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Since the times of Volta,[1] scientists have strived to construct
the so-called triboelectric series (TES) that would rank the
contact-charging properties of various materials (Fig-
ure 1a,b). While for contacting metals such ranking has
been relatively straightforward,[1c,d, 2] construction of a robust
TES for bulk dielectrics has proven surprisingly challenging.
In fact, the literature on the subject has been marred with
irreproducible results, including situations where different
polarities of charge have been reported by different labo-
ratories for supposedly the same contact-charged materials.[3]

Such ambiguities have been noted and discussed in
Refs. [3f,7c,d,f]. Here, we show that contact charging of
dielectrics cannot be predicted solely on the basis of their bulk
properties—instead, it is necessary to account for the transfer
of minute amounts of material between the contacting
surfaces. Material transfer can lead to such counterintuitive
phenomena as the reversal of charge polarity during contact
charging, and is related to the differences in the mechanical
properties of the contacting dielectrics.

For decades, the study of contact electrification has been
mostly phenomenological in nature, rarely reporting more
than the measurements/trends in the charges developed on
macroscopic objects—not surprisingly, these studies have
provided limited insights into the microscale phenomena
underlying charging. It has only been relatively recently that
surface characterization techniques have become available
that allow for studying the changes in surface composition of
the contact-charged surfaces with nanoscopic resolution. In
this context, an important recent result from our group[4a] and
others[3h, 5] is that contact charging is not solely due to the
transfer of charge carriers (be it electrons,[6a] ions,[3f,g] or
both[6b]) between the surfaces but entails spatially inhomoge-
neous material transfer.[7] The patches of the transferred
materials give rise to characteristic charge mosaics (i.e.,
regions of opposite polarities, (+) and (�)) on each of the
contact-charged surfaces. Still, because the amounts of

materials exchanged between the surfaces are very small
(less than a microgram per square centimeter; see discussion
later in the text), it remains unclear whether material transfer
is just a secondary effect modifying only slightly the inherent
charging properties of the bulk materials, or whether it can
change the charging properties of the contacting materials

Figure 1. Construction of a triboelectric series for dielectrics is one of
the oldest pursuits of modern science. a) Volta demonstrating “electro-
phorus”, an electrostatic machine, to Napoleon who first honoured
him with a medal and then raised him to the position of a Count and
a Senator of the Realm of Lombardy.[19] (Portrait by Nicola Cianfanelli)
b) A traditional triboelectric series of various dielectric materials (data
adapted from Ref. [3g]). In this particular picture, the propensity of the
material to charge negatively upon contact increases to the right (e.g.,
PTFE is expected to charge negatively when contacted with PS.).
c) Illustration of experiments in which polymer beads are shaken
against a polymeric dish (agitated by a LinMot shaker) and the
charges developed on the beads and on the dish are measured by
a Faraday cup connected to a high-precision electrometer (for details,
see the Supporting Information). d) A typical charging curve for PTFE
beads (here, n = 50 beads, red markers show total charge on all
beads) and the PS dish (blue markers) for different times of charging/
shaking, t. e) Total charges on different numbers of beads (n =10
(red), 25 (green), 50 (blue)) plotted as a function of charging/shaking
time, t. The markers correspond to experimental data, continuous
lines serve to guide the eye. Arrows indicate times, tr, when the beads
change polarity—as shown in the inset, these times decrease with n.
In both (d) and (e), the error bars are based on the standard
deviations of the bead charge distributions, averaged over five
independent experiments for each condition.
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substantially. The present study addresses this question with
the help of several modern surface characterization tech-
niques: various modalities of atomic force microscopy, AFM
(to study not only surface topographies, but also mechanical
properties of surfaces such as elastic moduli), Kelvin force
microscopy, KFM (to visualize surface potentials), as well as
X-ray photoelectron spectroscopy, XPS, and confocal Raman
spectroscopy, CRS (to monitor changes in the surface
composition).

We first consider experiments in which 1.6 mm polytetra-
fluoroethylene, PTFE, spheres (from 1 to 250) were shaken
and therefore contact-charged in 8.5 cm-diameter polystyr-
ene, PS, dishes (Figure 1 c; for experimental details, see the
Supporting Information). This system is especially convenient
to study since, as discussed below, the elemental compositions
and spectral characteristics of both polymers allow for
unambiguous assignment of the two materials. According to
the existing TES�s, contact between PTFE and PS should
always result in PTFE charging negatively and the PS,
positively (Figure 1b). This was indeed observed for short
charging times, as evidenced by the data shown in Figure 1d,e.
However, for longer times, the magnitudes of charges on both
the PTFE beads and the PS substrate started to decrease and
after a few minutes, the polarities of the charges reversed—
from there on, PTFE started charging positively and the PS
negatively (Figure 1d). While this polarity reversal was
observed for different numbers of beads used, n, the times
at which polarity reversed, tr, decreased with n (Figure 1e)—
this trend will be an important piece of evidence in our
mechanistic considerations below.

The observed reversal of charge polarity suggests that the
very nature of contacting materials changes during the course
of charging/shaking. The AFM topography plots in Figure 2a
show that the surfaces become significantly rougher. In
addition, the so-called AFM phase imaging (Figure 2b)
indicates that material properties of the surfaces also
change upon charging. However, phase images
alone are not an unequivocal evidence of
material transfer—this is so because this AFM
modality visualizes domains of either different
materials or of the same material but with
different crystallinity.[8] Therefore, it could be
argued that as the material gets rougher, it also
changes its crystallinity locally—but no material
transfer takes place. To rule this possibility out,
we analyzed the surfaces by the so-called
PeakForce Quantitative Nanomechanical Prop-
erty Mapping

�

(QNM) atomic force microsco-
py,[9] which provides quantitative elastic prop-
erty mapping of surfaces at the nanoscopic level.
The collected maps of the DMT modulus
(Young�s modulus according to the Derjaguin–
Muller–Toporov model[10]) of the polystyrene
surface before (Figure 3 a) and after charging
(Figure 3b) identify the deposited PTFE as the
darker-colored regions (corresponding to PTFE
having lower modulus and higher deformation
values than PS). Figure S1 in the Supporting
Information provides additional evidence that

submicrometer patches of PS materials are also being
transferred onto PTFE. We observe that for both PS and
PTFE surfaces, material transfer and the charge distributions
are spatially inhomogeneous, in accordance with the mosaic
model we described earlier.[4a,11] Also, the amounts of the

Figure 2. The surface roughness increases during contact charging.
Changes in the surface roughness are visualized using AFM in the a)
height and b) phase modes. The images here are for the PS surface
charged against 50 PTFE beads for 0, 10, and 60 mins. The roughness,
as determined from the images is RRMS = 5.07 nm, 17.2 nm, and
52.5 nm, respectively.

Figure 3. AFM height and AFM-Peakforce QNM DMT modulus maps determine the
identity of the transferred material. From left to right: height, DMT modulus maps, and
3D height maps with DMT modulus skin (i.e., topography from height maps, color
scale from modulus maps) for the PS dish surface a) before charging and b) after
60 min shaking/charging against 50 PTFE beads. The transferred material is clearly
identified as PTFE, since it has a lower modulus compared to PS (see also Figure S2 in
the Supporting Information for quantitative determination of polymer moduli by AFM).
The imaged area is 10 mm � 10 mm for all maps.
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materials being transferred are very small (on the order of
around 5 mgcm�2 on PS dish in 1 hour), as determined by
weighing the PTFE beads on a high precision balance before
and after the charging/shaking experiments. Finally, at least in
some images we collected (see Figure S1 in the Supporting
Information), the regions where material transfer is detected
by DMT and the regions of most pronounced changes in
surface charge (by KFM) correspond to one another suggest-
ing that the pieces of transferred polymers are charged (likely
because of the breaking of bonds, see Ref. [4]).

The presence of material transfer in the PTFE/PS system
is further corroborated by two spectroscopic techniques—
Raman confocal imaging and X-ray photoelectron spectros-
copy—which feature signals characteristic for both of the
charging polymers. Specifically, the Raman confocal maps
(Figure 4a) of charged PTFE and PS both show C-H
absorption bands around 1000 cm�1 which is only present in
the Raman spectra of PS.[12] We observe that similar to the
AFM imaging, both charged surfaces are patchy due to
material transfer (uncharged polymers show only flat maps).
Individual Raman spectra in Figure 4b indicate that these
patches are composed of different materials—patches featur-
ing the 1000 cm�1 band correspond to PS transferred onto
PTFE, and those featuring the 732 cm�1 band correspond to
PTFE transferred onto PS. Furthermore, the XPS data in
Figure 4c demonstrate a gradual increase (with the time of
charging/shaking) in the intensity of the F1 s peak (located at
691 eV and characteristic of PTFE) on the PS surface. At the
same time, XPS spectra of the PTFE beads (Figure 4d)
feature a slight increase in the C�C and C�H signals at 285 eV
(with respect to the C�F signal at 291 eV) indicating the
material transfer of PS onto PTFE. Interestingly, the rate of
material transfer—measured by the rates at which the ratio of
the F1 s and C1s peaks change—is faster for the transfer of
PTFE onto PS than for the transfer of PS onto PTFE.

Taken together, the above experiments confirm bidirec-
tional material transfer, albeit with different rates. This
transfer continues steadily for times longer than the times
of polarity reversal, tr (compare the time dependencies in
Figure 5a vs. the charging curves in Figure 1e)—this obser-
vation implies that the non-monotonous charging curves in
Figure 1d and e are not solely because of material transfer but
originate from a competition between the transfer of charge
and the transfer of material. A plausible scenario can be then
narrated as follows (Figure S3a in the Supporting Informa-
tion). Initially, for native polymers, the charge is transferred
such that PS charges positively and PTFE negatively (note:
many studies[6a, 13] suggest that electrons are being trans-
ferred). At the same time, however, PS is being covered with
pieces of PTFE, while PTFE is covered with pieces of PS—as
this material transfer continues, the identity of the surfaces
reverses. Because, as we have shown earlier, the effects of
contact charging are predominantly due to a tens-of-nano-
meter-thin surface layer (see Refs. [4] and [13]), this mutual
coating effectively translates into the dish becoming PTFE-
like, and the bead, PS-like. Thereafter, the dish charges
negatively and PTFE positively. The proposed scenario
agrees with the observed trend in the polarity reversal
times, tr versus the number of beads, n (Figure 1e). Specifi-

cally, as more beads are being shaken, they “teflonize” the PS
surface more rapidly than when fewer beads are used—
consequently, the effects of material transfer leading to
polarity reversal manifest themselves at earlier times (Fig-
ure 1e versus Figure S3b in the Supporting Information).

A question that immediately presents itself is whether
material transfer and polarity reversal are features universal
to other types of contact-charging materials. The answer
depends crucially on the ability of the surfaces to exchange
materials—one possible criterion here is the relative softness
of at least one of the contacting materials. For example, in the
PS/PTFE and the PS/PVC pairs (Figure 5a,b), PTFE and
PVC are significantly softer (DMT modulus = 0.55 GPa and

Figure 4. Spectroscopic verification of material transfer between con-
tact-charged PTFE and PS. a) Raman confocal images of PTFE beads
(left) and PS dishes (right) after t = 30 min of charging. The dark red
regions in both images, where there is no peak for PS at 1000 cm�1,
can be identified as PTFE and blue-white regions where the peak is
clearly observed, are PS. On both surfaces, micrometer-sized domains
of the other/transferred material are detected. (scale bar = 1 mm, left,
and 0.5 mm, right) b) Individual Raman spectra from the regions
numbered in (a) compare the intensity of the PS characteristic band at
1000 cm�1 at regions 1 and 2 and of the PTFE-specific band at
732 cm�1 at regions 3 and 4. c,d) XPS survey (left) and high-resolution
spectra (right) of c) PS dishes and d) PTFE beads at different shaking
times, t. Bidirectional material transfer is evidenced by a gradual
increase in the intensity of the PTFE-specific F1s signal at 691 eV on
PS and a slight increase (relative to the F1s peak) of the PS-specific
C1s signal at 285 eV on PTFE.
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1.54 GPa, respectively) as measured by AFM PeakForce
QNM, Figure S2 in the Supporting Information) than PS
(3.75 GPa). Consequently, in both cases, there is a predom-

inant material transfer from PTFE or PVC (also see
the discussion earlier in the text) onto PS—the
changing identity of the surfaces participating in CE
ultimately manifests itself in polarity reversal. A
very different situation is observed when both
contacting surfaces are hard, for example, in pairs
involving cellulose acetate (2.84 GPa), PMMA
(3.52 GPa), or PS (3.93 GPa) (see Figure 5c,d)—in
this case, there is very little material transfer from/to
either of the contacting surfaces and no polarity
reversal is observed even at very long times.

While the DMT softness/hardness criterion
works well for the majority of materials we tested,
we also found a notable exception to this rule that
reflects the multifaceted nature of the material
wear/transfer at the nanoscale. This exception is
nylon, the contact charging characteristics of which
have been, incidentally, amongst the most debated
cases in the literature on contact electrification.[14]

As shown in Figure 5e, although nylon beads are
relatively soft (DMT modulus 1.12 GPa), they
charge only up to around 50 pC (compared to
around 150–200 pC for other polymers) when
shaken in hard PS dishes (3.75 GPa). In addition,
even after 90 min, there is no noticeable material
transfer from nylon onto the PS (or, as a matter of
fact, from PS onto nylon). While this behavior
cannot be explained on the basis of the DMT
moduli, it can be rationalized by taking into account
the cohesive energy,[15] which describes the inter-
chain attractions and scales inversely with the
square of the wear rate of polymers[16] (such that it
can be linked to the material transfer rate). Impor-
tantly, for nylon, the cohesive energy is about one
order of magnitude higher than that of other
polymers we used,[16] such that ripping off pieces
of material from this surface onto other polymers is
difficult. Hence, no appreciable material transfer
takes place and no polarity reversal is observed.

The overall picture that emerges from our
experiments is that contact electrification cannot
be understood solely on the basis of charge flow.
Instead, it is the combination of charge flow and
transfer of minute amounts (around a microgram
per square centimeter) of material between the
contacting surfaces. Perhaps the chief reason why
after several centuries of research there has been no
coherent description of CE is that this phenomenon
depends not only on the electronic properties of the
contacting materials but also on their elastic[10,17]

and topographical[18] characteristics. We believe that
the most promising outcome of our study is that the
relative softness/hardness of the contacting materi-
als can at least guide intuition about the contact-
charging characteristics and possible polarity rever-
sal. Future studies on contact charging should take

into account the molecular and nanoscale mechanics and the
corresponding changes in the structure of materials. Only with
such a microscopic understanding at hand, will it be possible

Figure 5. Relating polarity reversal to material properties. The histograms in the
leftmost column have the distributions of charges on the beads at various times
of charging. Red dashed lines correspond to zero charge; each distribution is
based on the analysis of five independent experiments, each with 50 beads. The
plots in the middle column have the HIRES-XPS spectra recorded at different
times of charging. The spectra are recorded for the harder of the two polymers in
each pair and focus on the regions where characteristic peaks appear (or would be
expected to appear, had a noticeable material transfer taken place). The schemes
in the rightmost column give the DMT moduli of the contacting polymers.
a,b) The soft PTFE and PVC beads both transfer onto the harder PS, and both
change polarity during charging. We note that the times at which the characteristic
F1s peak at 691 eV in (a) and the Cl2p peak at 200 eV in (b) become clearly
discernible are commensurate with the times of polarity switch in the charge
histograms for these materials. c,d) The harder PMMA and cellulose acetate do
not transfer material onto hard PS and do not change polarity during CE. In the
XPS spectra, the C1s peaks from C=O and C-O for PMMA or cellulose acetate at
287–290 eV do not appear even after 60 min. e) Nylon is a notable exception to
the hard/soft trend other materials follow. Although being relatively soft, it does
not transfer onto harder PS and the nylon beads do not reverse polarity. For nylon,
DMT modulus does not account properly for its high cohesive energy.
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to construct a truly coherent and predictive triboelectric
series.
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