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Abstract: The study of energy and charge transfer during
chemical reactions on metals is of great importance for
understanding the phenomena involved in heterogeneous
catalysis. Despite extensive studies, very little is known about
the nature of hot electrons generated at solid—liquid interfaces.
Herein, we report remarkable results showing the detection of
hot electrons as a chemicurrent generated at the solid-liquid
interface during decomposition of hydrogen peroxide (H,0,)
catalyzed on Schottky nanodiodes. The chemicurrent reflects
the activity of the catalytic reaction and the state of the catalyst
in real time. We show that the chemicurrent yield can reach
values up to 107" electrons/O, molecule, which is notably
higher than that for solid-gas reactions on similar nanodiodes.

-rransfer of energetic (hot) charge carriers through a metal-
semiconductor (MS) interface plays an important role in
many chemical processes.!'! For example, separation of photo-
excited electrons and holes at the metal-semiconductor
interface can be used to promote various photochemical
reactions.'®? Apart from that, the transfer of hot charge
carriers may happen through non-adiabatic processes when
exothermic reactions take place on the surface of a metal-
semiconductor diode.”! In this case, the movement of charges
is a result of direct excitation of electron-hole pairs by the
excess chemical energy (AE) released during the reaction.
Clearly, this process occurs in the absence of any photo-
excitation.

In the field of surface chemistry, the detection and
utilization of hot electrons generated on metallic surfaces
following the deposition of energy have been long-standing
issues. The creation of hot electrons by non-adiabatic
processes was only confirmed for highly exothermic reactions
when the energy transferred to metal electrons was sufficient
to allow for electron emission into a vacuum."*** In the last
decade, however, notable progress has also been made toward
the study of electronic excitation during low-energy (AE
~1eV) reactions catalyzed at a gas—metal interface. Exper-
imental data accumulated to date indicate that the transfer of
hot electrons is a common feature of reactions between
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gaseous reactants and metals where energy is released.['3]

It is also expected that electronic excitation may be observed
for reactions of other types, for example, reactions catalyzed
at a liquid-metal interface,**®! which are of tremendous
practical importance.”! However, reliable experimental veri-
fication of this hypothesis is lacking thus far.

Herein, we report the direct detection of hot electrons
generated at a solid-liquid interface during an exothermic
reaction on the surface of metal-semiconductor nanodiodes.
To create the hot electrons, catalytic decomposition of
hydrogen peroxide (H,0,) was used, which is of great
importance for a wide range of applications.”! However,
other reactions may also be used in conjunction with this
method, provided that the exothermicity of the reaction is
large enough to produce hot electrons that are able to
overcome the Schottky barrier at the metal-semiconductor
boundary.

The principle behind the detection of chemically excited
electrons is depicted in Figure 1a. Hot electrons and holes are
generated on the surface of a nanodiode when the chemical
reaction takes place. As the electron mean-free path is larger
than the thickness of the metal film, hot electrons can reach
the metal-semiconductor boundary without significant
attenuation. If the energy of the incident electrons exceeds
the Schottky barrier, the hot electrons are able to surmount
the barrier and generate an electric current, called a
chemicurrent. Thus, similar to fuel cells, the nanodiodes are
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Figure 1. a) Principle of detecting hot electrons during hydrogen perox-
ide decomposition on a metal/n-Si nanodiode. The basic process
involves 1) excitation of a hot electron followed by 2) ballistic transport
across the metal-semiconductor contact. b) Typical current-voltage
curves measured on the metal/n-Si nanodiodes with Pt, Ag, and Au
catalytic films.
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converting chemical energy into electrical energy. However,
unlike fuel cells where the electric current is composed of
positively charged hydrogen ions moving through the electro-
lyte between the electrodes of a cell, the nanodiodes operate
via the transport of highly excited electrons across the electric
field at the metal-semiconductor boundary.

Figure 1a shows a schematic diagram of the experiment
detecting hot electrons during catalytic decomposition of
hydrogen peroxide with metal/n-Si nanodiodes. The rough-
ness and thickness of the metal films are characterized using
scanning electron microscopy (SEM) and atomic force
microscopy (AFM; Supporting Information, Figure S1). The
current-voltage (I-V) curves, shown in Figure 1b, indicate the
presence of a potential barrier between the catalytic metals
and the n-Si substrate (Supporting Information, Table S1).
Note, values obtained for the barrier height are smaller than
the energy released during decomposition of H,O, (the
standard enthalpy change of reaction AH = —98.2 kJmol ' ~
—1.02eV),"! thus indicating the possibility of using nano-
diodes of this type for detecting chemically excited electrons.

When a metal/n-Si nanodiode with a Ag or Pt catalytic
film is immersed in an aqueous solution of H,0O,, catalytic
decomposition (H,0, <, H,0 + 1/2 0,) takes place that is
accompanied by intensive oxygen evolution from the metal
surface (see the experimental apparatus shown in Figure S2).
The last fact is supported by chromatographic analysis
(Figure S3). Simultaneous with the catalytic reaction, strong
electrical signals are detected from the nanodiodes that are
characterized using values of current and electromotive force
(EMF), hereinafter referred to as the chemicurrent and
chemi-EMF, respectively. Analogous to the thermoelectric
and photoelectric effects, let us call this phenomenon the
chemoelectric effect. Figure 2a shows typical transients for
the chemicurrent measured during decomposition of 3%
H,0, (w/w). The largest chemicurrent is detected from the
Ag/n-Si nanodiodes. The direction of the chemicurrent
corresponds to electron emission from the Ag into the
underlying n-Si substrate. The chemicurrent measured from
the Pt/n-Si nanodiodes is smaller than that for the Ag/n-Si
nanodiodes. However, it remains constant throughout the
entire recording time.

Figure 2b shows the time dependence of the chemi-EMF
measured across the same nanodiodes during the catalytic
decomposition of H,O,. In general, the chemi-EMF shows the
same trend as the chemicurrent discussed above. Note that
the chemicurrent and chemi-EMF are observed only in the
case of a catalytic reaction. Nanodiodes immersed in pure
water do not lead to any chemoelectric effect (Figure S4).
Furthermore, the chemoelectric effect is not observed on the
Au/n-Si nanodiodes, which are not active with respect to the
decomposition of H,O,. The latter fact is clearly seen in
Figure 2c, where the rate of oxygen evolution during the
H,0O, decomposition is shown.

The presence of the stationary chemicurrent in the case of
using Pt/n-Si nanodiodes allows for a study of the relationship
between detected hot electrons and the surface reaction,
which can be done on the basis of the Arrenius equation.**!*
Figure 3 shows Arrhenius plots obtained from simultaneous
measurements of the chemicurrent and the rate of oxygen
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Figure 2. Typical transients of the a) chemicurrent, b) chemi-EMF, and
c) rate of oxygen evolution during decomposition of 3% H,0, (w/w)
on the metal/n-Si nanodiodes, where “metal” stands for a thin film of
Ag, Pt, or Au. The thickness of the metal films is d=7+2 nm for all
nanodiodes. /., and E,.,, denote the peak values of the chemicurrent
and EMF.
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Figure 3. Arrhenius plots obtained from measurements of the chem-
icurrent and the rate of oxygen evolution during decomposition of 3%
H,0, on Pt/n-Si nanodiodes.

evolution. The activation energies determined from the slope
of the curves in Figure 3 (11.9 kcalmol™' for chemicurrent
and 10.4 kcalmol ! for reaction rate) are in good agreement,
which implies that the chemicurrent originates from the
catalytic reaction. A slight difference in the values of the
activation energy could be attributed to the peculiarities of
hot electron transport across the nanodiode.**!!
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There are several processes, initiated by a surface reac-
tion, that may lead to electrical signals similar to those shown
in Figure 2a,b.5%1%12l These include 1) creation of hot elec-
trons from non-adiabatic dissipation of chemical energy;
lle3adSbel 9y chemiluminescence,'“*) which could generate
a photocurrent in a nanodiode; and 3) the thermoelectric
effect. Since the chemicurrent composed of hot electrons
shows an exponential dependence on the thickness of the
catalytic film (i.e. I=1Iexp(—d/dy), where d is the film
thickness and 4, is the attenuation length), nanodiodes with
varied catalytic film thickness can be used to identify the
mechanism for current generation (Supporting Information,
Section 7).

Figure 4a shows changes in the peak chemicurrent and
chemicurrent yield with varying thicknesses of Ag film in the
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Figure 4. a) Variations of the peak chemicurrent and chemicurrent
yield with the thickness of Ag film measured on Ag/n-Si nanodiodes.
b) Typical time dependence of the chemicurrent yield for Ag/n-Si and
Pt/n-Si nanodiodes. The thickness of the Ag and Pt films is

d=7+2 nm. The black solid lines show a fit based on averaging the
data obtained in repeated measurements.

Ag/n-Si nanodiodes. For ds,<15nm, the chemicurrent
decreases with A, =4.6 nm. However, when further increas-
ing the thickness of the Ag film, the chemicurrent becomes
virtually independent of the Ag thickness. In contrast, the
thickness dependence of the photocurrent can be character-
ized by one value of the attenuation length 4,, = 18.1 nm over
the whole range of Ag film thicknesses (Figure S6), which
coincides with the data presented in Ref. [5a].

The exponential decrease of the chemicurrent, observed
for nanodiodes with Ag thicknesses less than 15 nm, unam-
biguously indicates that the current is based on hot electro-
ns.'e3%2¢l In turn, the current measured on the nanodiodes
with Ag films thicker than 15 nm is most likely due to the
thermoelectric effect. However, further studies are needed
for final determination of the nature of this current. Also,

Angew. Chem. 2016, 128, 11017 -11020

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

based on the attenuation of the photocurrent, we conclude
that the current shown in Figure 2a is not based on surface
chemiluminescence.

The time-dependent value of the chemicurrent is propor-
tional to the reaction rate, Equation (1) (Supporting Infor-
mation Section 4)

d[oz]A (1)

Ich = 260“ dt

where ¢ is the elementary charge, o is the yield, and d[O,]/dt
is the rate of O, evolution. The physical meaning of « is the
number of detected hot electrons per one molecule of product
formed during the surface reaction.'**! Figure 4b shows the
yield obtained for Ag/n-Si and Pt/n-Si nanodiodes. In the time
interval t=0-90s, changes in the yield with time are similar
for both nanodiodes. At the moment of contact with the
solution of H,O, (t=0s), the yield increases up to values of
10°-10"2 electrons/O, molecule. Furthermore, a small flat
maximum is observed, which is probably a result of a transi-
tional phase of the chemical reaction when the adsorption and
desorption processes become equivalent on the metal surface.
However, the behavior of the yield changes significantly for
times ¢ >90s. For the Pt/n-Si nanodiode, the yield reaches
a steady-state value of about a=6.3x10"* electrons/O,
molecule. In turn, the yield for the Ag/n-Si nanodiode
passes through a sharp peak and reaches a record-high
value of about a = 1.2 x 107" electrons/O, molecule. After the
peak, the yield drops rapidly to zero. In comparing this
behavior with the analysis of SEM images taken from the Ag
and Pt surfaces before and after reaction with H,O, (Sup-
porting Information, Section 8), it can clearly be seen that the
time dependence of the chemicurrent yield reflects structural
changes occurring with the metal films. In particular, the
sharp increase in the chemicurrent yield with the successive
drop to zero for the case of Ag/n-Si nanodiodes is due to
dissolution of the silver film into the H,O, solution, followed
by transformation of the Ag film into a system of individual
islands.

In summary, we demonstrated the possibility of detecting
hot electrons generated by non-adiabatic energy dissipation
during catalytic decomposition of H,O, on metal/n-Si nano-
diodes. The approach, however, can be used with other
exothermic reactions at the liquid-metal interface. Remark-
ably, the flow of hot electrons (chemicurrent) allows the
surface reaction and the state of the catalyst to be monitored
in real time. Since both the creation and detection of
chemicurrent occur inside the nanodiode, the approach is
not limited to specific environmental conditions, as are many
other electron-based techniques of surface science that are
only capable of operating in a vacuum or at low gas pressures.
Thus, this provides a highly sensitive, powerful tool for
studying the processes of energy and charge transfer at the
interface between liquids and metals. The presented findings
may be of interest for a variety of applications including
catalysis, electrochemistry, and environmental chemistry.
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