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Water freezing is ubiquitous and affects areas as diverse as climate, the chemical
industry, cryobiology and materials science. Ice nucleation is the controlling step in
water freezing' > and has, for nearly a century, been assumed to require the formation
of acritical ice nucleus®™°. But there has been no direct experimental evidence for the
existence of such a nucleus, owing to its transient and nanoscale nature®’. Here we
reportice nucleation in water droplets containing graphene oxide nanosheets of
controlled sizes and show that they have a notable impact onice nucleation only
aboveacertainsize that varies with the degree of supercooling of the droplets. We
infer from our experimental data and theoretical calculations that the critical size of
the graphene oxide reflects the size of the critical ice nucleus, which in the case of
sufficiently large graphene oxides sits on their surface and gives rise to ice formation
behaviour consistent with classical nucleation theory. By contrast, when the graphene
oxide size is smaller than that of the critical ice nucleus, pinning at the periphery of
the graphene oxide deforms the ice nucleus as it grows. This gives rise toamuch
higher free-energy barrier for nucleation and suppresses the promoting effect of the
graphene oxide". The results provide experimental information on the existence and
temperature-dependent size of the critical ice nucleus, which has previously only
been explored theoretically and through simulations? ¢, As pinning of a pre-critical

nucleus at a nanoparticle edge is not specific to the ice nucleus on graphene oxides,
we expect that our approach could be extended to probe the critical nucleiin other

nucleation processes.

Theory" and experiment'® have shown that for radii ranging from
around 10 At01,000 A, size profoundly influences a particle’s ability
to induce ice nucleation. Such a size effect is evident when we con-
sider thatantifreeze proteins (AFPs) suppressice formation, whereas
structurally similar but largerice nucleation proteins (INPs) promote
it (Fig. 1a, b)" "%, Because graphene oxide (GO) nanosheets influence
icenucleation”* and canbe prepared in awide range of sizes, we used
them to systematically explore the effect of nanoparticle size on ice
nucleation.

GOswith different sizes were prepared by fractionating commercial
GO aqueous dispersions by consecutively filtering through ultrafiltra-
tion membranes (Ultracel) with different molecular weight cut-offs
(see Methods). Figure 1d-h shows transmission electron microscopy
(TEM) images of GO fractions with average lateral sizes of 3nm, 8 nm,
11nm, 21nmand 50 nm, respectively, along with the size distribution of
each fraction. Atomic force microscopy (AFM) imaging indicates that
the GOs haveroughly the same thickness, irrespective of size (Extended
DataFig.1a). Detailed characterizations of GOs with dynamiclight scat-
tering, X-ray photoelectron spectroscopy, Raman spectroscopy and
nuclear magnetic resonance spectroscopy (see Extended Data Table1

and Supplementary Figs.1-5for details) and cryo-TEM (Extended Data
Fig.1b) further consolidate that readily water-dispersible thin plate-like
GOs with various sizes were obtained.

Ice nucleation activities were then probed by using optical micros-
copy to determine mean ice nucleation temperatures (7;y) of water
droplets containing GOs of different sizes (Methods). The top and bot-
tomrowimagesin Fig. 2aillustrate typical freezing behavioursseenin
water droplets containing GOs with an average lateral size of §nm and
11 nm, respectively. Strikingly, the T,y of the droplet containing 8-nm
GOsis —27.6 °C (Supplementary Video 1), which is about 10 °C lower
thanthat ofadroplet containing11-nm GOs under otherwise identical
experimental conditions (Supplementary Video 2).

Figure 2b summarizes the results of our systematic exploration.
We find that below 8 nm, T,y is about —27.5 °C and independent of GO
size and concentration, and that it is equal to the T,y measured under
identical conditions for water droplets without added GOs. Because
thehomogeneous T,yis lower thanthe T,y that we see in this regime*%,
we infer thatice formationis triggered by interfaces other than those of
GO, forexample the water-substrate interface (Extended Data Fig. 2b).
When moving from GOs with a size of 8 nmto GOs with asize of 11nm,
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Fig.2|Ice nucleation activities of GOs with different sizes and oxidation
degrees. a, Optical microscopic images showing typical freezing processes of
water droplets (0.2 pl) containing GOs with average lateral sizes of 8 nm
(upper row) and 11 nm (lower row) when the temperature was lowered at a
cooling rate of 5 °C min™. The GO concentrations in the water droplets are the
same (13 pmol I™). Scale bar, 200 pm. b, T, of water droplets (0.2 pl)
containing GOs of controlled sizes, at three different concentrations. Cooling
rate, 5°C min™. Data are the mean + the standard error on the mean (s.e.m.).
For each mean, the total number of measurements is about 150. ¢, The
relationship between Ty and LAT (the supercooling scaled size of GOs,
AT=T,-T,) for three different concentrations of GOs with six sizes and three
oxidation extents. Data are means. The error bars for T\yares.e.m., and the
error bars for LAT are calculated according to the s.e.m. of L and T,y based on
the error propagation formulae. For each mean of Ty or L, the total number of
measurements is about 150.

438 | Nature | Vol 576 | 19/26 December 2019

ice crystals®?°. The main differenceis thatthe
central B-solenoid region of PSINPsis almost ten
times as large as that of TmAFP. ¢, lllustration of
GOnanosheets. Carbon, grey; oxygen, red;
hydrogen, white.d-h, TEM images of various-
sized GOs (see Methods). All the scale bars are
20nm.Theinsetsind-hare the corresponding
size distributions of the GOs. Each size
distributionis obtained by analysing the lateral
diameters of more than100 GOs imaged by TEM.

wesee anabruptincrease of about10 °Cin Ty. The abrupt change per-
sists when using different GO concentrations (Fig. 2b, and Extended
DataFig. 3), GOs with different degrees of oxidation (see Extended
Data Table 2 and Supplementary Figs. 6-12 for details) and different
coolingrates (Extended DataFig.4). Above 11 nm, furtherincreasesin
GOssize giverise to only slight further increasesin Tyy.

Theabruptchangein Tyoccursat LAT=200 nmK (Fig.2c); hereLis
the average lateral size of GOs,and AT=T,,— T}y, with T, being the equi-
librium melting temperature of ice. When LAT<200 nmK, ice nuclea-
tionoccurs onthe water-substrate interface andislittleinfluenced by
the presence of GOs. When LAT>200nmK, Tyis almostindependent
ofthevalue of LATbut varies with GO concentration and corresponds
tothe normal heterogeneousice nucleation temperature Ty ..(C) asso-
ciated with GOs large enough to induce ice nucleation. Note that we
neglect the small changes in nucleation temperature associated with
changes in the oxygen content of the investigated GOs.

Theice nucleation activity of GO sheets itself thus exhibits a transi-
tionwhen LAT=200 nmK, which for GOs of any specific size L should
occuratthesupercoolingtemperature AT, = (200 nm/L)K.Asthe degree
of supercooling reached before heterogeneous ice nucleation sets
in depends on the number, n, of contained GO sheets, we verify the
expected changein GO ice nucleation activity by measuring T, for water
droplets containing GOs from the same size fraction but in different
numbers n (achieved by varying the concentration, the droplet volume
orboth). Thislargely excludes features unique to the differently sized
GOs frominfluencing the ice nucleation trends that we see. As shown
in Fig. 3a, we find for GOs with L =8 nm, 11 nm and 21 nm respectively
that Tjyincreases with the logarithm of nonly when AT>AT,, revealing
thatat thistemperaturerange, GOisactive in facilitating ice nucleation;
GO doesnotshowanobvious effect onice nucleation after AT<AT,, as
indicated by the fact that T,y remains almost constant as the logarithm
of nincreases. The same behaviour is seen for GOs with three different
oxygen contents (all with L =11 nm) (Extended Data Fig. 5a).

We also measured ice nucleation delay times (¢;) as a function of
supercooling (Fig. 3b), again finding a distinct change in ¢, at the
expected size-dependent supercooling AT, = (200 nm/L)K. This was
seenwith the 8-nm, 11-nm and 21-nm GO samples, which were each used
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Fig.3|Transitions in theice nucleation activity of nanosheets. a, The
supercoolingtemperature of ice nucleation versus number of GOs in water
droplet, n=CV,where Cis the concentration of the GO aqueous dispersion and
Visthe volume of anindividual droplet (datain Supplementary Table 1). Data
aremeans ts.e.m. For each mean, the total number of measurementsis about
50.b, Theice nucleation delay time for water droplets versus the supercooling
AT.Dataare means; error bars are standard deviation estimated by the
jackknife resampling technique. For eachmean, the total number of
measurements varies from 20 to 150 to ensure that the nucleation event
number mis typically notless than10 (see Methods). ¢, The obtained LAT, for

with three different values of n, giving 7(T) = nty(T; n). The obtained
7(T)isindependent of the number of GOs inaqueous dispersion within
experimental error (Extended Data Fig. 5b), which agrees with the theo-
retical analysis (see Methods).

Figure 3c summarizes our experimental findings, illustrating that
allinvestigated nanosheets exhibit an abrupt change in their ability to
facilitateice nucleationat AT, with asmall deviation of only about 10%.
This holds for AT, inferred from different measurements (7,y and ¢p),
different kinds of materials (GOs and laponite nanosheets, Extended
DataFig. 6) and different exposure of the nanosheets (either dispersed
in water or anchored on a substrate, Extended Data Fig. 7). Note that
measurements on the GO nanosheets anchored on solid surfaces
exclude the possible influence on ice nucleation due to diffusion of
GOsand theinterplay among GO nanosheets when dispersed in water.

We can infer the free-energy barrier of ice nucleation (AG*) from
both n(T) and 7(7) (see Methods), with Fig. 4a showing that the values
collapseinto the sameline, thatis, AG* < AT, over asmall temperature
range when AT>AT,, consistent with classical nucleation theory (CNT).
Importantly, AG*shows an abrupt change at AT, in all cases, revealing
that the source of the abrupt change in ice nucleation activity of GOs
isthe changeinthe free-energy barrier forice nucleation. The depend-
ence of the free-energy barrier onthe size of nanosheetsis knowntobe
based onthe dimensionless variable, [=L/(2R.), thatis, the relative size
ofthe nanosheets to the radius R, of the criticalice nucleus. Therefore,
the transition of AG*found experimentally to occur at the specific value
ofthe dimensionless size of GO, L./(2R,) =1, correspondsto L. AT=200
nmK;assuch, we have R,=(100 nmK)/([.AT) =< AT?, consistent with CNT.

We explore this further by using CNT to calculate the free-energy
barrier of ice nucleation on finite-sized GO nanosheets, consolidat-
ing that AG*is afunction of the dimensionless size of nanosheets and
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anisotropic nanosheets. Here AT, is the supercooling temperature at which the
transition happens. Insets show schematic diagrams of water droplets
containing GO nanosheets or water droplets deposited on the substrate
anchored with GO nanosheets as well as the corresponding AFM images of GOs
(see Methods), together with heights through the cross-section (obtained by
AFM). Dataare means; error bars of LAT, are calculated according tothe s.e.m.
of AT, or L based onthe error propagation formulae. Foreachmeanof T\yand L,
the totalnumber of measurementsisabout 50 and 100, respectively. Here the
coolingrateisalways5°Cmin™.

has a transition at [, = 1almost regardless of the detailed features of
nanosheets such as the shape and the interaction with ice (Fig. 4b;
see Methods for more details). As sketched in Fig. 4c (and Extended
DataFig.8), whenL=2R,, two critical ice nucleineed to forminsucces-
sion, and two corresponding free-energy barriers must be overcome.
When [> [, the first free-energy barrier is the major one: the corre-
sponding critical ice nucleus is a spherical cap with a small contact
anglesitting on the surface of GO, the same as the heterogeneousice
nucleation atop GOs of sufficiently large size. By contrast, when </,
the growing ice nucleus changes its shape after meeting the edge of
GO and leads the second free-energy barrier to be the greater one.
The corresponding critical ice nucleus is a spherical cap with alarge
contactangle due to the pinning at the edge of GO. Here the pinning is
not due to any specific interaction of the edge of the GO with the water
orice, butisthe requirement for minimizing the total interfacial free
energy of theice nucleus (see Methods); thusitis general. Therefore,
the transition occurs when the major free-energy barrier alters from
one to the other as [ varies across the [, at which the two free-energy
barriers are equal.

Since L/(2R.) = [.=1from the theoretical calculation, we conclude
that the critical size of GO, L., is approximately equal to the diameter
of the critical ice nucleus, thus R. = (100/AT) nm (where AT is in kel-
vin). According to CNT, R, =2y/|Aul, and we can obtain the interfacial
energy between ice and water to be y = 45 m) m™, if using a typical
value of the chemical potential difference between ice and water,
Ap=-893 ATmJ cm™. Note that the value of y cannot be directly meas-
ured experimentally, and the reported y has alarge range from 23 mj m™
to 54 mj m~2in theliterature™?*%, The current method provides a way
to measure the value of y. Our results also show that surfaces with a
patternsize comparable to that of the critical ice nucleus (for example,
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Fig.4|Abruptchangeinthefree-energy barrier ofice nucleationon GO
nanosheets. a, The free-energy barrier AG* (with units of k;T) is obtained from
thecurves of n(T) and 7(T), respectively (see Methods). The T,y data for n(T)
here are medians *+ the standard error of the median (estimated as 1.2533
s.e.m.). For each median, the total number of measurementsis about 50. The
datafor 7(T) are fromFig.3b, including the data for all three different numbers
of GOs (indicated by three different transparencies). The dashed line gives
AGy,, the free-energy barrier of the normal heterogeneous nucleation on
sufficiently large GOs. b, The free-energy barrier obtained from the datain
Fig.2cis compared with the one obtained from the CNT calculation (orange

surfaces anchored with nanosized GOs) can alter a surface’s ability
to control ice formation, which provides a strategy for the design of
anti-icing surface materials®.
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Methods

Preparation of GOs of controlled sizes

Theaqueousdispersion of GOs with abroad size distribution was pro-
cured from XFNANO Materials Tech (Nanjing). It was size-fractionated
using a stirred cell (Millipore Amicon) with an Ultracel membrane
inside it under a pressure of about 0.4 MPa. GOs of various sizes can
be obtained by using Ultracel membranes with molecular weight cut-
offs of 1kDa, 50 kDa, 100 kDa, 300 kDa and 500 kDa, and the 0.1-um
microfiltration membrane. Specifically, six GO fractions were obtained.
The first fraction (<1kDa) is the filtrate of the 1 kDa membrane (not
shown). The other fractions were obtained by (for example) filtering
commercial GOs through amembrane with a 50 kDa cut-off, and then
removing small GOs in the filtrate by allowing them to pass through a
membrane with alkDa cut-off, retaining only the larger ones (Fig.1d);
and similarly obtaining filtered products of the 50 kDa and 100 kDa
membranes (Fig.1e); 100 kDaand 300 kDamembranes (Fig. 1f); 300 kDa
and 500 kDa membranes (Fig.1g); and 500 kDaand 0.1 pum membranes
(Fig.1h), respectively. The GO fraction obtained was keptin water and
stored at4 °Cin arefrigerator when notin use.

The mass concentrations of these GO aqueous dispersions were
measured by weighing the solid content of GO in afixed volume of the
dispersion. Specifically, a coverslip was first weighed by an analytical
balance (with the accuracy of 0.01 mg); then a fixed volume (such as
500 pl) of dispersion was carefully dripped on the coverslip and was
driedinanoven. The coverslip with the dried GO was further weighed
after it was cooled to room temperature, and the dry GO mass was
obtained from the mass difference. Every concentration was meas-
ured at least three times for the mean. Afterwards, GO dispersions
with desired concentrations were prepared by diluting these mother
dispersions with ultrapure water (18.2 MQ cm) provided by Millipore
Milli-Q apparatus and filtered through the 0.22-um membrane.

Estimation of GO molar concentrations

Molar concentrations of GO aqueous dispersions were estimated
from their mass concentrations and the molar mass of GOs. First, the
molecular weight of GOs of different sizes was estimated based on a
previous well-accepted structural model of GO**; that is, GO with asize
of2.13nm x 2.46 nm has a chemical formula of C,,,0,,(OH),,(COOH),,.
Therefore, the molar mass of a GO nanosheet of unit size M , was cal-
culated as Mg, , = M[GO model]l/A[GO model]. Here M[GO model] and
A[GO model] are the molar mass and area (in nm?) of
C,400,,(OH),,(COOH),,, respectively. As revealed by the TEM imag-
ing, the shape of the GOs is nearly circular. The average molar mass
of GOs with a certain average lateral size M, was then calculated as
Mgo, =T(L/2)* x Mo, Here L is the average lateral dimension of GO
measured from TEM images. Based on the average molar mass, the
molar concentration of GO aqueous dispersion with a known mass
concentration was estimated.

Preparation of GO samples with decreasing degree of oxidation

To obtain GOs with the same size but decreasing degrees of oxidation,
the prepared GOs of controlled sizes were deoxidated by the facile alkali
treatment method*?>*. Specifically, the GO aqueous dispersion (typi-
cally 0.2 mg ml™ and 20 ml) with GOs within a specific size range was
placedintovialsintriplicate. The pH values of two of these dispersions
were adjusted to 10 and 12 with1mol I NaOH solution, respectively. The
third dispersion was untreated. Then the three dispersions were stirred
for 12 h. Subsequently, these three samples were purified to remove
NaOH and other small molecules using Millipore Amicon stirred cell
with an Ultracel membrane (molecular weight cut-off, 1kDa) inside it.
The purification processes were repeated three times to ensure that
allimpurities were removed. Finally, we added the required amount of
ultrapure water according to the desired concentration into the Mil-
lipore Amicon stirred cell, to obtain GO aqueous dispersions with the

same size range but different degrees of oxidation. The GOs without
alkali treatment and with the alkali treatments at pH =10 and 12 were
named RO, R1and R2, respectively. See Supplementary Figs. 6,7, 8 and
9 for the elemental content, hydrodynamic diameter, zeta potential
and dispersibility characterizations.

Anchoring of GOs on silicon wafer surfaces

GOswereanchored onthe Siwafer surface viathe electrostatic adsorp-
tion between the amino groups of aminopropyltriethoxysilane (APTES)
onthesubstrate and carboxyl groups of GOs. First, the Si wafer surface
was modified with APTES®. The Si wafer surface covered with APTES
was soaked in the GO aqueous dispersion (2umoll™) for12h, and then
ultrasonically cleaned in ethanol (5s,100 W, 40 kHz) and rinsed with
ultrapure water, followed by flushing with nitrogen gas. The obtained
sample was denoted Si-APTES-GO.

Preparation of laponite aqueous dispersion

Laponite RD (chemical formulaNa*,;[(SigMgs sLi, ;)0,,(OH),] *7) witha
purity over 99% was a gift from Huizhi Fine Chemical (Sihong). Laponite
powder (total 2.25 g) was added stepwise into 225 ml ultrapure water
at 65 °C under vigorous stirring. The amount each time added was
about 0.2 g. Note that no additional laponite powder was added to
thewater until the dispersion turned clear. The entire addition period
was about1h.

The preliminarily dispersed laponite was then filtered through a
membrane filter with a pore diameter of 1 um. The filtrate was then
treated with ultrasonication for 3 h (40 kHz, 300 W, KQ-300DE ultra-
sonic cleaner, Kunshan Ultrasonic Instruments). After this, the laponite
aqueous dispersion was poured into a stirred cell (Millipore Amicon)
withan Ultracel membrane with100-kDa cut-offinsideit and filtrated
under a pressure of about 0.4 MPa to remove the smaller nanosheets
and other small molecules. Finally, ultrapure water was added to obtain
140 mllaponite aqueous dispersion. The mass concentration was meas-
ured by weighing the dry laponite mass in the dispersion of a fixed
volume, and the molar concentration was then estimated based on
the density (2.5 g cm™) and size (obtained by analysing AFM images,
Extended DataFig. 6) of laponite. The newly prepared laponite aqueous
dispersionwas used forice nucleation measurements within 2 days to
avoid the formation of possible aggregates.

Characterizations of GOs

The sizes of various GO samples were measured based on the images
taken with the transmission electron microscopy (TEM, JEM-2100F,
JEOL). AFM (Multimode 8, Bruker) was also used to investigate the
morphology and thickness of GOs. The morphology of GOs in water
was further examined by cryo-TEM (Tecnai Arctica, FEI). Specifically,
the vitrified specimen was prepared in a closed chamber with 100%
relative humidity and fixed temperature of 4 °C. First, a3-pl droplet of
GO aqueous dispersion (0.4 mg ml™) was dripped onto a perforated
carbon film-supported grid held by tweezers and pre-equilibrated in
the chamber. Excess dispersion was removed by blotting with a piece
offilter paper for 4 s, producing a thinliquid film spanning the holes of
the grid. The grid was then plunged into the liquid nitrogen to create
the vitrified sample. Micrographs were recorded by aK2 Summit direct
electron detector (Gatan) at a nominal magnification of 120,000x.
Raman spectra were taken on a Raman spectrometer equipped with
a532-nmlaser (LabRAM HR Evolution, HORIBA). The elemental con-
tent and chemical bonding were determined by X-ray photoelectron
spectroscopy (XPS, ESCALab220i-XL, Thermo Fisher Scientific). Peak
deconvolution with Gaussian curves of elements was accomplished by
XPSPEAK 4.1software. Zeta potentials of GO aqueous dispersions were
measured by aMalvernZetasizer (Nano ZS90, Malvern). Hydrodynamic
diameters of various GO samples were measured by dynamiclight scat-
tering spectrometer (ALV/SP-125, ALV) equipped with amulti-t digital
time correlator (ALV-5000) and a He-Ne laser (22 mW, A = 632.8 nm).



The measurements were conducted atascattering angle of 90°. All dis-
persions were filtrated through syringe filters with pore size of 0.45 pm
before the measurements. All the measurements were performed at
25.00+0.01 °C. The data obtained by dynamic light scattering reflect
the size change of different GO fractions. Solid-state *C high-power
proton decoupling NMR spectra were acquired on a Bruker Avance
111-400 spectrometer (100.38 MHz °C, 399.16 MHz 'H) after excita-
tion with a30° pulse and with arecycle delay of 15 s. A total of 15,360
scans were accumulated to obtain good signal-to-noise ratio. A4-mm
rotor and a spinning rate of 12 kHz were used. Peak deconvolution
was accomplished by MestReNova software to separate the crowded
peak.

Ice nucleation measurement

Theice nucleation temperature T,y and delay time were measuredina
closed cell consisting of arubber O-ring (height 2.0 mm, inner diameter
15 mm) sandwiched between two optical microscope cover glasses.
Inside the closed cell, about 10 droplets of water or GO aqueous dis-
persions were placed atop a circular cover glass (Linkam 3930) using
transferpettes. To minimize the influence of the substrate on the ice
nucleation and to ensure that the freezing events of each water drop-
let are independent (Extended Data Fig. 2a), the circular cover glass
was coated in advance with a silicone oil thin film about 40 pm thick
(AR1000 from Aldrich, which has a higher density than that of water,
1.09gml™at 20 °C)*. The entire preparation of the sample cell was car-
ried outina Class Il Type A2 biosafety cabinet to avoid contamination.
Allthe water used in the experiments was ultrapure water. The closed
cellis small enough (0.35 cm®) that the water vapour in the closed cell
can be approximated to be 100% relative humidity. Then the closed
cellwas placed atop a cryostage (Linkam LTS420) and cooled at arate
of1,5,10 or15°C min™.

The formation of ice was observed through an optical microscope
(Nikon AZ100) equipped with a digital camera (Nikon DS-Ril). The
temperature at whichasudden changein the opacity of water droplets
was first observed was identified as T;y. One-way analysis of variance
(ANOVA) was also performed on the T,y data of water droplets contain-
ing GOs with a series of sizes for statistical significance (significance
level of difference of the meanis 0.05; see Supplementary Section PS2).

For GOs anchored on Siwafer surfaces, T;ywas measuredinasimilar
way. The difference was that we replaced the silicone oil coated cover
glass with the sample to be tested and then pure water droplets were
placed atop the Si wafer surfaces anchored with GOs. The number of
nucleation sites was tuned by the contact area of the water droplets
with the substrate, achieved by changing the volumes of the water
droplets. Every sample with water droplets atop was photographed
by anoptical microscope equipped withadigital camera, and thenthe
images were analysed by the NIS-Elements BR software to obtain the
contact area of the water droplet with the substrate.

The delay time ofice nucleation at a certain temperature was meas-
ured asthetime elapsed from the time when the substrate was cooled
to atarget temperature to the time whentheice nucleation occurred.
Estimate of mean delay time of ice nucleation was as follows. We inde-
pendently measured the ice nucleation delay time N times in our
experiments, and the longest waiting time was t, = 9,000 s. Within
9,000s, we found mnucleationeventsat¢,, t,, ..., t,,, respectively, and
the remaining N- m measurements did not have nucleation events (N
varies from 20 to 150 to ensure that mis typically not less than10). We
have an estimator of the delay time (the mean waiting time),
to= (/ML + 37 1 to) We applied the jackknife resampling tech-
nique to obtain the error of the estimator of the delay time.

The free-energy barrier from the ice nucleation temperature
and the mean delay time

Generally, the ice nucleation rate, /(T) = nK(T)exp[-AG*/(ksT)],
determines the temperature of ice nucleation in the cooling

experiments and the mean delay time of ice nucleation ¢, at each
specific temperature. Here n is the number of ice nucleation active
sites (GOs) in water droplets; K(T) is the kinetic prefactor; AG*is the
major (highest) free-energy barrier of ice nucleation (if multiple
barriers exist); kg is the Boltzmann constant.

The ice nucleation temperature. When water droplets are slowly
cooled, the probability that an ice nucleation event happens for
the first time at temperature Tis P(T) = (1/a)/(Dexp[(1/a)[J(T")d T"].
Here a = |dT/dt| is the cooling rate. When T decreases, the ice nu-
cleationrate/(T) quickly increases; but the exponential term quick-
ly decreases; thus P(7) is significantly non-zero only in a small
supercooling temperature range, corresponding to the detected
nucleation temperature. Within a small temperature range, we ap-
proximately have J(T) =~ nKexp(- AG*) , where K is constant, and
AG*=AG*/(kgT).

We can define the mean temperature T = jP(T)dT and the tem-
perature 7§ o at which the cumulative probability of ice nucleatlon is
X, satlsﬁesj (J/(T)/a)dT=In(1-x). Usually we set x = 0.5, then Tf is
the median temperature ofice nucleation. The mean temperature and
the median temperature 7 do not equal each other, but their differ-
enceisfoundtobeverysmallinthe current experiments (Supplemen-
tary Fig.13). Thus, we usually do not distinguish themif not explicitly
mentioned.

The relationship between 793 and n satisfies the equation
J(T9%) = a(In2) d'T"" Since s-Inn(T) usually varies much more slowly
with Tin comparison wnthj(T) we approximate it as a constant; thus
we have j(T° )being a constant when «is fixed. We can then determine
the dependence of T?3on n.

Therefore, we have Inn(T) = AG*(T) + ¢’. Here ¢’ is almost a con-
stant when AT > AT, but changes with Twhen AT < AT,, since
dirlnn(T) is a constant when AT > AT,, but changes rapidly with T
when AT<AT,.

The delay time of ice nucleation. The distribution of the delay times
ofice nucleation at a fixed temperature is P(¢) =/(T)exp[-t/(T)]. Thus,
themeandelay timeis ty=/(7) " = n"'K exp(AG*Wwhere K is the prefac-
tor of the nucleation rate. Then we have Int(T) = AG*(T) + ¢ with con-
stant c. Here 7(T) = nty(T; n) is independent of the number of GOs, n,
since tyisinversely proportional ton.

When AT > AT, and within a small range of temperature, we found
that both Inn(7) and Inz(T) are linearly related to 1/AT? with different
additional constants, consistent with CNT. Thus we fitted the free-
energy barrier by AG*«1/AT? from the curves In n(7) and In 7(T), as
showninFig. 4a.

Ice nucleation on gold nanoparticles

We also investigate the ice nucleation of water droplets containing
gold nanoparticles of controlled size and show the results in Sup-
plementary Section PS5. Abrupt transitionin the activity of the nano-
particlesin facilitating ice nucleation occurs at a critical size of gold
nanoparticle.

Theoretical calculation of free-energy barrier of ice nucleation
onfinite-sized GOs

Based on CNT, onsufficiently large GO surfaces, the free-energy barrier
AG =AGre = d/AT? whereg=—2° "" Tf(e) is approximately constant

ifthe temperatureis limited w1th|nasmallrange.Hereylsthe surface
tension of theice-waterinterface, ASis the entropy difference between
iceand water at the equilibrium melting temperature, and f(6) describes
the capability of sufficiently large GOs in facilitating ice nucleation.
When the size of GOs is comparable with that of the critical
ice nucleus, the free-energy barrier AG'(L;AT) =AG.(AT)Z () .
Here g(l) is a function of the dimensionless size of GOs,



Article

[=L/(2R)) (=LAT /x.=AT/AT,) ,and R.=2y/(|AS|IAT) is the radius of
the critical ice nucleus. x,=4y/|AS| is approximately constant, and
AT, =x./L.

The function g (/) can be calculated by modelling the shape of GOs
(see Supplementary Section PS6). Here we suppose that the GO is a
thin flat disk with asmooth semi-circular edge. As shown in Extended
DataFig. 8a, g(/) has an abrupt transition at /= /.= 1. The result is not
sensitive to the detailed shape of nanosheet as discussed below. The
free-energy barrier is determined by the shape of critical ice nucleus
under the requirement of minimizing its total interfacial free energy,
involving that of its GO-covered surface and that of the GO-uncovered
surface (thatis, the interface between water and ice). For large GOs, it
resultsinacriticalice nucleusinthe shape of asphere-cap atop the flat
surface of GO, with radius R, regardless of GO, and the contact angle 6
determined by the Young’s equation, ycos@=yy—¥ic- Here ywgand y,g
arethesurface energy of the water-GO and ice-GO interfaces, respec-
tively. For small GOs, it forces a complete covering of the ice nucleus
on the flat surface of GO to minimize the interfacial free energy
of the GO-covered surface of ice nucleus, (y;g = Yuwc)Sic = (-yc0s0)S,g
with S, = (1/4)L?, and a partial spherical surface of the GO-uncovered
water/ice surface of the ice nucleus. Thus, the critical ice nucleus
is a sphere-cap pinned at the edge of GO, with approximately the
sameradiusR., and alarge contactangle ¢, withcosy = — \; 1- % almost
regardless of the details of the edge of the GO nanosheets. Therefore,
the free-energy barrier is AG*=ySy,— (ycos6)S,; - |AulV.Here S, and V
are the area of the water—ice interface and the volume of the critical
ice nucleus, respectively; Sy, = 2rrR§(1 —-cosy) andV= (411/3)R§f((p).
Then g()) = [1/f(O1[f () - (3/4)[2|costp— cosf|] hasasimilar abrupt
changewhen/=[.=1.

Weillustrate the changeinshape of the ice nucleus duringits growth
onGOnanosheet. Asshownin Extended Data Fig. 8b, when L =2R_, the
first critical ice nucleus with radius R.forms onthe nanosheet surface
because of thermodynamic fluctuation; and then theice nucleus spon-
taneously grows until it meets the edge of the nanosheet. After that, the
growingice nucleusincreasesits contact angle and first decreases, then
increases its radius because it is pinned at the edge of the nanosheet.
Thisleadsto the second criticalice nucleus which has almost the same
radius R, but a larger contact angle. Extended Data Fig. 8c shows the
changes of the free energy, contact angle and radius of ice nucleus
with volume.

Comparison between the experimental and theoretical free-
energy barriers

From the datashowninFig.2c, we calculate g (I) = AT*(LAT; C)/AT*(C),
where [=LAT/x,withx,=200 nmK, and AT.(C) =T, - Ty .(C) for each
concentration of GO, C. From the data in Fig. 4a, we get
&(D)=AG*(AT)/AG;(AT)(where the subscript ‘het’ means heteroge-
neous nucleation), with /= AT/AT, for GOs of various sizes by using the
experimental value of their AT,, respectively, and the free-energy bar-
rier of the normal heterogeneous nucleation on an infinite plane sub-
strate, AGpe (AT) < 1/A T2when ATisnear AT,. The comparisonisshown
in Fig. 4b of the main text.

Data availability

The datathatsupport the findings of this study are available from the
corresponding author upon reasonable request.
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Extended DataFig.1| Characterizations of GOs of controlled sizes.a, AFM GO domainsto help the visibility. Scale bar, 10 nm. ¢, Photographs of
images of GOs of five controlled sizes and the corresponding height profiles 0.04 mgml™ GO aqueous dispersions. From left to right, the average lateral
alongthelines marked.b, Cryo-TEM images of GOs of various sizes before size sizes of GO are<1kDa,3nm, 8 nm,11nm,21nmand 50 nm, respectively. All the
fractionation, showing the shape of the GOs in water. The upperimageis the GOaqueousdispersions are clear and transparent, indicating the good

original; the lower panelis the image with enhanced contrast by colouring the dispersibility of various-sized GOs in water.
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Extended DataFig.2|Influence of the substrate on the ice nucleation
measurement. a, Optical microscopicimages of frozen water droplets on glass
coverslip coated with athin layer of silicone oil (left) and without silicone oil
(right) during theice nucleation assays. The other experimental conditions for
thesetwoimagesareidentical (see Methods). The frozen water dropletson a
glass coverslip coated with athin oil film areindependent. In contrast, on the
glass coverslip without a thin oil film, the freezing events of the water droplets

-24
-26 4
284
-304
Glass coated oil Glass Si/Sio, HOPG
Substrate

arenotindependent.b, Ice nucleation temperatures of water droplets on glass
coated withsilicone oil, glass without oil, silicon wafer and highly oriented
pyrolytic graphite (HOPG). Dataare means xs.e.m. For each mean, the total
number of the measurementsis notless than 50. The volume of the water
dropletis 0.2 ul. Coolingrate, 5 °C min™. T,y of water droplets on different
substrates shows different values, suggesting that theice nucleationis
initiated at the water/substrate interface.
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Thethree curves for each GO size come from different n (thesame asFig.3bin
the main text) and collapse into the same curve. Data are means; error barsare
standard deviation estimated by the jackknife resampling technique. For each
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the nucleation event number mis typically not less than10 (see Methods).
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Extended DataFig. 8 | Theoretical analysis ofice nucleation onfinite-sized
nanosheet. a, Free-energy barrier ofice nucleation on a thin-disk GO versus the
normalized size of GOs. The inset shows the schematic illustration of thin-disk-
shaped GOs withasmooth hemispherical edge. Its major diameter (lateral size)
isL,and the thicknessis H.b, Schematic diagram showing three typical shapes
oficenucleuson GOwhenl =2R.. Thefirstand the third are the criticalice
nuclei corresponding to two different free-energy barriers (see Methods).

¢, The calculated dimensionless free energy, radius of ice nucleus (in units of R.)
andthe apparent contactangle ¢ versus the volume of ice nucleus (in units of
(41/3)R.2) onthe thin-disk GO nanosheet when L = 2R, . Here the dimensionless
thickness of GO disk h=H/2R.=0.1,and 8 (=30°) is the intrinsic contact angle
betweenice nucleus and the GO. The obtained results are not sensitive to these
details of GO and the applied parameters (see Methods and Supplementary
Section PSé).



Extended Data Table 1| Summary of characterization of GOs of controlled sizes

Sample < 1kDa 1-50 kDa 50-100 kDa 100-300 kDa 300-500 kDa 500 kDa—0.1 pm
TEM diameter
(mean £ s.d.) N/A 2.63 £ 0.46 7.63 £ 154 1091 £ 22 20.91 + 4.41 49.75 + 12.11
(nm)
Hydrodynamic
diameter (mean + 0.62 £+ 0.05 2.80 + 0.58 773 £1.15 14.36 + 0.84 29.69 + 6.49 68.34 + 10.12
s.d.) (nm)
Zeta potential
(mean £ s.d.) N/A -240 £1.0 -246 £20 -240 £ 05 -233 £ 27 -215 £ 22
(mV)
C/O atomic ratio 1.35 2.45 2.58 2.60 3.13 3.14
Graphitic
Cloxidized C 1.48 1.54 1.57 1.67 1.85 2.01
Graph"'c%c) (Atomic 59.6 60.7 61.1 62.8 64.9 66.8
C-O (Atomic %) 21.8 20.6 21.8 23.0 26.5 24.5
C=0/COOH
(Atomic %) 18.6 18.7 171 14.2 8.6 8.7
Inflg 1.19 + 0.07 1.12 + 0.01 1.05 + 0.02 1.02 + 0.01 1.01 £+ 0.02 1.01 + 0.03

The TEM diameter of each sample is obtained by averaging the lateral sizes of more than 100 GOs imaged by TEM. Hydrodynamic diameter and zeta potential for each sample are obtained by
averaging three measurements. Hydrodynamic diameter and zeta potential distributions of GOs are shown in Supplementary Figs. 1and 2. The carbon (C) content in different chemical

states can be obtained from the area ratio of the sub-peaks in the C 1s core-level XPS spectra (Supplementary Fig. 3). I/l represents the intensity ratio of the D band to G band obtained from
Raman spectroscopy (Supplementary Fig. 5) and is obtained by averaging three measurements.
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Extended Data Table 2 | Ice nucleation temperatures of water droplets containing GOs of controlled sizes and decreasing
degrees of oxidation

3nm 8nm 11nm 21nm 50nm

. Tn(® C . Tw(C C e Tw( C . Tw(C C . Tw( C

gy | CEEMEE e | GENEC Gt | GEMCS Gl | GHMEC (s | SENSS e
60.7 -27.4+0.2 61.1 -27.5+0.1 63.5 -23.8+0.2 66.1 -22.7£0.2 69.4 -21.8+0.1

13 65.3 -27.14+0.2 69.7 -25.8+0.2 67.0 -22.6+0.1 68.7 -20.2+0.2 80.1 -17.2+0.2
68.8 -27.8+0.1 75.3 -25.2+0.2 69.7 -21.7+0.2 71.0 -18.6+0.2 83.9 -14.3+0.2

60.7 -27.2+01 61.5 -27.1+£0.2 63.5 -20.0+0.2 66.1 -19.3+0.1 69.4 -17.4+0.2

5.2 65.3 -27.7+0.2 69.7 -24.1£0.1 67.0 -19.3+0.3 68.7 -15.8+0.2 80.1 -13.5+0.2
68.8 -26.94+0.2 75.3 -21.9£0.2 69.7 -18.7+£0.2 71.0 -13.56+0.2 83.9 -12.4+0.2

60.7 -27.2+0.2 61.5 -27.4+0.2 63.5 -17.9+0.2 66.1 -16.9+£0.1 69.4 -15.7+0.1

0.52 65.3 -27.4+0.1 69.7 -23.2+0.2 67.0 -17.6+0.2 68.7 -14.0+£0.2 80.1 -11.1£0.1
68.8 -27.0+0.2 75.3 -20.1+0.2 69.7 -16.94+0.2 71.0 -11.7+0.2 83.9 -10.0+0.2

The volume of the water droplet is 0.2 pl; cooling rate, 5°C min™. For each mean, the total number of measurements is about 150. Ice nucleation probability distributions (Gaussian fitting) for
each mean T,y are shown in Supplementary Figs. 10, 11 and 12. The content of graphitic C is obtained from the area ratio of the graphitic C sub-peak in the C 1s core-level XPS spectra
(Supplementary Fig. 6). The sum of the content of graphitic and oxidative carbon is a unit, so higher content of graphitic carbon represents a lower degree of oxidation.
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