Electrochemistry on tribocharged polymers is governed by the stability of surface charges rather than charging magnitude
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ABSTRACT: Electrically insulating objects gain a net electrical charge when brought in and out of contact. This phenomenon – triboelectricity – involves the flow of charged species, but to conclusively establish their nature has proven extremely
difficult. Here, we demonstrate an almost linear relationship between a plastic sample’s net negative charge and the amount
of solution metal ions discharged to metallic particles, with a coefficient of proportionality linked to its electron affinity
(stability of anionic fragments). The maximum magnitude of reductive redox work is also material-dependent: metallic
particles grow to a larger extent over charged dielectrics that yield stable cationic fragments (smaller ionization energy).
Importantly, the extent to which the sample can act as electron source greatly exceeds the net charging measured in a
Faraday pail/electrometer set up, which brings direct evidence of triboeletricity being a mosaic of positive and negative
charges rather than a homogenous ensemble, and defines for the first time their quantitative scope in electrochemistry.

What is even more striking is the intense scientific debate
around the nature of the charge carriers, with ongoing controversy between models explaining charging upon contact
either transfer of ions9 or transfer of electrons.10 Regardless,
charging occurs, and large charge densities can be obtained, especially on rough surfaces,11 leading to the possibility of large electric fields adjacent to the tribocharged
material.12 Moreover, while the emission of charged particles by strained or abraded dielectrics is a transient phenomenon and it decays rapidly after contact,13 a large fraction of tribocharges, electron or ions, are known to survive
at defect sites for relatively long period of times.14 There is
therefore a scope for tribocharged interfaces in delivering
a precise amount of charge (Coulombs) to a liquid or gas
sample,15 and the possibility of using electrical insulators to
guide redox16 and potentially non-redox chemical
changes.17

INTRODUCTION
Materials that are poor conductors of electricity can nonetheless gain an excess of electrical charges. Contact electrification of dielectric materials that are first put into contact
and then separated is a familiar topic; examples range from
children’s hair electrified by a party balloon, explosive discharges,1 to the $250 billion market of office toners, copiers
and laser printers.2 Despite our familiarity with the phenomenon, we are still without a complete chemical picture
of its origin.3 Several mechanisms appear to be involved in
the generation of charges upon contact: the exact chemical
details of the surfaces involved are of importance,4 the participation of ions derived from water appears to be relevant,5 and there is a relationship between friction fluctuations,6 cracking7 and tribocharging. As such the entire picture is extremely complex, all in all making it difficult to
get a coherent picture on the charging part of the phenomenon.8

The overall net charging of a polymer sample can be measured directly and with great accuracy in a Faraday pail.
However, what is measured is the arithmetic sum of net
negative/net positive local surface-domains,18 in other
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Here we provide a quantitative understanding of the extent
to which electrochemical work can be harnessed from nonelectroneutral dielectrics. We have quantified metal deposition on electrostatically-charged polydimethylsiloxane
(PDMS), polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), and nylon samples that were charged to either
net positive or net negative Coulomb values. X-ray photoelectron spectroscopy (XPS), atomic force (AFM) and
transmission electron (TEM) microscopies, as well as electron diffraction and quantum chemical methods are used
to gauge the practical electrochemical implications of contact electrification being a “mosaic”9b,18 of polymer fragments of both negative and positive charge.
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words, a statically-charged sample that bears a net charge
of −1 nC, the equivalent charge of 6.24 ×10 9 electrons, is
possibly carrying a much larger number of species having
a negative charge. Recent measurements of charging with
sub-micrometre lateral resolution have in fact demonstrated that tribocharged plastics can accommodate significantly more charge per unit area than previously considered possible,9b opening up possibilities in the use of
charged dielectrics to trigger or catalyze chemical reactions on a practical, or at least measurable, scale.
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At the nanoscale it is impossible to preclude the rupture of
chemical bonds upon contact20 and electrons are known to
be rapidly emitted from a number of materials in response
to fracture, including insulators, glass, graphite and polymers.21 While this type of energy dissipation in a material
that is under physical stress is generally regarded as topic
for tribochemistry – a good example is the chemical
changes experienced by lubricants in a ball mill22 – in this
work we focused instead on residual charges that persist
on a plastic sample several minutes after it is separated
from another dielectric: care is taken to minimize forceinduced effects on bonds and bonding,23 and to clarify on
the nature of charged species guiding redox reactivity on
tribocharged insulators.
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Figure 1. (a) Computed 298 K ionization energies (IE) and
(b) electron affinities (EA) for oligomers of PTFE, synPVC, nylon-6 and PDMS as a function of the chain length
n (Supporting Information, Table S1). Structures and
benchmarking calculations are provided in the Supporting
Information (Figure S3 and Table S2, respectively). Note
that the sign conventions for IE and EA are such that a
larger IE implies a less stable cation, whereas a higher
(less negative) EA implies a more stable anion. For linear
polymers, the work function was approximated as one-half
of the ionization energy at n = 1 (4.38 eV, 5.93 eV and 5.51
eV for nylon, PTFE and PVC, respectively). For branched
polymers this approximation does not hold and so a
theoretical value for the work function cannot be computed
(experimental data available for silicone oil is ≥6.71 eV 19).

Our Faraday pail data show that for PDMS and PTFE samples only about 20% and 23% (respectively) of tribocharges
have dissipated 2000 s after the separation from a glass surface (Supporting Information, Figure S1). The kinetics of
the charge decay of PTFE samples was also measured by
Kelvin probe force microscopy (KPFM, Supporting Information, Figure S2) and found consistent with the time-resolved Faraday pail data. A faster decay is observed for PVC
samples, losing about 75 % of their negative charges over
the same period of time (Figure S1). Charge dissipation in
air is faster for PVC than for PTFE, an observation that appears to be linked to the lower work function of the former
(5.13 eV,24 PVC; 5.75 eV,24 PTFE). Direct experimental
measurements of work function in dielectrics suffer from a
range of drawbacks, and data available are limited. However, a relationship exists between the work function of a
polymer and the stability of its cationic fragments: it can
be approximated as one-half of the ionization energy (IE)

of its unimeric oligomer24 (one-half of IE when n = 1, right
y-axis in Figure 1a). Computed IE gas phase values for oligomers of the linear dielectric materials used are in Figure
1, and under the assumptions of (i) polymer fragments being the charge carrier in a tribocharged plastic, and (ii)
equally stable anions, a lower IE – more stable cations –
would account for PVC losing in air its net negative charge
more rapidly than PTFE. However, the stability of anions is
also expected to be of relevance in the discharge process,
and this becomes apparent when the polymers are discharged in solution of silver ions (vide infra). Hence the
stability of anions are in the order PTFE > PDMS > PVC (at
the longest chain length studied, n = 5), so in PVC both the
stability of its cations and the instability of its anions –
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Figure 2. Analysis of silver nanoparticles electrochemically grown on electrical insulators (tribocharged PDMS
samples immersed in aqueous AgNO3 solutions). (a) XPS
analysis of the PDMS sample indicates an Ag 3d spin‒
orbit-split emissions consistent with literature values for
metallic silver (Ag 3d3/2 and Ag3d5/2 at 374.4 eV and 368.4
eV, respectively). (b) TEM image of Ag particles showing
sizes around 50 nm in diameter. (c) HRTEM image indicating a lattice spacing of 0.14 nm (10 d = 1.4 nm), corresponding to fcc Ag, and matching the spacing of (220) lattice planes. (d) Selected area electron diffraction (SAED)
patterns, with labels indicating the (hkl) assignments.

Figure 3. AFM topography images of silver (a), (b) and
gold (c), (d) nanoparticles grown on tribocharged PDMS
samples. AFM data indicates and approximate diameter
for the silver particles, or cluster of particles (red circles),
between 50 and 150 nm, and dimeters for gold particles
between 10 and 20 nm.

ters.29 Analogously to the experiments done with chloroauric acid, we immersed tribocharged samples of PDMS in
solutions of silver nitrate. The spectroscopic analysis of
nine independently prepared and analyzed samples
showed consistently two Ag 3d spin‒orbit-split XPS emissions (Figure 2a; Ag 3d3/2 and Ag 3d5/2 at 374.4 eV and 368.4
eV, respectively) of spectral position consistent with literature values for metallic silver.30 Adventitious spectral
shifts were accounted for, and the positions of C‒C and C‒
F bands match their literature value of 284.8 eV and 292.2
eV, respectively (Supporting Information, Figure S5).31

low positive IE and large negative EA – are in line with the
faster discharge observed: tribocharges are the result of the
presence of charged polymer fragments.
Guided by our data on discharge in air, and by the 2008
proof-of-concept by Liu and Bard, describing the growth of
metal films on tribocharged PTFE,16b we ran XPS, TEM and
selected area electron diffraction (SAED) tests on charged
plastic samples that were discharged by immersion in chloroauric acid solutions. TEM and SAED data recorded ex
situ from a single particle (Supporting Information, Figure
S4a,b) exhibits a diffraction pattern with indexed planes of
(422), (220) and (111), which is in very good agreement with
literature diffraction patterns for gold crystals.25 Under
particular conditions, such as under the strong electric
field of a water-air interface,26 the reduction of gold ions
can occur spontaneously, without a reducing agent or an
applied bias.27 Therefore, our observation of metallic gold
nanoparticles growing on an insulator such as PDMS after
a tribo charge/discharge sequence, as supported by XPS,
TEM and SAED data in Supporting Information, Figure S4,
is unexpected but yet not a direct and conclusive evidence
of a redox role played by tribocharges – electrons or ions.
Silver ions are thermodynamically more stable than gold
ones. The redox potential for the reduction of isolated ions
or for the addition of metallic silver on small clusters is very
negative,28 possibly as low as −1.8 V vs SHE for isolated
ions, and close to 0 V vs SHE for micrometre-sized clus-

Examination by TEM of these silver nanostructures (Figure
2b) revealed a diameter of ca. 50 nm and a lattice structure
with an interplanar spacing of 1.44 Å (HRTEM, Figure 2c),
which matches with the spacing of the (220) lattice planes
of Ag.32 These nanostructures were subjected to selected
area electron diffraction (SAED, Figure 2d) and diffraction
patterns recorded from individual particles suggest a polycrystalline nature, with evidence of the (111), (220) and (311)
reflections of fcc silver.33
The initial amount of net charging was recorded for each
sample prior to the discharge step and was generally found
to be between −1 and −8 nC cm‒2, which is the equivalent
of only 0.6 – 5 × 1010 cm−2 elementary charges. The amount
of silver present on the sample after the discharge, as measured by XPS, was surprisingly large, possibly as high as 1015
atoms cm−2 (Supporting Section 1 and Figure S6). A similar
estimate of surface silver atoms density is obtained from a
topographical analysis in AFM (Figure 3). Inevitably both
techniques makes assumptions, and the absolute accuracy
of both estimates is therefore questionable. Nonetheless,
there is a large discrepancy between the net charging of the
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Figure 4. Electrochemical work by dielectrics scales with
their net charging magnitude. Evolution of the XPS narrow
scans signals for the silver Ag 3d region of tribocharged
PDMS samples that were discharged by immersion in a
5.0 × 10−2 M aqueous solution of AgNO3. The PDMS surface is charged by repeated contact against a glass surface and its net charging is measured prior to the metal
discharge step using a Faraday pail connected to an electrometer. The sample initial charge-to-area ratio is indicated as label to the XPS trace. Curves are vertically offset
for clarity; the absolute ordinate has no physical meaning.
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sample and the extent to which metallic deposits grow – a
Faraday pail measurement is a poor indicator on the electrochemical work that can be harvested from tribocharges.
When XPS narrow scans of the Ag 3d region for samples of
different initial charge excess are compared, what becomes
apparent for the first time, is that the electrochemical work
done by charged dielectrics scales with their net charging
magnitude (PDMS in Figure 4). This relationship further
reinforces on a redox reaction being mediated by tribocharges. Further, the extent to which electrochemical work
is in disproportion to the small net charging of the plastic
disks parallels previous observation by KPFM of a mosaiclike 2D distribution of oppositely charged domains on the
electrified surface of dielectrics.9b
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Figure 5. Silver ions reduction on positively charged nylon.
(a) Narrow scans of the Ag 3d region of tribocharged nylon
samples that were discharged by immersing them in a 5.0
× 10−2 M aqueous solution of AgNO3. Curves are vertically
offset for clarity. (b) XPS-derived silver atomic percentages
versus initial charge densities measured on nylon samples
after the charge/discharge sequence.

The presence of metallic deposits after a discharge experiment in silver nitrate further reinforces on the simultaneous presence of both positive and negative surface domains.
TEM can provide ex situ details on morphology and crystallinity of both the gold and silver particles while topographical AFM data (Figure 3) is obtained directly on the
plastic sample after the discharge step. AFM data seem to
indicate that while the growth of both silver and gold nanoparticles is overall homogeneous across the sample,
there is evidence (Figure 3a,b) of nucleation being confined
to sites of larger curvature. Diffusion of charges across the
molecular chain of polyamides has been shown experimentally,25 most likely by involving a layer of water,35 charges
(electron as well as ions) can diffuse laterally on the surface
of insulators, and electrons can travel up to 10 µm across
electron-beam irradiated insulators.36 Hence, in light of
our AFM data and of these past reports, it is possible that
charges flow from localized surface states to the particle’s
nucleation site, with the discharge process probably being
initiated in regions of large charge density such at the top

If charged polymer fragments – previously tentatively described as “cryptoelectrons”10 – are the electrochemicalwork effector, the immediate implication in redox chemistry would be that the amount of work done by an electrified dielectric could largely exceed the Coulomb reading in
the electrometer/Faraday pail. Our quantitative data on
the reduction of silver ions align with this scenario. To further confirm this last point, we tested for silver deposition
over Nylon samples bearing a net-positive charge. XPS data
in Figure 5 show evidence of silver metal depositing on the
polyamide surface even when the initial Faraday pail measurement indicates a net excess of positive charges. Our
quantum computed value of work function for nylon is
around 4.4 eV, which is analogous to the experimental
value of 4.2‒4.4 eV.34 The relatively small work function of
nylon accounts for the positive reading by the electrometer.
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for isolated silver (Ag+/Ag; E0 = −1.8 V vs SHE28).38 Calculated reduction potentials in water of the species used in
this study are −4.05, −3.91, −4.44, and −3.89 V vs SHE for
PVC, PDMS, PTFE and nylon, respectively (Table S1).39 It
indicates that the ability of a tribocharged insulator to trigger heterogeneous redox catalysis is more likely to be governed by a combination of work function and EA of the
material rather than surface roughness and/or reducing
power alone.40 As can be inferred from the data in Figure 6,
tribocharged dielectric surfaces yield the largest extent of
electrochemical work when the IE of the dielectric is relatively small and the anions derived from the polymer are
relatively unstable. PVC satisfies both these conditions and,
as shown in Figure 6a, for any given value of net excess of
negative charges being carried by the plastic (x-axis) PDMS
and PTFE are less effective materials than PVC in the context of guiding a reductive heterogeneous redox process.
For these three different substrates the coverage of silver
nanoparticles increases almost linearly with the charge
density generated by contact electrification, but the three
curves in Figure 6a do not run parallel to each other and
are not separated by a vertical offset, as would be the case
if only either EA or IE of the material were a key factor
guiding metal ions discharge. Instead they depart with a
material-specific slope from a common point located at the
low end of the charge-to-area ratio scale.
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Direct evidence of a material-specific relationship between
static charging and attainable electrochemical work has
never been reported and we propose that the root-cause
behind the different slopes, at least for the non-branched
polymers (PVC and PTFE), is a trade-off between the IE
and EA of the polymer. PVC has the largest negative value
of EA (Figure 1b) making negative charges unstable (Supporting Information, Figure S1) but at the same time it will
ionize into cationic fragments with relative ease (Figure 1
a). This accounts for the generally limited extent to which
PVC gains net-negative charging by means of contact electrification (blue symbols curve in Figure 6a) and suggests
that for any negative value of charge-to-area ratio a large
population of anions is required to offset cationic species.
These anions are the effector of the redox work, hence this
explains the largest values of silver atomic % (y-axis) in Figure 6a. PTFE, on the other hand, showed a lower sensitivity
in the electrochemical work versus static charging curve
(red symbols in Figure 6a). This can also be accounted for
in terms of the balance between IE and EA of the polymer.
PTFE forms more stable anions and a small number of contact-separation cycles against glass leads immediately to a
net excess of negative charges significantly larger to that
achievable in PVC. Anions derived from PTFE are relatively
stable and their absolute abundance at a given charge-toarea ratio is lower than in PVC since the ionization of PTFE
to positively-charged species is not as favourable as for the
former. The situation in PDMS and the small slope of the
curve defined by the grey symbols in Figure 6 appears to be
more complicated. The EA of PDMS is comparable to that
of PTFE, with anionic species in both materials expected

(c)

Figure 6. Material specific relationship between redox
work and static charging (density) of dielectrics. (a) XPSdetermined amount of metallic silver that is deposited on
plastic samples that are charged to a specific value of
charge-to-area ratio by contact electrification against a
glass surface. (b) Schematic depiction of a “mosaic” ensemble of tribocharges on two samples of equal charge
excess. Due to a significant difference in ionization energy, PVC and PDMS samples of equal net charge density
(number of red symbols) may have distinctly different total
amount of negatively charged domains. (c) Outer sphere
electron transfer reaction for the reduction of Ag+ ions mediated by anion fragments on tribocharged PTFE.

of surface asperities.37 However, tests done on PVC, PTFE
and PDMS samples having different roughness, did not
show a link between the nanometer-size roughness probed
by the AFM tip and the extent to which metal deposits
(Supporting Information, Figure S7). The formation of silver nanoparticles via direct reduction of silver ions by anions derived from all of the polymers explored in this work
is thermodynamically feasible: all the computed anions/neutral polymer redox potentials are all suﬃciently
negative to overcome the highly negative redox potential
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therefore to be of similar stability. Based on the computed
values of IE, positive fragments should be even more abundant than for PVC, but surprisingly the PTFE curve in Figure 6 rests between the PVC and PDMS one.

cleaned by means of extensive washing with water, methanol and dichloromethane. Nylon disks were charged
against a PDMS sample. Charged samples were handled in
the dark and the magnitude of their net charge was varied
either by changing the number of contact-separation cycles or by changes to the time elapsed between contact and
separation. The charge of the sample was measured by an
electrometer and Faraday pail set-up (JCI 140 static monitor and JCI 147 charge measurement units), purchased and
calibrated by DEKRA (Southampton Science Park, Southampton, UK), and operating on the 10‒9 Coulomb scale.
Charging data are reported as charge-to-geometric area ratios. The precision of the technique, as estimated by standard deviation, is 95% (or less) of multiple readings on the
same sample.

COUCLUSION
This work shows that the discharge of metal ions over
charged plastics result in nucleation of particles and points
to anionic polymer fragments as being the mediators of the
redox chemical changes. We bring circumstantial evidences for lateral movements of charges on dielectric surfaces towards the metal nanoparticle nucleation site and of
inhomogeneous charge densities across the dielectric surface. PTFE, PDMS, PVC and nylon surface generate static
charges by contact electrification, and regardless of the
sign of the net charging all these dielectrics are capable of
acting as electron sources and guide redox reactivity. There
is however an imbalance between the net charging measured in a Faraday pail/electrometer set up and the extent
to which the sample can act as electron source: it brings
direct evidence for triboeletricity being a mosaic,9b of positive and negative charges, rather than an homogenous ensemble. We bring evidence of a material-specific slope in
the redox work vs static charge density curves, highlighting
that a sensitivity factor has to be taken into account in the
attempt of using plastics to deliver a specific amount of
coulombs to a reaction mixture. Materials with a large negative EA and a relatively low IE – stable cations and unstable anions – can mediate redox work to a relatively large
extent. Dielectric materials with stable anions – less negative EA – and large IE will probably be of greater importance when one attempts to deliver small redox
changes with high precision. Taken together these findings
constitute the most compelling evidence to date for tribocharges in polymers being ionic species. This work extends
our understan1ding of static electricity and may find applications in single-electrode electrochemistry and in the
study of electrostatic catalysis on chemical reactivity.17,41

Metal ions discharge experiments and surface characterization. Tribocharged plastic samples were transferred
to a 50 mM aqueous solution of AgNO3 (99.999%, Sigma),
HAuCl4 (99.99%, Sigma), CuSO4 (99.99%, Sigma) and
PbCl2 (99.99%, Sigma) rested for 3 h in the liquid in a dark
environment, washed with Milli-QTM water, and then dried
under a stream of nitrogen before X-ray photoelectron
spectroscopy. X-ray photoelectron spectroscopy (XPS)
characterization was performed on an ESCALab 250 Xi
(Thermo Scientific) spectrometer with a monochromated
Al Kα source. The pressure in the analysis chamber during
measurement was <10−8 mbar. The pass energy and step
size for narrow scans were 20 eV and 0.1 eV respectively,
with a take-off angle normal to the sample surface. Spectral
analysis was performed using Avantage 4.73 software and
background spectra were considered as Smart type, and
curve fitting used functions with a Gaussian–Lorentzian
character. Elemental sensitivity factors for the C 1s, N 1s, O
1s, F 1s, Cl 2p, Si 2p, Au 4f and Ag 3d regions are 1.000, 1.676,
2.881, 4.118, 2.741, 0.900, 20.735 and 22.131, respectively.
Binding energies obtained from high-resolution scans were
calibrated by applying a rigid shift to bring the main C 1s
emission to 284.8 eV. XPS experiments for the data in Figure S9 were performed on an ESCALab 250 Xi (Thermo Scientific) spectrometer with a monochromated Al Kα source.
The time that elapsed between the Faraday pail measurement and the immersion of the tribocharged sample in the
liquid was 60 s or less. The charge loss in ambient air over
this period is negligible (Supporting Information, Figure
S1). Low-resolution transmission electron microscopy
(TEM) was conducted using a JEOL 2100 microscope with
an accelerating voltage of 120 kV. High-resolution TEM
(HRTEM) and selected area electron diffraction (SAED)
were performed on a FEI Titan G2 80-200 microscope operating at 200 kV at room temperature. The TEM support
grid was copper and metal deposited on the mesh of the
grid was prepared as follows: firstly, a large PDMS sample
(50 × 10 cm) was charged by contacting it against a clean
glass, then immediately immersed in an aqueous solution
(ca. 50 mL) of either AgNO3 (50 mM) or HAuCl4 (50 mM)
for 3 h and completely shielded from ambient light. The
PDMS sheet was then removed from the solution, washed

EXPERIMENTAL SECTION
Materials. Redistilled solvents and Milli-QTM water (>18
MΩ cm) were used for substrate cleaning and to prepare
electrolytic solutions. Samples of PDMS (molecular weight
of 500 kDa, 840-5541, RS Components Australia®) and PVC
(321-2105, RS Components Australia®) were 1 × 1 cm in size
and approximately 0.3 cm in thickness. Samples of nylon
(nylon-66, 514-607, RS Components Australia®) and PTFE
sheets were either of 1 cm radius and approximately 0.3 cm
thick (680-640, RS Components Australia®) or disks 0.5
mm thick and 1.5 cm in radius and (Qorpak®).
Charge Measurements. Plastic samples used for charge
measurements and metal deposition (discharge) experiments were cleaned with water, methanol and dichloromethane, dried under a nitrogen flow, and then statically
charged by contact. PDMS, PTFE and PVC samples were
charged against a clean glass surface. The glass surface was
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extensively with water, dried under a stream of nitrogen,
rolled up and immersed in water (ca. 100 mL) and sonicated for 15 min. The water sample was then passed several
times over the grid before TEM and HRTEM analysis.
Measurements of sample roughness (Supporting Information, Figure S7) were obtained from Atomic force microscopy (AFM) experiments performed in tapping mode,
using a Dimension FastScan (Bruker Corporation, Santa
Barbara, CA, USA). They are reported as root mean square
surface roughness (Rq), average surface roughness (Ra), and
as values of maximum roughness (Rmax). AFM imaging was
done in air, at room temperature, and by using TESPA-V2
probes with a spring constant of 42 N m−1. The imaging resolution was set to 256 points/line, the scan rate to 1.00 Hz
and the peak force to 20 nN. KPFM (Kelvin probe force
measurements) were performed on a Bruker Dimension
Icon Scanning Probe Microscope in KPFM-AM mode. Pt
tips (RMN-25PT300B) were purchased from RMN Probes
(tip radius curvature <20 nm, spring constant 18 N m−1, resonant frequency of 20 kHz).
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