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Supplementary Information

Al. Contact line receding velocity of an evaporating drop

In colloidal drop drying processes, multi-ring depositions are formed due to the stick-slip
motion of the contact line when it recedes as shown in Fig. 1. This stick-slip motion can be
described as a step function in the drop radius, R, vs evaporation time, ¢, plot (Fig. Alb).
However, it is difficult to quantify the contact line velocity during each stick-slip motion, due to
the repetitive acceleration and deceleration nature of the processes. Instead, we assume the
contact line undergoes a continuous motion during receding, as shown in the dashed line of Fig.
A1b, in order to correlate the contact line velocity with R.

For an inkjet-printed pico-liter drop (Bo <0.005), where the effect of gravity can be
neglected, the drop shape is considered as a spherical cap with contact angle 6 and radius R

shown in Fig. A1. When ¢ =1, the volume of the drop can be written as
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On very hydrophilic substrates, the contact angle of the drop during receding approaches zero

and it follows tanz[ﬁ(to ) / 2] << 3. Hence, the volume of the drop at ¢ =¢, can be simplified as
Vt,)= %ER3 (t,)tan % 0(t,) forsmall & (A2)
Similarly, the volume of the drop at ¢ =¢, + ot is given by
Vi(t,+ot)= %ﬂ'R3 (¢, +ot)tan % O(t, +ot) forsmall 0 (A3)

Utilizing Eqgs. (A2) and (A3), it follows
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For an incompressible drop, dm = pdV , where m and p are mass and density of a drop. Hence,
the drop contact line velocity at # =¢, is given by reorganizing Eq. (A4)
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For a very hydrophilic substrate, where the equilibrium contact angle of the drop is very small,

L . o : . do :
the contact angle variation during drop receding is considered to be small, i.e., Z 0, which

follows
il_R: : 1 [iz_mj (A6)
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The volume variation of the drop due to solvent evaporation, dm/dt, can be obtained by

integrating the diffusion driven evaporation along the drop surface to yield!

C;_mz—m;zRD(l—RH)cv (A7)
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where D is the diffusivity of water vapor in air, RH is the ambient relative humidity, and ¢, is

the saturated vapor concentration of the solvent.
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Figure Al: (a) Schematic illustration of a drop receding on a hydrophilic substrate. (b) Schematic

step function of stick-slip motion of the contact line (solid lines) and the fitted linear curve (dash

line) during drop receding. The dash line follows R ~ Jt by integrating Eq. (A9).

Substituting Eq. (A7) into Eq. (A6), the instantaneous contact line velocity is given by
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Because the change in contact angle is trivial during drop receding on a very hydrophilic
substrate, tant@(t)/ 2J can be approximated as a constant and hence the contact line velocity
inside a drying drop gives

U,~1/R (A9)

which implies that the contact line velocity keeps increasing during drop receding.

A2. Particle deposition rate at contact line

Based on Eq. (A7), the volumetric solvent evaporation rate of the entire drop is
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Because particles are accumulated and deposited along the drop edge, the volumetric particle

deposition rate along the contact line gives 27RndU, or C, (dV/dt)/ (1—8), where d is the
particle diameter, Cp the particle volume fraction, ¢ the deposition porosity, and » the number

of layers of particles in the deposition. The radial growth rate of particle deposition, U, , can

hence be given by

1.3D(1-RH
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Experimental evidence shows that the particle concentration in the central region of the drop
does not change during drying?. Here, we assume that the particle concentration, layer of the

particles, and porosity in the deposition do not change during evaporation, and hence the radial

growth rate of particle deposition, U »» 1s a constant during drop receding and is independent of

the contact line radius, R, following

Up ~ const (A12)

A3. Ring spacing of the multi-ring structure

During drop receding, when the contact angle decreases below a critical value, the
depinning forces surpass the pinning forces driving the contact line to depin from the original
location (R, @) and slip to a new location (R—0R, 8+ 06), where the contact line pins again

and forms a new ring at R — SR, as shown in Fig A2. Here, OR is the ring spacing at location R .



Assuming the drop is of spherical-cap shape both before and after slip and solvent

evaporation is minimal during slip?, the volume of the drop can be written as
|
V==nR tan—0 (A13)
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Hence, the ring spacing, OR , can be expressed as a function of the instantaneous drop radius, R,

as
SR = CR (A15)
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where C=(1—; 2 2 2 2 ). Assuming @ and 6 +06 keep constant at
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different ring positions3-, the coefficient C becomes a constant during drop evaporation. Hence,
it follows

SR~R (A16)

Figure A2: Schematic illustration of the stick-slip motion of the contact line.



A4. Scanning Electron Microscopy (SEM) images of deposition morphologies for colloidal
drops with different particle loadings

Deposition morphologies of evaporating colloidal drops dried at 40% relative humidity with
20nm particles at particle loadings of 0.5%, 0.25%, and 0.1% are shown in Figs. A3, A4, and A5,

respectively.

Figure A3: Deposition morphologies inside colloidal drops dried at 40% relative humidity with
20 nm particles at 0.5 % particle loading. (a) Overview morphology, (b) — (d) high magnification
SEM images of: (b) the multi-ring in red box, (c) the foam in blue box, (d) the island in green

box. The scale bars are 20 pm in (a) and 1 pm in (b) — (d).



Figure A4: Deposition morphologies inside colloidal drops dried at 40% relative humidity with
20 nm particles at 0.25 % particle loading. (a) Overview morphology, (b) — (e) high
magnification SEM images of: (b) the multi-ring in red box, (c) the spider web in yellow box, (d)

the foam in blue box, (e) the island in the green box. The scale bars are 20 um in (a) and 2 pm in

(b) = (o).



Figure AS: Deposition morphologies inside colloidal drops dried at 40% relative humidity with
20 nm particles at 0.1 % particle loading. (a) Overview morphology, (b) — (d) high magnification
SEM images of: (b) the spoke in purple box, (c¢) the foam in blue box, (d) the island in the green

box. The scale bars are 20 um in (a) and 1 pm in (b) — (e).
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