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Hydrophobic coatings are widely employed in liquid-vapour phase change applications, offering advantageous
control on condensation dynamics. However, they suffer from poor stability under harsh conditions and their
durability is often neglected over thermal performance. Here, the global performance of a hybrid octyl-modified
silica coating on aluminium was studied during saturated vapour condensation, in terms of thermal efficiency
and durability. The coating successfully promoted dropwise condensation with heat transfer coefficients of ~90
kW m 2K, an average 9-fold increase with respect to filmwise condensation under similar heat flux conditions.

Straightforward and reproducible tests were employed to separately evaluate the different factors influencing the
coating’s degradation, attempting to reproduce the conditions present in the apparatus used for the condensation
experiments. The developed tests could successfully provide a rapid estimation of the coating’s durability during
a broad range of liquid-vapour phase change applications.

1. Introduction

The efficiency of liquid-vapour phase change (LVPC) has a major
influence on both industrial productivity and environmental pollution.
Among the LVPC systems, extensive research has been devoted to
vapour condensation, which is involved in processes such as water
harvesting and heat exchange [1-3]. High efficiency of the latter can be
reached by controlling the condensation dynamics. Generally, water
vapour condenses on a colder surface either in form of single droplets
(dropwise condensation, DWC) or as a uniform liquid film (filmwise
condensation, FWC). The presence of a continuous liquid film is known
to decrease the heat exchange efficiency, whereas a DWC strongly fa-
vours it through a rapid removal of droplets from the condensing surface
[4]. During DWC of steam on flat surfaces, the heat transfer coefficient
(HTC) can be 5-8 times higher as compared to FWC [5,6].

The LVPC processes are usually related to metallic substrates, which
typical hydrophilicity is unfavourable when heat exchange efficiency is
considered [4]. However, the condensation mode can be controlled
through the surface modification of both chemical composition and
morphology. The combination of these two factors allows a fine tuning

of the surface wettability from superhydrophilicity to super-
hydrophobicity [2,7]. The contact angle hysteresis (defined as the dif-
ference between the advancing and receding contact angle) can be
reduced by coating the substrate with a lower surface energy material,
without nanostructuring the morphology with time-consuming pro-
cesses. Among the different techniques, silica-based sol-gel coatings
offer an efficient trade-off between cost, time, and chemical-mechanical
resistance, besides the possibility to properly tune the coating’s prop-
erties. Their wettability can be controlled through a hybrid organic-
inorganic composition, introducing organic groups to decrease the hy-
drophilicity of plain silica coatings. Experimental results recently
demonstrated that such coatings represent a valid strategy for the pro-
motion of DWC on aluminium substrates [6].

Here, the efficiency of an octyl-modified silica sol gel coating was
studied during saturated vapour condensation. The high length of the
precursor’s organic chain is known to increase the hydrophobicity along
with the decrease of the contact angle hysteresis [8]. Reductions in
average droplet dimension and improvements in condensation HTC
were expected, since most of the heat exchanged during DWC is asso-
ciated to small droplets [9].

Abbreviations: LVPC, liquid-vapour phase change; DWC, dropwise condensation; FWC, filmwise condensation; ACA, advancing contact angle; RCA, receding
contact angle; HTC, heat transfer coefficient; PB, pool boiling; OTES, octyltriethoxysilane.; VC, vapour condensation.
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Besides the heat exchange, the introduction of long organic chains in
silica networks was recently proven to favour the durability of sol-gel
coatings in water-based environments [10]. As recently evidenced by
Jin et al. [11], a major challenge for future works is the durability of
such coatings, since they face severe environmental conditions when
employed in real-life applications (i.e. fouling, scratching, corrosion or
high thermal stresses). Among the numerous studies on the control of
surface wettability for LVPC devices, the majority primarily focus on
developing new paths for surface modification, without considering the
coatings’ stability over time. On the other side, when the durability is
studied, the possible negative influence on the heat exchange is often not
examined. An increase in coating’s thickness could improve its resis-
tance to harsh conditions but could simultaneously lead to a higher
thermal barrier [4,11]. The coatings employed in LVPC applications are
therefore required to simultaneously satisfy several tasks, which is a
demanding challenge since improving one requisite often implicates
worsening another one.

Following our previous work [12], we aimed to evaluate the global
performance of a hybrid octyl-modified silica coating during saturated
vapour condensation. The heat exchanged over time was examined on
aluminium substrates in a custom-made heat exchange apparatus. The
coating’s stability was studied by separating the different influencing
factors on its degradation, from temperature to steam-air coexistence to
nucleation and growth phenomena. The coating’s degradation, which
led to variations in thickness, wettability, chemical and morphological
properties, was monitored with scanning electron microscopy, Fourier-
transformed infrared spectroscopy, ellipsometer and goniometer
characterizations.

2. Materials and methods
2.1. Materials

Tetraethylorthosilicate (TEOS, 98%; Sigma Aldrich), octyltriethox-
ysilane (OTES, 98%; Sigma Aldrich), absolute ethanol (EtOH, Emsure;
Sigma-Aldrich), concentrated hydrochloric acid (HCI, 37%; Sigma
Aldrich), milliQ water (H20, 18.2 MQ). All employed materials were
used as purchased, except for hydrochloric acid which was diluted to
obtain a 1 M concentration. Silicon wafers, aluminium with high purity
(AW1050, 99.50% minimum aluminium content), 20 x 20 mm? and 20
x 50 mm? dimensions. Aluminium was polished to obtain a smooth
mirror-like surface, following a standard metallographic technique.

2.2. Synthesis of precursor solution

The octyltriethoxysilane-based solution was prepared adapting a
recipe from De Ferri et al. [8] TEOS, OTES, EtOH, HCl 1 M and H,0 were
mixed in molar ratios of (TEOS+OTES):EtOH:H5,0:HCl = 1:2:2:0.01,
respectively, with variable TEOS:OTES molar ratio. The solution was
stirred for 2 h at 400 rpm at room temperature, during which additional
solvent was added after 30 min, to reach a theoretical final concentra-
tion of SiO of 1.3 M. The solution was aged still for 2 additional hours
and then filtrated with syringe filters of 0.2 pm pores prior to the
deposition.

2.3. Deposition of hybrid silica coatings

The sol-gel coatings were deposited on polished aluminium sub-
strates and silicon wafers, both previously cleaned through sonication in
ethanol followed by atmospheric plasma treatment (Plasma Cleaner,
PDC-002-CE, Harrick Plasma). The deposition was done inside a custom-
made dip-coater, by withdrawing the substrates from the solution at 4.8
cm/min. The solvent evaporation was induced gradually, together with
the evolution of condensation reactions, by aging the coatings at room
temperature for 24 h. The coatings were then annealed in a furnace at
200 °C for 2 h, with a heating ramp of 10 °C/min.
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2.4. Saturated vapour condensation experiments

The hybrid silica coatings deposited on aluminium substrates were
tested in a two-phase thermosyphon designed for the investigation of
water vapour condensation (VC) on vertical metallic substrates. The test
rig, the experimental procedure, the data reduction technique, and the
uncertainty analysis are fully described in Mirafiori et al. [13] Briefly,
the experimental apparatus consists of three main components: a boiling
chamber, a test section, and a post-condenser (Fig. S1). The design of the
test section allows to simultaneously measure the heat transfer and
visualize the condensation phenomenon. The vapour produced inside
the boiling chamber flows into the test section where it is partially
condensed over a metallic sample (condensing area: 50 mm high, 20 mm
wide). Inside this component, condensation is driven by the action of the
cooling water supplied on the back surface of the sample by a thermo-
static bath at controlled temperature and flowrate. Downstream the test
section, the two-phase mixture (vapour and liquid) is completely
condensed in the post-condenser before returning to the boiling cham-
ber. The video acquisition system consists of a powerful LED and a high-
speed camera Photron FASTCAM UX100 coupled with a macrolens.
Details about the calculation of the heat transfer coefficient are reported
in the Supporting Information. Condensation tests to assess the coating
robustness over time were performed at the following thermodynamic
conditions: 106 °C of saturation temperature (which corresponds to a
saturation pressure of 1.24 bar), 2.9 m s~! of steam velocity, heat flux in
the range 250-550 kW m 2.

2.5. Degradation tests

The coatings deposited on silicon substrates were tested under five
different environments that could affect the coating’s degradation and
could be related to the conditions present during the condensation ex-
periments. The tests were chosen to be straightforward to perform and
easily replicable. The exposure time of each tested condition was set to 7
h, to be comparable to the condensation experiments. Three main fac-
tors were considered separately and then combined: the chemical-
mechanical interaction with water, the effect of temperature and the
role of defects. The effect of the hot water on the coatings was consid-
ered both in the case of liquid and vapour phase (i.e., steam-air mixture).
The five different tests are summarised in Fig. 1. A first sample was heat
treated at 100 °C in a standard heating furnace (T-100). A second
specimen was exposed to an air-steam mixture, during which the coated
surface was held downside in a horizontal position, 3 cm above a glass
beaker containing boiling deionized water (S-100). The third and fourth
samples were fully immersed in a glass beaker containing deionized
water at 20 °C (I-20) and 90 °C (I-90), respectively, whereas the last
sample was immersed in boiling water (pool boiling, PB). To further
correlate the influence of the substrate type on the coating’s stability,
the PB test was carried on a reference coated aluminium sample as well
(PB-Al).

2.6. Characterizations

A J.A. Woollam Co. spectroscopic ellipsometry (Woollam M2000)
was used to measure the thickness of plain coatings at incident angles of
65°-70°-75°, in a 300-1200 nm range. The experimental data were fitted
with Cauchy models and the final value was obtained by averaging three
distinct points on the same sample. Fourier-transform infrared (FTIR)
spectroscopy measurements were conducted with a Jasco FT-IR 4200
spectrophotometer equipped with an ATR ProOne attachment. Mea-
surements on coatings deposited on silicon substrates were collected in
transmission in the 4500400 cm ™! range, at 64 scans min~ ' and with a
resolution of 2 cm ™!, by doing the background with a monocrystalline
silicon wafer. Samples on aluminium substrates were analysed in
attenuated total reflectance (ATR) mode, by setting the same parameters
used for the silicon samples and collecting a background in air. The
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Fig. 1. Different conditions used in the degradation tests on silicon substrates: (a) heat treatment at 100 °C in furnace (T-100); (b) immersion in deionized water at
20 °C (I-20); exposure to mixed air-steam (S-100); (d) immersion in deionized water at 90 °C (I-90); (e) immersion in boiling water at 100 °C (PB). Scheme drawn

using http://Chemix.org editor [14].

surface morphology was investigated with a field emission scanning
electron microscope (FE-SEM, Zeiss Sigma HD) with a secondary elec-
tron detector, operating at 5KV. The dynamic contact angles (advancing
— ACA, and receding — RCA) were measured with an addition-removal
method, by dispersing and subsequently withdrawing a water droplet
of approximately 5 pL volume. The measurements were conducted with
the aid of a home-made set-up consisted of a DCC1545M CMOS sensor
camera (Thorlabs GmbH®, Bergkirchen, Germany) and MVL7000
sensor lens (Thorlabs GmbH®, Bergkirchen, Germany).

3. Results
3.1. Optimization of hybrid-silica coating

We first considered the effect of the OTES/TEOS ratio and the
deposition parameters on wettability, thickness, and adherence to the
substrate. Preliminary experiments were performed on silicon by tuning
the moles of OTES from a minimum of 10% (01T9) to a maximum of
50% (O5T5) to TEOS, testing different withdraw speeds (from 2.5 cm/
min up to 10 cm/min). Dewetting of the coatings were observed for
04T6 and OS5TS5. Therefore, these compositions were discarded.

As reported in Table 1, the amount of OTES affected the surface
wettability by increasing the ACA from 100 + 2° to 106° £ 2° and the
RCA from 88 + 1° to 96 + 2. Based on previous results of other hybrid
silica-based systems [15,16], we expected an enhancement of the HTC
during dropwise condensation due to the higher ACA and low hysteresis
of the OTES/TEOS coatings. The hysteresis for all the compositions is in
the range of 10-14°, slightly lower than other hybrid organic-inorganic
coatings obtained by different molecular precursors (e.g. phenyl-
triethoxysilane and methyltriethoxysilane) [12].

The thickness of the films, evaluated by ellipsometry, was between
200 and 400 nm. These values can be considered a good compromise to
ensure adequate robustness in harsh environment (high temperature
and heat flux) and minimize the thermal resistance of the deposited

Table 1

Thickness, advancing contact angle (ACA) and receding contact angle (RCA) of
the coatings on silicon for different OTES/TEOS molar ratio and withdrawal
speed.

Sample Withdrawal speed (cm/ Thickness ACA RCA
min) (nm) ©) ©)

01T9-5 cm/ 4.8 216 + 2 100 + 88 +1
min 2

01T9-7.5 cm/ 7.4 248 + 8 101 + 89 +1
min 1

02T8-5 cm/ 4.8 227 +£5 101 + 88 +t1
min 1

02T8-10 cm/ 10.4 330 £7 103 + 91 +1
min 1

03T7-2.5 cm/ 2.5 207 £ 6 105 + 9% +1
min 1

03T7-5 cm/ 4.8 343 +9 106 + 96 + 2
min 2

coating, which affects the overall condensation performance. Hybrid
silica-coatings with thickness < 200 nm have been proven to degrade in
the first 15 h of condensation [16]. Considering a film thickness between
200 and 400 nm and a thermal conductivity of 0.2 W m~! K1, the
thermal resistance per unit area of the developed coatings can be esti-
mated in the range 1.5-2 m? K Mw! [12].

Further samples were deposited on polished aluminium substrates (2
x 2 ecm?), selecting 02T8 and O3T7 compositions at a fixed withdrawal
speed of 4.8 cm/min. As previously observed [17], the change of sub-
strate causes a slight increase in thickness, attested to about 300 nm for
02T8 and 380 nm for O3T7. The wettability was similar for both the
compositions, with average ACA of 102 + 3°, and RCA of 89 + 3°. In
light of these results, we selected the O2T8 composition as a good
compromise in terms of wettability, thickness and reproducibility.
Following the same protocol, the O2T8 coating was deposited on a larger
aluminium substrate (5 x 2 c¢m) for vapour condensation (VC-Al) tests.

3.2. Condensation experiments

The heat transfer performance of the hybrid silica sol-gel coating,
selected to be O2T8 from the previous section, was assessed during
steam condensation in the custom-build experimental apparatus, as
described in Section 2. During the test runs, the heat flux was varied
between 250 kW m~2 and 550 kW m~2, while saturation temperature
and steam velocity were kept constant at 106 °C and 2.9 m s,
respectively. The experimental results of the VC-Al test are shown in
Fig. 2 (a), in which the HTC is plotted versus time.

The functionalized surface sustained DWC for the entire duration of
the condensation tests (i.e., 7 h), exhibiting a stable thermal perfor-
mance with HTC values of ~90 kW m~2 K. No changes of the coated
surface were detected from the thermal measurements since the HTC
remained almost constant for the whole endurance tests. During the test
runs, the heat flux was reduced from 550 to 250 kW m™2 to assess the
effect of the heat flux on HTC (Fig. 2 (a)). Due to the fixed value of the
saturation temperature, the temperature of the cooling water supplied to
the test section was varied between 25 °C and 85 °C to control the heat
flux. The latter increases with the increasing saturation-to-coolant
temperature difference. In accordance with literature [18,19], the
HTC measured during DWC was found to be constant in the heat flux
range here investigated (250-550 kW m™2), despite the considerable
variation of coolant temperature. Interestingly, similar heat flux values
could be obtained during FWC only with the HTC being significantly
lower (8-12 kW m 2K ! according to the FWC model described in Del
Col et al. [20]). Therefore, in the present work, the promotion of DWC
on aluminium substrates resulted in an average 9-fold increase of the
condensation HTC compared to values measured during FWC under
similar heat flux conditions [20]. If compared to other sol-gel coatings
with slightly higher wettability (average ACA of about 90°) and similar
film thickness, which were tested during DWC under the same heat flux
condition, the developed coating showed an increase in the HTC of
about 10% [12].


http://Chemix.org

M. Basso et al.

(a)

100

90

O
—O—
0
—O—

70

60

50 r

HTC [kW m2 K]

40 |

20 1 1 !

Time [h]

Journal of Non-Crystalline Solids: X 17 (2023) 100143

After 7 hr

Fig. 2. (a) Heat transfer coefficient (HTC) measurements obtained during DWC of steam on the sol-gel coated aluminium sample versus time. (b) Images recorded at
the beginning and at the end of the condensation test. An example of droplet pinning is shown. The position of the two examined areas of the coated surface (top and

bottom) is highlighted by the letters A and B, respectively.

The images taken at the beginning and end of VC-Al tests showed an
evolution of the condensation phenomenon, specifically of the droplet
population (Fig. 2 (b)). The droplet’s departing radius, which is a key
parameter of the DWC heat transfer mechanism, showed a moderate
increase after 7 h in some areas of the sample, from 1.1 mm to 1.5 mm.
Being the thermodynamic conditions constant [21], the droplet’s
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departing radius depended on the surface wettability, therefore a vari-
ation of the contact angles was expected. This variation could also be
related to an increase of the droplets’ pinning, which affects their mo-
tion on the condensing surface (Fig. 2 (b), zoomed images). Even though
no variations in the HTC were detected after 7 h of continuous
condensation, the experiments were stopped to investigate the evolution

Fig. 3. (a-c) SEM images of the octyltriethoxysilane-based coating on aluminium: (a) reference sample; (b) sample after the 7 h condensation tests (VC-Al), on zone
A; (c) sample after the 7 h condensation tests, on zone B. The scale bar of each figure is reported on the bottom right. (d) Variation of the dynamic contact angles and
of the coating’s thickness after the 7 h VC-Al tests. Each experimental result is the average value of three distinct measurements in different areas of the sample. The

standard deviation is reported for each result.
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of the coated surface before that irreversible and complete degradation
could be reached.

The changes in the dynamic contact angles, thickness, and
morphology of the coatings after 7 h of continuous condensation are
reported in Fig. 3, while the FTIR spectroscopy results are visible in
Fig. S2. Before the VC-Al tests, the coated aluminium surface was hy-
drophobic, with advancing contact angle (ACA) of 100 + 5° and
receding angle (RCA) of 90 + 5°. The ellipsometry measurements
revealed an initial coating thickness of 310 + 18 nm. After the
condensation tests, the thickness moderately decreased by ~46 nm,
along with a decrease of ~33° of the RCA. According to FTIR spec-
troscopy, no variations in the vibrational modes of the peaks could be
observed. The vibrational peak at ~1180 cm ™, corresponding to the
bond between octyl-groups and silicon (Si-CHg-(CH2)s-CH3), was
covered by the intensity of Si-O-Si bonds, therefore it could not be used
to evaluate the possible disappearance of the organic groups [8].
Nonetheless, the persistence of a hydrophobic character was shown by
the ACA, which was not affected after 7 h of condensation (ACA = 97 +
5°, Fig. 3 (d)). FTIR spectroscopy is commonly used to monitor the
evolution of hydrolysis and condensation reactions, via the ratio be-
tween the peak of asymmetric stretching of Si-O-Si (~1120 cm ™) and
Si-OH peak (~940 em™ 1) [22]. We did not see any evident network
variations, since the ratio between the Si-O-Si and Si-OH peaks did not
vary after the condensation experiments (Table S1).

Significant variations in the coating’s morphology after the exposure
to saturated vapour were instead highlighted by SEM (Fig. 3 (a-c)).
During the VC-Al tests, droplet pinning was not observed as a global and
homogeneous phenomenon but was instead present only at isolated lo-
cations. In the afterwards characterisations, several macro-areas were
explored to detect possible morphological variations and wettability
differences. Two different representative areas were individuated,
namely at the top (zone A - Fig. 3 (b)) and at the bottom (zone B - Fig. 3
(c)) of the sample, and their position is reported in Fig. 2 (b). As shown in
the insights at higher magnification (Fig. 3 (a-c)), the interaction with
saturated vapour during condensation led to an evolution of the coating.
Prior to the tests, the sample’s surface was globally smooth and uniform,
presenting only a few isolated and small defects such as nanocracks
(Fig. 3 (a)). After the 7 h condensation tests, local spots of the surface
were found to gradually evolve into a spiderweb-like morphology
characterized by a higher porosity (Fig. 3 (a-c)). Similar morphologies
were found by Metroke and coworkers, which studied the corrosion
resistance in salt-containing environments [10]. Here, the spiderweb
morphology of the coating was found to be more pronounced on the
bottom (Fig. 3 (c)) with respect to the top part (Fig. 3 (b)) of the sample.
The RCA on zone B (63 + 5°) was slightly lower respect to zone A (70 +

(a) (b)
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5°), and ellipsometry detected a thickness decrease in the bottom area of
~60 nm, slightly higher respect to the average value (~46 nm).

3.3. Degradation tests

From the characterizations carried out before and after condensation
experiments (Section 3.1), the evolution of the hybrid silica sol-gel
coating seemed to be related to the combined effect of mechanical-
chemical interaction with water, high temperature of the environ-
ment, and presence of defects/voids on the coating. To investigate the
effect of steam condensation on the coating’s stability, ad-hoc tests were
performed as described in Sec. 2 to separate the different variables of
influence.

The evolution of advancing and receding contact angles is reported
in Fig. 4 (a, b). Coherently for both angles, the wettability was affected
the most by the pool boiling test (PB), in which vapour bubbles nucle-
ated on the coated surface. The ACA decreased by ~30° and by ~10°
after pool boiling and immersion at 90 °C, respectively, whereas the
other tests did not lead to significant variations. Analogously, the RCA
showed a similar trend, but with enhanced variations. After PB test, the
RCA decreased below the measurable limit, while I-90 and I-20 tests led
to reductions of ~41° and ~ 13°, respectively. The exposure to hot
steam-air mixture (S-100) and the heat treatment at 100 °C (T-100) did
not affect the RCA. The latter result was expected, since the hybrid
coatings were exposed to temperatures of 200 °C during the annealing
treatments (Section 2, deposition paragraph).

As for the aluminium sample, FTIR spectra were collected on the
coated silicon samples to detect eventual chemical modifications caused
by the degradation tests (Fig. 4 (c)). The ratio between the intensities of
the Si-O-Si peak (~1078 cm’l) and the silanol peak (~950 cm’l) was
monitored to detect changes in the network, but no evident variations
were noticed (Table S2). The thickness before and after the degradation
tests is reported in Table S3. Globally, the tests did not lead to changes in
thickness, except for the pool boiling test, after which the coating’s
thickness decreased by ~80 nm.

The morphologies of the coatings after PB and 1-90 tests are reported
in Fig. 5 (b, ) in comparison to a reference sample (Fig. 5 (a)). As visible
from the SEM images, the latter’s morphology was found to be smooth,
flat, and uniform in the nano and microscale. After the degradation tests,
the pool boiling led to the highest deterioration of the coating’s quality,
with the appearance of surface features on the nanoscale (Fig. 5 (b)).
Respect to the I-90 test, the PB test led to nucleation and growth of
vapour bubbles on the coated surface, which accelerated the formation
of the nanofeatures visible in Fig. 5 (b). The latter were only slightly
detectable after the immersion test at 90 °C, whereas the S-100, I-20 and
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Fig. 4. (a, b) Dynamic water contact angles of the hybrid silica coatings deposited on silicon, before and after the degradation tests: (a) advancing contact angles
(ACA); (b) receding contact angles (RCA). (c) FTIR spectroscopy absorption spectra of the reference sample and of the coatings after the degradation tests.
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Fig. 5. SEM images of the hybrid silica coating on silicon and aluminium substrates after the 7 h degradation tests, at 2 different magnifications. (a) reference sample
on silicon; (b) coating on silicon after pool boiling immersion test (PB); (c) coating on silicon after immersion test at 90 °C (I-90); (d) coating on aluminium after pool
boiling immersion test (PB-Al). The scale bar of each figure is reported on the bottom right.

T-100 tests did not induce significant variations of the surface
morphology.

To consider the possible influence of the substrate on the coating’s
degradation, the PB test was repeated on a coated aluminium sample
(PB-Al). The variations in contact angles, thickness and morphology are
reported in Fig. 5 (d) — S3 and Table S4. In analogy with the PB test on
silicon, the RCA decreased below the measurable limit (from 87 + 5° to
< 10°), whereas the ACA remained unchanged. As for both PB test on
silicon and VC-Al test, the thickness decreased by ~40 nm (from 266 +
10 to 228 + 7 nm) and the initially smooth surface morphology evolved
after the test, after which the formation of nanofeatures was detected
(Fig. 5 (d)).

4. Discussion

As discussed in the Introduction section, coatings employed in heat
transfer applications are simultaneously required to fulfil two main
purposes: the control of condensation dynamics and the durability
during their industrial employment. In this work, we initially tested the
thermal performances of a hybrid silica sol-gel coating during DWC of
steam in a custom-made apparatus (VC-Al test, Fig. S1). The coating,
deposited on an aluminium substrate, induced DWC with HTC values of
~90 kW m~2 K™, ~9 times higher with respect to HTC measured on
hydrophilic aluminium at similar heat flux conditions [20].

HTC values above 100 kW m™2 K~! and extended durability were
reported for copper-modified surfaces [23,24]. Compared to copper,
studies about DWC on aluminium are limited. Paxson et al. reported
HTC value of 35 kW m~2 K™ ! stable for up to 48 h on aluminium sub-
strates covered with an ultrathin polymer film deposited by iCVD [25].
Raush et al. demonstrated a duration of DWC for 8 months on ion-
implanted aluminium, but the HTC was only double compared to FWC
[26]. Steam or liquid at high temperature (>100 °C) promotes the for-
mation of boehmite on the aluminium surface, enhancing the wettability
and thus affecting the durability of the DWC conditions.

Despite the morphological and functional variations of the hybrid
silica sol-gel coating during steam condensation, the HTC remained
stable for the entire duration of the condensation experiments without
any significant variation of the thermal performance, in accordance with
our previous results on similar hybrid coatings [12]. The VC-Al test was
stopped after 7 h to properly characterize the coating variation and

avoid its total failure. A decrease in thickness of ~46 nm was found,
along with morphological and wettability variations. Two different
representative areas were individuated on the coating, indicating a non-
uniform degree of degradation on its surface (Fig. 3 (b, c)). Since the
vapour flow was almost constant along the sample, the different evo-
lution among the two areas could be attributed to the non-uniform
interaction with the condensate. Due to the vertical orientation of the
sample, the upper area was less affected by the sweeping of falling drops
as compared to the lower part. On this lower part, the chemical-
mechanical interaction between the coating and the water was higher
due to a higher condensate mass flow rate. The presence of small defects
such as microcracks or pinholes, which were seen in a few spots on the
initial coating (Fig. 3 (a)), contributed to locally accelerate the coating’s
degradation as found in previous studies [12,27,28]. Droplets’ nucle-
ation on pre-existing defects, along with shear stress applied by their
sweeping over the defects, can enlarge the dimensions of the latter
leading to the gradual delamination of the coating. In the lower area of
the sample, the frequency of droplets’ nucleation was higher, as well as
their sweeping, which could have contributed to the enhanced modifi-
cations of the coating’s morphology. Moreover, the presence of
unreacted hydrophilic silanol groups on the surface can promote the
interaction with condensing saturated vapour. Respect to other hybrid
sol-gel coatings [11], the low temperature of thermal degradation of
octyl-groups does not allow to perform the coating’s annealing above
200 °C8, leading to the presence of residual hydrophilic Si-OH groups.
The durability of surface hydrophobicity is therefore a crucial factor to
reduce the affinity and interaction with condensed vapour, as found by
Juan-Diaz et al. [29] Breakage of organic-silica bond and/or partial
removal of the coating on the underlying substrate could lead to the
decrease of contact angles [29,30], since both the factors lead to the
exposure of hydrophilic spots among the surrounding hydrophobic area.
However, as described in the Results section, no major chemical varia-
tions were noticed from FTIR spectroscopy, so the local morphological
changes (Fig. 3 (c)) can be the major cause of the RCA decrease.

In the second part of the work, ad-hoc degradation tests were per-
formed to separate the different influencing factors on the coating’s
durability. Neither the chemical interaction with water (I-20) or air-
vapour stream (S-100) nor the exposure to high temperatures (T-100)
induced significant variations in the coating’s properties (Fig. 4). The
tests evidenced how these factors, if applied singularly, were not
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sufficient to induce remarkable changes in the coatings. Variations in
wettability and morphology were seen when the interaction with water
was combined with higher temperatures (I-90), whereas the maximum
deterioration was reached when bubble nucleation was induced (PB and
PB-Al). The simultaneous presence of all factors led to the highest
degradation, as confirmed by the substantial decrease of dynamic con-
tact angles and thickness (Fig. 4, Table S3 - S4). On both silicon (PB) and
aluminium (PB-Al) substrates, the formation of features at the nano-
microscale led to pinning of water droplets and affected the RCA at
the macroscopic scale, leading to its decrease below the measurable
level.

Analogously to bubble nucleation during PB and PB-Al tests, during
the condensation experiments nucleation, growth and sweeping of
condensed vapour droplets were identified as crucial factors for the
coating’s degradation. After the VC-Al test, the formation of the nano-
features was not detected on the whole surface, except for local spots on
the lower area, in which a porous spiderweb morphology was found.
Globally, the pool boiling test was found to be more aggressive on both
silicon (PB) and aluminium (PB-Al) with respect to the VC-Al test, in
terms of changes in wettability and overall morphology (Fig. 3 (d) - 4 (a,
b)). The PB test was found to induce similar variations in wettability,
thickness, and morphology on both the silicon and aluminium substrates
(Fig. 4-5, Table S3 - S4), whereas the wettability changes induced by the
1-90 test were similar to the ones found after the VC-Al test (Fig. 3 (d) - 4
(a, b)). A non-identical behaviour between PB-Al and VC-Al tests was
expected, due to the different nature of the two processes: on the former,
the coatings were fully immersed in boiling water and air bubble
nucleation was developed, whereas on the latter, the sample was
exposed to a saturated vapour flux and water droplets condensed on its
surface. However, the changes in thickness and morphology found on
the two samples showed interesting similarities (Fig. 3 (b) - 5 (d)).

The stability tests on silicon or metallic substrates can therefore
provide a useful tool to induce an accelerated degradation on the coat-
ings, to evaluate their resistance under harsh conditions before their
employment on larger scale applications. Based on a reproducible and
straightforward approach, the proposed tests allow to separately study
the different influencing factors, that can be then partially (I-90) or
totally (PB) combined according to specific performance requirements.

5. Conclusions

In this work, the heat transfer performance of a hybrid silica sol-gel
coating was tested in a custom-made apparatus during the condensation
of saturated vapour. The coating successfully promoted DWC with HTC
values of ~90 kW m 2 K}, an average 9-fold increase with respect to
FWC under similar heat flux conditions [20]. The heat transfer perfor-
mance remained stable during the overall duration of condensation
experiments, which were stopped prior to a possible failure to investi-
gate the detected changes in wettability and morphology. Straightfor-
ward accelerated degradation tests were performed to separate the
different influencing factors, to evaluate the coating’s resistance prior to
its real industrial application. If singularly applied, the possible degra-
dation conditions did not lead to significant variations on the coating’s
properties, whereas the interaction with water at high temperature
induced different degrees of degradation whether if bubble nucleation
was present (PB) or avoided (I-90). Thanks to similar variations in
wettability and morphology, the latter tests could successfully provide
an estimation of the coating’s durability during a broad range of LVPC
applications.
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