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Abstract: 
 
This paper reveals a phenomenon of memory in dropwise condensation in open air. After a 
first condensation process and complete evaporation of the condensed droplets, further 
condensations proceed with droplet nucleating at the very places where former droplets 
evaporated. The origin of this phenomenon is due to the incorporation of airborn salts 
during the first droplet condensation and its further concentration during droplet 
evaporation. Salts act as preferential nucleation sites and humidity sinks. The potential 
impact of this phenomenon on controlled breath figure patterns and plants metabolism is 
discussed.  
 
Keywords: Heterogeneous nucleation, condensation, breath figure, dew pattern, plant 
nutrition 
 

Introduction: 
 
Condensation is used in various industrial applications, such as heat transfer1,2, desalination3, 
power generation4 or water harvesting5,6. In nature, dew water is a source of fresh water for 
vegetation7–9 and consequently for wildlife. Water vapour condensation occurs on a surface 
when its temperature is below the dew point temperature of the surrounding humid air. In 
the case of dropwise condensation, droplets are formed in a partial wetting state leading to 
a pattern of droplets called “breath figure” (BF) 10,11. Heterogeneous nucleation 
preferentially takes place on surface defects where molecules aggregate and forms a liquid 
cluster. Then, the droplets grow by the direct accretion of pure water molecules through a 
diffusive boundary layer. Coalescences upon contact with neighbouring drops speed up the 
growth process12. When the temperature of the surface becomes larger than the dew point 
temperature, condensation stops and water evaporates. This cycle is present in nature. At 
night, the air temperature decreases and its relative humidity increases, which are 
propitious conditions for dew condensation. In the morning, when the sun rises, the air 
temperature increases and relative humidity decreases, which leads to the evaporation of 
the condensed dew droplets. 
Heterogeneous nucleation is known to take place on surface defects. The control of the 
nucleation sites and subsequent localization of the droplets is thus difficult to achieve. 
Patterned surfaces for controlled nucleation have been successfully engineered by 
considering that heterogeneous nucleation is favoured on hydrophilic surfaces13–15, soft 
surfaces16,17 or chemical defects18. Another approach consists in the deposition of a NaCl 
saturated water droplet or NaCl crystals on a surface prior condensation. It was shown that 
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water preferentially condenses on the salty droplet surrounding by a region of inhibited 
condensation18. The same observation was made by using hygroscopic droplets19.  
 
Here, we propose to investigate another process, herein referred to as the "memory re-
condensation". After complete evaporation of a first breath figure, and in the absence of any 
controlled nucleation sites, the new condensed pattern is expected to be totally 
independent of the former evaporated figure. However, and remarkably, we observe that 
droplets preferentially condense at the very place where the former droplets were located. 
This suggests that preferential nucleation sites have been created in relation to the 
evaporation of the former BF. Surprisingly, this phenomenon has not been studied so far, 
although indirectly evidenced by Yu et al20.  The potential impacts for plants metabolism and 
controlled BF patterns are also discussed. 
 
 
Results and discussion: 
 
Breath figure patterns of re-nucleation 
 
Water condensation was performed on a model surface (silicon wafer) in a mini-climatic 
chamber equipped with an optical microscope. Condensation was performed for a given 
time until a first BF of droplets was obtained. Then, the surface was placed outside the 
chamber to induce a complete and natural evaporation of the water droplets under ambient 
conditions. Upon total disappearance of the droplets, as verified with microscope, the 
surface was replaced in the climatic chamber for re-condensation and observed under 
microscope.  

Figure 1abc reports images of different BF obtained after 100, 200 and 300 s of a first 
condensation on a fresh silicon wafer. The nucleation of droplets preferentially occurs on the 
surface defects.  As time proceeds, droplets grow by direct accretion of water vapour and by 
coalescences. The smaller droplets in (c) originate from a re-nucleation process in the free 
space left by coalescence events at large times. They come from the natural evolution of the 
BF pattern11. The lower images (d,e,f) correspond to the initial BF of a second condensation 
on the surfaces (a,b,c) respectively, after complete evaporation of the former BFs. Note that 
the patterns (d,e,f) are concerned with the first moments of the second condensation, when 
the drops are still small and are therefore situated were they have nucleated. At large times, 
the position of nucleation sites becomes progressively lost because of coalescences. One can 
observe that the BFs obtained in the first moments of re-condensation in Figure 1(def) seem 
to follow a specific pattern with well-defined inter-drops characteristic size. Remarkably, the 
characteristic inter-drop distance is larger when the duration of the first condensation is 
larger. To quantify this effect, the average distance between the closest neighbour major 
droplets (<d>) was measured and displayed on images of Figure 1, and the correlation 
between <dcond.> and <dre-cond.> is reported in Figure S1. The results indicate that the first BF 
pattern of condensed droplets seems to play a crucial role on the early pattern obtained 
from re-condensation. For comparison, Figure 2a presents the firstly condensed droplets 
from a surface washed from condensation history and displays no specific pattern. 
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To test the robustness of this phenomenon, a set of four experiments was performed. Four 
given BF obtained from a first condensation, similar to the BF in Figure 1b, were (a) washed 
under water and dried with compressed air gun, (b) left for natural evaporation in ambient 
conditions, (c) dried with compressed air gun and (d) left for natural evaporation in ambient 
conditions and further dried with compressed air gun, respectively. The images of second 
condensation on these surfaces are displayed in Figure 2. Experiments (a) and (c) give a BF 
showing no special repartition of nucleation sites (Figures 2a and 2c). By contrast, Figure 2b 
and Figure 2d, presenting the results obtained from experiments (b) and (d) show the same 
characteristic nucleation pattern, with preferential nucleation sites. This set of experiments 
thus evidences the key role of natural droplet evaporation on the surfaces and the 
robustness of the phenomenon under air flow. However, washing with water or direct gun 
drying cancels memory re-nucleation. 
 
 
 

 
 
Figure 1: Re-nucleation patterns: Microscope pictures of different BFs obtained after (a) 
100, (b) 200 and (c) 300 s of water vapour first condensation. The BFs were then left for 
natural evaporation under ambient conditions until complete disappearance. The re-
nucleation pattern obtained from the former BFs (a, b, c) are shown in (d, e, f) respectively. 
The distance <d> is the average distance between the closest neighbour major droplets. (The 
scale bar applies to all images). 
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Figure 2: Experimental conditions for memory re-condensation: Optical microscope images 
of the re-nucleation pattern obtained on a surface after a first condensation BF (obtained 
after 200s of condensation) submitted to: (a) washing under water and drying with 
compressed air gun, (b) natural evaporation in ambient conditions, (c) drying with 
compressed air gun and (d) natural evaporation in ambient conditions and further drying 
with compressed air gun. 
 
 
Localisation of re-nucleation sites 
 
In order to establish precisely the relationship between BFs from the first and second 
condensation, a cycle of first condensation, evaporation and second condensation was 
performed on a surface placed inside the mini-climatic chamber during the whole process. 
Continuous observation under the microscope allowed to precisely identify the localization 
of the droplets. Figure 3a is an image of the droplets formed during the early stage of the 
second condensation. The localization of their centres is labelled by a red dot and replicated 
in Figure 3b and 3c. Figure 3b is the BF obtained after 100 s of the first condensation. Figure 
3c is an image of the BF of Figure 3b under evaporation, just before the droplets disappear. 
One can observe that in the second condensation, drops nucleate at the place where the 
droplets from the former condensation were located. The nucleation sites of the second 
condensation are not situated exactly at the centre of the evaporating droplet. As 
evaporation proceeds, it can be observed that they are rather situated at the periphery of 
the droplet. This fact will be discussed below.  
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This experiment thus evidences the direct link between the droplets pattern from 
condensation and the pattern of preferential second nucleation; it confirms and explains the 
nucleation patterns found in Figure 1. The fact that, <dre-cond.> is superior to <dcond> in Figure 
1a and b could indicate that larger droplets lead to a more efficient second nucleation on 
their localizations, compared to smaller droplets.  
 

 
Figure 3: Localization of re-nucleation sites: (a) Optical microscopy image of the first 
droplets obtained from re-nucleation. The position of the centre of each major droplet is 
marked by a red dot and transferred to images (b) and (c). (b) Original BF after 100 s of 
condensation. Evaporation starts after that time.  (c) BF of (b), just before complete droplets 
evaporation.  
 
In order to further investigate the origin of memory condensation, a 1 µL droplet of di-
ionized (DI) water was deposited on a silicon wafer and left for natural evaporation under 
ambient conditions. Figure 4a presents the evolution of the evaporation of the water 
droplet. At 1340 s, the droplet is almost completely evaporated. After a few more seconds, 
no water is present on the surface. Nevertheless, a persistent dark "stain" is observed later 
at 2000 s at the place of the evaporated droplet. As one will see later, the deposition of the 
stain from the water droplet is at the origin of the memory re-condensation phenomenon. 
Figure 4b reports the condensation pattern obtained in the vicinity of this stain. A large 
droplet is seen where the stain was located, surrounded by a zone of inhibited 
condensation. This pattern is characteristic of a droplet pattern around a humidity sink18.  
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Figure 4: Condensation pattern on silicon wafer after the evaporation of a water droplet: 
(a) Optical microscopy images of the time evolution of the evaporation of 1 µL ultrapure 
deionized water droplet on silicon wafer evidencing the deposition of a persistent stain after 
complete droplet evaporation (middle of the interrupted white square). (b) BF of 
condensation around the stain (middle of the interrupted white square), which acts as a site 
of preferential condensation or humidity sink with a region of inhibited condensation.  
 
 
Origin of memory re-condensation  
 
The stain left by the evaporation of water droplets on model silicon wafer surfaces was 
characterized by scanning electron microscope (SEM) to image the surface morphology and 
energy dispersive X-ray spectroscopy (EDX) to identify and quantify the chemical elements. 
The study was carried out on two different stains for comparison: the first stain was 
obtained after the evaporation of water droplets deposited outdoor by natural dew, the 
second stain resulted from the evaporation of a 1µL DI water droplet deposition. 
Outdoor dew water was harvested on a silicon wafer on the terrace of the laboratory 
located in Paris downtown. The dew droplets naturally evaporated upon sunrise. The sample 
was then analysed under SEM coupled with EDX. Figure 5 shows an electron microscope 
image of a typical stain left by the evaporation of dew water on the silicon surface and an 
EDX mapping of the chemical elements present on this image with a quantification in atomic 
percentage. One can observe a circular dark stain in the centre of the image with the 
presence of crystals inside. The chemical analysis reveals that the main detected chemical 
elements are Si, Na, K, Cl and C. One can notice that Si is also found on the stain, which was 
expected because EDX detects surface chemical elements within a thickness of 100 nm. Na, 
K, Cl are the principal chemical elements of the observed crystals. Carbon element is found 
to fit the geometry of the dark region of the stain. However, the quantification of C element 
is not reliable using EDX as the use of the electron beam is known to deposit carbon 
elements; nevertheless, more carbon is present on the stain than on the neighbouring 
surface as revealed by the stronger red colour, which corresponds to the stain geometry. 
The chemical elements (other than Si) are hypothesized to come from the absorption of 
airborne aerosol in dew water, which are further deposited on the surface by droplets 
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evaporation. Upon evaporation, the droplet increases its concentration in salts until 
crystallization occurs. Larger droplets can adsorb more aerosols due to their higher exchange 
surface, which explains why <dre-cond.> can be larger than <dcond> in Figure 1.  
In order to further characterize the “stain”, a 1µL DI water (resistivity of 18.2 MΩ.cm, i.e. 
close to pure water) droplet was placed on a silicon wafer surface in the laboratory, left for 
evaporation, and then the surface was analysed by the same method using SEM and EDX. 
Figure S2 shows the corresponding EDX image. The same crystals and chemical elements are 
found as in Figure 5 with natural dew water collected outside. The same observations and 
conclusions can be given. It confirms the hypothesis of airborne aerosol ad/absorption 
independent from the condensation site, located indoor or outdoor. It is indeed known21 
that water condensation in open humid air involves the dissolution of aerosols and 
absorption of gases. In the experiments described above, the only possible sources of 
dissolved materials in the absence of chemical reaction with the substrate are the airborne 
particles and absorbed gases. The deposition of salts on the surface by the evaporation of a 
BF therefore explains the phenomenon of memory re-condensation as salts are known to act 
as a humidity sink18  and lead to a specific pattern during re-condensation. This deposition 
does not occurs at the centre of the evaporating droplet (Figure 3) because the evaporation 
process involves a random pinning of the contact line on the silicon surface defects. The 
centre of mass of the droplets thus move during their evaporation.  

 

 
Figure 5: Origin of memory re-condensation: Scanning electron microscope (SEM) image of 
a typical “stain” left by the evaporation of natural dew water droplets and energy dispersive 
X-ray spectroscopy (EDX) mapping of the SEM image for the identification and quantification 
(in atomic %) of the chemical elements comprising the stain. 
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The above findings suggest that memory re-condensation is a phenomenon of preferential 
condensation observed on any surface subjected to dropwise condensation in open air, 
when airborne aerosols can be adsorbed at the droplet-air interface. It is characterized by a 
pattern of nucleated droplets at the very place where, after a first condensation, the original 
droplet pattern evaporated. Each droplet leaves small salt crystals on the surface, which act 
as a preferential nucleation site for the next condensation.  
Condensation of water vapour from natural unfiltered humid air involves the absorption of 
gases, a fast process, and the dissolution of aerosols21,22.  The absorbed gases are natural or 
anthropogenic, such as C02, SO2, NO and NO2. The condensing droplets, by growing and 
sweeping the surface by coalescences, dissolve the aerosols deposited on the substrate. 
They also incoporate aerosols at the liquid-air interface.  These aerosols are mainly salts of 
sea origin (e.g. NaCl, MgCl2) or from anthropogenic sources (e.g. CaCO3, KCl). Other 
particles, such as carbon diesel particles, may also be incorporated. The chemical analysis in 
Figures 5 and S2 shows that the main dissolved salt is NaCl, of sea origin. Paris is indeed 
within 200 km from the Channel and 500 km from the Atlantic Ocean and its climate is 
Marine West Coast Climate according to the Köppen Classification.  
The stains left by evaporation of a BF are dependent on the way solubilized or particulate 
materials are incorporated in the droplet during condensation, and on the thermo-capillary 
flows and contact line de-pinning arising during droplet evaporation. This complex processes 
may lead to various deposition patterns23, that will in turn impact the re-nucleation patterns. 
In the present case, dendrite stains such as seen in Figures 5 and S2 are generally observed 
after the evaporation of a BF condensed on Si wafers. During droplet evaporation, the 
concentration of dissolved salts increases until reaching the oversaturation of solute, thus 
leading to crystallization. This process is different from the drying of a droplet containing 
insoluble particles, leading to a ring deposition pattern24,25.  A precise investigation of the 
crystallization pattern and crystal morphology is, however, out of the scope of the present 
paper.  
 The chemical nature of the substrate materials will matter to determine the liquid-surface 
interactions and the values of the contact angles and contact angle hysteresis upon 
condensation and evaporation. In addition, a chemical reaction with condensed water 
and/or with the elements in the stain and the substrate may also occur depending on the 
materials used for the substrate. This reaction could permanently modify the geometrical 
and chemical properties of the substrate. In the present case, where the stains are mainly 
composed of Na, K, Cl and C and the substrate is silicon, protected by a surface layer of 
silicon dioxide, no permanent substrate modification are seen. As a matter of fact, stains can 
easily be washed away using water or compressed air.  Also, one observes the loss of 
memory at large condensation times, when the drops nucleated on the stains have 
coalesced with other drops and have moved on the substrate. 
 
Beyond the awareness and knowledge of the existence of the memory re-condensation 
phenomenon, the results presented here could have applicative impacts in industry and for 
the understanding of vegetation metabolism. Indeed, the patterning of BFs themselves can 
be of interest for the precise patterning of polymer films or materials to generate controlled 
templates by the BF method26–28. Potential applications are textured surfaces29,30, responsive 
surfaces31, filtration32 or catalysis33. Patterned BFs could also find applications in patterned 
chemistry for biomedical applications34,35, in aqueous media. For the generation of a 
controlled BF pattern, 0.2µL water droplets were deposited on a silicon wafer surface in the 
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shape of a ring, then condensation was performed post complete evaporation. Figure 6 
presents the original deposited “BF” and the corresponding BF of condensation post 
evaporation. Figure 6 exhibits an efficient controlled patterning of the condensed water 
droplets. 
Memory re-nucleation has evidenced the deposition of salts and chemical elements from 
natural dew water evaporation on a surface, such as Na, Cl, K and C. These elements are 
adsorbed from air at the air-water interface. Chemical analysis of collected dew water in 
Paris revealed the presence of numerous ions in its water as well21. The same phenomenon 
should be taking place on the leaves of plants when dew forms. Dew is known as an 
important resource of water for plants9, especially in arid climates or dry soils. It is expected 
from the above results that dew could also be a vector of macro-nutrients for plants 
nutrition. Carbon is a nutrient for plants, a major constituent of organic material, involved in 
enzymatic processes and assimilated by oxidation-reduction reaction36. K, Na and Cl are 
involved in enzymatic reactions, osmotic potential, membrane permeability and 
electrochemical potentials36. K and Cl belong to the top 10 essential elements for plants 
growth36,37. Uptake of elements from leaves can take place by penetration of the external 
plant surface through the cuticle or stomata38. Actually, foliar sprays are widely used in 
agriculture and showed better efficiency than soil fertilization as nutrients are directly 
delivered to sink organs38. We hypothesize dew to possibly be an additional and 
unsuspected vesicle of macro-nutrients for plants.  
 

 
Figure 6: Controlled re-condensation pattern: (a) Deposition of 0.2µL water droplets as a 
ring pattern. (b) BF of condensation post complete evaporation of droplets from a). 
 
Methods: 
 
Condensation, DI water droplet deposal and re-nucleation under optical microscope 

To generate BFs, condensation was performed for different times (100, 200 and 300s) on 
silicon wafers (GlobalWafers) in a home-made mini climatic chamber mounted on an optical 
microscope (Leica DMRXE) equipped with a camera (Imaging Source, DFK 23U445). The mini 
climatic chamber is composed of: A Peltier thermostat for conductive cooling, on which is 
placed the samples – A polystyrene cover to hermetically lock the samples with a top 
opening for a sealed glass slide for optical observation and two side openings for the 
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entrance of saturated humid air – Pump (Rena 101) and tubing are used to inject air in a 
bath of water in order to re-inject saturated humid air to the two side openings of the sealed 
mini-chamber. The relative humidity in the mini chamber is 90%. The Peltier element is 
submitted to a current of 2V and 0.5A (generator, Sodilec SDRI 205) and a flow of cooled 
water at 10°C (Heto CBN 8-30 and HMT 200) in order to always set the surface temperature 
of the Peltier at 4°C. The deposition of desired volume of DI water (resistivity of 18.2 MΩ.cm, 
the value of pure water) on silicon wafer surfaces was performed with a micropipette (VWR) 
to study re-nucleation after single droplet and ring patterned droplets deposals. Re-
nucleation experiments were performed post complete evaporation of the condensed or 
deposited droplets. Evaporation took place either outside the mini-climatic chamber in 
ambient conditions, or inside the mini-climatic chamber (to do not lose the precise 
localization of evaporating droplets) by the passive increase of the surface temperature to 
ambient conditions, turning off the Peltier element and opening the mini-climatic chamber. 
To observe the first re-condensed droplets, the surface of the sample was gently cooled 
down below the dew point temperature of the lab, without sealing the climatic chamber and 
without saturated humid air injection; to enable a slow re-nucleation for visualization 
purpose. Surface temperature of the Peltier is monitored along the experiments using 
thermocouple sensors and software Picolog. ICCapture software was used for the images 
sequence acquisition (1 image per second). ImageJ software was used to measure the 
average distance between the closest neighbour major droplets (<d>). 

Characterization of the “stain”  

To evaluate the robustness of the stain left by the evaporation of condensed or deposited 
water droplets, the following scenarios were studied post condensation (for 200s, under the 
experimental conditions described above) and before re-nucleation: (1) natural evaporation 
in ambient conditions or (2) washing under water and drying with compressed air gun or (3) 
drying with compressed air gun or (4) natural evaporation in ambient conditions and further 
drying with compressed air gun. Two types of stains were analysed under scanning electron 
microscopy (SEM) coupled to energy dispersive X-ray spectroscopy (EDX): (1) Stain left by 
natural dew evaporation on silicon wafer and (2) stain left by 1µL DI water deposal and 
evaporation on silicon wafer in laboratory. Natural dew was obtained in a morning of march 
when meteorological conditions were met to form dew, on the roof of the Institut de 
Physique du Globe de Paris; equipped with a weather station (temperature, relative 
humidity and wind force/direction sensors) (Davis). SEM and EDX were performed with a 
SEM Quattro (Thermofisher) under a voltage of 15 kV and intensity of 0.22 nA; the samples 
were placed 10 mm below the source of the electron beam. SEM was used to characterize 
the morphology of the stain. For EDX, X-ray emission spectra were integrated to identify and 
quantify (in atomic percentage) the present chemical elements on the studied surface and 
chemical mapping was generated to localize the detected elements.  

 
Supporting information 

- Experimental conditions to obtain memory re-condensation 
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- Morphological and chemical analysis of the stain left by the evaporation of a DI water 
droplet at the origin of the phenomenon of memory re-condensation. 
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