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1. Detailed structure of nanoparticles

The interstitial space of the close-packed structure composed of microspheres is filled up
with nanoparticles. The contact points between microspheres cannot be seen in SEM images shown
in Fig. 4 in main text because they are buried under nanoparticles. To verify that microspheres form a
close-packed structure, we fabricated particle films with a binary suspension of 6 um silica particles
and 85 nm polystyrene particles, and heated the resultant structure at 400 °C in 10 min to remove the
polystyrene nanoparticles. Figure S1 shows SEM images of the structure before and after heating,

which demonstrates that microspheres form a close-packed structure.
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Figure S1. SEM images of the particle films fabricated with binary suspension of 6 pm silica particles

and 85 nm polystyrene particles, (a) before heating and (b) after heating.



2. pH and ionic strength of suspensions used in fabricating particle films shown in Fig. 3

Table S1 shows the values of pH and ionic strength, /, of each nanofluid whose volume
fraction is 0.02. In this series of experiments, pH and / were not adjusted. Hence nanofluids used for
the film fabrication shown in Fig. 3 were in different conditions of pH and / because the original
suspensions of nanoparticles (27, 45, and 90 nm) have different pH and / values.

Table S1. pH and ionic strength / of nanofluids.

Nanoparticle size 27 nm 45nm 90 nm

pH 8.6 8.4 7.4
I[mM] 3.6 2.5 0.3

3. Particle film fabricated with 27 nm nanofluid of condition i) of pH =6.3 and /= 1.2 mM

The particle film of microspheres fabricated with 27 nm nanofluid of condition i) (pH =
6.3, 7/=1.2 mM) is shown in Fig. S2. Disordered multilayers due to aggregates of microspheres appear
in particle films, which is in contrast to the particle film fabricated with 45 nm nanofluid of condition
i) (Fig. 5b). In this case, the surface distance between microspheres is calculated to be 62 nm and
shorter than that in 45 nm nanofluid of condition i) and 90 nm of condition ii) in which uniform

structures without forming aggregates formed.

Figure S2. An optical microscope image of a particle film fabricated with 27 nm nanofluid of condition

i) (pH=6.3, /= 1.2 mM). V,, was 200 pm/s.



4. Force curves in pure water
We measured force curves in pure water to calculate the Debye length, and Figure S3
shows the result. The Debye length is 58 nm in pure water produced by a water purifier system in our

®

laboratory (arium®™ mini, Sartorius AG, Germany). The ionic strength is 0.027 mM, which is

determined by the following equation.
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1/k is the Debye length, and [ is the ionic strength. We also measured force curves in NaCl aqueous
solutions to validate our measurements of force curves. The result in Fig. S3 demonstrates the decrease
in the Debye length with 7, the fact of which indicates the correctness of our interaction force

measurements with AFM.
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Figure S3. Force curves measured at 0.1 pm/s in pure water and aqueous solutions of NaCl.

5. The static force and verification of the hydrodynamic forces

Figure S4 shows the force curve measured with 0.5 pm/s shown in Fig. 6. There are the
repulsive and attractive forces at short range. The attractive force shows a sharp change, which is
asymmetric against the repulsive force. This feature of the attractive force at short range is
characteristic the van der Waals force rather than the lubrication force. In contrast, force curves
measured at higher velocities than 5 um are dominated by the hydrodynamics because rescaling those
force curves by the velocities Vican collapse into a single master curve, and the master curve is fitted

with a function in inverse proportion to the separation (black crosses) as shown in Fig. S5. It should



be noted that there are deviations in short-ranged forces (less than 30 nm), possibly because the thin

film of fluid is not completely ruptured in the case of higher velocities.
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Figure S4. Force curves measured at 0.5 pm/s in a NaCl solution under the condition of pH = 10.1 and

1=70 mM.
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Figure S5. Force curves measured at 5-50 um/s in a NaCl solution under the condition of pH = 10.1

and /=70 mM.



6. The depletion force in nanofluids

Figure S6 shows the force curve measured in nanofluid of 27 nm nanoparticles under the
condition of pH = 6.3 and / = 1.2 mM at a velocity of 0.5 pm/s. The oscillatory force that has been
already reported in some previous works'* was detected at short range in our measurements, and the
attractive force has been reported as the depletion force in these studies. The magnitude of the
depletion attraction was on the order of uN/m while the hydrodynamic force we focused in the main
context is on the order of mN/m. Hence, we assume that the effect of the depletion force is less

important in a high velocity region.
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Figure S6. Force curves measured at 0.5 pm/s in nanofluid of 27 nm nanoparticles under the condition

ofpH=63and /=1.2 mM.

7. Frequency distributions of the friction forces in nanofluids

Because nanoparticles scatter the laser beam used to detect the bending of the cantilever,
negative friction forces in nanofluids can be recorded when scattered beams are detected. Additionally,
when a colloidal probe climbs up or slips down the nanoparticles on a substrate, the cantilever can
bend more than the contribution by friction forces. Hence, the frequency distributions in nanofluids
are broadened. Because these errors must be isotropic, the median value of each distribution is not
affected by these errors. It should be noted that each frequency distribution was calculated from 258

x 258 points of data. We assume that the number of the data points is sufficient in neglecting the



statistical error.

8. Numerical data of force curves measured in an aqueous solution, nanofluids, and pure water

Table S2. Numerical data of force curves shown in Fig. 7.

Ions 27 nm nanofluid 45 nm nanofluid 90 nm nanofluid Pure water
 [nm] (FMEAS-FDrag) + [nm] (FMEAS-FDrag) + [nm] (FMEAS-FDrag) + [nm] (FMEAS-FDrag) + [nm] (FMEAS-FDrag)
/D [mN/m] /D [mN/m] /D [mN/m] /D [mN/m] /D [mN/m]
-3.04934 245795 -4.41603 249127 -5.08305 1.87687 -17.8478 0.93684 0.00325931 5.31268
-0.867342 1.27644 -2.21345 1.71085 -2.49131 3.48792 -15.6374 1.44186 1.15289 3.13673
0.421874 -0.101634 -0.980607 1.28327 -1.34637 271721 -14.3428 1.55056 3.61597 4.68743
2.82726 -0.374782 1.37578 0.955561 1.06035 2.52018 -11.9946 237193 6.76621 1.69497
5.34192 -0.406363 3.86014 0.315215 3.45646 2.88969 -9.56552 1.55629 10.002 0.340998
7.68823 -0.393617 6.27087 0.106001 5.81202 3.30913 -7.20433 2.36458 13.1477 0.278913
10.2918 -0.368114 8.60159 0.0303074 8.11226 3.64662 -4.76853 2.89459 16.2634 0.24284
12.5977 -0.352686 11.1357 -0.0312615 10.5322 2.08369 -2.46234 3.16669 19.4021 0.200573
152753 -0.319607 13.5513 -0.0719149 13.131 0.112569 0.16319 223787 22.6156 0.173566
17.3758 -0.290126 16.031 -0.105811 15.4573 0.0185406 2.42447 3.54197 25.6936 0.144953
20.0615 -0.251849 18.4195 -0.124705 17.828 -0.0404759 4.84199 3.29892 28.9903 0.115833
24.8832 -0.195739 23.1599 -0.150743 22.7457 -0.0741303 9.59095 2.50258 32.5515 0.0974749
30.0388 -0.156071 28.0422 -0.149402 27.49 -0.101546 14.4705 -0.0433041 37.9189 0.0688743
34.9848 -0.12626 32.9543 -0.134158 32225 -0.101237 20.454 -0.0451092 44.9621 0.0457271
39.6848 -0.109955 37.7567 -0.11584 37.039 -0.0931813 24.0994 -0.064154 50.4092 0.0301445
44.4834 -0.0974393 42.7036 -0.101262 41.676 -0.1085 28.7598 -0.0553626 57.0478 0.0181836
50.7138 -0.0895508 48.661 -0.0886418 47.8065 -0.0896876 34.8473 -0.0489759 66.4075 0.00454936
60.5024 -0.0768863 58.4398 -0.0770632 57.3408 -0.0798143 44.5378 -0.055238 75.4169 -0.0014081
70.3587 -0.0626945 67.9705 -0.07188 66.9934 -0.0792636 54.0885 -0.0342779 85.609 -0.0060518
80.1608 -0.056711 779119 -0.067253 76.6519 -0.0609797 63.7206 -0.034812 93.8339 -0.0079515
89.9746 -0.0499927 87.251 -0.0572922 86.4003 -0.0546926 73.3883 -0.0239365 104.119 -0.0054992
99.8004 -0.0428096 97.0766 -0.0561484 95.5675 -0.0485762 83.0477 -0.0208675 113.201 -0.0113215
109.66 -0.0335184 106.905 -0.0484293 105.371 -0.0539168 92.4414 -0.0338661 121.672 -0.0100783
119.327 -0.0393368 116.398 -0.0473238 114.86 -0.0488992 102.203 -0.0248892 132.4 -0.0096173
129.223 -0.0330158 126.424 -0.0468653 124.38 -0.0519593 111.91 -0.023367 141.186 -0.0068021
139.033 -0.029512 135.856 -0.0392867 134.099 -0.0442735 121.304 -0.0217184 150.62 -0.0136936
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