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Supporting Information 

1. Particle-stabilized emulsions 

Adsorption of homogeneous and amphiphilic particles at liquid-liquid interfaces 

  

Fig. S1. Illustrations of (a) a disk-shaped Janus particle and (b) its interfacial adsorption. Modified according to Nonomura et al.1  

Using homogeneous spheres, the highest stability of the resulting Pickering emulsion occurs when the three-phase 

contact angle among the particle, hydrophobic, and hydrophilic fluids is around 90º.2-7 Hydrophobic particles will 

stabilize water-in-oil emulsions having a contact angle slightly greater than 90°, whereas hydrophilic particles will 
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stabilize oil-in-water emulsions having a contact angle slightly less than 90°.2 In the case of Janus spheres, the 

stability is measured using the energy required to remove a particle from equilibrium into the hydrophobic fluid and 

normalized by the energy of removing it from the hydrophilic fluid, which is the so called Janus balance J, J =  

(sin2α+2cosθp(cosα-1))/(sin2α+2cosθa(cosα+1)), where α is the angle from the center of the sphere to the 

hydrophilic-hydrophobic boundary, θp is the contact angle of the hydrophilic side, and θa is the contact angle of the 

hydrophobic side. The highest stability of the Pickering emulsion stabilized by Janus particles is achieved when 

J=1, which can be obtained via tuning the parameter α.8-10  

The energy necessary to remove a disk-shaped Janus particle from its equilibrium position at the oil-water interface 

along the boundary between the hydrophobic and hydrophilic hemispheres is defined by1 ΔGmin=πRd
2(γoP1+γwP2–

γow)+2πRd(h1γoP1+h2γwP2), where πRd
2 is the cross-sectional area of the particle, h1 and h2 are thickness of the 

hydrophobic and the hydrophilic regions, respectively, and the sum of them is equal to the thickness of the disk. P1 

indicates the hydrophobic region and P2, the hydrophilic region. γoP1 and γwP2 are the interfacial energies between the 

hydrophobic or hydrophilic regions and the oil or water interfaces, respectively (Fig. S1). A similar behavior is 

presented for spherical11 Janus particles.  
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Possible mechanism of emulsion stabilization by large aspect ratio nano-sheets. 

However, two opposite effects are at work in the stabilization of Pickering emulsions using spherical particles, 

which have only one length scale, the diameter of the spheres 2rs. First, the interfaces of two adjacent emulsions will 

endure a maximum capillary pressure12 right before coalescence (Pc
max), which can be expressed as Pc

max =  
±p(2γow/rs)(cosθ±z), where p is a theoretical parameter used to link the influence of particle concentration (with a 

“+” sign referring to oil-in-water (o/w) emulsions and with a “−” sign referring to water-in-oil (w/o) emulsions), and 

z is a constant dependent upon on the arrangement of particles in the interface.12 γow is the interfacial energy between 

the oil and the water, θ is the three-phase contact angle at the interface and rs is the radius of the spheres.12-14 

Assuming that θ is inside the stability intervals12 and the inter-particle distance is fixed,15 hence, the smaller the size 

of the spheres, the larger Pc
max can be.12, 15 Spheres with a smaller radius rs, therefore, prevent emulsion coalescence 

better than do larger spheres. Secondly, in the opposite effect, it is well known that small particles tend to escape 

from the interface by thermal fluctuations. The free energy to remove a sphere from the interface is defined by 

ΔGremove =  πrs
2γow(1+cosθ)2. Therefore, spheres with a smaller radius rs escape more easily from the interface by 

thermal fluctuation than do the larger spheres. 

The highly anisotropic particles we used here could reconcile these two effects due to the existence of two length 

scales, thickness h and lateral size 2Rd. When considering the capillary interaction between two nano-sheets, an 

amphiphilic nano-sheet in the interface is equivalent to a closed packing of spheres with the interstitial space filled, 

where 2rs (diameter of each sphere) corresponds to the thickness of the nano-sheet h.  Also, the total area covered by 

these spheres is equal to the area covered by the nano-sheet. The interfaces of two adjacent emulsions will endure a 

maximum capillary pressure as Pc
max ≈ ±p(2γow/rs)(cosθ±z) ≈ ±p(4γ ow/h)(cosθ±z). The nano-sheet thickness h can 

serve as a proxy for sphere diameter in the role of preventing emulsion coalescence. The capillary interaction 

between two nano-sheets with thickness h, with two edges parallel to each other, the meniscus between them is 

similar to that between two parallel cylinders of length h. The extremely small value of h offers a good capability to 

stabilize emulsions. Simultaneously, the nano-sheets’ large lateral size 2Rd offers strong adsorption towards the 

interface, preventing its escape due to thermal motion. Thus, particles with a large cross-sectional area, πRd
2, can be 

strongly adsorbed to the interface. Since ΔGremove ~ Rd
2 and Pc

max ~ 1/h, anisotropic particles with high aspect ratio (ξ 

= 2Rd/h) can be good emulsion stabilizers.16 However, large nano-sheets in diameter result in larger interstitial 

spaces compared with smaller nano-sheets. But, the emulsion droplets are stable because the nano-sheets are drawn 

into the region of inter-droplet forming a dense bridging monolayer as a result of strong capillary attraction.17, 18 

As Pickering stabilizers, high aspect ratio nano-sheets are more efficient than spheres. A nano-sheet has lower 

volume compared to a sphere of the same radius, hence less weight if the density is the same. For the same volume, 

a nano-sheet has a larger cross section on the interface, and adsorb stronger to the interface than a sphere. Therefore, 

fewer nano-sheets are required to cover the same liquid-liquid interface compared to their spherical counterparts.19 

In addition, a nano-sheet presents a lower diffusivity of molecules compared to a close-packed structure of spheres 

of the same area; hence, blocking the process of Ostwald ripening that result in a lower degree of coalescence.15 
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2. Synthesis and characterization of Zirconium Phosphate (ZrP) 

Visualization of ZrP nano-sheets 

  
Fig. S2. Transmission electron microscope (TEM) micrographs of several non-modified α-ZrP nano-sheets.  

The α-ZrP nano-sheets in Fig. S2 are thin and flexible, and can present wrinkles as shown in Fig. S2(b,c). This 

demonstrates that the nano-sheets can bend on the oil-water interface to stabilize the emulsions. It has been proven 

that the single nano-plate layer is rigid when the nano-sheet size is about several tenths of a nanometer or less and 

becomes flexible when the size is larger than a hundred nanometers, depending on the bending elasticity of the 

layer.20  

(a) (b)

(c) (d)
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Control of the size of ZrP crystals via hydrothermal method 

 

Fig. S3. Pristine α-zirconium phosphate crystals. Scanning electron microscope (SEM) micrographs of different α-

ZrP sizes synthesized via the hydrothermal method at 200 ºC under different conditions (phosphoric acid concentration – 

reaction time). (a) 9M-5h, (b) 12M-5h, (c) 15M-5h, (d) 9M-24h, (e) 12M-24h, and (f) 15M-24h. (g) Quantification of the 

diameter (red bar) and the thickness (black bar) of the α-ZrP crystals.21 (h) Atomic force microscope (AFM) contact mode 

topography image of a pristine α-ZrP crystal fabricated using 9M phosphoric acid for 24 h over a Si(100) surface modified with 

3-aminopropyl trichlorosilane (APTES). (i) Section analysis for the cross-section white line seen in (h) gives a thickness of 

around 38 nm. 
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Characterization of the thickness of ZrP crystals via Atomic force microscopy (AFM) 

 

Fig. S4. Modified α-ZrP-ODI nano-sheet. AFM contact mode topography image and section analysis of an 

amphiphilic α-ZrP-ODI nano-sheet over a Si(100) surface modified with octadecyltrichlorosilane (OTS). (a) 2D, and (b) 3D 

topography images. (c) Section analysis gives a thickness of around 2.8 nm (0.63 nm of a α-ZrP monolayer and 2.17 nm of the 

aliphatic chain) for the cross-section white line seen in (a).  

Monolayer films of the desired alkylsilanes (APTES or OTS) were first prepared on cleaned and oxidized 

Si(100) and then ZrP nano-plates (or nano-sheets) were deposited through self-assembly using a suspension of the 

ZrP nano-sheets (nano-sheets) in a suitable solvent (EtOH for APTES and toluene for OTS). Si(100) substrates 

were cleaned and hydroxylated with a basic piranha solution (4:1:1) (v:v:v) mixture of high purity H2O: 

H2O2(30%):NH4OH) at 80°C for 30 min. The substrates were rinsed under high-purity water for 60 s, then with 

ethanol, and finally dried under streaming nitrogen. Then the substrate was incubated in 1 wt % solutions of 

desired alkylsilanes (APTES or OTS) in a suitable solvent (EtOH for APTES and toluene for OTS) for ca. 15 h. 

The modified substrates were rinsed under high-purity water for 60 s, then with ethanol, and finally dried under 

streaming nitrogen. Finally, the ZrP nano-plates (or nano-sheets) were deposited through self-assembly using a 

suspension of the ZrP nano-sheets in a suitable solvent (EtOH for APTES and toluene for OTS) for 5 h. The final 

obtained substrate were rinsed under high-purity water for 60 s, then EtOH, and finally dried under streaming 

nitrogen. 

(a) (b)

(c)
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3. Surface characterization of polystyrene particles stabilized by ZrP-ODI nano-sheets 

 

Fig. S5. TEM and EDX elemental mapping analysis of the polystyrene-α-ZrP-ODI-nano-sheet particles. (a) TEM micrograph (b) 

Surface EDX spectra. 

  

(a) (b)
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4. Static contact angle measurements 

 
Fig. S6. Suspension droplets at different α-ZrP-ODI nano-sheet concentrations. (a) Water only, (b) 0.44 wt% α-ZrP-ODI nano-

sheets, and (c) 1.32 wt% α-ZrP-ODI nano-sheets. (d) Plot of the PDMS/suspensions interfacial tension against α-ZrP-ODI nano-

sheet concentration. 

A Phantom V4.2 camera (Vision Research, Wayne, NJ) with a high-magnification lens, together with the active 

contours method for measuring high-accuracy contact angles using ImageJ22 was used to measure the surface 

tension of the PDMS-water interface. A glass slide was coated with PDMS to simulate similar surface tension 

interactions as in a PDMS-in-water suspension. The static contact angles were measured for seven different samples 

at different α-ZrP-ODI nano-sheet concentrations, as shown in Fig. S6. Using Young’s equation, ɣsl= ɣsa- ɣlacosθ, 

where ɣsl, ɣsa and ɣla correspond to the PDMS-liquid, PDMS-air and liquid-air surface tensions, respectively. The 

values taken for ɣsa was 21.8 dyn/cm23 and for ɣla was 72.8 dyn/cm24. Fig. S6 shows a similar tendency when 

compared to Fig. 5a and Fig. 7, where α-ZrP-ODI nano-sheet concentration between 0.2 to 0.62 wt. % caused a 

decrease in surface tension and polystyrene particle diameter. 
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