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Metal-organic frameworks (MOFs) have emerged as promising candidates for advanced surface treat-
ments due to their inherent porosity, structural tunability, and functional versatility. Herein, we utilize
these unique attributes of MOFs to systematically investigate their potential as passive icephobic surfaces,
which is a critical requirement to mitigate ice accretion, which significantly impacts safety and perform-
ance across numerous technologies. Specifically, we elucidate how MOFs’ pore size, surface morphology,
and chemical functionality synergistically influence ice nucleation temperature and ice adhesion strength.
Employing surface-grown MOFs (UiO-66, UiO-67 and MOF-5), we demonstrate that these coatings con-
sistently lowered the median ice nucleation temperature by approximately 4-5 °C and reduced ice
adhesion strength by up to two-thirds compared to bare glass. Through a combined approach involving
classical heterogeneous nucleation theory and density functional theory simulations, we uncover that the
key mechanism driving this icephobic performance is the nanoconfinement effect arising from sub-nano-
metre pores, which significantly elevates the energy barrier to ice nucleation and minimizes solid-ice
contact through the void effect. Furthermore, we identify hydrophobic alkyl silane functionalisation as the
most effective chemical strategy to enhance these icephobic properties. These findings provide critical
insights into the structure—property relationships that govern icephobic performance, paving the way for
the rational design of MOF-based anti-icing coatings for diverse technological applications.

18-20

1. Introduction

Unwanted ice accretion on surfaces is one of the fundamental
problems in nature that poses a serious risk to the safety and
operation of a wide range of applications, such as aircrafts,"
wind turbines,® power lines®’ and infrastructure such as
buildings and bridges.®*° Considering all these hazardous
effects of icing in various applications, it is necessary either to
prevent ice formation at the initial stage or to remove ice from
various surfaces as soon as it builds up. Over the last few
decades, various de-icing strategies have been developed,
which include mechanical,”* thermal,'*** electrical'*** and
chemical methods.*®'” However, all these methods are energy
intensive, inefficient, expensive and can be corrosive and envir-
onmentally unfriendly. In recent years, there has been an
endeavour to develop passive icephobic surfaces, which
involve surface modifications to achieve one of the following
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functionalities - to repel incoming water droplets, to delay
ice nucleation®** and to lower the adhesion strength between
ice and the underlying substrate.>*"*® Despite promising ice-
phobic properties, many surfaces suffer from poor durability
or environmental resistance, preventing their practical deploy-
ment. For example, superhydrophobic surfaces have been
shown to repel incoming supercooled water droplets off the
surface by virtue of their hierarchical structure and low surface
energy.”**' However, these superhydrophobic surfaces tend to
fail under high humidity due to frost formation in the
textures.>** Slippery liquid-infused porous surfaces (SLIPS)
have shown promise in minimizing the ice adhesion
strength.***® Lubricants, which are usually infused into the
micro/nanotextures of the substrate, create a smooth and
defect-free interface, which leads to an increased droplet mobi-
lity and lowers ice adhesion strength. However, the problem of
lubricant depletion by cloaking, evaporation and shear stress
limits the practical applications of such surfaces.**™*" To over-
come this limitation, we designed solid slippery surfaces with
nanohierarchical texture using porous materials, including
metal-organic frameworks (MOFs) and covalent organic frame-
works (COFs). Their intrinsic sub-nanometre porosity not only
contributes to mechanical stability but also suppresses ice
nucleation by providing nanoscale confinement.** >
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Nucleation is the first step in the phase transformation
from water to ice according to the classical nucleation
theory.*® In particular, heterogeneous ice nucleation on solid
surfaces typically exhibits a much lower energy barrier than
homogeneous ice nucleation, making it more likely to initiate.
Hence, inhibiting heterogeneous nucleation is considered the
most primitive strategy for the design of icephobic surfaces.
The nucleation temperature can be tuned by various strategies
such as the use of anti-freeze proteins (AFPs),*” peptides®* and
various ionic salts,*® which act by increasing the free energy
barrier for ice nucleation at the interface. AFPs can protect
organisms living in cold climates from freezing damage by
controlling ice formation*® and therefore have been introduced
to coat substrates for icing control.>®>' Within the protein
structure, the ice binding face promotes ice nucleation,
whereas the non-ice-binding face inhibits it.”* However, the
extraction of AFPs from natural sources is costly and ineffi-
cient, and their inherent thermal instability and susceptibility
to denaturation make them unsuitable for long-term or harsh-
environment applications. Ionic salts such as NaCl have been
employed to eliminate ice accumulation by infusing them into
a hydrogel matrix.>> However, these salts are easily removed by
external factors and require frequent infusion into the matrix.

In addition to the chemical strategies, surface structuring
has also emerged as an effective strategy to control ice
nucleation.®*® Surface concave nanotextures, which are
smaller than the critical nucleus radii (often below 5 nm) can
potentially inhibit the nucleation of ice.”” It has previously
been shown that ice nucleation can be suppressed through the
interfacial nano-confinement effect by designing surfaces with
precise concave nanotextures.”” This confinement has strongly
suppressed the stable formation of ice nuclei down to a temp-
erature of —24 °C.”” But the fabrication of such surface nano-
textures with a few nanometres manufacturing precision is a
challenging task. Such nanotextures with confinement effects
can be inherently achieved using porous crystalline materials,
such as MOFs, which offer sub-nanometre cavities suitable for
suppressing heterogeneous ice nucleation. These cavities arise
from the highly ordered coordination between metal ions and
organic linkers, which form periodic molecular frameworks
with tuneable pore sizes.”®*®® Therefore, the surface-grown
MOFs are usually fabricated through bottom-up nanofabrica-
tion, such as layer-by-layer (LbL) assembly.*>°"*> While pre-
vious studies on porous materials have shown nanoconfine-
ment effects,”>** these works typically investigate singular
pore geometries, leaving the distinct contributions of geo-
metric confinement, surface structure, and surface chemistry
to ice nucleation inhibition unexplored. The inherent tunabil-
ity of MOFs offers a versatile platform for the rational design
of next-generation icephobic surfaces. The modular design of
MOFs enables precise control over pore geometry, surface
roughness, and interfacial chemistry, making them an ideal
platform for systematically studying the factors that govern ice
nucleation and ice adhesion.

Hence, in this study, we systematically investigate how crys-
tallographic geometry, surface roughness, and surface functio-
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nalisation affect the anti-icing performance of metal-organic
frameworks (MOFs). We employed a layer-by-layer (LbL) depo-
sition method to fabricate nanohierarchical films of three dis-
tinct MOFs (UiO-66, UiO-67, and MOF-5), enabling indepen-
dent control over pore size (~0.6-1.2 nm) and roughness (via
growth layers). The nanohierarchical structure originates from
the intrinsic sub-nanometre pores of the crystalline framework
combined with larger nanoscale and mesoscale surface fea-
tures formed during MOF growth. After systematically varying
MOF types and the number of MOF growth layers, we focused
on UiO-66 to study the effects of surface functionalisation,
including two hydrophilic groups (hydroxyl and amine) and a
hydrophobic silane group. By systematically varying pore geo-
metry, surface roughness, and chemical functionality, this
study demonstrates a geometric saturation threshold: once the
pore size falls below the critical ice nucleus radius, further
reduction yields no additional nucleation suppression.
Instead, surface chemistry has emerged as the primary deter-
minant in this sub-nanometre regime. The findings provide
fundamental insights with practical surface engineering strat-
egies and, to the best of our knowledge, represent the first
integrated investigation of these factors in MOF-based icepho-
bic coatings.

2. Experimental section

2.1. Materials

Microscopic glass slides (75 mm x 25 mm) were purchased
from Thorlabs. All the chemicals including zirconyl chloride
octahydrate (ZrCl,-8H,0), nitrate hexahydrate (Zn
(NO3),-6H,0), terephthalic acid, biphenyl-4,4’-dicarboxylic
acid, dimethylformamide (DMF), formic acid, acetone,
ethanol, isopropanol, n-hexane, 3-aminopropyl triethoxysilane
(APTES), 2-aminoterephthalic acid, 2,5-dihydroxyterephthalic
acid and trichloro-octadecyl silane (OTS) were purchased from
Sigma Aldrich. All the chemicals were used as received without
further purification. Bottled HPLC-grade water from Sigma
Aldrich (HPLC plus 34877) was used for all the icing
experiments.

zinc

2.2. Instrumentation and characterisation

The surface morphologies were imaged using scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM). To
do a SEM scan, the specimens were immobilised on a metal
stub with a double-sided adhesive carbon tape, followed by a
gold film coating. The gold coating was performed using a
Leica sputter coater and the thickness of the gold coating was
maintained at 5 nm. After gold coating, the samples were
observed in the SEM (Carl Zeiss Gemini 360, Germany) at 5 kV
voltage. Energy dispersive X-ray spectroscopy (EDS) spectra
were obtained for the substrates via the attached Oxford EDX
system. AFM imaging was performed on the glass substrates
using a Bruker Multimode 8-HR AFM with a scanning probe
(ScanAsyst-Air) with an Al reflex coated cantilever with a spring
constant of 0.4 N m™. All the AFM measurements were per-
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formed in non-contact mode. The AFM images were analyzed
using the NanoScope Analysis software to evaluate the root
mean square roughness (Ry) values. Fourier-transform infrared
spectroscopy (FTIR) was performed in the transmission mode
with a spectrophotometer (Spectrum Two™, PerkinElmer) in
the range of 400-4000 cm™' with a resolution of 2 ecm™,
accumulating 32 scans. The transparency was assessed using
an Orion AquaMate UV-Vis spectrophotometer. The powder
X-ray diffraction (XRD) of the MOF film was recorded on a
STOE STADI-P spectrometer at ambient temperature, with a
tube voltage of 40 kV and a tube current of 40 mA in a stepwise
scan mode (5° min™"). The advancing water contact angles and
contact angle hysteresis were measured using a custom
designed goniometer setup.® The setup consisted of an adjus-
table stage, a retort stand, a syringe pump (World Precision
Instruments, Aladdin single-syringe infusion pump), a light
source (Thorlabs, OSL2) and a zoom lens (Thorlabs, MVL
7000) fitted to a CMOS camera.*” The videos of the droplets
were analyzed using Image] software to calculate advancing
contact angles and contact angle hysteresis.

2.3. MOF-film fabrication on glass

The MOF films were synthesised on as-received glass slides
using the LbL procedure as reported by Singh et al** Three
different types of MOFs, namely UiO-66, UiO-67 and MOF-5 were
grown on glass slides. In addition to these three pristine
(unfunctionalised) MOFs, UiO-66 was also prepared in hydroxyl-
functionalised (UiO-66-OH), amine-functionalised (UiO-66-
NH,), and alkyl silane-modified (UiO-66-OTS) forms on glass
slides. The procedure is mentioned in detail in the following.

2.3.1. APTES functionalisation. Surface functionalisation
of as-received glass slides with APTES yielded an amine-termi-
nated self-assembled monolayer, serving as a linker layer for
subsequent MOF growth. For this, the glass slide was washed
with acetone, followed by isopropanol and DI water and then
dried with a stream of dry nitrogen gas. Then, this slide was
immersed in 1% n-hexane solution of APTES for an hour at
room temperature and then dried in an oven for another hour
at 120 °C. After drying, the glass slide was rinsed with
n-hexane to remove the physisorbed molecules and then dried
with a stream of nitrogen gas.

2.3.2. Layer by layer growth of MOFs. A 25 mM solution of
the respective linker and metal salt was prepared in DMF. The
APTES-functionalised glass slides were immersed in the linker
solution (25 mM) for 4 hours at 120 °C to get a uniform self-
assembly of the linker at the substrate. After 4 hours, the sub-
strate was removed from the linker solution and subjected to
bath sonication in DMF for one minute to ensure thorough
rinsing. Then, the substrate was immersed in the metal solution
(25 mM) for 20 minutes at 120 °C followed by bath sonication in
DMF for another one minute. Subsequently, the substrate was
immersed in the linker solution (25 mM) for another 20 minutes
at 120 °C. This completed one cycle of MOF growth (see Fig. 1A).
A suitable number of cycles were repeated to obtain the required
growth of the MOF film on the substrate. Finally, once the
desired number of layers was grown, the substrate was
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View Article Online

Paper

thoroughly washed with DMF to remove traces of any metal or
linker aggregates. The substrate was then dipped in chloroform
solution for 48 hours and was then vacuum dried overnight at
100 °C to activate the pores. ZrCl,-8H,0 was used as a metal salt
for UiO-66 and UiO-67, whereas Zn(NOs),-6H,0 was taken as a
metal salt for MOF-5. Terephthalic acid was used as a linker for
pristine UiO-66 and MOF-5, whereas biphenyl-4,4"-dicarboxylic
acid was used as a linker for pristine UiO-67.

2.4. Synthesis of functionalised MOF surfaces

2.4.1. MOFs with different functional groups. UiO-66 sub-
strates functionalised with two hydrophilic groups (-NH, and
-OH) were prepared by the same procedure as mentioned in
section 2.3, but with the use of a different linker for each func-
tional group. 2-Aminoterephthalic acid and 2,5-dihydroxyter-
ephthalic acid were used as the linkers for preparing the amine
(-NH,) and hydroxyl (-OH) functionalised UiO-66 substrate,
respectively. UiO-66 was selected as the model MOF platform for
systematic surface chemistry modification (-OH, -NH,, and
-OTS) in order to evaluate the influence of linker functionality on
wettability and icephobic behaviour. In addition, a hydroxyl-func-
tionalised MOF-5 substrate was also prepared using 2,5-dihydrox-
yterephthalic acid as a linker and was subsequently modified
with OTS to obtain MOF-5-OTS for durability testing (section 3.6).

2.4.2. Functionalisation of MOFs with silane. Trichloro-
octadecyl silane (OTS) was used to alter the wetting properties
of the hydroxyl functionalised UiO-66 and MOF-5 substrates.
The liquid immersion method was adopted. The hydroxyl ter-
minated MOF substrates were immersed in 1% solution of the
OTS in n-hexane for an hour and were then placed at 120 °C
for another one hour for curing. After that, the substrates were
rinsed with n-hexane to remove the physisorbed silane mole-
cules and then dried under N, gas and stored for further
characterisation studies and tests.

2.4.3. Fabrication of control groups. A glass slide silanised
with OTS was prepared to be used as a control for the UiO-66
substrate functionalised with OTS. For that, a liquid immer-
sion method was adopted as explained above. In brief, the
glass slide was washed with acetone, isopropanol and DI water
and then dried with nitrogen. After that, it was immersed in
1% solution of OTS in n-hexane for an hour and was then
placed at 120 °C for another hour for curing. The slide was
then thoroughly rinsed with n-hexane to remove the physi-
sorbed silane molecules and then dried under nitrogen.

2.4.4. Fabrication of linker functionalised glass controls.
Glass slides functionalised solely with the linkers - dihydroxyter-
ephthalic acid and 2-aminoterephthalic acid — were also prepared
as control substrates to compare with UiO-66 substrates functio-
nalised with hydrophilic groups (-NH, and -OH). For that, the
cleaned bare glass substrates were treated with APTES to intro-
duce reactive amine groups. The APTES-functionalised glass sub-
strates were subsequently immersed in a 25 mM solution of the
respective organic linker in DMF solution at 120 °C for 4 hours.
This procedure facilitated uniform self-assembly and covalent
attachment of the linkers onto the amine-modified glass sub-
strate. The resulting surfaces (glass-OH and glass-NH,) served as
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(A) Schematics showing the designing of icephobic MOFs from different aspects, including increasing layer numbers with different growth

routes, changing pore sizes, and tuning chemistry with different functional groups. (B) Schematic of building unit structures of MOFs and the LbL
technique used to grow MOFs on an APTES functionalised substrate. (C) Schematic representations of the structures of the three different MOFs:
UiO-66, UiO-67 and MOF-5. The illustration highlights the differences in their secondary building units (SBUs) with different geometries and pore
sizes. All MOF crystal structures were downloaded from the Cambridge Crystallographic Data Centre (CCDC) and visualised using Mercury 2022.2.0.

Table 1 Summary of MOF coatings tested and characterised in this work

MOF type Functionalisation Control substrate Characterisation/tests performed

UiO-66 None (pristine) Bare glass FTIR, PXRD, SEM-EDS, AFM, UV-Vis, CA, ice nucleation, ice adhesion
Uio-67 None (pristine) Bare glass FTIR, PXRD, SEM-EDS, AFM, UV-Vis, CA, ice nucleation, ice adhesion
MOF-5 None (pristine) Bare glass FTIR, PXRD, SEM-EDS, AFM, UV-Vis, CA, ice nucleation, ice adhesion
UiO-66-OH Hydroxyl linker Glass-OH FTIR, CA, ice nucleation, ice adhesion

UiO-66-NH, Amine linker Glass-NH, FTIR, CA, ice nucleation, ice adhesion

Ui0-66-0TS OTS on UiO-66-OH Glass-OTS CA, ice nucleation, ice adhesion, tape peel test

MOF-5-0OTS OTS on MOF-5-OH Glass-OTS Ice adhesion, tape peel test

Abbreviations: CA = water contact angle measurement.

a non-porous chemical analogue for comparison with their
corresponding MOF-coated counterparts (UiO-66-OH and
UiO-66-NH,). Table 1 summarises the MOF coatings and their
corresponding control substrates tested and characterised in this
work.

2.5. Ice nucleation temperature and ice adhesion
measurement

Ice nucleation temperature and ice adhesion strength were
measured using a custom benchtop setup based on a Peltier
cooling element coupled with a temperature control system

Nanoscale

(see details in the SI). The substrate was placed in thermal
contact with the Peltier element, and its temperature was
reduced at a controlled cooling rate (1 °C min™"). The tempera-
ture was monitored using a type K thermocouple and recorded
with a data acquisition system.

For ice nucleation experiments, around 30 water droplets
(2 pL each) were deposited on the substrate kept at room temp-
erature. A gentle nitrogen flow was maintained to prevent frost
formation during the experiments. The temperature of the
substrate was then reduced from room temperature at a
cooling rate of 1 °C min™" until all the droplets were frozen.

This journal is © The Royal Society of Chemistry 2026
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Droplet freezing was recorded using a webcam to detect the
freezing of individual droplets. Frozen droplets were identified
based on their characteristic white appearance due to light
scattering. The ice nucleation temperature of each droplet was
extracted from the video, and the fraction of frozen droplets,
fice, was calculated as:

(1)

where n;.¢(T) is the number of frozen droplets at temperature
T and n,, is the total number of droplets. Each measurement
was repeated in triplicate. Since both the samples and droplets
were slowly cooled from room temperature, and the MOF coat-
ings were extremely thin, the effect of heat transfer through
the coating on the observed ice nucleation temperature was
considered negligible. This assumption is supported by a
small Biot number (<0.01) and a thermal diffusion time (1075~
107% s) several orders of magnitude shorter than the experi-
mental cooling time (>10° s), indicating negligible temperature
gradients across the coating.

For ice adhesion measurements, a cylindrical cuvette
(8 mm inner diameter and 11 mm outer diameter) was placed
on the substrate and filled with water. The system was cooled
to —20 °C and held for 1 hour to ensure complete freezing. A
horizontal shear force was applied to the cuvette using a
motorised stage, and the force gauge was moved at 0.02 mm
s~'. The peak force F required to detach ice was recorded, and
the ice adhesion strength = was calculated as:

(2)

where A is the contact area of the cuvette. Each condition was
tested on at least three samples to ensure reproducibility. A
representative force-time curve for the ice adhesion measure-
ment is shown in Fig. S1 (SI). The maximum force recorded
before ice detachment was used to calculate the ice adhesion
strength, normalised by the ice-substrate contact area.

2.6. Tape peel test

A tape peel test was applied to evaluate the mechanical durability
of the coatings, using pressure-sensitive and strong adhesive
tape (3 M VHB™ tape 5952 with an adhesive peel strength of
3900 N m™). The tape was applied on the horizontally placed
MOF coated substrates. To ensure intimate contact and eliminate
trapped air, a 2 kg stainless steel roller was passed once over the
tape. After a dwell time of 60 seconds, the tape was peeled back
on itself in a single, steady motion, constituting one test cycle.
The contact angle measurements were performed after each
cycle. The process was repeated, and a fresh piece of tape was
used in each cycle. This tape-peel procedure is a common dura-
bility assessment that has been extensively used in prior works to
evaluate the adhesion and stability of icephobic coatings.*>™**

2.7. Statistical analysis

All data are expressed as the mean + standard deviation from
more than three independent experiments or samples.

This journal is © The Royal Society of Chemistry 2026
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Statistical analysis was performed using one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. Differences were
considered statistically significant at p < 0.05 (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001), while NS indicates no sig-
nificant difference between the compared groups.

3. Results and discussion

3.1. Design of icephobic surface-grown MOFs

The aim of this study is to tune the anti-icing behaviour of
MOF-coated substrates by leveraging the designability of MOFs
through controlled variations in the changes of pore sizes,
roughness and chemical functionalisation. As illustrated in
Fig. 1A, we designed a modular strategy to independently
control these three parameters. Surface roughness was tuned
by varying the number of growth cycles in an LbL assembly
process. Additionally, differences in crystal growth mecha-
nisms across various MOFs viz. nucleation-dominated vs.
growth-dominated further contributed to variations in surface
texture. Pore size was adjusted by selecting MOFs with
different metal nodes and organic linkers, while surface chem-
istry was tailored by introducing various functional groups on
the organic ligands, thereby altering wettability and interfacial
interactions with ice.

To implement this strategy, nanostructured MOF films were
grown on amine-functionalised glass substrates using a LbL
approach (Fig. 1B). The LbL method was chosen to precisely
control film thickness and surface morphology and to mini-
mize aggregation-induced roughness commonly observed in
spray-based deposition methods. This approach also enabled
the formation of nanostructured MOF films covalently bonded
on substrates while preserving the intrinsic sub-nanometre
pore structure of individual MOF crystals. Three MOFs -
UiO-66 (pore size ~0.6 nm), MOF-5 (pore size ~0.8 nm), and
UiO-67 (pore size ~1.2 nm) - were chosen for their distinct
pore sizes and framework topologies (Fig. 1C). UiO-66 and
UiO-67 are zirconium-based frameworks, while MOF-5 is zinc-
based.®>®* These MOFs represent structurally diverse frame-
works for systematically exploring structure-function relation-
ships in ice nucleation and ice adhesion measurements.

3.2. Chemical and surface characterisation

The chemical structure of the three pristine (without any func-
tionalisation) MOFs grown on surfaces was confirmed by FTIR
with characteristic peaks which confirmed the successful for-
mation of the MOFs as shown in Fig. 2A. The FTIR spectrum
of MOF-5 displayed two peaks at 1380 cm™" and 1585 cm™*
which were ascribed to the symmetric and asymmetric stretch-
ing vibration of the carboxylate (COO™) groups in the ter-
ephthalic acid linker. This confirmed the successful coordi-
nation of the carboxylate groups of the terephthalic acid linker
to the zinc oxide (Zn,0) clusters. The peak at 740 cm™" was
attributed to the C-H out-of-plane bending vibrations of the
aromatic ring in the linker, indicating that the aromaticity of
the terephthalic acid was preserved during the synthesis.
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Additionally, the vibration bands between 500 and 700 cm™
were associated with the Zn-O stretching vibrations within the
Zn,O clusters, which further validated the formation of the
tetrahedral zinc oxide secondary building units. These results
were consistent with the FTIR spectra of MOF-5 reported in
the literature.®>°® For UiO-66, the observed peaks at 1390 cm ™
and 1585 cm™' represented the symmetric and asymmetric
stretching vibrations of the carboxylate groups, respectively,
thereby confirming the successful coordination of the carboxy-
late groups of terephthalic acid with the zirconium ZrsO,(OH),
clusters. The peak at 743 cm™" was associated with the C-H
out-of-plane bending vibrations of the aromatic ring, while the
vibration bands observed between 500 and 700 cm™' were
characteristic of the Zr-O stretching, which verified the for-
mation of the zirconium oxide clusters. These observations
aligned with the reported FTIR spectra of UiO-66 in the
literature.®””*° For UiO-67, the symmetric and asymmetric
stretching vibrations of the carboxylate groups were observed
at 1385 ecm™" and 1585 cm™", respectively, similar to that of
UiO-66. Additionally, the peak at 760 cm™" was attributed to
the C-H out-of-plane bending vibrations of the biphenyl
linker, and vibration bands between 500 and 700 cm™" corre-
sponded to Zr-O stretching, validating the formation of the zir-
conium oxide clusters. These results were in agreement with
the reported FTIR spectra of UiO-67 in the literature.”” The
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crystalline structures of the MOF films grown on glass sub-
strates were confirmed using powder XRD as shown in Fig. 2B.
For UiO-66, characteristic diffraction peaks were observed at 26
~ 7.2°, 8.4° and 25.6°.%° Similarly, for UiO-67, peaks at 26 ~
5.7°, 6.6° and 11.4° were detected, which confirmed its larger
unit cell due to the longer biphenyl linker.”” For MOF-5, the
diffraction pattern exhibited characteristic peaks at 26 = 6.8°,
9.5° and 13.2°.°°> All XRD patterns were consistent with those
reported in the literature.

The optical properties of the three surface grown MOFs on
glass were evaluated using UV-Vis spectroscopy, as shown in
Fig. 2C. The results demonstrated that all three surface grown
MOFs exhibited high optical transparency with transmittance
values >93% across the visible spectrum, 400-800 nm. This
indicated that the MOF films possessed smooth, nanohier-
archical textures with minimal surface scattering, suggesting
uniform film formation across the substrate. The wettability of
the MOF-coated glass substrates was evaluated by measuring
the advancing water contact angle (6,) for samples with three,
five, and ten layers of UiO-66, UiO-67 and MOF-5 (Fig. 2D). All
surfaces exhibited hydrophilic behaviour, with contact angles
consistently below 90°. Due to strong contact line pinning
during droplet withdrawal, receding contact angles and
contact angle hysteresis could not be reliably quantified. At
three layers, contact angles were low and comparable (46-51°)

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04825g

Open Access Article. Published on 23 February 2026. Downloaded on 3/17/2026 3:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

across all MOFs, indicating similar surface wettability regard-
less of the pore structure or chemistry. As the number of layers
increased to five, 8, increased to ~65-67°, which may be attrib-
uted to the enhanced surface roughness and more complete
coverage of MOFs (SI Fig. S7). The 6, remained nearly constant
(65-68°) beyond ten layers, suggesting that surface wettability
had saturated due to full MOF coverage.

3.3. Surface morphology with different layers

The surface morphology of MOF-coated glass substrates with
varying layer numbers was characterised using SEM and AFM,
as shown in Fig. 3 and 4, respectively. When the number of
layers was three, all three MOFs exhibited a discontinuous
“island-like” growth pattern consisting of dispersed nano-
particle clusters rather than a continuous film (Fig. 3A-C and
4A-C). Despite incomplete surface coverage, the particles
appeared uniformly distributed across the substrate. This
early-stage island-type morphology is a characteristic of the
LbL assembly method.”* The cross-sectional height profiles
were recorded to compare the surface roughness of bare glass
and MOF-coated substrates. At three layers, all MOF coatings
exhibited noticeably rougher surfaces than bare glass (Fig. S3
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and S4, SI). The root mean square roughness (Ry) values for
Ui0-66, UiO-67 and MOF-5 were found to be 12.6 nm,
11.8 nm, and 6.6 nm, respectively (Fig. S2), all significantly
higher than that of the bare glass substrate (0.54 nm). Under
the partial coverage regime, the exposed glass areas could
negatively impact the overall surface hydrophilicity (Fig. 2D)
and anti-icing performance of the MOF coatings.

Upon increasing the layer number to five, the existing MOF
particles continued to grow and merged with adjacent par-
ticles, gradually forming a more continuous film and resulting
in significantly improved surface coverage (Fig. 3D-F and 4D-
F). With further MOF deposition, interparticle gaps decreased,
and the coating became more uniform. For UiO-66 and
Ui0-67, the surface exhibited denser and more interconnected
structures (Fig. 3D and E, 4D and E), although cracks and
voids were still occasionally observed between particles. This
morphology suggests that the growth of UiO type MOFs
follows a nucleation-dominated Frank-van der Merwe mode,
wherein a low nucleation energy barrier facilitates the frequent
formation of new nuclei.”"”? In contrast, MOF-5 displayed
larger, well-defined particles with distinct boundaries (Fig. 3F
and 4F), indicating a likely “layer plus island” Stranski-

Fig. 3 SEM images showing the surface morphology of UiO-66, UiO-67 and MOF-5 films grown on glass substrates via the LbL technique. Rows
correspond to increasing numbers of layers — three layers (A—C), five layers (D—F) and ten layers (G-I). Columns represent different MOFs: UiO-66
(left panel), UiO-67 (middle panel), and MOF-5 (right panel). The number of layers used for each configuration is indicated at the top-left corner of
each SEM image for clarity. The images illustrate the morphological evolution from discrete particles at lower layers to increasingly interconnected

structures at a higher number of layers.
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Fig. 4 AFM topography images corresponding to UiO-66, UiO-67 and MOF-5 films grown on glass substrates via the LbL technique. Rows indicate
increasing numbers of layers — three layers (A—C), five layers (D—F) and ten layers (G-I). Columns correspond to UiO-66 (left panel), UiO-67 (middle
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The AFM images quantitatively capture changes in surface roughness and morphology as the number of layers increases, complementing the SEM

observations.

Krastanov growth mode, in which existing nuclei grow rapidly
while new nucleation events become less frequent.”® Although
the SEM images for the five-layer configuration of MOF-5
(Fig. 3F) show the presence of large, well-defined particles,
these features did not form isolated particles on bare glass. A
continuous underlying MOF-5 layer had already developed
during the initial LbL deposition cycles, upon which these
larger crystallites nucleated and grew vertically. This dual mor-
phology, consisting of a uniform base film with superimposed
faceted domains, is a characteristic of the layer-plus-island
(Stranski-Krastanov) growth mode.”> Compared to the three-
layer coatings, the root mean square roughness (Rq) values of
all three MOFs increased to 17.6 nm for UiO-66, 15.7 nm for
UiO-67 and 22.5 nm for MOF-5 (Fig. S2), consistent with the
denser and more interconnected surface morphology observed
in SEM. Among these, MOF-5 exhibited the highest surface
roughness, reflecting its more prominent particle growth at
this stage. Distinct morphological features between UiO-type
MOFs and MOF-5 were reflected in the difference in the distri-
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bution of roughness radius of curvature, as shown in Fig. S5.
Continuous LbL growth cycles facilitated improved surface uni-
formity and integrity.”* Correspondingly, the enhanced surface
coverage and roughness led to increased water contact angles
(see Fig. 2D).

When the number of layers was increased to ten, the differ-
ences between the two growth modes became more pro-
nounced. SEM images revealed that UiO-66 and UiO-67 coat-
ings evolved into more continuous and smoother films, indi-
cating extensive particle coalescence and near-complete
surface coverage (Fig. 3G and H). In contrast, MOF-5 showed
well-faceted, large cubic crystals with clearly defined crystal
planes (Fig. 3I), indicative of substantial vertical overgrowth
and a distinct morphological evolution. This morphology
further confirmed that the MOF-5 film was composed of a con-
tinuous underlying layer supporting vertically overgrown cubic
crystallites, consistent with the progression of the layer-plus-
island growth mechanism observed at earlier deposition
stages. The cross-sectional height profiles at five and ten layers
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(Fig. S6 and S7) quantitatively reflect the morphological evol-
ution associated with the two distinct film formation mecha-
nisms. The root mean square roughness (R,) values for UiO-66
and UiO-67 decreased significantly to ~2.7 nm and 3.3 nm,
respectively, suggesting a transition from island-type to con-
tinuous and smooth films. In contrast, MOF-5 retained a high
roughness (~23 nm), consistent with the large crystal features
observed in SEM. Despite the notable morphological changes
from five to ten layers, the advancing water contact angles of
all three MOFs remained nearly unchanged compared to the
five-layer samples (Fig. 2D), indicating that the surface was
already sufficiently covered by MOFs at five layers and that
further roughness evolution had little additional influence on
surface wettability.

Elemental composition and distribution were examined
using energy-dispersive X-ray spectroscopy (EDS), as shown in
Fig. S8 and S9. The uniform detection of Zr and Zn confirms
the successful deposition of UiO-type MOFs and MOF-5,
respectively. The Si signal observed in these spectra originates
entirely from the underlying glass substrate. This is further evi-
denced by the complementary distribution of the elements.
The Si signal is notably attenuated in regions densely covered
by MOF crystals, confirming that it arises from the support
beneath.

3.4. Ice nucleation temperature and adhesion measurements

3.4.1. Influence of the assembly layer number. The icepho-
bic performance of these MOF-based coatings consisting of
Ui0-66, 67 and MOF-5, was evaluated by measuring the ice
nucleation temperatures of water droplets on substrates with
different growth layers. Bare glass was included as a control.
As shown in Fig. 5A-C, boxplots were used to visualize the dis-
tribution of ice nucleation temperatures for each substrate.
Across all three MOF-coated substrates, the median ice nuclea-
tion temperature decreased as the number of layers increased
from three to five but remained nearly unchanged when the
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number of layers was further increased to ten layers. This
trend indicated that the reduction in ice nucleation tempera-
ture reached a saturation point beyond five layers. Notably, the
median ice nucleation temperature on all three MOF-coated
substrates, regardless of the layer number, was consistently
lower than that on bare glass, which showed the intrinsic ice-
phobicity of these MOFs, attributable to their nanohierarchical
surface texture even without post-functionalisation.

This observed reduction in ice nucleation temperature from
three to five layers was primarily due to the improved surface
coverage of MOF coatings. SEM images (Fig. 3A-C) showed
that at three layers, all MOF films exhibited incomplete cover-
age with visible gaps between particles, allowing direct contact
between water droplets and the underlying hydrophilic glass,
thereby reducing the effectiveness of the coating. Upon
increasing to five layers, SEM imaging (Fig. 3D-F) revealed
more densely packed and interconnected particle networks,
significantly reducing substrate exposure and enhancing ice
nucleation inhibition. Further increasing the number of layers
to ten (Fig. 3G-I) did not lead to a noticeable improvement in
surface coverage, indicating a saturation point beyond which
additional layers no longer enhanced performance, correlating
with the unchanged ice nucleation temperatures.

Although the morphological differences between five-layer
and ten-layer MOF coatings were reflected in variations in
surface texture and roughness, the median ice nucleation
temperature of water droplets on these surfaces remained
unchanged. This indicates that, once the substrate is
sufficiently covered by the MOF coating, further modulation of
surface roughness at the nano- or microscale has minimal
effect on ice nucleation behaviour.”*”> A similar trend was
observed when comparing our pristine MOF coatings with
nanohierarchical texture to previously reported MOF-based
superhydrophobic  coatings with  micro/nanotextures.*’
Although those surfaces exhibited a Cassie state while our dro-
plets were in a Wenzel state, the median ice nucleation temp-
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Ice nucleation temperature of the MOF-coated substrates with different layers. (A) UiO-66, (B) UiO-67 and (C) MOF-5. For each material,

box-and-whisker plots compare the ice nucleation temperatures obtained on coatings with three (3L), five (5L) and ten layers (10L) of MOF growth
and compare them with those measured on bare glass (boxes = 25"-75" percentiles; centre lines = medians; whiskers = 5"-95" percentiles). The
centreline of each boxplot indicates the median ice nucleation temperature, equal to Tso, which is the temperature at which 50% of the droplets
were frozen. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. NS denotes that the difference between the indicated groups is not statistically

significant.
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eratures are comparable. These results strongly suggest that
the anti-icing performance of MOF-coated substrates under
conditions of full surface coverage is governed primarily by the
intrinsic sub-nanometre pore structures of the MOFs,** rather
than by surface topography. The pore sizes of UiO-66 (0.6 nm),
MOF-5 (0.8 nm) and UiO-67 (1.2 nm) are significantly smaller
than the critical ice embryo radius (2.3-4.4 nm in the tempera-
ture range examined, —10 °C to —20 °C, see details in the SI)
and thus cannot accommodate a stable ice nucleus. As a
result, water molecules that enter these pores remain in a
highly confined state, which suppresses ice nucleation. This
nanoconfinement effect®” provides a robust mechanism for
freezing point depression, independent of mesoscale or micro-
scale roughness modulation.

3.4.2. Influence of pore size and geometry. Next, the influ-
ence of the pore size and geometry on ice nucleation tempera-
ture and ice adhesion strength was investigated by comparing
the icephobic performance of UiO-66, 67 and MOF-5 (Fig. 6). It
is evident that all three different MOF-coated substrates had
significantly reduced both the median ice nucleation tempera-
ture (Fig. 6A) and the onset freezing temperature (Fig. 6B) —
defined as the temperature at which the first droplet had
frozen compared to that on the bare glass substrate. On bare
glass, the median ice nucleation temperature was ~—20 °C,
whereas on UiO-66, 67 and MOF-5, the values were around
—24.3 °C, —24.8 °C and —24.4 °C, respectively. The onset freez-
ing temperature on bare glass was around —16.5 °C, whereas
on the MOF-coated substrates, it was slightly lower, between
—18 °C and —19 °C. Similarly, the last few droplets on MOF-
coated substrates froze at a lower temperature (~—26 °C to
—27 °C) compared to —23 °C on bare glass, further highlight-
ing the ice nucleation inhibition effect of these coatings.
However, no statistically significant differences were observed
in the representative mean ice nucleation temperatures among
the three MOF-coated substrates as confirmed by the ANOVA
test (Fig. 6A). This suggests that differences in the pore size
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and geometry among the MOFs did not play a dominant role
in governing ice nucleation.

We attribute this phenomenon to the fact that these MOFs
possess similar sub-nanometre pore sizes. Since all the pore
sizes are considerably smaller than the critical ice-embryo
radius 7. (2.3-4.4 nm in the temperature range examined;
details are given in the SI), the resulting nanoconfinement
effect increases the free-energy barrier for heterogeneous
nucleation to a similar extent on each of the three MOF-coated
surfaces, thereby suppressing ice formation compared with
glass but yielding comparable ice nucleation temperatures.***”
The interfacial behaviour of water on MOF surfaces may also
be influenced by specific interactions between water molecules
and the organic linkers or metal clusters of the frameworks.
Such interactions - hydrogen bonding, coordination effects, or
local ordering - can modulate the orientation and dynamics of
water molecules near the surface, potentially stabilizing or de-
stabilizing ice-like clusters.”®”” As such, the comparable ice
nucleation temperatures observed across chemically similar
MOFs may arise not only from similar pore sizes but also from
convergent intermolecular environments that affect ice nuclea-
tion. Therefore, for deeper insights that underpin the nano-
confinement effect, molecular-level simulations were under-
taken (section 3.5).

The ice adhesion strength on these three MOF-coated sub-
strates was further evaluated and compared with bare glass, as
shown in Fig. 6C. It can be observed that all three MOF-coated
substrates significantly reduced the ice adhesion strength com-
pared to that on bare glass. This reduction was statistically sig-
nificant and was attributed to the nanohierarchical, highly
porous architecture of MOF-coated surfaces which decreased
the effective molecular-level contact area between ice and the
solid components of the MOFs, namely, the organic linkers
and metal clusters.**”%®% 1t is important to clarify that the
wetting state of water on these MOF coatings exists in a hybrid
regime across different length scales. At the mesoscale, the
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Fig. 6

Influence of the pore size and geometry of MOFs on the icephobic performance using MOF-coated substrates with five growth layers. (A)

Box-and-whisker plots of ice nucleation temperatures for UiO-66, UiO-67 and MOF-5 compared with bare glass (boxes = 25"-75" percentiles;
centre lines = medians; whiskers = 5""-95" percentiles). (B) Freezing spectra (fraction of frozen droplets versus temperature) highlighting the left-
ward shift for all the MOF-coated substrates relative to bare glass. (C) Ice adhesion strength measured at —20 °C for the three MOF-coated sub-
strates and bare glass. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. NS denotes that the difference between the indicated groups is not

statistically significant.
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droplets likely penetrated the roughness features arising from
the packing of MOF particles, resulting in a predominantly
Wenzel-type wetting behaviour. This interpretation was sup-
ported by the strong contact-line pinning and very low reced-
ing angles observed on pristine MOF coatings, which are
characteristic of fully wetted hydrophilic textures rather than a
Cassie-Baxter state. Importantly, the reduction in the ice
adhesion strength was not attributed to macroscopic air
entrapment beneath the droplet but instead to a nanoscale
void effect associated with the intrinsic sub-nanometre poro-
sity of the MOF frameworks. Water and ice could not confor-
mally penetrate these primary pores due to the large free-
energy barrier imposed by nanoconfinement.***>” As a
result, although the droplet appears macroscopically wetted
and pinned, the effective molecular-level ice-solid contact area
was substantially reduced because contact occurred only on
the solid framework struts (metal clusters and organic linkers),
with the internal pores remaining non-contacting voids. This
reduction in true interfacial contact area lowered the work of
adhesion and facilitated interfacial crack initiation, thereby
explaining the decreased ice adhesion strength despite the
absence of a Cassie wetting state.

Although UiO-67 and MOF-5 exhibited slightly lower mean
adhesion values compared to UiO-66, these differences were
not statistically significant. This indicates that varying pore
geometries in the sub-nanometre regime have a negligible
impact on macroscopic ice adhesion. The persistent adhesion
across all three pristine MOFs is likely driven by their inher-
ently high surface energy and similar roughness scales, rather
than specific pore dimensions. Consequently, to achieve a sub-
stantial reduction in ice adhesion, the strategy must shift from
geometric variation to chemical functionalisation. This motiv-
ates the next section, where we systematically tune surface
chemistry through linker modification.

It should be noted that these sub-nanometre pore sizes of
MOFs correspond to the intrinsic pores within the crystalline
frameworks of UiO-66, 67 and MOF-5, which arise from the
coordination geometry of their metal clusters and organic
linkers. These framework pores (0.6-1.2 nm in diameter) are
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inherent structural features of the MOFs and remain
unchanged with increasing numbers of LbL deposition cycles.
Increasing the number of layers only improves the film conti-
nuity and surface coverage, as explained in section 3.3, but
does not alter the internal pore dimensions. As a result, while
all three MOFs share similar intrinsic pore sizes, their overall
roughness and surface morphology evolve with the number of
layers.

3.4.3. Effect of linker chemistry. Next, the influence of
surface chemistry on icephobicity was systematically investi-
gated by comparing pristine UiO-66 with chemically functiona-
lised variants, including UiO-66-NH, (amine groups), UiO-66—
OH (hydroxyl groups), and UiO-66-OTS (modified with hydro-
phobic OTS silane groups). The successful synthesis of
UiO-66-NH, and UiO-66-OH through LbL growth with five
cycles was confirmed by FTIR spectroscopy (Fig. S11, SI). Glass
substrates functionalised with an APTES self-assembled mono-
layer followed by grafting of the MOF linker molecules were
used as control samples. These surfaces replicate the chemical
functional groups present on the MOF-coated substrates but
lack their characteristic nanostructured porosity, providing a
smooth, non-porous surface for comparison.

Fig. 7A presents the advancing contact angle (6,) measured
on substrates coated with pristine UiO-66, UiO-66-OH,
UiO-66-NH, and UiO-66-OTS, as well as on glass substrates
functionalised with the corresponding MOF linkers. The pris-
tine UiO-66 exhibited an advancing contact angle of approxi-
mately 65°, while the introduction of hydroxyl and amine
groups reduced the advancing contact angles to the range of
50-60°, indicating enhanced surface hydrophilicity. The hydro-
philic MOF-coated substrate and its corresponding linker func-
tionalised glass counterpart showed nearly identical advancing
contact angles. However, the receding contact angles could not
be measured due to strong contact-line pinning during droplet
withdrawal. Consequently, for these pristine and hydrophilic
UiO-66 substrates, only advancing contact angles are reported.
In contrast, OTS modification significantly enhanced hydro-
phobicity. UiO-66-OTS exhibited a higher advancing contact
angle (~112°) and reduced hysteresis (~11°) compared to OTS-
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glass (~102° and ~20°, respectively; Fig. S10). This enhanced
droplet mobility suggests a synergistic effect between the nano-
hierarchical roughness and low-surface-energy alkyl chains,
effectively minimizing the solid-liquid contact area and
improving slipperiness.*?

Fig. 7B compares the ice nucleation temperatures of water
droplets on these various functionalised substrates. Substrates
coated with UiO-66, including pristine, hydroxyl-functiona-
lised, amine-functionalised, and alkyl silane-modified forms,
all showed a consistent shift in the freezing spectrum to lower
temperatures. This was in contrast to glass substrates with
identical surface chemistries but no MOF coating. The median
ice nucleation temperature on bare glass was approximately
—20 °C and it decreased to about —24 °C on the substrate
coated with pristine UiO-66. A similar ~2 to 3 °C downward
shift was observed with hydroxyl or amine functionalised
Ui0O-66 substrates, even though the corresponding linker-func-
tionalised glass slides displayed identical wettability to the
MOF coatings. Such a reduction in ice nucleation temperature
is typically associated with orders of magnitude difference in
the freezing delay time, as reported in prior studies.”” This
highlighted the contribution of the MOF’s intrinsic sub-nano-
metre porosity. These experimental results further support the
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claim that UiO-66 exerts a pronounced nanoconfinement
effect. By inhibiting the stabilisation of a critical ice nucleus,
the porous MOF coating increases the free-energy barrier for
heterogeneous ice nucleation compared to non-porous glass
substrates. Among all surface chemistries, UiO-66-OTS exhibi-
ted the strongest suppression of ice nucleation, with a median
ice nucleation temperature of ~—25 °C, significantly lower
than those of other MOFs and all glass controls. This
enhanced performance is attributed to the synergistic effect of
the nanoconfinement provided by the MOF framework and the
increased surface hydrophobicity imparted by the long-chain
alkyl silane, which together raise the free-energy barrier for ice
nucleation.

Fig. 7C compares the shear ice adhesion strengths
measured at —20 °C. Across all surface chemistries tested,
UiO-66-coated substrates markedly reduced ice adhesion.
UiO-66 with hydrophilic terminations reduced ice adhesion
strength by roughly one-third compared to its glass counter-
parts, and the pristine UiO-66 substrate also showed a compar-
able reduction despite exhibiting a higher contact angle.
Notably, UiO-66-OTS exhibited the lowest ice adhesion
strength, about two-thirds lower than that of bare glass and
significantly lower than those of all other MOFs and glass con-

2
—— Homogeneous nucleation

Gibbs energy barrier AG/kgT

-240 [ — Nucleation on smooth surfaces \
—=— Nucleation on nanoconcave surfaces \
_300 1 1 L
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Fig. 8 Classical nucleation theory (CNT) calculation and density functional theory (DFT) calculation results between ice and different surfaces. (A)
Critical nucleation radius for homogeneous ice nucleation as a function of nucleation temperature. (B) Schematics of different heterogeneous
nucleation models. (C) Calculated Gibbs free energy barriers for ice nucleation on different surfaces at —20 °C. (D) DFT-optimised models of ice
interacting with four chemically distinct surfaces. Each model consists of a three-layer structure: the top layer represents a slab of hexagonal ice (ice
In), the middle layer contains molecular chains with different functional groups (e.g., ATPES, organic linker, OTS, etc.), and the bottom layer rep-
resents the underlying substrate, either silica or a UiO-66—-OH surface. (E) Calculated ice—surface interaction energies from DFT simulations, com-
paring MOF-based and glass-based surfaces with both hydrophilic and hydrophobic terminations.
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trols. The superior icephobic performance of the UiO-66-
coated surfaces, even when their macroscopic wettability was
similar to that of the corresponding glass controls, was attribu-
ted to their nanohierarchical porosity.***” The porous frame-
work reduced the actual solid-ice contact area, thereby lower-
ing the shear force required for ice detachment. The added
benefit of OTS functionalisation arose from the flexible, low-
surface-energy alkyl chains, which further diminished inter-
facial adhesion and promoted crack propagation. These find-
ings reinforce the conclusions drawn from the ice nucleation
experiments: the porous architecture of the MOF coating is the
dominant factor governing icephobic behaviour, while hydro-
phobic surface chemistry provided an additional enhance-
ment, most pronounced for OTS modification.

3.5. Insights into nucleation and molecular simulations

Fig. 8A shows the critical radius for homogeneous ice nuclea-
tion as a function of nucleation temperature, overlaid with the
pore sizes of different MOFs. According to classical nucleation
theory (CNT), nucleation is only thermodynamically favourable
when the critical radius is smaller than the pore size. However,
this theoretical prediction clearly deviates from our experi-
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mental observations, as it does not account for the role of
heterogeneous interfaces and the curvature effect. While the
critical nucleus radius is the same for both homogeneous and
heterogeneous nucleation, the associated Gibbs free energy
barrier differs substantially, directly influencing nucleation
probability and kinetics.

To address the above limitation, Fig. 8C presents the Gibbs
free energy barriers for heterogeneous nucleation, as shown in
the schematics in Fig. 8B. AFM-scale topography of MOF
shows plenty of rough, convex structures (Fig. S4); however, we
explicitly separate length scales: mesoscale particle features
(radius >100 nm, see Fig. S5) are effectively flat up to a critical
ice nucleus radius r. ~ 2.3-4.4 nm, whereas the intrinsic MOF
porosity (radius ~0.3 nm for UiO-66 window) imposes nano-
confinement. Thus, pores dominate the nucleation energetics
while mesoscale convexity is negligible at the nucleation
length scale. For UiO-66 (cubic crystal, a ~ 2.07 nm), the
nucleus spans ~2 unit cells in diameter, reinforcing that the
relevant curvature seen by the nucleus is set by sub-nanometre
pores rather than >100 nm particle morphology. Therefore, we
applied the heterogeneous nucleation equation, which
accounts for the concave nanopores and the quasi-liquid layer
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Fig. 9 Robustness of surface-grown MOF coatings. Advancing water contact angle and contact angle hysteresis measured after successive tape-
peel cycles for (A) UiO-66—-OTS and (B) MOF-5-OTS. Ice adhesion strength recorded over 15 repeated icing/de-icing cycles for (C) UiO-66-OTS

and (D) MOF-5-OTS.
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effect at the ice-solid interface®” (see the SI for detailed calcu-
lations). Under conditions of —20 °C, on smooth surfaces (with
an ice-water contact angle of 100°), the nucleation barrier is
suppressed and found to be below 60kp7, suggesting that
thermal fluctuations may overcome the barrier within experi-
mental timescales. The Gibbs free energy barriers for nanocon-
cave surfaces (with the same contact angle and a solid fraction
of 0.4 as UiO-type MOF*?) are comparable to those for homo-
geneous nucleation, directly reflecting the nucleation-inhibit-
ing effect of the nanoconfinement. Although this simple
model does not capture molecular-level interactions, it offers
an intuitive comparison framework that highlights the inhibi-
tory role of MOF porosity on ice nucleation.

To gain further insight into interfacial interactions at the
molecular level, we performed density functional theory (DFT)
simulations (Fig. 8D) of ice in contact with four chemically dis-
tinct surfaces: a hydrophilic MOF (UiO-66-OH), its hydropho-
bically modified counterpart (UiO-66-OTS), and two glass-
based analogues modelled as hydroxylated silica surfaces func-
tionalised with APTES and linker molecules (hydrophilic) and
further modified with OTS (hydrophobic). The calculated ice-
surface interaction energies (Fig. 8E) are consistent with the
experimental trends: regardless of surface chemistry (hydro-
philic or hydrophobic), MOF surfaces consistently exhibit
weaker interactions with ice than their glass counterparts.
This directly supports our experimental findings that, even
when wettability is similar, MOF-coated substrates show lower
ice adhesion strengths (Fig. 7C) and reduced ice nucleation
temperatures (Fig. 7B). The weaker interactions arise from the
nanoscale pores on the MOF surface, which reduce the actual
solid-ice contact area through the void effect,*>”%%! thereby
increasing the energetic barrier to heterogeneous nucleation
and facilitating easier ice detachment. Thus, the DFT results
provide a molecular-level explanation for the enhanced icepho-
bic performance observed experimentally.

3.6. Mechanical robustness of the MOF based coatings

In addition to demonstrating ice nucleation inhibition and
reduced ice adhesion strength, the practical applicability of MOF-
based icephobic coatings depends critically on their mechanical
robustness and stability under low temperatures. UiO-type MOFs
and MOF-5 were selected due to exceptional chemical and
mechanical stability.?> Two durability tests were performed to
evaluate substrate adhesion and the inherent mechanical stabi-
lity of the surface-grown MOF films, including a standard tape-
peel test (section 2.6) to assess the mechanical durability of the
coating and cyclic icing/de-icing measurements to examine the
retention of icephobic performance under freezing.

During the tape-peel test, the advancing contact angle and
contact angle hysteresis were measured after successive peeling
cycles. Tape-peel tests were assessed on two OTS-functionalised
MOF coatings, including UiO-66-OTS and MOF-5-OTS, as repre-
sentatives of zirconium-based and =zinc-based frameworks,
respectively. Fig. 9A and B show that both UiO-66-OTS and
MOF-5-OTS maintained a consistently high advancing contact
angle and low hysteresis even after 50 tape-peel cycles, indicating
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good mechanical integrity and retention of surface functionality.
In addition, the ice adhesion strength on UiO-66-OTS and
MOF-5-OTS remained nearly unchanged over 15 consecutive
freezing and detachment cycles, as shown in Fig. 9C and D. The
preservation of low ice adhesion strength throughout the cycling
tests confirms the durability of the MOF coatings. Taken
together, these results corroborate the mechanical robustness of
the nanohierarchical MOF coatings, suggesting they are promis-
ing candidates for durable icephobic applications.

4. Conclusions

In this study, we demonstrated that all selected surface-grown
metal-organic framework (MOF) coatings effectively delayed
ice nucleation and reduced ice adhesion strength. We found a
geometric saturation regime: while sub-nanometre pores are
crucial for disrupting ice nucleation, reducing the pore size
beyond the critical ice nucleus radius provides no further
enhancement. Once nanoconfinement is achieved, surface
chemistry becomes the dominant tuning parameter.
Consistent with this principle, hydrophobic functionalisation
using OTS provided the most effective enhancement, yielding
the lowest ice nucleation temperatures and the greatest
reduction in ice adhesion strength. Supported by classical
nucleation theory and molecular-level DFT simulations, our
findings clarify the role of nanoporosity in icephobicity by
demonstrating how the sub-nanometre pores decrease the
actual solid-ice interfacial contact area, thereby increasing the
energy barrier to nucleation and facilitating easier ice detach-
ment. These insights represent a significant advancement in
understanding how structure-property relationships in nano-
porous coatings influence anti-icing performance. Validated by
robust durability under cyclic tape peeling and icing/de-icing
tests, these findings provide critical insights for designing
robust, anti-icing surfaces.

Author contributions

Simrandeep Bahal: methodology, investigation, visualization,
validation, data curation, formal analysis, writing — original
draft and review & editing, and conceptualization. Jianhui
Zhang: writing - review & editing, software, methodology, visu-
alization, data curation, formal analysis, and conceptualiz-
ation. Vikramjeet Singh: writing — review & editing, method-
ology, supervision, and conceptualization. Prasenjit Kabi:
writing - review & editing, methodology, and supervision.
Abbas Heydari: writing - review & editing, methodology, and
supervision. Manish K. Tiwari: writing - review & editing,
supervision, project administration, funding acquisition, and
conceptualization.

Conflicts of interest

The authors declare no competing financial interest.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04825g

Open Access Article. Published on 23 February 2026. Downloaded on 3/17/2026 3:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Data availability

All the data supporting the findings and mentioned in this
study are available in the main text and supplementary infor-
mation (SI). Raw datasets are available from the corresponding
author upon request for academic and non-commercial
purposes.

Supplementary information: material characterisation, clas-
sical nucleation theory for ice nucleation, ice nucleation and
ice adhesion measurements, and DFT simulation, along with a
representative force-time curve (Fig. S1), surface roughness
(Fig. S2), AFM figures (Fig. S3-S7), SEM-EDS elemental
mapping (Fig. S8 and S9), contact angle (Fig. S10), and FTIR

spectra  (Fig. S11). See DOI:  https://doi.org/10.1039/
d5nr04825g.
Acknowledgements

We acknowledge the funding from the European Union’s
Horizon 2020 Research and Innovation Programme under the
Marie Sklodowska-Curie grant agreement number 956703
(SURFICE Smart surface design for efficient ice protection and
control). JZ would like to acknowledge University College
London’s ORS and GRS scholarships. Additionally, partial
support from the Inspiring Future European Research Council
(ERC) Consolidator Fellowship selected by the ERC, funded by
the UKRI Horizon Europe Guarantee (EP/X023974/1) and the
Royal Society Wolfson Fellowship (RSWF\R3\193013) is also
gratefully acknowledged. We also thank Dr Rohit Gupta for
fruitful discussions on statistical analysis of the data and UCL
Bloomsbury workshop technicians for helping in the design of
the experimental setup for characterizing icephobicity.

References

1 H. Qiang, K. Li, Z. Xu, J. Wang, X. Wang and A. Li,
Chin. J. Aeronaut., 2023, 1-23.

2 G. Poots, R. W. Gent, N. P. Dart and J. T. Cansdale, Philos.
Trans. R. Soc., A, 2000, 358, 2873-2911.

3 L. Gao, T. Tao, Y. Liu and H. Hu, Renewable Energy, 2021,
167, 917-928.

4 M. C. Homola, M. S. Virk, P. ]. Nicklasson and
P. A. Sundsbe, Wind Energy, 2012, 15, 379-389.

5 R. Carriveau, A. Edrisy, P. Cadieux and R. Mailloux,
J. Adhes. Sci. Technol., 2012, 26, 447-461.

6 K. Savadjiev and M. Farzaneh, IEEE Trans. Power Delivery,
2004, 19, 715-721.

7 G. Poots and M. Farzaneh, Philos. Trans. R. Soc., A, 2000,
358, 2971-3005.

8 C. Demartino, H. H. Koss, C. T. Georgakis and
F. Ricciardelli, . Wind Eng. Ind. Aerodyn., 2015, 138, 98-
119.

9 J. André, A. Kiremidjian and C. T. Georgakis, J. Cold Reg.
Eng., 2018, 32, 04018004,

This journal is © The Royal Society of Chemistry 2026

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

View Article Online

Paper

P.-O. A. Borrebzk, B. P. Jelle and Z. Zhang, Sol. Energy
Mater. Sol. Cells, 2020, 206, 110306.

L. Makkonen, J. Adhes. Sci. Technol., 2012, 26, 413-445.

V. Volman, Y. Zhu, A.-R. O. Raji, B. Genorio, W. Lu,
C. Xiang, C. Kittrell and ]J. M. Tour, ACS Appl. Mater.
Interfaces, 2014, 6, 298-304.

S. Fan, X. Jiang, C. Sun, Z. Zhang and L. Shu, Cold Reg. Sci.
Technol., 2011, 65, 29-38.

X. Jiang, C. Fan and Y. Xie, IET Gener. Transm. Distrib.,
2019, 13, 536-542.

O. Meier and D. Scholz, Hamburg, A handbook method for
the estimation of power requirements for electrical de-icing
systems, 2010, p. 31.

K. Shi and X. Duan, Arct. Eng., 2021, 143, 064502.

J. S. Cornell, D. A. Pillard and M. T. Hernandez, Environ.
Toxicol. Chem., 2000, 19, 1465-1472.

L. Zheng, Z. Li, S. Bourdo, K. R. Khedir, M. P. Asa,
C. C. Ryerson and A. S. Biris, Langmuir, 2011, 27, 9936-
9943.

C. Antonini, M. Innocenti, T. Horn, M. Marengo and
A. Amirfazli, Cold Reg. Sci. Technol., 2011, 67, 58-67.

G. H. Rodriguez, M. Ding, I. V. Roisman, J. Hussong and
A. M. Coclite, Adv. Mater. Interfaces, 2025, 12, 2400723.

H. Yang, C. Ma, K. Li, K. Liu, M. Loznik, R. Teeuwen,
J. C. M. van Hest, X. Zhou, A. Herrmann and J. Wang, Adv.
Mater., 2016, 28, 5008-5012.

Z. He, K. Liu and ]. Wang, Acc. Chem. Res., 2018, 51, 1082—
1091.

S. Bengaluru Subramanyam, V. Kondrashov, J. Rithe and
K. K. Varanasi, ACS Appl. Mater. Interfaces, 2016, 8, 12583—
12587.

Z. He, Y. Zhuo, J. He and Z. Zhang, Soft Matter, 2018, 14,
4846-4851.

Z. He, S. Xiao, H. Gao, ]J. He and Z. Zhang, Soft Matter,
2017, 13, 6562-6568.

G. Hernandez Rodriguez, M. Fratschko, L. Stendardo,
C. Antonini, R. Resel and A. M. Coclite, ACS Appl. Mater.
Interfaces, 2024, 16, 11901-11913.

P. F. Ibanez, L. Stendardo, C. Ospina, R. Chaudhary,
I. Tagliaro and C. Antonini, J. Colloid Interface Sci., 2025,
679, 403-410.

C. Ospina, P. F. Ibafez-Ibafiez, I. Tagliaro, L. Stendardo,
S. Tosatti and C. Antonini, J. Colloid Interface Sci., 2025,
677, 494-503.

P. Tourkine, M. Le Merrer and D. Quéré, Langmuir, 2009,
25, 7214-7216.

J. C. Bird, R. Dhiman, H.-M. Kwon and K. K. Varanasi,
Nature, 2013, 503, 385-388.

T. Maitra, M. K. Tiwari, C. Antonini, P. Schoch, S. Jung,
P. Eberle and D. Poulikakos, Nano Lett., 2014, 14, 172-182.
K. K. Varanasi, T. Deng, J. D. Smith, M. Hsu and N. Bhate,
Appl. Phys. Lett., 2010, 97, 234102.

S. Jung, M. Dorrestijn, D. Raps, A. Das, C. M. Megaridis
and D. Poulikakos, Langmuir, 2011, 27, 3059-3066.

M. J. Kreder, J. Alvarenga, P. Kim and J. Aizenberg, Nat.
Rev. Mater., 2016, 1, 1-15.

Nanoscale


https://doi.org/10.1039/d5nr04825g
https://doi.org/10.1039/d5nr04825g
https://doi.org/10.1039/d5nr04825g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04825g

Open Access Article. Published on 23 February 2026. Downloaded on 3/17/2026 3:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49
50

51

52

53

54

55

56

57

T.-S. Wong, S. H. Kang, S. K. Tang, E. ]J. Smythe,
B. D. Hatton, A. Grinthal and J. Aizenberg, Nature, 2011,
477, 443-447.

A. Lafuma and D. Quéré, Europhys. Lett., 2011, 96, 56001.

P. Kim, T.-S. Wong, ]J. Alvarenga, M. ]. Kreder,
W. E. Adorno-Martinez and J. Aizenberg, ACS Nano, 2012,
6, 6569-6577.

V. Singh, J. Zhang, P. Mandal, D. Hou, 1. Papakonstantinou
and M. K. Tiwari, Adv. Mater., 2024, 36, 2409818.

M. J. Kreder, D. Daniel, A. Tetreault, Z. Cao, B. Lemaire,
J. V. Timonen and ]. Aizenberg, Phys. Rev. X, 2018, 8,
031053.

W. S. Wong, K. I. Hegner, V. Donadei, L. Hauer, A. Naga
and D. Vollmer, Nano Lett., 2020, 20, 8508-8515.

J. D. Smith, R. Dhiman, S. Anand, E. Reza-Garduno,
R. E. Cohen, G. H. McKinley and K. K. Varanasi, Soft
Matter, 2013, 9, 1772-1781.

V. Singh, X. Men and M. K. Tiwari, Nano Lett., 2021, 21,
3480-3486.

V. Singh, ]J. Zhang, ]J. Chen, C. G. Salzmann and
M. K. Tiwari, Adv. Mater., 2023, 35, 2302466.

J. Zhang, V. Singh, W. Huang, P. Mandal and M. K. Tiwari,
ACS Appl. Mater. Interfaces, 2023, 15, 8699-8708.

J. Zhang, V. Singh, P. Kabi, W. Huang, S. Bahal,
I. Papakonstantinou and M. K. Tiwari, Nano Today, 2025,
62, 102673.

J- W. Gibbs, Trans. Conn. Acad. Arts Sci., 1876, 108-248.

T. V. J. Charpentier, A. Neville, P. Millner, R. Hewson and
A. Morina, J. Bionics Eng., 2013, 10, 139-147.

M. Conde, M. Rovere and P. Gallo, J. Mol. Lig., 2018, 261,
513-519.

J. G. Duman, J. Exp. Biol., 2015, 218, 1846-1855.

Y. Gwak, J. I. Park, M. Kim, H. S. Kim, M. J. Kwon, S. ]J. Oh,
Y. P. Kim and E. Jin, Sci. Rep., 2015, 5, 12019.

K. Liu, C. Wang, J. Ma, G. Shi, X. Yao, H. Fang, Y. Song and
J. Wang, Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 14739-
14744.

T. Li, P. F. Ibanez-Ibanez, V. Hakonsen, J. Wu, K. Xu,
Y. Zhuo, S. Luo, ]J. He and Z. Zhang, ACS Appl. Mater.
Interfaces, 2020, 12, 35572-35578.

L. Zhang, B. Luo, K. Fu, C. Gao, X. Han, M. Zhou, T. Zhang,
L. Zhong, Y. Hou and Y. Zheng, Adv. Sci, 2023, 10,
2304187.

Z. Liu, F. Ye, H. Tao and J. Lin, J. Colloid Interface Sci.,
2021, 603, 233-242.

C. Belaud, V. Vercillo, M. Kolb and E. Bonaccurso, Surf.
Coat. Technol., 2021, 405, 126652.

J. Jiang, G. Li, Q. Sheng and G. Tang, Appl. Surf. Sci., 2020,
510, 145520.

P. Eberle, M. K. Tiwari, T. Maitra and D. Poulikakos,
Nanoscale, 2014, 6, 4874-4881.

Nanoscale

58

59

60

61

62
63

64

65

66

67

68

69

70

71

72

73

74

75
76

77

78

79

80

81
82

View Article Online

Nanoscale

H. Furukawa, K. E. Cordova, M. O’Keeffe and O. M. Yaghi,
Science, 2013, 341, 1230444.

L. Jiao, J. Y. R. Seow, W. S. Skinner, Z. U. Wang and
H. L. Jiang, Mater. Today, 2019, 27, 43-68.

G. Cai, P. Yan, L. Zhang, H. C. Zhou and H. L. Jiang, Chem.
Rev., 2021, 121, 12278-12326.

A. Bétard and R. A. Fischer, Chem. Rev., 2012, 112, 1055-
1083.

J. Liu and C. Woll, Chem. Soc. Rev., 2017, 46, 5730-5770.

O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae,
M. Eddaoudi and ]. Kim, Nature, 2003, 423, 705-714.

M. J. Katz, Z. J. Brown, Y. J. Coldén, P. W. Siu, K. A. Scheidt,
R. Q. Snurr, J. T. Hupp and O. K. Farha, Chem. Commun.,
2013, 49, 9449-9451.

C.-M. Wu, M. Rathi, S. P. Ahrenkiel, R. T. Koodali and
Z. Wang, Chem. Commun., 2013, 49, 1223-1225.

M. Arjmandi and M. Pakizeh, J. Ind. Eng. Chem., 2014, 20,
3857-3868.

K. Vellingiri, P. Kumar, A. Deep and K. H. Kim, Chem. Eng.
J., 2017, 307, 1116-1126.

D. A. Giannakoudakis and T. J. Bandosz, ACS Appl. Mater.
Interfaces, 2019, 12, 14678-14689.

J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou,
C. Lamberti, S. Bordiga and K. P. Lillerud, J. Am. Chem.
Soc., 2008, 130, 13850-13851.

A. Pankajakshan, M. Sinha, A. A. Ojha and S. Mandal, ACS
Omega, 2018, 3, 7832-7839.

M. L. Ohnsorg, C. K. Beaudoin and M. E. Anderson,
Langmuir, 2015, 31, 6114-6121.

A. Summerfield, I. Cebula, M. Schréder and P. H. Beton,
J. Phys. Chem. C, 2015, 119, 23544-23551.

K. A. Lozovoy, A. G. Korotaev, A. P. Kokhanenko, V. V. Dirko
and A. V. Voitsekhovskii, Surf. Coat. Technol., 2020, 384,
125289.

H. R. Pruppacher, J. D. Klett and P. K. Wang, Microphysics
of clouds and precipitation, Taylor & Francis, 1998.

N. H. Fletcher, J. Chem. Phys., 1958, 29, 572-576.

M. Matsumoto, S. Saito and 1. Ohmine, Nature, 2002, 416,
409-413.

L. Lupi, A. Hudait and V. Molinero, J. Am. Chem. Soc., 2014,
136, 3156-3164.

Y. Zhang, H. Guo, J. Gao, W. Wei, M. Liu, C. Zheng and
P. Deng, Prog. Org. Coat., 2021, 151, 106089.

S. Shi, X. Wang, Z. Li, J. Meng, X. Chu, J. Zhang, B. Sun,
J. Zhang, Y. Gao and W. Xu, ACS Appl. Mater. Interfaces,
2023, 15, 7442-7453.

P. Mandal, V. Singh, J. Zhang and M. K. Tiwari, Environ.
Sci.: Nano, 2025, 12.3, 1930-1941.

L. Hu and Q. Chen, Nanoscale, 2014, 6, 1236-1257.

A. J. Howarth, Y. Liu, P. Li, Z. Li, T. C. Wang, ]J. T. Hupp and
O. K. Farha, Nat. Rev. Mater., 2016, 1.3, 15018.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04825g

	Button 1: 


