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ABSTRACT
A scalable nano-coating process is needed that can be
applied at atmospheric temperatures and pressures with low
waste. This would enable the efficient production of advanced
thin-film materials from solar cells to super-hydrophobic
surfaces.
Unfortunately, current methods for producing
nanoparticle or nano-structured macromolecular coatings often
require substrate immersion, specific atmospheres, and/or long
growth times. One potential technique to overcome these
challenges would be to use electrospray ionization (ESI) to first
disperse large numbers of nanoparticles or polymers in air at
standard conditions, and then deposit these on a substrate. ESI
is a relatively mature technology, and although it has been
developed largely for processing microliter volumes in mass
spectrometry, it is believed that the fundamental science can be
scaled up. This work presents a model for an ESI deposition
method. It combines scaling laws for charged jets with spray
and fission models to capture relevant charge, spray, fission,
and evaporation phenomena. The developed model is shown to
be very simple and efficient while still matching published
experimental results. Using the model, current ESI techniques
are compared such as NanoESI and Flow-Focusing ESI. A
significant technological challenge to ESI deposition is
discovered to be the trapping of the majority of the solute in a
few primary droplets. Different solutions to this challenge are
examined and used to define the direction for future work.
INTRODUCTION
Nanotechnology developments of the last decade have
resulted in important potential applications based on thin films
or coatings containing nanoparticles and polymers. These new
coatings have significant potential effects in both civilian and
defense applications. For example, active corrosion protection
has been shown using coatings of „nanocontainers‟ which

release corrosion inhibitors in response to specific external
stimuli [1]. Another example is electrochromic films, which
change color in response to an applied voltage with very low
power consumption [2-3].
While such products have been demonstrated in laboratory
settings, real-world products require scalable manufacturing
methods capable of applying uniform coatings of nanoparticles,
polymers, or other macromolecules over large areas and in rollto-roll processes.
Unfortunately, current technology for
processing such films in large quantities or on large substrates
is limited. Solution-based methods such as Layer by Layer Self
Assembly often require smaller substrate sizes and are limited
by diffusion speed [4-7]. Other processing methods, such as
sputtering and physical or chemical vapor deposition produce
very high-quality films and even achieve fast growth rates
under certain limiting conditions (e.g. metallic coatings on the
inside of snack-food bags), but are limited to small molecules
that can be vaporized [8]. On the other hand, traditional
coating methods such as spraying and powder coating have not
been able to adequately disperse nanoparticles in air due to
clumping [9]. In order to duplicate the simplicity of current
spraying methods but with nano-scaled materials, the
nanoparticles or polymers have to first be dispersed in a gas,
preferably in air at standard temperature and pressure. It is
proposed to accomplish this by using a modified form of
electrospray ionization (ESI).
A schematic of an ESI deposition system is shown in
Figure 1. In all ESI systems droplets with a net charge are
produced through some method. The excess charge on the
droplets tends to counteract the droplet surface tension, so as
the charged droplets evaporate, a critical limit is reached, where
the excess charge „overcomes‟ the droplet surface tension. This
point, known as the „Rayleigh limit‟ is then followed by
„Rayleigh fission‟ of the droplet. During Rayleigh fission, a
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Figure 1. Schematic of a general ESI deposition method showing evaporation and droplet fission.
droplet loses a significant amount of the excess charge with a
small amount of mass to several newly created droplets. As
evaporation continues both for the original and new droplets,
the process is repeated, with the produced droplets eventually
reaching the nanometer range. Further droplet fission or direct
ion evaporation can result in intact, charged nanoparticles or
polymers isolated in the gas, which would finally be deposited.
ESI development has been enormously significant in the field
of mass spectrometry by enabling the isolation of large
molecules such as proteins for analysis [10] and is a standard
part of commercial mass spectrometry systems.
While ESI has been demonstrated to coat substrates with
polymers [11] or nanoparticles [8,12-13], and even demonstrate
patterning [14-15], it has not yet been developed for largevolume applications. Current ESI work often has flow rates on
the order of hundreds of nL/min with 0.01% solute
concentration [12,16]. In order for a 100 cm2 surface to be
coated with a 1 nm layer in one second, the flow rate and
concentration must be increased by a combined 5 orders of
magnitude.
Some efforts to address this and other
shortcomings in ESI have resulted in the development of ESI
modifications, including multi-plexing nozzles [17], Nano-ESI
[18-19], and Flow-Focusing ESI [20-21].
The objective of this work is to develop a simple model of
the ESI deposition process to provide the necessary background
for development of a large-scale ESI deposition method. The
purposes of such a model are to 1) compare known ESI
methods for applicability in deposition, 2) discover potential
barriers to large-scale implementation, 3) define the technical
challenges, and 4) explore their solution space.
NOMENCLATURE
a
# of primary fission
b
# of secondary fission

BM
Cc
d
I
K
lm
lq
nd
Nu
Pr
Q
q
r
Re
Sc
Sh
v

Spalding Mass Number
Cunningham Correction
Jet diameter
Electric Field
Current
Solution Conductivity
Mass lost
Charge lost
# of child droplets
Nusselt Number
Prandtl Number
Volume flow rate
Electrical Charge
Radius
Reynolds Number
Schmidt Number
Sherwood Number
Velocity

Greek:
γ
Surface Tension
ε
Permittivity
η
Concentration
λ
Mean Free Path
μ
Viscosity
ρ
Density
Subscripts/Superscripts:
0
State at first fission
event
d
droplet
f
Fluid
g
Gas
R
Rayleigh limit
v
vapor
s
surface
far-field

ESI-DEPOSITION MODEL
The Model
Due to the relative maturity of both ESI and traditional
spray, there is a significant body of experimental, numerical,
and theoretical work to draw from in the creation of a simple
model. Good reviews of sprays can be found by Lasheras and
Hopfinger [22] and Sazhin [23]. These cover topics ranging
from the evaporation of individual droplets to the ensemble
spray behavior. For ESI, theoretical works by Ganan-Calvo
[24], Fernandez de la Mora [25], and by Collins, Jones, et al.
[26] provide excellent „scaling laws‟ that describe the
production of charged droplets from a jet. Somewhat similar
work examining the Rayleigh fission of individual drops has
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also been researched with a variety of different experimental or
theoretical techniques [27- 31].
Other researchers have focused on the behavior of the
cloud of produced droplets, using both Lagrangian and Eulerian
frames of reference [32-34]. Published results range from
numerical codes that explicitly track each droplet to line-ofcharge approximations that allow for numerical solutions of the
effect that one spray plume would have on a neighboring spray
plume in a multiplexed nozzle system. Finally, a few
researchers have focused on the deposition of the droplets [3436] using similar numerical techniques.
Despite this body of work, there is not yet a simple model
that could be used to predict the bulk characteristics of a
deposited film. Most of the droplet-tracking or other codes
focus on the transport of droplets, neglecting the evaporation or
the actual Rayleigh fission process and their effect on the solute
concentration [32-33,36-37]. This is quite limiting, since a
single micrometer-sized droplet can fission eventually into
thousands of deposited particles! At the other extreme, detailed
studies of Rayleigh fission are often limited to a single droplet,
without developing a model to assess the overall effect
The goal of this work is to bridge the gap, creating a model
that includes all vital processes, while still being
computationally simple. Through a judicious combination of
prior work along with standard spray assumptions and an
understanding of the physical processes, the developed model is
simple but appears to very effectively capture the spray
behavior.
Simply, a droplet is created with an initial size,
concentration, velocity, and charge. It then translates in the
axial direction evaporating and fissioning to create children
droplets until it is deposited on the substrate. In this process,
the principal assumptions are:
• Steady-state spray. It is assumed that the spray
process, evaporation, etc, do not change over time.
• Uniform electric field. The electric field inside the
spray cloud is a combination of the external field and the field
created by all of the surrounding droplets. However, it is
common to replace this with a line-of-charge model that
essentially collapses all of the charges into a single line of
charge extending from the nozzle tip to the substrate [32].
Additionally, assuming that the charge density of the cloud does
not vary significantly as droplets evolve and translate toward
the substrate (i.e. charge is preserved, even if mass and number
of droplets change), it is possible to neglect the axial charge
variation. Such an assumption is incorrect near the substrate or
the nozzle [34], but is good to the first-order.
• Non-interacting droplets. It is assumed that a droplet
does not affect other droplets or the surrounding gas. So the
evaporation and fission of each droplet occurs as though it were
in an infinite media. This is a common assumption for dilute
sprays [22].
• The radial location of the droplets is unimportant and
droplets are deposited randomly over the substrate. This is not
true, as it is well known that ESI sprays have a core of larger
droplets surrounded by smaller droplets on the perimeter [34].

However, much of this could be controlled by modifying the
local electric field. By neglecting this radial information, the
model is significantly simplified into a single dimension
without losing any information about the droplet characteristics
and evolution.
• There is sufficient distance for all droplets to
completely evaporate before arriving at the substrate, with no
droplet resolvation [10]. As will be shown, this assumption is
very powerful, since it decouples the problem from the
evaporation rate.
Using these assumptions, a numerical code was written
that tracked each droplet from its source either at the nozzle or
as the offspring of a fission event to final deposition on the
substrate. Each droplet was allowed to evaporate and fission,
while the total droplet mass, solute mass, droplet temperature,
and velocity evolved.
Some specific details about the model follow. Except
where noted, the assumptions and models used were the
simplest widely-accepted options.
Initial Conditions. For ESI-produced droplets, the
initial conditions were found using the scaling laws defined by
Ganan-Calvo [24] for the most common electrospray regime:
(1)
where d is the radius of the jet, and the droplet radius is
assumed to be four times the jet diameter. Droplet temperature
was assumed to be room temperature, and initial droplet
velocity was assumed to be 10 m/s [38], though this was seen to
have very little effect on the droplet.
Evaporation. The governing equations for the
evaporation of the solute and convection from the droplet were
standard evaporation and diffusion models from a spherical
drop using the lumped-mass approximation. The Nusselt and
Sherwood numbers used were from Sazhin‟s review [23]:

(2)
(3)
All dimensionless groups were defined as usual. For
clarity, note that the Reynolds and Spalding mass number are

(4)
External Forces. It was assumed that only drag and
electrostatic forces acted on the droplet. Stokes drag was used,
and subsequent checks on velocity and the Reynolds number
showed that this assumption was good. Following Greendyke
and Kaplan [33]:

(5)
(6)
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For the simple geometry and atmospheric assumptions, the
Cunningham correction (Cc) used 100 nm as the mean free path
of the gas. The uniform electric field meant that is a onedimensional scalar, which was assumed to be 1X105 V/m. This
corresponds to kilovolt charge with centimeter axial spacing.
Rayleigh Fission. One of the most important
contributions of this model is the inclusion of a simple method
for modeling the Rayleigh fission and demonstration of its
success. Physically, the electrostatic charge in a droplet works
to counteract the surface tension. As evaporation occurs and
the droplet shrinks, eventually a point is reached where the
surface charge overcomes the surface tension and the droplet
breaks apart. This point, known as the „Rayleigh limit‟ after
Lord Rayleigh is defined as:

(7)
There is some disagreement about whether the droplet
actually fissions at qR or prior to it, say at 80% of qR [39]. Also,
while it is known that the parent droplet retains the bulk of the
mass and the charge during fission, it isn‟t known exactly how
many droplets are created or their charge and size distribution.
For this model, the assumptions used appeared to be
representative from more detailed models of the fission process
[29-31,39] and the results validate them.
Briefly, fission is assumed to happen when qd reaches qR,
and at that point a fixed number of equally charged child
droplets are formed from a fixed percentage of the parent
droplet‟s mass and charge. For the studies presented here, it
was assumed that the number of child droplets (nd) was 6, mass
lost from the parent droplet (lm) was 2%, and charge lost (lq)
was 15%. This gives child droplets with a radius of
approximately 15% that of the parent droplet. It was assumed
that the temperature and concentration of the parent droplet are
unchanged during fission and that each child droplet has the
same concentration and temperature as the parent droplet. As
mentioned, these assumptions worked very well. Additional
information about the theoretical effects of varying these
parameters is reported by Tang and Smith [29].
Deposition. This is another key contribution of ESI
models. Of greatest interest for future ESI deposition methods
is the state of the droplet immediately prior to landing on the
substrate. At that point, is all of the solvent evaporated? If so,
what is the size of the remaining particle? Is it a single particle,
or a clump that has precipitated together? Did evaporation
cause the solvent to freeze into a tiny lump of ice [37]? The
answers to these questions are based on the solute and solvent,
the size and morphology of the solute, and the precise method
of ion formation, which is still a matter of debate [10,40].
Numerically, droplets are deposited simply by removing
them from the evaporation-fission routine and recording the
final information.
By multiplying the final mass and
concentration and assuming a particle density, the deposited
particle size is calculated.
For this model, deposition was based on a critical
concentration, not size or location. Essentially, this assumes

that at a certain concentration, the solute will precipitate within
the droplet into an indivisible aggregate. Such an assumption is
physically realistic. The maximum concentration was chosen
somewhat arbitrarily as 62%, which corresponds to slightly less
than the concentration of randomly packed spheres. This is
naturally very system dependant, but by keeping this constant
for all cases, comparisons between spray methods can be made.
In addition to the critical concentration, a size criterion was
also implemented. This is necessary because the continuum
nature of the model would otherwise allow for the non-physical
infinite divisibility of solute particles or polymers. Fortunately,
to attain the goals of this work, a very simple solution captures
the physics. What is most important is to know whether the
droplet reached a small enough size with a low enough
concentration to form individual, charged nanoparticles. Any
particle predicted by the model to be below that size obviously
achieved that purpose. To avoid tracking thousands of these
unrealistic drops, once a droplet reached a certain minimum
size, it was assumed to have deposited. Unless noted
otherwise, the cutoff radius used was 3 nm. Varying the cutoff
radius to 6 nm was found to have insignificant effects on the
results.
Physically, the nanoparticles or macromolecules would
have been issued discretely through one of a few different ion
formation mechanisms [28], instead of being allowed to
subdivide uniformly. To represent this, deposited particles are
post-processed by taking all the solute mass deposited in
particles of less than a certain radius, and creating a smaller
number of larger particles of some logical size, such as the
known nanoparticle diameter. This obviously does not change
the cumulative mass distribution, since mass is conserved.
Numerical Implementation. Implementation into a
numerical code was fairly straightforward, but a couple of
points can be made. First, the wide range of droplet sizes
means that the time step should also range orders of magnitude.
Fortunately, because droplets do not interact, it is possible to set
a „big‟ time step (on the order of 1/1000 of the expected
evaporation time of a droplet) and then allow each droplet to
take the necessary number of internal iterations to reach that
time, with internal time steps scaled such that less than 1% of a
given droplet‟s mass was lost at each step. Second, because of
the steady state and non-interacting assumptions, the flow rate
is unimportant. Somewhat arbitrarily, one new primary droplet
was released every set time increment. Usually, this was scaled
to have approximately 100-1000 primary droplets in the code at
any one time, to allow for future flexibility.
Using this scheme, hundreds to tens of thousands of droplets of
all sizes and concentration were propagated through repeated
evaporation and fission in reasonable time on a desktop
computer. The standard procedure was to run the code for long
enough that the first droplet produced would have completely
deposited. By this point, a steady state in the spray cloud
would have been reached. This state would then be used as an
initial condition to re-run the process for a short time (usually
the time to release two new droplets) and collect deposition
information. Depending on the initial droplet size and
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A.

B.
Figure 2. Particle distributions generated by the numerical
model imitating the experiments of Lee, Kim, et al. [12]. A)
relates to the low concentration case, and B) to the high.
concentration, each droplet resulted in the deposition of
thousands to tens (and even hundreds) of thousands of particles.
This deposited droplet information was post-processed to create
mass and number statistical distributions for the variables of
interest (temperature, concentration, charge, etc.).
Validation
The model was validated with a test case using the inputs
and results from experimental work published by Lee, Kim, et
al. in 2007 [12]. In their experiment, a solution of FePt
nanoparticles with an initial diameter of 2.5 nm was
electrosprayed onto a substrate under two different conditions.
In the first case, 0.01% FePt in a hexane-solution was mixed
with ethanol (50/50, v/v) and sprayed at a rate of 200 nL/min
with a positive voltage of about 5 kV and a distance to the
counter electrode of about 2 cm. In the second case, 0.1% FePt

in a hexane solution was mixed with ethanol (20/80, v/v) and
sprayed at 800 nL/min.
The inputs for the model developed here were found by
first using the scaling given in Equation 1 to find the initial
droplet diameter and the charge carried by each droplet. Fluid
properties were assumed to be those of pure ethanol
(conductivity of 1.1X10-4 S/m). The result was drops with a
diameter of 2.8 μm charged to 9.4X10 -15 C (51% of qR) and 5.2
μm charged to 3.76X10-14 C (80% of qR) for cases one and two,
respectively.
Other experimental inputs included initial
concentration of 0.1% and 0.01% and an external temperature
of 375 K.
The deposition results showed excellent agreement with
experiment without any „massaging‟ of the model or the inputs.
For the first case, Lee, Kim, et al. reported achieving a fairly
monodisperse set of particles with a mean diameter of 5 nm as
measured by FE-SEM. For the second, they reported larger
particles appeared with a diameter of about 35 nm. This
behavior was repeated by the model as can best be seen in
Figure 2 showing the two model-generated particle
distributions. These are scaled to be directly compared with
Figures 4a and 6c in the original paper. Other than slightly
higher particle density in the images in this paper, the match
between the model and the experimental figures is excellent. In
absolute values, the match is also quite good. Compared with
the 5 nm and 35 nm particles shown experimentally, the model
predicted 10 nm and 67 nm. The 7X increase in size between
cases one and two matches well and the 2X discrepancy in
absolute values is to be expected due to the assumptions made
using the scaling laws and the fact that particle density in the
model was assumed to be the same as that of the solvent.
Another very important similarity between the model and
experimental results is the existence of at least two very
different sizes of particles in a given deposition. Examining
Figure 2B in this work and Figure 6C in Lee‟s paper, both large
and small particles are seen together, with no „medium‟ sized
particles. As will be explained below, the steps in particle
sizing are a direct result of Rayleigh fission.
Along with providing excellent validation, the model also
gives additional information about the results which are
difficult to observe experimentally, particularly at the smaller
size. For example, the model predicts a significant number of
particles with diameters closer to the original 2.5 nm – 96% of
the particles in the first case and 8% of the particles in the
second. These were not explicitly reported by Lee, Kim, et al.
Experimentally, these must have either absorbed into the larger
particles during heating or were not visible in the SEM images.
Either way, knowing of their potential existence would be an
important key for during experimentation. Note that all of
these smaller particles are included in Figure 2. They are
difficult to see, particularly in Figure 2B (where the more
visible specks are in the 10 nm range), just as would be the case
for the real images.
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Simplifications
One of the most important outcomes of the above
validation is the remarkable conformity with experimental
results, even though the solution properties were essentially
incorrect, using ethanol alone instead of a 50/50 or even 20/80
ethanol/hexane mix. In fact, switching all material properties to
that of water, but leaving the same initial droplet size, charge,
and %qR, gave results that differed by only about 8% - most of
that expected to be due to the assumption of particle density
being the same as solvent density. In other words, the process
of going from charged droplets to final deposition properties
does not appear to depend directly on the solvent used.
This observation leads to an important simplification of
any process in which evaporation and fission are occurring:
assuming sufficient time for complete evaporation and
conservation of charge, the droplet evolution is governed
entirely by the fission parameters. Consider a droplet of
volume V1 charged to the Rayleigh limit. It undergoes fission
and loses 2% of the mass and 15% of the charge. Regardless of
the solvent, given enough time, the solvent will evaporate down
to the point that the droplet is again critically charged. Using
Equation 7 the volume right before the next fission event, V 2,
can be shown to be a straightforward function of only V1 and
15% (lq)! This process can be repeated for any number of
fission events. As an equation, it can be shown that the volume
of the critically charged droplet after i=a fission events is

(8)
With similar manipulations, the critical volume of the child
droplets can also be found. As with the parent droplet, it is
assumed that the child droplet is formed and then evaporates to
the next critical point, where it will have a volume of

(9)
The superscript on V indicates the number of secondary
fission events. So, b=1 means that the droplet is the child of
V0, b=2, means that the droplet under consideration is the
grandchild. Continuing the family analogy, a droplet which
was a child of the main droplet, and then underwent two parent
fission events (i.e. lost mass to children of its own) would have
a=2, b=1.
Importantly, the order of the „pedigree‟ is
unimportant in defining droplet size. Re-writing, and repeating
the entire process for concentration, it is shown that the droplet
size and concentration at the critical limit are very simply and
directly related to the number and type of fission events, the
fission assumptions (mass lost, charge lost, and number of child
droplets formed), and the properties at the first critical drop
size. This is shown in Equations 10-11.
This is not to say that solvent properties have no effect.
They still do, in three important ways. First, the solvent is vital
to whether or not ESI can occur at all. The process of Taylor
cone formation and jet ejection are strongly dependent on
solvent properties. Second, the solvent properties impact the
initial jet size and current flow, seen in the scaling laws in
Equation 1. This affects the charge on a droplet, qd, and that

combines with the droplet interfacial tension to define the
volume and concentration of the droplet at its first critical size
( and ) through Equation 7. Finally, solvent evaporation
controls the temperature of the droplet. This is primarily
important if the temperature significantly impacts the solubility
for the solute or if the solvent freezes. Fortunately, the droplet
momentum to drag ratio is such that the droplet relative
velocity is quite low and the Nusselt and Sherwood numbers
can be approximated to be constant with a magnitude of 2.0.
This simplification allows for a closed form solution of the
droplet steady state temperature in Equation 12.
To summarize, the following equations represent the muchsimplified model of the droplet volume, concentration, and
steady-state temperature.

(10)

(11)
(12)
These three equations are valid for any process in which
charged droplets are evaporating and fissioning with
conservation of charge. Equations 10 and 11 give the exact
same results as the full numerical model, while Equation 12 is
an approximation that is generally accurate to within a few
degrees.
RESULTS AND DISCUSSION
The first important result from the model is that three
parameters and three initial conditions completely describe
droplet evolution. These are the Rayleigh fission process
parameters (3 independent parameters) and the initial size,
concentration, and charge of the droplet. These six parameters
are themselves affected by the solvent properties, method of
spray, etc., but they are the physical core of the ESI process.

100%
80%
60%
40%
Mass

20%

Number
0%
0

25

50

75 100 125 150 175 200 225 250 275

Figure 3. The cumulative number and mass distributions vs.
deposited particle diameter (nm) for a typical ESI case.
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Table 1. Comparison of Common ESI Methods
Initial Charge (%qR)

Name

Initial drop diameter
(nm)

Mass% in particles
< 12 nm diameter

Diameter of b=0
particle (nm)

Mass% of b=0
particle

ES-50
ES-80

3000
3000

50%
80%

2.3%
4.0%

267
262

70%
67%

ES-95

3000

95%

4.5%

260

65%

ES-80b

6000

80%

0.1%

524

67%

EFF

800

31%

25%

72.8

75%

Ag

35000

23%

0.0%

3227

79%

NanoES

300

70%

35%

26.0

65%

The second important result of the model is that it can be
used to compare the different ESI processes. Rayleigh fission
occurs the same for any drop regardless of how it was created,
and all of the methods examined were capable of spraying
solutions with the same solute concentrations. So, of the six
independent parameters, only two significantly vary between
these different processes: the initial droplet size and charge.
Four different electrospray ionization methods were
compared: A typical electrospray (ES), combined electrospray
and flow focusing (EFF) [21], Nano-electrospray (Nano-ES)
[19], and „agricultural‟ ESI (Ag). This last is essentially a
standard spray nozzle coupled with induction charging of the
droplets and is typical of the large-volume sprays sometimes
used to spread pesticides [41]. All model and solution
parameters were kept constant, with solution concentration at
0.1%. Instead of using scaling laws to get the initial droplet
size and charge, these were taken from the literature referenced
above. To demonstrate the effect of initial size and charge, ES
cases were run with initial charge at 50%, 80%, and 95% of qR
and two different initial drop diameters. The input parameters
and the results are summarized in Table 1.
Figure 3 shows the results from a typical run. This was an
ESI process with initial drop diameter of 3 μm charged to 80%
of qR (ES-80). The trend of the results was typical for all the
processes examined in this study. Since the primary focus of
this work is on the characteristics of coating, the number and
mass distributions of the deposited particles are most useful.
Note that:
• There is an enormous difference between the mass and
number distributions. Generally more than 95% of the particles
created had diameters less than 5 nm; however these account
for a very small proportion of the mass, often less than 1%. As
the particle size increases, the situation is reversed.
• The discrete, „stair-step‟ nature of the distributions is
due to discrete particle size categories. These are a direct
function of the Rayleigh fission process. Because the child
droplet is so much smaller than the parent droplet very discrete
steps are created. So, the various number or mass „steps‟ can be
traced back to specific secondary fission events. The largest
particles come from droplets which have undergone only
primary fissions (b=0), seen in Figure 3 at about 265 nm. The
next largest come from particles which have undergone exactly

one secondary fission (b=1). If the resolution of the chart
allowed, it could be seen that these steps continue even for the
smaller particles. Experimentally, natural variations in initial
drop size and charge, as well as variability in individual fission
events results in some smearing of these steps, but as
previously mentioned, we hypothesize that it is largely retained
[29].
• A single particle is responsible for a significant
fraction of the total mass deposited from each droplet (i.e. the
b=0 particle). It is easy to show that the final mass increase in
Figure 3 is a single particle, the remainder of the original drop
once the limiting concentration was reached. Using Equation
11, it can be shown that for this case, there were a=20 fission
events, and a final particle with a diameter of 262 nm holding
66.8% of the initial solute mass. This is in exact agreement
with Table 1, where the results are from the full
evaporation/fission code. The large mass of this single particle
has significant quality and waste implications.
The results in Table 1 also yield some important
observations about the current ESI methods. First, the different
methods result in widely varying initial conditions, with drop
diameters from 300 to 35,000 nm. These differences affect the
deposition properties as expected. Smaller initial drops with
higher charge lead to smaller particles and more uniform
coatings. However, regardless of method, the majority of the
solute is locked into the b=0 particles. And those particles are
large. Only EFF and NanoES gave results that were under 100
nm. And even in those cases, the particle was too large to give
uniform coatings of nanoparticles on the order of 10 nm.
NanoES would seem to be the most promising, but further
reduction in initial drop diameter by 2-3 times would come at
the expense of even smaller dispensing tips, with increased
low-flow and clogging issues.
EXPLORING SOLUTIONS
There are cases where deposition of particles of discrete
and very different sizes can be an advantage. For example,
some superhydrophobic surfaces in nature consist of bumps on
the scale of 10‟s of micrometers covered with nanostructures at
the scale of 100 nm [42]. However, more often, uniform
coatings are desirable.
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Figure 4. Cumulative mass distributions showing the effect of
increased current (from a plasma) and/or increased
concentration in children vs. parent droplets.
The simplest solution is to decrease either initial drop size
or concentration. Utilizing Equations 10 and 11, it is possible
to examine how small of a particle or how low of a
concentration would be needed to produce a given maximum
allowable particle radius. Given this maximum is 5 nm,
consider a low but realistic initial solute concentration of
0.01%. For the droplet to reach the desired end state, the initial
droplet radius must be 62 nm, well below current capabilities.
Alternately, consider a small but attainable initial droplet radius
of 500 nm. The initial concentration would need to be
0.000032%. Neither of these options is viable.
In existing ESI systems for mass spectrometry this large
drop issue has primarily been handled using aerodynamic drag
or electrostatic forces to control the largest drops. The possible
acceleration of a droplet near qR scales with
for an
applied electric field and
with an applied air flow. In
each case, the exponent on the radius increases the ability to
segregate droplets based on size. Specific challenges to this
method include the relatively short time and distance in which
to capture and remove the droplets, and the significant
complexity of doing this in systems with multiple nozzles or
high carrier gas velocity.
Another known solution to this issue is through solvent
selection. Physically, most of the material in a child droplet
comes from the surface of the parent droplet. In cases where
the solute tends to concentrate on the surface of the droplet,
child droplets would tend to have higher concentrations of
solute than their parent droplet. Two cases were run, one where
the solute concentration of the child after fission was 2X that of
the parent droplet, and the other where it was 10X.
Numerically this was simply done within the fission subroutine,
being careful to conserve mass of both solute and solvent. The
exact nature of the enriching effect of the surface molecules is
much more complex than this [31], but these two cases give an
idea of what is possible. And the results in Figure 4 indicate
that this is an effective method. As the concentration in the

child droplet increased, the diameter of the largest particle
reduced from 260 nm to 225 nm to 50 nm.
A new solution to this challenge might be to use a plasma
to increase the charge of the droplets during the
evaporation/fission stage. Recently, Harper demonstrated that
it was possible to use a low-temperature plasma to essentially
„boost‟ the charge on analyte molecules to aid in transferring
them a long distance to a mass-spectrometer unit [43]. Possibly
a plasma could be used to increase the charge on the droplets in
the spray cloud, encouraging them to reach qR more quickly and
thus undergo more fission events per given evaporation.
Computationally, this was modeled by adding charge to each
droplet at each time step. Total charge added per time step was
set to be equal to a given multiple of the original electrospray
current (the initial charge on a droplet multiplied by the droplet
flow rate). Also, since plasma-induced charging is a collision
process, the charge was apportioned by droplet cross sectional
area. The results of using a plasma to increase the total current
to 2X or 11X the original current are shown in Figure 4. The
plasma did have an effect on the distribution, decreasing the
size of the largest particle by a factor of two and the mass
locked in that particle from 66% to 12%.
The final curve shown in Figure 1 is from combining the
effects of increased current and child solute concentration. This
case provided the best scenario, with the largest droplet being
only 31 nm and the majority of deposited particles less than 15
nm. While still not a perfect solution, these results indicate that
continued research in this and similar areas is warranted. And,
the ease of creating and running such tests underscore the
usefulness of the developed model.
CONCLUSIONS
An electrospray ionization (ESI) deposition method was
proposed as a future, large-scale coating method.
To
investigate this hypothesis, a model was developed with the
goal of 1) comparing known ESI methods for applicability in
deposition, 2) discovering potential barriers to large-scale
implementation, 3) defining the technical challenges, and 4)
exploring their solution space. The developed model is simple
and is focused on the parameters most important for future
development of a large-scale coating method. It consists of
physically based assumptions regarding Rayleigh fission
combined with key simplifications and traditional droplet
evaporation predictions. Computed results show excellent
agreement with published experimental work.
The model results indicate that there are only a few key
characteristics of the evaporation-fission process and that they
are inherent in any system of charged droplets experiencing
evaporation. These characteristics are the Rayleigh fission
parameters (here simplified to 3 independent variables) and the
droplet initial size, concentration, and charge. Additionally, it
was shown that many of the most important characteristics,
such as final particle size, can be solved directly by hand.
The model was used to compare four current electrospray
methods. In each case, more than 60% of the solute never
escaped the original droplet, forming a large particle clump.
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This poses problems of waste and surface quality for future
coating methods. Solutions to this problem were examined
utilizing the model. Both adding charge to the droplets using a
plasma and enriching the solute concentration in child droplets
during fission were somewhat effective in reducing the size of
these large particles. A combination of these two methods
performed even better. Future work exploring these and other
solutions both experimentally and computationally will be
required before ESI can be practically applied for high-quality,
large-scale coatings.
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