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devices,[9] and optical functional mate-
rials.[10–12] However, synthesis of these 
kinds of particles still requires complex 
fabrication devices and procedurals, such 
as flame breakup,[6] seeded growth,[7] 
e-beam evaporation,[9] microfluidic 
devices,[12] and so on.

In parallel, Leidenfrost phenomenon,[13] 
where a droplet levitates and dances on a 
hot plate due to its own vapor, has found 
widespread applications in self-propulsion, 
surface cooling, drag reduction and so 
on.[14–25] Recently, more Leidenfrost phe-
nomena have been observed at low tem-
perature[14,26–32] (e.g., dry ice in −78.5 °C [27] 
and liquid nitrogen in −196 °C [33]), which 
broaden its application into the low tem-
perature arena (e.g., biology). For instance, 
the cold Leidenfrost phenomenon of 
droplet vitrification in liquid nitrogen has 
been widely used in cryopreservation.[33–35] 
When a droplet is injected into liquid 
nitrogen, due to the Leidenfrost phenom-

enon, the droplet floats on the surface of liquid nitrogen via the 
evaporated nitrogen vapor while it is vitrified by liquid nitrogen 
concurrently.[33] This droplet vitrification process has been com-
monly regarded as uniform and symmetric, considering that 
the whole droplet is surrounded by liquid nitrogen vapor at 
ultra-low temperature.[33–35]

However, here we observe for the first time a Janus vitrifi-
cation phenomenon via Leidenfrost effect when a droplet is 
injected and vitrified in liquid nitrogen (Movie S1, Supporting 
Information), which provides an unprecedented and convenient 
approach to fabricate Janus particles. Due to the Leidenfrost 
phenomenon, the droplet is levitated on the surface of liquid 

Janus particles with asymmetric crystals show great importance in optoelec-
tronics and photocatalysis, but their synthesis usually requires complicated 
procedures. Here, an unexpected Janus vitrification phenomenon is observed 
in a droplet caused by the Leidenfrost effect at a cryogenic temperature, 
which is commonly regarded as symmetric. The Leidenfrost phenomenon 
levitates the droplet when it comes in contact with liquid nitrogen causing 
different cooling conditions on the droplet’s top and bottom surfaces. It 
induces asymmetric crystallization in the droplet, forming a Janus vitrified 
particle with an asymmetric crystallization borderline after cooling, as further 
evidenced by cryotransmission electron microscopy (cryo-TEM) experiments. 
Theoretical analysis and experimental study indicate that the position of the 
asymmetric crystallization borderline is determined by the droplet radius and 
density, and the observation window of asymmetric crystallization borderline 
is determined by the chemical concentration. The finding reveals the asym-
metric crystallization phenomenon in droplet vitrification for the first time, 
and provides a new insight for creating Janus particles through the Leiden-
frost phenomenon.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202007325.

1. Introduction

Janus particles, the particles consist of two (or more) distinct 
sides with contrasting functionality,[1,2] have shown great 
promise for applications in various fields including chemistry, 
biotechnology, and materials science.[1–4] One of the first per-
sons to realize the significance of such particles was the Nobel 
Laureate P. G. de Gennes who addressed this class of particles 
in his Nobel lecture in 1991,[5] where he highlighted their ani-
sotropic physical and chemical performances. Recently, Janus 
particles with asymmetric crystals show great performance 
in the optoelectronics,[6] photocatalysis,[7,8] self-propulsion 
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nitrogen by the evaporated nitrogen vapor (Figure 1a). During 
the cooling process, this levitation behavior results in different 
thermal boundary conditions at the top and bottom surfaces of 
the droplet (Figure  1b), generating asymmetric cooling rates 
and corresponding asymmetric vitrification (or crystallization), 
finally forming a Janus particle (vitrified droplet) (Figure  1c) 
with a clear “Asymmetric Crystallization Borderline (termed as 
ACB here)” (Figure  1d). The cryo-TEM experiments evidence 
that the upper (Figure 1e,f) and lower part (Figure 1g,h) of par-
ticle have significantly distinguishable electron diffraction pat-
terns. Both theoretical analysis and experimental study indicate 
that the position of ACB is determined by droplet radius and 
density, and the Janus particle can be clearly observed in the 
specific concentration window. Our finding not only demon-
strates the asymmetric crystallization in droplet vitrification for 
the first time, but opens a new door for creating Janus particles 
through Leidenfrost phenomenon, which broadens the appli-
cation of Leidenfrost phenomenon to a new arena and holds 
great potential in engineering, biology and materials science 
fields.[2–4]

2. Results

When a droplet is injected into liquid nitrogen, since the tem-
perature of the droplet (20  °C) is much higher than that of 
liquid nitrogen (−196 °C), the liquid nitrogen will evaporate and 
form a vapor blanket around the droplet (Figure 1b). The vapor 
blanket provides a vapor force (Fvd) on the bottom of the droplet 
to levitate the droplet. Force balance at the interface of droplet 
and vapor blanket (r = R0) dictates that

d vd 0W F F= −  (1)

where Wd  = (4/3)πR0
3ρdg (N) is the gravity of the droplet, R0 

(m), ρd (kg m−3), and g (m s−2) being droplet radius, density and 
gravitational acceleration, respectively. F0 (N) is the atmosphere 
pressure force and Fvd (N) is the vapor force underneath the 
droplet provided by vapor blanket, given by
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Figure 1. Janus vitrification of Leidenfrost droplet on the surface of liquid nitrogen. a) Droplet levitating on the surface of liquid nitrogen. b) Schematic 
of an asymmetric Leidenfrost droplet. c) Janus particles (vitrified droplets) after cooling. d) Magnified picture of a Janus particle. The white part is high 
crystallization (low vitrification), which is corresponding to upper part during cooling; the transparent part is low crystallization (high vitrification), 
which is corresponding to lower part during cooling. There is a clear asymmetric crystallization borderline separating them. e) Samples from upper 
part of droplet. f) Diffraction pattern of crystal structure from (e) using cryo-TEM. g) Samples from lower part of droplet. h) Diffraction pattern of 
vitrification structure from (g) using cryo-TEM.
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where r, θ, ϕ are the spherical coordinates. θ∗ (rad) is the crit-
ical angle of the levitated droplet, decided by the height of the 
droplet immersed in liquid nitrogen (Figure  2a,e). P0 (Pa) is 
the atmosphere pressure. Pv (Pa) is the pressure in the vapor 
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are the tangential and radial components of the shear stress 
of vapor,[36] respectively. Besides, μ (Pa s) is the dynamic vis-
cosity of nitrogen vapor, while vθ (m s−1) and vr (m s−1) are the 
tangential and radial velocity components of nitrogen vapor, 
respectively.

At the interface of vapor blanket and liquid nitrogen, the 
vapor pressure pushes down the surface of liquid nitrogen, 
inducing deformation of the surface. Corresponding, force bal-
ance of the vapor force, the hydraulic pressure force, and the 
surface tension of liquid nitrogen can be given as

vl bF F F= + σ  (4)

where Fvl (N) is the vapor force at the interface between vapor 
and liquid nitrogen, Fb is the hydraulic pressure force (N) and 
Fσ (N) is the surface tension at the vapor-liquid interface. These 
forces can be calculated as
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wherePl  = P0  + (R0  + δ)(cos θ  − cos θ∗)(ρl  − ρv)g (Pa) is the 
hydraulic pressure of liquid nitrogen at vapor-liquid interface. δ 
(m) is the thickness of vapor blanket. ρl and ρv (kg m−3) are sep-
arately the density of liquid nitrogen and nitrogen vapor,[37] and 
σ (N m−1) is the surface tension coefficient of liquid nitrogen.[38]

Compared to the droplet radius (in this work, ≈1.3 mm), the 
vapor film is usually much thinner (≈0.1  mm). Correspond-
ingly, with the representative velocity of vapor film ≈1 m s−1 
and the kinetic viscosity of liquid nitrogen 1.38 × 10−5 m2 s−1, 
the Reynolds number is ≈7.2. Thus, the vapor flow in the vapor 
blanket is a typical thin film flow in small Reynolds number 
regime, and it can be regarded as a laminar flow so that the 
lubrication approximation can be applied. The vapor flow obeys 
the reduced continuity equation and momentum equations[39] 
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Figure 2. The critical angle and vapor film of droplet. a) Analysis sketch. b) Critical angle (θ∗) and vapor film (δ) vary with dimensionless temperature 
((Td − TLN)/(T0 − TLN)). c) Critical angle varies with dimensionless radius normalized by capillary length (R0/lc). d) Maximum dimensionless radius 
(Rmax/lc) varies with dimensionless density (ρd/ρl). e) The critical angle on the Janus particle (vitrified droplet), which is determined by measure the 
position of asymmetric line and calculated through H = R0 (1 + cosθ∗).
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With the upper and bottom boundaries satisfying nonslip 
boundary conditions, the velocity of vapor meets vθ  =   0 at 
r  =  R0 and r  =  R0 + δ. Through Equations (8–10), the variation 
of vapor velocity and pressure profile with vapor flow rate Q(θ) 
(m3 s−1) can be obtained.

As the energy of liquid nitrogen evaporation is derived from 
the heat transfer between the liquid nitrogen and the droplet 
and the heat brought by nitrogen vapor could be ignored com-
pared to the latent heat of evaporation (198 kJ kg−1), the evapo-
ration rate of liquid nitrogen can be given as

( ) ( ) ( )1 d LNM L Q L hA T Tvθ ρ θ= = −  (11)

where M(θ) (kg s−1) is the evaporation mass rate of liquid 
nitrogen, and L (J kg−1) is the latent heat of evaporation of 
liquid nitrogen. Td (K) and TLN (K) are the temperatures of 
the droplet and liquid nitrogen, respectively.[40] A1 (m2) is the 
surface area of the bottom part of the droplet. h (W m−2 K−1)) 
is the heat transfer coefficient between the droplet and liquid 
nitrogen.[41] Through  Equations  (8–11), the vapor velocity and 
pressure profile can be written as
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Introducing Equations (12) and (13) into Equations (1–7), we 
can establish the relationship between the critical angle θ∗, the 
thickness of vapor blanket δ, and the dimensionless tempera-
ture of droplet (Td − TLN)/(T0 − TLN). The additional theoretical 
analysis can be found in the Supporting Information. The tan-
gential components of shear stress induced by vapor at the 
bottom of the droplet are
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The net vapor torque Γ(N m) acting on the bottom of droplet 
is
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That is, due to the symmetry of droplet, the net rotation 
torque acting on the droplet can be taken as zero. Consequently, 
when the droplet levitates on the surface of liquid nitrogen, 
it hardly rolls. Moreover, small fluctuations on the surface of 
liquid nitrogen could induce asymmetricity in vapor film, 
which will result in a propulsion movement of droplet on the 
surface of liquid nitrogen (Movie S1, Supporting Information). 
However, the droplet will only glide on the surface without rota-
tion, due to the balance of propelling and friction forces in the 
vapor film.[42]

During cooling, the temperature of the droplet (Td) and the 
crystallization process simultaneously vary with cooling time, 
which are coupled and governed by[43] 
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where kd (W m−1 K−1), cp,d (J kg−1 K−1), and Ld (J kg−1) are the 
thermal conductivity, the specific heat and the latent heat of 
the droplet,[44] respectively, t (s) is the time, χ represents the 
fraction of crystallization (0 < χ < 1), Tm is the melting tempera-
ture, Q (J mol−1) is the activation energy, R (J mol−1 K−1) is the 
gas constant, and ka (K s−1) is the characteristic coefficient of 
crystallization.

Due to the Leidenfrost phenomenon, the immersed 
(under the ACB) and nonimmersed (above the ACB) parts of 
the droplet have different boundary conditions (Figure  1b). 
Since the immersed part is bathed in the liquid nitrogen and its 
vapor blanket (temperature: ≈77 K in the liquid nitrogen), it is 
regarded as the forced convection boundary and the heat transfer 
coefficient h is obtained from Equation S11 in the Supporting 
Information. As the nonimmersed part is exposed in the air 
and nitrogen vapor (temperature: ≈ 185 K at ≈1.3 mm above the 
surface of liquid nitrogen, as experimentally measured by ther-
mocouple), it is regarded as the natural convection boundary 
and its heat transfer coefficient h0 is set as 10 W m−2 K−1).  
Such asymmetric boundary conditions lead to asymmetric 
cooling rate in the droplet, which induces asymmetric crystal-
lization and finally forms a Janus particle (vitrified droplet). 
As the distance of ACB from the top of Janus particle (H (m)) 
is given by H = R0 (1 + cosθ∗) (Figure 2a,e) and the immersed 
critical angle (θ*) is determined by droplet density and radius, 
the boundary conditions are different in different droplets due 
to changes in the ACB position.

As a representative, we chose the 10 µL of 35% 1,2-propan-
ediol (The mixture of 1,2-propanediol (CAS number: 57-55-6, 
purity: >99.0%, Tianjin Fuyu Fine Chemical Co. Ltd.) and deion-
ized water for experimental and theoretical investigation of the 
asymmetric vitrification phenomenon in this study, which is 
a common cryoprotective agent (CPA) used in cryopreserva-
tion.[45] It has a critical cooling rate of ≈294 K min−1 when crys-
tallization fraction is less than 0.5%.[46] During experiments, a 
pipette was used to accurately generate the droplets and its tip 
was positioned to the liquid nitrogen surface as close as pos-
sible. Then the droplets were gently ejected to the calmed liquid 
nitrogen surface, and then levitated and cooled by the gener-
ated nitrogen vapor underneath (Movie S1, Supporting Infor-
mation). After droplets immersed into liquid nitrogen, they 
became Janus particles which were utilized for imaging meas-
urements and cryo-TEM experiments. During all the processes, 
the particles were kept in the liquid nitrogen environment to 
prevent any rewarming. The detailed procedures are described 
in the Experimental Section.

The cryo-TEM experiments indicate that, there are signifi-
cantly distinguishing electron diffraction patterns in the upper 
and lower part of the vitrified Janus particle (Figure  1e–h). 
The materials show a crystallization pattern with clear and 
regular crystal lattices in the upper (white) region of particle 
(Figure 1e,f), but a vitrification pattern whose profile is typically 
the same as classical amorphous solids in the lower (transparent) 
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region (Figure 1g,h). These results provide a solid evidence for 
the formation of Janus vitrification/crystallization in one droplet 
due to Leidenfrost phenomenon in liquid nitrogen.

To calculate the critical angle (θ∗) of this droplet, we first 
solved Equations  (1–13) in MATLAB software using the 
parameters listed in Table S1 in the Supporting Information 
(Table S1, Supporting Information). To verify the validity of 
employing the approximation of small Reynolds number flow 
and lubrication analysis in this work, we calculated the film 
thickness and critical angle at initial time and then computed 
the velocity of vapor flow and the corresponding Reynolds 
number in vapor film. The results indicated that, the vapor 
film (≈77 µm) is sufficient thin compared to the droplet radius 
(≈1.3  mm) and the tangential vapor velocity is calculated as 
≈1.8 m s−1, which results in the Reynolds number in vapor 
film of ≈10. That is, the aforementioned approximation of 
small Reynolds number flow and lubrication analysis in this 
work can be well accepted.

Further, through calculations, we obtained the relation-
ship between the critical angle θ∗, the film thickness of vapor 
blanket δ, and the dimensionless temperature of the droplet  
(Td − TLN)/(T0 − TLN) (Figure 2b). The film thickness decreases 
with reduction of droplet temperature (Td). Interestingly, the 
critical angle rarely changes (from 1.32 to 1.37 rad) between the 
melting temperature (Tm = 255 K[47]) and the glass transition 
temperature (Tg = 153 K[48]) of the droplet (Figure  2b), which 
agrees well with the experimental results (measured critical 
angle: ≈ 1.32 rad). This result indicates that the boundary condi-
tion of droplet rarely changes between the melting temperature 
and the glass transition temperature, which is the temperature 
regime for crystallization formation. As a result, the cooling 
conditions of droplet remain stable during the entire cooling 
process so that stable asymmetric crystallization can be formed 
in the droplet. At the same time, we explored the variation of 
critical angle with droplet radius normalized by the capillary 
length of liquid nitrogen (R0/lc, lc = (σ/(ρlg))1/2). We found that, 
in the current vitrification system, the critical angle is deter-
mined by the radius and density of droplet, and it increases 
with increasing radius and density (Figure  2c). Besides, since 
the levitation of droplet is controlled by the buoyancy force 
(and surface tension) of liquid nitrogen which has a maximum 

value, there exists a maximum dimensionless droplet radius 
(Rmax/lc) which is dependent upon the dimensionless density 
(ρd/ρl) (Figure 2d).

Then, we utilized the above calculated critical angle to 
set the cooling boundary conditions of the droplet, and cal-
culated crystallization distribution in the droplet by solving 
Equations (16) and (17) in the COMSOL software (Figure  3). 
The results indicate that there is a significant difference of 
crystallization formed in the upper and lower parts of the 
droplet, as reflected by the clear layers with distinguishable 
crystallization in the Janus particle (Figure  3a). This is attrib-
uted to the dramatically different cooling rates (during initial 
1 s: top: ≈ 420 K min−1; bottom: ≈ 3120 K min−1) in the droplet, 
as caused by the Leidenfrost phenomenon (Figure  3b). Thus, 
higher crystallization occurred at the top of droplet while lower 
crystallization occurred at the bottom (Figure  3a). Since crys-
tallization with sharp contrast was created in one droplet, the 
Janus particle with asymmetric crystallization was observed 
clearly after cooling.

To explore the effect of droplet properties (e.g., radius, den-
sity) on the critical angle (ACB position), we performed droplet 
vitrification experiments by ejecting droplets with different 
radii and densities into liquid nitrogen. The radius of droplets 
was varied by their volume (Vd (µL)), and the density of droplets 
was tuned by adding different mass fractions of glass micro-
beads (diameter: 75 ± 25 µm, density: 2500 kg/m3) into the liq-
uids. After cooling, the images of Janus particles were taken in 
the liquid nitrogen to avoid the recrystallization process. Then, 
we measured the distance of ACB from the top of particle (H) 
(Figure 2e) through images processing and calculated the corre-
sponding experimental critical angle (θ∗) (Figures 4 and 5).

Through experiments, we observed that the distance of ACB 
from the top of Janus particle decreases significantly while the 
corresponding critical angle increases with increasing droplet 
volume (i.e., droplet radius) (Figure S1, Supporting Informa-
tion). To explain such observation, we calculated the variation 
of critical angle (θ∗) with droplet volume (Figure 4a, blue curve) 
and compared with the experimental results (Figure  4a, black 
points). The results indicate that, the critical angle increases 
with increasing droplet radius, which agrees well with the 
experimental results. The reason is that, when the droplet 

Figure 3. Crystallization calculations of Janus vitrification of droplet. a) Slices view of Crystallization distribution in Janus particle. The upper part has 
higher crystallization (red) and the lower part has lower crystallization (blue). b) Variation of temperature and crystallization at the top and bottom of 
droplet. Temperature variation of the lower part of the droplet (Blue line) is much higher than the upper part (red line), which induces the significant 
difference of crystallization in the lower part of the droplet (green line) and the upper part (black line).
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radius increases, the gravity of droplet increases, causing the 
vapor pressure underneath the droplet to grow, thus providing 
increasing levitation force. Compared to a small droplet, the 
increase of vapor force under a large droplet will induce a larger 
deformation of the liquid nitrogen interface. Consequently, the 
larger droplet is immersed deeper and hence the critical angle 
of Janus particle is increased.

However, we did not observe clear ACB on the particles 
when droplet volume decreases to <2  µL (Figure  4a, Invis-
ible zone) or increases to >40  µL (Figure  4a, Immersed 
zone). There are two possible reasons for small droplets: 1) A 

smaller droplet is easier to be vitrified. If the droplet is suffi-
ciently small (<2 µL), even there is difference of crystallization 
within one droplet, the fraction of crystallization is too small 
to be observed and the ACB on the particle cannot be clearly 
observed; 2) A vapor layer always exists all over the surface of 
liquid nitrogen, which becomes colder as the liquid nitrogen 
is approached. Thus, although a small droplet levitates on the 
surface of liquid nitrogen, its location is close to the surface 
of liquid nitrogen where the cold vapor exists. Thus, both the 
top and bottom of the small droplet are wreathed by the simi-
larly cold vapor, and hence their cooling boundary conditions 
are comparable. Therefore, the difference in crystallization is 
too small to be distinguished and the ACB on the particle is 
hard to be observed (Figure  4b). When the droplet becomes 
larger, the asymmetricity of cooling boundary conditions and 
crystallization will increase, and thus the ACB can be observed 
(Figure 4c). However, if a droplet is sufficiently large (>40 µL), 
it could totally be immersed in the liquid nitrogen (θ* = 180°) 
during cooling. As a result, the cooling boundary of the entire 
droplet will be the same and the droplet has a uniform crystal-
lization, which induces the ACB disappeared (Figure  4d). For 
illustration, we calculated the crystallization in 1 µL and 50 µL 
droplets after cooling, and the results indeed indicate that there 
is no clear ACB on these particles (Figure S2a,b, Supporting 
Information). We also performed the cryo-TEM experiments on 
the droplets with the volume of 1 µL and 50 µL after cooling. 
Since there is no clear ACB on these cooled droplets, the sam-
ples from multiple positions of cooled droplets were taken to 
test in the cryo-TEM (Figure S2c,d, Supporting Information), 
and representative pictures of electron diffraction patterns are 
shown in Figure 4e–h. The results show that there are mostly 
vitrification patterns in the 1  µL cooled droplet (Figure  4f; 
Figure S2c, Supporting Information). In comparison, the 50 µL 
cooled droplet has more crystallization patterns than vitrifica-
tion patterns (Figure 4h; Figure S2d, Supporting Information). 

Figure 4. The effect of droplet volume on the asymmetric crystallization. a) Critical angle varies with the volume of 35% 1,2-propanediol droplet (Blue 
curve: theoretical results; Black points: experimental results). b) If the droplet is smaller than 2 µL, (e.g., 1 µL), the asymmetric crystallization borderline 
disappears (Invisible zone: red region) due to low crystallization and similar cooling boundaries. c) From 2 µL to 40 µL, the asymmetric crystallization 
borderline can be clearly seen on the droplet. d) If the droplet volume is larger than 40 µL (e.g., 50 µL), the asymmetric crystallization borderline disap-
pears due to immersion (Immersed zone: blue region). Scale bar: 1 mm. e) Samples from 1 µL droplet. f) Diffraction pattern of vitrification structure 
from (e) using cryo-TEM. g) Samples from 50 µL droplet. h) Diffraction pattern of crystal structure from (g) using cryo-TEM.

Figure 5. The effect of droplet density on the asymmetric crystallization. 
a) Critical angle varies with the droplet density as tuned by adding glass 
microbeads. Representative pictures of 10 µL 35% 1,2-propanediol drop-
lets mixed with different mass fractions of glass microbeads after cooling: 
b) 5%; c) 10%; d) 15%; e) 20%. Scale bar: 1 mm.
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These findings can be a molecular-level reference for choosing 
proper sizes of droplets using in droplet vitrification.

To investigate the effect of droplet density on the critical 
angle, we added different mass fractions (5%, 10%, 15%, 
20%) of glass microbeads (diameter: 75 ± 25  µm, density: 
2500 kg m−3) into the 35% 1,2-propanediol solution. Since the 
high density and chemical stability of glass microbeads, we 
could obtain droplets with different densities without bringing 
any chemical issues. After cooling experiments, we observed 
that the distance of ACB from the top of Janus particle (cooled 
droplet) decreases gradually while the corresponding critical 
angle increases with increasing droplet density (Figure  5). To 
explain the observation, we calculated the variation of critical 
angle (θ∗) with droplet density (Figure  5a, blue curve) and 
compared it with the experimental results (Figure  5a, black 
points), which were obtained from the pictures of droplets after 
cooling (Figure 5b–e). The results indicate that the critical angle 
increases with increasing droplet density, which results in an 
increase of the droplet gravity, causing a larger deformation of 
the liquid nitrogen interface. Consequently, a denser droplet 

is immersed deeper, and hence the critical angle of the Janus  
particle is increased.

To investigate the effect of chemical concentration on Janus 
vitrification, we tuned the chemical concentration of 1,2-propan-
ediol in droplets from 0% to 100% (Figure S3, Supporting Infor-
mation) and measured the critical angle (Figure  6). However, 
we observed that the ACB only can be clearly seen when the 
chemical concentration in droplets falls within the range from 
33.75% (V/V) to 38.75% (V/V) (Figure 6c). Correspondingly, the 
critical angle slightly increases with the increasing droplet con-
centration in this region (Figure 6a), but the critical angle does 
not vary significantly as the droplet density changes in a narrow 
range. Interestingly, if the chemical concentration in droplet is 
< 33.75% or > 38.75%, the ACB will disappear (Figure 6a, Invis-
ible zone). The reason is that, a low concentration of chemical 
droplet has a high critical cooling rate for its vitrification,[49] 
if the chemical concentration is less than 33.75%, the whole 
droplet will form a high crystallization due to the high critical 
cooling rate. Even the asymmetric crystallization does still exist, 
the high crystallization makes the transparency of entire droplet 

Figure 6. The effect of chemical concentration in droplet on the asymmetric crystallization. a) Critical angle varies with the chemical concentration of 
1,2-propanediol droplet. Representative pictures of droplets with different concentrations after cooling: b) 30%, in the ACB invisible zone (red region) 
when droplet concentration is lower than 33.75%; c) 35%, in the ACB concentration window of 1,2-propanediol, ranging from 33.75% to 38.75%; 
d) 40%, in the ACB invisible zone when droplet concentration is higher than 38.75%. e) Critical angle varies with the chemical concentration of the 
DMSO droplet. Representative pictures of droplets with different concentrations after cooling: f) 40%, in the ACB invisible zone (red region) when 
droplet concentration is lower than 41.25%; g) 42.5%, in the ACB concentration window of DMSO, ranging from 41.25% to 42.5%; h) 60%, in the ACB 
invisible zone when droplet concentration is beyond 42.5%. Scale bar: 1 mm. Cryo-TEM experiments on a 10 µL 42.5% DMSO droplet after cooling:  
i) Samples from upper part of droplet; j) Diffraction pattern of crystal structure from (i); k) Samples from lower part of droplet; l) Diffraction pattern 
of vitrification structure from (k).
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significantly decreased, and hence ACB on the Janus par-
ticle cannot be observed (Figure 6b). Similarly, if the chemical 
concentration exceeds 38.75%, the whole droplet will form a low 
crystallization (high transparency) due to the low critical cooling 
rate so that it is also difficult to observe ACB on the Janus par-
ticle (Figure 6d). As an example, we calculated the crystallization 
of droplets with 30% and 40% 1,2-propanediol after cooling, and 
the results confirmed that there is no clear ACB on the particles 
(Figure S4, Supporting Information). Therefore, the ACB obser-
vation window of 1,2-propanediol is that the chemical concen-
tration ranges from 33.75% (V/V) to 38.75% (V/V).

To explore the Janus vitrification phenomenon on other liq-
uids, we performed droplet vitrification on the 10  µL droplets 
of the mixture of DMSO and deionized water. We tuned the 
chemical concentration of DMSO in droplets from 5% to 80% 
(Figure S5, Supporting Information) and measured the critical 
angle after cooling (Figure 6e). Interestingly, we found that the 
ACB concentration window of DMSO ranges from 41.25% to 
42.5%. (Figure 6e). As examples, the ACB can be clearly seen on 
the cooled droplets with a DMSO concentration of 42.5%, but it 
cannot be observed on the droplets with DMSO concentrations 
of 40% and 60% (Figure 6f–h). Representatively, we took sam-
ples from the upper and lower regions of a cooled droplet with 
a concentration of 42.5% separately to test their electron diffrac-
tion patterns in the cryo-TEM. The materials from the upper 
(white) region of the cooled droplet show a crystallization pat-
tern with clear and regular crystal lattices (Figure  6i,j), while 
the materials from the lower (transparent) region show a vitrifi-
cation pattern (Figure 6k,l). In other words, the Janus vitrifica-
tion/crystallization was also formed in the DMSO droplet due 
to the Leidenfrost phenomenon in liquid nitrogen. In the invis-
ible zones (red regions in Figure 6e) where the droplet concen-
tration below 41.25% and beyond 42.5%, we believe that they 
result from the high crystallization and high vitrification in the 
entire droplets, respectively, which is similar to 1,2-propanediol.

3. Discussion

The above finding of this new phenomenon not only reveals 
that the direct cooling of a droplet in the liquid nitrogen is an 
asymmetric process, more importantly, it opens a new door 
to create Janus particles conveniently by utilizing the Leiden-
frost phenomenon. Although we utilized 1,2-propanediol and 
DMSO droplets on liquid nitrogen in this work for initial explo-
ration, such Janus vitrification phenomenon is not limited to 
them and it could be found and utilized in other kinds of liquid 
droplets (e.g., melted metal/alloy, glycerol) that can levitate on 
the surface of other cool liquids (e.g., water, liquid oxygen). 
For instance, if we eject a hot melted metal droplet into room 
temperature water, with optimized parameters, the droplet will 
be levitated on the surface of the water by the Leidenfrost phe-
nomenon and be cooled down by the water and surrounding 
gases. At the final state, the droplet will have a different crys-
tallization between its top and bottom (not only different frac-
tions but also different crystal patterns), thus forming a Janus 
metal particle which has asymmetric properties. These kinds of 
Janus metal/alloy particles have already been employed in the 
optoelectronics,[6] photocatalysis[7] and optical manipulation.[10] 

For perspective, with this approach, more novel multi-func-
tional Janus particles could be created through tuning the 
droplet materials and cooling agents.

However, a large volume droplet (e.g., >50 µL for 1,2-propan-
ediol used in the current study) may not be suitable for Janus 
vitrification, since it will easily drop into the liquid pool after 
ejection (i.e., no levitation). A recent study provided a droplet 
density dependent critical radius for identifying if the droplet 
can levitate on the liquid nitrogen,[29] which also could help to 
choose a proper droplet for levitation. Besides, since a low vis-
cosity droplet (e.g., water) is hard to be vitrified and high thermal 
stresses will be induced by crystal formation in the droplet, the 
low viscosity droplet will be more likely to crack upon cooling in 
liquid nitrogen. Consequently, the application of Janus vitrifica-
tion is also affected by the viscosity of droplet. What’s more, gas 
may be dissolved in the droplet which may have a slight effect 
on the Janus vitrification, since the gas in the droplet will come 
out from the liquid and get trapped when the droplet gets cold 
and freezes. Thus, a degassing procedure before cooling might 
be necessary if the liquids contain high fractions of gas.

Additionally, we assumed that the thermal properties of 
the droplet remain unchanged since the thermal properties 
of 1,2-propanediol do not vary significantly in the temperature 
range studied.[50] In addition, we assumed that the vapor film 
under the droplet is uniform since it is very thin compared to 
droplet radius, typically <1% of droplet radius, which cannot 
induce large difference in vapor pressure since the vapor pres-
sure is dominated by droplet gravity. In the future, we will reex-
amine these assumptions to optimize our theoretical model and 
the different liquids with different thermal properties will be 
investigated as well.

4. Conclusion

In conclusion, we observed for the first time the Janus vitri-
fication phenomenon in a droplet as induced by Leidenfrost 
phenomenon when it is injected into liquid nitrogen. Through 
theoretical and experimental analyses, we found that the position 
of ACB on the Janus particle is affected by the radius and density 
of the droplet. That is, the critical angle increases with increasing 
droplet radius and density due to increasing gravity. Moreover, 
the observation window of ACB is determined by the chemical 
concentration of the droplets. As a representative, for a com-
monly used cryoprotective agent in cryopreservation (i.e., 1,2-pro-
panediol), the Janus particle can be clearly observed in a specific 
chemical concentration region (33.75–38.75% (V/V)). This new 
phenomenon may open a new door to create novel Janus parti-
cles via Leidenfrost phenomenon, which holds great potential in 
materials science, chemistry, biology and other fields.

5. Experimental Section
Droplet Experiments: The liquid nitrogen was first poured into 3  ml 

culture dishes and let it boil until the surface become calm. The mixture 
of 1,2-propanediol (CAS number: 57-55-6, purity: >99.0%,  Tianjin 
Fuyu Fine Chemical Co. Ltd.) and deionized water was used as the 
representative droplets explored in this work. The mixture of DMSO 
(CAS number: 67-68-5, purity: >99.7%,  Tianjin Fuyu Fine Chemical Co. 
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Ltd.) and deionized water also was used as the droplets to explore 
the chemical concentration effect. The density of droplets was tuned 
by adding the different mass fractions of glass microbeads (diameter: 
75±25 µm, density: 2500 kg m−3) into liquids, and the different chemical 
concentrations of liquids were prepared by a graduated cylinder. All the 
droplets were accurately generated by a pipette, and then gently injected 
on the surface of liquid nitrogen. The pipette tip was positioned to the 
liquid nitrogen surface as close as possible when injecting. After cooling, 
the images of Janus particles were taken in the liquid nitrogen to avoid 
the recrystallization process. The images and videos were taken by an 
optical microscopy of ultra-depth field (KEYENCE, VHX-600E), and a 
digital camera (NIKON, D90). The data of the asymmetric crystallization 
borderline (i.e., the distance of ACB from the top of droplet (H)) were 
systematically measured from images processing and the corresponding 
experimental critical angles (θ∗) were calculated by H = R0 (1 + cosθ∗). 
The temperatures in the liquid nitrogen and liquid nitrogen vapor were 
measured by the T type thermocouple.

Cryo-TEM Experiments: A frozen Janus particle was kept in a dish 
filled with liquid nitrogen, while the white part (high crystallization 
side) of the droplet was placed towards the left. Then the droplet was 
fixed by a tweezer precooled by liquid nitrogen and then smashed into 
powders by a precooled Polytetrafluoroethylene (PTFE) hammer in liquid 
nitrogen. Therefore, the powders of the white part were located on the 
left side, while the powders of the transparent part were on the right 
side. While immersed in liquid nitrogen, the powders from the left and 
right sides were transported separately onto the Gatan 626 cryo-TEM 
holders, and isolated from the environment by a tightly closed shutter. 
During insertion into the TEM column, the temperature of the sample 
was kept below −170 °C. Cryo-TEM micrographs were acquired at −180 °C  
on a FEI CETA 4k × 4k CMOS camera by a FEI F200C transmission 
electron microscope (TEM) operating at 200-kV and low-electron-dose 
conditions. Selected-area electron diffraction (SAED) images were taken 
with a ≈350  nm diameter selected-area (SA) aperture. The exposure 
time was tuned between 0.5 and 2 s, and the binning 2 was adopted for 
acquiring the images.

Calculations: To calculate the critical angle (θ∗) of this droplet, we 
first solved Equations. (1) to (15) in MATLAB (2016b) software using the 
parameters listed in Table S1 in the Supporting Information (Table S1,  
Supporting Information). Then we utilized the critical angle to set the 
cooling boundary conditions of the droplet, and calculated crystallization 
distribution in the droplet by solving Equations (16) and (17) in the 
COMSOL software (COMSOL 5.0). The thickness and velocity of vapor 
film, the effects of droplet volume and density were calculated by 
MATLAB, and the crystallization and temperature of Janus particles were 
calculated in CMOSOL.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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