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HIGHLIGHTS

Design of Nb-added TiO, as cathode
supports for polymer electrolyte fuel
cells.

Control of specific surface area and con-
ductivity of Nb-added TiO,

Specific surface area was strongly af-
fected by the amount of Nb addition.
Conductivity was governed by the ratio
of Nb*™.

Superior durability of Nb-added TiO, in
acidic and oxidative atmosphere.
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ABSTRACT

Niobium-added titanium oxide is a promising candidate as a substitute carbon support for cathodes of PEFCs. Nb-
added TiO; can act as a support for platinum nanoparticles to enhance the oxygen reduction reaction (ORR) ac-
tivity and durability under acidic conditions. Nb-added TiO, supports with the desired surface area
(10-130 m? g~ ') and conductivity (10~7-1072S cm™~!) were prepared by changing the amount of Nb and the
heat treatment conditions. First, we conducted a systematic investigation with changes in the amount of niobium
addition, heat-treatment temperature, and time under a pure hydrogen atmosphere to reveal the physicochem-
ical factors that govern the surface area and conductivity. Finally, we successfully proposed a procedure to pre-
pare highly durable Nb-added TiO, supports with the desired surface area and conductivity by controlling the
amount of niobium addition, heat-treatment temperature, and time under hydrogen. The charges of the double

layer were almost unchanged after 5000 cycles of an accelerated durability test (ADT).
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) have attracted attention as
electricity-generating devices with a high theoretical efficiency in
terms of the energy conversion from hydrogen and oxygen into water
[1]. PEFCs have already been applied to residential co-generation
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systems, trains, and vehicles such as passenger cars, buses, and trucks.
However, the actual efficiency of the present PEFCs is still low because
of the large overpotential of the oxygen reduction reaction (ORR) at
the cathode. The operation at higher voltages owing to an enhancement
of the ORR activity, as well as at higher temperatures, is expected to im-
prove the efficiency.

Although carbon is used as a catalyst support at the cathode in the
present PEFCs owing to its high surface area, high electrical conductiv-
ity, and an appropriate morphology for the transfer of reactant oxygen
gas and water product, carbon is easily oxidized because of the low stan-
dard electrode potential of carbon oxidation, i.e., 0.207 V, versus a re-
versible hydrogen electrode (RHE) [2,3]. In particular, the stability of
carbon will become a serious problem at higher voltages and higher op-
erating temperatures. As non-carbon electro-conductive materials, ce-
ramics such as carbides and nitrides are existed. However, carbides
and nitrides are easily dissolved to form oxides on the surface in an
acidic and oxidative atmosphere. Therefore, electrically conductive ox-
ides are promising candidates as stable supports under the cathode con-
ditions of PEFCs [4-12]. Considering the cathode condition of PEFCs,
because some oxides such as zinc-, manganese-, and cobalt-oxides
easily dissolve in an acidic media, these are not appropriate as sup-
ports for PEFCs. Many studies on titanium-, tungsten-, tin-, cerium-,
and molybdenum-oxide based materials as supports have been con-
ducted to obtain higher durable ORR catalysts [4-9,12]. Among them,
titanium- and tin-oxide based materials have been mainly investigated
because of their high stabilities under acidic conditions [6,8,13-17]. For
instance, in loroi et al.'s study [14], after 10,000 cycles of potential cy-
cling between 1.0 and 1.5 V, the voltage losses for Pt-Ti/Ti,O; MEA
after 10,000 potential cycles are limited, and the Pt/XC72 MEA shows
a severe performance degradation after ADT. In Jiménez-Morales
et al.'s study [17], after 6000 ADT cycles from 1.0 to 1.6 V versus RHE
in 0.1 M HCIO4, the mass activity of the 7Pt/1Ta/SnO, catalyst showed
a 30% loss compared to a commercial Pt/C catalyst, which had 50%
mass activity loss.

In this study, we focused on titanium-oxide based compounds as
a support for cathode catalysts that enhance the ORR activity and dura-
bility [5,6,14,18-26]. Therefore, titanium-oxide based compounds
are promising candidates as substitutes for carbon supports. It is be-
lieved that the first stage, indicating the availability of titanium-oxide
based compounds as a support for Pt nanoparticles, has elapsed and
the second stage for controlling properties such as the surface area
and conductivity of titanium oxide-based compounds has arrived. In
other words, the material design of the Nb-added TiO, is necessary for
PEFC supports at present. Different properties are required according
to the specific application. For example, in the case of a low loading of
Pt particles, a high conductivity has precedent over a high surface area
because the low loading of Pt cannot enhance the conductivity as a pow-
der catalyst even if a high dispersion of Pt particles is easily achieved. By
contrast, in the case of a high loading of Pt particles, the high surface
area has precedent over a high conductivity because the high loading
of Pt greatly enhances the conductivity as a powder catalyst, despite
the difficulty of a high dispersion owing to an easy agglomeration.

Regarding the conductivity, the large bandgap of TiO, (approxi-
mately 3.2 eV and 3.0 eV for the anatase and rutile phases, respectively)
leads to insufficient conductivity as a support. There are two ways to im-
prove the conductivity of titanium-oxide based compounds. One way is
the formation of Magnéli phases of titanium sub-oxides (Ti,O2,.1; 4Sn
£10) [27,28], which have an excellent conductivity comparable to that
of a carbon material. In particular, although metal suboxides are gener-
ally unstable in acidic and oxidative atmospheres, Ti4O; shows both
high conductivity and high stability under cathode conditions. How-
ever, a high temperature is generally required to prepare Ti4O and in-
crease the particle size, which is not available as a support. Although
low-temperature processes for synthesizing Ti4O, have been investi-
gated [29], it is difficult to obtain pure Ti4O-, resulting in an instability
of the other suboxides as support.
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The other way is the doping of foreign elements into TiO, to improve
the conductivity through the formation of the doping level of electrons.
Many elements, such as transition metals (Cu, Co, Ni, Cr, Mn, Mo, Nb, V,
Fe, Ru, Au, Ag, and Pt) and non-metals (N, S, C, B, P, I, and F), have been
investigated [30-33]. However, from the viewpoint of stability in an
acidic environment, the doping elements are limited, and we have fo-
cused instead on niobium as the doping element. Group 5 oxides such
as niobium- and tantalum-oxides are expected to be stable because
these oxides are stable under cathode condition of PEFCs. In addition,
the highest valence of Nb and Ta is different from titanium, resulting
that the electronic state of TiO, matrix is strongly affected by doping.
However, tantalum has small amount of resources and large atomic
weight. In this study, niobium was chosen as doping element.
Niobium-doped TiO, has been investigated as a transparent conductive
thin film for many years [34-38]. It was previously shown that doped
niobium ions improve the conductivity and inhibit the phase transfor-
mation from anatase to rutile, indicating that a decrease in the surface
area owing to a heat treatment is restrained by the niobium doping.
Therefore, niobium-doped TiO, powders have been applied as a
support to an ORR catalyst [39-46]. Elezovi¢ et al. demonstrated
that, although the electrochemical surface area (ECSA) of Pt-supported
Nb-TiO, (42.5 m?-g~! Pt) was smaller than that of Pt-supported carbon
(96 m?-g ! Pt), both the mass and specific activities at 0.9 V versus the
RHE of Pt-supported Nb-TiO, (70 mA-mg~! Pt and 0.165 mA-cm 2 Pt)
were larger than those of Pt-supported carbon (73.8 mA-mg~! Pt) [39].
He et al. also revealed that both the mass and specific activities at 0.9 V
versus the RHE of Pt-supported Nb-TiO, prepared using an aerogel
(150 mA mg~ ! Pt and 349 pA cm ™2 Pt) were larger than those of Pt-
supported carbon (124 mA mg~' Pt and 149 pA cm ™2 Pt) [40]. In addi-
tion, Pt-supported carbon showed a 57.6% loss of ECSA over the course
of the start-up/shut-down stability test (10,000 cycles) compared
with Pt supported Nb-TiO, prepared using an aerogel, which lost only
22% of its initial ECSA, indicating its superior stability. Although other
studies have also been conducted to show the applicability toward a
highly durable support for ORR catalysts, the studies were conducted in-
dividually and not systematically.

Therefore, a systematic investigation of niobium-added titanium-
oxide based compounds using parameters such as the amount of nio-
bium addition, heat-treatment temperature, and heat-treatment time
was attempted to conduct. A heat-treatment atmosphere was fixed
with pure hydrogen to increase the oxygen vacancies according to pre-
vious studies [25,26,39,40,44,46]. In addition, Nb-added titanium oxide
precursors were prepared using a hydrothermal method [47], and the
specific surface area, conductivity, crystalline structure, and electronic
state were evaluated. In this study, a scientific approach was applied
to reveal the factors that affect the surface area and conductivity of
Nb-added titanium oxide supports. An engineering approach was then
used to prepare the desired surface area and conductivity of the
supports. Finally, the electrochemical stability of a Nb-added titanium-
oxide support was evaluated. We believe that both the scientific and en-
gineering approach are necessary to develop the material design. In this
study, the original approach was successfully performed to contribute
the development of the Nb-added TiO, as durable support for PEFC
cathodes.

2. Experimental
2.1. Preparation of Nb-added TiO, support

Nb-added TiO, precursors were prepared using the hydrothermal
method reported by Lii et al. [47]. Titanium (IV) butoxide (C;6H3604Ti,
97%, Sigma-Aldrich) and niobium (V) ethoxide (C;oH25NbOs, 99.95%,
Sigma-Aldrich) were used as titanium and niobium sources, respec-
tively. As an example, the preparation of 10 at.% Nb-added TiO, is de-
scribed herein. First, 18 mmol of titanium (IV) butoxide and 2 mmol
of niobium (V) ethoxide were mixed by stirring at room temperature,
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30 mL of deionised water was dripped into the solution, and the solu-
tion was transferred into a 100 cm? Teflon-lined stainless autoclave
for a hydrothermal reaction at 180 °C for 20 h. After cooling to room
temperature, the precipitate was washed several times with deionised
water and ethanol, and dried under vacuum at 80 °C for 12 h. To remove
the remaining organics on the surface, 0.2 g of Nb-added TiO, was calci-
nated in air at 380 °C for 3 h to obtain the precursors. The amount of Nb
added was controlled at 0, 5, 10, 20, and 30 at.% against Ti. Here, Ryp, is
used to denote the ratio of added Nb. Heat treatment at a given temper-
ature (500 °C, 550 °C, 600 °C, and 700 °C) for a given time under pure
hydrogen was applied at a flow rate of 200 cm? min~! to prepare the
supports. The samples had some oxygen vacancies because of the heat
treatment under H,. Therefore, the exact chemical composition is
expressed as Nb,TiyO,. However, the samples with an at.% of Nb addi-
tion are donated as “at% Nb-added TiO,” in this study. Herein, the
term “added” was used instead of “doped” because in some cases nio-
bium is segregated to form niobium oxide on the surface of the Nb-
substituted TiO, particles.

2.2. Physico-chemical characterization

The crystalline structures of the Nb-added TiO, powders were
analysed by X-ray diffraction (XRD; Rigaku Ultima IV) with Cu Ko radi-
ation (N = 0.15406 nm) in a scattering angle range of 10° to 90°. The
Brunauer-Emmett-Teller (BET) specific surface areas of the synthesised
supports were determined by nitrogen adsorption (BELSORP-mini,
Microtrac BEL). The amount of oxygen vacancies was estimated using
a thermal gravimetric (TG; Thermo plus EVO, Rigaku) analysis. The fun-
damental idea here is that the amount of oxygen vacancies can be esti-
mated by the increase in weight of a sample during calcination in dry
air. However, the amount of adsorbed water on the oxide surface
must be excluded. Therefore, the weight of the adsorbed water per
unit surface area by preparing a calibration curve using TiO, nanoparti-
cles with different BET surface areas was estimated. The details are pro-
vided in Fig. S1(a)-(d). The apparent electrical conductivity of the
support powders was measured under ambient air using a two-probe
method. The powders were placed into a cylinder with a radius of
5.0 mm, and aluminium foil electrodes were placed at the top and bot-
tom of the column of the powder. The electrical resistance was mea-
sured under an applied pressure of 60 MPa with a DC resistivity
analyser (Resistance Meter, RM3545, Hioki). Fig. S2 shows the typical
change in resistivity against the applied pressure for a high-
conductive sample (30 at.% Nb-added TiO, heat-treated at 700 °C for
2 h under H,) and (b) a low conductive sample (10 at.% Nb-added
TiO, heat-treated at 550 °C for 20 h under H;). The chemical states of
the synthesised supports were investigated using X-ray photoelectron
spectroscopy (XPS; PHI Quantum-2000, X-ray source: monochromated
Al-Ka radiation). The peak of the C—C bond attributed to free carbon at
284.6 eV in the C 1 s spectrum was used to compensate for the surface
charging. The surface morphology was observed using scanning elec-
tron microscopy (SEM, SU8000, Hitachi High-Technologies). The micro-
structures of the catalysts were analysed using transmission electron
microscopy (TEM, JEOL LEM-2100F) and selected-area electron diffrac-
tion (SAED).

2.3. Electrochemical measurements

An oxide support (2 mg) was dispersed in a mixed solution of
300 mm? of hexanol (FUJIFILM Wako Pure Chemical, Ltd.) and 5 mm>
of a 0.5-wt%Nafion® solution (Sigma-Aldrich) with ultrasonic treat-
ment for 40 min to prepare the powder ink. Next, 10 mm? of powder
ink was dropped onto a polished glassy carbon rod (GC; ¢ = 5.2 mm,
Tokai Carbon Co., Ltd.) and dried at 60 °C for 1 h until the powder was
supported with a loading of ~0.3 mg cm ™2 to prepare a working elec-
trode. For comparison, a powder ink containing 1 mg of carbon support
(Ketjenblack EC-300 J; KB) was also dispersed in a mixed solution of
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350 mm> of hexanol and 5 mm? of 0.5-wt%Nafion® solution,
and ~ 0.13 mg cm ™2 of KB was loaded onto the GC rod.

Electrochemical measurements were conducted using a 3-electrode
cell in 0.1 M HCIO4 with a potentiostat (PS08, TOHO Technical Re-
search). A glassy carbon plate and an RHE served as the counter and ref-
erence electrodes, respectively. An accelerated durability test (ADT)
was conducted at a potential scan rate of 500 mV s~ ! within the poten-
tial range from 1.0 to 1.5 V versus the RHE at 60 °C according to the start/
stop cycle test recommended by the Fuel Cell Commercialization
Conference of Japan (FCCJ) [48]. Cyclic voltammetry was carried out
in 0.1 M HCIO4 under a pure N, flow at 60 °C with a scan rate of
50 mV-s~! from 0.05 to 1.5 V versus the RHE to observe the electro-
chemical behaviour of the support surface during the ADT. The electric
charge for the charge of the electrical double layer calculated from the
anodic current within the potential range of 0.8 to 1.0 V versus the
RHE was used to evaluate the stability of the supports.

3. Results and discussion

Fig. 1(a) and (b) show the XRD patterns of the Nb-added TiO, pre-
cursors with different amounts of added niobium. A Rigaku silicon
(RSRP-43275G) standard powder was mixed with the precursors to cal-
ibrate the angular range. The crystalline structures of all precursors
were identified as the anatase phase (JCPDS no. 00-021-1272). Fig. 1
(b) focuses on the shift of the anatase peak (101). As the amount of
added niobium increased, the main peak of the anatase phase owing
to (10 1) at 25.280° shifted to lower angles. This peak shift to lower an-
gles was responsible for the lattice expansion of the anatase phase. Be-
cause the Shannon ionic radii of Nb®>* (64 pm) are slightly larger than
that of Ti** (60.5 pm) for a coordination number of six [49], it is reason-
able that substitution with Nb causes the peak to shift to lower angles.
Thus, the peak shift to lower angles suggests that the amount of Nb
ions substituted with Ti ions into the anatase phase increased as the
amount of added Nb increased.
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Fig. 1. (a) XRD patterns of Nb-added TiO, precursors with different amounts of added
niobium and (b) peak shift of (1 0 1) of anatase. XRD patterns of Nb-added TiO,
powders heat-treated at 600 °C for 5 h under pure hydrogen with different amounts of
Nb addition with (c) a wide scan range of 10-90° and (d) a narrow range of 22-30°.
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Heat treatment accelerates the phase transition from anatase to ru-
tile. Fig. 1(c) and Fig. 1(d) show the XRD patterns of Nb-added TiO,
powders heat-treated at 600 °C for 5 h under pure hydrogen with differ-
ent amounts of Nb addition with (c) a scan range of 10-90° and (d) a
narrow range of 22-30°. As shown in Fig. 1(c) and Fig. 1(d), both ana-
tase and rutile peaks were observed in the 5 at.% Nb-added TiO.. It is
well known that the ratio of the rutile phase was proposed using XRD
peaks to quantify the relative amounts of anatase and rutile in their mix-
tures [50]. The rutile (R;) ratio was defined through the following equa-
tion [50]:

[
Rr_1—<l+—0'79 > (1)

Ianatase

where I yjle and Inatase Were the intensities of the rutile (110) and ana-
tase (10 1) peaks in the XRD pattern, respectively. For example, the R; of
the 5 at.% Nb-added TiO, heat-treated at 600 °C for 5 h under H, was cal-
culated to be 50%.

Here, the previous experimental results regarding the effect of Nb-
addition on the phase transition are summarized [51-57]. The doping
of Nb>*-substituted Ti** results in a decrease in the oxygen vacancies
owing to the electroneutrality [53,57]. The oxygen vacancies accelerate
the phase transition from anatase to rutile through an increase in the
lattice relaxation [35,51,52,55]. Arbiol et al. reported that, in the case
of alow amount of Nb addition in TiO, (up to 4 at.%), niobium was incor-
porated in TiO,, thus decreasing the amount of oxygen vacancies, which
inhibited the phase transformation [35]. By contrast, the ionic radii of
Nb>* (64 pm) are slightly larger than those of Ti** (60.5 pm) for a co-
ordination number of six, indicating that the doping of Nb°>* inhibits the
phase transition owing to the slight stress in the titania lattice
[35,51,52,56,57]. In addition, in case of a large amount of Nb addition,
the niobium oxides can be easily segregated on the titanium oxide par-
ticles to form strong Nb-O-Ti bands, resulting in an inhibited movement
of surface Ti atoms required to initiate the phase transition [35,52,53].
Therefore, a large amount of Nb addition causes a phase transition to
occur. These effects depend on the amount of Nb added.

Fig. 2 shows the dependence of R; on the heat-treatment time of the
Nb-added TiO, at (a) 500 °C, (b) 550 °C, (c) 600 °C, and (d) 700 °C. At
500 °C, little phase transformation occurred, as shown in Fig. 2(a).
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Fig. 2. Dependence of R; on the heat-treatment time of the Nb-added TiO, at (a) 500 °C,
(b) 550 °C, (c) 600 °C, and (d) 700 °C.
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Only TiO, without Nb addition had slightly rutile peaks for a long heat
treatment, such as over 15 h. When the heat-treatment temperature in-
creased to 550 °C, the phase transformation proceeded almost linearly
with respect to time, as shown in Fig. 2(b). In case of 5 at.% Nb-added
TiO, showed large deviation for 20 h. However, as mentioned in Fig. 5
(b), the physico-properties such as the BET surface area and conductiv-
ity depend on the R;. The phase transformation was inhibited as the
amount of Nb added increased. When the heat-treatment temperature
reached 600 °C, the tendency of the phase transformation was similar
to that at 550 °C; that is, the phase transformation was restrained by
the addition of Nb. However, 5 at.% Nb-added TiO, showed a different
tendency, as shown in Fig. 2(c). In case of 5 at.% of Nb addition, the
phase transition was delayed compared with that at 10 and 20 at.% of
Nb addition. This behaviour will be discussed later in this section. At
700 °C, although 30 at.% Nb was added, the phase transformation
could not be suppressed and a rutile state was not achieved after a
short heat-treatment time, as shown in Fig. 2(d). Therefore, these re-
sults generally demonstrate the following: (1) The addition of Nb
inhibited the phase transformation from anatase to rutile, that is, as
the amount of Nb addition increased, the phase transformation was de-
layed. (2) The phase transformation accelerated with an increase in the
heat-treatment temperature. These tendencies correspond with the
previous results in the literature [51-57].

Here, the different behaviour of 5 at.% Nb-added TiO, at 600 °C is
discussed according to Fig. 1(c), (d) and Fig. 2(c). As shown in Fig. 1
(c) and (d), the anatase phase still remained in the case of 5 at.% Nb-
added TiO, heat-treated at 600 °C for 5 h, although the phase transfor-
mation almost completely proceeded for 10 at.% Nb-added TiO,. In the
case of 20 and 30 at.% Nb-added TiO,, the anatase phase was almost
completely stable. These results suggest that the anatase phase of the
5 at.% Nb-added TiO, was more stable than that of the 10 at.% Nb-
added TiO; although the amount of Nb addition was low.

Before the discussion, it is necessary to recognise that the R; of Nb-
added TiO, powders heat-treated under H; is higher than those heat-
treated under air. For example, the R; of 5 at.% and 10 at.% Nb-added
TiO, heat-treated at 600 °C for 5 h under H, were 50% and 85%, respec-
tively, whereas the R, of 4-10 at.% Nb-added TiO, heat-treated at the
same temperature and time under air were less than 20% [52]. This dif-
ference was responsible for the formation of oxygen vacancies owing to
the heat treatment under a reductive atmosphere of pure H,. As men-
tioned above, the oxygen vacancies promote the phase transformation
through an increase in lattice relaxation [35,51,52,55]. The oxygen va-
cancies were easily formed under reductive heat treatment compared
with air at the same amount of Nb addition, heat-treatment tempera-
ture, and time, leading to a fast phase transformation under H,. From
this perspective, it was predicted that the structure of 5 at.% Nb-added
TiO, heat-treated at 600 °C for 5 h under H, could change the rutile.
However, as shown in Fig. 1(c) and (d), the anatase phase remained
in the 5 at.% Nb-added TiO,. When the amount of Nb added to TiO,
was less than 4 at.%, niobium was incorporated into TiO, to decrease
the number of oxygen vacancies, inhibiting the phase transformation
[35]. Therefore, in the case of the 5 at.% Nb-added TiO-, a small number
of oxygen vacancies was formed even under a reductive heat-treatment
to maintain the anatase phase. By contrast, a phase transformation al-
most completely occurred for 10 at.% Nb-added TiO,. In the case of 10
at.% Nb, niobium was segregated from the TiO, lattice, which yielded
an increase in the oxygen vacancies, and the phase transformation
was no longer prevented [35], resulting in the R, of the 10 at.% Nb-
added TiO, reaching 95%. In the cases of 20 and 30 at.% Nb-added
TiO,, despite the possible formation of numerous oxygen vacancies, a
large amount of niobium was segregated to form niobium oxides on
the TiO, surface. The retardation of the anatase-to-rutile transformation
by dispersed niobium oxides can be attributed to the formation of
strong Nb-O-Ti bonds, which inhibit the movement of surface Ti
atoms required to initiate the phase transformation [35,52,53], resulting
in the anatase phase becoming stable, as shown in Fig. 2.
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To confirm the above description, the amount of oxygen vacancies in
the samples was quantified using TG-DTA. An estimation of the oxygen
vacancies is shown in Fig. S1(a)-(d). Fig. 3 shows the relationship
between the number of oxygen vacancies in the Nb-added TiO, heat-
treated at 600 °C for 5 h under H, and the ratio of added Nb, Ryy,. As pre-
dicted, the oxygen vacancies decreased with an increase in Ry, from 0 to
5 at.%. This was responsible for the Nb>* incorporation into TiO, with
electroneutrality. The oxygen vacancies increased almost linearly with
an increase in Ryp above 5 at.%. Therefore, the phase transformation
was promoted as Ry, increased above 5 at.%. In fact, the phase transition
completely proceeded for 10 at.% Nb-added TiO,. From the viewpoint of
the amount of oxygen vacancies, the phase transformation accelerated
above 10 at.%. However, as described above, the segregated niobium
oxide inhibited the transition for 20 and 30 at.%.

The addition of niobium affects the growth of the rutile phase as well
as the phase transition. The growth of the rutile phase influences the
BET surface area, which is one of the important parameters used as a
support. Fig. S3 shows FE-SEM images of the Nb-added TiO, heat-
treated at 600 °C for 5 h under H, with (a) 0, (b) 5, (c) 10, (d) 20, and
(e) 30 at.% of Rnp. The BET surface areas of these samples were 12, 26,
30, 66, and 66 m? g~ !, respectively. By contrast, the BET surface areas
of the precursors with 0, 5, 10, 20, and 30 at.% of Ry, were 132, 157,
150,123, and 101 m? g, respectively. In addition, TiO, without Nb ad-
dition showed a drastic aggregation, as shown in Fig. S3(a), decreasing
the BET surface area from 132 to 12 m? g~ '. The 5 and 10 at.% Nb-
added TiO, slightly aggregated to maintain the BET surface area at ap-
proximately 30 m? g~ '. In the case of 10 at.% of Ry, the phase transition
occurred almost completely, and only a rutile phase similar to TiO,
without Nb addition was observed, as shown in Fig. 1(c). However,
the aggregation of the rutile particles was entirely different, as shown
in Figs. S2(a) and S2(c). This is due to the stress introduced by Nb-
added in the TiO, lattice [21,35,57]. The slight difference in ionic radius
between Nb°* (64 pm) and Ti*™ (60.5 pm) hinders the growth of the
rutile phase crystallites [55,56] as well as the phase transformation.
Therefore, although the amount of oxygen vacancies in the TiO, without
Nb addition and the 5 at.% Nb-added TiO, were almost the same, the ag-
gregation of the rutile particles in the 5 at.% Nb-added TiO, was
inhibited. In the case of 20 and 30 at.% Nb-added TiO,, almost no aggre-
gation was observed, and a relative high BET surface area, such as 66 and
65 m? g~ !, was obtained.

Fig. 4 shows the TEM images of (a) 0, (c) 5, and (e) 10 at.% Nb-added
TiO, and electron diffraction of (b) 0, (d) 5, and (f) 10 at.% Nb-added
TiO, heat-treated at 600 °C for 5 h under H,. As shown in Fig. 4(a), the
TiO, without Nb addition had some small particles with a diameter of
several nanometres on the surface of the large rutile particles. The
small particles may be from a Magnéli phase such as TisO or TizOs be-
cause the reduced titanium oxide was easily deposited on the surface
[57]. The electron diffraction of the TiO, without Nb addition was not
completely identified, but suggests the existence of TizOs (Fig. S4
(a) and (b)). However, there were almost no small oxide particles on
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Fig. 3. Relationship between the number of oxygen vacancies of the Nb-added TiO, heat-
treated at 600 °C for 5 h under H, and the ratio of added Nb, Ry,
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the surface of the 5 at.% Nb-added TiO,, as shown in Fig. 4(c), revealing
that Nb ions substituted the Ti ions in a relative manner, thereby de-
creasing the number of oxygen vacancies, as indicated in Fig. 3. This
TEM image also supports the behaviour of the 5 at.% Nb-added TiO,. In
case of 10 at.% of Ry, some fine particles were also observed on the sur-
face of the Nb-added TiO, particles with a diameter of several tens of
nanometres, as shown in Fig. 4(e). Here, Ti3Os and/or niobium oxides
may segregate on the surface. However, electron diffraction, as shown
in Fig. 4(f), was difficult to identify, and further observation is required
to reveal the fine particles. From the ED pattern of the field of view, a
large number of spots in a region with a relatively d value are extracted
as shown in Fig. S4(a)- (f) with TEM images, and the d value is calcu-
lated, attribution of the closest chemical species compared to standard
data (created from NIMS AtomWork) in Table S2.

Both the BET surface area and conductivity are important parame-
ters for application to catalyst supports. Therefore, the BET surface
area and conductivity are discussed as a function of the rutile ratio
(R:). As mentioned below, R, becomes a suitable parameter for
discussing the relation between the BET surface area, the conductivity,
and the amount of Nb addition. Fig. 5 shows the dependence of the
BET surface area and conductivity on R, for samples with (a) 0, (b) 5,
(c) 10, (d) 20, and (e) 30 at.% of Ryp. As compared with the dependences
of the BET surface area and the conductivity at different Nb additions,
the dependences can be roughly divided into three patterns. First, in
the case of TiO, without Nb addition, the BET surface area drastically de-
creased with a slight increase in R; and over a wide range of R, main-
tained a low value. By contrast, the conductivity of the precursor
below 70% of R, was low and drastically increased above approximately
70% of R.. Second, in the case of 5 and 10 at.% Ryy,, the BET surface areas
of the precursors were large and decreased exponentially with an in-
crease in R.. The conductivities of the precursors were low and remained
almost constant below ~40% of R, and then gradually increased with an
increase in R,. In addition, although the 5 at.% Nb-added TiO, showed
large deviation in Fig. 2(b) for 20 h treatment, Fig. 5(b) revealed that
the BET surface area and conductivity depended on the R;. The large de-
viation was probably responsible for the position of the added-Nb ions.
The position of the Nb ions affected the BET surface area and conductiv-
ity through the R,. Third, in the case of 20 and 30 at.% Ryp, the BET sur-
face areas largely decreased with an increase in R. below
approximately 10% and decreased slightly below 90%, and then drasti-
cally decreased again at above 90% of R;. The conductivities showed al-
most a reverse dependence of the BET surface area, that is, the
conductivities largely increased with an increase in R, below approxi-
mately 10%, remained almost constant below 90%, and then drastically
increased again above 90% of R.. When R, was used as a parameter,
the effects of the acceleration and inhibition of the phase transition
from anatase to rutile were excluded, and the characteristics of the an-
atase and rutile phases were reflected. Next, the dependences of the BET
surface area and conductivity on R, are discussed.

According to Fig. 5(a)-(e), the value of the BET surface area at a con-
stant R, can be obtained through an interpolation. Therefore, the depen-
dence of the BET surface area on Ry, at certain R, values of 10%, 20%, 40%,
and 60% are plotted in Fig. S5(a). The values of the precursors were also
plotted. The BET surface area of the precursors was at maximum at 5 at.
% of Ryp. By contrast, the rate of the decrease in the BET surface area
seemed to decrease with the increase in Ryp,. To clarify this, the ratio
of the decrease in the BET surface area at a certain Ry, was plotted
against Ry, as shown in Fig. S5(b). In the case of TiO, without Nb addi-
tion, although the BET surface area of the precursor was relatively
large, i.e, 132 m? g~ !, it drastically decreased even at 10% of R, because
of the large particle growth of the rutile. In the case of the Nb addition,
the ratios of the decrease in the BET surface area were not very large but
decreased exponentially with an increase in R,. The difference between
without and with Nb addition was responsible for the stress introduced
by Nb-doping in the TiO, lattice, and the effect increased with an in-
crease in Ryy. Therefore, the tendency of the BET surface area can be
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Fig. 4. TEM images of (a) 0, (c) 5, and (e) 10 at.% Nb-added TiO, and electron diffraction of (b) 0 (d) 5, and (f) 10 at.% Nb-added TiO, heat-treated at 600 °C for 5 h under H.

understood through R,. For all added amounts, the relationship of R;,
conductivity and BET surface area are shown in Fig. S6(a) and (b).

To find suitable parameters that govern the conductivity, we focused
on the electronic state of the samples. Fig. 6 shows the typical XPS of
(a) Ti2p and (b) Nb3d of the 30 at.% Nb-added TiO, heat-treated at
700 °C for 15 min under H,. Ti** and Nb°>* mainly existed, and lower
valence states such as Ti* ™ and Nb** were also observed in the sample.
The XPS spectra of Ti2p and Nb3d of the other samples are shown in
Fig. S7. For Ti 2p (Fig. 6(a)), the binding energies of 458.5 eV and
456.4 eV were TiO, and TiOy [58], respectively; for Nb 3d (Fig. 6(b)),
the binding energies of 206.8 eV and 204.8 eV were Nb,Os and NbOy
[59], respectively. Peak separation was achieved, and the correlation be-
tween the ratio of Nb** or Ti>* and the conductivity was investigated.
In addition, because it is difficult to explain the dependence of the entire
range of conductivity, we focused on the relatively high conductivity of
above 107> S cm™ . Fig. 6(c) shows the relationship between the loga-
rithm of the ratio of Nb** and the logarithm of the conductivity above
107> S cm™!, showing a good correlation between them. By contrast,
the ratio of Ti** had no apparent correlation with the conductivity, as
shown in Fig. S8. Fig. 6(c) roughly indicates that a twofold increase in
the ratio of Nb** caused an order of magnitude greater conductivity
of the samples. The reason is complicated because the conductivity
was affected by the number of oxygen vacancies and the Nb addition,
the electronic states of Nb and Ti, the particle size, and the contact resis-
tance, among other factors. The contact resistance might be neglected in
this high conductivity region because the conductivity was measured
under a large pressurised condition of 60 MPa, as shown in Fig. S2.
Nb-doped TiO, is essentially an n-type semiconductor, which is
characterised by the carrier density and flat-band potential. Recently,

the effect of semiconducting bulk properties of Nb-doped TiO, on the
electrochemical behaviour under cathode conditions was investigated,
demonstrating that the semiconducting properties govern the electro-
chemical active surface area owing to the formation of a depletion
layer [60]. However, it is difficult to characterise the semiconducting
properties of nanosized oxide particles because the particle size be-
comes smaller than the thickness of the space charge layer. In other
words, a new approach based on the physical chemistry of nanosized
oxide particles is required to discuss the electric conductivity of such
fine-sized oxides [61]. In addition, if semiconducting properties such
as the formation of a depletion layer affect the conductivity, the effect
can be neglected because platinum nanoparticles are deposited on the
oxide support for the application of cathode catalysts [62]. Therefore,
in this study, the correlation between the conductivity and the ratio of
Nb** was phenomenologically found and a further investigation will
be applied to clarify the effect of Nb**.

On the other hand, the difference of the dependences of the conduc-
tivity and the BET surface area on the R; as shown in Fig. S6(a) and
(b) can be roughly explained. The dependences of the BET surface
area on the R; of all samples were essentially similar because the in-
crease in the R, indicated the longer heat-treatment time to cause the
particle growth. On the other hand, the dependences of the conductivity
of the samples can be divided into three patterns. In the case of TiO,
without Nb addition, the rutile phase had also low conductivity because
there was no Nb ions, resulting that the conductivity kept low below
70% of R.. Above 70% of R, the rutile phase proceeded to transform
into Magnéli phase to rapidly increase in the conductivity. In the case
of 5 and 10 at.% of Ryp, the conductivity gradually increased with in-
crease in the R, because the increase in the R, produced the Nb** in
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Fig. 5. Dependence of the BET surface area and conductivity on R, for the samples with (a) 0, (b) 5, (c) 10, (d) 20, and (e) 30 at.% of Ryp.

the samples. In the case of 20 and 30 at.% of Ry, Nb** was easy to pro-
duce even low R, because the amount of added Nb was large. Above the
R, of 5%, the ratio of Nb** almost kept constant and the ratio of the Ti**
increased with increase in the R.. However, as shown in Fig. S8, the ratio
of Ti>™ did not affect the conductivity.

A scientific approach was conducted, as described in the previous
section. Next, an engineering approach will be useful to prepare Nb-
added TiO, supports with different properties. The BET surface area
and conductivity of the Nb-added TiO, as a support using three
experimental parameters was attempted to control, namely, Ryp, the
heat-treatment temperature, and time. Fig. 7 (a) shows the relationship
between the BET surface area and the logarithm of the conductivity of
all samples heat-treated under H,. The value of Ry, and the heat-

treatment temperature were distinguished based on the shape and col-
our of the plots, respectively. Roughly speaking, in the case of samples
with a low Ryp, such as 0, 5, or 10 at.% heat-treated at a lower tempera-
ture, a relatively large BET surface area was obtained instead of a low
conductivity. However, in the case of samples with a large Ryp, such as
20 or 30 at.%, a relatively high conductivity was obtained instead of a
low BET surface area. Here, the procedure used to obtain the support
with the desired BET surface area and the desired conductivity is de-
scribed. The relationship between the heat-treatment time of all sam-
ples and the BET surface area for obtaining the heat-treatment time is
shown in Fig. 7(b). First, the desired BET surface area and the desired
conductivity are determined. For example, for the case I 125 m? g~ ! of
the BET surface area and 107°% S cm™" of the conductivity are desired.
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Fig. 6. Typical XPS of (a) Ti2p and (b) Nb3d of 30 at.% Nb-added TiO, heat-treated at 700 °C for 15 min under H,. (c) Relationship between the logarithm of the ratio of Nb** and the

logarithm of the conductivity above 107> S cm™ .
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From the corresponding plot of 125 m? g~ ' and 107¢ S cm ™!, we can
read an Ry, of 10 at.% and a heat-treatment temperature of 500 °C in
the case of I. In addition, 10 at.% of Ry, and a 500 °C heat-treatment tem-
perature are obtained. Then, according to Fig. 7(b), the heat-treatment
time can be obtained by reading the value of the y-axis of the plot of
10 at.% Ry, heat-treated at 500 °C, and a BET surface area of 125 m?
g~ ! along the x-axis. In the case of II, a BET surface area of 25 m? g™!
and a conductivity of 1073 S cm ™! are desired. We can read an Ryy, of
30 at.% and a heat-treatment temperature of 700 °C. Then, according
to Fig. 7(b), a 5-h heat-treatment time is obtained. Thus, the 30 at.%
Nb-added TiO, will be heat-treated at 700 °C for 5 h, leading to a BET
surface area of 25 m? g~ ! and a conductivity of 107> S cm™ . Based on
Fig. 7(a) and (b), the BET surface area and conductivity of the
Nb-added TiO, compounds could be controlled. This procedure is con-
siderably useful for the preparation of supports with control of the
BET surface area and conductivity.

Finally, the stability of the Nb-added TiO, heat-treated under H,
was evaluated because some fine particles such as titanium suboxide
or niobium oxides might be deposited on the surface of the Nb-
added TiO,. Many previous studies have previously revealed that
platinum nanoparticles supported by Nb-added TiO, particles have
superior stability under PEFC cathode conditions. Thus, the durabil-
ity of the Nb-added TiO, supports based on two typical properties
will be checked, i.e., a high BET surface area and low conductivity,
and a low BET surface area and high conductivity. Two supports
were prepared. For support 1, a high specific surface area of 128 m?
¢~ ! and low conductivity of 5.57 x 1077 S cm ™! are used (under
preparation conditions of 10 at.% Nb-added TiO, heat-treated at
500 °C for 2 h under H,). For support 2, a low specific surface area
of 39 m? g~! and a high conductivity of 2.15 x 1074 S cm™! are
used (under preparation conditions of 30 at.% Nb-added TiO, heat-
treated at 700 °C for 0.5 h under H,). Ketjenblack (KB) EC-300 J,
which is often used as a cathode catalyst support in PEFCs, was also
evaluated to compare the stability.

The ADTs were conducted at a potential scan rate of 500 mV s
within the potential range of 1.0 to 1.5 V versus RHE at 60 °C according
to the start/stop cycle test recommended by FCCJ [48]. Fig. 8 shows the
cyclic voltammograms (CVs) during the ADT of (a) support 1,
(b) support 2, and (c) KB EC-300 ] in 0.1 M HCIO,4 under N, at 60 °C
with a scan rate of 50 mV-s~'. Both supports 1 and 2 showed almost
no change in CVs during ADT even after 15 k cycles, revealing that
both supports with a high BET surface area and low conductivity, and
a low BET surface area and high conductivity, were sufficiently stable
as supports under the cathode conditions of PEFCs. By contrast, as
shown in Fig. 8(c), the CV of Ketjenblack EC-300 J increased with an in-
creasing number of cycles of ADT because of the surface oxidation
owing to the potential cycling. Fig. 8(d) shows the variations in the elec-
tric charge for the charge of the double layer of supports 1 and 2, and KB
EC300] under the number of cycles of ADT. Although some fluctuations
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Fig. 8. Cyclic voltammograms (CVs) during the ADT of (a) support 1, (b) support 2, and
(c) KB EC-300 ] in 0.1 M HCIO,4 under N, at 60 °C with a scan rate of 50 mV s~ .
(d) Variations in the electric charge of the double layer of supports 1 and 2, and KB
EC300J in cycle numbers of ADT.

were observed, the capacitances of supports 1 and 2 were almost con-
stant. Therefore, both typical supports showed a superior stability, indi-
cating that the Nb-added TiO, as well as small particles such as titanium
suboxides and/or niobium oxides had sufficient stability under cathode
conditions. In the case of KB EC300], the capacitance increased almost
linearly with an increase in the number of cycles, suggesting that the
surface of KB EC300] was oxidized through potential cycling within a
high potential region.

Therefore, high-durable-Nb-added TiO, with the desired BET surface
area and desired conductivity could be obtained by controlling the ratio
of Nb addition, heat-treatment temperature, and time under H,.

4. Conclusion

Material design of the Nb-added TiO, as catalyst supports for
PEFC cathodes was proposed. Nb-added TiO, with the desired sur-
face area and conductivity was synthesised. The physicochemical
factors were aimed to reveal, that govern the surface area and con-
ductivity through a systematic investigation with a change in the
amount of niobium addition, heat-treatment temperature, and
time. The behaviours such as a phase transition from anatase to ru-
tile and the particle growth of the rutile phase can be explained
through the previous findings in that the substituted Nb>* de-
creased the number of oxygen vacancies. The oxygen vacancies pro-
moted the phase transformation through an increase in lattice
relaxation. The doped Nb inhibited both the transformation and
growth of the rutile phase by the stress effect owing to the differ-
ence in the ionic radius, and the excess Nb segregated into niobium
oxide on the surface of the Nb-added TiO, to restrict the phase tran-
sition. The BET surface area of the Nb-added TiO, was strongly af-
fected by the amount of Nb addition, and the conductivity within
the range of above 107> S cm~! was governed by the ratio of
Nb**. We then successfully proposed a procedure to prepare highly
durable Nb-added TiO, supports with the desired BET surface area
and conductivity by controlling the amount of niobium addition,
heat-treatment temperature, and time under a pure hydrogen
atmosphere.
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