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Electrostatic electrochemistry at insulators
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The identity of charges generated by contact electrification on dielectrics has remained unknown for centuries and the precise
determination of the charge density is also a long-standing challenge. Here, electrostatic charges on Teflon (polytetrafluoroethylene)
produced by rubbing with Lucite (polymethylmethacrylate) were directly identified as electrons rather than ions by electrochemical
(redox) experiments with charged Teflon used as a single electrode in solution causing various chemical reactions: pH increases;
hydrogen formation; metal deposition; Fe(CN)3−

6 reduction; and chemiluminescence in the system of Teflon(-)/Ru(bpy)2+

3 /S2O2−

8

(analogous to electrogenerated chemiluminescence). Moreover, copper deposition could be amplified by depositing Pd first in a
predetermined pattern, followed by electroless deposition to produce Cu lines. This process could be potentially important for
microelectronic and other applications because Teflon has desirable properties including a low dielectric constant and good thermal
stability. Charge density was determined using Faraday’s law and the significance of electron transfer processes on charged polymers
and potentially other insulators have been demonstrated.

Although both contact electrification of insulating materials
(dielectrics), such as Teflon and glass1, and electrochemistry
at electronic conductors, such as metals and semiconductors2,
deal with charged interfaces, they have largely remained distinct
fields. The possible chemical effects of electrostatic charge have
not been widely studied. Despite its long history3, the charge
identity (electron or ion) on rubbed insulators is still poorly
understood. Whereas Harper recognized the role of an electron
transfer mechanism for metals and semiconductors4,5, on the basis
of their relative Fermi level energies, he favoured an ion transfer
mechanism for insulators5,6. He emphasized that ‘if insulators
take part, then electrons do not’5. Although others proposed an
electron transfer mechanism for insulators, such as polymers7–10,
Diaz and co-workers developed a detailed ion transfer model11,12

and pointed out that ‘for both the ion and electron transfer model,
similar expressions are derived. . . those general expressions are not
proof of the mechanism, nor do they allow one to distinguish
between ion and electron transfer models’11. Experiments designed
to test if ion transfer occurred during contact electrification
were not successful13. Whitesides and co-workers stated that an
‘exclusive ion- or electron-transfer mechanism cannot explain
contact electrification’14, but favoured an ion transfer (hydroxide
adsorption) model in a recent paper15. Comparison of the two
models has been reviewed16 and a triboelectric series for polymer
materials reported17.

We are interested in chemical measurements of charged
insulators. The presence of faradaic (redox) reactions produced by
those electrostatic charges, as typically found in electrochemical
systems2, would provide strong evidence of an electronic
component in the contact electrification and a unique tool for
measuring the charge density, energy and spatial distribution
through analysis of reaction products. Here, we demonstrate that
faradaic reactions can be identified on charged surfaces at Teflon
(polytetrafluoroethylene) and Lucite (polymethylmethacrylate).

Experiments were carried out by immersion of charged Teflon
into an acidic solution to note any change in pH and formation
of hydrogen gas. After 37 pieces of Teflon septa were rubbed with

Lucite discs and then briefly immersed in 3 ml of a 0.1 mM HCl
solution one after another, the solution pH increased from 4 to 6.2.
In another experiment, the pH of 3 ml of an HCl solution changed
from 3.1 to 4.1, 5.2 and 7.3 after consecutive contact with charged
Teflon tapes. However, this result alone does not prove that the
negative charges on Teflon were electrons instead of ions, because
H+ could also adsorb on charged Teflon or an adsorbed anion,
such as hydroxide, transferred to the surface during charging15

could leach into the solution and cause a pH change. However,
if hydrogen gas was produced, the charge carriers on Teflon must
be electrons because there is no known way for adsorbed ions to
generate hydrogen. Indeed, hydrogen was detected by ultrahigh
vacuum (UHV) mass spectrometry. In this case, D2O was used and
samples were prepared inside a glove box. Charged Teflon tape was
introduced through a Teflon tube into a glass reactor with 50 ml
D2O solution containing 1.5 ml DCl (35%). The reactor, which was
equipped with a metal joint, was then connected to a stainless-
steel tube sealed with a valve. Note that some tape stayed above
the DCl solution; careful shaking and tilting of the reactor were
necessary for them to fully contact the solution. The reactor was
then taken out and connected to a UHV system (1.5 × 10−9 torr).
Liquid nitrogen was used to freeze the reactor solution and the
gas was first introduced into a sample transfer chamber before it
reached the main UHV chamber. A clear D2 peak appeared in the
mass spectrum, whereas a control experiment carried out under the
same conditions without contact to charged Teflon showed only a
flat baseline.

Hydrogen generation clearly shows that energetic electrons
were present on the Teflon surface and caused a reduction
process that should be faradaic as in conventional electrochemistry
(2H+

+ 2e → H2). In this process, as opposed to that of a typical
two-electrode electrochemical cell, the solution becomes negatively
charged with an excess of anions. If all of the pH change can
be ascribed to the proton reduction, the observed pH change
could be used as an accurate way to measure the electrostatic
charge density on an insulator. Indeed, when the total number of
H+ ions removed from the solution is divided by the geometric
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Figure 1 Cu deposited on charged Teflon. EDS of a Cu film on Teflon that was
rubbed with Lucite and then briefly immersed in a 1mM CuSO4 solution, causing the
reaction Cu2+ +2e→ Cu (and leaving the solution negatively charged with excess
SO2−

4 ions). Inset: Image of the film taken with an optical microscope. Cu films were
formed on only a few isolated spots probably through surface diffusion and
aggregation of Cu atoms instead of consecutive electron transfer to attain the
nucleation of multiple Cu ions on the same point.

Teflon surface area involved in the treatment, an average electron
density of the order of 1015 cm−2 was found. This was obviously an
overestimation because the actual surface area of the rubbed Teflon
must be significantly larger than the apparent one. Nevertheless, it
still seems to be a higher charge density by contact electrification
than that usually reported on a polymer surface. It is not clear if
electrons at such a high density have some mobility, even in an
insulator such as Teflon, considering that charges distributed more
than 10 µm deep into the bulk on some polymers, including Teflon,
have been found after electron beam deposition18.

Note that the determination of the true charge density is
a long-standing problem in contact electrification, because it is
very difficult to access all areas on a surface that is rough or
porous. Soft rubber19 and mercury20 have been used to increase
the contact area for more accurate measurements. Indeed, mercury
contact achieved elementary charge densities on some polymers
up to ∼1012 cm−2, significantly higher than that produced with a
conventional rigid solid contact20. This density, however, was still
over ten times smaller than that obtained on an atomically smooth
mica surface where a good contact could be made21.

We also considered the possibility of faradaic metal
electrodeposition with charged insulators. When a charged Teflon
rod was briefly immersed in an aqueous solution containing 1 mM
CuSO4, small amounts of Cu2+ were reduced and deposited as Cu
metal on the surface (Fig. 1, inset). The Teflon surface was carefully
examined before and after the deposition so that Cu spots could
be correctly identified as confirmed by energy dispersive X-ray
spectroscopy (EDS) (Fig. 1). A Cu peak in EDS was seen on each
spot examined and no Cu was noted on uncharged Teflon. The
F and C peaks in Fig. 1 originate from the area beneath the Cu
spot that was thin enough for the electron beam to penetrate,
because the scanned area for the EDS was smaller than the Cu spot.
The peak height of F relative to C was much larger in EDS scans
obtained on bare Teflon compared with the Cu-deposited one,
suggesting that F was possibly deficient beneath the Cu spot. The O
peak shown in Fig. 1 suggests that Cu in the spot might be partially
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Figure 2 Cu plated on charged Teflon. Optical absorbance of 1 mM CuSO4 solution
before and after contact with charged Teflon. Inset: Optical image (167×225 µm2)
of Cu lines formed by electroless deposition on Teflon in a designed pattern in a
separate experiment. (Plating of Pd, followed by deposition of Cu in a catalysed
chemical reaction.)

oxidized. However, a small O peak in EDS was also seen with a bare
Teflon surface. When a small drop of 1 mM CuSO4 was purposely
placed on Teflon and dried, the EDS obtained from that spot
showed strong S and O peaks in addition to Cu, F and C, confirming
that the Cu film described above was the result of Cu2+ reduction
by electrons on Teflon. A hydroxide adsorption mechanism15 could
also be excluded here because the expected product of Cu(OH)2

would dissolve into solution, whereas the Cu deposited on Teflon
could not be washed away with water. In addition, the colour
of Cu(OH)2 could not be confused with that shown in Fig. 1.
Moreover, the optical absorbance of Cu2+ in the solution decreased
on immersion and removal of the Teflon as shown in Fig. 2. The
concentration change after Teflon contact corresponded to an
average charge density of about 8 × 1014 cm−2 (geometric area),
slightly smaller than, but of the same order of magnitude of, the
charge density calculated from the pH change. Some H+ reduction
might also occur in this experiment and consume a fraction of the
available electrons. When the deposited Cu on Teflon was dissolved
in nitric acid, analysis of the Cu concentration by absorbance
yielded a charge density of 7.6×1014 cm−2.

The Cu deposition effect could be amplified by using the
available charge on Teflon in an electroless deposition mode. After
a Teflon surface was rubbed with the edge of a Lucite rod or
machined with a cutting tool in a lathe in a pattern of lines, it
was briefly dipped in a saturated PdCl2 solution. This produced Pd
metal particles that appeared dark and could act as catalysts for Cu
deposition. It was then washed and immersed in a Cu plating bath
containing CuSO4, KNaC4H4O6, NaOH and HCHO (ref. 22). Cu
was deposited on Teflon in the same pattern as shown in the inset
of Fig. 2. Although we did not explore this approach in any detail, it
suggests that the Teflon surface can be charged in a designed pattern
and then metallized to form a desired structure. Teflon has a low
dielectric constant and good thermal stability, which are desirable
properties for microelectronic and other applications23.

To further verify if charges on Teflon were indeed electrons
instead of ions, charged Teflon was immersed in a solution
containing Fe(CN)3−

6 to be reduced. The formation of Fe(CN)4−
6

in the bulk solution would provide strong evidence of a redox
reaction. As shown in Fig. 3, a single steady-state current plateau
corresponding to Fe(CN)3−

6 appeared in the cyclic voltammogram
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Figure 3 Fe(CN)3−6 was reduced by charged Teflon to Fe(CN)4−6 . Cyclic
voltammograms (10mV s−1) at a 23 µm glass-encased Pt ultramicroelectrode in
water containing 0.2 mM Fe(CN)3−6 and 0.1 M KCl before (A) and after (B) the
immersion of Teflon tapes charged with Lucite by rubbing.

for the initial solution. However, the height of the plateau decreased
and an anodic one appeared after the solution had contacted
charged Teflon tape. This new plateau corresponded to Fe(CN)4−

6

in the solution and clearly indicated that the reduction reaction
of Fe(CN)3−

6 to Fe(CN)4−
6 took place on charged Teflon. Note

that some Fe(CN)4−
6 might also adsorb on the Teflon because the

current for Fe(CN)4−
6 oxidation seems smaller than the current

decrease in Fe(CN)3−
6 reduction (Fig. 3). In a well-controlled

experiment, 16 pieces of Teflon septa, the same as those used
for the pH experiment, were charged with Lucite and then
immersed briefly one after another in 1 ml of an aqueous solution
containing 0.2 mM Fe(CN)3−

6 and 0.1 M KCl. The current plateau
for Fe(CN)3−

6 reduction dropped by 23%, corresponding to an
electron density of 7.7 × 1014 cm−2 (geometric area) on charged
Teflon septa assuming 100% reaction efficiency. Such a density
is essentially the same as the one obtained from Cu deposition.
Note that contacting the solution with uncharged Teflon never
showed production of Fe(CN)4−

6 . In all of the experiments, more
Fe(CN)3−

6 molecules were reduced to Fe(CN)4−
6 with more charged

Teflon immersion, independent of the shape, size and brand of
the Teflon, indicating again that electrons were involved in the
charging/discharging process. The reduction potentials of Cu2+ and
Fe(CN)3+

6 are +0.34 V and +0.36 V, respectively, so the potential
of the charges on Teflon are at least that negative. Experiments to
determine the energy level (or distribution of levels) using different
redox couples are in progress. Some of the electrons on Teflon
following rubbing might attract counter ions that, although not
reducible, can effectively shield the electrons from being sensed by
a physical probe. On immersion into a solution, however, reducible
species such as Cu2+ and Fe(CN)3−

6 are able to be reduced by
these shielded electrons, so that a much higher charge density
could be determined with chemical measurement compared with
conventional physical methods.

Electrogenerated chemiluminescence (ECL) is a method of
generating light by using electrochemical (faradaic) reactions to
produce highly reactive species at the surface of an electrode that
can produce excited states in energetic electron transfer reactions24.
They are highly sensitive methods of determining very low levels
of species in solution (for example, at the picomole level) and
hence of detecting small amounts of charge and are thus well
suited to studying electronic charges on insulator surfaces. Indeed,
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Figure 4 Charged-Teflon-generated chemiluminescence. Relative ESCL intensity
as a function of time when a charged Teflon disc at the bottom of a rod was
gradually introduced, portion by portion, into a MeCN/H2O (1:1, v/v) mixture
containing 2.5 mM S2O2−

8 and 0.25mM Ru(bpy)2+3 . See text for details.

as shown by the experiments described below, use of charged
insulators for generating ECL provides a new and completely
different approach to this type of analysis, which we have called
electrostatic chemiluminescence (or ESCL).

When a charged Teflon rod was immersed in an acetonitrile
(MeCN)/water (1:1, v/v) mixture, a transient luminescence at
the few nanoampere level was detected with a photomultiplier
tube operated under a bias of −750 V (compared with
a background level of 0.2 nA). This represents a very
low-level discharge or chemiluminescent background process.
When a mixture of typical ECL reagents, that is, 0.25 mM
tris(2,2′-bipyridine)ruthenium (II) perchlorate [Ru(bpy)3(ClO4)2]

and 2.5 mM tetra-n-butylammonium peroxydisulphate,
(TBA)2S2O8 in MeCN/water was used, and the charged Teflon
rod was introduced, a strong ESCL emission was detected, at about
the milliampere level (∼106 times higher than background) that
saturated the detection system. We ascribe this emission to the
well-known ECL process where available electrons on Teflon reduce
Ru(bpy)2+

3 and S2O2−
8 to generate the light-producing species, as

described in more detail below. Note that when either of these
reagents alone was present in the solution, the luminescence was
not above the background level on charged Teflon introduction.

To monitor the process of ESCL, the charged Teflon rod was
slowly introduced manually into the mixture section by section, so
that the luminescence could be measured at a lower level over a
longer period of time as shown in Fig. 4. In this case, a fraction of
the charged Teflon rod was first immersed in the mixture and held
there for a moment (point 1 in Fig. 4); the ESCL quickly increased
to over 1 µA and then dropped rapidly as electrons were consumed.
Before the ESCL decayed to the baseline, fresh Teflon was gradually
introduced into the solution (point 2) and a near-steady-state ESCL
was seen for about 1 min. At point 3, the Teflon rod was moved
more rapidly into the solution leading to an ESCL spike followed
by a slow movement (point 4) and decay. When the rod was moved
out of the solution at point 5 in Fig. 4, the ESCL dropped to the
baseline, confirming that the detected luminescence was indeed
produced by the charges on Teflon. The ESCL reappeared when a
fresh portion of the charged Teflon was immersed in the solution
again (point 6). Such a process could be repeated at points 7
and 8. ESCL was always observed as long as the electrons on the
Teflon were not fully depleted. Finally, Teflon was removed from
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Figure 5 Charged-Teflon-produced chemiluminescence. Relative ESCL intensity
generated by charged Teflon as a function of Na2S2O8 concentration in MeCN/H2O
solution (1:1 by volume) with 1 nM Ru(bpy)2+3 .

the solution (point 9) and the ESCL disappeared. Because this
experiment was carried out by hand in a dark room, it is difficult
to quantify the area of Teflon rod immersed in recording each of
the above points. Note that it was the charges on Teflon rather
than simply Teflon itself that triggered the luminescence, because
no ESCL was detected when uncharged or fully discharged Teflon
was immersed in the same solution. Interestingly, similar results
had been obtained when Mg powder was introduced into the same
system25. The identical effect generated from both charged Teflon
and a strong reductant, such as Mg powder, in the same system
is clear evidence that the luminescence observed was indeed a
result of an electron transfer reaction, rather than a spark from
an electrostatic discharge. Such a conclusion was also supported
by the fact that both Ru(bpy)2+

3 and S2O2−
8 must coexist in the

MeCN/H2O mixture to produce strong luminescence.
On the basis of earlier studies in ECL from this system at

metal electrodes25,26, we propose a reaction mechanism as shown
in the inset in Fig. 4. The electronic excited state of Ru(bpy)2+

3
∗,

responsible for luminescence, was produced through an electron
transfer reaction from Ru(bpy)+

3 to SO•−

4 radical, generated by
reduction of Ru(bpy)2+

3 and S2O2−
8 on the charged Teflon surface.

The SO•−

4 radical could also be made by the reaction27

S2O2−
8 +Ru(bpy)+

3 → Ru(bpy)2+
3 +SO•−

4 +SO2−
4

Another path leading to the excited state involves generation
of Ru(bpy)3+

3 by reaction of SO•−

4 with Ru(bpy)2+
3 followed

by reaction with Ru(bpy)+

3 . Note that the first steps for the
luminescence generation in this system involve the reduction of
both reactant Ru(bpy)2+

3 and co-reactant S2O2−
8 to trigger the series

of reactions. Therefore, ESCL obtained here, again, is consistent
with the idea that the charges on Teflon were electrons.

To study possible analytical applications, the ESCL dependence
on the concentrations of Ru(bpy)2+

3 and S2O2−
8 was studied, similar

to previous ECL studies28. For 1 nM Ru(bpy)2+
3 , the ESCL increased

with S2O2−
8 concentration up to roughly 100 nM (Fig. 5), and then

the emission dropped off sharply, probably because of quenching
of Ru(bpy)2+

3
∗ by S2O2−

8 as reported earlier29. Similar results were
obtained for different concentrations of Ru(bpy)2+

3 over a range of
5 orders of magnitude. Table 1 shows the maximum ESCL response
at a given Ru(bpy)2+

3 concentration from separate measurements
for each mixed with 4 or 5 different concentrations of S2O2−

8 .

Table 1 Emission intensity as a function of [Ru(bpy)2+3 ] and [S2O2−8 ] in CH3CN:H2O
(1:1 v/v) averaged from 10 measurements.

[Ru(bpy)2+3 ] [S2O
2−
8 ] Relative

ESCL intensity (nA)

0 M 0.5 mM 9.1
1 nM 0M 2.4
0.1 nM 10 nM 23
1 nM 100 nM 48
10 nM 1,500 nM 93
100 nM 10 µM 176
1 µM 180 µM 594

At 0.1 nM Ru(bpy)2+
3 , a clear ESCL signal was seen that was

well above the background level. As the electrostatic charges on
the Teflon surface were generated through rubbing with Lucite,
reproducibility of these measurements was a concern. A series
of measurements showed that the ESCL intensities did not vary
significantly over 10 separate experiments (2 different solutions
with the same composition and Teflon rods of the same size and
shape, 5 new rubbings for each) with 1 nM Ru(bpy)2+

3 and 100 nM
S2O2−

8 and yielded an averaged signal of 49 nA with a standard
deviation of 5.8 nA (see Supplementary Information, Fig. S1).

Some questions remain about the molecular nature of the
charges, their energies and distributions. The electrochemical
approach used here, by studying the effects with different redox
couples that span a range of potentials, has the possibility of
addressing these questions. A table based on reducing/oxidizing
power of electrostatic charges on different insulators could then
be constructed. Such a study may also find applications to
single-electrode electrochemistry30 without a counter electrode
and power supply and, as ESCL, in analytical applications, for
example, for clinical analysis of species labelled with a luminescent
molecular tag, different than, but complementing, the widely used
ECL techniques31.

METHODS

Teflon and Lucite (rods, discs and plates) were the primary materials in the
study. Different kinds of Teflon were used, including septa with a diameter of
12 mm (Alltech Associates, Applied Science Labs), tapes, discs, rods and plates
of different sizes and shapes. They all showed similar results. Metallic impurities
were below 0.1 p.p.m. for all of the materials used here as determined with a
Varian UltraMass inductively coupled plasma mass spectrometer. The Teflon
surface was rubbed by hand with another substance such as metal, glass, Nylon
or Lucite, and in all cases became negatively charged as determined with an
electrometer (Model 6517, Keithley Instruments). After rubbing with Teflon,
the Lucite surface became positively charged and could be measured in the
same way. Contact without rubbing generated less charge. Generally, rubbing
was discontinued when discharge sounds were heard, accompanied by sparks
that appeared on the rubbed Lucite surface and edges and were clearly seen with
the naked eye in a dark room. Experiments were always carried out by rubbing
the Teflon and Lucite by hand and separating these for use in the experiments
(rather than rubbing them while immersed in the test solutions). This was
designed to avoid the possible occurrence of ‘tribochemistry (that) deals with
the relation between mechanical work and mass transformation’32, such as can
be found during milling of insulators. All other chemicals used were reagent
grade. MilliQ deionized water was used to prepare all solutions. For the pH
experiment, Teflon septa (12 mm in diameter) or tapes were placed on Lucite
plates (18 cm×18 cm) and rubbed by hand for about 10 s with Lucite discs
(2.5 cm in diameter and 1.2 cm in height) and then briefly immersed in solution
for a few seconds. A pH meter (Orion Research, model 701A) was used. For
hydrogen generation, the sample was prepared in a glove box (Terra Universal)
with continuous N2 flow. D2O (D, 99 at.%, Aldrich) and DCl (35 wt% in D2O,
Aldrich) were used to avoid any H2 background. For Cu deposition, Teflon
rods (9.5 mm in diameter) were charged by rubbing with a Lucite plate by
hand for about 10 s and the deposited Cu spots were inspected with an optical
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microscope (Olympus). To examine a particular spot with a scanning electron
microscope (LEO 1530), orienting marks were placed on the area under an
optical microscope before the sample was mounted in the scanning electron
microscopy chamber. For reduction of Fe(CN)3−

6 to Fe(CN)4−
6 , Teflon septa or

tapes were charged in the same way as described above. Cyclic voltammetry was
carried out with a 23 µm Pt ultramicroelectrode. A Model 100a electrochemical
analyser (Bioanalytical Systems) was used to analyse the solution composition
change following the treatment with charged Teflon. All ESCL measurements
were carried out in a black box located inside a double-door dark room to
minimize effects of stray background radiation. Teflon rods (2.1 cm in diameter)
were rubbed at one end by hand with a piece of Lucite plate and ESCL was
determined with a photomultiplier tube (Hamamatsu R4220P).

We attempted to use a Faraday cup approach to measure the charge on
the end of a Teflon rod rubbed with Lucite. When the rod was perpendicularly
introduced through a hole into a Faraday cup with about half of its (uncharged)
length outside, the charge measured clearly increased with firm contact to
the cup by pushing the Teflon rod by hand from the outside. However, when
the pressure was removed, and the rod was just lightly resting under its own
weight on the bottom of the cup, the measured charge decreased by over 10%.
Teflon is soft and easily deformable; thus, the charged area is much larger than
the apparent one as opposed to a hard surface, where the contact-charged
area might be only a fraction of the geometric area. Although the studies
described here have concentrated on Teflon, which is negatively charged,
oxidation reactions at the charged Lucite were also obtained and will be
reported separately.
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