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Text S1. Theoretical Calculation of Interaction Energy for Deposition of C60 and 

CeO2 NPs on Silica Surface 

1. Theory 

The classical DLVO theory is extensively used employed to interpret the 

deposition behavior of NPs or colloids in electrolyte solutions by quantifying the 

interactions in the macro-interface of colloids. The calculating the interaction energy 

when they approached to these three surfaces. The main interactions acting on a NP 

include the van der Waals interaction energy (VVDW) and the electric double layer 

interaction energy (VEDL). Thus the total interaction energy (VT) could be calculated 

using the following equations:1 

 VTotal = VVDW + VEDL                             (S1) 

where VTotal is the total classic energy for monovalent ion species. VVDW is the van der 

Waals energy and VEDL is the electric double-layer energy.  

       𝑉𝑉𝐷𝑊(ℎ) = −
𝐴123𝑎𝑝

6ℎ(1+14ℎ 𝜆⁄ )
                         (S2) 

where A123 is Hamaker constant for the deposition of a nanoparticle of composition “1” 

onto a surface of composition “3” when suspended in a medium “2”; ap is particle radius. 

h is surface-to-surface separation distance; λ is characteristic wavelength, 100 nm. VEDL 

could be calculated by: 2-5 

𝑉𝐸𝐷𝐿(ℎ) = 64𝜋𝜀0𝜀𝑟𝑎𝑝(𝑘𝐵𝑇 𝑧𝑒⁄ )2Г1Г2 exp(−𝜅ℎ)       (S3) 

where ε0 is dielectric permittivity in vacuum, 8.85×10-12 F/m; εr is relative dielectric 

permittivity of solution 78.5; kB Boltzmann constant, 1.3805×10-23 J/K; T is absolute 

temperature, T=298.15 K; z counterion valence, z=1; e is electron charge, 1.602×10-19 
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C; Г1, Г2 is dimensionless surface potential for particle or collector; κ is inverse Debye 

length. 

Г𝑖 = tanh (
𝑧𝑒𝜓𝑖

4𝑘𝐵𝑇⁄ )                       (S4) 

where ψi is surface potential, and the value at low potential for EDL energy calculation 

is presented in Table S1 and S2.  

κ = (
2𝑒2𝑁𝐴𝐼

𝜀0𝜀𝑟𝑘𝐵𝑇
)1 2⁄                              (S5) 

where NA is Avogadro constant, 6.022×1023; I is ionic strength. 

The energy was estimated by invoking the Derjaguin approximation throughout. 

The detailed definition of the parameters can be found in our previous publication.5 

According to the classic DLVO theory, the VDW and EDL interaction energy for NPs 

with surface in different cationic solutions with the same valence state should be equal 

at the same electrolyte concentration. However, significant differences deposition rates 

of NPs determined for identically valent cations suggested that there are other 

interactions except the identical classic colloidal interactions; this interaction is defined 

as the additional short-range repulsion energy in this study.6  

        V𝐴𝐷𝐷
𝑆𝑇 (ℎ) = 𝐹0𝜋𝑎𝑝𝛿2 exp (−

ℎ

 𝛿
)                  (S6) 

Where 𝐹0 is hydration force constant, and 𝛿 is the characteristic decay length. The 

parameters 𝐹0  and  𝛿  control the magnitude and the decay of the potential, 

respectively. The decay length 𝛿 is set as the characteristic hydration diameter of the 

cations (Rb+ = 658 pm, K+ = 662 pm, Na+ = 716 pm, Li+ = 764 pm).6 The amplitude of 

the hydration interaction, 𝐹0, depends mainly on the type of the cations associated on 

the particle surface and within the ranges 106~5×108 N/m2, was estimated based on the 
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fitted data in previous publication.6 Therefore, the modified total interaction energy 

with consideration of ion specificity was rewritten as: 

VModified =𝑉𝑉𝐷𝑊 + 𝑉𝐸𝐷𝐿+ 𝑉𝐴𝐷𝐷
𝑆𝑇                    (S7) 

In the presence of ion specific effects, the difference in additional energies of cations 

would lead to different adsorption affinities towards a charged NP surface, and thus 

change surface potentials differently for four metal cations, as observed in Figure 1. 

The electrostatic energy can be calculated by using different surface potential values of 

NPs and silica surface (Table S1 and S2) 

Table S1. Zeta potential (mV) of C60 NPs, CeO2 NPs for the calculation of modified 

DLVO interactions in the presence of different monovalent cations over a range of ionic 

strength. 

NP 

Type 

 Concentration (mM) 

Electrolyte 1 5 10 20 30 50 

C60 

NPs 

LiNO3 -29.9 -28.9 -28.4 -25.7 -21.4 -16.7 

NaNO3 -29.4 -28.6 -26.4 -24.7 -19.8 -15.2 

KNO3 -29.2 -27.8 -25.4 -23.1 -17.0 -15.7 

RbNO3 -27.9 -25.7 -25.4 -23.7 -16.9 -14.6 

CeO2 

NPs 

LiNO3 20.0 19.2 18.1 17.2 15.1 11.4 

NaNO3 21.1 20.9 20.7 17.8 17.4 10.9 

KNO3 22.3 20.5 18.8 16.9 15.9 13.7 

RbNO3 21.1 20.7 17.9 17.1 16.2 11.5 

 

Table S2. Zeta potential (mV) of SiO2 over a range of ionic strength. 

Electrolyte 

 Concentration (mM) 

References 

1 5 10 20 30 50 

LiNO3 -108.7  -102.0  -95.4  -88.7  -82.1  -71.3  7 

NaNO3 -102.2  -95.5  -88.9  -82.2  -75.6  -65.0  7 

KNO3 -92.4  -87.2  -82.1  -76.9  -71.8  -62.4  7 
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RbNO3 -84.8  -80.1  -75.5  -70.8  -66.2  -57.4 - 

 

2. Calculation of Hamaker Constants 

Hamaker constants is calculated by8:  

                𝐴123 = (√𝐴33 − √𝐴22)(√𝐴11 − √𝐴22) 

Where A11, A22, and A33 is the Hamaker constants of “1”, “2”, and “3” in vacuum, 

respectively required for use in these equations. A123 is the Hamaker constant for the 

deposition of nanoparticles of composition “1” when suspended in a medium “2” on 

the surface “3”.  

Table S3. Hamaker constants for the calculation. 

NO. 
Hamaker 

constant 
System Value (×10-20, J) References 

1 A11-C60 nC60 7.50  Chen K. L9  

2 A11-CeO2 nCeO2 5.57 Israelachvili, J. N.10 

3 A22 water 3.70 Bergström, L. 11 

6 A33 SiO2 8.86 Israelachvili, J. N. 12 

7 A123-C60 nC60--water-SiO2 0.47 Qu. X. L13 

8 A123-CeO2 nCeO2-water- SiO2 0.46 Fang. J 14 
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Figure S1. Representative aggregation profiles of C60 NPs in the presence of different 

monovalent ion solutions at pH 6.5 and 25 ℃. 
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Figure S2. Representative aggregation profiles of CeO2 NPs in the presence of different 

monovalent ion solutions at pH 6.5 and 25 ℃. 
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Figure S3. Representative third frequency shift for deposition of C60 NPs onto silica 

coated QCM sensor surfaces in the presence of different monovalent ion solutions at 

pH 6.5 and 25 ℃. 
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Figure S4. Representative third frequency shift for deposition of CeO2 NPs onto silica 

coated QCM sensor surfaces in the presence of different monovalent ion solutions at 

pH 6.5 and 25 ℃. 

 

Figure S5. Deposition rate of (a) C60 and (b) CeO2 NPs onto silica coated QCM sensor 

surfaces as a function of monovalent ion concentration at pH 6.5. 
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Figure S6. Favorable deposition rates of C60 NPs on PLL-coated silica crystal surface 

as a function of monovalent ion concentration at pH 6.5. Error bars represent standard 

deviation. 

 

Figure S7. DLVO and MDLVO interaction energy profiles for C60 NPs approaching 

silica surface as function of 1 mM, 5 mM, 10 mM, 20 mM, 30 mM and 50 mM MNO3 

(M= Li+, Na+, K+ and Rb+) at pH 6.5. 
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Figure S8. Deposition attachment efficiency of C60 NPs as a function of (a) LiNO3, (b) 

NaNO3, (c) KNO3 and (d) RbNO3 concentration via normalizing deposition rates to 

favorable PLL-coated surface at pH 6.5. Error bars represent standard deviations of 

three runs. The dotted lines are used to schematically indicate the changing trend of 

deposition attachment efficiency. By extrapolating through the two regimes, the 

intersections of the extrapolations yield CDCs of 25 mM LiNO3, 20 mM NaNO3, 13 

mM KNO3 and 10 mM RbNO3 for deposition of C60 NPs on silica surface.  
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Figure S9. DLVO and MDLVO interaction energy profiles for CeO2 NPs approaching 

silica surface as function of 1 mM, 5 mM, 10 mM, 20 mM, 30 mM and 50 mM MNO3 

(M= Li+, Na+, K+ and Rb+) at pH 6.5. 
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Figure S10. Deposition attachment efficiency of CeO2 NPs as a function of (a) LiNO3, 

(b) NaNO3, (c) KNO3 and (d) RbNO3 concentration via normalizing deposition rates to 

diffusion controlled deposition rate at pH 6.5. Error bars represent standard deviations 

of three runs. The dotted lines are used to schematically indicate the changing trend of 

deposition attachment efficiency. By extrapolating through the two regimes, the 

intersections of the extrapolations yield CDCs of 43 mM LiNO3, 35 mM NaNO3, 20 

mM KNO3 and 10 mM RbNO3 for deposition of CeO2 NPs on silica surface.  
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Table S4. Initial aggregation rates of C60 and CeO2 NPs in the presence of alginate and 

BSA at the electrolyte of 5 mM. 
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