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Drying of ethanol/water droplets containing silica nanoparticles
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29 ABSTRACT: The evaporation of colloidal drop on a substrate with a pinned contact line

usually results in a ring stain (the so-called coffee-ring effect). In this paper, we present

36 an investigation of the evaporation of sessile picoliter droplets of binary solvent mixtures

containing fumed silica nanoparticles (NPs). The internal flows in ethanol/water droplets

43 are suppressed and uniform deposit morphology achieved with a low loading (0.2-0.5

vol.%) of hydrophobic fumed silica NPs. The effective control of the particle deposit

50 morphology is based on a rapid sol-gel transition assisted by preferential evaporation of

ethanol. For droplets of dilute suspensions, the fumed silica NPs tend to agglomerate
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and form an elastic network quickly, starting from the region close to the three-phase

contact line and below the gas-liquid interface and growing towards the interior of the

droplet, as the solvents evaporate and the surface descends. Higher silica particle

concentrations, lower ethanol concentrations, and weaker Marangoni flows all

contribute to the sol—gel transition and hence to the suppression of the CRE.
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INTRODUCTION

When a spilled coffee drop is dried on a surface, a ring stain is normally observed; this

is the widely known ‘coffee-ring’ effect (CRE). The mechanism behind the CRE has

been well established — evaporation rate is highest close to the three-phase contact line

of a pinned drop which induces internal flow from the interior to the periphery to

replenish the lost fluid. Small particles suspended in the drop follow this outward

capillary flow and are transported to the contact line where they ultimately deposit and

form a ring."2 Suppression of the CRE is of great interest due to the broad applications

of inkjet printing from traditional graphics to functional devices.®'? Various strategies

have been employed to control the CRE: (i) suppression of capillary flow via sol-gel

transition;'3-16 (ii) prevention of contact-line pinning via substrate treatment to cause the

contact line to retract, negating the outward capillary flow;'”-2° (iii) particle assembly at

the gas-liquid interface via rapid evaporation?'22 and/or adsorption of the particles to

the gas-liquid interface through manipulation of particle charge?3, amphiphilicity?* or

shape?5-28; (iv) enhancement of particle—substrate interactions;2°3% (v) recirculation of

particles at the three-phase contact line via thermal Marangoni flow (induced by the
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temperature gradient at the gas-liquid interface arising from evaporation)3! or solutal

Marangoni flow (induced by concentration gradients at the gas-liquid interface arising

from preferential evaporation of one component)”:32-37; (vi) in-situ generation of particles

from emulsions in which the disperse phase is more volatile than the continuous

phase.3®

Among the aforementioned strategies, understanding of the effect of solutal

Marangoni flow on suppressing the CRE is far from complete. Many reports infer the

drying mechanisms from the final patterns of deposits without accurately characterising

the internal flows. Droplets exhibiting solutal Marangoni flow contain at least two

components (solvents, solutes or surfactants) whose concentrations need to be tracked

within the droplet and which can interact with particles leading to adsorption and self-

assembly,?339  or particle migration (variously known as diffusiophoresis or

chemophoresis).4%4! The reported effectiveness of Marangoni flow in controlling the

CRE is variable. Park and Moon reported formation of uniform deposits upon drying of

binary picoliter droplets with a particular particle concentration and attributed this to

solutal Marangoni flow.32 Majumder et al. found uniform deposits were formed when
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water drops were evaporated in an environment saturated with ethanol and explained

this by recirculating Marangoni flow induced by non-uniform condensation of ethanol at

the liquid surface.3® However, Kim et al. reported that the deposit formed upon the

drying of ethanol/water droplet was non-uniform even with the existence of Marangoni

eddies; further addition of surfactants and polymers lead to uniform deposits which were

attributed to extended Marangoni flows due to addition of surfactants and strong

interaction between particles and the substrate due to the presence of polymers.36

Talbot ef al. reported that in binary ethanol/water droplets, even with strong recirculating

Marangoni flow, the CRE was not well suppressed due to the outward capillary flow at

the later stage of the drying process after Marangoni flow ceased. They also reported

strong migration of tracer particles towards the centres of the Marangoni cells where the

ethanol concentration was the highest.#243 and showed that the particles could be fixed

at the centre of the droplet by careful control of inter-particle interactions, rather than at

the periphery as in the CRE."® While one may be able to find specific conditions under

which a particular formulation yields a uniform deposit upon drying, we cannot yet

predict how an arbitrary formulation will dry. Given that most practical formulations
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contain solutes and/or solvent blends, this ignorance is a significant limitation to the

development of inkjet printing of functional materials.

The purpose of this paper is not to present a general prescription for the use of

Marangoni effects in suppressing the CRE (though we and others are working towards

that objective); rather it demonstrates one means of obtaining a uniform deposit

notwithstanding the still-unpredictable effects of Marangoni flows. We focus on binary

solvent mixtures which generally give unpredictable results but which, under the right

conditions, may give uniform deposits. We extend a strategy that we have

demonstrated previously for pure water droplets, that is, to use a sol—gel transition in a

nanoparticle (NP) suspension to suppress the capillary flows that give rise to the CRE

and to control the Marangoni flows. We also take advantage of the fact that the solvent

composition provides an additional variable to tune the interactions between the

nanoparticles. Specifically, we use hydrophobic fumed-silica NPs - which are

commercially available in large quantities at low cost — as the rheology modifier, and

ethanol/water as the binary solvent mixture (since it exhibits particularly strong

Marangoni effects).
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It is well-known that particle-particle attractions between silica NPs are enhanced if

the silica surface and the liquid medium differ in their physicochemical properties.*44%

We hypothesized that hydrophobic fumed-silica NPs in an ethanol/water droplet would

form a network as the ethanol evaporates preferentially to leave a progressively more

polar solvent. Furthermore, the network would grow below the gas-liquid interface

because the particles become more concentrated near the gas-liquid interface as the

droplet evaporates. A typical sessile droplet in our experiments has a contact diameter

of 200 pym, initial height of 30 um and a characteristic vertical velocity A/f, of 0(10) pm

s™!, where A is droplet height, and &, the drying time. The diffusion coefficient, D, for

fumed silica NPs with a hydrodynamic diameter of a few hundreds of nm is 0(1) pm?2

s~'. Consequently, the Peclet number, Pe = AU/ D = O(102), indicating that convection of

NPs dominates over diffusion. Hence as the droplet evaporates the NPs are swept up

beneath the receding interface leading to a local concentration near the interface that is

much higher than the average concentration in the droplet.

We are not the first to notice the potential of sol-gel transitions in fumed silica NPs to

control drying patterns. Anyfantakis et al.’* explored the drying of microliter drops of

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

pure water containing fumed silica NPs of varying hydrophobicities. They showed that

the deposition patterns were related to the hydrophobicity and the concentration of the

fumed silica NPs: the most uniform deposits were formed at moderate to high loadings

of hydrophobic fumed silica NPs (0.5 vol.% for particles with 33% surface Si-OH, and 1

vol.% for 51% surface Si—-OH). They interpreted their observations in terms of a bulk

sol—gel transition, but did not study the rheology in depth. In this paper, we focus our

attention on picolitre droplets, which evaporate sufficiently quickly (few seconds) to be

useful for practical manufacturing applications. As noted above, we are also interested

in solvent blends rather than pure water. We show that fresh hydrophobic fumed silica

rapidly forms a 3-dimensional viscoelastic network below the gas-liquid interface of an

evaporating ethanol/water droplet, suppressing Marangoni flow and finally leading to a

uniform deposit; effective control was obtained with a loading of hydrophobic fumed

silica NPs (0.2-0.5 vol.%) that is much lower than in our previous study in which 2-3

wt.% laponite NPs were used to control the deposition of particles in water droplets?315,

We also present rheological measurements of the NP suspensions to help us to
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understand the interaction between Marangoni stresses and the non-Newtonian

rheology of the suspensions.

oNOYTULT D WN =

11 EXPERIMENTAL SECTION

14 Sample Preparation. Fumed silica NPs (Wacker Chemie AG) were used as received.
18 The primary structure of fumed silica consists of branched aggregates (100-250 nm in
21 size) formed by the fusion of primary spherical particles (5-30 nm in size), as shown in
25 Figure 1a. Most experiments were conducted with a hydrophobic fumed silica, HDK®
28 H20, which is functionalised with dimethyl silyl groups (Si—(CHj3)2) and has a silanol
(Si—OH) content of 50% relative to hydrophilic silica. A few experiments were performed

35 with hydrophilic fumed silica NPs (HDK® N20).

-4 :?-
o ? &-’

51 (b)

52 a0, o di-methyl group

'®)

53 ¢ silanol group
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Figure 1. Schematic representation of primary structures of fumed silica (a) and the

fumed silica surface (b). The primary structure consists of branched aggregates (100-

250 nm in size) formed by the fusion of primary spherical particles (5-30 nm in size).

Ultrapure water (Milli-Q, Merck) and Ethanol (Fisher Scientific, 99.8%) were used as

the solvents. To prepare the suspensions of silica NPs in an ethanol/water mixture,

suspensions of silica in ethanol were prepared first. The fumed silica NPs were

gradually added into ethanol under magnetic stirring and the mixture was sonicated

over 30 mins to obtain a homogeneous suspension of silica in ethanol. A stock

suspension of 2 vol.% NPs was prepared first; suspensions with lower concentrations of

NPs were prepared by diluting the stock suspensions with ethanol. Then water was

gradually added into the suspension under magnetic stirring and the mixture was further

sonicated for at least 30 mins to obtain the final suspension. For samples used for inkjet

printing, 0.01 vol./% polystyrene (PS) particles (median diameter 997 nm, steric

stabilized by polyethylene glycol methacrylate (PEGMA)*6; University of Leeds, U.K.)

were added as tracer particles. For inkjet printing the concentrations of fumed silica NPs
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was 2.2 — 22 mg/mL, which is 0.1 to 1 vol.% based on an assumed density of the

primary particles of 2.2 g cm=3. Suspensions with higher loadings of solid content (0.5-3

vol.%) in ethanol/water mixtures were studied in rheological experiments.

Rheology. An AR 2000 rheometer (TA Instruments) with a cone (60 mm diameter, 2°

angle) and plate geometry and a solvent trap cover was used. The rheology of

suspensions of silica NPs in pure ethanol and in ethanol/water mixtures, without the

inclusion of PS particles, were determined under both steady shear (strain rate & =

0.01-1000 s') and oscillatory shear (w = 0.1-100 rad s'). In steady-shear

experiments, the viscosity of a sample is measured as a function of shear rate. In

dynamic experiments, a low-amplitude sinusoidal strain, y, is imposed on the sample at

a fixed frequency, w, and a maximum strain amplitude y,: y = yosin (wt). Within the

region of linear viscoelasticity, the resulting stress is also sinusoidal, having a phase

difference, §, with the strain. It can be decomposed into an in-phase and an out-of-

phase component:

o = o¢sin (wt + &) = G'ypsin (wt) + G"yycos (wt)
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where G’=%cos<5, and G”=%sin6. The storage modulus G’ is related to the elastic
energy stored in the system on deformation, and the loss modulus G" is related to the
viscous dissipation of energy in the system. G’ is an important indicator of the formation

of extended networks of particles that resist deformation in colloidal suspensions.

Printing. The experimental setup used to image the drying process of picoliter droplets
is shown in Figure 2. Droplets (450 £100 pL, contact diameter ~ 200 ym) were ejected
from a print head (MJ-ABP-01, Microfab Technologies) with a 50-um diameter orifice
onto a transparent glass substrate (water contact angle = 35 + 5°). The drying process
from side view and bottom view can be recorded simultaneously with two high-speed
cameras (‘Camera A’ and ‘Camera B’ in Figure 2) upon the triggering of the Microfab
driver to dispense a drop. The tracer particles are visible in a dark-field with oblique
illumination (‘LED C’ in Figure 2) from the bottom-view movies. Trajectories of the tracer
particles are derived using particle tracking code adapted from open source Matlab
routines developed at Georgetown University*’. Volume profiles of drying droplets are

derived from the side-view shadowgraph-movies by a custom-written Matlab code with

ACS Paragon Plus Environment
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an assumption that the droplet is axisymmetric. The resolution of the side and bottom

view images is around 0.6 and 0.4 um/pixel, respectively. The focal planes of the

bottom-view movies discussed in this manuscript are at or slightly above the substrates.

The printing experiments were conducted in ambient environment with relative humidity,

RH =50 +10 %.

Fluids from reservoir

Microfab nozzle

Telescopic lens

’ D [ D Substrate — LED B

Camera A

(Optronis CR3000) \Objective lens (50x)

Beam splitter 0\
P —_ |

Camera B

Condenser — Tube lens (Photron SA4)

Il

LED A

Figure 2. Schematic of the printing rig.

Surface Profilometry. Height profiles of the deposits of pico-litre droplets were
measured with a stylus profilometer (KLA Tencor P-6 with a 2 um stylus). A line scan of

250 um length across the approximate centre of a deposit was performed; deposits from
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several individual droplets obtained under the same experimental conditions were

scanned. The lateral resolution of the scans was 0.5 pm/pixel.

Surface Tension. The surface tension of microliter drops of suspensions of silica NPs

in an ethanol/water mixture was measured by the drop-shape method (FTA 200

tensiometer, First Ten Angstroms). Air bubbles were formed on the tip of a J-shaped

capillary immersed in the suspension.

All the experiments were carried out at an ambient temperature of 21+1 °C.

RESULTS AND DISCUSSION

Rheology. Figure 3 shows the steady-shear viscosity of hydrophobic fumed silica NPs in

pure ethanol as a control. For a NP concentration < 4 vol.% the suspensions are

Newtonian; at higher concentrations they are weakly shear-thinning. The hydrophobic

NPs are difficult to disperse in pure water'* and the rheology was not measured.

ACS Paragon Plus Environment
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19 Figure 3. Steady-shear viscosity as a function of shear rate for ethanol containing

different concentrations of hydrophobic silica NPs.

27 The steady-shear rheology of hydrophobic NP suspensions in a 50 vol%

ethanol/water mixture (Figure 4a) shows a strong thickening effect of the NPs, which is

34 attributed to dispersion interactions between alkyl chains grafted onto the particle

surface.#*45 The hydrophobic interaction also becomes more important as the water

41 content of the solvent increases. The suspensions with 0.5 and 1 vol.% hydrophobic

silica NPs are shear-thinning at y < 1 s=' and Newtonian at higher shear rates. Since the

48 shear rates in a drying droplet are typically > 1 s~ (see below), these suspensions are

51 expected to show Newtonian behaviour in a drying droplet. For NP concentrations >

55 1%, the suspensions are shear-thinning over the whole range of shear rates studied
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(0.01-1000 s indicating the formation of stronger networks. Visually, the suspensions

with 1.2, 1.5 and 2 vol.% silica NPs are viscous sols and the suspension with 3 vol.%

silica NPs is a gel (see Figure S1 for pictures of inverted bottles showing that the 3

vol.% sample has a yield stress).

(C)
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Figure 4. Rheology of 50 vol.% ethanol/water mixtures containing different

concentrations of hydrophobic silica NPs.(a) steady-shear viscosity as a function of

shear rate; (b) elastic moduli (G") and loss moduli (G") as a function of frequency from

oscillating shear rheology.
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The oscillating-shear rheology for particle concentrations between 1 and 3 vol.% is

shown in Figure 4b. All suspensions show viscoelastic behaviour. The general picture is

of moduli G and G" that are independent of frequency and with a storage modulus that

is greater than the loss modulus i.e. the response to stress is predominantly elastic. The

exception is the lowest concentration of silica NPs (1 vol.%) where both ¢’ and G”

increase with frequency above 10 and 1 rad s, respectively. The marked difference in

the steady-shear and oscillating-shear rheology suggests that the particle networks are

preserved under small deformations (oscillating shear) but disrupted at large strains

(steady shear). The strong shear thinning under steady shear then reflects the

dynamics of the network formation process. We note that for the 3 vol.% suspension, G’

is around 1 kPa, which exceeds the Laplace pressure in the spherical-cap droplets.

Thus an increase in the (local) concentration of silica NPs to 3 vol.% is expected to be

sufficient to suppress capillary flows in the absence of strong shear. Steady-shear

rheology for suspensions of hydrophilic silica NPs in ethanol/water mixtures is shown in

Figure S2: hydrophilic silica can be easily dispersed in either ethanol or water and no

significant thickening of the suspensions by the hydrophilic NPs was observed.

ACS Paragon Plus Environment

17



oNOYTULT D WN =

ACS Applied Materials & Interfaces

(@) 100
230 vol.%
10k ©40 vol.%
A x50 vol.%
ﬁ " 070 vol.%
5 1k % A +100 vol.%
E ¢ i
n
S 01y x © A
o
8 A
R & 5 &
0.01 | ] © &
838 8% % ¢
g A4 4 & 3
+ + * + 4 T
0.001 i i . i "
0.001  0.01 0.1 1 10 100 1000 10000
Shear rate / s
(b) 100 100
©30vol.% (G") m40 vol.% (G) A50vol.% (G")
030 vol.% (G") 040 vol.% (G") 450 vol.% (G")
[ ]
We © © © o o o o © .
n .4
[
& ] [ ] ] [ n ] : ) !! o
= o o =
1 i1 3
e p o o o] ©) ‘n) o A ©
o o = &
R s g 4
01 & A 4 0.1
e A
4 a A
A A
0.01 - L 0.01
0.1 1 10 100

Frequency / rad.s™!

Figure 5. Rheology of ethanol/water mixtures with various ethanol concentrations and 1

vol.% hydrophobic silica NPs. (a) steady-shear viscosity as a function of shear rate; (b)

elastic moduli (G') and loss moduli (G") as a function of frequency from oscillating shear

rheology.

Figure 5 shows the influence of ethanol concentration on the rheology of 1 vol.% silica

suspensions. Both the steady-shear viscosity and the elastic modulus G’ increase as the

concentration of ethanol in the binary solvent decreases. As the water content increases
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in the binary solvent, particle—particle interactions are enhanced through hydrophobic

interactions. The Peclet number for diffusion of the solvent in the evaporating droplets

is O(1) so appreciable concentration gradients develop as ethanol evaporates

preferentially from the surface. The surface region is depleted in ethanol which,

according to the data in Figure 5, should enhance the elasticity of the fluid. For the 10

and 20 vol.% ethanol/water mixture containing 1 vol.% silica NPs, the measured

viscosity is lower than that in 30 vol.% ethanol/water mixture (see Figure S3), but these

solutions are not homogeneous. The suspensions of silica NPs in ethanol/water mixture

were prepared by gradually adding water to suspensions of silica NPs in pure ethanol

under magnetic stirring. As water was added to the suspension, the suspension became

increasingly viscous or even a gel until further addition of water led to the break-up of

the suspension into globules which persisted for an extended time; the continuous

phase was depleted in NPs leading to a decrease in the viscosity of the multiphase

mixture.

The strong shear-thinning behaviour of suspensions of silica NPs in ethanol/water

allows the fluids to be jetted from an ink-jet print head, where the shear rate is of the

ACS Paragon Plus Environment
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order of 10° s~'. Once on the substrate, the shear rates inside the sessile droplets are

much lower. Neglecting Marangoni flows, the shear rates in the initial stage of the drying

can be estimated from U,/A = O(1) s~' (where U, is the characteristic radial velocity,

~10+ m s'). When recirculating Marangoni flows exist, the recirculating flows lead to

much larger shear rates given by 2U,/A = O(100) s~' (where U, is the maximum radial

velocity). As the droplets evaporate, the elastic modulus G' increases near the

gas-liquid interface due both to the sweeping effect of the receding surface and the

reduction in the local concentration of ethanol. Once G' exceeds the Laplace pressure,

p = 2a/r., (Where ¢ is the surface tension and r. the radius of curvature of the droplet)

the effect of the sol-gel transition should be observable as a decrease in capillary flows

and a deviation in the drop profile from a spherical cap. For a 50 vol. % ethanol/water

suspension with surface tension ¢ = 27 mN m~', A= 15 um (the droplet height at ~ 0.2

tary) @and contact radius, R = 100 um, the Laplace pressure p = 158 Pa. Therefore, once

G is O(102?) Pa (at low strains — see below) we expect to suppress convective transport

within the droplet. From Figure 4b, this elasticity is achieved for 2 vol.% silica NPs in 50

ACS Paragon Plus Environment
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vol.% ethanol/water, and at lower NP concentrations as the ethanol concentration

decreases.

Drying of Droplets: Influence of Particle Surface Chemistry. Figure 6 shows the drying

of ethanol/water droplets containing 0.2 vol.% hydrophilic and hydrophobic NPs (dark

field view: the bright dots are the tracer particles that scatter light). The movies of the

drying droplets are provided as supporting information (Movies S1 and S2). For picoliter

ethanol/water droplets without any silica NPs, Talbot ef a/. reported that the tracer

particles recirculate and migrate towards the centre of the droplet. Before all the ethanol

has evaporated, the Marangoni recirculation ceases and is replaced by evaporation-

driven capillary flow, leading to a ring stain.?54243 For ethanol/water droplets containing

hydrophilic NPs, the tracer particles reveal similar internal flows (Figure 6a and Movie

S1). For ethanol/water droplets containing hydrophobic silica NPs (Figure 6b),

Marangoni flow was initially observed but rapidly died away. Figure 7 shows the

trajectories of the tracer particles during the drying process illustrated in Figure 6b.

Particles near the three-phase contact line were fixed first (~0.15 4,), and particles in

the central part of the droplet ceased moving later (~0.35 fy). The final distribution of

ACS Paragon Plus Environment
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particles (NPs + tracers) in the dry deposit (right-hand images in Figure 6) is even for

the hydrophobic NPs, and non-uniform with a pronounced ring stain for the hydrophilic

NPs. From the rheology of the formulation and the characteristics of the drying process,

we infer that a network of silica NPs is formed early in drying, starting near the three-

phase contact line and below the gas-liquid interface, and growing towards the interior

of the droplet. We note that the capillary number, Ca=U,u/c (Where u is the shear

viscosity) is << 1 for y > 1 s7', so elasticity plays a more important role than viscosity in

suppressing capillary flows.

The scattering from the drying droplets is at its brightest shortly before the droplet is

finally dry (Figure 6(a)(iv) and 6(b)(iv)) which is unusual since the refractive index

contrast between silica and water is less than between silica and air. We interpret this

observation as the formation of micro-structures of agglomerated silica NPs that are

large enough and dense enough to scatter light. Once the droplet finally dries, these

structures coalesce into a continuous film that modifies the reflectivity of the substrate

but does not scatter light strongly. In the dry deposits, the observed scattering is mostly

from the PS tracer particles.
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The SEM images of the dry deposits are shown in Figure 8. The CRE is effectively

suppressed in the ethanol/water droplet containing hydrophobic silica NPs, though there

oNOYTULT D WN =

1 remains some internal structure in the dry deposit on the micron length-scale.

24 t=0 t=0.18 ty, t=0.3 tyy t=0.97 ty, t=1ay

37 Figure 6. Dark-field images of a drying 50 vol.% ethanol/water droplet with 0.2 vol. %

o hydrophilic silica particles (a, tyy = 4.6 s), and 0.2 vol.% hydrophobic silica particles (b,

44 tary = 2.3 s). Both systems contain 0.01 vol.% PS tracer particles.

60 ACS Paragon Plus Environment

23



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 24 of 66

0.20-0.25 ty, 0.25-0.30 tyy 0.30-0.35 ty, 0.35-0.40 tyy

Figure 7. Tracer particle trajectories of a drying 50 vol.% ethanol/water droplet with 0.2
vol. % hydrophobic silica particles and 0.01 vol.% PS tracer particles. Refer to Figure
6b for the dark field images of the drying process. The red dots represent the stationary
particles in the radial direction (movement < three pixels in the time interval). The blue
lines represent the trajectories of moving particles, having a triangle at the end of the

track to show the direction of motion.
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oNOYTULT D WN =

16 Figure 8. SEM images of deposits upon drying of a 50 vol.% ethanol/water droplet

with 0.2 vol. % hydrophilic silica (a), and 0.2 vol.% hydrophobic silica (b). Both systems

23 contain 0.01 vol.% PS tracer particles.

The side view images corresponding to the bottom-view images in Figure 6b are

31 shown in Figure 9. The volume profile, {#, extracted from the side view images is

plotted in Figure 10. The droplet shape deviated from a spherical cap from ~0.17 gy,

38 which indicates formation of a gel with a yield stress greater than the capillary pressure.

Gelation at the gas-liquid interface suppresses Marangoni flows throughout most of the

45 droplet within the first quarter of the drying time. By this point, the half the volume still

48 remains and the core of the droplet, remote from the gas-liquid interface, still contains a

52 high volume fraction of ethanol and a low concentration of silica NPs — the large Peclet

55 number means that the NPs do not diffuse from the surface towards the substrate.
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Consequently the core of the droplet will still be liquid so we might still expect to see

tracer particles away from the free surface being transported to the contact line. The

driving force for the capillary flows that lead to the CRE, however, arises from the

minimisation of the free surface area with a pinned contact line, which preserves the

spherical cap. Figure 9 shows that the droplet deviates from a spherical cap early in

drying and flattens in the centre; the enhanced curvature near the contact line

compared to the apex would lead to a Laplace pressure gradient driving a flow in the

opposite direction (away from the contact line). For comparison, the side view images

corresponding to the bottom-view images in Figure 6a are shown in Figure S5. No

deviation from spherical caps was observed.

t=0.17 tyy t=0.33 tyy t=0.81 tyy Bl

Figure 9. Side-view shadowgraph images of a drying 50 vol.% ethanol/water droplet

with 0.2 vol.% hydrophobic silica particles and 0.01 vol.% PS tracer particles.
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15 s,

19 Figure 10. Volume profile with time for a drying 50 vol.% ethanol/water droplet with 0.2

23 vol.% hydrophobic silica particles and 0.01 vol.% PS tracer particles.

27 The data presented above were acquired with a fresh batch of hydrophobic fumed
31 silica. We observed that as the hydrophobic fumed silica aged, it became less effective
34 in suppressing the CRE. Figure S6 compares dry deposits with fresh silica and eight
38 months after opening the container. Suppression of the internal flows for aged silica
41 NPs occurred later than with fresh silica NPs; the shape of the droplets observed from
45 side-views was also more like a spherical cap, which leads to internal capillary flows in
48 the fluid region within the bulk of the droplet. While the deposit was still uniform in the
57 centre of the deposit, a build-up of nanoparticles at the contact line was also observed.

55 The bulk rheology of the hydrophobic silica NPs also changed with time (Figure S7). In
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the ‘aged’ sample, a 3 vol.% suspension is a running gel, compared to the fresh sample

of the same concentration that shows a yield stress sufficient to support its own weight.

Thus the interparticle interactions in the aged sample are weaker than in the fresh

sample. The origin of the ageing is unknown but could be from adsorption of

atmospheric contaminants onto the particle surface or to hydrolysis of the dimethylsilyl

groups by atmospheric moisture.

Drying of Droplets: Influence of NP Concentration. Typical morphologies of deposits

and height profiles for ethanol/water droplets with different concentrations of

hydrophobic silica NPs are shown in Figure 11. At a low silica NP concentration of 0.1

vol.%, wide ring stains were observed (Figure 11 (i)). As the silica NP concentration

increased, pancake-shaped deposits with relatively homogenous height profiles were

formed (Figure 11 (ii)—(iv)). In Figure 11b (ii) and (iii) the average film height due to the

NPs is below 1 ym, so the tracer particles (median diameter 1 um) protrude above the

film. For the lowest concentration, the initial silica NP concentration of a droplet is too

low to form an elastic network strong enough to resist the capillary flows towards the

contact line, leading to ring stain in Figure 11a(i). The 0.1 vol.% silica NP suspensions
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would sometimes depin during drying (Figure S8), while the higher concentrations,

oNOYTULT D WN =

which rapidly gelled near the contact line, never depinned. When the initial silica NP

11 concentration of a droplet was > 0.2 vol.%, the surface of the droplet rapidly gelled and

14 relatively uniform deposits were formed independent of the concentration. We note that

18 the higher concentrations had a tendency to gel in the nozzle and inhibit printing of the

21 droplet.

0 50 100 150 200 250

w
N
Height / pm

42 0O 50 100 150 200 250
43 Scan length / pm

Figure 11. Reflection bright-field microscope images (a) and height profiles (b) of

51 deposits upon drying of 50 vol.% ethanol/water droplets containing different

34 concentrations of hydrophobic silica NPs: (i) 0.1 vol.%, (ii) 0.2 vol.%, (iii) 0.5 vol.%, (iv) 1
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vol.%. All samples contained 0.01 vol.% PS tracer particles. The scale bars are 50 um.

Different coloured line profiles were measured from separate droplets dried under the

same conditions.

To explore whether the adsorption of the hydrophobic silica NPs at the gas-liquid

interface also plays a role in the formation of a gel and the suppression of Marangoni

flows, we measured the static interfacial tensions between air bubbles and suspensions

with different silica NP concentrations (0-1 vol.%) in a 50 vol. % ethanol/water mixture

(see Figure S9). The interfacial tensions of the NP suspensions were within 0.3 mN m-?

of that of the pure solvent, providing no evidence for adsorption of silica NPs on the

interface. Ellipsometric measurements (see Supplementary Information) also provide no

support for significant adsorption of silica NP networks at the surface of ethanol/water

mixtures. Therefore, we deduce that the suppression of Marangoni effects is due to a

sol-gel transition in NP networks below the gas-liquid surface and not the

thermodynamic adsorption of NPs to the gas-liquid surface.
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The average thickness, 7, of the NP deposits formed from droplets containing 0.2,

0.5 and 1.0 vol.% silica are around 480, 740 and 2030 nm, respectively (Figure

VOCS
mR?h ’

11b(ii)—(iv)). The volume fraction, ¢, of the solid within the dry film is given by ¢ =

where V, is the droplet volume, and C, the particle concentration by volume in the

formulation. For the deposits of droplets containing 0.2-1 vol.% silica NPs, the solid

concentration in the final deposits was 6-15 vol.%. The specified bulk density of the

silica powders is 30-100 kg/m3, equivalent to 1-5 vol.%, reflecting the open nature of

the aggregates. Therefore the dry deposits are highly porous, but denser than the silica

powders as received. The porous nature of the deposits is clear in SEM images taken

under high magnification (Figure S10).

Drying of Droplets: Influence of Ethanol Concentrations. Figure 12 displays images

during the drying process for 0.2 vol. % hydrophobic silica NPs in ethanol/water

mixtures with ethanol concentrations of 10 vol. % and 30 vol.% (see also Movies S3 and

S4). Refer to Figure 6b for droplets of 50 vol.% ethanol/water for comparison. The bright

scattering from the 10 vol.% ethanol suspension at early times suggests that the
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suspension is inhomogeneous as noted above in the rheology section. The trajectories

of the tracer particles during drying are shown in Figure 13. As the elastic modulus is

higher for a suspension with a lower ethanol concentration in the binary solvent, one

might expect an earlier sol-gel transition during drying for droplets with lower ethanol

concentrations. The real drying process is more complex. The formation of a gel is a

competition between the elasticity of the viscoelastic network and the shear stresses

caused by the internal flows. Higher shear rates cause shear thinning and inhibit the

formation of a gel if the rate of gelation is slow compared to the shear rate. Talbot

reported that the Marangoni flow in an ethanol/water droplet without any fumed silica

NPs is strongest when the initial ethanol concentration is around 30 vol.%; the shear

rate in the early stage of drying of a 30 vol.% ethanol/water droplet is nearly one order

of magnitude higher than that of a 50 vol.% ethanol/water droplet (see Fig. 4.10 in Ref

48), while the shear rate in a 10 vol. % mixture is about 3 times larger than in the 50

vol.% droplet.48
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t=0 t=0.14 t4y t=0.89 tyy t=0.97 tyy t=1yy

24 Figure 12. Dark-field images of a drying ethanol/water droplet with 0.2 vol.%

27 hydrophobic silica particles and 0.01 vol.% PS tracer particles. (a) 10 vol.%

31 ethanol/water; (b) 30 vol.% ethanol/water.
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0.10-0.15 tyy

0.15-0.20 t,,

0.20-0.25 ty, 0.25-0.30 ty, 0.30-0.90 ty, 0.90-0.95 ty

Figure 13. Particle trajectories of a drying ethanol/water droplet (a-10 vol.%
ethanol/water; b-30 vol.% ethanol/water) with 0.2 vol. % hydrophobic silica particles
and 0.01 vol.% PS tracer particles. Refer to Figure 12 for the dark field images of the
drying process. The red dots represent the stationary particles in the radial direction

(movement < three pixels in the time interval). The blue lines represent the trajectories
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of moving particles, having a triangle at the end of the track to show the direction of

motion.

The data for 0.2 vol.% hydrophobic NPs in 10 vol.% ethanol (Figure 13a) and 50

vol.% ethanol (Figure 7) show that the sol—gel transition occurs earlier in the former

case. Movement of tracer particles ceased near the contact line by 0.05 £, and virtually

all the particles had stopped moving by 0.2 4, Over the remainder of the drying period

there is a small inward movement of the particles. As noted above, a very bright field

was observed just before complete drying of the droplet (Figure 12a(iv)). The final

deposits had an even distribution of particles (Figure 12a(v) and Figure 14(i)). In 10

vol.% ethanol, the stronger interparticle interactions compared to 50 vol.% ethanol more

than compensate for the higher shear forces, and gelation occurs earlier in the drying

process.

The 30 vol.% ethanol/water droplet behaves quite differently (Figure 12b and Figure

13b). The tracer particles recirculate rapidly along the Marangoni streamlines and

migrate slowly across the streamlines (the mechanism will be discussed elsewhere) and
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collect in a disc in the central part of the droplet (Figures 12b(ii) and 13Db(iii)).

Comparative data on the drying of a 30 vol.% ethanol/water droplet without any fumed

silica NPs is presented in Movie S5 and Figure S9 in the Supporting Information. The

hydrophobic silica NPs did not fully suppress Marangoni flow but reduced the duration —

the recirculating flow ceased earlier (~0.15 tq4 for the case with hydrophobic silica NPs

as shown in Figure 13, and around ~0.25 ty, for the case without hydrophobic silica

NPs, as shown in Figure S11). After the Marangoni flow ceased, some of the tracer

particles remained stationary while others were transported slowly towards the three-

phase contact line by capillary flow (between Figure 13b(iv)—(vii)). Movie S4 shows that

the stationary particles became brighter as the drop dried, consistent with stationary

particles near the free surface moving into the focal plane of the objective lens at the

substrate. While the near-surface region had gelled, the bulk of the droplet remained

fluid. The dry deposit consists of a central disk from the trapped particles and a ring at

the contact line, with an annular region in-between that is depleted of particles. This

pattern is seen both for the micron-sized tracer particles (optical images in Figure

12b(iv)) and the silica NPs (SEM and profilometer traces in Figure 14(ii)), implying that
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the NPs also show the cross-stream migration in the Marangoni flows and form a

central disc similar to the tracer particles. It is not clear why the capillary flows persist

after the surface gels in the 30% ethanol solution when they are suppressed in the 10%

and 50% ethanol solutions. A higher concentration of silica NPs (0.5 vol.%) does

effectively suppress the Marangoni flows in 30 vol.% ethanol/water droplets (Movie S6).

The dry deposit appears uniform in microscopic images, but the profilometer shows that

the centre is slightly depressed compared to the edges of the drop (see Figure S12).

0 50 100 150 200 250
Scanlength/pym

Figure 14. SEM images (a) and height profiles (b) of deposits upon drying of (i) 10 vol.%

and (ii) 30 vol.% ethanol/water droplets containing 0.2 vol.% hydrophobic silica NPs

and 0.01 vol.% PS tracer particles. The scale bars are 50 um. Different coloured line

profiles were measured from separate droplets dried under the same conditions.
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DISCUSSION

Previous studies have shown that the adsorption of particles to the gas-liquid

interface to form an elastic ‘skin’ was an effective mechanism for suppressing the

coffee-ring effect.'6:21-26 Qur initial hypothesis was that the changing solvent quality as

the ethanol evaporates preferentially in ethanol/water mixtures would drive silica

nanoparticles to the gas-liquid interface. We observed experimentally that a low

concentration (0.2 vol.%) of silica NPs did suppress the Marangoni effects in drying

ethanol/water droplets and lead to uniform deposits. Surface tensiometry and

ellipsometry measurements did not, however, provide evidence for silica NP adsorption.

Rheological measurements on silica NP suspensions showed a sol-gel transition and a

yield stress around 3 vol.% of solids which, together with the large Peclet number in the

drying droplets, suggests an alternative explanation (see Figure 15). We propose that

as the droplet evaporates the receding gas-liquid interface sweeps up the NPs until the

near-surface concentration of NPs exceeds the gelation concentration. The sol-gel

transition happens first near the contact line where evaporation is fastest, initially
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restricting Marangoni flows to the central part of the droplet. Within the first quarter of

the drying time, the whole surface gels and Marangoni flows cease throughout the

droplet. This process is accelerated by the increasing volume fraction of water near the

free surface, which strengthens the networks between the hydrophobic silica particles

through hydrophobic interactions. While the core of the droplet may remain liquid, the

elasticity of the shell is sufficiently high that the droplet deviates from a spherical cap

and the capillary flows towards the contact line that give rise to the CRE are

suppressed. The concentration of silica NPs required to yield a uniform deposit in a 50

vol.% ethanol/water mixture is an order of magnitude lower than in our previous work on

the sol—-gel transitions in aqueous laponite suspensions, which is beneficial for practical

applications. Lowering the NP concentration further to 0.1 vol.% did not lead to an

obvious sol-gel transition; Marangoni flows followed by outward capillary flows led to a

ring stain (Figure 15a).

Obtaining a uniform deposit from particles that are dispersed throughout the bulk

rather than adsorbed at the surface requires a subtle balance of gelation and flow. If

internal flow is completely suppressed, then the initial distribution of particles in the
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sessile drop is projected onto the surface, giving rise to a dome-shaped deposit.

Uncontrolled convection, on the other hand, leads to the well-known ring stain. Timing

of the gelation is thus important to obtain the most uniform deposit. Density

measurements and high resolution SEM images show that the final NP film is highly

porous (¢ = 0.06-0.15). The small primary silica particles (~10 nm diameter) are

irreversibly aggregated into three-dimensional structures around 100 nm across. It is

the secondary flocculation of these aggregates that leads to an elastic network and the

sol—gel transition. The very open structure of the flocs is the reason for gelation at low

volume fractions of nanoparticles.

Experiments on the drying of 30 vol.% ethanol/water droplets illustrate some of the

complexities of the drying process. This composition shows particularly strong

Marangoni recirculation with shear rates, y, of O(103) s~'. The silica NP suspensions are

strongly shear-thinning under large strains and the strong Marangoni flows hinder the

reformation of the NP networks. Typically one would seek to compare the shear rate

with the inverse of the relaxation rate of the network, where the latter is inferred from the

cross-over in G’ and G’ in oscillating shear experiments. The dynamic rheology
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measurements do not, however, show a strong frequency dependence in the elastic

and loss moduli, suggesting that the NP networks are retained under strains of small

oNOYTULT D WN =

11 amplitude but broken down under continuous shear. We can only infer therefore that the
14 relaxation time of the network is long on the timescale of the Marangoni flows (y ~1). The
18 30 vol.% ethanol experiments also show cross-stream migration of particles that
21 concentrates the tracer particles in a disc near the centre of the droplet. While we
25 cannot track individual NPs, the SEM images of the final deposits show a central disk as
28 well as a peripheral ring, consistent with the NPs also migrating into a central disk
during Marangoni flows (Figure 15d). Increasing the concentration of hydrophobic silica
35 NPs to 0.5 vol.% was sufficient to suppress the Marangoni flows early in the drying and

give a more uniform deposit.
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Figure 15. lllustrations of different drying patterns for ethanol/water droplets containing

hydrophobic fumed silica. (a) — (c) are for drying of droplets in which Marangoni flow is

moderate and (a) low silica concentration (0.1 vol%) where a sol-gel transition does not

occur until late in the drying process (b) medium silica concentration (0.2 vol%), (c) high

silica concentration (0.5-1 vol%); (d) is for droplets with medium silica concentration in

the presence of strong Marangoni flow (30 vol.% ethanol).

CONCLUSIONS

Solutal Marangoni flows have been proposed to aid the formation of a uniform deposit in

the drying of droplets of colloidal suspensions. In binary solvent mixtures, where one

component is more volatile than the other, pattern formation in the deposit is a complex

process involving both cross-stream migration during the early stages of drying and

strong outward capillary flows during the late stage of drying after Marangoni

recirculation has ceased. A common consequence is a non-uniform deposit with a ring-

stain and/or accumulation of particles in the centre of the deposit. In this paper, we have

demonstrated a means to suppress the coffee-ring effect in the drying of binary solvent
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droplets via rapid sol—gel transition. The local sol-gel transition in picoliter droplets of

ethanol/water mixtures containing a low concentration of fresh hydrophobic fumed silica

NPs (0.2-0.5 vol.%) suppresses internal flows and leads to uniform deposits. As the

droplet evaporates, the fumed silica particles agglomerate to form a 3D elastic network.

The yield stress of this network suppresses Marangoni flows. Gelation starts at close to

the periphery where evaporation is fastest and near the gas-liquid interface as the

descending surface sweeps up the silica NPs. The network below the gas-liquid

interface extends towards the interior of the droplet as evaporation proceeds.

Evaporation of ethanol to leave a water-rich layer near the free surface enhances the

hydrophobic interactions between the NPs leading to a stronger gel. For droplet

compositions with particularly vigorous internal Marangoni convection, a higher

concentration of silica NPs is needed to overcome the shear-thinning properties of the

suspension.
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Supporting Information

The following files are available free of charge via the Internet at http://pubs.acs.org.

Additional figures and Ellipsometry Measurements (PDF).

Movie S1 (AVI) — the drying process for a 50 vol.% ethanol/water droplet with 0.2 vol.%

hydrophilic fumed silica PSs and 0.01 vol.% PS tracer particles; playback rate

0.05xReal time.

Movie S2 (AVI) — the drying process for a 50 vol.% ethanol/water droplet with 0.2 vol.%

hydrophobic fumed silica PSs and 0.01 vol.% PS tracer particles; playback rate

0.05xReal time.

Movie S3 (AVI) — the drying process for a 10 vol.% ethanol/water droplet with 0.2 vol.%

hydrophobic fumed silica PSs and 0.01 vol.% PS tracer particles; playback rate

0.05xReal time.
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Movie S4 (AVI) — the drying process for a 30 vol.% ethanol/water droplet with 0.2 vol.%

hydrophobic fumed silica PSs and 0.01 vol.% PS tracer particles; playback rate

0.05xReal time.

Movie S5 (AVI) - the drying process for a 30 vol.% ethanol/water droplet with 0.005

vol.% PS tracer particles; playback rate 0.05xReal time.

Movie S6 (AVI) — the drying process for a 30 vol.% ethanol/water droplet with 0.5 vol.%

hydrophobic fumed silica PSs and 0.01 vol.% PS tracer particles; playback rate

0.05xReal time.
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22 Figure 6. Dark-field images of a drying 50 vol.% ethanol/water droplet with 0.2 vol. % hydrophilic silica

23 particles (a, tqry = 4.6 s), and 0.2 vol.% hydrophobic silica particles (b, tgry = 2.3 s). Both systems contain
24 0.01 vol.% PS tracer particles.
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Figure 7. Tracer particle trajectories of a drying 50 vol.% ethanol/water droplet with 0.2 vol. %
hydrophobic silica particles and 0.01 vol.% PS tracer particles. Refer to Figure 6b for the dark field images
of the drying process. The red dots represent the stationary particles in the radial direction (movement <
three pixels in the time interval). The blue lines represent the trajectories of moving particles, having a
triangle at the end of the track to show the direction of motion.
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Figure 8. SEM images of deposits upon drying of a 50 vol.% ethanol/water droplet with 0.2 vol. %
hydrophilic silica (a), and 0.2 vol.% hydrophobic silica (b). Both systems contain 0.01 vol.% PS tracer
particles.
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Figure 9. Side-view shadowgraph images of a drying 50 vol.% ethanol/water droplet with 0.2 vol.%
hydrophobic silica particles and 0.01 vol.% PS tracer particles.
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30 Figure 10. Volume profile with time for a drying 50 vol.% ethanol/water droplet with 0.2 vol.% hydrophobic
31 silica particles and 0.01 vol.% PS tracer particles.
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Figure 11. Reflection bright-field microscope images (a) and height profiles (b) of deposits upon drying of 50
vol.% ethanol/water droplets containing different concentrations of hydrophobic silica NPs: (i) 0.1 vol.%, (ii)
0.2 vol.%, (iii) 0.5 vol.%, (iv) 1 vol.%. All samples contained 0.01 vol.% PS tracer particles. The scale bars
are 50 um. Different coloured line profiles were measured from separate droplets dried under the same
conditions.
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Figure 12. Dark-field images of a drying ethanol/water droplet with 0.2 vol.% hydrophobic silica particles
23 and 0.01 vol.% PS tracer particles. (a) 10 vol.% ethanol/water; (b) 30 vol.% ethanol/water.
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Figure 13. Particle trajectories of a drying ethanol/water droplet (a-10 vol.% ethanol/water; b-30 vol.%
ethanol/water) with 0.2 vol. % hydrophobic silica particles and 0.01 vol.% PS tracer particles. Refer to
Figure 12 for the dark field images of the drying process. The red dots represent the stationary particles in
the radial direction (movement < three pixels in the time interval). The blue lines represent the trajectories
of moving particles, having a triangle at the end of the track to show the direction of motion.
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26 Figure 14. SEM images (a) and height profiles (b) of deposits upon drying of (i) 10 vol.% and (ii) 30 vol.%
27 ethanol/water droplets containing 0.2 vol.% hydrophobic silica NPs and 0.01 vol.% PS tracer particles. The
28 scale bars are 50 ym. Different coloured line profiles were measured from separate droplets dried under the
29 same conditions.
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Figure 15. Illustrations of different drying patterns for ethanol/water droplets containing hydrophobic fumed
silica. (@) - (c) are for drying of droplets in which Marangoni flow is moderate and (a) low silica
concentration (0.1 vol%) where a sol-gel transition does not occur until late in the drying process, (b)
medium silica concentration (0.2 vol%), (c) high silica concentration (0.5-1 vol%); (d) is for droplets with
medium silica concentration in the presence of strong Marangoni flow (30 vol.% ethanol).
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