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PS1: Characterizations of GOs. 

  

Supplementary Fig. 1 | Hydrodynamic diameter distributions of GOs of controlled sizes. Typical 

hydrodynamic diameter distributions of various size-fractioned GO samples measured by dynamic 

light scattering spectrometer. The results confirm GOs of controlled sizes were obtained.  
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Supplementary Fig. 2 | Zeta potential distributions of GOs of controlled sizes. Typical zeta 

potential distributions of GOs with different average lateral dimensions measured by Malvern 

Zetasizer. The negative zeta potentials of GO samples contribute to their good dispersibilities in water. 
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Supplementary Fig. 3 | C1s core-level X-ray photoelectron spectroscopy (XPS) spectra of GOs 

of controlled sizes. C1s spectra of six GO fractions can be deconvoluted into three Gaussian peaks 

attributed to graphitic C (284.8 eV), C-O (286.2 eV) and COOH/C=O (288.3 eV), respectively.1  

The element content analysis results (listed in Extended Data Table 1) indicate that the C/O atomic 

ratio increases slightly with the increase of GO size, which is consistent with previous reports.2,3 The 

slight decrease of the oxidation extent with the increase of GO size is mainly ascribed to the reduction 

in the content of COOH/C=O groups which are mostly located at the edges of GOs, based on the C1s 

core-level XPS spectra.  
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Supplementary Fig. 4 | Solid-state 13C high-power proton decoupling (HPDEC) nuclear magnetic 

resonance (NMR) spectra of GOs with the average lateral size of 3 and 8 nm. The right table 

shows the ratios of various carbon-containing functional groups. 15360 scans were accumulated in 

order to obtain a good signal to noise ratio. 

The spectra were fitted by deconvolution method to separate the crowded peaks, which are attributed 

to COOH/C=O (ca. 175 ppm), graphitic C (ca. 134 ppm), lactol C (ca. 113 ppm), and C-OH (ca. 77 

ppm), respectively.4,5 And the ratios of various carbon-containing functional groups were obtained by 

the area ratios of the corresponding peaks. The percentage contents of various functional groups were 

compared between the results obtained by NMR (the right table in Supplementary Fig. 4) and XPS 

(Extended Data Table 1). It is obvious that the ratios between graphitic C and oxidized C obtained by 

two methods are almost the same. 
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Supplementary Fig. 5 | Raman spectra of GOs of controlled sizes. Raman spectra of GO samples 

with different average lateral sizes feature typical D and G bands located at 1359 and 1592 cm-1, 

respectively.6 The ratios of ID/IG show a slight decrease with the increase of the GO size, indicating 

that larger GO has a little lower defect density7,8. 
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Supplementary Fig. 6 | C1s core-level XPS spectra of GOs with controlled sizes and decreasing 

oxidation degrees. R0, R1 and R2 represent the GOs without alkali treatment and with the alkali 

treatments at pH=10 and 12, respectively. 
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Supplementary Fig. 7 | Typical hydrodynamic diameter distributions of GOs with controlled 

sizes and decreasing oxidation degrees measured by dynamic light scattering spectrometer. R0, 

R1 and R2 represent the GOs without alkali treatment and with the alkali treatments at pH=10 and 12, 

respectively. 
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Supplementary Fig. 8 | Typical zeta potential distributions of GOs with controlled sizes and decreasing oxidation degrees measured by Malvern 

Zetasizer. R0, R1 and R2 represent the GOs without alkali treatment and with the alkali treatments at pH=10 and 12, respectively. Data are means ± s.d. The 

measurement number for each sample is 3. 
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Supplementary Fig. 9 | Photographs of aqueous dispersions containing GOs with controlled sizes 

and decreasing oxidation degrees (0.04 mg ml-1). R0, R1 and R2 represent GO samples without 

alkali treatment and with alkali treatment at pH=10 and 12, respectively. All the GO aqueous 

dispersions are clear and transparent, indicating the well dispersibility of various GOs in water.  
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PS2: Analysis of Variance on TIN data of water droplets containing GOs of controlled sizes for 

statistical significance 

One-way ANOVA was performed on TIN data of water droplets containing GOs with a series of 

sizes in Fig. 2b of the main text for statistical significance. The results show that the TIN difference is 

caused by the size, and TINs for 3 and 8 nm have no statistical difference but the others have statistical 

difference. We take the TIN for different-sized GOs (concentrations: 13 µmol L-1, cooling rate: 5 °C 

min−1) as an example.  

Summary 

group number sum mean variance 

3nm 167 −4540.9 −27.191 5.656124 

8nm 150 −4102.8 −27.352 5.109895 

11nm 163 −2899.1 −17.7859 6.657763 

21nm 212 −3587.2 −16.9208 2.351416 

50nm 169 −2651.9 −15.6917 3.675288 

 

Test for homogeneity of variance 

Levene statistic df1 df2 Statistical significance 

16.346 4 856 0.000 

 

ANOVA 

Source of 

variance SS df MS F Statistical significance 

SStreatments 22322.84 4 5580.71 1227.272 0.000 

SSerror 3892.446 856 4.547249 
  

SStotal 26215.29 860 
   

 

As the distributions of TIN for different-sized GOs do not meet the requirement of homogeneity of 

variance, we also performed Welch test and Brown-Forsythe test which do not require the homogeneity 

of variance. 

 
Statistics df1 df2 Statistical significance 

Welch 1217.637 4 404.308 0.000 

Brown-Forsythe 1180.952 4 727.166 0.000 
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All the results show that the TIN difference is caused by size. 

 

To further investigate how size influences TIN, we performed multiple comparisons. As shown in 

the following table, TINs for 3 and 8 nm have no statistical difference but the others have statistical 

difference.  

Multiple comparisons 

 

(I) 

Size 

(nm) 

(J) 

Size 

(nm) 

Difference of 

the mean (I-J) 

Standard 

Error 

Statistical 

significance 

95% confidence interval 

lower limit upper limit 

Tamhane 

3 

8 0.1609820 0.2606434 1.000 −0.573890 0.895854 

11 −9.4051284* 0.2733389 0.000 −10.175620 −8.634636 

21 −10.2702632* 0.2120391 0.000 −10.868793 −9.671734 

50 −11.4993020* 0.2358310 0.000 −12.164157 −10.834447 

8 

3 −0.1609820 0.2606434 1.000 −0.895854 0.573890 

11 −9.5661104* 0.2736990 0.000 −10.337858 −8.794363 

21 −10.4312453* 0.2125031 0.000 −11.031616 −9.830874 

50 −11.6602840* 0.2362482 0.000 −12.326700 −10.993868 

11 

3 9.4051284* 0.2733389 0.000 8.634636 10.175620 

8 9.5661104* 0.2736990 0.000 8.794363 10.337858 

21 −0.8651349* 0.2278964 0.002 −1.508893 −0.221376 

50 −2.0941736* 0.2501848 0.000 −2.799813 −1.388534 

21 

3 10.2702632* 0.2120391 0.000 9.671734 10.868793 

8 10.4312453* 0.2125031 0.000 9.830874 11.031616 

11 0.8651349* 0.2278964 0.002 0.221376 1.508893 

50 −1.2290387* 0.1812149 0.000 −1.739928 −0.718150 

50 

3 11.4993020* 0.2358310 0.000 10.834447 12.164157 

8 11.6602840* 0.2362482 0.000 10.993868 12.326700 

11 2.0941736* 0.2501848 0.000 1.388534 2.799813 

50 1.2290387* 0.1812149 0.000 0.718150 1.739928 

*Significance level of difference of the mean is 0.05. 
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PS3: Ice nucleation probability distributions of water droplet containing GOs of controlled 

sizes and decreasing oxidation degrees.  

 

Supplementary Fig. 10 | Ice nucleation probability distribution (Gaussian fitting) of water 

droplets containing size-controlled GOs (0.52 µmol l−1) of decreasing oxidation degrees. R0, R1 

and R2 represent GO samples without alkali treatment and with alkali treatment at pH=10 and 12, 

respectively. The volume of an individual droplet is 0.2 µl. Cooling rate is 5 °C min−1. For each 

distribution, the total number of the ice nucleation temperature measurement is about 150. 
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Supplementary Fig. 11 | Ice nucleation probability distribution (Gaussian fitting) of water 

droplets containing size-controlled GOs (5.2 µmol l−1) of decreasing oxidation degrees. R0, R1 

and R2 represent GO samples without alkali treatment and with alkali treatment at pH=10 and 12, 

respectively. The volume of an individual droplet is 0.2 µl. Cooling rate is 5 °C min−1. For each 

distribution, the total number of the ice nucleation temperature measurement is about 150. 
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Supplementary Fig. 12 | Ice nucleation probability distribution (Gaussian fitting) of water 

droplets containing size-controlled GOs (13 µmol l−1) of decreasing oxidation degrees. R0, R1 and 

R2 represent GO samples without alkali treatment and with alkali treatment at pH=10 and 12, 

respectively. The volume of an individual droplet is 0.2 µl. Cooling rate is 5 °C min−1. For each 

distribution, the total number of the ice nucleation temperature measurement is about 150. 
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PS4: Tuning the TIN of water droplets containing GOs by varying the number of GOs in water 

droplets. 

Supplementary Table 1. TIN of water droplets containing different numbers (n) of GOs 

Size (nm) C (µmol l−1) V (µl) 
n = CV 

(10−12mol) 
TIN (°C) 

(mean ± s.e.m.) 

8 nm 

5.2 1.0 5.20 −27.2 ± 0.2 
13 0.6 7.80 −25.6 ± 0.3 
13 1.0 13.0 −24.4 ± 0.2 
13 4.0 52.0 −22.5 ± 0.3 
13 10 130 −21.7 ± 0.4 
13 20 260 −21.8 ± 0.3 
50 10 500 −21.3 ± 0.3 
50 20 1000 −21.5 ± 0.3 

11 nm 

0.52 0.3 0.156 −23.7 ± 0.4 
0.52 0.6 0.312 −21.8 ± 0.4 

4 0.2 0.8 −20.4 ± 0.4 
5.2 0.3 1.56 −19.3 ± 0.2 
10 0.2 2.0 −18.6 ± 0.1 
13 0.2 2.6 −18.3 ± 0.2 

37.5 0.2 7.5 −18.3 ± 0.1 
75 0.2 15.0 −18.1 ± 0.1 
75 0.5 37.5 −18.1 ± 0.1 

21 nm 

0.52 0.2 0.104 −22.7 ± 0.2 
0.52 0.6 0.312 −21.4 ± 0.2 
5.2 0.1 0.520 −20.5 ± 0.2 
5.2 0.2 1.04 −19.1 ± 0.1 
5.2 0.3 1.56 −17.9 ± 0.2 
13 0.2 2.60 −16.9 ± 0.1 
5.2 1.0 5.20 −15.2 ± 0.3 
13 1.0 13.0 −13.7 ± 0.3 
13 4.0 52.0 −12.3 ± 0.3 
13 10 130 −11.6 ± 0.1 
50 10 500 −10.6 ± 0.3 
104 10 1040 −10.3 ± 0.2 
104 20 2080 −10.4 ± 0.2 
208 20 4160 −10.1 ± 0.2 
208 30 6240 −10.2 ± 0.2 

The number of GOs (n) in water droplets was tuned by varying the concentration (C) of GO aqueous 

dispersion and/or droplet’s volume (V). The molar concentration of GO is estimated from its mass 

concentration and molar mass (Methods). The volumes of small droplets of GO aqueous dispersions 

were determined using transferpettes. For each mean of TIN, the total number of the measurements is 

about 50. 
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Supplementary Fig. 13 | The comparison between the mean ice nucleation temperature and the 

median ice nucleation temperature. Ice nucleation supercooling temperature of water droplets 

containing varying numbers (n = CV) of GOs with the same average lateral size L = 8 nm, 11 nm and 

21 nm respectively. Here the cooling rate is always 5 °C min−1. The error bars for the means and 

medians are s.e.m. and standard error of the median (estimated as 1.2533×s.e.m.), respectively. For 

each mean or median, the total number of the measurements is about 50. The difference between the 

mean and median ice nucleation temperatures is found to be small (less than 1 °C) in all our 

measurements. 
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PS5: Size effect of Au nanoparticles on ice nucleation. 

  Au nanoparticles of different sizes were purchased from Zhongke Au Research Technology Co. Ltd. 

(Beijing, China). 

 

Supplementary Fig. 14 | Size characterization of Au nanoparticles. TEM images of Au 

nanoparticles with different sizes. The insets show the size distributions of corresponding Au 

nanoparticle samples measured by TEM. From a to h, the average sizes of Au nanoparticles are 5 ± 1, 

9 ± 2, 15 ± 1, 19 ± 4, 28 ± 6, 47 ± 8, 138 ± 13 and 184 ± 41 nm, respectively. The error bars are s.d. 

with the total number of measurement of >100 for a, b, c, d, e and about 50 for f, g, h. 
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Supplementary Fig. 15 | Typical Hydrodynamic diameter distributions of Au nanoparticles. The 

measurements were performed by a Malvern Zetasizer (Nano ZS90, Malvern instruments Ltd., UK). 
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Supplementary Fig. 16 | Effects of the Au nanoparticle size on ice nucleation. a, The TIN of water 

droplets (0.2 µl) containing Au nanoparticles with a series of average sizes: 5 nm, 9 nm, 15 nm, 19 nm, 

28 nm, 47 nm, 138 nm and 184 nm. All the sample concentrations are 0.98 nmol L-1. Cooling rate: 

5 °C min−1. Data are means ± s.e.m. For each mean of TIN, the total number of the measurements is 

about 150. b, The relationship between ���  or ���/�� �
�   (�� = �� − TIN) and Au nanoparticle 

average size multiplied by supercooling temperature (� �� ). Here ��� ≈ 25K  is the nucleation 

supercooling on large nanoparticle under the same experimental conditions. The data are means and 

the error bars of ��� and � �� are calculated from the corresponding s.e.m. of TIN and L based on 

the error propagation formulas. The results show that the TIN increases abruptly when the size of Au 

nanoparticles increase to 19 nm. The corresponding � �� value is about 450 nm K in the case of Au 

nanoparticles. 
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Supplementary Fig. 17 | The ice nucleation (supercooling) temperature −�� = ��� − �� 

versus the number of Au nanoparticles in the water droplet. The number of Au nanoparticles with 

the average size of 19 and 28 nm in water droplet was tuned by varying the concentration of Au 

aqueous dispersion (C) and/or the volume of the droplet (V). Here the cooling rate is always 5 °C min−1. 

Data are means ± s.e.m. For each mean of TIN, the total number of the measurements is about 50. The 

insets show the TEM images of these two types of Au nanoparticles. 

Supplementary Fig. 17 shows that the abrupt change in the ice nucleation activities of gold 

nanoparticles occurs around � ��� ≈ 370 nm K (for L=19 nm), and about 480 nm K (for L=28 nm), 

which are larger than that in the case of GO nanosheets, 200 nm K. It can be reconciled considering 

that gold nanoparticles are spherical-like and has some crystal planes with the lateral size smaller than 

the diameter of the sphere, as revealed by the TEM image. Therefore if the ice nucleation happens on 

the crystal planes, the lateral size of the crystal planes rather than the measured average diameter of 

gold nanoparticles should be correlated to ���, leading to the larger observed � ��� value as we used 

the diameter of nanoparticles as L.   
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PS6: Theoretical analysis of ice nucleation activity of nanoparticles. 

 

Supplementary Fig. 18 | The spherical-cap-like ice nucleus locates on a large oblate spheroid 

nanoparticle. The microscopic contact angle � is the angle between the ice-water interface and the 

ice-nanoparticle interface. � is the apparent contact angle of the ice nucleus.  

 

Here we suppose that the nanoparticle is an oblate spheroid with the major diameter (lateral size) L, 

and the minor diameter (thickness) H. We define � =
�

���
, ���  � =

�

�
. For the critical ice nucleus, the 

volume  

� =
4�

3
[��

� �(�) − ��� �(�)].  

The areas of ice-water interface and ice-substrate interface are,  

��� = 2 � ��
� (1 − cos �) 

and  

��� = 2 � �� �(�; �). 

Here �(�, �) = ∫ ���(1 − ��) + ����
�

����
  is an ellipsoid integral. �  and �  are defined in 

Supplementary Fig. 18. The function �(� ) ≡
�

�
(1 − ����) −

�

�
sin� �  ���� is the volume fraction 

of the plane-truncated spherical cap with any contact angle � . It is easy to know � ���� = tan (� −

�), � ����= ����, and 0 < � < �, 0 < � < �. Therefore, we have,  

�(�, �; �) =
3

2
(1 − ����) −  

3

2
�(�; �) �� ���� − 2�(�) + 2 �(�) �� �. 

and the free energy barrier ��∗(Δ�; �, �, �) =  Δ����
∗ (Δ�) �(�, �; �), where �����

∗ =
�����

�|��|� is the 

free energy barrier of the homogeneous ice nucleation.   
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For large nanoparticle (� ≫ 2��, �� � ≫ 1) , � →  �,  we have �(� ≫ 1, �; �) → �(�) . Thus the 

free energy barrier equals to that of the normal heterogeneous nucleation on a sufficient large flat-

plane substrate Δ����
∗ = Δ����

∗ �(�). While � approaches to zero, � →  �, thus �(� → 0, �; �) →  1, 

i.e., the free energy barrier equals to that of the homogeneous nucleation.  

As shown in Supplementary Fig. 19 and 20 we illustrate the dependence of ��(�, �; �) ≡
�(�,�;�)

�(�)
 on 

the size of nanoparticles for some typical parameters � = 20�, 25, 30�, and ℎ ≡
�

���
= 0.2, 0.3, and 

on a spherical particle (ℎ = �, �� � = 1). For a large range of the parameters, the free energy barrier on 

the finite-sized GO shows an obvious transition around ��~1. When � > ��, the free energy barrier is 

almost a constant, and equals to that of the heterogeneous nucleation on infinite flat substrate, thus 

��(�, �; �)~1; but it abruptly increases as � approaches ��. 

 

 

Supplementary Fig. 19 | The variation of free energy barrier of ice nucleation with the change of 

the nanoparticle size. The relationship between ��∗/�����
∗  and L/2Rc when nanoparticle is modeled 

as an oblate spheroid with major diameter (lateral size), L, and minor diameter (thickness), H, 

respectively. ℎ ≡
�

���
. The figure shows the typical curves when � = 20�, 25, 30�, and ℎ = 0.2, 0.3. 

The inset is the detail of the curves around � = 2��. 
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Supplementary Fig. 20 | The dependence of free energy barrier of ice nucleation on the size of 

oblate spheroid or spheroid particles. The relationship between ��∗/�����
∗  and L/2Rc for an oblate 

spheroid (take ℎ ≡
�

���
 = 0.2 as an example) or spheroid particles. L is the major diameter of oblate 

spheroid particles or diameter of spheroid particles. H is the minor diameter of the oblate spheroid 

particle. Here, we take � = 30� as an example. The inset shows the detail of the curves.  

 

If the nanoparticle has another shapes, we can follow the same idea listed here to calculate the free 

energy barrier. For example, for a thin disc with smooth semi-circle edge, which was applied in the 

main text, it is direct to calculate the free energy of ice nucleus and the shape of ice nucleus by 

following the same spirit applied in sphere or oblate spheroid nanoparticles.    
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