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A low pressure impactor is used to measure triboelectric charging behavior of metallic nanoparticles. Ag nanoparticles,

produced by spark discharge, were impacted onto Pt sputtered targets. The influence of the impaction angle and impaction

velocity on the triboelectric charging was investigated. While for perpendicular impaction the charge transfer behavior of

previous work was confirmed, the oblique impaction revealed new phenomena. Additional charge transfer was observable,

which increases with obliqueness. The possibility of mass transfer between particle and target due to the high-energy colli-

sions was also investigated. SEM characterization and Auger spectroscopy indicate mass transfer from the particle to the

target surface.
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1 Introduction

Collisions of nanoparticles with walls are encountered dur-
ing production and handling of powders and play an
important role in dust separation and sampling of aerosol
particles. During the particle-wall contact different phe-
nomena such as impaction, sliding or rolling may be
encountered. This can lead to deagglomeration [1–5], to
adhesion and bouncing [6–9] as well as to charge transfer
due to contact and triboelectric charging, respectively
[5, 10–12]. Triboelectric charging is employed in technical
applications such as printing toner particles [13] and, due
to the strong material dependency on the charging charac-
teristics, in powder sorting technologies [14]. While in the
field of mineral processing and polymer sorting the process
of triboelectric charging has been investigated thoroughly
with typical diameters in the range from 100 mm to several
mm [15, 16], for particle-wall collisions in the nanometer
range there are still pieces missing in understanding the
mechanisms at work.

For the charge transfer in particle-wall collisions, one of
the main parameters is the contact potential between the
two collision partners, which is given by the difference of
both work functions [17]. To simplify the situation, the par-
ticle wall contact is often approximated as a capacitor with
a characteristic time t to obtain the charge equilibrium:

t ¼ R0C (1)

where R0 is the resistance of the equivalent circuit and C is
the capacity, which in turn is proportional to the contact
area. For the system shown in Fig. 1a the charge Q trans-
ferred at a separation distance z is given by:

Q ¼ C*
0 zð Þ F T �F P

e

� �
(2)

where FP is the particles work function, FT is the work
function of the target (impaction plate) and e is the elemen-
tary charge. The capacitance C*

0 zð Þ of the particle-wall sys-
tem depends on the permittivity of vacuum e0, separation
distance z and particle diameter dp [10]:

C*
0 zð Þ ¼ 2pe0dp 1þ 1

2
log 1þ

dp

2z

� �� �
(3)

For conducting nanoparticles undergoing normal colli-
sions with a conducting wall, the amount of transferred
charge depends on the particle size and on the material
combination, but within a certain velocity range does not
depend on the impact velocity [4, 10]. Therefore, the charg-
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ing behavior is split into three regimes, insufficient rebound
(regime A), equilibrium charge (regime B) and further
charge increase (regime C). Rennecke and Weber [10]
attributed the increase in transferred charge at low velocities
to insufficient rebound due to the parabolic flow profile in
the impactor. When all particles rebound, equilibrium
charge qe is reached and remains constant over a sizeable
range of velocities. The equilibrium charge follows the ca-
pacitor model described by Eqs. (2) and (3). While charges
between particle and target surface can also be exchanged
without direct contact, this transfer ceases at a certain dis-
tance ztunnel where the probability for electron tunneling
vanishes. For even higher impact velocities, new phenom-
ena come into play, which lead to a further charge transfer
(regime C). The exact reasons for this effect are still
unknown but may be related to additional surface defects
due to plastic deformation [10].

Such additional surface states were found for
polymer surfaces from quantum mechanical cal-
culations and it was observed that these surface
defects can have a substantial influence on the
work function [18, 19]. Besides defects, the colli-
sions can also result in the exchange of material
between the colliding partners. In the size range
of nanoparticles, such a material exchange has
been demonstrated by molecular dynamics
(MD) simulations [20]. However, the influence
of oblique impaction on the charge transfer for
nanoparticle-wall collisions was not studied so
far. Therefore, the present study aims at the
broadening of experimental database to facilitate
the sound explanation of the triboelectric charg-
ing processes.

2 Experimental Setup

The experimental setup is shown in Fig. 2.
Spherical Ag aerosol particles were produced

with a spark discharge generator (SDG). In the home-built
SDG a capacitance of 50 nF was charged in parallel to two
opposing Ag electrodes. As carrier gas nitrogen (purity of
5.0, Linde) was used at a flow rate of 1 L min–1 to carry away
the metal vapor, which was released in the discharge. The
Ag agglomerates, which formed during the cooling behind
the SDG by nucleation, condensation and agglomeration,
were sintered to spherical particles in a tube furnace at
450 �C. Then, the aerosol particles achieved a Boltzmann
charge distribution by passing a soft X-ray charger (Model
3088, TSI). Before classification with a radial differential
mobility analyzer (RDMA, home-built), the excess aerosol
was discarded through a filter. The concentration of the
mobility-classified particles was monitored with a Faraday
cup electrometer (FCE, home-built). The aerosol entered
the low pressure impactor (LPI) through a critical orifice to
keep the mass flow rate constant. In the subsequent nozzle,
the aerosol was accelerated and directed towards the impac-
tion plate. According to the desired impaction angle, differ-
ent oblique impaction plates were employed. To guarantee a
smooth impaction surface the plate was sputtered with a Pt
film for all experiments. The charge of the non-impacting
or bouncing particles was measured with a FCE (home-
built). To obtain the characteristic inertial behavior of the
particles (e.g., relaxation time), a deposition curve was
determined for each system by covering the impaction plate
with a vacuum grease to avoid bouncing. For the charge
transfer measurements, no grease was applied and the
change of particle charge, which was one elementary charge
initially after classification with the DMA, was directly
monitored with the FCE. In order to achieve a smooth scan-
ning of the pressure range (typically from 5 mbar to
100 mbar), a vacuum tank was evacuated first, then the
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Figure 1. a) Normal impaction of a particle with diameter dp

and work function FP on a target with work function FT. The
particle has the impact velocity vi and the rebound velocity vr.
The system particle-plate defines a capacitance with a separa-
tion distance z (cf. Eq. (3)). b) Oblique impaction (under an an-
gle q) of a particle with total impact velocity vi,tot, which is divid-
ed into a normal component vi,n and a tangential component
vi,t.

Figure 2. Schematic diagram of the experimental setup: Nanoparticles were
produced by spark discharge generation followed by complete sintering to ob-
tain spherical Ag particles; after charging in a soft X-ray charger monomobile
particles were selected in a differential mobility analyzer (DMA), counted with
a Faraday cup electrometer (FCE) and impacted on a target in a low pressure im-
pactor (LPI). The impact velocity was varied via the pressure in the LPI and the
impaction angle was chosen by tilting the target plate. Finally, the particle
charge was measured with a second FCE. To avoid particle bouncing the impac-
tion plate was coated with a vacuum grease for the separation measurements.
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pump was stopped and the pressure in the system increased
steadily as observed with a pressure gauge. In this way, a
measurement started at low pressure, i.e., at high gas veloci-
ty, and raised according to the gas flow rate through the
critical orifice.

3 Results and Discussion

The inclination of the impaction plate affects the flow field
and the particle motion with respect to normal and tangen-
tial impact velocity. Therefore, before discussing the influ-
ence of the impact angle on the triboelectric charging, the
behavior of the chosen geometry of the oblique impactor
needs to be characterized. Then, the influence of the veloci-
ty components on the particle charging will be discussed for
metallic nanoparticles impacting on a Pt target sputtered on
a mica substrate.

3.1 Characterization of the Oblique Impaction

As already indicated in Fig. 1b in the case of oblique impac-
tion only a fraction of the total velocity, i.e., the normal
component, conducts the particles towards the wall [21]. In
Fig. 3 the deposition curves for spherical 25 nm Ag particles,
which are accelerated towards a greased mica target, are
presented as a function of the chamber pressure. The abso-
lute pressure determines the maximum gas velocity in the
jet affecting also the particle impact.

With decreasing impact angle, the pressure to obtain
50 % deposition of the particles is reduced, which means the
total particle velocity has to increase. Reducing the pressure
further leads for all angles to an improved deposition effi-
ciency, while for 60� and 45� the fraction of deposited par-
ticles drops again for even lower pressures. This effect is

supposedly due to the phenomenon that at higher impact
velocities the particles are again able to escape the greased
target surface by a combination of rolling, gliding and
bouncing. More details on the velocity calculation by
Rennecke and Weber [22] and Gensch and Weber [21] can
be found in the Supporting Information.

The lines in Fig. 3 (in corresponding colors) are fits of the
separation efficiency S, which are calculated according to
the following equation:

S ¼ 1

1þ exp
p�p50

Dp

� � (4)

With p as the impaction pressure, p50 as the pressure
50 % of particles are deposited, and Dp as the inverse sharp-
ness of separation.

For the characterization of the oblique impaction behav-
ior, the corresponding Stokes numbers Stk�50 have been cal-
culated for each inclination of the impaction plate. In con-
trast to the normal impaction, where L/D (with L as nozzle-
to-plate distance, D as nozzle diameter) ratio is clearly
defined, the corresponding effective L/D ratio for oblique
impaction was adjusted by interpolation. With increasing
L/D ratio the gas velocity is reduced by entrainment of sur-
rounding gas also slowing down the particle velocity. There-
fore, higher gas velocities are necessary to achieve the same
degree of deposition. With an increasing obliquity, also the
sharpness of cut decreases due to less severe deviation and a
more asymmetric distribution of impact velocities and
impact positions [21]. For a given Stokes number an
increase of L/D ratio leads to reduced impaction angles
because of the above-mentioned slowing of the jet velocity
by gas entrainment. However, at high values of Stokes the
particles are focused on the center line of the gas jet result-
ing in a narrower distribution of impact velocities and posi-
tions [21, 22].

In the following, the effective impact angle and the total
impact velocity were used to separate the influence of nor-
mal and tangential particle motion during impact on the
charge transfer. It will be argued that the normal velocity
component is responsible for particle compression and con-
tact time, while the tangential velocity components may
lead to particle sliding and rolling due to friction forces.

3.2 Triboelectric Charging of Nanoparticles

To investigate the contact charging, Ag nanoparticles were
impacted on a Pt sputtered mica target. For a given cham-
ber pressure, the particle impact velocity was calculated
using Eq. (S1). The results for the charging of particles
bouncing from the Pt target after a normal impact (q = 90�)
are shown in Fig. 4 for three different size classes. Although
there is some noise of the FCE signal, an initial regime of
increasing bouncing efficiency (regime A), an equilibrium
regime (regime B) and an additional increase of particle
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Figure 3. Deposition curves for 25 nm Ag nanoparticles on
greased mica target as a function of the LPI pressure for three
impaction angles: q = 90�, 60� and 45�, including the model fits
to measurements as lines in corresponding colors. Dashed verti-
cal lines are the pressure values p50 where 50 % of the particles
are deposited.
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charge at very high impact velocities
(regime C) are discernable in good corre-
spondence with former measurements
(see [10]). The onset of the last increase
of the particle charge (beginning of
regime C) is shifted to the right with
decreasing particle size. In fact, for the
smallest measured particles of 15 nm this
last increase is not observed within the
velocity range accessed in the present
setup. However, the equilibrium charges
agree well with the former results for the
system Ag nanoparticles on Pt target
[10]. This means also that the amount of
transferred charges is in agreement with
the capacitor model presented in Eqs. (2)
and (3). Using the capacitor model and
the data shown in Fig. 4 the difference
Df of the work functions of Ag and Pt is
calculated to be

Dfexp ¼ fPt � fAg » 0:3 eV (5)

(assuming ztunnel » 1 nm), which is in
reasonable agreement with values from
the literature for ultraclean surfaces [10]:

Dftheo ¼ fPt � fAg » 5:3 eV� 4:7 eV

¼ 0:6 eV

(6)

This difference should be evaluated
considering the purity of the interacting
surfaces. During the synthesis of the par-
ticles, some oxidation cannot be pre-
vented. Additionally, a possible accumu-
lation of water vapor on the target
surface should be assumed. Despite this,
the difference is reasonably close to the
theoretical value.

The reason for the last increase of the
particle charge (regime C, in Fig. 4) is
not known so far. It could be related to
the onset of plastic deformation, which
may lead to defects. Such defects have
been predicted as a consequence of plas-
tic deformation [22] but were also ob-
served under the influence of friction
[18]. Surface defects may have a substantial influence on
the work function [23, 24]. In order to uncover the effect of
a tangential velocity component, which could induce fric-
tion, 45 nm Ag nanoparticles were impacted onto a Pt target
under a nominal angle of 45� and 60�, respectively. The
results of particle charging for normal and oblique impac-
tion are compared in Fig. 5. To elucidate the effect of the
impaction angle, the total transferred charge is plotted

against the normal component of the impact velocity.
Considering only the normal component bouncing starts
for all angles at roughly the same impact velocity. However,
even in regime A for impaction at 45� the transferred charge
is significantly higher than the charge transfer for normal
impaction and oblique impaction at 60�. According to the
remarks above, this could be due to an increase of the parti-
cle work function as a result of surface defects initiated by
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Figure 4. Charging of Ag particles impacting normally (q = 90�) on a Pt target as a func-
tion of the impact velocity: The three regimes indicate: insufficient rebound (regime A),
equilibrium charge (regime B), and further charge increase (regime C). Particle sizes are
15, 25 and 45 nm and arrows indicate respective critical rebound velocity, i.e., the mini-
mum impaction velocity for rebound (obtained at the jet center line).

Figure 5. Charging of 45 nm Ag particles impacting on a Pt target as a function of the
normal impact velocity under normal (q = 90�) and oblique impaction(qnom = 45� and
60�). A: zone of approaching complete rebound; B: equilibrium charge; C: additional
charge transfer; D: continuous charge increase; E: sudden drop of particle charge. The
red arrow indicates an increase of the achieved particle charge by the additional tan-
gential velocity component for oblique impaction. The inset is showing the gas flow
profile at oblique impaction [25].
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friction. The higher tangential forces at 45� lead to an
increased amount of friction. For both impaction types, the
particle charge increased from the equilibrium level (regime
B) to higher values when increasing the impaction velocity
further (regime C). For oblique impaction, the continuous
charge increase (regime D) can probably be attributed to a
superposition of the equilibrium charge (regime B) and
additional charge transfer (regime C). It is assumed that the
tangential forces during impaction already start to generate
friction, which causes defects in the particle surface. There-
fore, the charge increases continuously with the impact
velocity.

In order to extract the influence of the tangential velocity
component more evidently, the following subtraction model
was employed: It was assumed that normal and tangential
charging mechanisms are additive and that they can be sep-
arated by simply subtracting the normally transferred equi-
librium charge from the totally transferred charge. This pro-
cedure does not take into account the lower particle charges
for normal impaction velocities below 50 m s–1 (zone A)
and the higher particle charges for normal impaction above
170 m s–1 (zone C). However, for the investigated oblique
impaction angles, these lower and upper regimes cannot be
accessed since no information about the particle charge for
normal impaction velocities below 50 m s–1 are available (no
rebound) and normal impaction velocity components did
not exceed 170 m s–1. The total particle charge reduced by
the equilibrium charge will be called tangential charge qt,
which is shown in Fig. 6 as a function of the tangential
velocity component for oblique impaction under 45� and
60�. The tangential velocity components were determined
using Eq. (S2).

For both oblique angles there is the same onset tangential
velocity for the particle charging and a significant charge
loss at high velocities. For q = 45� the attained charge levels
are higher and the onset of charge drop occurs at higher
velocities than in the case of 60�. The fact that particles can

lose charge is rather surprising. There are a few possible
explanations. Firstly, a local gas breakdown may occur lead-
ing to neutralization of the particles. However, in this
regime of surface separation the well-known Paschen curve
is not applicable anymore. Since the mean free path in the
low-pressure environment is in the range of microns and
the separation distance of particle-wall around 1 nm, there
is simply no gas available to introduce a gas breakdown.
Secondly, as indicated by MD simulations [23], material can
be exchanged between the contacting partners. According
to the condenser model this would result in carrying away
of the opposite charge with the particles or deposition of
charges due to particle fragmentation. Therefore, reduced
charge separation would take place. Such a material transfer
was indeed observed for larger particles subjected to multi-
ple perpendicular contacts [26]. To prove that this mecha-
nism is in fact at work at high tangential velocities, particles
were impacted for a long time at a constant high velocity
(constant low pressure), to magnify this effect for further
analysis.

The so treated Pt target was then introduced into a SEM
and the micrographs seen in Fig. 7 were taken. The micro-
graph a) shows an area that seems slightly darker under the
microscope. This spot is barely visible to the naked eye. The
seen rough scratches were carved onto the target to be able
to find the spot while in the SEM. The micrograph b) shows
the darker spot at a higher magnification of 5000. In addi-
tion, high-resolution SEM (HR-SEM) characterization and
Auger electron spectroscopy (AES) were performed. The
micrograph c) was taken outside of this dark spot, while the
micrograph d) was taken inside. In the micrographs c) and
d) a clear difference in the target surface in visible with a
high magnification of 182 000. Particles and particle frag-
ments can be seen in micrograph d) and with AES Ag was
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Figure 6. Acquisition of tangential charge qt of 45 nm Ag parti-
cles impacting on a Pt target as a function of the tangential ve-
locity under q = 60� (gray dots) and q = 45� (red triangles). qt was
obtained by subtracting the equilibrium charge acquired from
normal impaction from the total charge (cf. Fig. 5).

Figure 7. SEM micrographs of 120 nm Pt sputtered mica target
after bombardments for 25 min at constant velocity. a) Over-
view with a visible darker spot (dotted ellipse), b) darker spot at
a higher magnification, c) taken at a point outside the dark
spot, d) inside the dark spot.

1320 Research Article
Chemie
Ingenieur
Technik



clearly identified as the surface element, whereas Pt was not
measured on the surface in the same area. This indicates a
complete layer of Ag at least 2 nm thick, as AES is only able
to penetrate the surface up to a few nm.

Moving the observation area more to the outside of the
center point, Ag was detected even in areas without visible
surface change. This would indicate a transition area where
only fragments of particles are left behind after impaction,
which are not easily resolved even in HR-SEM. Additional
energy-dispersive X-ray spectroscopy (EDX) measurement
were conducted, which detected Ag and Pt simultaneously,
even in the center point. Since EDX penetrates the target up
to 2 microns in depth, this is to be expected. With several
spot measurements, moving through the area of interest, a
surface loading was determined. Under the assumption that
in the center the coverage is 1, which is supported by the
AES, radial Ag profiles were measured whereas in the out-
side regions the coverage dropped to 0. These results are
presented in Fig. 8.

To summarize the behavior at these very high velocities,
the following process is hypothesized: Ag particles impact
on the clean sputtered Pt surface at high velocities and
rebound, leaving fragments behind, which explain the loss
of charge. With increasing time more and more fragments
lead to an Ag-loaded surface, which then does not promote
rebound from further incoming particles. The additional
particles impact, deform and lead to the surface structure
observed in Fig. 7d. For the charge transfer measurements,
this high velocity regime is only present for a short time,
which is not long enough to change the surface and influ-
ence rebound at lower velocities. There still is the possibility
of additional mass transfer from the target surface onto the
particle material, which is very hard to quantify and consid-
ering the different yield stress of the particle and target
material this seems unlikely. It can play a more significant
role in other material combinations. Further experimental
investigations and MD simulations are necessary to

improve the understanding of material transfer during low
pressure impaction of nanoparticles.

4 Summary

The influence of the impaction angle on the charge transfer
was investigated for nanoparticles rebounding from a Pt
target. While for perpendicular impact previous results were
confirmed, the oblique impact revealed new phenomena.
For normal impaction at moderate velocities, the classical
condenser model had proven to be applicable for metal-
metal contacts leading to an equilibrium charge as a result
of the equilibration of the contact potential. However, for
oblique metal-metal contacts the transferred charge in-
creases first with velocity and then drops suddenly towards
zero, which could indicate a material transfer from the Ag
nanoparticles to the Pt plate. In fact, such a material trans-
fer was confirmed by AES measurements and SEM micro-
graphs. This means that at the contact zone, where charge
transfer takes place, material is left behind with the target
surface largely annihilating the particle charge. The outlined
experimental technique allows for an improved understand-
ing of triboelectric charging effects of nanoparticles. Never-
theless, the phenomena on the atomistic and molecular
level can only be elucidated with further molecular dynam-
ics simulations, which couple the charge transfer with the
surface modifications during impaction and rebound.
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Symbols used

C [F] capacitance
C*

0 [F] capacitance of particle-wall system
D [mm] nozzle diameter
dp [nm] particle diameter
E [–] empirical constant
e [C] elementary charge
F [–] empirical constant
G [–] empirical constant
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Figure 8. Surface loading of the 120 nm Pt sputtered mica tar-
get with Ag. Combined and normalized results of EDX measure-
ments and AES. (x,y) coordinates correspond to the position of
the spot measurement, the grayscale indicates the amount of
loading.
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H [mm] nozzle length
L [mm] distance nozzle to impaction plate
_mgas [kg s–1] gas mass flow

p [mbar] pressure
p50 [mbar] pressure at 50% deposition
Q [e] transferred charge
q [e] particle charge
qe [e] particle charge equilibrium
qt [e] tangential particle charge
R0 [W] resistance
S [–] separation efficiency
Stk [–] Stokes number
Stk50 [–] Stokes number at 50% deposition
vi [m s–1] particle impact velocity
vi,n [m s–1] normal particle impact velocity
vi,t [m s–1] tangential particle impact velocity
vi,tot [m s–1] total particle impact velocity
vi [–] dimensionless impact velocity
vmax,gas [m s–1] maximum gas velocity
vr [m s–1] particle rebound velocity
z [nm] separation distance

Greek letters

q [�] angle
Y [–] surface loading
e0 [F m–1] vacuum permittivity
t [s] characteristic time
F [eV] work function
qeff [�] effective angle
qnom [�] nominal angle
clag [–] lag factor

Sub- and Superscripts

* modified
e equilibrium
eff effective
exp experimental
p particle
T target
theo theoretical

Abbreviations

AES Auger Electron Spectroscopy
EDX Energy-dispersive X-Ray spectroscopy
FCE Faraday Cup Electrometer
LPI Low Pressure Impactor
RDMA Radial Differential Mobility Analyzer
SDG Spark Discharge Generator
SEM Scanning Electron Microscope
HR-SEM High Resolution Scanning Electron Microscope
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