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ABSTRACT: We report that aluminum surfaces can be
endowed with condensate microdrop self-propelling
(CMDSP) function by one-step voltage-rising mild anodiza-
tion in hot phosphoric acid solution followed by fluorosilane
modification. Via regulating reaction parameters, we can
achieve anodic alumina self-standing rod-capped nanopore
films and minimize their solid−liquid interface adhesion. Such
low-adhesive nanostructured film owns remarkable CMDSP
function, especially to condensate microdrops with sizes below
50 μm, differing from usual gravity-driven dropwise con-
densation on flat aluminum surfaces. Clearly, this work offers a
facile, efficient, and industry-compatible approach to processing CMDSP aluminum materials, which is significant for developing
innovative energy-saving air-conditioner heat exchangers.
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Condensate microdrop self-propelling (CMDSP) surfa-
ces1−23 have attracted intensive interest because of their

value in basic research and technological innovations such as
moisture self-cleaning,14 antifrosting,15−18 and enhancing
condensation heat transfer for higher efficiency of thermal
management and energy utilization.19−22 Differing from the
gravity-driven shedding mode of condensate on usual hydro-
phobic flat surfaces, such CMDSP surface can realize the
efficient self-jumping of small-scale condensate microdrops via
their coalescence-released excess surface energy, without
requiring external forces such as gravity and steam shear
force.23 It has been reported that the CMDSP surfaces not only
own excellent antifrosting ability15−18 but can sustain frost-free
by aiding with energy-effective intermittent weak airflow
heating,18 which offers an innovative approach to developing
more energy-saving air-conditioners and heat pumps. However,
it is still a great challenge to find a facile, efficient, and industry-
compatible approach to endowing engineering aluminum
materials with desired CMDSP function. Recently, He et al.
have reported that aluminum surfaces can be endowed with
CMDSP function via hot water immersion followed by
fluorosilane modification.8,9 However, the formed porous
nanostructure, made of poorly crystallized aluminum hydroxide,
is intrinsically unstable from either the chemical or mechanical
perspective and thus is almost impossible to be used in practical
applications.24 It is well-known that electrochemical anodiza-
tion is a type of widely used technologies for improving the
surface properties of engineering aluminum materials such as
hardening and anticorrosion.25 However, usual anodic alumina
nanopores cannot induce the desired CMDSP function because

of their strong solid−liquid interface adhesion (Figure S1).
Very recently, we demonstrated that anodic alumina films
consisting of self-standing rod-capped nanopores with
extremely low solid−liquid interface adhesion may be used as
ideal CMDSP aluminum surface.10 However, the developed
nanofabrication technology requires multistep anodization and
chemical etching, which is very tedious and time-consuming.
The current issue is how to establish a new type of one-step

electrochemical anodization technology that can realize the
rapid fabrication of alumina self-standing rod-capped nano-
pores. In principle, to achieve anodic alumina self-standing rod-
capped nanopores, the utilization of etching effect is
indispensable since pure anodization effects can only form
hexagonally packed cells made of alumina nanopores with
interconnecting solid walls.10 It is known that phosphoric acid
(H3PO4) can be used as either the electrolyte for anodizing
aluminum surfaces to form cylindrical alumina nanopores or
the etchant for thinning alumina nanopore walls. Usually, these
two utilities of H3PO4 have been separately used in previous
studies and their used temperature ranges are different, e.g., 0
°C as the electrolyte26 and ∼30 °C as the etchant.27 Besides,
the growth rate of alumina nanopores can apparently increase
with the increase of current density, which can be regulated by
anodizing voltage, and the etching rate of alumina can be
enhanced in the heated phosphoric acid solution. Based on
these basic principles, we suppose that alumina self-standing
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rod-capped nanopores can rapidly form on aluminum surfaces
by one-step voltage-rising mild anodization in hot H3PO4
solution. With the reaction proceeding, the growth rate of
alumina nanopores can gradually accelerate so that previously
formed relatively shorter segments near the top layer may
experience opportune etching to form separated self-standing
nanorods at the junction points of alumina cells, whereas later-
formed relatively longer segments may keep their skeleton
almost intact due to their insufficient etching. Accordingly, via
synergistic control over the electrochemical parameters such as
reaction time, temperature, H3PO4 concentration and initial
voltage, we can rapidly obtain alumina self-standing rod-capped
nanopore films with extremely low solid−liquid contact area
and interface adhesion, which is the key to develop CMDSP
aluminum materials.
Here, we have demonstrated that aluminum surfaces can be

endowed with desired CMDSP function by one-step voltage-
rising mild anodization in hot phosphoric acid solution
followed by fluorosilane modification. Via optimizing reaction
parameters, we can achieve the self-standing alumina rod-
capped nanopores with minimized solid−liquid adhesion.
Subsequent condensation experiments indicate that such low-
adhesive nanostructure owns remarkable CMDSP function.
Differing from the gravity-driven dropwise condensation on flat
aluminum surfaces, small-scale condensate microdrops, espe-
cially those with sizes below 50 μm, can effectively self-remove
on the nanosample surface via their coalescence-released excess
surface energy.
Figure 1a shows the scanning electronic microscopic (SEM)

top-view and side-view of the as-prepared self-standing alumina
rod-capped nanopore sample. Typically, they can be achieved
by anodizing aluminum foils in 2 vol % aqueous H3PO4
solution at 50 °C for 500 s in one-step voltage-rising way,
where the set anodization voltage increases linearly from the
initial 25 V at the rate of 0.5 V per 10 s. Evidently, alumina rod-
capped nanopores can uniformly cover the aluminum surface.
From their SEM top-views, we can measure the average
diameter (∼120 nm) and period (∼160 nm) of nanopores,
respectively. From the SEM side-views, we know that the total
film thickness is 1.5 μm, which includes contributions from
both top-layer self-standing nanorods and bottom-layer nano-
pores. From the magnified side-view as shown in the inset of
Figure 1a, we can know that the average diameter and height of
the self-standing nanorods are 25 and 350 nm, respectively.
Besides, we real-time monitor the variation of current densities
(j) during the anodization process, as shown in Figure 1b. We
found that with the anodization voltage increasing linearly, the j
value first dramatically decreases from ∼20 down to ∼6.5 mA/
cm2 (corresponding to the formation of barrier layer), then fast
increases to ∼9 mA/cm2 (corresponding to the initiation of
pores) and afterward gradually increase up to 14.5 mA/cm2

(corresponding to the formation of rod-capped pores).28

Clearly, our method has typical advantages of operation
simplicity (only requiring one-step reaction), rapid fabrication
(only taking 500 s) and reaction mildness (the applied maximal
current density less than 14.5 mA/cm2).
In principle, the lower the solid−liquid interface adhesion,

the smaller the dissipation of coalescence-released surface
energy, which means that more energy can be used for driving
the self-jumping of merged drops.23 Clearly, it is very crucial to
optimize electrochemical parameters such as reaction time (t),
temperature (T), H3PO4 concentration (C), and anodizing
voltage to achieve alumina self-standing rod-capped nanopores

with the minimized solid−liquid interface adhesion (F). To
simplify experiments and, crucially, ensure relatively mild
reaction condition, we performed all anodization reactions
under the exemplified anodizing voltages that linearly increase
from the initial 25 V at the rate of 0.5 V per 10 s. All data are
summarized in Table 1 and the corresponding SEM images are
shown in Figure S2. First, we study the effects of reaction time
and found that alumina self-standing rod-capped nanopores

Figure 1. (a) Typical SEM top-view (top) and side-view (bottom) of
alumina self-standing rod-capped nanopores covered on the aluminum
surface. Magnified side-view of nanorods is shown as the inset. (b)
Recorded current densities (j) varied with time during one-step
voltage-rising anodization process.

Table 1. Influence of Reaction Parameters to the Solid−
Liquid Interface Adhesion of Anodized Aluminum Surfacesa

sample t (s) T (°C) C (vt%) F (μN) etching degree

a1 100 50 2 69 ± 8 insufficient etching
a2 300 50 2 32 ± 5 insufficient etching
a3 500 50 2 0 rod-capped nanopore
b1 500 30 2 76 ± 4 insufficient etching
b2 500 40 2 55 ± 3 insufficient etching
b3 500 50 2 0 rod-capped nanopore
c1 500 50 1 8 ± 1 insufficient etching
c2 500 50 2 0 rod-capped nanopore
c3 500 50 4 0 over etching

aHere, t, T, C, and F denote reaction time, temperature, H3PO4
concentration, and adhesive force, respectively.
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with minimal interface adhesion (Figure S3) can be achieved as
t = 500 s while fixing T = 50 °C and C = 2 vol %. As for
relatively shorter reaction, anodized aluminum surfaces are still
adhesive to the tested water droplets due to the insufficient
etching of top-layer nanopores. For example, as t = 100 s, only
nanopores with the film thickness of ∼260 nm can form and
the F value of the nanostructured surface is 69 μN; as t = 300 s,
the film thickness reaches ∼830 nm and rodlike protuberances
partially emerge on the top of nanopores, resulting in a lower F
value (32 μN). Second, we further explore the influence of T in
the case of t = 500 s and C = 2 vol %, and found that the self-
standing rod-capped nanopores with minimal F value can form
as T = 50 °C. In sharp contrast, for lower reaction
temperatures, the anodized aluminum surfaces are adhesive
(e.g., 76 μN for 30 °C samples and 55 μN for 40 °C samples)
because of insufficient etching of top-layer nanopores. Third,
we found that a proper H3PO4 concentration (C = 2 vol %) is
also very crucial in the case of t = 500 s and T = 50 °C. As for
lower concentration (e.g., C = 1 vol %), the formed nanorods
standing on nanopores appear relatively blunter and thus
present slight adhesion (8 μN). Note that the adhesive force of
anodized aluminum surfaces may also become nonsticky to
tested water droplets as C = 4 vol % but the formed nanorods
bundle together, which is undesired.10 Therefore, the self-
standing rod-capped nanopores with minimal interface
adhesion can be achieved via controlling proper reaction
parameters.
Subsequent condensation experiments indicate that such

low-adhesive nanostructure indeed has the desired CMDSP
function. All experiments are carried out under the identical
condition with substrate temperature of ∼1 °C, ambient
temperature of ∼25 °C and relative humidity of ∼80% (for
details, see Experimental Section in Supporting Information).
Figure 2a shows the typical optical top-views of self-departure
instant of condensate microdrops on the horizontal nano-
sample surface. Evidently, in-plane coalescence of adjacent
condensate microdrops, caused by their individual condensa-
tion growth, can trigger the out-of-plane jumping of merged
drops. Interestingly, it is easily found in the experiments that, as

for horizontally placed nanosamples, the ejected microdrops
can fall back to their surface and trigger new dynamical impact-
induced self-propelling events (Figure 2b). Remarkably, the
self-propelled jumping behaviors of microdrops are independ-
ent to the sample orientation. As shown in Figure 2c, merged
condensate microdrops can eject from the vertical nanosample
surface and fall along a parabolic trajectory. Note that the self-
propelled jumping of condensate microdrops is universal and
violent on the whole nanosample surface.
To more intuitively exhibit the advantage of our as-prepared

nanostructured aluminum surfaces in controlling the self-
removal of condensate drops at micrometer scale, we further
explore their long-term dynamic condensation behaviors.
Figure 3a shows the typical time-lapse optical top-views of

condensate drop evolution of the nanostructured (left panel)
and flat (right panel) aluminum surfaces. Evidently, as for the
nanostructured surface, the sizes of condensate drops always
maintain at micrometer scale and these tiny drops can
dynamically self-depart. In sharp contrast, condensate drops
on the flat aluminum surface can merge but cannot timely self-
depart due to their strong solid−liquid interface adhesion. As a
result, these growing drops can long-term reside on the flat
surface and only slide off under gravity until their sizes reaching
millimeter scale. To quantify and highlight the CMDSP

Figure 2. (a) Time-lapse optical top-views showing that condensate
microdrops on the horizontal nanosample surface can instantly self-
depart via their mutual coalescence. (b) Time-lapse optical tilted-views
showing that a falling drop can impact the quasi-static condensate
microdrops on the horizontal nanosample surface and initiate their
self-jumping. (c) Overlapped optical side-view showing the trajectory
of a merged microdrop ejecting from the vertical nanosample.

Figure 3. (a) Time-lapse optical top-views showing the long-term
condensation behaviors of the vertical nanosample (left panel) and
contrast flat aluminum sample (right panel). Compared with gravity-
driven sliding of millimeter-scale condensate drops on the flat surface,
small-scale condensate microdrops on the nanostructured surface can
continuously self-remove in the jumping mode. (b) Drop number
distribution of condensate microdrops with diameters (d) of ≤50 μm
and >50 μm varied with time.
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performance of our nanosamples at the microscale, we further
analyze drop number distribution of residence microdrops with
diameters (d) ≤ 50 μm and >50 μm, as shown in Figure 3b.
Remarkably, condensate microdrops with d ≤ 50 μm dominate
on the nanosample surface and present a slight fluctuation with
the time extending while microdrops with d > 50 μm occupy
less than 10%. Compared with the flat aluminum surface, our
as-prepared nanosample can efficiently control the sizes of
residence condensate drops at micrometer scale, especially
below 50 μm. In other words, these small-scale condensate
microdrops can effectively self-remove on the nanosample
surface.
In conclusion, we have demonstrated that aluminum surfaces

can be endowed with CMDSP function by one-step voltage-
rising mild anodization in hot phosphoric acid solution
followed by fluorosilane modification. This method is very
facile, efficient, cheap, industry-compatible and promising to be
developed into practical aluminum-based surface nanoengin-
eering technologies. Clearly, this work offers a new and more
efficient avenue for developing CMDSP Al materials, which are
significant to develop innovative more energy-saving air-
conditioners and heat pumps. Currently, our group is using
such nanofabrication technology to develop practical CMDSP
air-conditioner Al fins and evaluate their antidewing and
antifrosting utilities and consequently energy-saving effects. In
addition, such CMDSP Al surface owns perfect nonstickiness to
the impinged macroscopic water droplets (Figure S4), which
can also find important applications such as raindrop self-
cleaning, fluid drag-reducing, and subcooled water antifreezing.
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