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Abstract:  
 
The phenomenon of electrospraying of liquids is presented from the perspective of the 
electrochemistry involved. Basics of current and liquid flow in the capillary and spray tip are 
discussed, followed by specifics of charging and discharging of the sprayed liquid surface. 
Fundamental theories and numerical modeling relating electrospray current to solution and spray 
parameters are described and then compared with our own experimentally obtained data. The 
method of mapping potentials and currents inside the electrospray capillary by use of an inserted 
electrically-isolated small wire probe electrode is discussed in detail with illustrations from new 
and published data. Based on these experimentally obtained results, a new mathematical model is 
derived. The introduced "nonlinear resistor electrospray capillary model" divides the electrospray 
capillary into small sections, adds their contributions, then, by transition to infinitely small 
section thickness, produces analytical formulas which relate current and potential maps to other 
properties of the electrospraying liquid: primarily conductivity and current density. The 
presentation of the model is undertaken from an elementary standpoint, and it offers the 
possibility to obtain quantitative information regarding operating parameters from typical 
analytical systems subjected to electrospray. The model stresses simplicity and ease of use; 
examples applying experimental data are shown and some predictions of the model are also 
presented. The developed nonlinear resistor electrospray capillary model is intended to provide a 
new quantitative basis for improving the understanding of electrochemical transformations 
occurring in the electrospray emitter. A supplemental material section gives full derivation of the 
model and discusses other consequences.  
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1. Introduction. 
 
Studies into electrochemistry/electrospray have dealt with electrochemical issues relating to 
standard redox cells, flow cells, homogeneous and heterogeneous reaction kinetics, and mass 
transport. These are combined with phenomena pertaining to liquid jet charging and instability, 
plus surface phenomena and gas-phase ion production. In this Perspective, we present 
observations and opinions based on our own experiments and studies of relevant literature. Our 
discussion will focus on electrochemical phenomena that accompany the liquid charging step of 
the electrospray process. 
 
The electrospray phenomenon, and in general, electrified liquid jets, are topics of interest not 
only to mass spectrometrists who use them as a means to transfer ions from a liquid into the gas 
phase, but also to users of a large variety of other applications starting from jet printing through 
metal plating, polymer fiber production, to aerial spraying of fertilizers [1]. Flow phenomena in 
electrified liquids are studied in a discipline called electrohydrodynamics. This belabored field 
has a large body of literature that developed over time, heavy, often staggering, mathematics.  
 
In the latter part of this Perspective, we present a simple mathematical model to not only 
qualitatively, but also quantitatively, assess experimental measurements of electrical potential 
and current within the ES emitter. The goal for developing the model was to have mathematical 
formulas that can describe the obtained potential and current maps, extract useful 
electrochemical parameters, and provide confidence that the observed trends in those maps 
conform to electrochemical principles. At the same time, the derived mathematical formulas are 
intended to be simple enough to be handled with minimum computational effort, yet precise 
enough to simulate maps with less error than observed during experimental acquisitions. A 
Supplemental Material section, which contains all of the details of mathematical formula 
derivations, accompanies this document. 
 
A stable electrospray exists only when all relevant parameters fall within a certain narrow range 
of values. Often a sizeable change of one parameter necessitates a major adjustment of others in 
order to regain spray stability. In this Perspective, our intention is to take a fresh look at 
electrospray phenomena and operating parameters that are pertinent to solution conditions 
commonly found in analytical applications. Our presentation has been made as quantitative as 
possible, while striving to maintain an elementary approach. The intention was not to derive a 
model to compete with fundamental theories developed by researchers in the field of 
electrohydrodynamics, but rather to present a "new view" into electrospray phenomena such that 
an experimentalist might consider an electrospray mass spectrometer as something more than a 
"black box" device. 
 
This Perspective is not intended to be a comprehensive review nor a tutorial of electrochemical 
cell coupling to mass spectrometry, It is meant to be a quantitative guide for mass spectrometry 
experimentalists who deal with electrochemical transformations of the sprayed liquid, but have 
difficulty in exploiting its benefits or fighting its adverse effects. This Perspective also seeks to 
fill the gap between existing advanced theory and everyday analytical lab practice, thus, a goal 
here is to facilitate experimental implementation of existing theory to electrospray mass 
spectrometry practitioners. Because of this intentionally limited scope, our selection of literature 



    3 

is subjective and many important publications are neither quoted nor discussed. We refer the 
interested reader to a selection of published reviews pertaining to electrospray ionization and/or 
EC/ESI coupling available elsewhere [1-23]. The focus in the current paper is kept on features of 
electrochemistry/electrospray that have been largely neglected, but might be important for 
analytical practice, especially if one considers how the development of electrochemical 
derivatization of analytes has become an established and fruitful method [24-38]. 
 
2. Electrospray as an electrolytic flow cell.  
 
The electrospray process. Electrospray is a process of liquid nebulization induced by the pull of 
a nearby electric field [39-41]. The liquid exiting the capillary assumes a conical shape, referred 
to as a Taylor cone. Droplets of electrically charged liquid are expelled from the tip of the cone. 
There are a variety of spraying modes that have been classified by Clopeau [42]. In our 
experiments, and in this publication, we deal only with the commonest and most investigated 
“cone-jet” mode. In this mode, a thin jet (or filament) of liquid emerges from the tip of the 
Taylor cone, with liquid jet break-up into droplets occurring further downstream (Figure 1). The 
process of liquid spraying in a gaseous atmosphere is the result of an interplay of forces acting in 
various directions: the principal force being the electric field interaction with charges on the 
surface acting to pull the liquid toward the counterelectrode, whereas surface tension works to 
keep the liquid in one piece and exerts a pull in the opposite direction. Only a certain 
combination of spray parameters leads to a stable cone-jet mode of spraying [43-51]; outside the 
stable region, the spray is either intermittent or it consists of multiple jets.  
 
The jet carries away a net charge, so, except in special circumstances [52-54], the charge must be 
replenished at the incoming end (see discussion of this issue in ref [12]). This is accomplished 
through an electrochemical reaction at the surface of a metal capillary or on another conducting 
surface in the ES device with which the power supply is in electrical contact. If the flow of 
current is restricted, for example, by allowing the ES capillary to float at an ill-defined potential, 
then, the electrospray process will stop, as the capillary cannot be charged indefinitely. Thus, it is 
the electrochemistry at the capillary surface that permits transfer of the necessary charge to 
sustain the electrospray process. The charge flows from the metal capillary surface, through the 
electrolyte, to the surface of the Taylor cone.  
 
Ambient gas adsorption. Despite the apparent look, ES does not produce a simple, uni-
directional downstream transfer of liquid. While operating, the ES system undergoes a gradual 
change in composition and possibly in conductivity as a result of the inherent electrochemical 
processes. 
 
The smaller diameter of the Taylor cone jet makes the linear velocity of liquid in the jet far 
greater than in the wider capillary. Liquid acceleration takes place principally on the outer layer 
or "skin" of the Taylor cone [55]. When the Taylor cone surface charge carriers accelerate, they 
transfer momentum to the inside liquid through a shearing stress. That momentum encounters 
another momentum vector from the opposite or internal side. The resulting momentum in the 
constrained geometry of the cone results in some liquid flow in backward and circular directions 
(Figure 1), but this flow encounters the primary liquid flow momentum vector further upstream.  
The inside volume of the Taylor cone thus has characteristics of a "whirlpool mixer" [56, 57]. 
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The movement inside of the Taylor cone is easy to observe through a microscope by placement 
of some visible tracers [58, 59].  It becomes very clear that the hydrodynamic velocity of the 
internal liquid is far greater than the velocity of anticipated ion migration through the interior of 
the liquid in response to the imposed electric field. The complicated flow patterns inside the 
Taylor cone disrupt the orderliness of liquid arrival and departure at the ES capillary exit and 
thus cause band broadening that thereby degrades the resolution of separations performed by 
liquid chromatography or capillary electrophoresis instruments interfaced to ES-MS detectors. 
Realistic photographs of the cone-jet spray mode (including motion inside the cone) are available 
in many publications, including those of Zeleny that date back to 1917  [39, 40] as well as others 
[49, 55-67] .  
 
Back flow and lateral mass transfer have another practical consequence. Any liquid surface, 
charged or uncharged, exchanges molecules with the ambient gas as a result of adsorption and 
evaporation processes [68-73].  When liquid is electrosprayed, molecules of ambient gas are 
adsorbed at the Taylor cone's surface; then, they are laterally transported to the inside bulk, and 
from there may move upstream and react with sample constituents either in solution or at the 
metal/solution interface. By placing a wire probe electrode inside the Taylor cone (detailed later 
in Figure 3), we were able to detect changes of electrode potential depending upon whether the 
ambient gas was pure nitrogen (an inert one) or air (containing reactive oxygen) [74].  Also, we 
have shown that the overall potential distribution in the cell (differential electrospray emitter 
potential (DEEP), see below) is affected by ambient gas adsorption through the Taylor cone skin, 
and that the effect of adsorbed oxygen from the air is very strong compared to the influence of 
molecular oxygen which might have been initially dissolved in the solution prior to starting ES-
MS. We have called this the "oxygen effect" [74]. The observed change of the electrochemical 
potential inside the Taylor cone is significant although gradual; upon initiation of electrospray, it 
takes hundreds of seconds to reach a steady state. The shift in electrical potential is a response of 
the system to the ambient gas change through either buildup, or removal, of electrolytically-
active species inside the Taylor cone and/or on the electrode surfaces. Recently, it has been 
experimentally proven that droplets formed by ESI can reverse direction [75] and be re-adsorbed 
onto the Taylor cone surface [43]. 
 
An instructive yet simple experiment demonstrates charging and discharging of the surfaces 
involved in the spray process. In Figure 2a, a stable cone-jet mode of spraying is established. The 
potential of the high voltage counterelectrode is stepped higher in increments while the total 
current to the capillary is being measured. When the high voltage is stepped up, the current to the 
capillary suddenly jumps higher; next, in a few seconds, it decays back to a value slightly above 
that observed just before the step. During that time, the length of the Taylor cone becomes 
smaller and the cone angle increases, i.e., the initial elongation of the filament is followed by a 
slow reduction in Taylor cone volume. When the high voltage is reduced, the opposite process 
occurs: the jet filament length is temporarily reduced while the Taylor cone grows larger in 
volume and the current spikes in the opposite direction.  Figure 2b shows the accounting of 
charge, which is measured by integrating the additional current generated in the transition time. 
After completing the entire cycle, the amount of extra charge removed from, and put into, the 
Taylor cone balances out.  
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In the equivalent circuit of the electrospray device, the charge separation accompanying droplet 
formation that occurs at the end of the jet filament is believed to be the current limiting element  
[76-79]. The process of adjusting Taylor cone size and relevant current to a new, higher field is 
surprisingly slow. Nonfaradaic charging of the capillary metal interface will occur relatively 
quickly, but the main temporal limitation lies in adjustment of the jet filament to the new voltage 
conditions. The jet has sufficient flexibility to pass a higher current, but its ability to pass a 
higher volume of liquid is far more limited. In the moments after a change in potential, liquid 
inflow keeps the whole Taylor cone surface in a field higher than otherwise determined by force 
equilibrium conditions, which pushes the current temporarily higher. As the volume is pumped 
out, the Taylor cone volume diminishes to a size determined by the steady state conditions.  
 
The sluggishness of this Taylor cone size adjustment has the beneficial consequence that one can 
suddenly increase the high voltage without losing ES stability. A sudden increase of the electric 
field causes the filament to disintegrate at an extended distance. In reducing the electric field, the 
jet must not be allowed to shrink to zero length, where the stable cone-jet mode of spraying 
breaks down. Thus, electrospray in cone-jet mode must always be "jump started" to a higher 
electric field than the necessary minimum corresponding to a given set of operating parameters 
(e.g., see hysteresis in current-voltage plot in ref. [80] and also ref [81, 82]).  
 
The above description illustrates why a stable operation in cone-jet mode may be achieved only 
within a somewhat narrow range of parameters. When venturing outside of these limits, new 
phenomena may occur, as for example, crown mode spraying  [42] or corona discharge. Only a 
narrow breadth of Taylor cone angles are stable, which leads to only a limited range of allowed 
electric potential gradients that can support a stable spray for a given range of electrolyte 
conductivities while employing a particular range of flow rates. Only under these conditions are 
there enough ions on the Taylor skin surface, and only then are they accelerated to a proper 
speed to transfer all the necessary momentum to the liquid to form a stable jet. 
 
Electrodes in electrospray.  The electrospray device can be considered to be an electrolytic flow 
cell [76-78, 83]. The electrochemical cell must consist of an anode and a cathode. The anode is 
the electrode where electrons are transferred from solution to the electrode. The oxidizing 
electrode is an anode regardless of its potential with respect to the cathode and regardless of the 
polarity of charge on its surface [84-86].  A standard way to look at electrospray electrodes (in 
the positive ion spraying mode) is to assign the anode as the electrospray capillary. By contrast, 
the cathode, where ions are reduced, corresponds to the metal part(s) of the mass spectrometer 
where ions strike and accept electrons. The physical space between such electrodes consists of 
distinctively different regions. One part is a regular liquid, next is a gas that contains charged 
droplets, then "naked" ions under low pressure. The presence of the gaseous region in the heart 
of the system represents a substantial divergence from what one typically considers as 
constitutive elements of an electrochemical cell.  
 
For a metal electrode, such as one found in a common electrolytic cell, a charged layer of a 
liquid is attracted by an electric field originating on the metal (charges in the bulk metal). In the 
Taylor cone, charges are influenced by the electric field produced by a distant source (charges in 
the metal of a high voltage counterelectrode). The liquid sides of those two kinds of interfaces 
have similar looks [87-89]. The role of the electrode in the electrochemical cell is to provide or 
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remove charge. A metal electrode does this by electron transfer in the red-ox process occurring at 
the metal/electrolyte interface. The Taylor cone does it by removing charged ions through 
spraying them out of this part of the system to another part where they, in practice, do not 
influence the electric field inside. Because the Taylor cone removes not only charge, but also 
mass, the mass must be constantly replenished by flow of electrolyte to the capillary. The Taylor 
cone surface is positively or negatively charged depending upon the polarity of operation. This 
surface charge counterbalances the external electric field to a large degree, but not completely. 
Some electric field still penetrates into the bulk electrolyte volume. This internal field is directed 
toward the charged Taylor cone skin surface.  
 
Given these limitations, how can the potential at the Taylor cone skin be defined? In a regular 
electrochemical cell, potential difference can be easily measured by a voltmeter with one lead 
clipped to a reference electrode.  This total potential difference between two electrodes is 
distributed according to eq. (6) that appears later. This type of experiment cannot be done at the 
Taylor cone surface. There is no transfer of electrons on the Taylor cone skin; neither is there a 
chance that a Nernst-like equilibrium is being established. If one tries to probe the surface using 
a metallic connector, then the latter will become an electrode in its own right; it will form a new 
current loop with the capillary or with the high voltage counter-electrode. We have observed that 
if our wire probe electrode tip punctures the Taylor cone skin, the potentiostat voltmeter reading 
jumps to a significantly higher value (e.g. 5 to 9 volts); this value far exceeds that of the highest 
reading in a typical potential map (e.g., see Figure 5a and 5b) which is less than about 2 volts.  
 
 
3. Electrochemical processes inside the electrospray capillary. 
 
In our laboratory, we have constructed a device (Figure 3) capable of monitoring potential and 
current along the interior of an electrospray emitter [90, 91]. The device consists of a platinum 
wire probe electrode that is isolated from the surrounding platinum ES capillary. The potential 
difference, or the current flowing, between the wire probe electrode and the grounded ES 
capillary is measured as a function of movement of the disk-like wire probe along the interior of 
the ES capillary. A plot of potential difference vs. distance from the ES capillary exit has been 
termed a differential electrospray emitter potential or “DEEP” map. Current maps consist of 
plots of current at zero potential difference between the wire probe and the ES capillary. 
 
The electrospray emitter as an electrolytic trough. If two electrodes made of the same metal are 
placed into an electrolyte solution, a voltmeter connected to the metals will not read a potential 
difference of zero. In reality, the two pieces of the same metal will become polarized and behave 
as anode and cathode. The measurement process itself will polarize them (solutions of low 
conductivity will render the polarization more visible, as will inexpensive voltmeters).  Now 
consider three electrodes in the same solution with two of them performing electrolysis; current 
is passing between them. The reading of the voltmeter clipped between either of the current 
passing electrodes and the third one will represent the sum of the original polarization process 
plus the overpotential due to the passage of current. 
 
The very old concept behind mapping currents and potentials in solution is that of the electrolytic 
trough [92]. It consists of a vessel containing any number of electrodes set at a variety of 
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potentials. A probing electrode that meanders around the vessel can directly read the potential at 
any given point. In Figure 4 is an actual experiment performed in a long, thin vessel. The 
electrodes are all made of the same metal (Pt); cathodes are of the same size, whereas the anode 
is the combined size of the two cathodes. The wire probe electrode is an isolated wire with only 
its tip in contact with the electrolyte. Current is set to be constant; it flows from the anode to the 
two cathodes. In the lower panel of Figure 4, one can see how current is split between the two 
cathodes. Although the potential of those cathodes (on the metal side) is the same, the potential 
very close to the cathode on the electrolyte side is different. Cathode number 1 is closer to the 
anode; it produces more current, and the current going from electrolyte to the metal of this 
cathode faces a larger overpotential. That extra amount of overpotential is equal to the ohmic 
drop (iR) of potential due to resistance of electrolyte between cathode number 1 and cathode 
number 2. The slope of the potential drop with distance between the two cathodes is less than 
that between cathode number 1 and the anode. Next, imagine that there are a greater number of 
small cathodes located side-by-side. The potential map will then take the form of short straight 
lines with gradually changing slope. In the limit of a continuous cathode, it will be a smooth 
curved line. A cathode can be rolled up to form a ring. Many rings can be joined to form a 
cylindrical tube. Our electrospray capillary fits this description of a cylindrical tube, and the wire 
probe in our measurement device can be considered as the probing electrode.  
 
Potential and current maps. The use of our wire probe electrode has permitted the acquisition of 
a great number of differential electrospray emitter potential (DEEP) maps in electrospray 
capillaries containing a variety of solutions [91, 93, 94]. Examples are given in Figures 5a and 
5b. Positive ion mode (oxidative) maps have the same features as negative ion mode (reductive) 
maps. 
 
Potential and current maps are strongly influenced by the concentration of the electrolyte. More 
concentrated (more conductive) electrolytes cause the potential to decay more slowly as one 
moves further into the capillary; less conductive solutions make potential maps drop off in a 
steeper fashion. In other words, upon entering the ES capillary, the potential map slope goes 
down more slowly for a more conductive electrolyte and the current is produced from deeper 
within. 
 
When a nonionic (no change in solution conductivity), easily oxidizable species (one which does 
not require high potential to deliver the current), like the polycyclic aromatic hydrocarbon 
‘rubrene’, is added to the solution subjected to ES, a substantial decrease of the potential at the 
capillary exit is seen. The total electrospray current does not change; the reduction of potential is 
independent from the effects of conductivity change. The same potential reduction is seen when 
water is added to dry acetonitrile. The standard potential of the cell becomes lower, so the whole 
potential map is lowered [91]. 
 
In Figure 6 is an example of a current map. Even if a potential map shows a high potential at a 
given position in the capillary, this does not mean that a high level of current will be produced 
there, as measured potential expresses only the ability to deliver current, while the actual 
magnitude of the current also depends upon other limitations, for example, mass transport or gas 
evolution. Current and potential maps are related to each other through the Butler-Volmer (B-V) 



    8 

equation, (see eq. 5 below). Because current is exponentially dependent on the potential, current 
maps will always be steeper than potential maps. 
 
When current and potential maps are plotted against each other they form a Tafel plot. In some 
instances, instead of forming a monotonically rising line, the plot makes unexpected turns. Such 
cases indicate that electrochemical conditions are not uniform throughout the whole length of the 
capillary; this occurs when the electrochemical reaction responsible for current production is not 
the same at different places in the ES capillary. So despite the B-V relation, current and potential 
maps contain different information, and are thus complementary to one another.  
 
The above conclusions about map slopes and their relation to solution conductivity can be 
conveniently discussed in terms of the dimensionless Wagner number (Wa) [95-96], which is the 
ratio of polarization resistance (i.e., resistance of the interface at the electrode, Rη) to electrolyte 
resistance (Rs): Wa = Rη / Rs. When the Wagner number is large everywhere, that is, large for 
every locus of the electrode, then current transport is governed by polarization resistance. In the 
extreme case, when the Wagner number approaches infinity, the current reflects electrode 
kinetics, i.e., after passing the interface, current flow through the electrolyte is practically 
unrestricted. Conversely, when the Wagner number is small, polarization of the interface does 
not influence the distribution; instead, only solution resistance matters and the problem of current 
distribution is reduced to the geometry of the electrochemical cell. In the extreme, when the 
Wagner number approaches zero, the whole cell behaves like a regular ohmic resistor. The 
Wagner number can be made smaller by raising the resistance of the electrolyte, but only when 
we deal with a very reactive species. Thus, not only do easily oxidizable species make maps with 
lower slopes, but also, the so called “ease of reduction” must be cast in relation to electrolyte 
conductivity. In sufficiently conductive electrolytes, readily oxidizable species do not cause 
lower slopes, but rather, they move the whole map downward. 
 
Glass capillary. In Figure 5b is shown a map of potential inside the composite electrospray 
capillary. One part is a regular platinum capillary, a second part (closer to the exit) is made of 
glass. The inner part of the map corresponding to the metal region has the same features as maps 
obtained for the "metal only" capillaries. The outer (glass) part of the map is a straight line. This 
is exactly what is expected from a nonconductive tube filled with a liquid behaving like an ohmic 
conductor. The slope of the linear (glass) part of the map, with known internal diameter can be 
used to calculate the conductivity of the solution. Indeed, this calculated conductivity gives 
values in excellent agreement with literature data [97-99] and by this, it demonstrates the 
soundness of the device and measurement method.  
 
The DEEP map in Figure 5b shows that when the wire probe enters the Taylor cone there is no 
change of slope. The map shows that the internal bulk of the Taylor cone has no special electrical 
properties and the cause of increased slopes on the metal capillary maps was due to a “back-
shift” of our measuring device. The term "back-shift" signifies that the measured potential of our 
wire probe located in the middle of the ES capillary, concentric with the capillary axis, in fact, 
corresponds to a potential at the metal/solution interface located at a point further upstream (back 
into the capillary). The second factor contributing to the slope increase inside the Taylor cone is 
the raised electrolyte resistance between the wire probe and the metal capillary electrode due to 
constricted geometry as the probe enters the cone. For a glass capillary, this effect appears 
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relatively small because it adds to an already augmented resistance caused by a greater distance 
between the tip of the wire probe and the metal capillary contact. That is to say, when the electric 
contact is made elsewhere upstream (as is the case with the attached glass capillary), the ohmic 
drop must have a higher value. The glass capillary introduces an extra resistance created by the 
extra electrolyte that it contains. In order to overcome this extra resistance, a higher pseudo-
potential at the Taylor cone is needed.  
 
Extrapolation of the glass capillary potential map to the end of the Taylor cone is more precise 
than for a regular (metal) capillary because, here, the map is a straight line plot, and not a steeply 
rising function [91]. This extrapolation gives a Taylor cone surface "pseudo" potential of ~ 4 
volts. This number is called pseudo-potential because it has the same effect as if there were a real 
electrode with this potential. 
 
Skin current and ES capillary front surface. It has been observed many times that the shape and 
size of the electrospray capillary orifice influences the production of electrosprayed ions [1]. 
Tapered capillaries have been used, as have capillaries with special coatings [100]. The front 
capillary surface is particularly sensitive to conditions of electrospray. If it is made of metal, 
then, in close proximity to one another are: the metal surface, the ambient gas and the charged 
liquid-gas interface. Compared to the inner surface of the capillary, the metal front surface is in 
better electrical contact with the jet filament, because the resistive path along the skin is shorter 
than through the bulk. In addition, the skin is more conductive than the bulk due to the relative 
ease of movement of charge carriers. Thus, the portion of the total electrospray current that is 
transported through the skin from the front capillary surface to the jet is larger than would be 
expected to occur from simple geometric considerations. Actually, it is difficult to imagine that 
the current produced at the front surface sinks, in large part, into the bulk instead of flowing 
through the lowest resistance path, i.e., straight along the Taylor cone skin. The above shows that 
the skin can be a very conductive direct contact to the ES capillary, largely bypassing the 
electrolyte. 
 
Our mapping methods are not capable of measuring skin current directly. Actually, the potential 
and current maps obtained were only maps of part of the total electrospray current. The 
remaining part, which flows directly from the front surface to the Taylor cone jet, was not 
directly measurable. Only when employing the attached glass capillary could the obtained maps 
be considered to be probing the total electrospray current, because the glass capillary does not 
generate front surface current. Thus, a part of the current evades our measurement method in 
metal-only capillaries. We have noticed that even when our wire probe was placed in the interior 
of the Taylor cone, appearing geometrically much closer to the cone apex than the front surface, 
it was able to take up at best about 50-60% of the total electrospray current. The remainder of the 
current was produced at the ES capillary, most importantly at the ES capillary front surface. This 
occurred despite the fact that the distance to the front surface from the Taylor cone apex was 
considerably greater than the distance from the wire electrode tip, plus the fact that the wire 
probe electrode surface area was also greater than the area of the capillary front surface. The 
underlying issue was not that of a simple current redistribution resulting from an excessive 
overpotential on the wire electrode, because when the capillary was electrically disconnected, the 
wire probe was then able to conduct all of the current without any detrimental effects to spray 
stability, or to the shape or size of the Taylor cone. The magnitude of the total current was 
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maintained regardless of the wire probe's position, be it extended into the Taylor cone or 
withdrawn deep inside the capillary.  
 
 
4. Theories on principles of the electrospray process. 
 
The stage for electrochemical processes to occur inside the electrospray capillary is set by a 
number of external parameters. One group relates to properties of the sprayed liquid such as 
conductivity, viscosity, surface tension, and electric permittivity, whereas the second group 
relates to the geometry of the sprayer and applied external potentials. From an electrochemistry 
standpoint, the primary information to be extracted from the comprehensive list of parameters is 
the total electrospray current (IT) and the electrochemical potential at the very tip of the 
electrospray capillary (U0) because these characteristics influence all other features of the ES 
electrochemical cell. Much theoretical work has been performed to mathematically describe 
trends related especially to ES current. Below is a brief account, but not a comprehensive review, 
of some selected important examples of such work that we are including to situate, and cast light 
upon a new mathematical model to describe current and potential in ES emitters that we present 
later in this paper. 
 
For historical reasons, we start with the Hendrix model [101, 102]. Here, the liquid surface of the 
Taylor cone is charged, stationary and, at every point, in equilibrium with the external electric 
field, it is assumed to be equipotential. The model leads to a formula for total electrospray 
current, IT [101]:  
 
(1)        𝐼𝑇 = [(4𝜋/𝜀)3(9𝛾)2𝜀05𝑄4Λ03𝑐3𝐸3]1/7 
 
where: E is the outside (gas side) electric field, Q is the solution flow rate, γ is the surface 
tension, ε0 is the electrical permittivity of vacuum, ε is the relative permittivity, Λ0 is the 
electrolyte limiting molar conductivity and c is the concentration. If we plug in numbers for a 
typical electrospray solvent, methanol, then we get a total electrospray current IT = 7 nA. The 
result is less than the experimental value of 73.3 nA. The power dependence of total electrospray 
current on electrolyte conductivity is close to, but does not exactly agree with, experimental data. 
The equation indicates a power dependence of 3/7 whereas our experiments produce a square 
root (= 1/2) dependence. 
 
There are many more advanced treatments of the electrospray current flow. They were derived in 
the field of fluid electrodynamics. By thorough consideration of flow conditions and electric 
forces, exact relations of total current as a function of various fluid parameters were derived. A 
good deal of literature has been produced on this subject [18, 45, 63, 103]. 
 
For example, Fernandez de la Mora [63, 104] arrived at the conclusion that the original 
conditions for the equilibrium of forces formulated by Taylor for perfect conductors are 
essentially correct in solutions with high (but non-metallic) conductivities, but they are satisfied 
only in the apex region of the cone. Using dimensional analysis of the physical quantities 
involved, and casting them against his experimental work, he arrives at the conclusion that the 
total electrospray current scales as:  
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(2)        𝐼𝑇 = 𝑓(𝜀)�
𝑄𝑄𝑄
𝜀

 

 
where f(ε) is a function to be determined empirically through experiment, κ is the conductivity 
and other symbols are as above. The power dependence of total current on conductivity and flow 
rate is 1/2 in agreement with experimental measurements. The author also divides the total 
current into the skin current that flows along the Taylor cone skin and the bulk current which 
flows through a body of liquid.  
 
Gañan-Calvo’s detailed model [55, 105- 108] of total electrospray current is based on an 
extension of the classical work by Melcher and Warren [109, 110-112] but with a more rigorous 
treatment of the configuration of the electric field surrounding the jet. The analysis leads to two 
limiting formulas for total electrospray current: one is for liquids of high conductivity and high 
viscosity [107]: 
 

(3)        𝐼𝑇 = 𝐼0 �6.2�
𝑄

𝑄0√𝜀 − 1
− 2.0� 

 
whereas the second applies to liquids of low viscosity and low conductivity:  
 

(4)        𝐼𝑇 = 𝐼0 �11.0 �
𝑄
𝑄0
�
1
4
− 5.0� 

 
where I0 is reference current: I0 = (ε0*γ2/ρ)1/2, (ρ is density (kg/m3)) and Q0 is reference flow: Q0 
= ε0*γ/(ρ*κ). This model also predicts a square root dependence of electrospray current on the 
conductivity and liquid flow rate and produces acceptable predictions of the total electrospray 
current. 
 
A more recent, comprehensive treatment of the problem by Higuera [113] addressed the current 
transported by the jet and the nearby cone apex. By setting equations accounting for the balance 
of forces present, followed by numerical simulation, he arrived at a result in which, indeed, the 
current is proportional to the square root of solution flow. But this result was only valid within a 
low flow rate regimen. When the flow rate was pushed higher, the accompanying current 
increase did not keep up, and instead, leveled off.  
 
The Enke group presented an equivalent circuit for the electrospray device [79] showing a single 
loop of current, i.e., the current in each portion is the same. The loop consists of the power 
supply which provides as much current as necessary for a preset voltage; the air gap is 
characterized as an element which poses resistance, but does not diminish the total current. The 
electrolytic solution creates ohmic resistance, and lastly, the two electrodes: one in the ES 
capillary and the other one at the opposite end of the air gap are each represented as resistors in 
series with batteries whose polarities oppose that of the power supply. This description of the 
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electrodes is equivalent to assigning a half-cell potential (Eø) to each electrode. The 
experimentally obtained curve for total current vs. potential is a product of all current-potential 
curves for each element.  This analysis is used to evaluate current vs. potential for the charge 
separation process leading to the formation of electrospray droplets. This important charge 
separation process occurring in the electrospray current loop is deemed to be the feature that 
imposes a constant current on the ES device.   
 
The Van Berkel group, among many other contributions to the electrochemistry/electrospray 
field [76-78, 114-120] attempted a full-scale numerical simulation of current and potential 
distribution in the electrospray capillary [121]. The project was based on solving the Laplace 
equation with boundary conditions corresponding to the actual geometric and flow conditions in 
the electrospray capillary. To this end, it was convenient to assign the tip of the ES filament as a 
"virtual cathode". This was the mathematical equivalent of placing an electrode at the very end 
of the Taylor cone. The final result of Van Berkel and coworkers’ calculations was qualitatively 
correct. It had all the essential features of potential and current maps; however, owing to the 
employed assumptions, the magnitude of some numbers can be called into question. For the 
mixture of acetonitrile and water, the calculation predicted unrealistically high current densities 
very near to the capillary exit and the area close to the tip of the capillary produced an 
unrealistically large (compared to our experimental results) fraction of the total current. This 
probably came from the fact that the limiting current for water oxidation had been set at a high 
value. Another problematic theoretical result was the current map, which does not fall abruptly 
with movement toward the inside of the capillary, but instead forms a short plateau. In our 
experimental measurements, no such plateau was found. We acknowledge that our 
measurements were done on a capillary with an internal diameter five times wider than the 
diameter used in the simulation, so the cross section where the flow is unrestricted was larger. By 
contrast, in the small capillary used for calculation, a large fraction of the cross section was taken 
to be a stagnant layer. The authors’ assumption concerning the thickness of the stagnant 
boundary layer was based on standard electrochemical values for common electrodes in stagnant 
solution, but for thin capillary flow conditions, the assigned stagnant layer thickness was likely 
an overestimation, leading to an underestimation of the depth of current production into the 
capillary. 
 
 
5. "Nonlinear resistor electrospray capillary model"  to describe the electrical equivalent to 
the electrospray capillary. 
  
In order to precisely describe the distribution of potential inside the electrochemical cell one has 
to solve the Laplace equation for electrical potential with appropriate boundary conditions [122, 
123]. When the liquid in the cell is in motion, fluid dynamics equations must be included. In 
some rare cases of highly symmetric systems, a solution can be obtained in an analytical form 
[124-129]. In all other cases, one has to resort to numerical simulation, such as the work of Van 
Berkel described above [121].  
 
The values of the potential adopted by the capillary in the electrospray process have been shown 
to have a direct influence on the products detected [130]. Analyses of the electrochemical 
potential distribution along flow cell electrodes, such as the electrospray capillary, have been 
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based on equations of hydrodynamics in combination with an account of electrical current flow. 
They required much effort and computer time, and even then, the outcome was a complicated 
function [131-136]. The results were strict but difficult to fathom. Here, we present a 
simple "nonlinear resistor electrospray capillary model" which has the advantage of employing 
mathematical formulas that can readily handle our experimentally-generated data. In any 
instance, due to the nature in which they were obtained, our experimental numbers contain 
systematic and random errors; those errors are likely to be bigger than the compromised accuracy 
caused by the simplicity of the model.  
  
Assumptions. The "nonlinear resistor electrospray capillary model" has been constructed by first 
dividing the electrospray capillary into a large number of sectors (Figure 7). Each sector 
represents an annulus with a uniform surface area and volume of electrolyte inside. Each sector 
has resistance Rs, which is the resistance of a cylinder of electrolyte and a second resistance, Rη, 
which is the resistance of the interface. Rs is assumed to be linear, according to Ohm’s law, 
meaning that a change of potential produces a linearly proportional change in current. Rη may or 
may not be linear depending on the particular circumstances. Because we can make the sector 
infinitely small, in the end, we can arrive at a mathematical formula describing the potential 
map: U(x) and current map: i(x) which then can be dealt with by regular calculus methods.  
 
In employing the model, it is assumed that surface reactions satisfy Butler-Volmer (B-V) type 
kinetics. In principle, such kinetics are satisfied only when a reversible pair of redox reactants 
can be identified at the electrode, and when exchange current can flow in both directions. This 
may not always be the case in the electrospray capillary, nonetheless, this type of the B-V 
mathematical formula has proven to be useful. The equations is: 
 

(5)        i = i0𝑆 ��1 −
i

i𝑐𝑐
� 𝑒−𝛼𝛼𝛼|𝜂𝑐|/𝑅𝑅 − �1 −

i
i𝑎𝑎
� 𝑒(1−𝛼)𝑛𝑛|𝜂𝑎|/𝑅𝑅� 

 
where: i is current (A), icL is the cathodic limiting current (A), iaL is the anodic limiting current 
(A), i0 is exchange current density (A/cm2), S is the area of the electrode (cm2), n is the number 
of electrons in electrochemical reaction, R  is the gas constant = 8.31451 (J*K-1*mol-1), T is 
temperature (K), F is the Faraday constant = 96,485 (C/mol), α is a symmetry factor of the 
electrochemical reaction (dimensionless), ηa is the anodic overpotential (V), ηc is the cathodic 
overpotential (V). If the reaction is symmetrical, that is α is equal to 0.5, and the limiting current 
is high compared to the total current, then the exponents can be combined into a more easy to 
handle hyperbolic sinus function.  
 
The total potential drop (U) through the cell consists of the sum of: the potential drop at the 
anode, the potential drop through the electrolyte (i*R where i is the current and R is the 
resistance of the electrolyte), and the potential drop at the cathode. The potential drop at the 
electrodes consists of the standard potentials of the half-reactions (anodic Ea

Ø ; cathodic Ec
Ø) 

plus accompanying overpotentials (anodic ηa ; cathodic ηc) as shown below.  
 
(6)        𝑈 = 𝐸𝑎∅ + 𝐸𝑐∅ + |𝜂𝑎| + |𝜂𝑐| + 𝑖𝑖 
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The derivation of U(x) showing potential as a function of distance into the ES capillary contains 
a simplifying assumption that the standard potential of the overall reaction (that is the sum of 
anodic Ea

Ø and cathodic Ec
Ø) is zero. A proper standard potential for the reaction may be added, 

as needed and, in the end, it will not influence the slope of the potential or current map (see eq. 
15).  
 
The above treatment (starting with eq. 6) leads to a differential-integral equation (see 
Supplemental Material for all details) [127, 128, 137]: 
 

(7)        �
𝑑𝑑(𝑥)
𝑑𝑑

�
𝑥=𝑥

= −𝑎 + 𝑏� sinh[𝛽𝛽(𝑥)]𝑑𝑑
𝑥

0
 

 

(8)        𝑎 =
𝐼𝑇

Λ0𝑐π 𝑟c2
        �

𝑉
𝑐𝑐

� 

 

(9)        𝑏 =
4i0
Λ0𝑐𝑟𝑐

        �
𝑉
𝑐𝑐2� 

 
where: c = concentration of electrolyte (mol/cm3), β  = nαF/(RT) (1/V) (for one electron (n =1) 
symmetrical (α = 0.5) reaction β = 19.48 (1/V)),  F (Faraday constant) = 96,485 (C/mol), R (gas 
constant) = 8.31451 ( JK-1mol-1), T temperature (K), n = number of electrons (in electrochemical 
reaction), α = symmetry factor of electrochemical reaction, IT = total electrospray current (A), i0 
= exchange current density (A/cm2), rc = radius of the electrospray capillary [cm], and Λ0 = 
limiting molar conductivity (cm2Ω-1mol-1). Note also that integration is over dx, not over dU so it 
cannot be performed in a straightforward manner.  
 
Linear approximation. For small current densities and small overpotentials we can apply a linear 
approximation to equation 7, by expanding the hyperbolic sinus function and dropping all higher 
terms. The linear approximation solution has all essential features of experimentally acquired 
potential maps. Later, we will show how nonlinearity is dealt with in the solution by including 
extra corrective terms.  
 
The linear approximation leads to a formula for a potential map in the form of a simple 
exponential decay: 
 
(10)        𝑈(𝑥) = 𝑈0𝑒−�𝛽𝛽 𝑥             ;        𝑈0 =

𝑎

�𝛽𝛽
 

 
where U0 is the value of the potential at the capillary tip, that is at x = 0. For the total 
electrospray current we obtain: 
 
(11)        𝐼𝑇 = 𝜉√𝑐 
 
where ξ is a proportionally factor combining all other constants.  
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In the linear approximation, the total electrospray current is a square root function of 
concentration of electrolyte, provided that the U0 term is the same in each case. Surprisingly, 
equation (11) has exactly the same square root dependence on the electrolyte conductivity as the 
formulas arrived at by advanced theoretical models. However, it has nothing to do with the 
actual physics of electrospraying and is only the consequence of electrical circuit considerations 
caused by a specific geometry of a tubular capillary. 
 
The decay rate of U(x) in the potential maps in the linear approximation will be governed by a 
decay constant: 
 

(12)         �𝛽𝛽 = �
4𝛽i0
Λ0𝑐𝑟𝑐

           �
1
𝑐𝑐

� 

 
where all the terms have same meaning as above. The larger this constant becomes, the faster the 
potential will decay from its maximum value, U0, at the capillary tip. It is evident from the 
formula that the potential decay will be faster for a facile reaction, i.e., one which has a high 
exchange current density, i0, and also will be faster for multi-electron reactions (β is multiplied 
by the number of electrons exchanged). In more conductive solutions, where c and/or Λ0 is 
higher, the potential will decay more slowly and will penetrate more deeply into the capillary and 
the current production will be spread more evenly along the capillary inner walls. In less 
conductive solutions, potential will decay faster and it will squeeze the current production into a 
smaller area at the capillary exit. Larger capillaries (large rc) cause the potential to decay more 
slowly, whereas smaller capillaries make it decay more quickly, so small capillaries are the ones 
which squeeze current production to the very tip. This all is in good agreement with experimental 
data and intuitive understanding.  
 
Decay rate is not a function of total electrospray current. It can be obtained by taking the 
derivative of the experimental potential map. A derivative is a good experimental parameter, 
better than, for example, the maximum potential U0, because when calculating a derivative the 
constant factor (here: cell standard potential Eø) drops out of the equation.  Initially, U0 was 
treated as overpotential in the sense of eq. (6) where the sum of Ea

ø and Ec
ø was assumed to be 

zero. Now we see that this initial assumption was valid because the experimental potential maps 
preserve the value of the decay constant regardless of how we treat U0, U(x) or cell standard 
potential. If the total current changes for a reason which will not depend on the above 
parameters, such as a change in external high voltage, the slope of the potential map at a given 
point x, within the ES capillary, will remain unchanged.   
 
The pre-exponential factor, U0, is the value of the potential (including any overpotential) at the 
capillary exit, point x = 0. It will grow as total electrospray current grows, but it will diminish 
when conductivity increases. If we take equation (10), explicitly expand constants a (eq. 8) and b 
(eq. 9) and replace the total current by relation from eq. (11), we obtain: 
 

(13)        𝑈0 =
𝜉

�4𝜋2𝛽i0Λ0𝑟𝑐3
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U0 is not a function of total current, neither is it a function of solution concentration (however, it 
is a function of conductivity through Λ0). Because U0 is independent of total current, this 
derivation points to the conclusion that the potential maps for different concentrations of the 
same electrolyte ought to converge and cross at x = 0. If they do not, they probably correspond to 
different electrochemical reactions.  
 
The derivative of potential (including any overpotential) at x = 0, according to eq. (7) will always 
be equal to  -a:  
 

(14)        �
𝑑𝑑(𝑥)
𝑑𝑑

�
𝑥=0

= −𝑎 = −
𝜉

Λ0𝜋𝑟𝑐2√𝑐
 

 
Thus, slopes of potential maps at x = 0 ought to form a straight line when plotted against 1/c1/2.  
 
In Figure 5c are two examples of the use of this simple theoretical nonlinear resistor electrospray 
capillary model to analyze experimental data . Decay constants of potential maps from Figures 
5a and 5b are recovered and plotted against concentrations in Figure 5c. The curves shown in 
Figure 5a do not cross exactly at x = 0, but instead, at some positive value. The reason for this 
small discrepancy is a systematic error of our method (the “back-shift”), which we have 
discussed previously in the section pertaining to the glass capillary emitter. For a solvent 
corresponding to the data in Figure 5a, the total current can be fitted by the formula IT = 
6.06*c1/2 (where IT is in A and c in μM). Figure 5c shows a straight line for the plot of this 
experimental data as the model predicts. From the value of the slope, after plugging in other 
required numbers, we get a current density for reduction: n*i0 = 4.28*10-7 (A/cm2). The second 
set of data shown in Figure 5c illustrates obtainment of the i0 parameter from experimental 
decays plotted in Figure 5b. The dependence is also linear, the slope yields n*i0 = 8.34*10-7 
(A/cm2). These values are typical for oxidation and reduction of methanol on a polycrystalline 
platinum surface. The essence here, however, is not to determine exchange current density, but 
rather to demonstrate that the electrospray capillary is an electrochemical system which lends 
itself to measurement and simple analysis.  
 
Complete solution. The linear approximation is only an approximation, for a complete 
description we must solve equation (7). Of course, potential and current maps can be simulated 
and plotted with simple numerical routines. Nonetheless, only analytical solution can give an 
intuitive insight into how input parameters reflect on the final formula. The final solution (see 
Supplemental Material) is: 
 

(15)        𝑈(𝑥) = −
2
𝛽

ln �tanh��𝛽𝛽 𝑥 + �
𝑏
𝛽𝑎2

�� 

 
This formula is straightforward and simpler than found in the literature [127, 128, 137]. After 
expansion of U(x) in a power series we see that: 
 

(16)        𝑈(𝑥) =
4
𝛽
𝑒−�𝛽𝛽 �𝑥+ 2

𝛽𝛽� +
4

3𝛽
𝑒−3�𝛽𝛽 �𝑥+ 2
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The first term in the series has exactly the same decay factor (β*b)1/2 as in the linear solution. 
However, the series is converging slowly and many terms (about 20) must be used to see proper 
curvature of the potential map at low x values. 
 
The full solution gives U0 (for x = 0) in the explicit form: 
 

(17)        𝑈0 =
1
𝛽

ln �
𝛽𝛽𝑇2

4𝜋2Λ0𝑐𝑟𝑐3i0
� 

 
If we use formula (17) relating the total current to concentration: IT = ξ*c1/2 we get: 
 

(18)        𝑈0 =
1
𝛽

ln �
𝛽𝜉2

4𝜋2Λ0𝑟𝑐3i0
� 

 
It is reminiscent of the linear approximation. U0, the maximum potential at the entrance of the 
capillary is not a function of electrolyte concentration (i.e. conductivity) meaning that even 
without the linear approximation, i.e., in the more general case, all potential (and current) maps 
ought to cross at x = 0 (ignoring back-shift). For a typical range of electrospray currents and 
typical reactions, one should not expect big changes in the value of U0, because U0 is a 
logarithmic function of exchange current density, i0. To see a significant change in U0 requires 
orders of magnitude of change in the value of i0.  
 
Further discussion of the nonlinear resistor electrospray capillary model, including how to use it 
to obtain a Tafel plot of the electrospray capillary, or to calculate the extent of the current 
production in the capillary, can be found in the Supplemental Material.  
 
 
6. Conclusions.  
 
Electrospray is not only a nebulizing device, it is also an electrochemical device and the results 
of its use in experimental practice show the work of both phenomena. Many researchers have 
enough good fortune using electrospray ionization as a “black box”, whereas others are adept at 
using an electrochemical cell coupled to an electrospray device to produce novel redox products 
that are detectable by a mass spectrometer. A large number of chemical reactions can be studied 
using a simple upstream “on-line” electrochemical cell which can be independently driven by 
use of an electrochemical work station. Many intricacies of such coupling were thoroughly 
discussed in a book chapter by Van Berkel and Kertesz [78]. In addition to the compounds 
existing in the initial solution, adsorbed gases originating from the ambient gas atmosphere may 
offer yet another avenue to interesting electrochemistry, or additional solution chemistry, taking 
place in the vicinity of the Taylor cone.  
 
The device (Fig. 3) employed to map potential [91,94] and current [93] in the ES emitter, and to 
uncover the "oxygen effect" of adsorbed ambient air [74] consists of a wire probe electrode 
placed along the central axis of the ES capillary. In addition to the above functions, the probe 
electrode can be used to alter the potential distributions and to produce current by 



    18 

electrochemically transforming molecules on its metal surface. This probe electrode can be 
polarized in any direction with respect to the ES capillary, thus allowing one to "steer" the 
electrochemical processes occurring at its surface and at the surface of the ES capillary. The 
probe reaction may actually reverse a previous electrochemical reaction that had occurred 
upstream at the ES capillary surface, or it may add a follow-up electrochemical step. Because the 
probe electrode can be moved, it can provide a temporal dimension when combined with other 
data. This experimental set-up offers the possibility to observe short-lived reaction intermediates 
that are not stable enough to survive solution transport, for example, if produced further 
upstream in a self-standing electrochemical flow cell.  
 
Despite all of the above advances, there are still some areas in which better knowledge of 
electrochemical processes taking place in the electrospray capillary will be necessary to properly 
analyze obtained data (e.g., see a recent example pertaining to anodic oxidation of 
phenylenediamines during electrospray [138]). Studies of the kinetics of redox reactions are also 
possible, but they can quickly become quite complex: encompassing primary reactions occurring 
at the metal/solution interface, as well as secondary chemical reactions, which in turn, may 
undergo electrochemical transformations that, yet again, engage in electron exchange. The 
electrospray process pushes those products into the gas phase, thereby stopping the sequence. To 
fully describe such redox transformations, one must be able to analyze not only the residence 
time of various species in solution, but also the locations of electrochemical transformations, 
which reactions are producing the observed current at specific locations, and how much current 
is being produced at a given distribution of potentials. To advance this endeavor, the analysis of 
potential and current maps (performed above in terms of Wagner number) needs a quantitative 
dimension.  
 
The proposed nonlinear resistor electrospray capillary model will serve to provide a basis for an 
improved understanding of electrochemical and follow-up chemical transformations occurring in 
the electrospray emitter while adding a numerical dimension to their comprehension. The 
developed model may be used to quantitatively examine the relationships between various 
electrochemical parameters including total electrospray current, solution conductivity, as well as 
current density and electrochemical potential at various points along the spray capillary. The 
model may further be employed to elucidate specific electrochemical parameters of the 
electrospray process, such as the calculation of the depth at which current production extends 
into the ES capillary. It may also be used to answer a question of the type: Over what distance 
into the capillary can one account for a specified percentage of the total current production?  The 
magnitude of the current could be expressed as a function of the capillary diameter, or instead be 
linked to the aspect ratio of the capillary. The term “non-linearity” in the model's name refers to 
the non-linearity of the resistance at the metal-electrolyte interface with distance into the 
capillary. This non-linearity in the electrical scheme (Figure 8) renders the model difficult to 
solve mathematically, and it is this aspect that has further reaching consequences that are 
discussed in the accompanying Supplemental Material. 
 
Acknowledgements. 
 
Financial support was provided by the National Science Foundation through CHE-1058764.   
 



    19 

Literature: 
 
1. Bailey, A. G. Electrostatic Spraying of Liquids, John Wiley & Sons, 1988; pp 1-193.  
 
2. Cole, R., Ed.  Electrospray Ionization Mass Spectrometry, John Wiley & Sons, Inc. 1997. 
 
3. Volk, K. J.; Yost, R. A.; Brajtet-Toth, A. Electrochemistry On-line with Mass Spectrometry. 
Anal. Chem. 1992, 64, 21A-33A. 
 
4. Cole, R. B. Special Feature Commentary. Some Tenets Pertaining to Electrospray Ionization 
Mass Spectrometry. J. Mass Spectr. 1992, 6, 536-537. 
 
5. Fenn, J. B. Ion Formation from Charged Droplets. Roles of Geometry, Energy and Time. J. 
Am. Soc. Mass Spectr. 1993, 4, 524-535. 
 
6. Kebarle, P.; Tang, L. From Ions in Solution to Ions in the Gas Phase. Anal. Chem. 1993, 65, 
972A-986A.  
 
7. Kebarle, P. Special Feature Commentary: A Brief Overview of the Present Status of the 
Mechanism Involved in Electrospray Mass Spectrometry. J. Mass Spectr. 2000, 35, 804-817. 
 
8. Cech, N. B.; Enke, C. G. Practical Implications of Some Recent Studies in Electrospray 
Ionization Fundamentals. Mass Spectr. Rev. 2001, 20, 362-387. 
 
9. Diehl, G.; Karst, U. On-line Electrochemistry-MS and Related Techniques. Anal. Bioanal. 
Chem. 2002, 373, 390-398. 
 
10. Van Berkel, G. J.; Kertesz, V. Using the Electrochemistry of the Electrospray Ion Source.   
Anal. Chem. 2007, 79, 5510-5520. 
 
11. Kebarle, P.; Ho, Y. On the Mechanism of Electrospray Mass Spectrometry in Electrospray 
Ionization Mass Spectrometry, Cole, R., Ed.; John Wiley & Sons, Inc. 1997; pp 3-63. 
 
12. Fernandez de la Mora, J.; Van Berkel, G. J.; Enke, C. G.; Cole, R. B.; Martinez-Sanchez, M.; 
Fenn, J. B. Electrochemical Processes in Electrospray Ionization Mass Spectrometry. J. Mass 
Spectrom. 2000, 35, 939-952.  
 
13. Dulcks, T.; Juraschek, R. Electrospray as an ionization method for mass spectrometry. J. 
Aerosol Sci. 1999, 30, 927-943. 
 
14. Liu, S.; Griffiths, W. J.; Sjovall, J., On-Column Electrochemical Reactions Accompanying 
the Electrospray Process. Anal. Chem. 2003, 75, 1022-1030. 
 
15. Rohner, T. C.; Lion, N.;  Girault, H. H. Electrochemical and theoretical aspects of 
electrospray ionisation. Phys. Chem. Chem. Phys. 2004, 6, 3056-3068. 
 



    20 

16. Karst, U. Electrochemistry/Mass Spectrometry (EC/MS)—A New Tool To Study Drug 
Metabolism and Reaction Mechanisms. Angew. Chem. Int. Ed. 2004, 43, 2476 –2478.   
 
17. Chingin, K.;  Frankevich, V.;  Balabin, R. M.; Barylyuk, K.; Chen, H.; Wang, R.;  Zenobi, R.  
Direct Access to Isolated Biomolecules under Ambient Conditions. Angew. Chem. Int. Ed. 2010, 
49, 2358 –2361. 
 
18. Kebarle, P.; Verkerk, U. H. Electrospray: From ions in solution to ions in the gas phase, what 
we know now. Mass Spec. Rev. 2009, 28, 898– 917. 
 
19. Covey, T. R.;  Thomson, B. A.;  Schneider, B. B. Atmospheric pressure ion sources. Mass 
Spec. Rev. 2009, 28, 870– 897.  
 
20. Kebarle, P.; Verkerk, U. H. On the Mechanism of Electrospray Ionization Mass 
Spectrometry (ESIMS). pp 3-48,  Richard B. Cole (Ed.). John Wiley & Sons, 2010. 
 
21. Girault, H.; Liu, B. H. ; Qiao, L.;  Bi, H. Y.; Prudent, M.;  Abonnenca, N. L. M. 
Electrochemical reactions and ionization processes. Eur. J. Mass Spectr. 2010, 16,  341–349. 
 
22. Gun, J.; Bharathi, S.; Gutkin, V.;Rizkov, D.; Voloshenko, A.; Shelkov, R.; Sladkevich, S.; 
Kyi, N.; Rona, M.; Wolanov, Y.; Rizkov, D.; Koch, M.; Mizrahi, S.; Pridkhochenko, P. V.; 
Modestov, A.;  Lev, O.  Highlights in Coupled Electrochemical Flow Cell-Mass Spectrometry, 
EC/MS.  Isr. J. Chem. 2010, 50, 360–373. 
 
23. Crotti, S.; Seraglia, R.;  Traldi, P. Some thoughts on electrospray ionization mechanisms. 
Eur. J. Mass Spectrom. 2011, 17, 85-100 . 
 
24. Volk, K. J.;  Yost, R. A.;  Brajter-Toth, A. On-line electrochemistry/thermospray/tandem 
mass spectrometry as a new approach to the study of redox reactions: the oxidation of uric acid. 
Anal. Chem. 1989, 61, 1709–1717. 
 
25. Regino, M.C.S.; Brajter-Toth, A., An Electrochemical Cell for On-Line 
Electrochemistry/Mass Spectrometry.  Anal. Chem. 1997, 69, 5067-5072. 
 
26. Regino, M. C. S.; Brajter-Toth, A. Real Time Characterization of Catalysis by On-Line 
Electrochemistry/Mass Spectrometry. Investigation of Quinone Electrocatalysis of Amine 
Oxidation. Electroanalysis 1999, 11, 374-379. 
 
27. Mautjana, N. A.; Looi, D. W.; Eyler, J. R.; Brajter-Toth, A.  Sensitivity of Positive Ion Mode 
Electrospray Ionization Mass Spectrometry in the Analysis of Thiol Metabolites. Electroanalysis 
2010, 22, 79 – 89. 
 
28. Looi, D. W.; Eyler, J. R.; Brajter-Toth, A. Electrochemistry-electrospray ionization FT ICR 
mass spectrometry (EC ESI MS) of guanine-tyrosine and guanine-glutathione crosslinks formed 
on-line. Electrochimica Acta 2011, 56, 2633-2640. 
 



    21 

29. Zettersten, C.; Sjoberg, P. J. R.; Nyholm, L. Oxidation of 4-Chloroaniline Studied by On-
Line Electrochemistry Electrospray Ionization Mass Spectrometry.  Anal. Chem. 2009, 81, 5180–
5187.     
 
30. Zettersten, C.; Co, M.; Wende, S.; Turner, C.; Nyholm, L.; Sjoberg, P.J.R., Identification and 
Characterization of Polyphenolic Antioxidants Using On-Line Liquid Chromatography, 
Electrochemistry, and Electrospray Ionization Tandem Mass Spectrometry.  Anal. Chem. 2009, 
81, 8968-8977. 
 
31. Lohmann, W.; Dötzer, R.;  Gütter, G.;  Van Leeuwen, S. M.; Karst, U.  On-Line 
Electrochemistry/Liquid Chromatography/Mass Spectrometry for the Simulation of Pesticide 
Metabolism.  J. Am. Soc. Mass Spectrom. 2009, 20, 138–145. 
 
32. Baumann, A.; Lohmann, W.;  Jahn, S.;  Karst, U. On-Line Electrochemistry/Electrospray 
Ionization Mass Spectrometry (EC/ESI-MS) for the Generation and Identification of Nucleotide 
Oxidation Products. Electroanalysis 2010, 22, 286 – 292. 
 
33. Gutkin, V.; Gun, J.; Lev, O., Electrochemical Deposition-Stripping Analysis of Molecules 
and Proteins by Online Electrochemical Flow Cell/Mass Spectrometry. Anal. Chem. 2009, 81, 
8396–8404. 
 
34. Florian Pitterl, Jean-Pierre Chervet, Herbert Oberacher, Electrochemical simulation of 
oxidation processes involving nucleic acids monitored with electrospray ionization - mass 
spectrometry. Anal. Bioanal. Chem. 2010, 397, 1203-1215. 
 
35. Gamache, P. H.; Acworth, I. N.  On-Line Electrochemical/LC-MS Techniques for Profiling 
and Characterizing Metabolites. Encyclopedia of Drug Metabolism and Interactions,  John Wiley 
and Sons 2011 (on-line DOI: 10.1002/9780470921920.edm101), pp. 1–18.   
 
36. Hoffmann, T.; Hofmann, D.; Klumpp, E.; Küppers, S. Electrochemistry-mass spectrometry 
for mechanistic studies and simulation of oxidation processes in the environment.  Anal. Bioanal. 
Chem. 2011, 399, 1859–1868. 
 
37. Karady, M.; Novak, O.; Horna, A.; Strnad, M.; Dolezal, K. High Performance Liquid 
Chromatography-Electrochemistry- Electrospray Ionization Mass Spectrometry (HPLC/EC/ESI-
MS) for Detection and Characterization of Roscovitine Oxidation Products. Electroanalysis 
2011, 23, 2898 – 2905. 
 
38. Erb, R.;  Plattner, S.; Pitterl, F.;  Brouwer, H.-J.; Oberacher, H.  An optimized 
electrochemistry-liquid chromatography-mass spectrometry method for studying guanosine 
oxidation. Electrophoresis 2012, 33, 614–621. 
 
39. Zeleny, J. The Electrical Discharge from Liquids Points. Phys. Rev. 1914, 3, 69-91. 
 
40. Zeleny, J. Instability of Electrified Liquid Surfaces. Phys. Rev. 1917, 10, 1-6. 
 



    22 

41. Smith, D. P. H. The electrohydrodynamic atomization of liquids, IEEE Trans. Ind. Appl. 
1986, 22, 527-535. 
 
42. Clopeau, M.; Prunet-Foch, B. Electrohydrodynamic Spraying Functioning Modes: A Critical 
Review. J. Aerosol Sci. 1994, 25, 1021-1036. 
 
43. Gañán-Calvo, A. M. The Universal nature and Scaling Law of the surface charge in 
electrospraying.  J. Aerosol Sci. 1998, 29, S975-S976. 
 
44. Gañán-Calvo, A. M. The Electrohydrodynamic atomization of liquids today. J Aerosol Sci. 
1999, 30,  S547-S548.  
 
45. Gañán-Calvo, A. M.;  Montanero, J. M. Revision of capillary cone-jet physics: Electrospray 
and flow focusing. Phys. Rev. E 2009, 79, 066305.  
 
46. Barrero, A.; Gañán-Calvo, A. M. Taylor cone electrohydrodynamisc. The minimum and 
maximun flow rates in electrospraying. J. Aerosol Sci. 1999, 30, 973-978. 
 
47. Cherney, L. T. Electrohydrodynamics of electrified liquid menisci and emitted jets.  J. 
Aerosol Sci. 1999, 30, 851- 862. 
 
48. Marginean, I.;  Nemes, P.;  Vertes, A.  Astable regime in electrosprays. Phys. Rev. E 2007, 
76, 026320. 
 
49. Kim, H-H.; Kim, J-H.; Ogata, A. Time resolved high-speed camera observation of 
electrospray. J. Aerosol Sci. 2011, 42, 249-263. 
 
50. Martin, S.; Perea, A.; Garcia-Ybarra, P. L.; Castillo, J. L.  Effect of the collector voltage on 
the stability of the cone-jet mode in electrohydrodynamic spraying. J. Aerosol Sci. 2012,  46, 53–
63. 
 
51. Park, H.; Kim, K.;  Kim, S.  Efects of a guard plate on the characteristics of an electrospray 
in the cone-jet mode, J. Aerosol Sci. 2004,  35, 1295–1312. 
 
52. Duft, D.; Achtzen, T.; Muller, R.; Huber B. A.; Leisner T. Rayleigh Jets from Levitated 
Microdroplets. Nature, 2003, 421, 128. 
 
53. Grimm, R. L.; Beauchamp, J. L. Dynamics of Field-Induced Droplet Ionization: Time-
Resolved Studies of Distortion, Jetting, and Progeny Formation from Charged and Neutral 
Methanol Droplets Exposed to Strong Electric Fields., J. Phys. Chem. B., 2005, 109, 8244-8250. 
 
54. Grimm, R. L.; Beauchamp, J. L. Field Induced Droplet Ionization Mass Spectrometry. Field 
Induced Droplet Ionization Mass Spectrometry.  J. Phys. Chem. B, 2003, 107, 14161-14163. 
 



    23 

55. Herrada, M.A.; López-Herrera, J. M.; Gañán-Calvo, A. M.; Vega, E.J.;  Montanero, J. M.; 
Popinet, S.  Numerical simulation of electrospray in the cone-jet mode. Phys. Rev. E 2012, 86, 
026305. 
 
56. Shtern, V.; Barrero, A. Instability Nature of the Swirl Appearance in Liquid Cones. Phys. 
Rev. E 1995, 52, 627-635. 
 
57. Shtern, V.; Goldshtik, M.; Hussain, F.; Generation of swirl due to symmetry breaking. Phys. 
Rev. E 1994, 49, 2881-2886. 
 
58. Hayati, I; Bailey, A. I.; Tadros, T. F. Mechanism of Stable Jet Formation in 
Electrohydrodynamic Atomization. Nature 1986, 319, 41-43. 
 
59. Barrero, A.; Gañán-Calvo, A. M.; Davila, J.; Palacio, A.; Gomez-Gonzalez, E. Low  
and High Reynold Number Flows Inside Taylor Cones. Phys. Rev. E 1998, 58, 7309-7314. 
 
60. Barrero, A.; López-Herrera, J. M.;  Boucard, A.; Loscertales, I. G.; Márquez, M. Steady 
cone-jet electrosprays in liquid insulator baths. J. Colloid Interf. Sci. 2004,  272,  104–108. 
 
61. Gamero-Castaño, M.; Aguirre-de-Carcer, I.; Fernández de la Mora, J. On the Current Emitted 
by Taylor Cone-Jets of Electrolytes in Vacuo: Implications for Liquid Metal Ion Sources. J. 
Appl. Phys. 1998, 83, 2428-2434. 
 
62. Lozano, P.; Martínez-Sánchez, M.; Lopez-Urdiales, J.M. Electrospray emission from 
nonwetting flat dielectric surfaces. J. Colloid Interf. Sci. 2004, 276, 392–399.  
 
63. Fernández de la Mora, J. The Fluid Dynamics of Taylor Cones. Annu. Rev. Fluid Mech. 
2007, 39, 217-243.  
 
64. Hayati, I; Bailey, A. I.; Tadros, T. F. Investigations into the Mechanisms of 
Electrohydrodynamic Spraying of Liquids. I. Effect of Electric Field and the Environment on 
Pendant Drops and Factors Affecting the Formation of Stable Jets and Atomization. J. Coll. Int.  
Sci.  1987, 117, 205-221. 
 
65. Hayati, I; Bailey, A. I.; Tadros, T. F. Investigations into the Mechanisms of 
Electrohydrodynamic Spraying of Liquids. II. Mechanisms of Stable Jet Formation and 
Electrical Forces Acting on a Liquid Cone. J.  Coll. Int. Sci. 1987, 117, 222-230. 
 
66. Hayati, I. Eddies Inside a Liquid Cone Stressed by Interfacial Shear. Coll. Surf. 1992, 65, 77-
84. 
 
67. Agostinho, L. L. F.; Fuchs, E. C.; Metz, S. J.; Yurteri, C. U.; Marijnissen, J. C. M. Reverse 
movement and coalescence of water microdroplets in electrohydrodynamic atomization. Phys. 
Rev. E 2011, 84, 026317.  
 



    24 

68. Nathanson, G. M.; Davidovits, P.; Worsnop, D. R.; Kolb, C. E. Dynamics and Kinetics at the 
Gas-Liquid Interface. J. Phys. Chem. 1996, 100, 13007-13020. 
 
69. Nathanson, G. M. Molecular Beam Studies of Gas-Liquid Interfaces. Annu. Rev. Phys. Chem. 
2004, 55, 231-255. 
 
70. Kondow, T.; Mafune, F. Structures and Dynamics of Molecules on Liquid Beam Surfaces. 
Annu. Rev. Phys. Chem. 2000, 51, 731-761. 
 
71. Kohno, J.; Mafune, F.; Kondow, T. Mechanisms of Ion Ejection from Liquid Beam under 
Irradiation of Laser by Simultaneous Detection of Ions Produced inside a Liquid Beam and 
Ejected into Vacuum. J. Phys. Chem. A 2000, 104, 243-248. 
 
72. Shi. Q.; Li, Y. Q.; Davidovits, P.; Jayne, J. T. Worsnop, D. R.; Mozurkewich, M.; Kolb, C. 
E. Isotope Exchange for Gas-Phase Acetic Acid and Ethanol at Aqueous Interfaces: A Study of 
Surface Reactions. J. Phys. Chem. B, 1999, 103, 2417-2430. 
 
73. Eisenthal, K. B. Photochemistry and Photophysics of Liquid Interfaces by Second Harmonic 
Generation. J. Phys. Chem. 1996, 100, 12997-13006. 
 
74. Pozniak, B. P.; Cole, R. B. Ambient Gas Influence on Electrospray Potential as Revealed by 
Potential Mapping within the Electrospray Capillary. Anal. Chem. 2007, 79, 3383-3391. 
 
75. Higuera, F. J.  Eulerian model of a dilute spray of charged droplets. J. Aerosol Sci. 2012,  48, 
34–45.  
 
76. Van Berkel, G. J; Zhou, F. Electrospray as a Controlled-Current  Electrolytic Cell: 
Electrochemical Ionization of Neutral Analytes for Detection by Electrospray Mass 
Spectrometry. Anal. Chem. 1995, 67, 3958-3964. 
 
77. Van Berkel, G. J.; Zhou, F. Characterization of an Electrospray Ion Source as a Controlled-
Current Electrolytic Cell. Anal. Chem. 1995, 67, 2916-2923. 
 
78. Van Berkel, G. J., Kertesz, V. Electrochemistry of the Electrospray Ion Source. In 
Electrospray and MALDI Mass Spectrometry. Cole, R. B., Ed.;  John Wiley & Sons, Inc. 2010; 
pp 75-122. 
 
79. Jackson, G. S.; Enke, C. G. Electrical Equivalence of Electrospray Ionization with 
Conducting and Nonconducting Needles. Anal. Chem. 1999, 71, 3777-3784. 
 
80. Chen, D.-R.; Pui, D. Y. H.; Kaufman, S. L. Electrospraying of conducting liquids for 
monodisperse aerosol generation in the 4 nm to 1.8 μm diameter range. J. Aerosol Sci. 1995, 26, 
963-977. 
 
81. Ieta, A., Onset Characteristics of Aqueous Large Gap Electrosprays. IEEE Trans  Ind. App. 
2010,  46,  1601 - 1605.  



    25 

 
82. Ieta, A.;  Primrose, J.;  Quill, D.; Chirita, M. Characterization of water-ethanol electrosprays. 
J. Electrostat. 2011, 69, 461-465.  
 
83. Blades, A.T.; Ikonomou, M. G.; Kebarle, P. Mechanism of Electrospray Mass Spectrometry. 
Electrospray as an Electrolysis Cell. Anal. Chem., 1991, 63, 2109-2114. 
 
84. Bard, A. J.; Faulkner, L. R. Electrochemical Methods. Fundamentals and Applications. John 
Wiley & Sons, New York, 1980. 
 
85. Bockris, J. O`M; Reddy, K. N. Modern Electrochemistry vol. 1. Plenum, New York, 2nd ed. 
1998.   
 
86. Schmickler, W. Interfacial Electrochemistry, Oxford University Press, New York, 1996.  
 
87. Poul,  B.; Petersen, P. B.; Saykally, R. J.  Evidence for an Enhanced Hydronium 
Concentration at the Liquid Water Surface.  J. Phys. Chem. B 2005, 109, 7976-7980.  
 
88. Petersen, P. B.; Saykally, R. J. On the Nature of Ions at the Liquid Water Surface. Annu. Rev. 
Phys. Chem. 2006, 57, 333-364. 
 
89. Richmond G. L. Structure and Bonding of Molecules at Aqueous Surfaces. Annu. Rev. Phys. 
Chem. 2001, 52, 357-389. 
 
90. Xu, X.; Nolan, S. P.;  R. B. Cole. Electrochemical oxidation and Nucleophilic Addition 
Reactions of Metallocenes in Electrospray Mass Spectrometry. Anal. Chem. 1994, 66, 119-125.  
 
91. Li, Y.; Pozniak, B. P.; Cole, R. B. Mapping of Potential Gradients within the Electrospray 
Capillary. Anal. Chem., 2003, 75, 6987-6994. 
 
92. Weber E. Electromagnetic Fields – Theory and Applications, Wiley, New York, 1950, p 187. 
 
93. Pozniak, B.P.; Cole, R. B. Current Measurements within the Electrospray Capillary. J. Am. 
Soc. Mass Spectrom 2007, 18, 737-748. 
 
94. Pozniak, B. P.; Cole, R. B. Negative Ion Mode Evolution of Potential Buildup and Mapping 
of Potential Gradients within the Electrospray Emitter. J. Am. Soc. Mass Spectrom 2004, 15, 
1737-1747. 
 
95. Wagner, C. Contribution to the Theory of Current Distribution in Local Cells.  J. 
Electrochem. Soc. 1960, 107, 445-452. 
 
96. Ibl, N. Current Distribution. In Comprehensive Treatise of Electrochemistry vol. 6, Bockris, 
J. O’M; Conway, B, E; Yeager, E., Eds.; Plenum Press, New York 1980;  pp 239-315. 
 



    26 

97. Sawyer, D. T.; Sobkowiak, A.; Roberts, J. L. Electrochemistry for Chemists, 2nd ed.; John 
Wiley & Sons, New York, 1995. 
 
98. Janz, G. J.; Tomkins, R. P. T. Nonaqueous Electrolytes Handbook vol. II, Academic Press 
Inc., New York, 1973, pp 527-603. 
 
99. Strelow, H. Electrode Potentials in Non-Acqueous Solvents. In The Chemistry of Non-
Acqueous Solvents vol. 1, Lagowski, J. J., Ed., Academic Press, New Jork, 1966. p. 129. 
 
100. Krieger, M. S.; Cook,K. D.; Ramsey, R. S.  Durable Gold-Coated Fused Silica Capillaries 
for Use in Electrospray Mass Spectrometry.  Anal. Chem. 1995, 67, 385-389.  
 
101. Juhasz, P.; Ikonomou, M. G.; Blades, A. T.; Kebarle, P. Electrospray, Mechanism and 
Performance. In Methods and Mechanisms for Producing Ions from Large Molecules. Standing, 
K. G.; Ens, W. Eds.; Plenum Press, New York, 1991. pp. 171-183. 
 
102. Pfeifer, R. J.; Hendricks, C. D. Parametric Studies of Electrohydrodynamic Spraying. AIAA 
J. 1968, 6, 496-502. 
 
103. Gañán-Calvo, A. M.; Barrero, A.   A global model for the electrospraying of liquids in stedy 
cone jet mode.  J. Aerosol Sci. 1996, 27,  S179-S180. 
 
104. Fernandez de la Mora, J.; Loscertales, I. G. The Current Emitted by Highly Conducting 
Taylor Cones. J. Fluid. Mech. 1994, 260, 155-184. 
 
105. Gañán-Calvo, A. M.; Lasheras, J. C.; Dávila, J.; Barrero, A. The Electrostatic Spray 
Emitted from an Electrified Conical Meniscus. J. Aerosol Sci. 1994, 25, 1121-1142. 
 
106. Gañán-Calvo, A. M.; Dávila, J.; Barrero, A. Current and Droplet Size in the Electrospraying 
of Liquid. Scaling Laws. J. Aerosol. Sci. 1997, 28, 249-275. 
 
107. Gañán-Calvo, A. M. On the Theory of Electrohydrodynamically Driven Capillary Jets. J. 
Fluid Mech. 1997, 335, 165-188. 
 
108. Gañán-Calvo, A. M. The electrohydrodynamics of the charged liquid jet issuing from an 
electrified Taylor cone. Universal scaling laws.  J. Aerosol Sci. 1999, 30,  973-978. 
 
109. Saville, D. A. Electrohydrodynamics: The Taylor-Melcher Leaky Dielectric Model. Annu. 
Rev. Fluid Mech. 1997, 29, 27-64. 
 
110. Smythe, W. R. Current Flow in Cylinders. J. Appl. Phys. 1953, 24, 70-73. 
 
111. Melcher, J. R.; Taylor, G. I. Electrohydrodynamics: A Review of the Role of Interfacial 
shear stress. Annu. Rev. Fluid Mech. 1969, 1, 111-146. 
 



    27 

112. Melcher, J. R.; Warren, E. P. Electrohydrodynamics of a Current-Carrying Semi-Insulating 
Jet. J. Fluid. Mech. 1971, 47, 127-143. 
 
113. Higuera, F. J. Electric current of an electrified jet issuing from a long metallic tube. J. Fluid 
Mech. 2011, 675, 596–606. 
 
114. Van Berkel, G. J.; McLuckey, S. A.; Glish, G.L. Electrochemical Origin of Radical Cations 
Observed in Electrospray Ionization Mass Spectra. Anal. Chem. 1992,  64, 1586-1593.  
 
115. Zhou, F.; Van Berkel, G. J. Electrochemistry Combined On-Line with Electrospray Mass 
Spectrometry. Anal. Chem. 1995, 67, 3643-3649. 
 
116. Van Berkel, G. J.; Zhou, F.; Aronson, J. T. Changes in bulk solution pH caused by the 
inherent controlled-current electrolytic process of an electrospray ion source. Int. J. Mass Spec. 
Ion Process. 1997, 162, 55-67. 
 
117. Van Berkel, G. J. Electrolytic Deposition of Metals on to the High Voltage Contact in an 
Electrospray Emitter: Implications for Gas-Phase Ion Formation. J. Mass Spectrom. 2000, 35, 
773-783. 
 
118. Van Berkel, G. J.; Asano, K. G.; Schnier, P. D. “Electrochemical Processes in a wire-in-a-
capillary Bulk-Loaded, Nano-Electrospray Emitter, J. Am. Soc. Mass Spectrom., 2001, 12, 853-
862. 
 
119. Van Berkel, G. J.; Asano, G. K.; Granger, M. C. Controlling Analyte Electrochemistry in an 
Electrospray Ion Source with a Three Electrode Emitter Cell. Anal. Chem. 2004, 76, 1493-1499. 
 
120. Van Berkel, G. J.; Kertesz, V.; Ford, M. J.; Granger, M. C. Efficient Analyte Oxidation in 
an Electrospray Ion Source Using a Porous Flow-Through Electrode Emitter. J. Am. Soc. Mass 
Spectrom. 2004, 15, 1755-1766. 
 
121. Van Berkel, G. J.; Giles, G. E.; Bullock IV, J. S.; Gray, L. J. Computational Simulation of 
Redox Reactions within a Metal Electrospray Emitter. Anal. Chem. 1999, 71, 5288-5296. 
 
122. Newman, J., Transport Processes in Electrolytic Solutions. In Advances in Electrochemistry 
and Electrochemical Engineering vol 5., Tobias, C. W., Eds.; Interscience Publishers, 1967; pp 
87-136. 
 
123. West, A. C.; Newman, J. Determination of Current Distributions Governed by Laplace’s 
Equation. In Modern Aspects of Electrochemistry vol. 23, Conway, B. E.; Bockris, J. O’M.; 
White, R. E., Eds., Plenum Press, New York, 1992; pp 101-148. 
 
124. Parrish, W. R.; Newman, J. Current Distributions on Plane, Parallel, Electrodes in Channel 
Flow. J. Electrochem. Soc. 1970, 117, 43-48. 
 



    28 

125. Tobias, C. W.; Wijsman, R. Theory of the Effect of Electrode Resistance on Current 
Density Distribution in Electrolytic Cells. J. Electrochem. Soc. 1953, 100, 459-467. 
 
126. Harvey, W. W. Electrolytic Polarization Resulting from Longitudinal Current in Electrodes. 
J. Electrochem. Soc. 1962, 109, 638-640. 
 
127. Conway, B. E.; Gileadi, E.; Oswin, H. G. The Theory of Current Distribution and Potential 
Profile at an Electrode of Significant Ohmic Resistance. Can. J. Chem. 1963, 41, 2447-2454. 
 
128. Rangarajan, S. K.; Dignam, M. J.; Conway, B. E. Comments on a Theory of Curent 
Distribution and Potential Profile at Electrodes. Can. J. Chem. 1967, 45, 422-425. 
 
129. Formichev, V. G. Current Distribution at a Nonequipotential Electrode. Sov. Electrochem. 
1968, 4, 708-713. 
 
130. Boys, B. L.; Kuprowski, M. C.; Noel, J. J.; Konermann, L., Protein Oxidative Modifications 
During Electrospray Ionization: Solution Phase Electrochemistry or Corona Discharge-Induced 
Radical Attack? Anal. Chem. 2009, 81, 4027–4034.   
 
131. Alkire, R; Mirarefi, A, A. The Current Distribution Within Tubular Electrodes under 
Laminar Flow. J. Electrochem. Soc. 1973, 120, 1507-1515.  
 
132. Alkire, R; Mirarefi, A, A. Current Distribution in a Tubular Electrode under Laminar Flow: 
One Electrode Reaction. J. Electrochem. Soc. 1977, 124, 1043-1049. 
 
133. Alkire, R; Mirarefi, A, A. Current Distribution in a Tubular Electrode under Laminar Flow: 
Two Electrode Reactions. J. Electrochem. Soc. 1977, 124, 1214-1220. 
 
134. Blaedel, W. J; Klatt, N. L. Reversible Charge Transfer at the Tubular Platinum Electrode. 
Anal. Chem. 1966, 38, 879-883. 
 
135. Klatt, L. N.; Blaedel, W. J. Quasi-reversible and Irreversible Charge Transfer at the Tubular 
Electrode. Anal. Chem. 1967, 39, 1065-1072. 
 
136. Klatt, L. N.; Blaedel, W. J. Catalytic Reactions at Tubular Electrodes. Anal. Chem. 1968, 
40, 512-517. 
 
137. Polyanin, A. D.; Manzhirov, A. V. Handbook of Integral Equations, CRC Press, Boca 
Raton 1998. pp 364-366. 
 
138. Abburi, R.;  Kalkhof, S.; Oehme, R.; Kiontkea, A.;  Birkemeyera, C.  Artifacts in amine 
analysis from anodic oxidation of organic solvents upon electrospray ionization for mass 
spectrometry. Eur. J. Mass Spectrom. 2012, 18,  301–312. 
 
 
 



Figure 1. Taylor cone and related concepts. 
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Figure 2. a. Total electrospray current (nA) vs. high voltage (V). Solution : MeOH with 225 μM KCl ; 
positive ion mode. Distance between the end of capillary and high voltage counterelectrode is 6.9 mm. 
b. Charge accumulation on the Taylor cone extracted by integration of current jumps in panel a. 
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Figure 3. Experimental set-up. Capillary diameter is overstated for visibility. a. gas inlet. b. solution 
inlet. c. wire probe electrode with silica shield. d. wire probe electrode moving mechanism. e. 
connecting cross. f. electrochemical workstation. g. high voltage supply. h. reference electrode lead. i. 
working electrode lead. j. high voltage electrode. k. Taylor cone skin – place where electrochemically 
active gas is adsorbed. l. end of wire probe electrode in contact with sprayed solution. m. Faraday cage.  
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Figure 4.  a. Electrolytic trough - a simple system with two cathodes and an anode. A movable element 
(electrode) reads the potential on voltmeter V2.  No current flows through it, so its position does not 
change the total applied potential, which is read by voltmeter V1. Total current is read by ammeter A, 
partial currents are read by ammeters A1 and A2. b. the actual potential map for that electrolytic trough.  
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Figure 5. Potential maps. Panel a - negative ion mode, electrolyte:  methanol/chloroform (50/50) with 
KCl concentration: 0, 50, 100 and 240 μM. Panel b - a combined metal-glass capillary in positive ion 
mode, electrolyte methanol 100% with KCl concentration from 33 μM to 450 μM. In the glass capillary 
region the limiting molar conductivity of the electrolyte determined from the slope of the curve in the 
glass section is: Λ0 = 141 [cm2Ω-1mol-1]. Panel c -  decay constants extracted from potential maps with 
linear fits (see text for discussion). 
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Figure 6. Current maps; positive ion mode. Solution: acetonitrile 100% with lithium 
trifluoromethylsulfonate 20, 50 and 100 µM. a. Actual maps. b. Data from panel a divided by the total 
electrospray current for the given concentrations (from ref. 93). 
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Figure 7. Electrical equivalent circuit of electrospray capillary. U0  - total potential, Rs - resistance of 
electrolyte in one capillary sector. Rηi - resistance of interface in ith capillary sector, IT - total current 
flowing through capillary, ∆x = length of one sector. 
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