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A B S T R A C T   

The simple, easy and rapid technique of “drop casting” is widely used to prepare the surface of chemically 
modified electrodes in which the modifying layer is composed of particles such as nanotubes or nanoparticles and 
used for electro-catalysis notably for chemical sensing as well as materials evaluation. However, meaningful 
voltammetry requires the formation of uniformly modified surfaces for which the coffee ring and its related 
effects, which are overviewed, present a significant limitation on the reproducibility of the drop casted surfaces. 
Approaches for amelioration of the coffee ring effect by various methods are discussed.   

1. Introduction 

The search for improved electrochemical sensors of the ampero
metric variety has stimulated the study of an astonishing diversity of 
modified electrodes in the quest for enhanced sensitivity and selectivity 
[1–8]. One approach has become ubiquitous over the last two decades 
and involves the modification of the surfaces of macro-electrodes with a 
layer of particles. The substrates are often made of carbon in some forms, 
such as glassy carbon or graphite [9–14] for reasons of ready availability 
and, often, low cost although doped diamond [15–17] and single-crystal 
[18–20] forms are also used. The modifying layer is selected with the 
hope or anticipation of useful enhancement of the electrochemical 
response towards some desired target analyte. Thus the particles might 
for example act as electro-catalysts in the case they are electrically 
conductive, or, for the case of electrically insulating particles, via the 
adsorptive pre-concentration of the target prior to analysis on the un
derlying substrate electrode [21]. The interpretation of the observed 
voltammetry at a fundamental level is complicated [22–25], although in 
practice often an ‘analytical response’ is simply sought and it is the case 
that without any doubt the fabrication, assessment and application of 
particle modified electrodes (PMEs) is a widespread phenomenon, 
apparently unlimited by the availability of novel, chemically diverse 
materials for evaluation! 

Whilst the extent to which such PMEs can realistically markedly 
enhance the sensitivity of amperometric analytical detection has been 
questioned [21,26], this paper addresses a different concern now from 

an experimental perspective. In particular we note that the over
whelmingly popular approach for the preparation of PMEs is via the 
method of drop casting (see Fig. 1). In this method, a drop of liquid 
containing a suspension of the particles of interest is first deposited 
(literally ‘drop casted’) on the surface of the electrode to be modified, 
ideally exclusively confined to the conductive electrode without, for 
example, over-spillage onto the insulating surround. 

If the particles are to act via an electro-catalytic mechanism then a 
surprisingly small number of particles need to disperse over the elec
trode surface to ensure a diffusional response that, in terms of which 
potential the electrode process takes place, is characteristic of the par
ticles and not that of the underlying substrate electrode. In other words, 
that the catalytic signal is observed at lower potentials than would be 
seen on the substrate and is such that all the material diffusing to the 
electrode surface is consumed at the particles before a voltammetric 
sweep reaches the potential required for reaction on the underlying 
electrode. This requires strong overlap of the diffusion fields associated 
with the electro-catalyst particles such that the coverage of the latter 
leads to overall linear diffusion to the electrode [27–31] as illustrated in 
Fig. 2 for different scan rates; Fig. 2d shows the limit of full diffusional 
overlap. 

Specifically, theory shows that for measurements of solution phase 
species on a timescale, t, that for strong overlap the particles need to be 
within a distance of δ = (6Dt)1/2 of one another where D is the analyte 
diffusion coefficient [32]. This length corresponds to the root mean 
square distance diffused (in 3-dimensions) in the time t. Then the PME 
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signal is dominated by the particles, not the substrate. Typically for a 
species with a diffusion coefficient of 10− 5 cm2 s− 1 for a voltammetric 
timescale2 of a few seconds the size of δ can be as large as of the order of 
ca 100 µm. Hence for a random array of fully dispersed particles a 
coverage of say just 105 particles per cm2 may thus suffice. In analytical 
practice, however, much larger amounts are deposited partly because in 
the case of sparse coverages it cannot be guaranteed that all particles are 
in electrical contact with the substrate or are not aggregated [33–35]. In 
the case of PMEs which function via adsorptive pre-concentration then 
thick layers are essential to provide some enhancements of signal 
although the conflicting demands of both a large strong adsorption and 
the rapid release of the accumulated analyte for electrochemical 
detection are not always appreciated [21]. 

From an experimental perspective, regardless of whether sub- 
monolayer or thick layers of particles are desired, it is important to 
know if the extent to which the electrode has been homogeneously 
modified (or not) when using the drop casting approach for fabrication. 
For potentials at which catalysis takes place on the particles, the 
modified electrode will only exhibit linear diffusion to its geometric area 
in the absence of macroscopic patches of naked unmodified electrode. 
Here the size of the patches that must be avoided implies a larger size 
compared to the diffusion distance δ introduced above via the Einstein 
equation [32]. 

The purpose of this review is to explore to what extent drop casting 
can result in reproducible surfaces and the extent to which heteroge
neity is induced [36]. In particular, we describe and then consider the 
physical basis for the so-called coffee ring effect and related issues as 
well as approaches for their mitigation. 

2. Origin of the coffee ring effect 

The evaporation of sessile droplets containing suspended particles 

under ambient conditions often forms a ring-like pattern which is 
macroscopic in size and visible by eye upon drying. This phenomenon 
was notably observed, highlighted and interpreted by Deegan et al. [37], 
in respect of coffee stains, where the periphery of the ring was seen to be 
concentrated with the non-volatile solute particles in contrast to the 
centre of the stain: this phenomenon has been labelled as the “coffee ring 
effect” (CRE). 

The physical requirements to observe a ring pattern originate in the 
‘pinning’ of the contact line at the edge of the droplet by surface tension 
forces. Contact line pinning restricts any further spreading of the solvent 
and a radial outward capillary flow of the solvent from the centre is 
observed towards the contact line, driven by evaporation since the 
evaporation is greatest at the edge which is more ‘ventilated’ than the 
centre of the drop [38]. This is due to a larger free space at the edge of 
the droplet which induces the evaporation of more solvent molecules 
than in the centre. Since the evaporation flux at the periphery is 
comparatively more than at the centre of the droplet this leads to greater 
solvent loss at the contact line. The loss is compensated by a flow of 
solvent from the centre along with the non-volatile solute particles. The 
rate of local evaporation is, therefore, a major factor controlling the 
radial outward flow of the solution. The magnitude of the evaporation 
flux depends on the radius, r, of the droplet, height, h, of the droplet 
above the centre and the contact angle ϴr with the velocity of the par
ticles reflecting the spatial heterogeneity of the evaporative flux (see 
Fig. 3). The coffee ring effect is noted for its malign consequences related 
to the disruption of otherwise uniform distribution of particles for 
example importantly in ink-jet printing [39–41], functional coating with 
ordered structures functional nanomaterials and in electronics [42–44]. 

As noted above the consequence of the coffee ring effect is that the 
particles tend to form ring-like patterns on the surface. Typical obser
vations are shown in Fig. 4, where Anyfantakis et al. studied negatively 
charged PS particles coated with acrylic acid (AA) [45]. One drop of a PS 

particle suspension was casted onto the substrate and dried over 300 s 
(Fig. 4 a, b and c). During the evaporation of a 0.5 µL of droplet with PS- 
AA particles, weak aggregation at the liquid–gas (LG) interface was 
observed (Fig. 4a and 4d) [45]. The image taken at 245 s, showed that 
the PS-AA particles became packed at the edge of the droplet when most 
of the solvent had evaporated (Fig. 4e) and the ring-like pattern could be 

Fig. 1. A schematic showing the drop casting of nanoparticles or nanotubes onto an electrode.  

2 The “voltammetric timescale” is the time of a voltammetric sweep encom
passing the peak leading to the electrode reaction of interest. The timescale of 
the sweep is of an order of magnitude of (RT/vF) where v is the voltage scan 
rate. 
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observed clearly (Fig. 4b) on complete evaporation. This again shows 
that along with the solvent evaporation at the droplet edge, there is a 
flow of solvent with the particles from the centre towards the edge. The 
dry deposit was thus a classic coffee ring pattern (Fig. 4c and 4f). 

In another insightful study, Park and Moon [39] used silica micro
spheres dispersed in water-based ink and a coffee ring was formed after 
evaporation of the droplet (Fig. 4h). SEM images of both the edge 
(Fig. 4g mid) and the centre (Fig. 4g bottom) were recorded. Most of the 
microspheres became agglomerated and stacked at the edge due to the 
evaporatively driven capillary flow (Fig. 4g middle). At the same time 
there were much fewer particles at the centre of the dried droplet 
(Fig. 4g bottom). 

The surface hydrophobicity/hydrophilicity can influence the for
mation of the ring pattern. In the cases of hydrophilic substrates such as 
silica glass or polycarbonates, the contact line can move towards the 
centre of the droplet forming not a ring-like pattern but instead a 
concentrated stain of the non-volatile solute particles at the centre. Such 
an effect was shown experimentally by Y. Feng Li et al., with 9.25 µL 
CuSO4 aqueous solution (blue coloured) drop casted on a smooth silica 
glass. Often, in contrast, when a rough substrate like graphite is used, the 
contact line gets firmly pinned and the solute particles become adsorbed 
on the substrate without the movement of the contact line and thus 
forms a coffee ring like pattern depositing the particles at the edge of the 

contact line [46]. 

3. Approaches to the amelioration of the coffee ring effect 

The distribution of non-volatile solute particles on the substrate is 
governed by various factors as discussed above. Many approaches have 
been taken with the aim of supressing the coffee ring effect to obtain a 
more uniform distribution of solute particles. Most of these methods are 
aimed in altering or affecting the capillary flow, and/or unpinning the 
contact line and preventing the transport of solute particles to the edge 
of the droplet. The following are some methods which have proven 
effective in reducing the coffee ring effect in specific cases. 

3.1. Super hydrophobic surfaces 

Super hydrophobic surfaces can help in the suppression of the CRE. 
One mechanism is by reducing the effectiveness of the contact line 
pinning by making it slip over the hydrophobized surfaces. The slipping 
of the contact line pinning induces an inward circulatory flow of the 
solute particles forming a more homogeneous deposition. Both chemical 
and physical modifications are involved in making a surface super- 
hydrophobic but can be prohibitively expensive for routine uses 
[47–51] as well as changing the chemical nature of the surface, which 

Fig. 2. Simulated concentration profiles at an electrode modified with spherical particles for the relative inter-particle spacing shown and for four different scan rates 
of decreasing magnitude from a) to d). The concentration profiles are those at the linear sweep peak potential. Full diffusional overlap is only attained in d). 
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may be important if the latter is to be an electrode. 
In a study by Moon et al., octadecyltrichlorosilane (OTS) was applied 

onto a silica substrate to create a hydrophobic surface [47]. The OTS- 
modified self-assembled monolayers (SAMs) produced a Wenzel 
(Fig. 5a) or Cassie (Fig. 5b) state. Thus, when a single ink droplet was 
evaporated on the substrate, a circulatory fluid flow was generated, 
which was opposite to the capillary flow, and reduced the coffee ring 
effect by transporting particles back to the centre. Similarly Jiang et al., 
deposited oil ink onto a TiO2 substrate [50], forming a super- 
hydrophobic surface. When a latex droplet was evaporated on the sur
face, the inward circulatory flow again counteracted the outward 
capillary flow, pressed and a homogeneous surface was produced. These 
two examples very clearly demonstrate that chemically modified hy
drophobic surfaces can reduce the coffee ring effect but are probably not 
suitable for general electrochemical applications. 

Meanwhile, some physical (as opposed to chemical) modification 
methods have also been applied to create a super hydrophobic surface. 
Snoeijer’s and Yang’s group used silicon pillar arrays to avoid the coffee 
ring effect [48,49]. The array increased the roughness of the surface 
creating either Wenzel or Cassie states for supported droplets. When a 
colloid-containing droplet was evaporating on the microarrays, the 
contact line was unpinned due to the low surface tension and the par
ticles aggregated in the centre by circulatory flows. 

In general, the coffee ring effect is either reduced or suppressed on 
super hydrophobic surfaces. The method of electro-wetting again in
volves de-pinning of the contact line. Although, super hydrophobic 
surfaces prevent the pinning of the contact line by slipping, at higher 
concentrations, the solute particles often stick firmly to hydrophobic 
substrates [52,53]. 

3.2. Electrowetting 

In such cases, electro-wetting may succeed wherein the sessile 
droplet is deposited on an electrode and a voltage is applied between the 
droplet and the electrode. This overcomes the pinning forces at the 
contact line, making it more mobile and not static [53–55]. Eral et al., 
studied how to tune the contact line and contact angle by changing the 
voltage used [52]. Drops of an aqueous polystyrene suspension con
taining 10 mM LiCl were deposited onto glass substrates with conductive 
indium-tin-oxide (ITO) layers covered with an insulating 5 µm thick 
layer of SU8 resist. The latter is an epoxy-based negative photoresist 
which becomes cross-linked due to exposure to UV. The drops were 
electrically grounded via immersing a 50 µm diameter Pt wire near the 
bottom of the drop. AC voltages (200 Vrms) with variable frequencies of 
6 Hz – 100 kHz were applied to the ITO layer. A scheme of the setup is 
shown in Fig. 6a. ring-like pattern could be observed clearly without 
electro-wetting (Fig. 6b) but the resulting deposit shrank in size when 
the AC current was applied (Fig. 6c and 6d). However, if the frequency 
reached 100 kHz, the pattern after evaporation became as shown in 
Fig. 6e, showing that the electro-wetting could usefully reduce and 
suppress the coffee ring effect. 

3.3. Anisotropic particles 

The shape of the non-volatile solute particles can influence the CRE, 
due to particle–particle interactions while drying. These can be either 
relatively long - or short - ranged depending on the shape and size of the 
particles. P J Yunker et al., experimentally studied the suppression of the 
CRE by modifying the shape of the solute particles from spherical to 
ellipsoidal; spherical polystyrene particles (diameter = 1.3 μm) when 
treated with polyvinyl alcohol became stretched into ellipsoids [56]. 

Fig. 3. A scheme showing a) a droplet containing particles on a solid substrate and b) capillary flow from centre to the edge keeping the contact line fixed during 
evaporation. Particles in the droplet are moved to the edge due to the capillary flow. h = height of droplet; ϴr = contact angle; r = radius of the droplet; J =
evaporation flux. 
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These ellipsoidal particles exhibited stronger long ranged inter-particle 
capillary attractions between the solute particles. The resulting inter
action of particles during evaporation caused formation of clumps of the 
solute particles and restricted the outward flow of the solute particles 

towards the contact line. The pattern of the drop casted film was shown 
to reflect the major and minor axis ratio α which for spheres is 1, and 
deviates from 1 for deformed shapes like ellipsoids. Fig. 7 shows the 
schematic representation of the formation of coffee ring with spherical 

Fig. 4. a) – c) Snapshots of a droplet containing a suspension of PS-AA (see text) particles during evaporation and imaged at 105 s (a), 245 s (b), and after full drying 
deposit (c). The scale bars are 500 µm for the high- (a and b) and low-magnification (c) images. d) – f) cartoons of the PS-AA droplet during evaporation at 105 s (d), 
245 s (e), and dry deposit (f). Reprinted with permission from Anyfantakis et al. Langmuir. 2015; 31(14):4113–20. Copyright (2015) American Chemical Society. Ref. 
[45]. g) SEM images of deposit patterns composed of the silica microspheres produced by ink-jet printing a single ink-jet droplet of water-based ink. The ink 
concentration was 4 vol% and the substrate was a hydrophilic Si wafer. Reprinted with permission from Park and Moon. Langmuir. 2006; 22(8):3506–13. Copyright 
(2006) American Chemical Society. Ref.[39]. 

Fig. 5. A schematic diagram showing a) a Wenzel state, and b) a Cassie state of a hydrophobic surface, and c) the circulatory fluid flow that reduces the coffee ring 
effect so generating a more uniform distribution of particles after evaporation. 

A. Kaliyaraj Selva Kumar et al.                                                                                                                                                                                                             



Electrochemistry Communications 121 (2020) 106867

6

solute particles (Fig. 7a), and ellipsoids (Fig. 7b). The spherical particles 
with α = 1.0 formed a coffee ring pattern (Fig. 7a-right) whereas ellip
soids with α = 3.5 formed a uniform deposition showing that the 
distortion from spherical shape suppressed the CRE (Fig. 7b-right). To 
confirm that this was due to interactions between the particle’s surfac
tant was mixed with ellipsoids (Fig. 7c). This restored the CRE by hin
dering between the particle–particle interactions [56]. Similarly, V.R. 
Dugyala et al., demonstrated the suppression of CRE for submicron he
matite ellipsoids. In this study, a uniform deposition was obtained by 
controlling the pH of the solution to overcome any residual repulsive 
forces between particles [57]. Thus, if the capillary forces are overcome 
by the strong particle interactions this can lead to a more uniform 
deposition [56,58,59]. 

3.4. Acoustics 

The introduction of surface acoustic waves (SAWs) into the evapo
rating droplet can form both standing acoustic waves and standing 
capillary waves (Fig. 8). These waves generate standing wave patterns 
with nodes such that particles are trapped in the nodal regions of 
standing acoustic pressure waves with the distance between two adja
cent nodal regions corresponding to one-half wavelength of the standing 
acoustic pressure waves (76 µm) as shown in Fig. 8. Thus, for example, 
Cooper et al. studied the suppression of the coffee ring effect by surface 
acoustic waves (SAWs) [60]. 

Polystyrene particles or silica particles of diameter ranging from 0.1 
to 10 µm were dispersed in water and a droplet (2 µL) to evaporate when 
coupled with a SAWs of 9.7 MHz frequency and 1 W of power. After a 
few seconds, the majority of the particles were trapped in the nodal 
regions of capillary waves and accumulations of particles appeared at 
the liquid–gas interface [60]. This pressure gradient at the interface 
induced the local flow of the solute particles and trapped the particles on 
the substrate rather than moving toward the edge. The drag force 
exerted on the particles by the capillary flow was inferred to be less than 
the acoustic force, therefore no transport of the particles occurred. This 

physical phenomenon is independent of the properties of the particles 
and the solvent [61,62]. 

3.5. Marangoni flow 

The presence of a surface tension gradient over the liquid–air inter
face of the sessile droplet can result in a convective flow inside the 
droplet termed a Marangoni flow or stress. Either a small perturbation in 
the temperature [63] or solvents with different surface tension [64,65] 
may create a surface tension gradient, and thus a convective flow. In the 
former case, the thermal conductivities of the liquid and the substrate 
decide the direction of the Marangoni flow in any specific system. The 
ratio (kr) of thermal conductivity of the substrate (ks) and that of the 
liquid (kl) was experimentally studied by Ristenpart et al., where kr = ks/ 
kl. In particular they investigated the flow of polystyrene particles (1 
μm) in different volatile liquids on a polydimethylsiloxane substrate. 
Values of kr less than 1.45 showed a radial inward flow of particles 
whereas when kr > 2, then a radial outward flow was observed. 

When an inward Marangoni flow is experienced in a droplet, its 
velocity is more than that of the outward capillary flow, which then 
forms a solute concentrated centre after evaporation. The Marangoni 
flow is less in the cases of aqueous solvents, especially pure water, but 
noticeable particularly in volatile non-aqueous liquids [65,66]. Larson 
and Hu observed Marangoni flow in octane, a volatile organic solvent 
[65]. A vortex in the drying octane droplet could be seen clearly 
(Fig. 9a). To observe the flow in the droplet, monodispersed 4.7 µm poly 
(methyl metharcrylate) (PMMA) fluorescent particles were dispersed 
into octane as tracers to track Marangoni flow. Bright regions were 
produced by a combination of the lens effect and fluorescent PMMA 
particles. During the evaporation of the droplet, the temperature at the 
liquid–gas interface was not uniform due to the evaporative cooling. A 
simulation of the octane evaporation (Fig. 9b) showed that the tem
perature was the lowest and the surface tension was the highest at the 
liquid–gas interface caused by a longer thermal conduction path [65], 
which created an inward flow near the surface of the droplet. Larson also 

Fig. 6. a) Schematic representation of the drop evaporation process. Top row represents evaporation without electrowetting and with contact line pinning. Bottom 
row shows the process with electrowetting and mobile contact lines. b) – e) Suppression of coffee ring effect illustrated for PS particles at three frequency regimes (6 
Hz, 1 kHz and 100 kHz). Reprint with permission from Royal Society of Chemistry 2011. Ref. [52]. 
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simulated the flow in a water droplet (Fig. 9c). They observed much 
weaker Marangoni flow in a water droplet without an inward flow 
compared with Fig. 9b. This explains why the coffee ring effect can often 
be observed more easily in an aqueous solution rather than in an organic 
solvent. 

Marangoni flow can be enhanced by increasing the substrate tem
perature during the evaporation of a water droplet. Ta et al. applied laser 
irradiation to a polystyrene aqueous suspension [63] to create an inward 
flow in the water droplet (Fig. 9d). The laser beam locally heated up the 
droplet and the substrate, generated a temperature perturbation, then 
formed a Marangoni flow (yellow arrow in Fig. 9d) that counteracted the 
capillary flow (blue arrow in Fig. 9d), and thus reduced or suppressed 
the coffee ring effect. The time of application of the laser affected the 

coffee ring effect. The formation of an optimally homogeneous distri
bution of PS particles required a specific amount of time from the laser 
beam (Fig. 9e). The main point of Marangoni flow is to create a tem
perature or pressure gradient so that an inward flow can be generated to 
reduce the capillary flow and the coffee ring effect. This is superior to 
other techniques in suppressing the coffee ring effect since it is inde
pendent of the system’s chemical parameters [64,66–71]. 

4. Advice for electrochemists 

Overall, all the five methods discussed above show a good ability to 
suppress the coffee ring effect. However, the creation of bespoke hy
drophobic surfaces, and the use of electrowetting and acoustic methods 

Fig. 7. Schematic representation of drying of spherical (a) and ellipsoidal (b) particles. Spheres are closely packed at the contact line with α = 1.0 (a), Ellipsoids are 
uniformly distributed throughout the droplet due to interparticle attractions with α = 3.5 (b). 

Fig. 8. Schematic illustration of a droplet excited by SAW. Abbreviation: λPW: wavelength of acoustic pressure waves, λ(t): wavelength of capillary waves, SAW: 
surface acoustic waves. Reprinted with permission from Royal Society of Chemistry 2015. Ref. [60]. 
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are not realistic for most electrochemical purposes for self-evident rea
sons. Thus the most practical approach to adopt is to employ and explore 
in an empirical approach a variety of different solvents in combination 
with the microscopic imaging of surfaces to seek an optimal solvent in 
which Marangoni effects best mitigate coffee ring effects. At the same 
time it is important to recognise that organic solvents may also influence 
the reactivity under study and hence not play a purely passive role in the 
modification procedure [72,73]. 

5. Conclusions 

Drop casting techniques are widely used in electrocatalytic analysis 
and electrochemical sensing techniques. The influence of the coffee ring 
effect can alter the distribution of the nano particles dropcasted on an 
electrode. Several strategies can be used to ameliorate this effect 
including using the Marangoni effect, anisotropic particles, or surfac
tants. These techniques can help in obtaining a uniform distribution of 
the drop casted nanoparticles across the area of the electrode. 
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