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In-situ observation of an operating ionic liquid electrospray emitter was achieved using a
LaB6 transmission electron microscope. The emitter was an electrochemically etched
tungsten needle that was externally wetted with the ionic liquid OMIM-BF4. During both
positive and negative emission solid dendritic structures were created and left behind at the
emission sites. These structures were seen to grow on timescales of a few minutes. It is
possible that depletion of one ion species (cation or anion) from the emission region
drastically changed the physical behavior of the propellant left behind, possibly resulting in
solidification of a new chemical substance at the emission site. This solidification may be
independent of any interaction with the metallic substrate. Such observations have not been
witnessed in electrospray research, and though the underlying cause is presently unknown
the molecular structure of the ionic liquid most likely plays a role. A final observation was
that a majority of the emission sites during BF 4- and OMIM+ operation were at locations
along the shaft of the tungsten needle instead of the cone apex.
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I. Introduction

E

LECTROSPRAY thrusters are attractive because of their high efficiency and potential for widely variable
thrust-to-power ratio.1,2 There are two families of electrospray propellants: liquid metals such as indium, 3
gallium,4 gallium-indium,5,6 and gold,7 and ionic liquids, such as EMIM-BF4,1,2,8-12 EMIM-IM,2,8,11,13,14 and BMIMPF6.15,16 Ionic liquids are room-temperature molten salts with high electrical conductivity and almost zero vapor
pressure, making them ideal for operating in a vacuum. 17 Furthermore, their numerous cation/anion combinations
can provide a broad spectrum of operating parameters.18-20
Broadly speaking, there are two designs for ionic-liquid electrospray thrusters: internally-wetted and externallywetted needles. Both designs have advantages and disadvantages. Internally-wetted designs use either actively-1,9,13
or passively-driven2 techniques to force the ionic liquid through a capillary and to the capillary orifice where it is
extracted by either an AC21 or DC electric field. Externally-wetted thruster designs have a microfabricated solid
sharp feature, either in the form of a needle or cone, which provides the emission site for the electrospray. The
propellant reaches the emission site by flowing over the external surface of the needle in a thin layer, hence the
propellant liquid must be “wetting” on the solid.22,23
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A. Theoretical operation of electrosprays
The established theory of operation suggests that electrospray thrusters emit ions and/or charged droplets
through the formation of conical liquid protrusions produced when a strong electric field pulls on the surface of the
IL through electrostatic traction. These “remarkably stable conical features are called Taylor cones” 24, eponymous
with G. I. Taylor who studied them extensively starting in the 1960’s. 25 The formation comes from a balance of the
electrostatic force and the local surface tension at the surface of the liquid. The Taylor cone itself is not a static
feature, and thus depending on the conditions of its formation, operates in multiple modes and regimes. 26 In
electrospray research, the most relevant mode is the cone-jet mode. In this mode, charge accumulates at the apex of
the Taylor cone and is extracted by the electric field in the form of a thin jet, which then breaks into chargeddroplets and ions.
While the bulk electric field between the Taylor cone and the electrode can be estimated during an experiment
based on geometry and applied voltage, the critical parameter for electrospray is the local electric field that exists at
the tip of the cone-jet apex of the structure. The field at the tip will differ by orders of magnitude from the bulk field
because the sharp liquid tip acts to amplify the field near the cone apex. The field has typically been estimated
based on models that make assumptions about the liquid cone-jet geometry.27,28 The challenge with deriving a
suitable model comes from the fact that the ionic liquid surface behaves like a deformable electrode, where the local
electric field and the radius of the cone tip are both dependent on the other, as seen in Figure 1.
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Figure 1. The formation of a Taylor cone depends on the geometric enhancement of the local electric field.
The enhanced field depends on the radius of the tip, r, which, in turn, is a function of the electric field.
As Figure 1 illustrates, the formation of a Taylor cone, specifically the region including the cone apex, is the
critical element in the operation of electrosprays. This cone-jet formation occurs on the sub-micron scale, which
makes it difficult to directly observe the spray emission process.
Another challenge in electrospray operation is the electrochemical fouling of electrode surface. Such surface
degradation has been reported by several groups while operating ionic liquid electrosprays.21,29-31 The current theory
is that during prolonged single polarity emission a double layer forms in the liquid near the electrode surface. Once
the charge of the interfacial double layer exceeds the electrochemical window of the IL, electrochemical degradation
of the surface occurs. The current mitigation technique is to operate the thruster in alternating polarity at 1 Hz.
B. In-situ Visualization of Electrosprays
In-situ visualization of electrosprays has been achieved using several instruments and imaging techniques. The
use of optical microscope and video cameras has provided visual results that are used for modeling and
characterization of these devices.7,32 However, the behavior of the liquid within a few microns of the cone apex
cannot be observed using optical techniques and thus the most important spray physics are inaccessible to optical
diagnostics. Electron microscopy is necessary to observe the features and dynamics at the emission site. While it is
challenging to operate an electrospray source within an electron microscope, several groups overcame this
challenge, and have been able to produce Taylor cone/jet emission in the specimen chamber of a TEM using liquid
metal ion sources (LMIS). This allowed these groups to capture in-situ visualizations of an operating Taylor cone
using gold,33 lead,34 tin,35 gallium,36 indium,37 gold-germanium alloy,38 and cobalt-germanium alloy39 ion sources.
Such direct observation enabled researchers to verify the fundamental structure of the cone/jet emitter; specifically,
cone-angle, jet length, and jet angle were measured at varying levels of emission current of the ion source. These
observations agreed with the theoretical operation of electrosprays.
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C. Ionic Liquid Electrosprays
The underlying physics of ionic liquid electrosprays is generally assumed to be the same as that of liquid metal
electrosprays. In particular, the spray is usually described by standard fluid models and cone/jet formation is
dependent upon the fluid electrical conductivity, surface tension, and viscosity since these fluid models have been
successfully used to characterize liquid metal sprays.1,2,29,40 However, ionic liquids are fundamentally different from
liquid metals in that they are comprised of large molecules as opposed to single atoms.17,41 The interactions between
these molecules can be very complicated; this is especially important since the emission apex of an electrospray
cone/jet has features on the order of the molecular size. Understanding how molecular structure pertains to the
operation of electrospray and the critical cone apex region of a Taylor cone has been an unexplored facet of ionic
liquid electrospray research. The goal of research reported here was to directly observe the fluid features in the
emission region of an ionic liquid electrospray source with image resolution on the order of the molecular size.

II. Experimental Methods and Apparatus
An experiment using an electrospray apparatus consisting of a solid tungsten needle wetted by a thin external
layer of ionic liquid was performed within a TEM to accomplish this goal. The specifics of the microscope facilities
and the electrospray apparatus are described in the sections II-A and II-B. The procedure for the experiment is
provided in section II-C.
A. Facilities
The University of Maryland’s Nanoscale Image Spectroscopy and Properties Laboratory (NISP Lab) houses the
TEM that was used in this research. The JEOL JEM-2100 LaB6 TEM is a multi-purpose transmission electron
microscope that has a LaB6 thermionic emission electron source, which provides a relatively high beam current for
the given probe size. The electron beam can be accelerated to 80, 100, 120, 160, or 200 keV. The beam energy
chosen for this experiment was 200 keV. The images produced by the microscope can be captured via film or a CCD
camera, and the instrument has a point-to-point resolution of 0.23 nm.42 The specimen chamber is kept at a pressure
of 10-6 Torr.43
B. Electrospray Apparatus for TEM
An electrospray emitter was designed to be compatible with a Nanofactory in-situ STM-TEMTM holder. To
accomplish this, a tungsten needle with a tip radius of approximately 1-μm was fabricated through an
electrochemical etching process using a 3M NaOH solution. An etched needle similar to the device used for the
TEM studies is shown in Figure 2.a) to illustrate the surface features produced by the etching process. The etched
needle was potted in a brass TEM sample-holder stub using silver epoxy. The brass stub-needle assembly was held
in place by interference fit in a brass tube fixed to the biased side of the sample holder. The junction of the tungsten
needle and the face of the brass stub formed an inside corner geometry that acted as a capillary reservoir to hold a
small drop of the IL, Figure 2.b) The IL chosen for this experiment was 3-methyl-1-octylimidazolium
tetrafluoroborate (OMIM-BF4).

500 μm
a)
b)
Figure 2. a) An SEM micrograph of a tungsten needle produced using a 3M NaOH etching process. Note the
striations etched in the axial direction of the needle. b) An optical image of the tungsten needle potted in the
brass stub illustrating the capillary reservoir for IL created by the junction of the two materials.
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The counter-electrode was a platinum wire turned down to a cone with a sub-100-μm tip radius, inserted through
an aluminum sheet such that it extended about 250 μm from the surface. The platinum wire was held in place using
silver epoxy. The aluminum sheet was then bent into a U-shape to provide a large fixed-potential plane in the
vicinity of the needle tip. The electrode was manipulated in three dimensions by pulsing a piezoelectric rod. The
setup is shown in Figure 3. Either the tungsten needle or the counter-electrode can be biased using a Keithley 2410
power supply with a range of -1.1 kV to +1.1 kV.

Figure 3. The electrospray setup with tungsten needle coated with OMIM-BF4 (image-left), the U-shaped
aluminum sheet-platinum wire counter-electrode (image center) and the holder hat (image-right).
C. Experimental Procedures
After etching, the tungsten needle was cleaned in a sonic bath of acetone followed by a sonic bath of isopropyl
alcohol to remove any foreign materials. The needle was then dipped into a droplet of OMIM-BF4 and inserted into
the TEM holder. The piezo-hat, with the counter-electrode already inserted, was then placed on the ball of the piezodriven arm, and manipulated into a position such that any movement while in the TEM was within the limits of the
piezoelectric motor.
The holder was then inserted into the TEM and leads for the piezo drive and power supply were attached. The
counter-electrode was positioned such that it was in the same plane as the tungsten needle, and at a distance of 10
μm away from the apex of the needle, as shown in Figure 4.

Figure 4. A TEM image of emitter needle (image-right) positioned at a distance of 10 μm from the counterelectrode (image-left).
Once the position of the counter-electrode was fixed the bias of the needle was increased in 50 V steps to a
positive 1000 V, or until emission current was observed. When emission current was observed, the sample was
shifted in the plane normal to the beam until the operating emission site of the electrospray was located. Images
were then taken when the needle was biased at various potentials while recording video and telemetry. Following
this, the needle bias was reduced to 0 V at 50 V intervals. The process was then repeated—without breaking
vacuum—for a negative bias of maximum -1000 V.
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III. Results
The results from the positive-polarity emission and the negative-polarity emission TEM tests will be presented in
sections III-A and III-B, respectively.
A. In-situ Observation of Positive-Polarity Emission
The applied voltage and collected electrospray current were recorded for the duration of the test and are included
in Figure 5. Current emission was first observed at 925 V during the initial ramp up to 1000 V. The emission was
initially intermittent which motivated an increase to 1000 V. Stable emission current was not immediate. Prolonged
biasing of the needle for upwards of 5 minutes was required prior to the stabilization of emission current. A steady
increase in emission current without an increase in applied voltage was also observed during several intervals
throughout the test.

Figure 5. Applied voltage and collected current for the positive-polarity emission test. Markers show
collection times for subsequent images.
During the stable emission, growths along the surface of the tungsten needle were observed. Surprisingly, a
majority of these growths occurred at various locations along the needle cone surface instead of solely at the needle
apex. Therefore, an illustration noting the locations of the features presented in this section is provided in Figure 6.
It should be noted that Figure 6 was recorded at the end of the test sequence shown in Figure 5 and that the features
shown are likely solidified in this image (see discussion in Section IV-A) – however this low-magnification image
provides context and geometric orientation for discussion of Figure 7 - Figure 10.
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Figure 6. A TEM image of the tungsten needle after positive-polarity emission. Regions of interest and the
corresponding figures presented in the following section are denoted in the image.
The feature in region 1 was one of the only features observed in the apex region of the needle. This region is
shown in Figure 7, where it is evident that the geometry is not a classical Taylor cone/jet, but instead resembles a
dendritic solid structure.
Another feature in region 3 extended in a direction normal to the surface; the detail of this region is shown in
Figure 8. This feature has similar dendritic structures seen in the feature in region 1, however, the length is an order
of magnitude larger.

a)
b)
Figure 7. TEM images of dendritic growth in a) region 1 and b) region 2 in the apex region of the tungsten
needle. The tungsten needle potential was 1000 V.
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Figure 8. A TEM image of a dendritic growth in region 3 on the tungsten needle. The location is
approximately 2 μm from the apex region.
A relatively large feature was observed in region 4 on the tungsten needle and was imaged in higher
magnification in Figure 9. The position is approximately 8 μm from the apex region. In the initial observation the
feature appeared be a Taylor cone** conical feature. However, as time progressed the apex of the cone began to form
the dendritic features seen at the other locations; this is shown in Figure 10.a). This growth pattern continued for 25
minutes until the rate of growth slowed, Figure 10.b).

Figure 9. A TEM image of a Taylor cone at location (4) on the tungsten needle. The tungsten needle potential
was 1000 V.
A final observation can be made on appearance of the tungsten needle after the potential was returned to 0 V.
Although Figure 6 was presented first in this discussion, the image was actually recorded after emission testing was
completed and there is no electric field and, hence, no emission current occurring during the image. This strongly
suggests that the features that were observed during emission remained on the surface and formed some type of solid
or at least visco-elastic gel. Each individual spray emission site left a solid structure behind on the surface of the
needle.

**

For convenience, the term ‘Taylor cone’ will be used henceforth to describe similar conical features seen in the
images even though the features don’t strictly adhere to Taylor cone geometry.
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a)
b)
Figure 10. TEM images of the conical feature at region 4 on the needle showing the dendrite growth over an
elapsed-time of 10 minutes from a) to b). The tungsten needle potential was 1000 V for 3.5 minutes and then
was decreased to 900 V for remainder of the elapsed-time.
B. In situ Observation of Negative-Polarity Emission
The negative-polarity emission tests were performed directly subsequent to the positive polarity emission
without change of needle. This means that the solid structures left behind by the positive test certainly influenced
emission during the negative tests. The applied voltage and collected electrospray current were recorded for the
duration of the negative-polarity emission test and are included in Figure 11. Current was first observed at -1000 V
but was intermittent. Similar to the positive-polarity emission test, the needle needed to be biased for a prolonged
period before stable emission was recorded. A steady increase in emission current without an increase in applied
voltage was also observed.

Figure 11. Applied voltage and collected current telemetries for then negative-polarity emission test. Markers
show collection times for subsequent images.
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During the stable emission, growths along the surface of the tungsten needle were observed. Similar to the
positive-polarity test, a majority of these growths occurred at various locations along the needle shaft instead of
solely at the needle apex. Therefore, Figure 12 is provided to illustrate the regions-of-interest and the locations of
electrospray emission, along with the corresponding regions of the figures given in the remainder of the section. The
image used in Figure 12 was captured prior to the start of the negative polarity test.

5
6

Figure 12. A TEM image of the tungsten needle prior to the start of the negative-polarity emission test. The
regions of interest and corresponding figures presented in the following sections are denoted in the image.
The remnant features from the positive-polarity test appeared to provide a location for the IL to propagate, and
thus one of the two emission sites imaged was originally the feature at region 3 in Figure 6, and also within region 5
of Figure 12. The IL propagated up the original feature and then expanded outward, as illustrated in Figure 13.
The location that the IL propagated became an emission site, and what appeared to be Taylor cones forming,
emitting and relaxing. However, this cycle ceased after several minutes of emission and the conical features
solidified on the surface, seen in Figure 14.a).
In region 6, IL that propagated on the smooth surface of the needle began to produce Taylor cones operating in
an apparent breathing mode, seen in Figure 14.a); the needle potential was -650 V. When the needle potential was
reduced to -600 V, a large Taylor cone formed and appeared to be operating stably, but as time progressed the
feature became static, shown in Figure 14.b).

Figure 13. TEM images of feature growth during negative-polarity emission testing. An elapsed-time of 8
minutes at an applied potential of -1000 V produced the growth on the feature originally seen in region 5 of
Figure 12.
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a)
b)
Figure 14. TEM images of a) the multiple solidified cone-features and multiple operating Taylor cones, and b)
a single operating Taylor cone. The needle potential was a) -650 V and b) -600 V.
A final observation for this test can be made regarding the appearance of the tungsten needle after the test was
complete. At low magnification it can be seen that several remnants from emission remain on the surface, Figure
15.a). A post-test image of the tungsten needle captured using an SEM also shows these remnants, Figure 15.b). This
is further evidence that solidification of IL or some chemical substance created by the interface of the IL with
tungsten occurs during emission.

a)
b)
Figure 15. a) A TEM image of the tungsten needle and counter-electrode after the completion of positivepolarity and negative-polarity emission tests. b) An SEM micrograph of the needle after the completion of the
emission tests.

IV. Discussion
The results from the emission testing in the TEM have produced several observations concerning the operation
of an externally-wetted ionic-liquid electrospray thruster. As the in-situ visualization of an ionic-liquid electrospray
thruster in a TEM has never been achieved in prior research, any of the observations presented in this paper are
novel. These findings will be discussed in the following sections.
A. Accumulation of Emission Byproducts
The solidification of the IL during the emission testing was not something predicted in prior research.
Previously, it was thought that the ionic liquid retracted from emission sites or formed isolated droplets on the
emitter surface after the extraction potential was removed.29 This experiment, however, shows that the ionic liquid
and/or its interaction with the tungsten needle form solid features during emission which remain upon removal of an
applied potential.
The overall accumulation of emission byproducts (dendritic or conical features) on the surface of the tungsten
needle can be seen by comparing the images in Figure 4, Figure 6, and Figure 16. The extent of byproduct
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accumulation is more predominant in the negative-polarity testing, but this could be an effect of the order of
emission testing (positive-polarity followed by negative-polarity). The surface features produced by the positivepolarity test could have provided a better wetting surface for the IL in the negative-polarity test.

a)
b)
Figure 16. TEM images visualizing the accumulation of emission byproducts on the surface of the tungsten
needle and the end of electrospray emission tests. a) The appearance of tungsten needle after both positivepolarity and negative-polarity emission tests, and b) the final TEM image of the tungsten needle after
emission tests overlaid on the initial TEM image to show the accumulation on the surface. The light-gray
areas indicated by arrows represent the accumulation of emission byproducts.
During positive-polarity emission the solid features were in the form of dendritic branching structures. The cause
of this is presently unknown, though one theory is that ionic liquids exist with mesoscopic structures which could
affect the dynamic process of extracting ion clusters from the emitter.41 Studies44,45 on the polarity of imidazoliumbased ionic liquids have shown that the cation has relatively high polarity, which could be another factor in the
growth of the dendritic structures. For negative-polarity emission, there is an absence of dendritic structures,
suggesting a different cause than mesoscopic structures. One possibility is the drastic size difference between the
OMIM cation and the BF4 anion. The OMIM cation has a relatively long butyl chain extending from an imidazolium
ring as opposed to the BF4 anion which consists of one boron atom bonded to four fluorine atoms; this could lead to
BF4 having higher mobility.
Whatever the cause, changes in the surface cannot be ignored and will eventually affect the operation of the
electrospray thruster. This conclusion has been made previously,21,30 but the extent of this visualization provides
further evidence of this and direct observation of the growth process.
B. Dendritic Growth
As mentioned in section III-A, dendritic growth was only seen during positive-polarity emission. The rate of the
dendritic growth during emission was such that it could be seen in real-time. The growths appear to form at any of
the emission sites, and continue to branch until the electric field is removed. The growth is illustrated in Figure 17.

Figure 17. TEM images illustrating the dendritic growth during positive polarity. The time-lapsed since the
start of the test is a) 18, b) 21, and c) 27 minutes. The needle bias is a) 1000 V, b) 900 V, and c) 900 V.
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C. Taylor Cone Formation and Solidification
The formation of Taylor cones during negative-polarity emission testing adheres to the theoretical operation of
externally-wetted IL thrusters. As noted in previous research26, higher extraction potentials produce multiple Taylor
cones operating unstably. This was seen in the negative-emission test and the correlation is illustrated by Figure 13
and Figure 14. Taylor cones would form and appear to emit in the form of a jet, and then relax back into the liquid
reservoir on the surface of the tungsten needle; this formation/relaxation repeated at rate of approximately once
every 2 or 3 seconds. This was most likely due to high extraction potentials which pulled the liquid from the surface
at a rate too quickly for capillary flow to replenish the liquid to the emission site, Figure 18.a).
Also noted in past research was that lower potentials reduced the instability of Taylor cones, eventually leading
to Taylor cones that appeared to operate in the cone-jet mode. A stable Taylor cone at region 6 formed at a lower
potential of -650 V. The size of the Taylor cone was much larger than those at region 5 because it was emitting from
liquid on the surface of the tungsten needle, instead of the surface of a dendrite, which provided a large radius of
curvature. The operating Taylor cone is seen in Figure 19.a).
A completely new finding in this research is the observation that the emission cone/jet features remained
permanent after the electric field was removed. In both modes of operation, the Taylor cones are seen to solidify.
This is illustrated in Figure 18.b) and Figure 19.b). This observation is evidence that the molecular structure of ionic
liquids plays an important role in electrospray emission.

Liquid surface

Solidified conefeature

a)
b)
Figure 18. TEM images taken at region 5 showing a) surface of the liquid where Taylor cones formed and
relaxed, and b) solidified cone-features on the surface.

a)
b)
Figure 19. TEM images of stable Taylor cone a) operating at -650 V, and b) static at 0 V, evidence that
solidification occurred.
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V. Conclusion
An electrospray apparatus was fabricated for use in a transmission electron microscope and in-situ observation of
positive-polarity and negative-polarity ionic-liquid electrospray emission testing was achieved. The ionic liquid used
in the emission tests was OMIM-BF4, which allowed for lower extraction potentials than ionic liquids typically used
in electrospray studies. The in-situ observations acquired were the first visualization of an ionic liquid electrospray
within nanometers of the emission site. The formation of dendritic solid structures was observed during the positivepolarity emission test and the formation of Taylor-cone-like features was observed during the negative-polarity
emission test. During each test the ionic liquid or separate byproducts from emission appeared to solidify on the
surface of the needle. This has not previously been observed in LMIS electrosprays, suggesting that the spray
physics of ILs is much different than that of liquid metals. These observations are evidence that ionic liquids cannot
be treated as simple fluids, but instead the molecular structure must be considered in the process of electrospray.
The accumulation of emission byproducts, while mentioned in prior studies, had never been examined on this
scale. While it has long been accepted that the interface between the ionic liquid and the metal substrate can be
modified by electrochemical reactions it was believed that this modification manifested as a surface layer; in this
work it was shown that the electrochemistry occurs at the apex of the emitter in the liquid phase. It is likely that
depletion of one ion species (cation or anion) from the emission region drastically changes the physical behavior of
the propellant left behind, possibly resulting in solidification of a new compound at the emission site. This
solidification may be independent of any interaction with the metallic substrate. The formation of dendritic features
has not been previously mentioned in theoretical operation of electrospray thrusters and could change the
understanding of how ionic liquid electrosprays operate. Future studies should include a more thorough examination
of electrospray emission in TEM, including a similar experiment where negative-polarity emission testing precedes
positive-polarity emission testing and also tests in which the polarity is switched on a timescale short compared to
the electrochemical window—for instance 1 Hz. It would also be instructive to compare the solid features produced
by different ionic liquids and different metallic substrates. Lastly, the molecular structure of ILs, specifically
imidazolium-based ILs should be conducted to determine any affects it may have on electrospray operation.
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