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ABSTRACT: We report on the effect of temperature on the electric current lnduced in the mesoporous Pt/TiO, structure by

the room temperature surface chemical reaction of hydrogen and oxygen,"®

* which helps to unveil the physical origin of this

current and the related electromotive force (chemi-EMF). We found that the temperature dependence of this reaction current
has a clear multipeak structure, suggesting that at least two distinct processes contribute to the current generation. We suggest
that the output current represents the interplay of both chemical and electrical processes, evidenced by the metastability of the
room temperature reaction and by matching one of the current peaks with a water desorption peak for TiO,.
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I. INTRODUCTION

Investigation of the mechanisms of generation and transport of
the electrical charge in nanomaterial-based catalysts (for
example, nanodispersed Pt supported on a porous TiO,
substrate) is a key to mastering heterogeneous catalysis, control
of the surface chemical reactions flow, artificial photosynthesis,
and the design of advanced chemical sensors and transducers.
Tuning the activity and selectivity of the catalysts through
charge transfer by electrons, holes, or ions induced by external
means (such as light or electric field) is a well-known and
intensively studied phenomenon.' ™

Recent studies of the exothermic chemical reactions at the
surface of nanofilm multilayer structures clearly showed that the
generation and transport of the electrical charge can also occur
independently of the external physical stimuli.*'°”** For
example, the current of chemically induced energetic electrons
and holes (with >0.5 eV of excess energy), known as
chemicurrent, in Ag/Si and Cu/Si nanostructures during
adsorption of atomic gas species was reported.”'*~"* Further
experiments with different gases and various thicknesses of the
top electrode have shown that the magnitude of the
chemicurrent is proportional to the gas flux as well as the
number of empty sites on the surface, available for gas
adsorption. The lifetime of chemically induced energetic
electrons was shown to be on the order of tens of
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femtoseconds. These observations point out on an essentially
nonequilibrium character of the chemicurrent generation,
which, in turn, unveils an opportunity for ultrafast chemical-
to-electrical signal transducers. Steady-state currents induced by
catalytic oxidation of CO and H, species on TiO,, SiC, and
GaN Schottky structures with a continuous Pd, Pt, or Au top
film were also reported.”*~'***7** Metal—insulator—metal
structures based on metal oxide layers with thicknesses of
only a few nanometers have also been used in this context.”*™>°

Recently, a different type of structure for detection of the
electric current induced by a surface chemical reaction was
reported.'>'* These structures are based on mesoporous TiO,
films grown on a Ti substrate, where an electrically continuous
array of Pt nanoparticles is deposited on the TiO, surface. It
was shown that the mesoporous Pt/TiO, structures allow
detection of the unusually strong stationary current at room
temperature when the chemical reaction rate is very slow. The
origin of this current is not fully understood. Such a current
induced in the mesoporous Pt/TiO, structure by surface
chemical reactions is called the reaction current. As shown in ref
14, the quantum yield, the number of charge carriers detected
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per one H, molecule oxidized at the detector surface, for the
mesoporous Pt/TiO, structures may reach 0.04 at room
temperature, which is much higher than the values reported
previously for the chemicurrents.'®~'>'57192272¢ 1 addition to
the reaction current, a significant electromotive force (open-
circuit voltage) of about —0.32 V was also detected during the
surface chemical reaction.'* Large reaction currents of the
reverse direction in a system with a Pt paste contact applied to
the TiO, surface were also reported."

In order to explain such a strong effect in the mesoporous
Pt/TiO, structure, several mechanisms have been proposed for
the underlying electromotive force (chemi-EMF). For example,
in ref 14, the authors considered processes of proton formation
at the Pt surface and their spillover into the mesoporous TiO,
phase, where they can react with the adsorbed oxygen species
to form water. The following surface reaction mechanism was

suggested:

anode (Pt): 2H — 2H" + 2¢” (1a)

spillover: 2H*(Pt) — 2H™(TiO,) (1b)

1 -
cathode (TiO,): 2H' + ZOZ +2¢ — H,O0

(1o)
Here, electrons arrive at the TiO, conductance band from the
Pt electrode via an external electrical circuit. In ref 19, the
observed chemi-EMF was also attributed to electrochemical
processes similar to those observed in galvanostatic solid-
electrolyte hydrogen sensors. However, the amount of
experimental data available presently is insufficient either to
confirm or to refute these hypotheses.

The present work unveils an effect of temperature on the
properties of the reaction current induced in the mesoporous
Pt/TiO, structure by oxyhydrogen reaction on its surface. We
report on a complex multiregime dependence of the reaction
current magnitude on the sample surface temperature,
suggesting an interplay of several distinct mechanisms involved
in the process of the current generation. The effects discussed
in this paper can be instrumental in understanding the physical
origin of the reaction current and the associated chemi-EMF.

Il. SAMPLE FABRICATION AND CHARACTERIZATION

Mesoporous Pt/TiO, samples were fabricated in a two-step procedure,
identical with the one described elsewhere.'* First, a 10-um-thick oxide
layer was obtained on a 0.989 pure Ti metal substrate of 36 X 12 X 0.5
mm? dimensions using plasma electrolytic oxidation®*™** in the 3 M
sulfuric acid electrolyte. During the anodization process, the cell
voltage gradually increased upon reaching 155 V, while the current was
maintained constant at 0.85 A. The mesoscale porosity of the resultant
TiO, phase is shown in Figure 1a, and its XRD spectrum was reported
by these authors in ref 14. We note that fabrication of mesoporous
titania using plasma electrolytic oxidation is an established technique.*®
Sul et al® investigated the thickness, chemical composition, and
surface morphology of TiO, layers grown with this method. The
resultant porous structure is usually explained by a rapid motion of
microdischarges along the Ti anode surface during the oxidation
process.*

Next, a 15 nm equivalent Pt layer was deposited through a 34 X 10
mm? mask on one side of the anodized sample at a rate 0.02 nm/s in a
1078 Torr vacuum. Subsequent field-emission scanning electron
microscopy (FESEM) scans of the Pt-coated TiO, surface did not
reveal any changes in the surface structure at the resolution of Figure
la, implying that Pt metal was deposited as a nanometer thickness
blanket layer with multiple openings (holes) at the positions of the
TiO, surface pores (Figure 1b). We will refer to such a Pt nanophase
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Figure 1. FESEM scans of (a) mesoporous TiO, phase and (b) the
interface between the Pt-coated and pristine oxide surfaces. (c) Overall
sample structure, reaction current measurement circuit, and heating
setup.

as a “nanomesh” hereafter. The sample was then annealed at 400 K for
10—20 min, leading to a stable nanomesh resistance of 340—350 Q
measured under ambient conditions between the two Ag conductive
paste terminals applied to the opposite ends of the Pt nanomesh
(Figure 1c).

The sample was mounted inside a 4.5 L vacuum/environmental
chamber with a base pressure of <107’ Torr. A small resistive
temperature sensor (Omega F2020-100) was placed in the middle of
the Pt-coated area of the sample. Finally, two parallel-connected
halogen bulbs rated 12 V/100 W were mounted at a distance of 18
mm to the Pt-coated side of the sample to perform as a radiative heater
(Figure 1c). The heater was operated at a power of less than 1.6 W per
one 100 W bulb, and therefore the radiant temperatures were low
enough to generate no detectable photocurrent in all experiments
reported in this paper.

lll. RESULTS AND DISCUSSION

Within the previous studies,'>'* a procedure was developed

that allows us a well-reproducible detection of the reaction
current in the mesoporous Pt/TiOz structures at room
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temperature. First, we initiate the ignition of hydrogen on the
Pt/TiO, surface by adding 16 Torr H, to an isolated chamber
with the sample assembly in a 160 Torr pure O, atmosphere.
As can be seen from Figure 2 data, this leads to sharp reaction
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Figure 2. Long-term kinetics of the reaction current and the
corresponding surface temperature reading (a) with no external
heating during the entire experiment and with the radiant heater
power set at (b) 1.2 W and (c) 3.1 W during the time interval 3600—
10800 s. The first H, addition serves for activation purposes.

current and temperature peaks, which are discussed in greater
detail in ref 14. We will call this process an “activation”
hereafter. Presently, it is not clear what exactly happens with
the surface of a mesoporous Pt/TiO, structure during the
activation. However, we can assume that, during the activation
process, the fast catalytic reaction between hydrogen and
oxygen can clean the Pt/TiO, surface from the adsorbed
residual gas particles. A similar effect was reported by Kasemo
and co-workers,>®> who observed a significant increase of the
catalytic activity of the Pt wire after ignition of the hydrogen
and oxygen mixture occurred on its surface.

Upon completion of the transient processes by the time 900
s (Figure 2a), a small amount of H, about 1 Torr still remains
in the chamber, the surface temperature returns to a room
temperature value, and the reaction current acquires a
stationary value of about 0.4 pA. This current is associated
with a very slow hydrogen consumption rate, not higher than 5
X 10" H, molecules per second. Interestingly, the further
addition of H, gas to the chamber only increases the magnitude
of the stationary reaction current, while the surface temperature
remains unchanged. For example, admission of 5 Torr H, to
the chamber at the time 1860 s increases the reaction current
value from 0.4 to 5—9 pA during the next 2.5 h; see Figure 2a
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and also ref 14. The initial resistance of the Pt nanomesh (340—
350 Q) did not change significantly in the end of such an
experiment, proving the long-term stability of this Pt phase.
Figure 3 shows the I-V curves taken between the Ti and one
of the Pt terminals (Figure 1), with a Keithley 2400
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Figure 3. I-V curves of the mesoporous Pt/TiO,/Ti structure
measured between the Ti substrate and Pt layer (positive bias at Pt) in
a vacuum (curve A), 1:0.04 oxyhydrogen mixture (curve B), and
1:0.07 oxyhydrogen mixture (curve C). The O, base pressure is 153
Torr in both mixtures. V¢ and I are clearly defined.

sourcemeter at room temperature conditions. Linear voltage
sweeps programmed from —0.7 to 0.7 V and in the reverse
direction at the rate 70 mV/min were used. Such a slow rate
was selected to avoid capacitive charging currents in the
catalytic structure. The I-V curves measured during the slow
surface reaction of hydrogen and oxygen starting at the time
8000 s (see Figure 2a) differ significantly from that measured in
vacuum. As seen in Figure 3, such I-V curves have an
asymmetric diode-like shape and intersect the I axis at the
short-circuit reaction current value, Igc. They also intersect the
V axis at the point Vi, representing the open-circuit voltage or
chemical electromotive force of this structure. The values Iy
and V¢ and the overall shape of the I-V curves depend on a
specific composition of the oxyhydrogen mixture.

In order to study the effect of temperature on the stationary
reaction current, the halogen bulb heater assembly was turned
on at the time 3600 s, and a constant heater power was
maintained during the time interval 3600—10800 s (Figure
2b,c). In additional experiments, which were made in a vacuum
and pure oxygen, it was found that such a method of heating
does not lead to generation of a measurable photocurrent. As
can be seen in Figure 2b, heating of the sample in the O, + 0.04
H, gas mixture with a low power, so that the surface
temperature remains below 313 K, leads only to a smooth
increase of the reaction current. The current then reaches a new
stationary or slowly changing value. However, when the sample
is heated with a higher power (Figure 2c data), the reaction
current passes through the several maxima at temperatures 314
and 321 K and then starts to decrease. Further heating initiates
the ignition of hydrogen on the Pt/TiO, surface at a
temperature of about 325 K, similar to the activation process
described above.

The whole temperature dependence of the reaction current
recorded in the O, + 0.04H, gas mixture for the temperature of
the mesoporous Pt/TiO, structure in the range of 300—325 K
is shown in Figure 4. The same figure also gives data for the O,
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Figure 4. Temperature dependence of the stationary reaction current
for the O, + 0.04H, and O, + 0.07H, mixtures at the base pressure of
oxygen Py = 153 Torr: experimental data, eq 1 analytical fit, and the

constituent Gaussian peaks.

+ 0.07 H, gas mixture consisting of 11 Torr H, in 153 Torr O,.
As can be seen, in both cases the temperature dependence of
the reaction current has a “W” shape with the two maxima.
However, for the gas mixture with a larger hydrogen fraction,
the entire temperature dependence of the reaction current
shifts to higher values, while the current maxima correspond to
lower temperatures.

In order to determine the exact position of the maxima, the
curves of the reaction current as a function of the temperature,
shown in Figure 4, have been decomposed using multiple
Gaussian functions:

2 (0
1{T-T

1= A exp| ——| ——==

: 2 o,
= | @)
The resulting fitting curves, as well as individual Gaussian
components, are also shown in Figure 4 using thin black solid
and dashed lines, respectively. Table 1 gives the parameters

Table 1. Decomposition Parameters of the Temperature
Dependence of an Induced Reaction Current (Data Shown
in Figure 4) Using Multiple Gaussian Functions

0, + 0.04H, 0, + 0.07H,
peak 1 peak 2 peak 1 peak 2
A (uA) —166 —5.74 273 -125
T (K) 314.5 3216 3102 314.9
o (K) 8.16 177 5.68 1.34

obtained for the Gaussian components, where T, is the
Kelvin temperature at the peak maximum, o; is the width of the
peak at half-height and A, is the peak amplitude. As can be seen,
Gaussian decomposition of the reaction current as a function of
temperature yields two components with the parameters
dependent on the hydrogen concentration.

Such a complex temperature dependence of the reaction
current in the mesoporous Pt/TiO, structure can be explained
as a result of the competition of several chemical and electrical
processes. On the one hand, the reaction current depends on
the rate of charge carrier generation in the course of a surface
chemical reaction. Therefore, the temperature rise should lead
to an increase in the chemical reaction rate and, consequently,
stronger current. It should also be noted that the maximum of
the reaction current as a function of the temperature, reported
in this article, is in the same temperature range as the peak of
molecular water desorption from the TiO, surface, which was
found to be in the range of 300—350 K for disordered
(powder) TiO, surfaces.>* This process, in principle, could also
increase the current because it leads to the cleaning of the
surface from the reaction products. It could explain the first
(wider) peak in the reaction temperature dependence (Figure
4), while the second peak is possibly related to the spillover
process or cathode reaction activation. On the other hand, the
reaction current value also depends on the properties of the
charge carriers, such as lifetime and mobility, as well as the
electrical properties of the Pt/TiO, interface. These parameters
also depend on the temperature because of electron—phonon
scattering processes and, as a rule, lead to a decrease in the
efficiency of detection of the excited charge carriers in the
diode-like structures at elevated temperatures. All of these
competing factors could play a role in both Gaussian
components of the reaction current.

It is interesting to note that both Gaussian components (2)
have similar behavior when the hydrogen concentration is
varied: they narrow and shift toward lower temperatures with a
higher amount of hydrogen in the gas mixture. Also, the last
point on each of the two experimental curves of Figure 4
corresponds to a heater power already sufficient to reinvoke the
fast reaction process, i.e., such a mode switching occurs easier
for a hydrogen-richer environment: at 315 K for the O, + 0.07
H, oxyhydrogen versus 321 K for the O, + 0.04 H, mixture.
This behavior gives a hint that the system can be in a dynamic
metastable state during the room temperature reaction.
According to transition state theory,>> >’ a greater collision
frequency factor related to the higher H, gas pressure can lead
to relaxation of the metastability at a lower temperature.

IV. CONCLUSIONS

We conclude that the entire temperature dependence of the
slow reaction current induced by an oxyhydrogen reaction on
the mesoporous Pt/TiO, system'>'* has a “W” shape with two
peaks. This behavior cannot be interpreted on the basis of a
single mechanism of the chemi-EMF, such as hot electron
transport, proton spillover, or thermoelectricity.'>'*'* Two or
more distinct processes contribute to this chemi-EMF, although
further studies are required for their more detailed under-
standing.

More generally, this reaction current represents an interplay
of several chemical and electrical processes. Most notably this is
evidenced (1) by the metastability of the room temperature
process, which may switch to the fast mode by raising the
surface temperature to only 10—20 K depending on the
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hydrogen fraction in the gas phase and (2) by the matching of
the reaction current peak 1, Table 1, and the water desorption
peak for the titania surface.**
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