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Abstract: In order to develop noble-metal- and carbon-free cathodes, titanium-niobium
oxides were prepared as active materials for oxide-based cathodes and the factors affecting
the oxygen reduction reaction (ORR) activity were evaluated. The high concentration
sol-gel method was employed to prepare the precursor. Heat treatment in Ar containing 4%
H> at 700900 °C was effective for conferring ORR activity to the oxide. Notably,
the onset potential for the ORR of the catalyst prepared at 700 °C was approximately 1.0 V
vs. RHE, resulting in high quality active sites for the ORR. X-ray (diffraction and
photoelectron spectroscopic) analyses and ionization potential measurements suggested
that localized electronic energy levels were produced via heat treatment under reductive
atmosphere. Adsorption of oxygen molecules on the oxide may be governed by
the localized electronic energy levels produced by the valence changes induced by
substitutional metal ions and/or oxygen vacancies.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) offer many advantages, including high power density, high
energy conversion efficiency, and lower operating temperatures. PEFCs are therefore suitable as power
sources for vehicles and residential co-generation power systems. However, the use of Pt as a cathode
electrocatalyst for PEFCs is problematic due to the high cost and limited availability of Pt, and insufficient
stability of these catalysts. To successfully commercialize PEFCs, low-cost non-platinum cathode
catalysts with high stability must be developed.

Since Jasinski discovered the oxygen reduction reaction (ORR) activity of cobalt
phthalocyanine [1], the search for promising non-platinum ORR catalysts has led to the development
of several cobalt- and iron-containing catalysts [2,3]. Approaches to enhance the activity of these
catalysts include the use and optimization of carbon supports and heat treatment conditions. Heat
treatment of iron salts adsorbed on carbon supports under ammonia gas is a recent breakthrough that
produces catalysts with high ORR activities comparable to that of platinum-based catalysts [4].
Despite significant improvement of the ORR activity of non-platinum catalysts, issues regarding their
long-term durability remain unresolved.

Based on the high stability of Group 4 and 5 metal oxide-based compounds in acidic media, low
cost, [5,6] and lower solubility in acid solution compared to platinum-based catalysts, these compounds
have piqued our interest as they are expected to be stable even under the conditions encountered at
the PEFC cathode. Recently, we successfully synthesized oxide-based nanoparticles using oxy-metal
phthalocyanines (MeOPc; Me = Ta, Zr, and Ti) as the starting material and multi-walled carbon
nanotubes (MWCNTs) as the support as well as the electro-conductive material [7,8]. However,
carbon materials are easily oxidized at high potentials with a consequent decrease of the ORR activity
due to degradation of the electron conduction paths [8]. Thus, carbon-free electrocatalysts are required
to achieve high durability of the oxide-based cathodes. To prepare noble-metal- and carbon-free
cathodes, the basic approach is to combine electro-conductive oxides with oxides that possess ORR
active sites.

Previously, we prepared noble-metal- and carbon-free cathodes comprising niobium-titanium
oxides with active sites and titanium oxides with magneli phase Ti4O7 as the electro-conductive
material (i.e., TixNbyO: + Ti4O7) [9]. The highest onset potential of TixNb,O: + TisO7 was ca. 1.1 V
versus the reversible hydrogen electrode (RHE). No degradation of the ORR performance of
TixNbyO: + Ti4sO7 was observed during the start-stop and load cycle tests in 0.1 mol-dm™> H2SO4 at
80 °C, where these conditions are close to the operating conditions of the existing PEFC [10].
Therefore, we successfully demonstrated superior durability of noble-metal- and carbon-free
oxide-based cathodes under the cathode conditions of the PEFC.

However, the ORR activities of the TixNbyO: + Ti4O7 catalysts were still low because these catalysts
were prepared under argon containing 4% hydrogen at high temperature, 1050 °C, where TisO7 was
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generated by the reduction of TiO2. That is, the preparation conditions encouraged the formation of
Ti4O7 but were not optimal for the formation of niobium-titanium oxides with active sites.
Domen et al. demonstrated that Nb-doped TiO: synthesized by the oxidation of Nb-doped TiN
nanoparticles exhibited definite ORR activity and high long-term stability in acidic solutions [11].
However, these catalysts contained carbon residues that functioned to improve the conductivity
between the particle aggregates. The preparation conditions used in that study were thus not suitable
for the formation of ORR active titanium-niobium oxides without carbon. Consequently, it is necessary to
separately optimize the conditions for the formation of titanium-niobium oxides with active sites and
the formation of electro-conductive oxides. In this study, we focus on the formation of active sites on
titanium-niobium oxides using a high concentration sol-gel method. The factors that influence
the ORR activity in the absence of a carbon support are evaluated. However, it is necessary to obtain
sufficient electro-conductivity to evaluate the ORR activity of the titanium-niobium oxides. Even
a glassy carbon (GC) rod is heat-treated in air, an insulating oxide film is not formed on the surface.
Therefore, the GC rod is superior to use as a substrate for the working electrode. The present strategy
utilizes pre-heat-treatment (600 °C in air for 10 min) to achieve sufficient electrical contact between
the titanium-niobium oxides and the GC substrate. It is necessary to secure the sufficient
electro-conductivity between oxide-based catalysts and conductive oxide support when carbon-free
cathodes are prepared. For example, the electro-conductive oxide network is made preparations in
advance. Then, after oxide-based precursor is supported on the network it is heat-treated to create
the ORR active sites and to obtain sufficient electro-conductivity. In this study, the effects of
the preparation conditions, such as the gas atmosphere and heat treatment temperatures, on the ORR
activity of the titanium-niobium oxides employing a GC rod are evaluated.

2. Results and Discussion
2.1. Characterization of Catalysts

We prepared the titanium-niobium oxide samples with the charged total composition of Tio.s41Nbo.1260x.
Figure 1 shows the X-ray diffraction (XRD) patterns of the titanium-niobium oxide samples prepared
at 600, 700, 800, 900, and 1050 °C (a) in air and (b) in Ar containing 4% Hz. The crystalline phase of
the catalysts prepared by heat treatment in air at temperatures between 600 and 900 °C was identified
as anatase TiO2 (JCPDS no. 00-021-1272), indicating that the niobium atoms were incorporated into
the TiO2 anatase structure. According to phase diagram of TiO>—Nb20Os [12], Nb(V) ions dissolve into
TiO2 rutile structure only below ca. 10 atomic % in this temperature range. On the other hand,
quasi-stable phase, TiO: anatase structure, can dissolve more Nb(V) ions. The phase transition from
anatase to rutile occurred at temperatures above 900 °C. For samples prepared at higher temperatures,
peaks corresponding to the rutile TiO2 (JCPDS no. 00-021-1276) and TiNb20O7 (JCPDS no. 1001270)
phases were observed. This is because the Nb(V) ions that cannot dissolve in the TiOz rutile structure
forms complex oxides TiNb20O7 that is solid solution of TiO2 and Nb20s. Simultaneously, Nb-containing
phases such as TiNb2O7 appeared at 1050 °C. These results are consistent with previous
observations [13].
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Figure 1. XRD patterns of titanium-niobium oxides prepared at 600, 700, 800, 900, and
1050 °C (a) in air and (b) in Ar containing 4% Ho.

The crystalline phase of the samples subjected to heat treatment at 600 and 700 °C in Ar containing
4% H2 could be indexed to the TiO2 anatase structure. However, the samples prepared at temperatures
above 800 °C under this reductive atmosphere could be indexed to rutile TiO2 with no Nb20Os peaks.
The shift of the XRD peaks to lower angles (Figure S1) with increasing treatment temperature
suggested that the catalysts are substitutional solid solutions in which the niobium ions substitute
titanium ions in the rutile TiO:2 lattice. Compared to formation of the rutile phase above 900 °C for
the samples heat-treated in air, the rutile was phase formed at 800 °C under reductive atmosphere.
Thus, the transformation from the anatase to rutile phase occurred at lower temperature under
reductive atmosphere. In addition, the substitutional solid solution (rutile phase) was stable up to
1050 °C under reductive atmosphere. The XRD analysis clearly demonstrated that the TiO2
rutile-based structure was more stable under reductive atmosphere than in air. This stabilization of
the TiO:2 rutile-based structure is not predicted from the viewpoint of thermochemistry. The role of
heat-treatment under reductive atmosphere and doped niobium ions must be elucidated.

Figures 2 and S2 show scanning electron microscopy (SEM) images of the titanium-niobium oxides
prepared at 600 °C in air, and 600, 700, 800, 900, and 1050 °C in Ar containing 4% H>. The SEM
images demonstrate that the surface morphology of the titanium-niobium oxides depends on the heat
treatment temperature. Very little difference in the surface morphology was observed for the samples
prepared by heat treatment at 600 °C under different atmospheres. The particle size of the catalysts
prepared at 600 °C was ca. several tens of nanometers. A significant change in the morphologies of
the catalysts was observed with treatment at 800 °C, indicative of particle aggregation above 800 °C.
Aggregation became progressive with increasing heat treatment temperatures. Thus, the surface area of
the catalysts decreased with temperature, especially above 800 °C.
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Figure 2. SEM images of the titanium-niobium oxides prepared at 600 °C in air, and 600,
700, 800, 900, and 1050 °C in Ar containing 4% Ho.

Figure 3 shows photographs of the catalysts prepared at 600 °C in air, and 600, 700, 800, 900, and
1050 °C in Ar containing 4% Hz. The powder heat-treated at 600 °C was white, as expected from
the wide bandgap of TiO2 (all samples treated in air were white). On the other hand, the samples
heat-treated at 600 °C under reductive atmosphere had a light-blue color and the color deepened with
increasing temperature. This color change suggests that there is some difference in the electronic
energy levels of the samples prepared under reductive atmosphere relative to those prepared in air.
Namely, the difference between the highest occupied and lowest unoccupied electronic energy levels
decreases with increasing temperature. This color change suggests the development of a localized
energy level of electrons in the bandgap of TiOx.

600 °C, Air

Figure 3. Photographs of the catalysts prepared at 600 °C in air, and 600, 700, 800, 900,
and 1050 °C in Ar containing 4% Ho.

Figure 4a shows the Ti 2p XPS spectra of the catalysts prepared at 800 °C in air and in Ar
containing 4% Ha. As anticipated, the Ti 2p XPS spectra revealed that Ti adopted the tetravalent state for
the specimen heat-treated in air based on the 2ps3.2 peak (TiO2; 458.8 eV [14]). On the other hand, a low
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valence state, i.e., Ti*" (Ti203; 456.8 eV [15]), was observed for the catalyst heat-treated at 800 °C
under reductive atmosphere. The ratios of Ti**/Ti*" calculated from areas of the XPS spectra of
the specimens heat-treated at 800 °C in air and in Ar containing 4% H: were 5.0% and 10%,
respectively. The ratio of the specimen prepared under reductive atmosphere was twice as large as that
prepared in air. In addition, the total atomic ratio of Nb/Ti is 0.15 according to the charged total
composition of Ti0.841Nbo.12602. The atomic ratios of Nb/T1i calculated from areas of the XPS spectra of
the specimens heat-treated at 800 °C in air and in Ar containing 4% H2 were 0.43 and 0.23,
respectively. Both ratios are larger than the total atomic ratio, suggested that the niobium ions
accumulate the surface of the oxide particles. In particular, the Nb/Ti ratio of the specimen heat-treated
in air was about three times larger than the total atomic ratio. As mentioned in XRD patterns, because
the rutile TiO2 phase cannot dissolve the Nb(V) ions, the dissolved Nb(V) ions in the anatase TiO2
phase began to accumulate near the surface of the particles at higher temperature heat treatment.

Figure 4b shows the Ti 2p XPS spectra of the catalysts prepared at 600, 700, 800, 900, and 1050 °C
in Ar containing 4% Hz. Low valence states of Ti were observed for the catalyst heat-treated at 600 °C
under reductive atmosphere, suggesting that the oxides underwent little reduction at 600 °C in Ar
containing 4% H2 upon treatment for 10 min. Heat-treatment above 700 °C under reductive
atmosphere resulted in the formation of low valence state Ti as shown in Figure 4.
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Figure 4. Ti 2p XPS spectra of the catalysts prepared at 800 °C in air and in Ar containing
4% Hz (a) and prepared at 600, 700, 800, 900, and 1050 °C in Ar containing 4% H2 (b).

Figure 5a shows the dependence of the ratios of Ti**/Ti*" (expressed as Stiqm/Stiav)) calculated
from areas of the XPS spectra of the specimens heat-treated under reductive atmosphere on
the temperature. The ratio of Ti**/Ti*" of the specimen prepared at 600 °C is 6.7%. Ti** ions are
produced by the substitution of the Nb>" ions with Ti*" ions of the TiO: lattice. Figure 5b shows the Nb
3d XPS spectra of the catalysts prepared at 600, 700, 800, 900, and 1050 °C in Ar containing 4% Ho.
The peak in the Nb 3d spectra shifted to higher binding energy (NbO2; 205.3 eV [16], Nb2Os;
207.1 eV [17]) with increasing heat treatment temperatures, in contrast with the Ti 2p peak. Therefore,
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the Nb 3d XPS spectra revealed that most of Nb ions were highest oxidation state, 5+. Thus, the state
of the specimens can be expressed as Ti(IV)1-2Ti(III)xNb(V)O2. If all Nb ions substitute Ti*" ions of
the TiO2 lattice as Nb(V) ions, the composition is Ti(IV)o.74Ti(IIT)0.13Nb(V)0.1302. Therefore, in that
case, the ratio of Ti**/Ti*" is calculated to be ca. 18%. The ratio of Ti**/Ti*" at 600 °C, ca. 6.7%, was
smaller than 18%, indicating that the Nb(V) ions did not sufficiently incorporate into the TiO: lattice at
600 °C. As shown in Figure 5a, the ratio of Ti**/Ti*" increased with increasing temperature from
600 °C to 700 °C and saturated around 10%. These results deduced that reductive heat-treatment above
700 °C induced the formation of low valence state Ti.
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Figure 5. (a) Dependence of the ratios of Ti**/Ti*", Stiam/Stiav), calculated from areas of
the XPS spectra of the specimens heat-treated under reductive atmosphere on the temperature.
(b) Nb 3d XPS spectra of the catalysts prepared at 600, 700, 800, 900, and 1050 °C in Ar
containing 4% Ho.

Figure 6 shows the dependence of the atomic ratio of Nb/Ti calculated from XPS spectra of
the specimens prepared under reductive atmosphere on the heat treatment temperature. The atomic
ratio of Nb/Ti decreased with increasing temperature above 700 °C and approached the bulk value at
1050 °C. The XRD patterns revealed that the bulk phase transition occurred between 700 and 800 °C
under reductive atmosphere. The XPS spectra indicated that the titanium ions near the surface were
reduced and the Nb(V) ions near the surface incorporated into the TiOz lattice at ca. 700 °C. Therefore,
the phase transition was probably caused by a change in the valence of titanium. We previously
demonstrated that tantalum and zirconium oxide-based catalysts had some oxygen vacancies that acted
as active sites for the ORR [6]. In case of the titanium-niobium oxide system, the low valence state of
the metal ions does not always indicate the presence of oxygen vacancies. The low valence state of
the metal ions can be achieved even in the absence of oxygen vacancies because the highest valence
states of titanium and niobium are different. The relationship between the presence of oxygen
vacancies and the active sites remains a topic for further study.
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Figure 6. Dependence of the atomic ratio of Nb/Ti calculated from XPS spectra of
the specimens prepared under reductive atmosphere on the heat treatment temperature.

It was difficult to evaluate the differences in the electronic state of the catalysts heat-treated under
reductive atmosphere at temperatures between 700 and 1050 °C based on the XPS spectra, as shown in
Figures 4b and 5a. Thus, the ionization potential of the specimens was used as a parameter to evaluate
these differences. The ionization potentials of the specimens were measured using a photoelectron
spectrometer surface analyzer in order to investigate the differences in the surfaces of the specimens
heat-treated in reductive atmosphere at different temperatures. Figure 7a shows the relationship
between the square root of the photoelectric quantum yield and the photon energy (that is,
the photoelectron spectra of the specimens heat-treated at 800 °C in air or in Ar containing 4% Hb>).
The square root of the photoelectric quantum yield increased linearly with an increase in the photon
energy applied to each specimen. The slope of the straight line reflects the tendency of the photoelectron
emission of the specimens, that is, the density of state of the electrons near the Fermi level. Fewer
photoelectrons were emitted in the case of the catalyst prepared in air. The slope of the straight line for
the specimen heat-treated in air, where TiO2 was identified on the sample surface by XPS, was
apparently lower than that of the congener prepared under reductive atmosphere. It is remarkable that the
slope of this plot was steeper for the specimen prepared in Ar containing 4% H2. The intersection
between the straight line and the background line in the photoelectron spectra provides the threshold
energy corresponding to the photoelectric ionization potential. The photoelectric ionization potential
corresponds to the highest energy level of the electrons in the materials. The ionization potential
is directly affected by the localized electronic levels of the lattice defects and impurities in
the metal oxides, such as valence changes due to substitutional metal ions, oxygen vacancies, and
donor impurities.
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Figure 7b shows the dependence of the ionization potential of the catalysts prepared at 600, 800,
and 1050 °C in air, and 600, 700, 800, 900, and 1050 °C in Ar containing 4% H> on the heat treatment
temperature, 0. The ionization potential of commercial rutile and anatase TiO: is 5.8 eV.
The ionization potential was the same (i.e., ca. 5.8 eV) for the catalysts prepared at 600, 800, and
1050 °C in air, suggesting that the surface of the catalysts prepared in air had few localized electronic
levels from lattice defects and impurities in the metal oxides, similar to commercial TiO2. On the other
hand, the ionization potentials of the catalysts prepared under reductive atmosphere decreased with
increasing temperature. The decrease in the ionization potential reflects an increase in the localized
electronic levels. In other words, the valence changes due to substitutional metal ions, oxygen
vacancies, and donor impurities increase with increasing temperature.
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Figure 7. (a) Relationship between the square root of the photoelectric quantum yield
(Y"?) and the photon energy of the specimens heat-treated at 800 °C in air or in Ar
containing 4% Ha. (b) Dependence of the ionization potential of the catalysts prepared at
600, 800, and 1050 °C in air, and 600, 700, 800, 900, and 1050 °C in Ar containing 4% H>
on the heat treatment temperature, 9.

2.2. Oxygen Reduction Activity in Acidic Media

Figure 8a shows the potential-iorr curves for the catalysts prepared at 600, 700, and 1050 °C in Ar
containing 4% Hz. The heat treatment temperature apparently affected the ORR activity. We focused
on the ORR activity in the higher potential region. Figure 8b shows the potential-iorr curves for
the catalysts prepared at 600, 700, 800, 900, and 1050 °C in Ar containing 4% H2. All samples
prepared in air had a low ORR current in the potential range above 0.6 V, indicating that these
catalysts have low ORR activity. On the other hand, although the ORR current was low, the catalysts
prepared under reductive atmosphere exhibited some ORR activity. In particular, the onset potential of
the ORR for the catalyst prepared at 700 °C was approximately 1.0 V vs. RHE. This high onset potential
indicates the good suitability of the active sites for the ORR. Therefore, high quality active sites were
created by heat treatment at 700 °C under reductive atmosphere.
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Figure 8. (a) Potential-iorr curves for the catalysts prepared 600, 700, and 1050 °C in Ar
containing 4% H: and (b) potential-iorr curves in the higher potential region for
the catalysts prepared 600, 700, 800, 900, and 1050 °C in Ar containing 4% Ho.

Figure 9 shows the dependence of the iorr @ 0.7 V on the heat-treatment temperature for
the samples prepared under reductive atmosphere. The iorr @ 0.7 V reached a maximum around
700 °C. The iorr presented in Figure 9 is based on the mass of the catalysts loaded on the GC rod. As
shown in Figures 2 and S2, the surface area of the catalysts declined precipitously above 800 °C. Thus,
the decrease in the iorr @ 0.7 V above 800 °C seems to be due to the decrease in the surface area. To
evaluate the specific activity (i.e., the ORR current density based on surface area) the actual surface
area of the oxides must be estimated. However, it is difficult to estimate the surface area of the oxides
because neither hydrogen nor CO is adsorbed by the oxides. Therefore, the electrical charges of
the double layer of the catalysts calculated from the cyclic voltammogram (CV) in N2 atmosphere were
used to evaluate the apparent specific activity of the catalysts. Figure S3 shows the cyclic
voltammograms of the GC rod only and of titanium-niobium oxide supported on the GC rod
(TixNbyO-/GC) heat-treated at 800 °C under reductive atmosphere. Because the amount of oxide
catalyst loaded on the rod was small (ca. 1 mg), the charge/discharge current was mainly derived from
that due to the GC substrate. The electrical charge due to the oxide was estimated from the difference
between the CV of TixNbyO./GC and that of GC only. Figure S4 shows the dependence of
the electrical charge of the double layer of the oxides on the catalyst loading. The SEM images showed
that the surface area of the catalysts decreased above 800 °C due to aggregation of the particles.
However, a linear relationship was obtained, suggesting that the electrical charge was determined not by
the heat treatment temperature but by the catalyst loading. Therefore, the trend in the apparent specific
activity (ORR current density based on electrical charge) is similar to that of the mass activity. It is
anomalous that the electrical charge is independent of the heat treatment temperature. The surface area
estimated using the electrical charge may be different from that predicted from the SEM images.
Because the electrical conductivity of even the catalysts prepared under reductive atmosphere is low,
the surface area of the electrochemical active region in contact with the GC rod might be small. Thus,
a more accurate estimation of the actual surface area of the catalysts is necessary.
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Figure 9. Dependence of iork @ 0.7 V on temperature used for heat-treatment of
the samples under reductive atmosphere.

2.3. Relationship between ORR Activity and Physico-Chemical Properties

The ORR activity was enhanced by reductive heat treatment in the region of 700 to 900 °C.
The XRD patterns indicated that the crystalline structure of the catalysts prepared under reductive
atmosphere changed from anatase to rutile TiO2 around 800 °C. On the other hand, the XPS spectra
revealed that low valence state Ti is generated by heat treatment above 700 °C under reductive
atmosphere. Therefore, reduction of the sample surface occurs around 700 °C. The ionization potential
is more sensitive to the surface state as shown in Figure 7b. Henrich ef al. found that the work function
(i.e., ionization potential in this study) of TiO: decreased as the density of oxygen vacancies
increased [18]. Therefore, the low ionization potential suggested that the catalysts heat-treated under
reductive atmosphere at higher temperature had more surface defects. In this study, the oxygen
vacancies as well as the valence changes induced by substitutional metal ions were found to produce
localized electronic energy levels in the bandgap.

Figure 10 shows the relationship between the ionization potential and the iorr @ 0.7 V of
the catalysts prepared under reductive atmosphere. A “volcano plot” with a maximum at 5.4 eV was
obtained, suggesting that the electronic state of the sample surface is suitable for the ORR.

Adsorption of oxygen molecules on the surface is required as the first step for the ORR to proceed.
Many studies have demonstrated that surface defect sites are required for adsorption of oxygen molecules
on the surface of the oxides [19]. Therefore, a larger number of surface defects furnishes more sites for
adsorption of oxygen molecules. In addition, the interaction of oxygen with the catalyst surface is essential
because adsorption of oxygen and desorption of water from the surface are both necessary for robust
progress of the ORR. When the interaction of oxygen with the catalyst surface is strong, desorption of
water does not proceed readily. On the other hand, when the interaction of oxygen with the catalyst
surface is weak, less adsorption of oxygen molecules occurs. Therefore, there is an optimal strength for
the interaction between oxygen and the catalyst surface. Metallic Ti adsorbs oxygen strongly because
of the large adsorption energy of oxygen (759 kJ-mol™!) and the strong energy of the Ti-oxygen bonds
(calculated: 625 kJ-mol™') [20]. In the case of Pt, the energy for adsorption of oxygen and
the calculated Pt-oxygen bond energy are 272 kJ-mol™! and 385 kJ-mol ™!, respectively [20]. Therefore,
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the corresponding values for Ti are much larger than those of Pt. As the degree of oxidization of metallic
Ti increases, the interaction of oxygen with Ti on the catalyst surface is weakened because the oxide
ions attract the electrons in the highest occupied molecular orbital of Ti thereby conferring a positive
charge on Ti, i.e., higher valence state. Because the ionization potential is related to the strength of
the interaction between the surface of the specimen and oxygen, the volcano plot shown in Figure 10
suggests that there is a suitable interaction between the surface of the specimen and oxygen.
Consequently, the strength of the interaction between oxygen and the oxide surface could be
manipulated by controlling the local energy level of the electrons, i.e., by controlling the valence
changes induced by the substitutional ions and/or oxygen vacancies.

10

\n i o

(@)) =

7

=5l 0

> -

N~

o 4}

® I (@)

& 5

s2p of o
O | I N I S E— |
50 52 54 56

lonization potential / eV

Figure 10. Relationship between the ionization potential and the iorr @ 0.7 V of
the catalysts prepared under reductive atmosphere.

3. Experimental Section

The high concentration sol-gel method [21,22] was used for preparation of the precursor. A 30 cm®
aliquot of titanium(I'V) tetraisopropoxide (Ci2H2804Ti, 99.99%, Sigma-Aldrich Japan Co. LLC, Tokyo,
Japan) and 4 cm?® of niobium(V) ethoxide (C10H25sNbOs, 99.95%, Aldrich) were dissolved in 200 cm? of
2-methoxyethanol with a TiO2:Nb20s weight ratio of 8:2. The mixed solution was maintained at
—50 °C, and 15 cm® of 2-methoxyethanol in 15 cm?® of pure water was added to the mixed solution
dropwise. The temperature of the solution was raised to 80 °C and maintained for 3 weeks as an aging
treatment, resulting in the formation of nano-sized complex oxides. The precipitates were dispersed in
2-methoxyethanol to obtain a dispersion of nano-sized titanium-niobium oxide.

A 3-mm? aliquot of the dispersion was dropped onto a GC rod (¢ = 5.0 mm; TOKAI CARBON
CO., LTD., Tokyo, Japan) followed by drying at room temperature. The coated rod was heat-treated at
600 °C for 10 min in air as a pre-heat-treatment step to remove organic species and carbon residue and
to provide sufficient electrical contact between the titanium-niobium oxide and the GC substrate.
Subsequently, samples of titanium-niobium oxide supported on the GC rods were heat-treated at
600, 700, 800, 900, and 1050 °C in air or in Ar containing 4% H> to prepare the working electrodes.
For the powder XRD and ionization potential measurements, 3 cm? of the dispersion of nano-sized



Catalysts 2015, 5 1301

titanium-niobium oxide was dried on a hot plate at 160 °C to obtain the powder samples. The powders
were then heat-treated at 600 °C for 10 min in air to remove organic species and carbon residue.
The powders were subsequently heat-treated at 600, 700, 800, 900, or 1050 °C in air or in Ar containing
4% Haz for powder XRD and ionization potential measurements.

The morphologies, crystalline structures, and chemical states of the synthesized catalysts were
investigated by transmission electron microscopy (TEM; JEOL Ltd., JEM-2100F, Akishima, Japan,
X-ray diffraction (XRD; Rigaku Corporation, Ultima IV, X-ray source: Cu-Ka, Akishima, Japan) and
X-ray photoelectron spectroscopy (XPS; ULVAC-PHI, Inc. Quantum-2000, X-ray source:
monochromated Al-Ka radiation, Chigasaki, Japan). The peak of the C—C bond attributed to free
carbon at 284.6 eV in the C Is spectrum was used to compensate for surface charging.

The ionization potential of the specimens was measured using a photoelectron spectrometer surface
analyzer (Model AC-2, RIKEN KEIKI Co., Ltd., Tokyo, Japan) [23,24].

All electrochemical measurements were performed in 0.1 mol-dm™ H2SOs at 30 °C with a
3-electrode cell. A reversible hydrogen electrode (RHE) and a glassy carbon plate were used as
the reference and counter electrodes, respectively. As a pre-treatment, 300 CV cycles were performed
in O2 atmosphere in the range of 0.05 to 1.2 V with respect to the RHE at a scan rate of 150 mV-s".
Slow scan voltammetry was performed under O2 and N2 atmosphere in the range of 0.2 to 1.2 V with
respect to RHE at a scan rate of 5 mV-s~!. The ORR current density, iorr, based on the mass of
the catalyst (mass activity), was determined by calculating the difference between the current density
under O2 and N2 atmosphere.

4. Conclusions

In order to develop noble-metal- and carbon-free cathodes, titanium-niobium oxides were prepared
for use as oxide-based cathodes and the factors affecting the ORR activity and active sites were evaluated.
The high concentration sol-gel method was employed for preparation of the precursor. Secure adhesion
between the oxide catalysts and the substrate was achieved by heating the precursor supported GC rod
at 600 °C in air to maintain the electrical contact as a pretreatment step. To create ORR active sites,
the precursor supported GC rod was heat-treated in the temperature range of 600 to 1050 °C in air or in
Ar containing 4% H». Heat treatment in reductive atmosphere at 700-900 °C was effective for
conferring ORR activity to the catalysts. Notably, the onset potential for the ORR was approximately
1.0 V vs. RHE for the catalyst prepared at 700 °C. This high onset potential indicates the high quality
of the active sites for the ORR. XRD, XPS and ionization potential measurements suggested that
localized electronic energy levels were produced by heat treatment under reductive atmosphere.
The electronic energy levels produced by the valence changes of Ti induced by substitutional metal ions
and/or oxygen vacancies might govern adsorption of the oxygen molecules. Therefore, the strength of
the interaction between oxygen and the oxide surface can be manipulated by controlling the valence
changes induced by the substitutional ions and/or oxygen vacancies.
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