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ABSTRACT: Sustainable high-performance steam condensation is
critical to reducing the size, weight, and cost of water and energy
systems. It is well-known that dropwise condensation can provide a
significantly higher heat-transfer coeflicient than filmwise condensa-
tion. Tremendous efforts have been spent to promote dropwise
condensation by achieving a nonwetting state on superhydrophobic
surfaces and a slippery state on liquid-infused surfaces, but these
surfaces suffer from severe durability challenges. Here, we report
sustainable high-performance dropwise condensation of steam on
newly developed durable quasi-liquid surfaces, which are easily made
by chemically bonding quasi-liquid polymer molecules on solid
substrates. As a result, the solid/water interface is changed to a
quasi-liquid/water interface with minimal adhesion and extraordi-
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nary durability. The quasi-liquid surface with ultralow contact angle hysteresis down to 1° showed a heat-transfer coeflicient up to 70
and 380% higher than those on conventional hydrophobic and hydrophilic surfaces, respectively. Furthermore, we demonstrated that
the quasi-liquid coating exhibited a sustainable heat-transfer coefficient of 71 kW/(m” K) at a heat flux of 420 kW/m* under a
prolonged period of 39 h in continuous steam condensation. Such a quasi-liquid surface has the potential to sustain high-

performance dropwise condensation of steam and address the long-

KEYWORDS: steam condensation, heat transfer, quasi-liquid surface,

Bl INTRODUCTION

Condensation of steam plays a significant role in thermal
energy systems, including power generation, desalination,
water harvesting, and thermal management.l_4 Industrial
condensers typically show a filmwise condensation due to
their hydrophilic surfaces. In filmwise condensation, con-
densed fluids spread over the surface and form a thick
condensate layer that provides a large thermal resistance.
However, dropwise condensation with discrete liquid droplets
provides an order of magnitude higher heat-transfer perform-
ance than filmwise condensation.! Therefore, both active and
passive ways were reported to enhance dropwise condensation.
Active ways include the use of electric fields and vibration-
assisted droplet departure, but they need external energy.””’
Passive ways to promote dropwise condensation on flat solid
hydrophobic surfaces include organic films,*” monolayer
coatings,w ion implantation,”’12 polymer films,"* and
graphene coating.'* Although these flat surfaces enhanced
heat-transfer performances, they showed a large contact angle
hysteresis (CAH) above S°, resulting in slow condensate
removal.'”'*'* Superhydrophobic surfaces (SHS) with a
contact angle (CA) above 150° and a contact angle hysteresis
below 5° use micro/nanoscale structures with air as a lubricant
to further promote condensate removal.'>~'” When droplets
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standing durability challenge in the field.
contact angle hysteresis, durability

partially floated on the air gaps of SHS, coalescence-induced
jumping droplets were observed.">'® However, at an elevated
subcooling, nanoscale droplets nucleate within the surface
textures, and transition occurs from the jumping to flood-
ing.">'? Significant efforts have been spent to delay the
dropwise-to-filmwise transition such as the three-dimensional
(3D) nanowire networks without microcracks'” and patterned
superhydrophobic surfaces with wettability contrast.”’~**
These surfaces could enhance condensation and delay
flooding, but they still rely on air gaps, which could not
prevent the dropwise-to-filmwise transition.

To resolve the challenges of air displacement on super-
hydrophobic surfaces, researchers created slippery liquid-
infused porous surfaces (SLIPS) or liquid-infused surfaces.”*°
SLIPS shows more stable droplet removal capabilities due to
the transition from air to liquid lubrication. These provide a
low CAH A#, where AQ = 0,4, — 0., 0,4, is the advancing
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Figure 1. Quasi-liquid surfaces addressed the durability challenges of air and liquid lubricated surfaces. Schematic of a water droplet on (a)
superhydrophobic surface, (b) liquid-infused surface, and (c) quasi-liquid surface. (d) Contact angle (CA) and (e) contact angle hysteresis (CAH)
on the superhydrophobic surface, liquid-infused surface, and quasi-liquid surface. The scale bar is 1 mm.

contact angle and 6, is the receding contact angle.lé’z"'_29

Hydrophobic SLIPS with a hydrophobic liquid lubricant
showed high droplet removal capabilities but suffered from
poor droplet nucleation density.'®>” Hydrophilic SLIPS
showed the meniscus-mediated coarsening effect,’® and
hydrophilic slippery rough surfaces demonstrated promising
droplet mobility due to the small CAH and large surface
areas.”’ However, all liquid-infused surfaces suffer from
lubricant depletion due to the inevitable wrapping layer (also
called cloaking). As a result, the heat-transfer performance
degrades over time.’””’ Brushed lubricant-impregnated
surfaces demonstrated the use of a brush to replenish the
depleted oil for long-term operation and improved heat
transfer. However, this active approach requires physical
contact with the rotational tube and majorly the removal of
droplets by the contact of the brush with the condensing
surface.”® Polymer-infused porous surfaces (PIPS) reported a
reduced thermal resistance by infusing polymer into porous
nanostructures and enhanced heat-transfer coefficient.”” The
heat-transfer coeflicient on PIPS was increased by 6—8 folds
compared to that of filmwise condensation. The heat-transfer
enhancement on the PIPS is comparable to that on iCVD
surfaces,” which is 7 times higher than that of filmwise
condensation."® Nonetheless, nanowire PIPS showed a high
CAH of 16°. The durability challenges impede the potential
applications of superhydrophobic surfaces and liquid-infused
surfaces even though they are able to enhance condensation
heat transfer. Recently, researchers developed the surfaces with
grafted flexible polymer chains on flat surfaces to form a liquid-
like layer, which showed excellent oil repellency, self-cleaning,
and antifouling.’*™** However, the application for steam
condensation is not reported yet.

Here, we report sustainable high-performance dropwise
condensation of steam on a durable quasi-liquid surface (QLS)
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that can potentially overcome the durability challenges of
superhydrophobic surfaces and liquid-infused surfaces. Such a
super slippery and durable surface was made by tethering one
end of the flexible polymer on solid substrates while keeping
the other end mobile. The quasi-liquid surface showed a
contact angle of 105° with tunable contact angle hysteresis.
The QLS that was made from vapor-phase grafting showed an
ultralow CAH down to 1°.* It demonstrated a high droplet
departure speed with heat-transfer enhancement up to 70%
compared to silane coating. The quasi-liquid surface exhibits a
sustainable high heat-transfer coefficient of 71 kW/(m?* K) for
a prolonged period of 39 h at the heat flux of 420 kW/m?
under day-and-night steam condensation.

B RESULTS AND DISCUSSION

Quasi-Liquid Surface: Address the Durability Chal-
lenge of Air and Liquid Lubricated Surfaces. To
investigate the heat-transfer performance of QLS under pure
steam condensation without noncondensable gases, the
experiments were conducted in a closed chamber with a
steam pressure of 6.9 kPa above atmospheric pressure. The
quasi-liquid surface was fabricated using vapor-phase grafting
(see the Methods section for details). SHS and SLIPS were
selected as control studies for two reasons: (i) SHS has been
well studied in jumping droplet condensation and showed a
high heat-transfer performance;' ™"’ (ii) SLIPS has enhanced
heat transfer with high droplet mobility due to liquid
lubrication.””** SHS with a high apparent CA of 160 + 3.5°
and CAH of 4 + 0.5° allow droplets to achieve a Cassie
wetting state with air gaps underneath (Figure la), while
SLIPS is made by infusing a liquid lubricant within the
textured surface, which has a homogeneous and smooth
liquid—liquid interface (Figure 1b). Mineral oil was used as a
lubricant for the fabrication of SLIPS because it could

https://doi.org/10.1021/acsami.2c00401
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Figure 2. Heat-transfer performance of steam condensation on the quasi-liquid surface. (a) Experimental heat flux with different subcooling and
(b) experimental heat-transfer coefficient as a function of heat flux on SHS, SLIPS, and QLS.

minimize the wrapping layer*’ and showed excellent perform-
ance for water harvesting.41 In this work, we developed a
durable quasi-liquid surface by tethering one end of the mobile
polymer molecules (i.e., liquid poly(dimethylsiloxane)
(PDMS)) but keeping the other end mobile (Figure lc).
QLS behaves like a liquid layer due to highly mobile molecule
chains on the untethered end,*” resulting in an ultralow CAH.
A goniometer was used to measure the CAH on SHS, SLIPS,
and QLS (Figure 1d). QLS has an ultralow CAH of 1 + 0.1°,
while SHS (A8 = 4°) and SLIPS (A@ = 2.5°) have relatively
higher CAH (Figure le).

We experimentally compared the heat-transfer performance
on QLS with those on SHS and SLIPS. The heat flux increases
with the increase of subcooling on the tested three surfaces
(Figure 2a). SHS and SLIPS show a heat-transfer coefficient
above 81 kW/(m* K) at the low heat flux (g” < 165 kW/m?)
(Figure 2b). With the increase of heat flux, the heat-transfer
performances decrease on SHS and SLIPS. However, QLS
demonstrates sustainable heat-transfer performance from low
heat flux to high heat flux. It shows a higher heat-transfer
coefficient of 71 kW/(m? K) at the heat flux of 420 kW/m?,
which is 30 and 60% higher than that on SHS and SLIPS at the
same heat flux, respectively. The high heat-transfer coefficient
on SHS at low heat flux is due to coalescence-induced droplet
jumping."> Due to spontaneous jumping, a large number of
small droplets leave the surface. The refreshed area can
condense more water droplets. However, with the increase of
heat flux, the condensation mode transitions from jumping to
partial wetting with droplets sliding (Movie S1). At an elevated
heat flux, the nucleation size decreases due to reduced
nucleation energy barrier, and nanoscale droplets nucleate
within the gaps of the surface structures (Figure $1)."” This
reduces the droplet mobility and heat-transfer coeflicient.
Meanwhile, SLIPS shows a high heat-transfer coefficient at a
low heat flux due to the high droplet mobility. The liquid
lubricant provides a fast droplet shedding with a small
departure diameter (Figure S2). However, the liquid lubricant
depletes over time due to the wrapping layer on shedding
droplets.*” Due to lubricant depletion on SLIPS, the droplet
mobility decreases, and the droplet departure size increases
(Movie S1), leading to the decrease of the heat-transfer
coefficient. The sustained heat-transfer coefficient on QLS is
attributed to its slippery interface, which enhances droplet
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mobility and shedding at a smaller diameter due to the
ultralow CAH (Movies S1). Meanwhile, QLS shows a stable
dropwise condensation over the wide range of heat flux (10—
600 kW/m?), while SHS and SLIPS could only show superior
dropwise condensation at a low heat flux.

We further analyzed the departure frequency (i.e. the
number of droplets that depart from the surface per second) to
quantitatively understand the heat transfer. QLS shows a
departure frequency of 270 droplets/s at a subcooling of 6 K,
which is 125 and 145% higher than those on SHS and SLIPS,
respectively (Figure S3 and Movie S1). The higher departure
frequency on QLS due to its ultralow CAH leads to a higher
heat-transfer coeflicient. However, the partial wetting on SHS
and lubricant depletion on SLIPS lead to reduced departure
frequencies and heat-transfer performances. Even though the
SHS and SLIPS showed enhanced condensation, the durability
challenges restrict the potential application of both surfaces.
Thus, we demonstrated that the durable QLS can achieve a
stable dropwise condensation at a broad range of heat fluxes.
Furthermore, we demonstrated dropwise condensation on the
QLS-coated aluminum using vapor-phase grafting (Figure S4
and Section S3). QLS-coated aluminum shows a CAH of 4°.
However, silane-coated aluminum has a CAH of 11° and the
coating failed under continuous steam condensation, probably
due to the large pinning forces and weak bonding of the silane
coating on aluminum substrates. The mechanism for the large
pinning force and weak bonding is the cross-linking of silane
molecules, leading to the formation of agglomerates on the
surface.*’ Previous work shows that the silane coating is not
robust and degrades within a minute in steam condensation."”
QLS-coated aluminum shows a heat-transfer coeflicient of 45
kW/(m? K) (Section S3), while the QLS-coated silicon has a
heat-transfer coefficient of 71 kW/(m?* K) at the heat flux of
420 kW/m”. The higher heat transfer on QLS-coated silicon is
attributed to the low CAH (A8 = 1°), leading to a higher
droplet mobility than that on QLS-coated aluminum (A =
4°).

Ultralow Contact Angle Hysteresis for Heat-Transfer
Enhancement. A low contact angle hysteresis is desirable to
enhance the heat-transfer coefficient.** Thus, we further
investigated the role of ultralow contact angle hysteresis on
QLS by comparing the surfaces with different CAH but
identical CA. Two different fabrication methods, the vapor-

https://doi.org/10.1021/acsami.2c00401
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The scale bar is 1 mm. (b) Departure speed on three surfaces at the subcooling of 9 K. (c) Experimental and theoretical heat flux as a function of
subcooling. (d) Experimental heat-transfer coefficient as a function of heat flux.

phase (Figure 3a) and the liquid-phase grafting (Figure 3b), used for the liquid-phase grafting (Figure SS). The silane
are used to make the QLS. The chlorine-terminated PDMS surface was used as a control surface because silane coating has
with molecular weight (MW) of 4000 g/mol was used for the been well studied for dropwise condensation (Figure 3¢)."?
vapor-phase grafting, while trimethylsiloxy-terminated PDMS Vapor-phase QLS with a low molecular weight has short chains
(i.e, silicone oil) with a molecular weight of 17 250 g/mol was perpendicular to the surface. These short chains are highly

13935 https://doi.org/10.1021/acsami 2c00401
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Figure S. Rapid condensate removal on the quasi-liquid surface. Dropwise condensation with shedding droplets on (a) vapor-phase QLS, (b)
liquid-phase QLS, and (c) silane surface at the subcooling of 3 and 9 K. The scale bar is 1 cm.

flexible due to nonentanglement.”> The atomic force micro-
scope (AFM) images showed that the vapor-phase QLS has an
extremely smooth surface due to molecular chains with high
flexibility and grafting uniformity (Figure 3d). However, the
liquid-phase QLS with a high molecular weight has elongated
chains that orient parallel to the surface. The liquid-phase QLS
might have entanglement between adjacent polymer mole-
cules, resulting in a slightly higher roughness (Figure 3e) and
the silane surface has a larger roughness due to the rigid
molecular chains (Figure 3f).% Vapor-phase QLS has an
ultralow CAH (A0 = 1°), which is much lower than liquid-
phase QLS (A0 = 3.5°) and silane surface (A0 = 9.0°) (Figure
4a). The vapor-phase QLS shows an ultralow CAH due to
highly flexible molecular chains without entanglement, while
the liquid-phase QLS has a higher CAH due to the
entanglement of elongated molecular chains and increases
the CAH. The droplet departure diameters on vapor-phase
QLS, liquid-phase QLS, and silane surface are 380, 600, and
1150 pm, respectively. Therefore, the droplet diameter of 1200
+ 20 pm was selected to compare the departure speed on these
surfaces (Figure 4b).

We further compared the heat-transfer performances and
measured the droplet departure speeds on these surfaces with
varying CAH. Vapor-phase QLS shows a heat flux of 580 kW/
m?, while liquid-phase QLS and silane surface have a heat flux
of 460 and 420 kW/m? at a subcooling of 9 K (Figure 4c). The
high droplet mobility with low adhesion and droplet shedding
at a smaller diameter on vapor-phase QLS significantly reduce
the thermal resistance of condensate droplets, which leads to a
high heat-transfer performance. Vapor-phase QLS has
approximately 200 and 600% higher droplet departure speed
than liquid-phase QLS and silane surfaces. The high departure
speed on vapor-phase QLS is attributed to higher droplet
mobility due to ultralow CAH owing to its highly flexible
molecular chains.’® However, the liquid-phase QLS and silane
surface have reduced droplet mobility and departure speed due
to relatively higher CAH (Movies S2 and S3), resulting in
lower heat-transfer performances on liquid-phase QLS and the
silane surface.

To further understand the influence of CAH, we compared
the experimental heat-transfer performance (Section S4 and
Figures S6 and S7) with a theoretical dropwise condensation
model for validation on three surfaces: vapor-phase QLS,
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liquid-phase QLS, and silane surface. The theoretical heat flux
was calculated by integrating the heat transfer through
individual droplets (Figure S8) with droplet number density
(see Section S6 for details). The theoretical heat flux shows a
good agreement with the experimental heat flux and the
dropwise condensation model could predict the experimental
results (Figure 4c). The experimental heat-transfer coefficient
of 71 kW/(m?* K) at the heat flux of 420 kW/m* on vapor-
phase QLS shows a heat-transfer enhancement of 40 and 70%
compared to the liquid-phase QLS and silane surface,
respectively (Figure 4d). It could also increase the heat-
transfer coeflicient by approximately 380% compared with the
hydrophilic silicon surface (Figure S7). This shows that the
ultralow CAH on vapor-phase QLS provides a rapid
condensate removal, which could reduce the thermal resistance
of the condensate and leads to a heat-transfer enhancement.

Rapid Condensate Removal on the Quasi-Liquid
Surface. To elucidate the effect of ultralow contact angle
hysteresis on the condensate removal through droplet
departure, we investigated the condensation modes and
droplet dynamics on three flat surfaces: vapor-phase QLS,
liquid-phase QLS, and silane surface. Droplet behaviors were
visualized on the vertically mounted condensing surfaces
(Figure S6 and Section S4 for details). Vapor-phase QLS
shows continual droplet growth and sliding at elevated
subcooling (Figure Sa). Due to the ultralow CAH, condensed
droplets are highly mobile on the vapor-phase QLS and depart
rapidly from the surface (Movie S2). With an increased
subcooling, the droplet departure frequency further increases
without flooding (Movie S3). Liquid-phase QLS exhibits
slower droplet mobility and larger droplet departure diameter
with large size droplets due to a higher CAH than that on the
vapor-phase QLS (Figure Sb and Movies S2 and S3). The
silane surface shows a conventional dropwise condensation
where the droplet departs when the gravity overcomes the
contact line pinning force (Figure Sc). The droplet removal
frequency on vapor-phase QLS is 27 Hz, while the liquid-phase
QLS and silane surface show approximately 50 and 19%
droplet removal frequencies compared to that on vapor-phase
QLS, respectively, at the subcooling of 9 K (Figure S9). Due to
the ultralow CAH, the condensed droplets show small pinning
forces with rapid droplet removal.

https://doi.org/10.1021/acsami.2c00401
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Table 1. Various Quasi-Liquid Surfaces for Durability Tests

grafting method polymer used molecular weight (g/mol) CA (°) CAH (°) durability (h)
vapor-phase chlorine-terminated PDMS 277 102.5 + 1.0° 1.6 + 0.2° 39
4000 103.0 + 0.2° 1.0 + 0.1° 39
15400 104.0 + 0.5° 2.9 + 0.5° 8
liquid-phase silicone oil 17250 103.0 + 1.0° 3.5 +03° 25
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We analyzed the water coverage ratio and droplet number
density on these surfaces to quantitatively understand the
influence of droplet dynamics on heat transfer. A small water
coverage ratio shows faster condensate removal from the
surface with a large refreshing area for condensation.
Furthermore, the faster condensate removal leads to a higher
density of small droplets (diameter <100 ym) due to rapid
renucleation. Vapor-phase QLS has a water coverage ratio of
36%, while liquid-phase QLS and the silane surface have 130
and 150% higher water coverage ratios than that on the vapor-
phase QLS, respectively (Figure 6a), because the higher CAH
results in reduced droplet mobility. Moreover, the liquid-
infused surface shows a 140% higher water coverage ratio
compared to vapor-phase QLS due to the lubricant deletion at
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a large subcooling (Figure S10). Vapor-phase QLS has a high
density of small droplets with diameters 10—70 ym due to the
higher droplet removal frequency and surface refreshing for
further nucleation. However, the liquid-phase QLS and silane
surface have a higher density of large size droplets with
diameters >280 pm (Figure 6b). The droplet departs at a
smaller diameter on vapor-phase QLS than those on the liquid-
phase QLS and silane surface. This is attributed to the ultralow
CAH, which leads to faster shedding and a large density of
small droplets (Movies S2 and S3). The small condensate
droplets on the vapor-phase QLS reduced the thermal
resistance for heat transfer. The ultralow CAH further
improved surface refreshing with rapid droplet shedding. The
vapor-phase QLS outperforms the liquid-phase QLS and silane

https://doi.org/10.1021/acsami.2c00401
ACS Appl. Mater. Interfaces 2022, 14, 13932—13941



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a_Vapor-Phase QLS MW 4000

t =39 hours

b Phase QLS MW 277 ]

39 hours

¢ Vapor-Phase QLS MW1500 d

Liquid-Phase QLS
o Yot o

t= 8hours t= 25 hours

Figure 8. Visualization of continuous steam condensation on (a) vapor-phase QLS MW 4000, (b) vapor-phase QLS MW 277, (c) vapor-phase

QLS MW 15400, and (d) liquid-phase QLS. The scale bar is 1 cm.

surface in dropwise condensation of steam due to its ultralow
CAH.

Optimization of Sustainable Steam Condensation. To
demonstrate the potential impact of the QLS for steam
condensation, we investigated the durability with two
fabrication methods: vapor-phase and liquid-phase grafting.
We used chlorine-terminated PDMS with three different
molecular weights of 277, 4000, and 15400 g/mol for surface
fabrication using vapor-phase grafting, and the surfaces were
named vapor-phase QLS MW 277, vapor-phase QLS MW
4000, and vapor-phase QLS MW 1S5 400, respectively. Liquid-
phase QLS is grafted using silicone oil with a molecular weight
of 17250 g/mol. Silicone oils with different molecular weights
were studied for the influence of molecular chain lengths and
mobility.*® The vapor-phase QLS fabricated using PDMS with
a molecular weight of 4000 g/mol has the lowest CAH, while
the vapor-phase QLS MW 277 and vapor-phase QLS MW
15400 have higher CAH (Table 1). All of the durability
experiments were performed in a closed chamber under pure
steam with a pressure of 6.9 kPa above atmospheric pressure
(Section S4 for details). During the steam condensation, a heat
flux of 420 kW/m* was maintained 24 hours a day without a
stop for all of the surfaces. Vapor-phase QLS MW 4000 and
vapor-phase QLS MW 277 showed a sustained dropwise
condensation under continuous steam generation for 39 h with
a high heat-transfer coefficient of 71 kW/(m* K) (Figure 7a).
However, the vapor-phase QLS MW 15 400 surface showed a
reduced heat-transfer coeflicient after 5 h due to the transition
of dropwise condensation to filmwise condensation. Further-
more, the liquid-phase QLS surface showed a dropwise
condensation with a sustained heat-transfer coefficient for 25
h. Once the coating degradation occurred, the heat-transfer
coefficient was reduced to 33 kW/(m? K) with a partial film
(Figure 7b).

Vapor-phase QLS MW 4000 and vapor-phase QLS MW 277
exhibited higher durability with stable dropwise condensation
(Figure 8a,b). However, vapor-phase QLS MW 15 400 shows a
filmwise condensation within 8 h (Figure 8c). The mechanism
for the faster degradation of vapor-phase QLS MW 15400 is
attributed to the higher shear stress from the droplet shedding
during steam condensation. The elongated chains may result in
entanglement and restrict the mobility of molecular chains
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compared to those without entanglement.** The reduced chain
mobility on vapor-phase QLS MW 15400 provides a higher
CAH of 2.9°, which imparts higher pinning compared to the
lower CAH of 1 and 1.6° on vapor-phase QLS MW 4000 and
MW 277, respectively. At the beginning of condensation (~1
min), liquid-phase QLS shows a dropwise mode. However,
after 25 h of continuous condensation, the dropwise
condensation transitions to partial filmwise condensation on
liquid-phase QLS due to coating degradation (Figure 8d). The
degradation of liquid-phase QLS with MW 17250 g/mol is
attributed to the elongated molecular chains that orient parallel
to the surface, which could provide entanglement. This leads to
reduced mobility of siloxane molecules and increases the CAH
(A = 3.5°). While QLS grafted using lower molecular weight
4000 g/mol has sufficiently flexible nonentangled molecular
chains. The entanglement on liquid-phase QLS leads to higher
pinning and increases the shear stress, which will degrade the
liquid-phase QLS coating more easily.”® The experimental
investigation shows that the vapor-phase grafting with PDMS
of molecular weights no more than 4000 can achieve smooth
and homogenous coating with a sustained high-performance
steam condensation.

B CONCLUSIONS

We have shown that the condensation performance and
sustainability on the QLS outperform those on SHS and SLIPS
under steam condensation. The quasi-liquid surface showed a
sustainable dropwise condensation due to the quasi-liquid
interface, which consists of chemically bonded mobile
molecule chains. We have studied steam condensation on
the quasi-liquid surfaces made from vapor-phase and liquid-
phase grafting, as well as the silane surface, respectively. The
ultralow CAH on the vapor-phase QLS provides a rapid
droplet removal due to the high departure speed and the
reduced departure diameter of condensates. As a result, the
vapor-phase QLS maintains a low percentage of the water
coverage area that favors continual steam condensation.
Consequently, dropwise condensation with high droplet
mobility on the vapor-phase QLS shows up to 40, 70, and
380% heat-transfer enhancement compared to liquid-phase
QLS, silane surface, and hydrophilic surface, respectively. The
sustainable high-performance condensation heat transfer on

https://doi.org/10.1021/acsami.2c00401
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the vapor-phase QLS directly validates the importance of
ultralow CAH for condensation enhancement. This work
demonstrates that the ultralow CAH leads to a large droplet
departure speed and, in turn, minimizes the thermal resistance
of condensed droplets. This sustains the heat-transfer perform-
ance and circumvents dropwise-to-filmwise condensation at
elevated heat fluxes. The vapor-phase QLS shows a stable
dropwise condensation with a high heat-transfer performance
for a prolonged period of 39 h under day-and-night steam
condensation. Our fundamental study of sustainable high-
performance dropwise condensation on QLS will pave the way
for a broad range of applications, including water harvesting,
power generation, refrigeration and air conditioning, and
thermal management.

B METHODS

Fabrication of Quasi-Liquid Surfaces. Vapor-phase QLS was
made by tethering the flexible polymer of chlorine-terminated
poly(dimethylsiloxane) (Gelest Inc.) on a 2 cm X 2 cm silicon
substrate with a one-step self-catalyzed grafting method. PDMS with
three different molecular weights MW 277, MW 4000, and MW
15400 was used. If not specified, the molecular weight 4000 PDMS
was used to make the vapor-phase QLS in the entire work. The bare
silicon substrates were treated with oxygen plasma to create a
hydroxyl group and placed upside down on the cover of a Petri dish,
which contained a 200 uL liquid chlorine-terminated PDMS
oligomer. The assembly was placed in a vacuum oven (0.1S Torr,
MTI Corporation EQ-DZF-6020-ETL) at 60 °C for 60 min.
Sequentially, the substrates were rinsed in a toluene bath and placed
inside the shaker for 2 min to ensure uniform rinsing and to clean
untethered PDMS residues. Finally, the sample was cleaned with
water and dried with nitrogen gas successively.

Liquid-phase QLS was made by tethering the flexible polymer of
silicone oil (viscosity: S00 cSt from Gelest Inc.) on a silicon substrate
with a one-step grafting method through immersion in the solvent
mixture of silicone oil (Gelest Inc.) and n-heptane (99%, Sigma-
Aldrich) in the ratio of 1:10. The substrates were immersed in the
mixture for 48 h. The siloxane-grafted substrates with an excess
silicone oil lubricant on the surface were immersed in a toluene bath
inside the shaker for 2 min to remove the untethered lubricant layer
from the surface.

Contact Angle Measurements. The contact angle measure-
ments were carried out using a goniometer (Model 290, Rame-hart)
at room temperature under ambient conditions (20—22 °C, ~50%
relative humidity). All of the contact angle values were averaged from
S independent measurements by applying S uL droplets on the test
surfaces. The contact angle hysteresis was measured by tilting the
surface with respect to the horizontal plane until the droplet started to
slide along the surface. Then, advancing, receding, and sliding angles
of the droplets were measured by a computer program.

Steam Condensation Experiments. A custom-built steam
chamber was used for the condensation tests. The system consists
of a steam generator, a condensation chamber, a coolant unit, and a
data acquisition system (Figure S6). The steam generator generates
the steam at 100 °C, which is then supplied to the condensation
chamber. A calibrated K-type thermocouple and a pressure gauge
were installed to monitor the saturated working conditions (see
Section S4 for details). The steam pressure was 6.9 kPa above
atmospheric pressure and was maintained inside the chamber for the
experiments. The percentage of noncondensable gases (NCGs) was
calculated using Gibbs—Dalton’s law, NCG = R -R(T) X 100%,

where P, is the chamber pressure measured using the pressure
gauge and P((T,) is the pressure that corresponds to the saturation
temperature.”” The temperature (T,) measured by the thermocouple
inside the chamber is 103 °C and the saturation vapor temperature
corresponding to the steam pressure maintained in the chamber is
101.5 °C, which indicates that the steam is overheated for 1.5 °C. The
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calculated percentage of noncondensable gases is below 0%, which
shows that it is steam condensation. The surfaces were mounted
vertically in the condensation chamber and four thermocouples were
installed on the condensing block to measure the temperature
distribution. For the experiments, the temperature of circulating water
was kept constant at 4 + 0.2 °C using a chiller (NESLAB RTE-111)
and the flow rate was varied to achieve the required subcooling. For
visualization, a Nikon camera (D5600) was assembled with a macro
lens (SIGMA 105 mm 1:2.8 DG MACRO HSM) to record the videos
and images during steam condensation.

Characterization. Atomic force microscopy measurement was
carried out in tapping mode using a Nanoscope V controller on a
multimode microscope (Multimode IV, Bruker). The morphology of
the samples was characterized by a scanning electron microscope
(SEM, Supra-40, Zeiss).
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