vapors, particularly
atmospheric precipitation and salt water from marine environ-
ments. As a result, undesirable ions and microorganisms can
migrate through the concrete and accelerate structural
degradation through various mechanisms, including steel
corrosion and water expansion.5−8 Chloride ions are among
the most destructive contaminants, promoting the corrosion of

steel reinforcements in concrete by catalyzing the formation of
iron oxides in the presence of water.9−11 These iron oxides
further promote the accumulation of moisture. In cold weather,
entrapped water can expand up to 9 vol %, resulting in the
buildup of mechanical stress in the concrete over time.9

Continuous stress due to seasonal change in combination with
the ingression of ions inevitably leads to embrittlement and
cracking of the concrete as well as degradation of the
reinforcements.9

Currently, there are a number of different methods employed
to increase the service life of concrete by reducing its
permeability (Figure 1a) including (i) solid material coatings
and sealants which provide a physical barrier, (ii) pore blockers
which react with residual soluble concrete components to form
insoluble products, and (iii) pore liners which increase the
hydrophobicity of the cracked surfaces.11,12 Beyond these
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traditional industrial methods, new strategies such as super-
hydrophobic coatings and the incorporation of nanomaterials
have been introduced to address these concerns.13−16 Despite
the benefits of these solutions, the longevity of solid-based
coatings is limited as the coatings themselves are susceptible to
formation of new cracks and other irreparable surface defects via
mechanical, chemical, and thermal challenges.11 When a new
defect or surface opening is formed on these solid-based
coatings, moisture and other contaminants can then permeate
and accelerate the degradation of underlying structural
materials.
Several studies have demonstrated the utility of liquids as a

component in designing self-replenishing and self-healing
surfaces on porous or textured materials as well as
polymers.17−28 The ability of the liquid component to

reconfigure on the surface has shown great promise in enhancing
the resistance of engineered surfaces against ice formation,29−40

bacterial and fungal growth,41−52 and other forms of
fouling.53−60 We anticipate that a similar principle can be
applied to a bulk porous material, where a liquid component
migrating in the bulk can provide excellent barrier properties to
protect the underlying solid. Compared to a solid-based barrier
coating, which generally lacks the ability to self-repair (once
damaged) and cannot effectively block permeating liquids or
vapors, a mobile liquid-based barrier can reconfigure to fill new
voids, cracks, and conduits as they are formed, thus functioning
as an effective dynamic barrier layer (Figure 1b).18

In the present study, we describe the implementation of a
hybrid liquid-in-solid protective barrier (LIB) integrated within
conventional cementitious materials and demonstrate that this

Figure 1. Schematic presentations of (a) the existing conventional solid-based protective coating technology and (b) the mechanism of action of a
hybrid liquid-in-solid protective barrier (LIB) technology. Note how the liquid component migrates to block both existing and newly formed cracks.

Figure 2. Schematic of the procedure used to introduce LIB to a cementitious material. (a) Porous cement was chemically functionalized using a
fluoroaliphatic phosphate ester (fluorosurfactant, FS) and then infused with a chemically compatible liquid (fluorinated oil). After application of LIB,
liquid contaminants immiscible with the fluorinated oil are blocked from entering the cement. (b) Liquid contaminants dynamically wet and readily
absorb into the untreated Portland cement.
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new hybrid material exhibits durability against environmental
challenges such as moisture, acids, and ions while maintaining
inherent mechanical properties critical for structural materials.
Unlike conventional repellent surfaces, such as superhydropho-
bic surfaces and slippery liquid-infused porous surfaces (SLIPS),
which are limited to mainly surface effects, our approach not
only achieves surface repellency but also uses a mobile liquid
phase to block unwanted materials from entering the bulk of the
porous solid (Figure 1b).13 As a result, the permeability of a LIB
prepared using Portland cement (LIB-PC) is significantly
reduced without compromising its inherent mechanical proper-
ties. We demonstrate the feasibility of LIB for real-world
applications using industry standard methods such as acid
resistance, chloride-ion penetrability, and freeze−thaw cy-
cling.61−63 These results suggest that LIB can be further
developed as a stand-alone treatment or as a complement to
other existing surface treatments to improve the long-term
protection of cementitious materials.

2. RESULTS AND DISCUSSION
2.1. Introducing LIB into Portland Cement (PC).

Portland cement (PC) samples were prepared according to
the manufacturer’s guidelines (see Experimental Section for
additional details). The samples were modified with a
fluoroaliphatic phosphate ester (MASURF FS-100, hereafter
referred to as “fluorosurfactant” or “FS”). The modified PC was
then infused with a fluorinated oil (Krytox PFPE GPL 100,
hereafter referred as “K100”) to form a liquid barrier (LIB-PC)
(Figure 2a). Extensive characterization of the chemical

composition and uniformity of LIB-PC was performed using
energy-dispersive spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS), and Fourier transform infrared spectros-
copy (FT-IR). The presence of a porous network and the pore
size distribution within the bulk of modified PC was confirmed
by cross-sectional SEM (Figure 3c) and N2 adsorption−
desorption experiments (Figure S1, Table S1). Qualitative
elemental mapping using EDS revealed a relatively uniform
surface coating of fluorosurfactant with fluorine concentration
decreasing from the surface to the bulk (Figure 3a−d). Effective
chemical binding of the fluorosurfactant to the surface was
confirmed by XPS (Figure 3e−h). The peaks from F 1s (∼693−
695 eV) and C 1s (∼280−300 eV) corresponding to CF2 and
CF3 are observed on PC only after modifying with
fluorosurfactant. The initially high binding O 1s peak from
unbound fluorosurfactant,−O(P=O)−(OH)x (∼531−539 eV),
shifts to low binding energy upon binding with the surface metal
(M),−O(P=O)−(OM)x (∼530−537 eV), where x = 1 or 2, and
is also convoluted with the signals due to the metal hydroxide
and metal oxide present on the surface of PC. The shift in peaks
in the P 2p region confirms a change in the binding energy of the
functional phosphate group on the fluorosurfactant from
unbound, −O(P=O)−(OH)x, to bound in the form of a
phosphate ester with a metal (M), −O(P=O)−(OM)x, where x
= 1 or 2 (Figure 2a). This layer of bound fluorosurfactant
concentrated near the surface has a higher chemical affinity for
K100 than does the bulk material. When combined with the 3D
interconnected porous structure (Figure 3c), this enables the
transport of K100 from the bulk and its replenishment on a

Figure 3. Chemical composition analysis of LIB-PC. (a−d) EDS elemental map of the surface (a) and cross-section (b and d) of modified PC.
Chemical modification by the fluorosurfactant (F, red) uniformly coats the surface but does not completely permeate the bulk material (Ca, cyan),
instead forming a chemically modified zone near the surface. (c) Porous structure of cement viewed under high magnification scanning electron
microscopy. Scale bar for a and b is 1 mm, for c is 40 μm, and for d is 100 μm. (e−h) XPS spectra, including (e) survey and narrow scans of (f) O 1s, (g)
C 1s, and (h) P 2p peaks of free fluorosurfactant (black), fluorosurfactant-modified PC (red), and untreated PC (blue) demonstrating that there are
chemically bound fluorosurfactant molecules (as indicated by the shift shown by the arrows) on the surface of modified PC.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c06357
ACS Appl. Mater. Interfaces 2020, 12, 31922−31932

31924

https://pubs.acs.org/doi/10.1021/acsami.0c06357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06357?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c06357?ref=pdf


damaged surface, in contrast to most liquid-infused 2D surfaces
that merely retain liquid due to a limited liquid reservoir in the
interfacial layer. To confirm the mobility of the K100 within the
bulk, modified PC cylindrical samples (ø = 1 cm, height = 2 cm)
were allowed to sit in a thin pool of K100 (Figure 4a). As a result
of capillary rise through the porous network, K100 was able to
fully penetrate the sample within 48 h (0.4 mm h−1). Note that
the capillary length (lc) of Krytox is ∼1 mm, meaning capillary
forces will dominate over gravitational forces when the pore sizes
are <1 mm, as is the case here.64 The permeation of K100
throughout the bulk of the modified PC was confirmed visually
by the progressive darkening of the samples over time (Figure
4a) and by FT-IR spectroscopy measurements of the horizontal
cross sections taken near the center of the samples (Figure 4b).
As compared to untreated PC, K100 shows unique infrared
absorption bands corresponding to the −CF stretching mode
(strong) between 1000 and 1400 cm−1, specifically the −CF2
symmetric stretchingmode (1149 cm−1, 1199 cm−1, 1300 cm−1)
and the −CF3 stretching mode (1300 cm−1). These peaks were
observed in the cross-section measurements of the samples after
infusion with K100. In addition to the liquid retained within the
bulk, the ability of the porous structure to maintain a stable
liquid barrier layer at the surface was confirmed by testing its
repellency against salt water and hexadecane. As compared to
untreated PC samples, where liquid contaminants were readily
absorbed, LIB-PC effectively repels both of these liquids (Figure
4c, Table 1).
Though the primary focus of this discussion is the application

of LIB to PC, we confirmed by parallel studies that LIB can also
be applied to alternative cement binders such as geopolymers
(Figures S2−S4, Tables S2 and S3).

2.2. Surface Wetting Properties. To verify the surface
repellency of LIB-PC, we measured the static contact angle
(CA), contact angle hysteresis (CAH), and sliding angle (SA) of
water. Though the CA of water on modified PC was high
(∼150°), the majority of droplets were pinned even at a tilt angle
of 90°, resembling the “Rose petal effect” (where a water droplet
placed on the surface retains its spherical shape but does not roll
even when the sample is inverted).24,67 This behavior is
attributed to the inherent heterogeneous porosity of the cement
causing a Wenzel-like wetting state. Thus, cementitious
materials can be rendered highly hydrophobic by reducing
their surface energy with fluorosurfactants; however, the
resulting material does not show low roll-off angles as observed
on superhydrophobic surfaces. As a result, these pinned droplets
dynamically wet the surface over time. In contrast, LIB-PC
maintained a stable layer of K100 on the surface and displayed
omniphobic properties with low SA (Table 1) and minimal
pinning of water droplets. Untreated PC displayed instanta-
neous absorption upon application of various liquids (e.g., salt
water or hexadecane) (Figure 4c). As such, the substrate−
lubricant interface in LIB-PC remains stable and is not
perturbed when another immiscible liquid is applied to the
surface.

Figure 4. Formation of LIB through lubricant infiltration and its effect on decreasing liquid contaminant penetration. (a) Time-lapse images of a
cylindrical modified PC sample (ø = 1 cm, h = 2 cm) undergoing lubricant (K100) infiltration. Progression of infiltration can be monitored visually as
the cement sample turns darker with increasing infiltration time. (b) After 48 h infiltration, the horizontal cross-section of the sample was characterized
using FT-IR to confirm that the liquid component has fully penetrated the sample. Cross-section of an untreated PC sample was used as a control. (c)
LIB formed by lubricant infiltration decreases permeability of the cement by various liquids, including salt water and hexadecane, while untreated PC
displayed undesired absorption within seconds. Each sample measures ca. 4 cm × 4 cm.

Table 1. LIB-PC Repellency against Liquids with Different
Surface Tensions Characterized by the Sliding Angle

liquid
surface tension (mN m−1) at

20 °C
sliding angle

(deg)

n-hexadecane 20.2 14 ± 4
ethanol 22.1 13 ± 3
salt water (3.5% wt) 72.8 10 ± 2
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2.3. Mechanical Properties. Introduction of the LIB does
not negatively affect the inherent bulk mechanical properties of
Portland cement (Table 2), which are essential for applications

requiring structural stability. The Young’s modulus of LIB-PC
remained unchanged compared to PC, and there was only a very
slight reduction in compressive strength. To assess the durability
of the LIB treatment, LIB-PC was subjected to mechanical wear
testing (sand-drop test, ASTM D968-17) using yttria-stabilized
zirconia beads with diameters varying from 0.8 to 2 mm. LIB-PC
maintained a high CA and low CAH after application of a high
impinging energy of >5.0 kJ m−2 (Figure 5). In contrast, a
commercially available spray-on superhydrophobic coating
(NeverWet coating) applied to the surface of PC was severely
damaged, to the point of not yielding measurable CAH, after
application of just 1.520 ± 0.005 kJ m−2 of impinging energy.
Continuous testing showed that just 4.527 ± 0.013 kJ m−2 of
impinging energy was sufficient to abrasively remove the
NeverWet coating, allowing water to permeate into the
underlying cement (Figure 5). Parallel studies showed that
application of LIB to geopolymers did not negatively impact
their mechanical properties (Figure S5), and their wetting
properties (CA and CAH) were maintained after sand abrasion
testing (Figure S6). The high tolerance of LIB-PC for wear and
abrasion was further demonstrated by the fact that liquid
droplets maintained their original sliding angle after the surface
was abraded with a razor blade, 3000-grit sandpaper, and a flat
head screw driver (Figure 6, Movies S1 and S2). Post abrasion
surface visualization revealed spontaneous migration of the
lubricant to the damaged sites due to the high chemical affinity
of K100 for the concentrated layer of fluorosurfactant, affording
LIB-PC a unique self-healing capability.
2.4. Barrier Properties. The ability of LIB-PC to mitigate

deterioration from exposure to weathering conditions was also
examined using a series of industry standard tests including acid
resistance (ASTM C267, see SI for details), chloride-ion
penetrability (ASTM C1202, Figure S7, see SI for details),

and freeze−thaw cyclability (ASTM C1262) (Figure 7, see SI
for details). All of these tests demonstrated that LIB-PC
significantly reduced the penetration of different ionic species
into the cement. For example, after submersion in a solution of 1
wt % hydrochloric acid for 7 days, LIB-PC had a reduced mass
loss rate (2.5 mg h−1) and hadminor color changes on the edges.
Untreated PC had a significantly higher mass loss rate (8.9 mg
h−1) and an appreciable color change indicative of corrosion
(Figure 7a and 7b). The large difference in mass loss rates and
color change can be attributed to the alkaline nature of untreated
PC, making it highly susceptible to acid attacks. Once
penetrated, acids will readily react with the hydration products
(produced in formation of PC) to form insoluble salts and
corrosion byproducts (e.g., hydrous silicon dioxide, iron oxide,
and aluminum hydroxide). The insoluble salts are swiftly
removed through diffusion, and the corrosion byproducts
remain in a now weakened cement structure.65−67 In contrast,
LIB-PC prevents acid penetration and thereby inhibits the
degradation process.
To further confirm the stability of the liquid phase within LIB-

PC, we measured the ion penetrability after subjecting samples
(ø = 2 cm, h = 1 cm) to freeze−thaw cycling (Figure 7c and 7d).
A set of line defects (1 cm long) on the surface was deliberately
introduced on each sample via laser etching (see Figure 7c) to
create stress points for failure. We observed new cracks around
the engraved defects of the untreated PC (Figure 7c, left) after
only two freeze−thaw cycles, while none were observed on the
LIB-PC (Figure 7c, right). The ion penetration is an indirect
measurement for water uptake. Due to the much lower freezing
point (−55 °C) than that of water, the mobile phase remains as a
liquid at lower temperatures and effectively blocks water from
entering to the porous bulk. As a a result, the mechanical damage
of the cement due to the volume expansion of freezing water can
be effectively minimized. After each subsequent freeze−thaw
cycle, the chloride-ion penetrability of the LIB-PC was
maintained at nearly zero, while that of the untreated PC
showed a significant increase after each cycle with clear surface
deterioration (Figure 7d). LIB not only protects the integrity of
the cement by mitigating the formation of cracks, but also
corrosion prone reinforcements (e.g., re-bar) typically contained
within the cement matrix. Additionally, surface ice mitigation is
another potential benefit.

Table 2. Mechanical Testing of Untreated PC and LIB-PC

sample Young’s modulus (GPa) compressive strength (MPa)

untreated PC 1.21 ± 0.29 19.9 ± 3.1
LIB-PC 1.23 ± 0.23 17.3 ± 3.3

Figure 5. Mechanical wear resistance of LIB-PC versus a superhydrophobic surface (NeverWet coating). (a) Schematic of the sand-drop test setup
adapted from ASTMD968-17 used to compare LIB-PC and NeverWet. Water CA (b) and CAH (c) of samples after sand abrasion testing to compare
LIB-PC to NeverWet. Note that after application of just 1.520± 0.005 kJ m−2 of impinging energy, NeverWet was sufficiently damaged to the point of
not yielding measurable CAH.
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2.5. Protection from Biofouling. We used a green algal
species (Chlamydomonas reinhardtii) to test the ability of LIB-
PC to resist biofouling. Stock solutions of nonaxenic C.
reinhardtii, (UTEX no. 89) from the University of Texas
Culture Collection were grown in Bristol Medium over a period
of 7 days. The stock solution was then diluted at a ratio of 1:8,
stock culture to fresh media. The LIB-PC and untreated PC (3
replicates each) were introduced into square Petri dishes that
were then filled with 80 mL of algal culture solution. Cultures
were incubated under a set of Sun Blaze T5HO fluorescent light
fixtures (Sunlight Supply, Inc., Vancouver, WA). The lamps
were on timers to provide 16 h of light followed by 8 h of dark.
The temperature of the culture media was kept at 25 °C, and
after 7 days of biofilm growth the treatments were lifted out of
the culture medium at a controlled rate of 0.5 mm/s. Once the

substrate was completely clear of the medium, it was
photographed for image analysis of the biofilm coverage.
The release of the highly alkaline byproducts from the bulk of

the untreated PC samples increased the local pH (pH = 12) of
the growth medium, inhibiting algal growth. In contrast, the
excellent barrier properties of LIB-PC almost entirely prevented
penetration of external species and outward diffusion of alkaline
species. Accordingly, LIB-PC shows no toxicity against algal
biofilm and allows for biofilm formation. Simple withdrawal of
the sample from the medium showed excellent biofilm removal
from the LIB-PC surface (Figure 8), confirming the nonadhesive
character of LIB.

3. CONCLUSIONS

We demonstrated that a self-repairing hybrid liquid-in-solid
protective barrier can be employed on PC and other

Figure 6. Uncompromised wetting properties of LIB-PC after significant mechanical damage. (Left) Still images from Movie S2, showing various
mechanical abrasion tests. (Middle) Bright-field optical micrographs of the underlying cement surface subjected to various abrasion mechanisms.
(Right) Polarized optical micrographs for lubricant visualization obtained shortly after induction of mechanical damage. (a) Original, undamaged
surface of LIB-PC. (b) LIB-PC damaged with a razor blade; width of the defects is 10−20 μm. (c) LIB-PC abraded with silicon carbide sandpaper (grit
size 3000). Abrasion removed approximately 10−15 μmofmaterial from the surface (as observed by change in focal plane), and the LIB is still present.
(d) LIB-PC scratched with a screwdriver; width of the defects is 30−50 μm.
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cementitious materials such as geopolymers to reduce the

permeability of the bulk material to moisture and ions while

maintaining the mechanical properties (Young’s modulus and

compressive strength). Through industry standard tests we

show that the enhanced barrier function of LIB improves

damage tolerance in abrasive environments and prevents

infiltration of corrosive liquids, thereby significantly reducing

degradation.

Figure 7. Characterization of deterioration from exposure to weathering conditions of the LIB-PC and untreated PC. (a) Acid resistance test. (Left)
Photographs of cement samples at different time points, clearly demonstrating appreciable surface oxidation (orange) in the control samples. (Right)
Mass loss upon acid exposure over time. Initial increase in mass from the control samples (untreated PC at 12 h) was due to absorption of the acid
solution. (b) Schematics of freeze−thaw and chloride-ion penetrability cyclical testing. (c) Optical micrographs of untreated PC (left) and LIB-PC
(right) during freeze−thaw testing cycles with intentional line defects. Untreated PC showed crack propagation through the sample, whereas there
were no visible new cracks on the LIB-PC surfaces. (d) Measured chloride-ion penetrability of LIB-PC and PC control after each freeze−thaw cycle.

Figure 8. Foul-release and toxicity testing of LIB-PC with C. reinhardttii. Healthy growth of the algae in the presence of LIB-PC indicates minimal
seepage of alkaline species, and ease with which the biofilm was removed indicates the superior nonadhesive properties of LIB-PC.
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Most liquid-infused 2D surfaces that merely retain liquid due
to a limited reservoir in the interfacial layer, LIB derives its
unique strength from the dynamic nature of liquids trapped
within the bulk of the micro−nanoporous solid. Specifically, LIB
can reconfigure itself to cover and protect the surface against
penetration of contaminants and physical damage due to the
dominant role played by capillarity and interfacial energy in
maintaining the stability and diffusion of entrapped liquids.
Similarly, the dynamic properties of liquids have been used
successfully in other micro-nanoscale systems, such as mechano-
responsive switching of wetting properties and the gated
permeability of porous membranes,18,25 spontaneous and
reversible wicking of liquids to dynamically switch structural
color in ordered porous systems,68,69 optofluidics,70,71 and
microfluidic systems.72 In all cases, optimal performance of these
hybrid materials requires careful selection of liquid and solid
components.
The dynamic nature of solid-confined liquids such as LIB

provides several critical advantages: (i) liquids can provide a self-
repairing mechanism against mechanical damage, for example,
by spontaneously filling and wetting into newly formed cracks;
(ii) mobile liquid phase provides enhanced barrier properties
against vapors by spontaneously sealing newly formed pores;
(iii) displacement of air within a composite porous material by
liquids of different refractive indices can offer a reliable visual
indicator of system efficacy; (iv) a mobile liquid-phase
component in hybrid composite systems can behave as a new
transducer responding to environmental changes or designed
cues (mechanical strain, pressure, temperature, and surface
energy). This study provides a stepping stone for future designs
of dynamically functioning porous materials that can be
considered for applications such as prevention of microbial
fouling within a rigid porous structure (e.g., biocompatible
cements such as calcium phosphate or hydroxyapatite),
prolongment of service life in corrosion-prone environments
(e.g., marine structures and sewage systems), and limiting
seepage of pollutants from toxic porous materials (e.g., porous
metals).

■ EXPERIMENTAL SECTION
3.1. Preparation of Portland Cement. General type I/II PC

(Ashgrove Cement Co.) paste mixtures were prepared by adding water
to the dry cement at a ratio of 1:0.437 by weight. The pastes were mixed
using a planetary mixer (Thinky Mixer ARE-310, Thinky USA) for 180
s at 600 rpm. Specimens were cast and sealed in silicone molds using
parafilm. The samples were oven cured at 40 °C and ambient pressure
for 24 h (see SI for the preparation of LIB-GP).
3.2. Chemical Modification and Lubrication. All of the

chemicals are commercially available and used as received without
further purification. Fluoroaliphatic phosphate ester (MASURF FS-
100, see the chemical structure in Figure 2a) was supplied by Mason
Surfactant (aquired by Pilot Chemicals). The fluorosurfactant solutions
were prepared using reagent-grade ethanol. The liquid used to infuse
the samples was Krytox GPL 100 (Chemours) after modification with
the fluorosurfactant.
PC samples were functionalized in a stagnant 1 wt % fluorosurfactant

solution in 95:5 v/v ethanol:water for 12 h at 70 °C and then placed in
ethanol at 70 °C for 10 min to remove any residue present. The samples
were then dried for 1−2 h at 70 °C to completely remove any remaining
ethanol from the pores of the samples.
K100 lubricant was dispensed onto the surface of the samples.

Depending on the sample size, the time to reach full lubrication took
approximately 72 h or less.
Prepared samples were subjected to acid-resistance testing (ASTM

C267), chloride-ion penetrability (ASTM C1202), freeze−thaw

cyclability (ASTM C1262), and biofouling testing. For all tests, the
samples were prepared according to the procedures outlined above.
The test methods used are described in the Supporting Information.

3.3. Characterization Methods. Energy-dispersive spectroscopy
(EDS) was performed using a dual Bruker Xflash 5030 X-ray detector
system on a Tescan (Brno, Czech Republic) Vega GMU scanning
electron microscope. Chemical surface modification was confirmed
using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer
(XPS). Multipoint, high-resolution, and depth-profiling scans were
performed to obtain relevant spectra. Optical imaging was performed
using a Keyence VHX-6000.

Compression tests were performed using an Instron 5566 Universal
Testing Machine. Cylindrical specimens were prepared with a 10 mm
diameter and 20 mm length, maintaining an aspect ratio of 2:1. Prior to
testing, the sample ends were polished flat. All of the samples for the
mechanical testing were prepared within the same batch and sealed in a
closed container until they were tested.

The wetting properties of the samples were measured using a Krüss
goniometer (model 590). Static water contact angles (8 μL droplet)
and contact angle hysteresis were determined using the built-in
tangential regressionmodel (“Tangent 2”). The SAmeasurements were
performed using 20 μL droplets.

The cross sections for FT-IR were prepared by horizontally cutting
cylindrical molded samples (ø = 1 cm, h = 2 cm) near the center using a
slow-speed diamond saw. FT-IR measurements were performed on the
cut edge of the cylindrical samples close to the center using a Bruker
HYPERION 3000 FT-IR Microscope/VERTEX 70 FT-IR Spectrom-
eter and an attenuated total reflectance objective with a germanium
crystal. Measurements were carried out with a spectral resolution of 4
cm−1 on 64 background and sample scans in the range of 600−4000
cm−1.
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