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S1. Experiment section 

S1.1. Synthesis process 

The surfactant monolayer was formed and compressed in a home-made trough shown in Figure 1A. 

In a typical synthesis, 60 mL aqueous solution containing 25 mM zinc nitrate (Zn(NO3)2) and 

hexamethylenetetramine (HMT) was prepared in a glass vial and immediately transferred into the trough. 

20 µL Chloroform solution of sodium oleyl sulfate (~0.1 vol %) was dispersed on the solution surface. 

Twenty minutes was allowed for equilibrium of the monolayer and evaporation of the chloroform. 

Subsequently, the trough was capped by a lid to form a closed reaction environment and placed in a 60 °C 

convection oven for 1 hour and 45 minutes to harvest ZnO nanosheets, which could be then scooped 

using an arbitrary substrate for further characterization. 

S1.2. characterization 

Zeiss LEO 1530 Schottky-type field-emission scanning electron microscope was used to 

study the morphologies of the samples. FEI TF30 transmission electron microscope operated at 

300 kV was used to study the crystal structure of the samples. EDX in the STEM mode on a 

probe aberration corrected FEI Titan at 200 kV. Atomic force microscopy (AFM) tomography 

images were obtained using XE-70 Park Systems. The surface pressure−bar position isotherm of 

the monolayer was measured by a Langmuir−Blodgett trough (KSV NIMA Medium size KN 

2002) with a Wilhelmy balance (Platinum plate). 

S1.3. Simulation Methods 
Simulations are performed with GROMACS 5.1.2 software package and GROMOS 

54A7 force field, which has been previously used to model other surfactants [1, 2]. CH2 and CH3 

groups in carbon chains of Sodium Oleyl Sulfate (SOS) molecules are treated as united atoms. 

All intra- and inter-molecular force field parameters used in simulations are the same as in Ref. 

[3] and they are listed in Table S1 and Table S2, respectively. Following Ref. [2], Kb, Kθ, Kφ are 

defined as coefficients in the energy terms. Specifically, the covalent bond term is Kb[r
2 – r0

2]2/4, 



where r0 is the equilibrium bond length; molecule angle term is Kθ[cos θ – cos θ0]
2/2, where θ0 is 

the equilibrium angle; and molecule dihedral angle term is Kφ[1 + cos(φ0)cos(nφ)], where φ0 is 

the phase shift which is restricted to 0 or π, and n is the multiplicity of the torsional dihedral 

angle. Interactions between SOS molecules, between ions, and between ions and SOS molecules 

are calculated using the Lennard-Jones potential (with parameters ε, σ) and Coulomb 

(electrostatic) potential. Corresponding parameters for each ion/group of atoms are provided in 

Table S2. For interactions between different ions and groups of atoms we use the geometric rule 

of mixture. Water is modeled using the SPC/E force field [4]. Interactions of ions and SOS with 

water are modeled as Lennard-Jones potential and Coulomb interaction. Bond angles within the 

SOS molecules were constrained using the LINCS algorithm and that of water molecules were 

constrained using SETTLE. VMD 1.9.2 software was used for the visualization.  
 

Table S1. Intramolecular parameters for SOS. OS stands for oxygen atom that connects 

sulphur and carbon atoms and OM stands for other oxygen atoms in the molecule. Symbol (*) 

represents parameters that were not included in the GROMOS 54A7 force field and were taken 

from Ref. [3].  

Molecule covalent bonds  Kb(kJ mol-1 nm-2 ) ro(nm) 
CH3-CH2 

 334720 0.153 
CH2-CH2 334720 0.153 
CH=CH 418400 0.133 

CH2-OM(*) 251040 0.144 
OM-S(*) 376560 0.136 

OS-S 376650 0.150 
Molecule angles Kθ(kJ mol-1 rad-2) ΘO(deg) 
CH3-CH2-CH3 460.24 111.000 
CH3-CH2-CH2 460.24 111.000 
CH2-CH=CH 418.40 120.000 

CH2-CH2-OM(*) 460.24 109.500 
CH2-OM-S(*) 397.50 120.000 
OM-S-OS(*) 520.00 109.500 
OS-S-OS(*) 520.00 109.500 

Molecule dihedral 
angles 

Kφ(kJ mol-1) φ0(deg) n 

X-CH2-CH2-X
(*) 5.920 0.0 3 

CH=CH-CH2-CH2 1.000 0.0 6 
X-OM-S-X(*) 3.766 0.0 3 

X-CH2-OM-X(*) 3.766 0.0 3 
 



 

Table S2. Intermolecular Force Field Parameters. OS stands for oxygen atom that connects 

sulphur and carbon atoms and OM stands for other oxygen atoms in the molecule. Symbol (∆) 

indicates parameters for interactions between water molecules and surfactants/ions. Interactions 

between water molecules are modeled using SPC/E force field. 

atoms(or groups) ε(kJ mol-1) σ(Å) q(eV) 

CH3 0.8672 3.748 0.0000 

CH2 0.4105 4.070 0.0000 

CH 0.5027 3.741 0.0000 

CH2(in CH2-OM-S) 0.4105 4.070 +0.1370 

S 1.9059 3.308 +1.2840 

OM 1.7250 2.626 -0.4590 

OS 0.8496 2.955 -0.6540 

Na+ 0.0213 3.121 +1.000 

Cl- 0.6784 4.096 -1.000 

Zn2+ 3.6610 1.398 +2.000 

O in water molecule 
(∆) 

0.6502 3.166 -0.8476 

H in water molecule 
(∆) 

0.0000 0.000 +0.4238 

 

Simulation System 

The simulation system includes 8,575 molecules of water. Equilibrated water (without ions or 

surfactants) at 300 K in a periodic system with dimensions 8 nm × 8 nm × 4 nm was obtained 

directly from GROMACS database; the water density is 1.002 kg/L. Water is then placed into a 

larger box with dimensions 8 nm × 8 nm × 30 nm, thereby creating 26 nm of vacuum above the 

water surface. Periodic boundary conditions are implemented in all spatial directions, which 

means that there are two water/vacuum interfaces in the system. SOS surfactants are then placed 

at one of these interfaces in such a way that the chain of the SOS molecule is in the vacuum layer 

and the head group is near the water surface (initial distance of less than 3.7 Å). The number of 

Zn2+ ions added to water is chosen to achieve the desired Zn2+ concentration. Na+ and Cl- ions 



are also added to the system. The number of Na+ ions is the same as the number of surfactant 

molecules and the number of Cl- is selected to balance the charge of the Zn2+ ions. Ions are 

added by replacing random water molecules with ions, which reduces the total number of water 

molecules. The simulation box containing water, surfactants and ions was first relaxed by static 

minimization of the energy using the steepest descent algorithm. Subsequently each system was 

equilibrated for 2 ns at 300 K using constant volume-constant temperature (NVT) ensemble. The 

reported measurements correspond to averages taken over 30 ns of simulations (past the 

equilibration time) using NVT ensemble. The temperature was controlled using the modified 

Berendsen thermostat. The time step was set to 2 fs. Particle-Mesh Ewald (PME) was used to 

treat the long -range electrostatic interactions and the cut-off for Lennard-Jones interaction was 1 

nm. Surface area of surfactants was controlled by adding a different numbers of SOS molecules 

while keeping the size of the simulation box constant. 
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S2. The trough 

 

Figure S1. Photos of the trough with length 10 cm, width 5 cm and height 6 cm. (A) Tilted top 

view. (B) Top view. The movement of the bar is controlled by the rotation of the knob with a resolution 

of 1/360 mm.  

 

  



S3. Nanosheet composition result from EDX characterization. 

Table S3. EDX characterization on ZnO nanosheet composition. 

Element Line Weight % Atoms % 

Zn Kα 80.17±4.82 49.73±2.99 

O Kα 19.83±0.35 50.27±0.90 

  



S4. 3D topography AFM images of ZnO nanosheets at different surface pressures 

 

Figure S2. AFM images of ZnO nanosheets at (A) 16.38 mN/m, (B) 10.29 mN/m, (C) 5.84 mN/m, (D) 

3.09 mN/m, showing the thickness decreases with the surface pressure. 

 

 

  



S5. Concentration profiles of H2O, headgroup, tail, and Zn2+ with the depth in the solution. 

 

Figure S3. Dependence of H2O, headgroup, tail, and Zn2+ concentration on the depth from air phase to 

solution phase at surface pressure of (A) 14.56 mN/m, (B) 8.72 mN/m, (C) 5.23 mN/m, (D) 2.51 mN/m. 

The water-air interface is marked by the vertical dashed line.  
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S6. Cross sectional SEM and TEM images of the nanosheets. 

 

Figure S4. (A) Large scale cross sectional SEM image and (B) low magnification TEM image of one 

representative ZnO nanosheet. The materials from bottom layer to top layer are crystalline Si, amorphous 

SiO2, ZnO nanosheet, and amorphous carbon protection layer, respectively. 

 

 

  



S7. Surface potential measurement of the nanosheet synthesized under the surface pressure of 3.09 

mN/m. 

 

Figure S5. (A) Surface potential image and (B) corresponding AFM topography image of one nanosheet. 

(C) Surface potential curve along the dashed line in (A) showing the surface potential difference of 0.376 

V between ZnO nanosheet and Au thin film. (D) Height profile along the dashed line in (B) showing the 

nanosheet thickness of 0.75 nm. 

 

 

  



S8. Surface potential measurement of the nanosheet synthesized under the surface pressure of 5.84 

mN/m. 

 

Figure S6. (A) Surface potential image and (B) corresponding AFM topography image of one nanosheet. 

(C) Surface potential curve along the dashed line in (A) showing the surface potential difference of 0.321 

V between ZnO nanosheet and Au thin film. (D) Height profile along the dashed line in (B) showing the 

nanosheet thickness of 1.15 nm. 

  



S9. Surface potential measurement of the nanosheet synthesized under the surface pressure of 10.29 

mN/m. 

 

Figure S7. (A) Surface potential image and (B) corresponding AFM topography image of one nanosheet. 

(C) Surface potential curve along the dashed line in (A) showing the surface potential difference of 0.172 

V between ZnO nanosheet and Au thin film. (D) Height profile along the dashed line in (B) showing the 

nanosheet thickness of 1.98 nm. 

 

  



S10. Surface potential measurement of one nanorod. 

 

Figure S8. (A) Surface potential image and (B) corresponding AFM topography image of one nanorod. 

(C) Surface potential curve along the dashed line in (A) showing the surface potential difference of 0.135 

V between ZnO nanorod and Au thin film. (D) Height profile along the dashed line in (B) showing the 

nanorod thickness of ~85 nm. 

 

 


