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ABSTRACT: This article focuses on contact electrification
from thermodynamic equilibration of the electrochemical
potential of the electrons of two conductors upon contact.
The contact potential difference generated in bimetallic macro-
and nanosystems, the Fermi level after the contact, and the
amount and location of the charge transferred from one metal
to the other are discussed. The three geometries considered
are spheres in contact, Janus particles, and core—shell particles.
In addition, the force between the two spheres in contact with
each other is calculated and is found to be attractive. A simple
electrostatic model for calculating charge distribution and
potential profiles in both vacuum and an aqueous electrolyte

e (I)A“>C[)Ag
A= _ Electron at rest in vacuum
+ Ag 3:_ Au - A
= (O] B
o [
+ /\e
I A [
ei : e & : R N EF -\ S
~ 0 i - \ B
oA + - - = E
i - & F
- - . - =
. E AV=(0, —@, /e

solution is described. Immersion of these bimetallic systems into an electrolyte solution leads to the formation of an electric
double layer at the metal—electrolyte interface. This Fermi level equilibration and the associated charge transfer can at least partly
explain experimentally observed different electrocatalytic, catalytic, and optical properties of multimetallic nanosystems in
comparison to systems composed of pure metals. For example, the shifts in the surface plasmon resonance peaks in bimetallic
core—shell particles seem to result at least partly from contact charging.

B INTRODUCTION

Although observation of potential differences when two metals
are placed in contact dates back from the late 18th century
“electricians” and of course to the seminal work of Alessandro
Volta, the actual effects of the contact electrification are often
neglected. Although bimetallic nanoparticles have recently
received increasing attention because of their promising
electrocatalytic,' ™ catalytic,"™® and optical properties,”” it is
equally important to understand how contact electrification can
change and contribute to enhance these properties. The
interaction of nanoparticles with their environment can,
sometimes drastically, shift the Fermi level of electrons in the
nanoparticles and influence their chemical and electrochemical
properties as highlighted in a review by Scanlon et al.'’ Contact
electrification can also significantly shift the Fermi level of
electrons in bi- or multimetallic structures in comparison with
pure materials. This is important because these shifts in the
Fermi level can have a drastic effect on the properties of
multimetallic systems. For example, shifts observed in surface
plasmon resonance of core—shell nanoparticles seem to result
from contact electrification, as described vide infra.

The aim of this article is to clarify the position of the Fermi
level after contact charging, to understand how much charge is
transferred and where this charge is located, to give some idea
about how these effects influence properties of these systems,
and to illustrate what happens when these particles are
immersed in an electrolyte solution, leading to the formation

v ACS Publications  © Xxxx American Chemical Society

of an electric double layer around the particles. In addition, the
forces between two spheres in contact are described.

To understand what happens upon metal—metal contact and
how this phenomenon affects, for example, electrocatalytic,
catalytic, and optical properties of bimetallic nanosystems, we
must understand the governing principles. However, electro-
chemists use different terms than solid state and semiconductor
physicists, giving rise to additional confusion. In this article, we
describe the thermodynamics of the contact electrification from
the point of view of an electrochemist.

The history of the contact electrification until year 1900 has
been comprehensively reviewed by Hong.'' The accurate
measurement of the contact potential difference dates back to
the works of Hankel, Pellat, and Kelvin.'* Hankel studied an
apparatus based on a capacitor with two plates of different
materials, charging itself upon contact. When one plate was
grounded and the other was insulated, the potential difference
increased with an increase in the separation distance between
plates, enabling the measurement of the contact potential.
Pellat improved this method by connecting the first plate to a
potentiometer to allow compensation of the contact potential.
This so-called null method is very accurate, because even small,
uncompensated potentials resulted in measurable forces
between the capacitor plates, and this method was named
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after Kelvin. The sensitivity of the Kelvin probe was further
increased by Zisman'® using vibrating plates coupled with
headphones as the detecting instrument. The state-of-the-art
system is now the Kelvin probe force microscope, allowing the
measurement of the local contact potential difference between a
conducting atom force microscopy tip and the sample. This
technique allows the mapping of the surface topography and
local work function with high spatial resolution. For further
details, the reader is directed to the review by Lee et al."*

The triboelectric electrostatic charging by friction has also
been covered in a review by Lacks and Sankaran,'* and is out of
scope of this article focusing on the thermodynamics of the
contact electrification. In 1951, Harper'® studied contact
electrification of different metal spheres. He demonstrated
that the amount of charge transferred upon contact of two
different metal spheres showed almost a linear relationship with
the contact potential difference between the two metals. To
eliminate the effects of the triboelectric charging, the contact
was achieved by a floating sphere apparatus, and the Volta—
Helmboltz hypothesis that “the charge obtained on separating
two bodies must have been present as a double layer when they
were in contact” was corroborated.'® These results clearly show
that when the separation between two spheres is increased, the
capacitance of the system changes: first, the charge transfer
occurs to keep the Fermi levels of both spheres equal, and then
at a certain threshold value, the tunneling of electrons is no
longer possible between the two spheres, and the charge
remains constant.'® Because the capacitance of the system
varies as a function of the separation, the electrostatic
interactions between the two equal spheres redistribute the
surface charge, so that they can effectively be considered as
large dipoles.'” These large dipoles attract each other unless
they have exactly the same charge (in this case they repel each
other)."”

This article focuses on the contact electrification from
thermodynamic equilibration of the electrochemical potential
of the electrons of two conductors upon contact. We have
recently proposed that the contact electrification in bimetallic
segregated systems can be quantitatively understood by simply
considering the system as a nanocapacitor, where a thin vacaum
layer separates the two metals. The potential difference
between the two metals is directly given by the work function
difference, and the amount of transferred charge can be
calculated simply from electrostatics.”® Comparison between
numerical simulations of the electrostatics and more
comprehensive density functional theory (DFT) calculations
showed that the continuum calculations can satisfactorily
describe the general charge transfer behavior, but DFT
calculations are required to accurately describe the atomic
scale charge transfer at the metal—vacuum interface and to
resolve the finer details of transferred charge at the metal—
metal interface."”

B ELECTROSTATICS OF CONDUCTORS WITH
DIFFERENT WORK FUNCTIONS

Fermi Level Equilibration of Metallic Spheres.
According to its IUPAC definition,'*™>* the electrochemical
potential /7 - in a conducting phase is the work of bringing one

electron from a reference point in vacuum (out of the range of
the charge of the phase) to the bulk phase; herein, we consider
chemical potentials per particle, not molar values. The
electrochemical convention assigns the zero energy to an

electron at rest in a field-free vacaum. Then, the electronic
energies in a metal have negative values. The work to bring this
electron from the reference point to just outside of the metal is
—eay.”® The work function ® = —ey — fi - is the difference in
the energies of the electron just outside of the metal (—ey) and
inside of the metal (ji,-). The ionization energy (IE) is defined

as the work to remove one electron from a particle. When the
state of charge is not significantly affected by the removal of an
electron, the IE can be approximated by

[E=—-g-=®+ ey (1)

The electrostatic term ey indicates that it is more difficult to
extract electrons from a particle that is positively charged. The
basic concepts are further reviewed in the Supporting
Information.

Electrons tend to flow in the direction that decreases the
gradient of their electrochemical potential until it vanishes. This

process is known as Fermi level equilibration. In the case of two

conductors A and B, the equilibrium condition is /Zeé = /13.20

This equilibrium is achieved through charge redistribution, and
hence it involves the electrostatic energy of the electrons. Thus,
the equilibrated Fermi level should be understood as the
electrochemical potential of the electrons, E; = ﬂe_;u’“ this is
also the highest occupied energy level at 0 K provided that
these levels include the electrostatic potential energy.

When two conductors of different metals A and B carry
charges ¢* and gP, their energy is

W= 2 0t + gP0®) + S(g"t + g%

e 2 2)

In the capacitance matrix formalism, the charges on the
conductors are expressed in terms of their (outer) electrostatic
potentials and the self- and mutual capacitances as'’
‘1A Caa G (¥

qB Cas Cop )| y® 3)

At constant total charge qr = ¢* + ¢® and fixed spatial
configuration of the conductors, the equilibrium condition

(ow/ an)qT'CU = 0 with respect to the exchange of charge is

achieved when the Volta potential difference is
My, = (W =yt = —(0F — @) /e = —MD/e
4)

From eq 1, this is equivalent to the Fermi level equilibration
/Z:} = ﬂe%. Thus, the outer potentials of two conductors in

equilibrium differ in a quantity proportional to the difference in
their work functions. If the conductors were initially uncharged,
electrons would flow from the conductor with the lowest work
function to the other conductor until their Fermi levels
equalize.”

The total charge gy determines the average potential y,, =
e + cgy® = q1/Cr of the conductors, where Cp = Cyy +
2C,5 + Cpp and ¢y = (Cqp + Cap)/Cr = 1 — cz. When the
conductors have opposite charges ¢° = —g" = g, the average
potential vanishes and their potential difference is given by q =
CABy, where

CaaCop — (CAB)Z
Caa + 2G5 + Cyp (5)

C=
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Figure 1. (a) Potential distribution along the symmetry axis through the contact point of two spheres of Ag and Au. The inner or Galvani potential
of a phase is the sum of the surface potential and the outer potential, ¢ = ¥ + . The surface potential y*¢ is not necessarily equal to y*". (b) Work
functions of the metals (A = Ag, B = Au) and illustration of the Fermi level equilibration by electron flow upon contact. (c) Potential distribution for
a small gold sphere and a large silver sphere. (d) Equilibration of Fermi levels upon contact corresponding to panel c.

is known as the system capacitance.”’25 In general, the Volta
potential difference is given by CARw = c,q® — czq”, so that the
condition y* = y® is equivalent to c,q® = chA.17 The latter
general expression for ARy is equivalent to ¢* = c,qr — CARy
and ¢° = qr — ¢" With these expressions, the system energy
can also be represented as

(2,
20,

1 1
W= CAﬁw(;Aicb + EAﬁy/) +

+ q—T(cA(DA + cg®°)
e

(6)
At fixed (gr,C;), the minimum energy
1 B 2 (qT)Z qT A B
W, =—=C(Agp ) + —— + —(c,@" + @)
e« 2 e 2Cy e
7)

corresponds to the equilibrium Volta potential difference
Agy/eq, 2see eq 4% An %xtzernal wortk W — W = .C(Agy/ -
ARWeg)?/2 = (qeq — q°)*/2C must be done to displace the
system from equilibrium by transferring charge between the
conductors.

If the conductors are two spheres of radii r, (i = A, B), center-
to-center distance r, + rg + s, and small separation s, the series
expansions (up to order s) of the elements of the capacitance
matrix are'

Caals) = ColA(s) = yp(p)] (8)
Cra(s) = ColA(s) — wp(xa)] )
Cap(s) = =Co[A(s) + 7] (10)

where %, = 1./(ry + 1), Co = 4dnegrarg/(ra + 1), 24(s) =
In{2ryrg/[(ra + 15)s]}, and wy(z) = d In T'(z)/dz is the
digamma function (defined as the logarithmic derivative of the
gamma function, and not to be confused with the Volta

potential ), and ¥ = —y(1) = 0.5772 is the Euler constant.
Thus, the system capacitance, eq S, is

}’2 - %(xA)%(xB)

€)= Co ) + vy + wy(xp) + 27

(s> 0)

(11)
and the outer potentials of the charged spheres are y® = ARy +

y* and

yr =y - Cap + Cpp Ay
Cap + 2G5 + Cyp
W) +7
=y, : AV

B Wy (%) + yp(xg) + 2y (12)

The charges on the conductors can be calculated from these
outer potentials. Such calculation requires eqs 3 and 8—11 as
the system capacitance depends strongly on the separation of
the spheres when they are brought close to each other. It would
be wrong to consider that the spheres have the same
capacitance when isolated in vacuum.

Consider two uncharged (g = 0 and y,, = 0) large spheres
of silver (®* = 4.30 eV) and gold (®* = 5.30 eV).”* Upon
contact, the electrons flow from silver to gold to generate a
Volta potential difference y*8 — y** = 1.00 V and equalize the
Fermi levels. From eq 12, if the spheres have equal radii, x, = x3
= 1/2, then y*8 = —y = —Aﬁgy//Z = 0.50 V and the Fermi
level of the spheres in contact is the average of the two Fermi
levels, that is, 4.80 eV. Figure la illustrates schematically the
potential distribution. After equilibration, the electrochemical
potential of the electrons is the same in the two spheres (Figure
1b). This indicates that the work to remove one electron (from
the interior to infinity) has to be the same for both spheres.
Although the surface charge distribution is not uniform on the
spheres, the outer potential of each sphere is constant, and
hence the energy required to extract the electron from the
interior through any surface point is the same for all surface

DOI: 10.1021/acs.langmuir.6b01282
Langmuir XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.langmuir.6b01282

Langmuir

points. Similarly, if we consider a charged cube of a conducting
material in vacuum, the excess surface charge is distributed to
have a constant potential around the cube with most of it
located at the corners of the cube.”**” The system has to be in
thermodynamic equilibrium, so the work to remove one
electron through a corner is the same as the work to remove it
through the middle of the side.”*’

If the radius of the silver sphere is, say, 1000 times larger
(Figure 1c), then x4 = 1 — x5 &~ 1 and eq 12 predicts "8 ~ 0,
that is, the Fermi level of the equilibrated system is close to that
of uncharged, pure silver (Figure 1d). Although the absolute
charges on both spheres are the same, the small gold sphere
acquires a high (negative) surface charge density so that y** ~
—1.00 V and its Fermi level increases by 1.00 eV, whereas the
larger silver sphere has a negligible surface charge density and
w*¢ ~ 0. If we separate the spheres, we have a charged gold
sphere and a negligibly charged silver sphere. The gold sphere
is electron rich and this may have interesting applications, for
example, in plasmonics.”*~** On the contrary, if the gold sphere
is much larger than the silver sphere, then the equilibrated
Fermi level is that of uncharged gold and the silver is positively
charged. The variation in the potentials of the spheres with
their relative size is presented in Figure 2 for the case g = 0
and y,, = 0.
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Figure 2. y*/(y* — y#) as a function of ry/(r, + ry) showing that
when r, < rp, the potential difference is practically equal to that
between the smaller one and vacuum, while the bigger one has
practically zero potential, as described schematically in Figure 1d.

The total magnitude of the transferred charge depends on
the size of the contact interface. For example, a total charge
transfer of 4 X 10° electrons (0.6 pC) is observed between a 5/
32 in. diameter chromium sphere and a 1/2 in. diameter gold
sphere,'® whereas DFT calculations done with 591 different
atom Au—Ag particles show total charge transfer of 5—17
electrons, depending on the arrangement of the atoms.'® These
examples show that the relative amount of the transferred
electrons can be very high in nanoscale systems, whereas less
significant effects are observed in the macroscopic systems.

Force between the Metallic Spheres. The rate of
variation in the system energy, eq 6, with the separation s of
the spheres provides the force between them. Equations 8—10
imply that c,, ¢z, and Cr are independent of s, and that the
system capacitance decreases with increasing s

dC _ dC,, dCy  dGy G

ds ds ds ds 2s (13)

When the conductors are separated without charge transfer, the
quantity CARy = c,q" — czq" remains constant, but C varies
with s as does ARy, unless ARy = 0. Thus, from eq 6, the force
between the two spheres under this constraint is

A,
Fa s= _(a_W) = _CAin AW d_C
qA qB 2 oC B ds
! Ay

(14)

Similarly, the force between the conductors when they are
separated at a constant potential difference (by allowing charge
transfer between the conductors by electron tunneling) is

ow ac 3 (1 B 1.3 )CO

E p,=—|— o Ay AR+ Ay |0

qT,AAy/ (z)C) K dS Al// e ‘A 2 Aw 2s
A BAY

(15)

If two spheres of different materials are separated after
equilibration of their Fermi levels, the force between them
depends on the constraint imposed during the separation. At
constant charge, the Volta potential difference increases with
increasing separation from its initial value, |ARyd > |A§l//eq|, and
hence the force is more attractive than at the constant potential
difference
)2& =k x

2s Gp1BaVeq

(16)
The Volta potential difference during and after contact of two

spheres of the same material is A}y = 0, and hence eq 14
predicts that the force F s ;» vanishes. However, this conclusion

2&o < —l(Aﬁy/

1 B
Fas=——(A
2( W, y 5 Ly

DeqTeq

is based on approximate expressions for c,, ¢z, and Cr, which
makes them independent of the separation s. When higher
order terms are included in the series expansions of the
elements of the capacitance matrix, then Fa s turns out to be

repulsive.'”

If the spheres are close enough to equilibrate the Fermi levels
(ie, electron tunneling is possible), the potential difference
Allil/leq = —AR®/e is constant. However, if the electron
tunneling is not possible, the charge is then constant. So if
we have ideal spheres of two different metals without any
surface roughness, this result indicates that when they are in
contact, the Fermi levels equilibrate and the force between
them is attractive. If the spheres are separated, there is some
transferred charge that tries to keep the potential difference
constant, that is, to maintain the condition ﬂeé = /13. When
the cutoft distance of the electron tunneling is reached, the
charge remains constant and the attractive force is then given
by eq 12 with ARy varying with s. If g = 0, because the
conductors have opposite charges q° = —g* = CARJy, then eqs
11 and 14 allow to write the attractive force between the
conductors when separated at constant charge as

CO B 2
Fap=——(A
q°,q 45( Al//)

O PP Gt GG N

4Cys wp(xa) + yp(xg) + 27 (17)

B CHARGING OF BIMETALLIC JANUS PARTICLES

Fermi Level Equilibrium. Consider two uncharged metals
A and B in vacuum, each made of two half-spheres linked by a
wire of the same metal (Figure 3a). Because no electric field
exists outside of the metals, two positions A2 and B2 just
outside of the metals have the same potential y** = y"2. The
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Figure 3. (a) Two uncharged metals with different work functions in
vacuum. (b) Contact electrification equilibrates their Fermi levels. The
signs + and — correspond to ®° > @,

metals are then brought in contact through the lower
hemispheres and reach the distribution equilibrium condition

ﬂe“} = ﬂe]i. The charge redistribution that leads to the

equilibration of the Fermi levels affects the outer potentials of
the charged phases but not their work functions. Two positions
A4 and B4 just outside of the metals (Figure 3b) have a
potential difference given by eq 6, Y — y* = y® — YA As the
Galvani potential ¢ = y + y is constant within a phase at
equilibrium (see the Supporting Information), the Volta
potential difference equals the sum of the potential drops
between positions B4 and B3, the potential drop across the
plane of contact of the lower hemispheres, and the potential
drop between positions A3 and A4. The surface potential y at a
metal—vacuum interface is not affected by the charge on the
metal,*! and therefore the potential drops between positions B3
and B4 and between positions A3 and A4 are y® and y4
respectively. Then, the Galvani potential difference between A
and B is

(¢B - ¢A)contact = (,L{e]i - ﬂeé)/e
=" ="+ (0" - 2Y)/e (18)

Across a few atomic layers at the plane of contact of the lower
hemispheres, a surface density of dipoles oy, creates this
difference of inner potentials (¢® — ™) ontace

A common belief about metal—metal contacts is that all the
charges transferring from A to B are located at the contact itself,
as interfacial dipoles that form polarized covalent bonds
between the interfacial atoms. This, however, is not completely
true as some charges spread all over the outer surfaces of the
metal to induce the electric potential in the metal, and this
charge distribution is dictated by the capacitance of the whole
system. For example, the simple electrostatic model predicts
that ca. 10% of the transferred charge is actually located on the
outer surfaces of a 12.6 A radius Janus particle (vide infra), but
this ratio is expected to depend strongly on the geometry of the
system.

The total capacitance of the system shown in Figure 3b can
be considered as the sum of the capacitance of the upper and
lower hemispheres (as the system is equivalent to two
capacitors in parallel). This simple electrostatic model for the
contact electrification of Janus particles has been justified by
comparison with DFT calculations.'® The electrons in both
phases have the same electrochemical potential. This means
that the difference in real potential of electrons in different
metals is compensated by a Volta potential difference between
the metals. If we describe the metal—metal contact as a planar
capacitor and the surface density of dipoles as oy, = 0.d,, then

(¢B - ¢A)contact = Qc/cc = chc/go (19)

where the subscript ¢ stands for contact and &, is the vacuum
permittivity. Similarly, if we consider that the upper hemi-
spheric pieces form a pseudoplanar capacitor and neglect the
edge effect, we have

y™ -y =yP -yt =ad/g, (20)

where d is the gap of the capacitor and ¢ the surface charge
density on the two opposing metal faces. If we assume that the
difference in surface potential is very small, eqs 18—20 imply
that 6.d. = od, which means that most of the transferred charge
is at the contact plane because d. < d. That is, the surface
charge density at the place of contact is much higher than that
in the separated hemispheres because the distance between the
plates is much smaller. In addition, a small amount of charge
resides on the outer surfaces of the metal, as each metal has
uniform potential.

In an ideal Ag—Au Janus sphere formed by contact of two
equal size hemispheres, the electrons flow from silver to gold to
equalize the Fermi levels because ®*¢ = 4.30 eV and ®*" = 5.30
eV.”* By symmetry, the Fermi level of this ideal Janus sphere is
the average of the Fermi levels of the two metals before contact,
that is, 4.80 eV. The Volta potential difference y*¢ — y*" = 1.00
V is given by eq 4, that is, by the common IE, IE = ®"8 + ey"8 =
@™ + ey Figure 4 illustrates schematically the potential
distribution on the symmetry axis.

. 000000
b - -
I//Ag=0.5V ¢Ag
r 0 r
¢
A e Vo WAy =-05V
Potential

Figure 4. Potential distribution along the equatorial axis for a Ag—Au
Janus sphere. "8 is not necessarily equal to y*".

Let us consider now what happens with the Fermi level when
the surface fraction of the metals changes (Figure S). This
problem was rigorously studied by Langmuir, who considered
the effect of surface coverage of Cs on tungsten on the work
function.®” Alkali metal atoms adsorbed on various other metals
show relatively similar trends: a rapid decrease in the work
function with the increasing alkali metal coverage followed by a
broad minimum. As the coverage approaches unity, the work
function increases again and levels off at the work function of
the alkali metal.>® This behavior can be explained by the fact
that at low coverages alkali metal atoms are present as single
ions leading to the formation of strong dipoles, whereas on
increasing the surface coverage this polarization decreases
because of the stronger interaction between dipoles and the
formation of covalent bonds between adsorbates. In effect, the
coordination number of atoms increases, and finally the surface
layer starts to resemble the bulk materials.”® Interestingly, these
mixtures produce materials with lower work functions than
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Figure S. The variation in the surface fraction of silver in Ag—Au Janus particles.
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Figure 6. (a—e) The potential distributions, shown in 2D axial symmetry, of spherical Ag—Au Janus particles with different surface fractions of Ag
(see Figure S; note that a surface fraction x* = 5% corresponds to a volume fraction (3 — 2x8)(x8)* = 0.725%). The silver cap has a positive
charge. (f) Surface charge density as a function of the arc length as shown in (c). The red stars mark the position of the shoulder in (d) and (e).

both bulk materials. Recently, the additional effect of the orbital
overlap between both metals has also been highlighted.**
However, for fully coordinated surfaces, the formation of such
dipoles is suppressed.”” In this case, we have recently shown
that the Fermi level of the silver—gold system is directly
dependent on the surface area ratio between the two metals,
whereas there was no influence on the Fermi level by the
volume or molar ratio of the two elements.'® This relation is
expected to hold also for other systems where metals at the
surface are bound by metal—-metal bonds and segregated into
large enough clusters.

In fact, the Fermi level E; of these systems can be
approximated by

Ef T8 = o MER 4 xSEQE

1)

where & = 1 — &% is the surface area fraction of Au. This
relationship in the case of polycrystalline surfaces is considered
to determine the average work function of the surface as the
weighted average of the work functions of the individual
crystallites known as “patches”.’>*® In the case of planar,
cylindrical, and spherical surfaces, the average work function is
the surface area-weighted average of the work functions of the
individual patches.”>*® For more complex geometries, the
electrostatic interactions between oppositely charged patches
have to be considered more carefully as described, for example,
by Sahni et al.** and Baldereschi et al.,”* and also in this work
for two spheres. Similar considerations apply to the surfaces
covered with patches of different metals, but in this case the
Fermi level differences between the two metals can be much
higher, of the order of electronvolts, leading to higher surface
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charge densities and stronger electric fields than in the case of
surfaces of a single metal. Recently, this relationship has been
illustrated for different bimetallic Ag—Au nanoparticles
containing 591 atoms on Au—Ag surfaces and on Au
nanoislands on the Ag surface."”

The case described is very similar to the formation of alloys,
where two components are homogeneously mixed. The work
function and the Fermi level of alloys have been considered
both theoretically and experimentally. Computational methods
and theoretical correlations based on image force, dipole layer,
surface mixture, and dual phase mixture approaches have been
proposed.”” In the case of contact electrification, the situation is
much simpler than with alloys, because only one surface layer is
affected, whereas in alloys the components can be completely
mixed. Alloying changes the Fermi level in two ways: by contact
electrification, as described above, and by changing the lattice
structure of the metal, directly affecting the chemical potential
of electrons in the alloy. If the lattice structure does not change
significantly, the Fermi level of alloys can also be estimated with
eq 21.

Contact Charging in Vacuum. The evaluation of the
amount of transferred charge is a complicated issue, as it
strongly depends on the geometry of the contact interface. To
illustrate this, charge distribution upon contact charging was
investigated with the capacitance model.'"® The Laplace
equation V?¢p = 0 for the electrostatic potential in vacuum
was solved in 2D axis symmetry, both analytically and
numerically using COMSOL Multiphysics, to illustrate the
potential distribution because of the contact electrification of
Ag—Au Janus particles (radius 12.6 A) with different
compositions (see the Supporting Information for details). In
particular, the surface fraction of Ag was varied from 5 to 95%
(Figure S). All computations were performed using a
MacIntosh computer with 4 Intel Xeon(R) 5150 processors
operating at 2.66 GHz and using the Windows 7 operating
system; the runtimes were up to 1 min.

We have recently shown that the metals in contact can be
considered as two electrodes of a capacitor separated by the
tiny gap.'® The separation between the two metals was chosen
as 0.353 A so that the charge transferred matched the value
obtained by DFT calculations.'® The results are shown in
Figure 6 with streamlines for the electric field. In this case, the
potential difference between the spherical caps is equal to the
difference in the Fermi levels of the pure metal nanoparticles
(0.86 V as calculated for icosahedral nanoparticles of $91
atoms).'®

The simulations show that ca. 10% of the transferred charge
is on the outside, whereas 90% is retained at the contact
interface. The surface charge density is shown in Figure 6f. The
electric field is the strongest in the gap and vanishes almost
completely five particle radii away from the sphere. Although
these calculations are simplifications of the geometry of the
system, they allow understanding the magnitude of the surface
charge density. The small bumps on the surface charge of silver
and a higher peak for the gold in Figure Ge are located at the
three-phase boundary between silver, gold, and the surrounding
medium at the outer surface. This is because the boundary
between the surface of the sphere and the gold cap has a
sharper edge. Simulations done with surface fractions of 33, 25,
10, and 5% of Ag show the same behavior, but with inversed
charge density profiles (Ag showing the peak), as expected by

symmetry.

Potential Distribution around Bimetallic Janus Nano-
particles in Electrolyte Solution. When a material bearing a
surface charge is placed into an electrolyte solution, an jonic
double layer forms around the material, effectively screening
the surface charge. Because we want to understand what
happens when contact charging takes place in aqueous
electrolyte solutions, a brief overview of the electric double
layer, the Poisson—Boltzmann model, and their modifications is
given in this section. The electric double layer forms on all
charged interfaces in contact with electrolyte solutions. The
charge confined on the surface affects the solvent molecules and
the ions in the electrolyte solution. The generally accepted
model of the electric double layer contains inner and outer
Helmholtz layers and a diffuse double layer. The outer
Helmholtz layer is the closest approach of solvated ions to
the surface, whereas the inner Helmholtz layer consists of
mostly organized solvent dipoles and may also contain some
specifically adsorbed ions that have lost their solvation shell.
Sometimes the inner and outer Helmholtz planes are together
called as a Stern layer.”

In a binary symmetric electrolyte (z, = lz_| = z), the
Poisson—Boltzmann equation is

ee, Vi = 22Fc” sinh(ﬂ)
RT (22)
where ¢ = ¢ = ® is the molar concentration of the ionic
species at the bulk of the solution (where ¢ = 0). As it is well
known from the Gouy—Chapman description of the electric
double layer, a limitation of this model is that the ions are
considered as point charges, resulting in abnormally high
surface concentrations of ions at high polarizations. One
solution proposed by Cervera and co-workers takes into
account the steric effects in the Boltzmann distribution,®*™*
leading to the modified Boltzmann distribution as follows:

b zF
G exp(— RT)
(e
1 + 2v; sinkf (ZRT) (23)

where v; is a packing parameter expressed as v; = 2N, >, Ny is
Avogadro’s constant, and g; is the diameter of the solvated ion i.
Similar expressions were proposed in the 1940s and 1950s by
Bikerman, Grimley, and Mott, Eigen and Wicke, Freise, and
Brodowsky and Strehlow as reviewed in refs 39 and 42. The
modified Poisson—Boltzmann equation then becomes

b (2
2zFc s1nh( RT)

i

ee, Vi =

1+ 2y, sinhz(ﬂ>

2RT (24)

This modification ensures that the surface ionic concentrations
reach a saturation point at the steric limit with increasing
surface polarization, whereas the unmodified Poisson—
Boltzmann equations predict continuous increase in concen-
trations. Although eq 24 flattens out any oscillations in the
charge density distribution because of finite-size effects,** these
oscillations are not expected to be important at the charge
densities owing to the contact electrification.

The Stern modification of the Gouy—Chapman model adds
the inner and outer Helmholtz planes into the system.”’
Because there are no ions within the Stern layer (if the specific
ion adsorption is not considered), the electrostatic potential
satisfies the Laplace equation V¢ = 0. This equation is also
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valid in any phase where there are no ions and dipoles, and
hence there is no formation of the electric double layer.

To evaluate the effect of the electrolyte on the potential
distribution around a bimetallic particle, simulations were done
in 10 mM KCI using the modified Poisson—Boltzmann
equation 24 with a Stern layer of thickness of 3.3 A (roughly
the radius of a hydrated K* or CI~ ion™). For simplicity, the
relative permittivity in this Stern layer was considered as the
bulk value of water, €, = 78. More accurate simulations could be
obtained by using the Booth model to account for the electric
field-dependent permittivity of water in the Stern layer.**™*°
The potential profiles obtained by solving the modified
Poisson—Boltzmann equation are very similar to those in
vacuum (Figure 6), so only the potential profile of the 50%
Ag—Au Janus particle is shown in Figure 7a. About half of the
potential drop occurs in the Stern layer, and the electric field
almost completely disappears beyond the Debye length
(calculated as 33 A for 10 mM KCI). Figure 7b shows the
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Figure 7. (a) The potential distributions around a spherical Ag—Au
Janus particle of 12.6 A radius immersed in a 10 mM KCI aqueous
solution (&, = 78), shown in 2D axial symmetry. A Stern layer of 3.3 A
has been considered. The potentials in the diffuse double layer vary
from 0.23 to —0.23 V. (b) Concentration profiles of cations and anions
in the electric double layer along the z axis for different Ag surface
fractions. (c) Potential profiles along the z axis for different Ag surface
fractions. The dashed lines indicate the thickness of the Stern layer on
the Ag surface.

concentration profiles of cations (solid line) and anions
(dashed line) along the z axis. The cases with 7S, 66, and
50% surface fractions of Ag are almost indistinguishable from
each other on the Au side, whereas stronger variation is
observed on the Ag side because of lower potentials. This is
emphasized in Figure 7c, where potential of Au decreases with
increasing Ag surface fraction. The potential profiles are
inversed for smaller Ag fractions, as expected by symmetry.

B FERMI LEVEL EQUILIBRATION IN CORE—SHELL
PARTICLES

Let us consider a gold sphere coated with a silver layer (Figure
8) with no net charge and hence zero outer potential. The

Figure 8. Au@Ag core—shell nanoparticle.

Fermi level of the silver shell is the same as that of a pure,
uncharged silver particle. If we move a test charge from vacuum
into the shell of Ag, we have to overcome the surface potential
¢ between the Ag—vacuum interface and also consider the

interactions between electrons and atoms in the Ag phase, ﬂ:}g,

giving the total work ﬂ:}g = ﬂ:}g — ¢y (note that there is no
outer surface charge and y*¢ = 0). The work function of the
core—shell particle is the same as for the pure outer metal,
[EA@A8 — —/J:}g + ey = @7, except for the strain induced
by the mismatch of the lattice constants of the two metals,
affecting the real potential of electrons in the outer metal. The
charge distribution at the interface between the two metals,
which results from the electron flow (and bond polarization)
from Ag to Au, makes the Fermi level of the Au core to be the
same as that of the Au shell. The Galvani potential difference
ARep = P — @™ is created by the charge distribution at this
interface. To evaluate the electrochemical potential of the
electrons in the Au core, the test charge has to be moved
through the Ag—Au interface, resulting in
AR = A = A = g™ — ey,

The surface density of dipoles that generates the Galvani
potential difference can be estimated as
6£;@Ag Jeg = ™ — 9™ = (@2 — i2%)/e. If the magnitude
of this Galvani potential difference is estimated roughly as the
work function difference of pure metals, the surface dipole
density will be G‘Qi‘}‘)@Ag = 88 X 107> C/m. The charge
separation in metals occurs over a distance of the order of the
Thomas—Fermi length (rrz ~ 0.05 nm), and therefore this
charge density of dipoles corresponds to 643®"%/rr = 0.17 C/
m ~ 1 ¢/A* showing that the charge at the interfacial dipole
depends on the radius of the core (as the surface area of the
interface depends on the radius) but not on the thickness of the
shell. Of course, there are additional factors like the surface
stress that also influence the Fermi level of electrons in the
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core—shell particles, but the general principles described here
apply.

Core—shell particles are known to have markedly different
optical properties than the pure metal nanoparticles, and the
experimental spectra can be reasonably reproduced theoret-
ically by using Mie theory for multilayer concentric spheres.*”**
The general observation is that when the size of the shell grows,
the plasmon resonance of the core is quickly masked by the
response from the shell and only at certain shell thicknesses the
two plasmon resonances are present.” Although it is well
known that charging of the nanoparticle can have a significant
effect on the plasmon resonance,””***° the effect of contact
charging is not easily observable because of the domination of
the outer shell. The removal of electrons from a metal
nanoparticle results in a slight red shift in the surface plasmon
peak to higher wavelengths.*”>® It has been observed
experimentally that the surface plasmon peak of the gold core
in the Au@Ag particle is blue shifted with increasing Ag shell
thicknesses until the two resonances merge into a single peak
close to the resonance wavelength of a solid particle of Ag.
Correspondingly, the resonance of the Ag shell is shifted
slightly red.*””'=>* A similar behavior is observed for Ag@Au
core—shell particles. We believe that these observed shifts in
the resonance spectra are at least partially because of contact
charging. A similar approach has been proposed earlier by
Nayak and Ghosh,>* who considered the diffuse electron
density profile at the boundary between the two metals instead
of a sharp boundary assumed by the Mie theory. The
experimentally observed blue shift of the Au core in Au@Ag
nanorods is markedly more clear,*”*>*® most likely because of
the increased contact area between the different metals,
increasing the number of transferred electrons."®

In Au@Ag particles, the Fermi level of the Au core is the
same as the Fermi level of the Ag shell. The question is, how
does the number of electrons transferred to the gold vary with
the thickness of the shell layer or the radius of the core? The
previous treatment would suggest that even a monolayer of
silver on gold would make the Fermi level of gold to align with
the Fermi level of bulk silver, and hence the work function of a
metal is not so sensitive to the three-dimensional structure of
the solid.”” Of course, the silver layer has to be thick enough so
that it behaves as bulk silver, but it seems that only a few
monolayers are enough to recover the bulk work function.””
For example, recent computational studies have shown that a
subsurface layer of a metal M inserted into a Pd particle can
significantly change the work function of the Pd(shell)/
M(monolayer)/Pd(core) particle, but the work function of
bulk Pd is recovered by increasing the thickness of the outer Pd
shell.*® In addition, the deformation of the metal structures
owing to the mismatch of unit cell parameters between two
different metals induces surface stress.”””*” This changes the
chemical potential of electrons in the surface layers,”” but if
the layers are thick enough, the deviation from bulk values are
small.

B CONCLUSIONS

Fermi level equilibration takes place upon contact of two
different electric conductors (either metals or semiconductors)
through electron transfer from the material with the lower work
function to the other material. Most, but not all, of this
transferred charge is retained at the interface as an interfacial
dipole. However, the charge at the outer surfaces induces a
potential on both metals, where the potential difference is equal

to the work function difference in the two materials. The
position of the Fermi level (and the distribution of this
electrostatic potential) is strongly dependent on the surface
coverage of different metals and metal facets on the structure
(for spheres and surfaces this dependency is linear). Basically,
the Fermi level of the structure is the weighted average work
function of all the surfaces. In addition, the amount of the
transferred charge depends strongly on the geometry of the
system. Shifts in the Fermi level can have a drastic effect on, for
example, electrocatalytic, catalytic, and optical properties of
multimetallic systems; for example, shifts observed in surface
plasmon resonance of core—shell nanoparticles seem to result
from contact electrification. Understanding and taking advant-
age of the contact electrification on the material design is
expected to lead to improved performance of, for example,
bifunctional electrocatalysts.

In the case of two spheres of different metals, the position of
the Fermi level cannot be expressed simply as the surface area-
weighted average of the Fermi levels of pure metals but instead
the electrostatics of the system have to be considered more
carefully. Electrostatic calculations of the force between the two
spheres show that the spheres will attract each other. If the
separation is less than the distance of electron tunneling, the
potential difference between the spheres is constant, whereas
the charge depends on the separation distance. Outside of this
cutoff distance, the charge remains constant, whereas the
potential difference changes.

When a bimetallic particle is placed into an electrolyte
solution, an electric double layer forms around it. The behavior
of this double layer around Ag—Au Janus particles of different
compositions was studied by numerically solving the modified
Poisson—Boltzmann equations using finite element simulations.
The results show that the electric field induced by the contact
electrification disappears beyond the Debye length.
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