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Abstract

Nb, Ta and V-doped TiO, aerogels and xerogels have been synthesized as possible new alternatives to
carbon blacks for Proton Exchange Membrane Fuel Cells catalyst supports. A comparative study of
different dopants was realized in a single study. Nb, Ta and V showed different behaviors with respect
to the final material structure and morphology, composition and electronic conductivity. They are all
prone to surface segregation, to different extents. VV-doped TiO, apart, the rutile structure could only
be obtained after calcination in a reducing atmosphere at 800 °C for Nb or Ta-doped TiO,. The
electronic conductivity exhibited a maximum at 10 at.% for Nb and Ta, 5 at.% for V. Nb revealed to
be the most appropriate dopant to increase the electronic conductivity of TiO,, followed by Ta and V.
4 to 5 orders of magnitude were gained after Nb doping for xerogels conductivity to reach almost 0.1
S cm™. The role of point defects was discussed to account for phase transition and evolution of

conductivity.
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Introduction

Despite the recent commercialization of fuel cell cars in Japan, the mass development of proton
exchange membrane fuel cells (PEMFC) for automotive application is still facing two main
challenges: durability and cost. Both of them are interconnected and highly related to materials used in
membrane electrodes assemblies (MEA), the unit cells where electrochemical reactions convert
hydrogen and oxygen into electricity, heat and water. Among the components of MEAs, the catalyst
layer is one of the main sources of durability and cost reduction. Due to its limited stability in PEMFC
operating conditions [1, 2], numerous studies are dedicated to replacing carbon as catalyst support.
Indeed, carbon tends to corrode under operation, especially at the cathode side [3, 4] due to high
relative humidity associated to relatively high temperature (80 °C) and high potential (1.4 V in some
operation phases like start-up/shut-downs [5]). Such corrosion would even be emphasized at higher
operating temperature, a trend in PEMFC development. On one hand, carbon corrosion is responsible
for a change in morphology of the catalyst layer with consequences on gas diffusion inside the
electrodes. On the other hand, it is also impacting the supported catalyst whose particles number and
repartition and size distribution are modified, resulting from particles aggregation, migration or

detachment [6, 7], thus lowering the catalytic activity.

Different strategies have been followed to mitigate carbon corrosion, based either on system
countermeasures or on new materials development. Among the several alternatives proposed to
replace carbon as a catalyst support, metal oxides look promising. Stable metal oxides in PEMFC

cathodic operating condition can be selected from Pourbaix (pH-potential) diagrams [8]. TiO, is one of
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them. It is cheap and has been studied for long, especially for application in solar cells [9, 10] or for its
photocatalytic properties [11, 12]. Different morphologies have thus already been developed,
nanoparticles, nanotubes or even aerogels [13-23] for instance. Morphology is a major feature of
PEMFC catalyst supports, especially at the cathode side, since it governs diffusion limitations related

to gas diffusion towards (oxygen) and from (water) catalytic sites inside the cathodic catalyst layer.

To be considered as a potential alternative to carbon blacks, on top of having an adequate morphology,
the electronic conductivity of TiO, has to be significantly increased. The electronic conductivity is
related to the concentration of positively charged defects in the lattice. Hence doping TiO, with
cations of higher valence than that of Ti (4+) or heating TiO, in a reducing atmosphere to favor the
presence of oxygen vacancies will increase its electronic conductivity through charge compensation
phenomenon. Both strategies have already been followed and conductivity as high as 1 S cm™ has
been reached [24], noteworthy most of the time at the expense of the specific surface area. Different

cations such as Nb, V or Ta [24-30] have already been used as dopant in TiO,.

Combining proper morphology (high specific surface area and adequate pore size distribution) and
high electronic conductivity is mandatory for a material to be a credible alternative to carbon blacks as
PEMFC catalyst support. Nanoparticles [25, 31, 32], nanotubes, microspheres [33, 34] or nanofibers
[35] have been evaluated as different TiO, morphologies to replace carbon black as promising catalyst
support for PEMFC. To our knowledge, despite their very interesting morphology, TiO, aerogels have
never been evaluated in such an application. The potential of carbon aerogels in this area has already
been demonstrated [36, 37]. With large specific surface area (650 m? g™) and a pore size distribution
which can be tailored from the synthesis route parameters, they offer a wide panel of possible
morphologies. Following our previous work on carbon aerogels for PEMFC [38, 39] and TiO,
aerogels for water splitting [22], it came out obvious to try to design mesoporous TiO, for PEMFC. To
this end we had to increase their electronic conductivity to reach values close to that of carbon (several
S cm™ depending on the material and the measurement technique). Considering that the trend in

PEMFC is to increase the operating temperature and that the electronic conductivity of



semiconducting metal oxides is increasing with temperature alleviates somehow the constraint on the

conductivity target.

For the first time in a single study, Nb, V or Ta-doped TiO, materials have been synthesized in the
scope of reaching both adequate morphology and electronic conductivity for PEMFC. It is well known
that the aerogel texture is highly impacted by the preparation route [40]. All synthesis parameters have
thus to be optimized to reach the objectives. This study is focused on conditions of calcination
(atmosphere and temperature) and type of dopant and their concentration. All these parameters have
mutual influence and a whole study appeared necessary to optimize the material for the foreseen
application. The results presented here report the influence of the synthesis parameters on the
crystallographic structure, the specific surface area and pore size distribution, the chemical

composition and the electronic conductivity of Nb, V or Ta-doped TiO, aerogels/xerogels.

2. Experimental

2.1 Synthesis route
Aerogels and xerogels were synthesized starting from a classical sol-gel route based on alkoxides [20]
and already experienced in a previous study [22]. The following parameters have been selected for the

whole study: R = H,O/Ti = 3.4, C = HNO3/Ti = 0.07 and S = iPrOH/Ti = 15.

All chemicals were purchased from Alfa Aesar and dried out on molecular sieve (HNO; 2N ref.44528,
Ti(OBu), ref.77124, Nb(OiPr), 99% 10%w/v in iPrOH (ref. 36572), VO(iPrO); 96% (ref. 89798),
Ta(OEt)5, 99+%, (ref.L10288).

Crystallized materials are obtained by calcination in a tubular furnace, 5 h at different temperatures

(ramp of 10°C/min) in controlled atmosphere (air or 5 vol.% H, in N, hereafter mentioned H,/N,).

The nomenclature chosen to name the materials (ex. A8TN100) relates to their composition and
conditions of preparation. The first letter stands for the type of materials (A for Aerogels, X for
Xerogel). The first figure represents the temperature of calcination (8 for 800°C...). H is preceding the

letter for samples calcined in H,/N, (others are calcined in air). The following letter stands for the



matrix (T for TiO,). And the end is mentioned the dopant (N for Nb, V for V, Ta for Ta) and its
concentration level (100 for 10 at.%...). AH8TN100 stands for a 10 at .% Nb-doped TiO, aerogel

calcined in H,/N, at 800°C whereas XTN100 stands for its xerogel counterpart calcined in air.

2.2 Material characterization

X-ray diffraction (XRD) patterns were collected using a powder diffractometer (MPD PANalytical
X’Pert Pro) operated at 45 kV, with CuKa radiation (A= 0.154 nm). Data were collected in steps of

0.05 ° from 20° to 90 ° in 2-0 mode with Pixcel counter.

The X-ray photoelectron spectroscopy (XPS) analyses were carried out using a Thermo Scientific K-
Alpha system. The spectrometer is equipped with an AIKa monochromated source and a low energy
flood-gun for charge compensation. Survey scans were made with energy pass of 200 eV - step leV
and high resolution analyses with pass energy 40 eV - step 0.1 eV. The ellipsoid spot size is about 350
pUm x 700 um. The thickness of analysis is about 10 nm with more than 80% of the signal coming from
the first 5 nm.

Scanning electron microscopy (SEM) observations were recorded with a ZEISS Supra 40 with a 30
kV electron beam. The composition has been analyzed by energy dispersive X-ray spectroscopy
(EDX) at 15 kV, performed with a Philips XL30. EDX and XPS analysis were repeated four times on
the same sample.

Transmission electron microscopy (TEM) analyses in high resolution TEM (HRTEM) mode and in
scanning TEM (STEM) mode have been performed using a FEI-Tecnai Osiris operating at 200 kV.
This microscope is equipped with a Super-X system (4 Silicon Drift Detectors) optimized for high
speed EDX elemental maps acquisition. The quantitative analysis of Ti and Nb composition was
performed using the Ti and Nb K lines using Cliff-Lorimer k factors given by the EDX Bruker
program.

Nitrogen sorption analysis was performed with a Micromeritics ASAP 2020. Samples were
preliminary degassed during 120 min at 10 umHg and 100 °C. Brunauer-Emmett-Taller (BET) model

was applied to determine the specific surface area. The pore size distributions were calculated
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applying the Barret-Joyner-Halenda (BJH) method to the desorption branch of the isotherms. The
assessments of microporosity were made from t-plot construction using the Harkins-Jura correlation.
By considering a monomodal distribution of spherical particles, the mean particle diameter has been
calculated applying the formula d=6/(pS) (where d is the particle diameter, p the skeleton density =
4.26 g cm™ [41] and S the specific surface area).

The “bulk" electronic conductivity was measured by electro-impedance spectroscopy (EIS) on doped
xerogel pellets (13 mm in diameter), pressed during 5 min at 3.5 tons (CARVER) and calcined under
hydrogen flux (H»/N,) at 800 °C during 5 hours. The conductivity (6) was calculated with the formula
6 = [e/(RXS¢ectrode)], Where e is the thickness of the pellet, R the measured resistance and Sgjectroge the
surface of the electrode (0.0346 cm?).

The distribution of particle size was plot based on the direct measurement of 50 to 100 particles

diameters from magnified SEM images.

3. Results and discussion

3.1 Calcination and crystallographic structure

The catalyst supports have to be crystalline enough to ensure a proper conductivity. It has been
moreover reported in the literature that the rutile phase has to be favored [42]. Huang et al. [24]
showed that the conductivity of the rutile phase of TiO,:Nb was indeed six orders of magnitude higher
than that of amorphous or anatase phases.

Amorphous materials, obtained after CO, supercritical drying, have thus to be calcined high enough in
temperature to crystallize in the rutile phase. However, since the higher the calcination temperature,
the lower the specific surface area, a compromise has to be found. To this end, our materials were

calcined 5 h at different temperatures, between 500 and 800 °C, in flowing air or H,/Ns,.

A crystallographic analysis has first been performed on pure TiO, calcined at different temperatures in

flowing air.



Details are provided as supplementary materials. Main conclusion is that no new oxide but TiO, is
present for doped samples whereas small XRD peak shifts appear, what is representative of successful
doping. The rutile phase only appears after calcination at temperature high enough (> 700°C) and the

anatase to rutile transformation is delayed for Nb or Ta-doped TiO,, not for V-doped TiO..

Since the presence of oxygen vacancies could increase the conductivity of the support [24] and also
strongly affects the kinetic of phase transition [43], calcination in a reducing atmosphere was
performed. Doped TiO, samples were prepared with 10 at.% Nb, Ta or V as a dopant and calcined for

5 h, at 800 °C, in flowing Hy/Ns.

Interestingly, such a treatment is highly beneficial to obtaining the rutile phase for all doped samples
(Figure 1). Indeed, calcined at 800 °C in flowing Hy/N,, all doped samples crystallized in the rutile
phase. As mentioned, the phase transition rate is strongly influenced by the amount of oxygen
vacancies, highly promoted in such calcination conditions. It can be concluded that calcination in a

reducing atmosphere led to compensate the lack of oxygen vacancies resulting from Nb and Ta

doping.
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Figure 1. XRD of pure and doped TiO, aerogels calcined 5 h at 800 °C in flowing Hx/N, (5 vol.%)

A small peak shift is also observed on the main rutile peak (110). From 27.52° for undoped TiO, it is

shifted to 27.37° for both Nb and Ta-doped TiO, and to 27.8° for V-doped TiO..



If the crystallinity looks similar for Nb and Ta-doped TiO,, the V-doped sample exhibits much smaller
crystallites evidenced from larger peak FWHM (full width at half maximum).

Looking at Figure 2 and the results obtained for different Nb levels, the niobium concentration should
be limited to 5 at.% to avoid at maximum the presence of anatase. In our case and in agreement with
Ruiz et al. [28], the limit of solubility of Nb in rutile TiO, stands between 5 and 10 at.%. This is
confirmed by the stabilization of the shift (resulting from Nb insertion in the lattice) of the main rutile
peak (110) from 10%. Above the limit of solubility in rutile (between 5 and 10%) Nb is stabilized in
anatase in which solubility is higher (probably between 10 and 15% in our case as stated before). We

can presume that increasing again the niobium level would result in the formation of niobium oxide.
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Figure 2. XRD of Nb-doped TiO, aerogels calcined 5 h at 800 °C in flowing Hy/N, (left) and R(110)

peak shift (right) for different Nb contents.

Note that a different result was reported by Huang et al. [24] who obtained pure rutile after calcination

at 800 °C in a reducing atmosphere with Nb concentration as high as 25 at.%.

In conclusion, to crystallize in the rutile structure, Nb or Ta-doped TiO, aerogels, prepared with the
system selected in this study, have to be calcined at 800 °C in a reducing atmosphere (here 5 vol.% of
H, in N,). However, even in such conditions, too much a concentration of Nb leads to the presence of

anatase.



The behavior of V-doped TiO, aerogel is different. Whatever the atmosphere of calcination V-doped
TiO, samples all crystallize in rutile after calcination at 800°C. We can also conclude from our results

that the presence of vanadium in the system facilitates the anatase to rutile phase transition.

3.2 Calcination and morphology

The calcination conditions and the presence of dopant are not only impacting the structure but also the
morphology of TiO, aerogels which is of paramount importance for the foreseen application. It has
thus been characterized with SEM and nitrogen sorption analysis with BET, BJH and t-plot data

treatments.

The specific surface area of raw aerogels is relatively high, around 550 m? g* (Supplementary

materials, figure 4).

Calcination in H,/N, resulted in a tenfold increase of the specific surface area for pure TiO, compared
to that of the same sample calcined in air (AH8T vs A8T, Figure 3 and supplementary materials),

whereas both are in rutile phase.
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Doping also resulted in an increase of the specific surface area of samples calcined in H,/N,. Even if
more limited than after calcination in air it still keeps acceptable values close to 40 m2 g for 10 at.%
Nb or Ta-doped samples. The evolution of the specific surface area of VV-doped samples is noteworthy.
Whereas it is very low after calcination in air (1 m2 g™), it is quite high after calcination in H,/N, (65

m?2 g™). Such specific surface areas are amongst the highest reported, in similar calcination conditions.

To complete the morphological characterization, SEM observations have been performed (Figure 4
and 5). The texture of TiO, aerogels, resulting from the agglomeration of roughly spherical particles,
looks slightly dense. The apparent density is however difficult to measure since the monolithic nature
was lost during supercritical drying and calcination. As expected, the particles’ diameter increases
with the calcination temperature. Starting from roughly 10 to 20 nm after calcination in air at 600 °C,
the particles’ diameter reaches values between 10 and 200 nm after calcination at 800 °C, larger
particles being majority. In this case, the difference in diameter with that calculated from N, sorption

results (500 nm) may be due to non-really spherical particles as shown on Figure 4 (A8T).

> ()
£

»

Figure 4. SEM images of TiO, aerogels calcined in air at 600 (A6T) and 800 °C (A8T) and distribution

of particles size

Using a reducing atmosphere during the calcination results in a significant reduction of the particles’

diameter for undoped TiO, (Figure 5), roughly from 100 nm to 40 nm.

Whatever the atmosphere of calcination, doping TiO, with Nb or Ta significantly decreases the

particle size without changing their shape (Figure 5).
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Nb has already been reported to inhibit grain growth [28, 44]. This was confirmed here both in
oxidizing and reducing atmospheres. Particles are slightly larger in the latter case, in good agreement
with N, sorption analysis (smaller specific surface area). A similar behavior was also observed with

our Ta-doped aerogels.

On the contrary, doping with V results in much larger particles after calcination in air (about 1 um in
diameter!), which is also consistent with the very low specific surface area calculated from N, sorption
analysis. In these calcination conditions, contrary to Nb or Ta, V also modifies notably the shape of
grains which look more faceted. Particles are much smaller and more homogeneous in size after

calcination in a reducing atmosphere.

Finally, all doped samples have similar mean particle diameter of about 20 to 25 nm after calcination
in a reducing atmosphere, slightly smaller than that of pure TiO, (40 to 50 nm), in good agreement

with N, sorption results.

The most drastic modification occurred for V-doped TiO, aerogel in accordance with N, sorption
analysis and calculated specific surface areas. Their particles diameter decreased down to about 25 nm

after calcination in Hy/N, from more than 1 um after calcination in air.

If the specific surface area is a very important feature of catalyst supports, their pore size distribution
is of major importance especially for fuel cell application. Indeed, it mainly governs the final
morphology of the catalyst layer thus impacting fluids management and hence fuel cell performance.
To be efficient in the foreseen application, a catalyst support has to present a very small micropore
volume, large mesopores and some macropores to avoid flooding of the cathode catalyst layer at high

current densities [39].

The determination of the pore size distribution is not that easy concerning aerogels. Some of them are
known to be deformed during N, sorption analysis from intermediate relative pressure [45]. We made
here the assumption that the calcination, at relatively high temperature, strengthens our aerogels

enough to withstand the capillary forces applied during nitrogen sorption. Based on this assumption,
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the pore size distribution, the pore volume and the micropore volume have been determined applying

BJH and t-plot models on results obtained from N, sorption analysis.

Figure 5. SEM images of pure and 10 at.% doped TiO, aerogels calcined 5 h at 800 °C in air (left) or

H,/N, (right) (N=Nb, Ta=Ta, V=V)

Table 1 gathers all the measured morphological features of the different aerogels samples analyzed.
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Table 1. Morphological features of TiO, aerogels samples (Sger= BET specific surface area, PSDgju=

BJH Pore Size Distribution, VeN, and VpN,=pore and micropore volumes calculated from N,

sorption)
Sample Dopant At.m ' (?f et PSP Vel Vel
calcination  (mzg®)  (m) (em’g’) (cm’g)
AT No Caziorfe | 546 25 3.4 310"
A5T No Air 149 14 0.8 -
ATT No Air 49 15 0.2 -
A8T No Air 3 29 0.024 910*
AH8T No Ha/N, 32 18 0.15 2710
AHSTN100  Nb Ha/N, 44 18 0.24 1810
AH8TTal00 Ta H,/N, 45 12;18 021 48 10
AHBTV100  V Ha/N, 59 25 0.34 1510

The complete N, sorption isotherms performed on pure and doped TiO, aerogels are shown on figure
6. They are all representative of a classical mesoporous material: type-1V isotherm with a type-H1
hysteresis loop (according IUPAC classification) largely completed before P/P°=0.42. The shape of
the hysteresis loops, with parallel adsorption and desorption branches, is consistent with SEM
observations showing rather agglomeration of more or less spherical uniform particles. Adsorption and
desorption branches are slightly less parallel for pure TiO, than for doped TiO,, reflecting a wider
distribution of particles size in agreement with SEM observation and particles size distribution (Figure
5). The plateau observed at large P/P° values, characteristic of type-1V isotherm, is less horizontal for
doped samples probably due to a mix between type-Il and type-1V isotherm. We may thus expect

some macroporosity.

All samples present a narrow pore size distribution. AH8TTal00 apart, which presents significant
contributions at 12 and 18 nm, it is almost monomodal for all materials, with an average pore diameter

centered at 18 nm for pure and Nb or Ta-doped TiO, and 25 nm for V-doped TiO,. A very small
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contribution at larger pore diameters can be observed for doped samples, in agreement with the shape
of the isotherm at large P/P° values discussed above (mix between type-Il and type-1V isotherms). The

pore size distribution is slightly broader for Nb and VV-doped samples.
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Figure 6. N, sorption isotherms (left) and pore size distribution (right) of pure and doped TiO,

aerogels calcined in Hy/N, 5 h at 800 °C.

The mesopore volume of TiO, aerogels decreased after calcination, whatever the atmosphere of
calcination. Interestingly, a fivefold increase is observed for undoped TiO, calcined in a reducing
atmosphere compared to calcination in air. Doping also leads to a slight increase in mesopore volume
of the samples calcined in a reducing atmosphere (+ 60 or 40% resp. with 10 at.% of Nb or Ta and x2
with 10 at.% of V).

The micropore volume is increasing after calcination. However it is always negligible compared to the
pore volume, roughly 3 to 4 orders of magnitude smaller. Note that, as reported by Siracusano et al.
[25], doping TiO, with Ta results in a larger micropore volume than with Nb. No difference in

micropore volume was observed between Nb and V doping.

After calcination at 800 °C in a reducing atmosphere, all the samples finally showed small particles
(20 to 30 nm in diameter) exhibiting reasonable specific surface areas (30 to 60 m? g™) while
crystallizing in the rutile phase. Their micropore volume is negligible compared to the pore volume

and their pore size distribution is centered between 15 and 30 nm.
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Such a morphology is promising for the foreseen application. There is still room for optimization,
especially concerning the pore size distribution where larger mesopores are expected along with some

macropores.

3.3 Composition and dopant segregation

The conductivity is related to the crystallinity. It is moreover very much impacted by the doping level.

To confirm that the foreseen amount of dopant has really been introduced in the matrix, EDX and XPS
analysis have been performed to determine respectively bulk and surface dopant concentration.
Actually the doping level was calculated considering the respective atomic percentages of dopants and
titanium obtained from EDX and XPS semi-quantitative analysis.

Whatever the dopant (Nb, Ta or V) and the synthesis atmosphere conditions (Air or H,/N,) of the
doped TiO, samples, the calculated bulk levels (EDX) were very close to the expected values (Figure
7, plain markers). On the contrary, the dopant concentration is roughly two to four times higher on the
surface (XPS) than in the bulk (Figure 7, open markers) reflecting some dopant segregation from the
bulk to the surface. Such a phenomenon was already evidenced with HR-TEM and EDX by Akiyama
et al. in the case of Nb [46]. It may be ascribed to different kinetics depending on the type of
precursors used. Depending on the type of dopant and its concentration, such segregation, if it is

stable, may favor or not the electronic conductivity.

It is noteworthy that the dopant segregation is more pronounced after calcination in air (Figure 7,
squares), to a greater extent in the case of Nb and V doping, than after calcination in H,/N, (Figure 7,

circles). This may explain the slight difference in solubility observed and discussed previously.

In the case of Ta doping, the same type of segregation was observed but with little difference between
oxidant and reducing calcination atmosphere. The difference in concentration between the bulk and

the surface is also smaller than in the case of Nb or V.

Note that quite no segregation was observed for V doping after calcination in a reducing atmosphere.
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The Nb 10 at.% doped TiO, sample calcined at 800 °C in Hy/N, (AH8TN100) was observed by TEM.
In order to perform EDX chemical analyses, this sample was also observed in scanning TEM (STEM)
mode. Quantitative analysis was performed on EDX elemental maps in order to obtain the Ti and Nb
at.% distribution across the TiO, grain. The Nb at% map (Figure 8.a) clearly revealed a higher
concentration of Nb near the grain surface. The Nb segregation is also evidenced on the Ti and Nb
at.% line profile extracted from the quantitative map (Figure 8.b). The Nb concentration near the
surface is around 3 times higher than in the particle bulk in good agreement with previous results
based on the comparison between SEM-EDX and XPS analysis. The thickness concerned with the
segregation is roughly 4 nm in good agreement with XPS results as maximum intensity is coming out

from the first nanometers.
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Figure 8. (a): Nb at.% quantitative elemental map across a grain of Nb-doped TiO, aerogel
(AHBTN100) obtained from the EDX Ti and Nb elemental maps. — (b): line profile of Nb and Ti
atomic concentration extracted from the quantitative map along the white line drawn on (a) and
indicated by the arrow (in order to increase the signal/noise ratio, the signal was integrated in the

square drawn on the figure along the line)
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34 Electronic conductivity

In order to evaluate the influence of the different dopants on the TiO, electronic conductivity, it is
preferable to limit at maximum the parasitic interface resistances. To this end the electronic
conductivity was measured on xerogels. Xerogels indeed are much denser materials than aerogels,
exhibiting much less grain boundaries. They were prepared by evaporative drying at room temperature
during 2 days of gels synthesized following the protocol described in this paper. Similarly to aerogels,
all xerogels were calcined in H,/N, at 800 °C for 5 h. They all crystallized in the rutile phase, with a

very low specific surface area, close to 1 m#/g.

Electronic conductivities were measured by impedance spectroscopy at room temperature on pure and

doped titania xerogel pellets (Figure 9) for Nb, Ta or V-doped TiO, (0.5, 2, 5, 10 and 15 at.%).
The pure TiO, xerogel (0 at.%) showed a very low electronic conductivity of about 10° S cm™.

All dopants have a beneficial impact on the electronic conductivity at different level of performance

(Nb>Ta>V).

Whatever the dopant, the electronic conductivity is increasing with the dopant level, very significantly
for Nb doping (4 to 5 orders of magnitude), less for Ta (3 orders of magnitude) and much less for V.
Such differences may result from different i) induced point defects, ii) dopant distribution and

segregation or even iii) sample densities.

The maximum value was obtained after doping at 10 at.% for Nb or Ta and at 5 at.% for V. Too high a
dopant concentration results however in a decrease of electronic conductivity. A similar evolution of
conductivity with the dopant level has already been reported for Nb-doped TiO, [47]. The best value
was obtained for 10 at.% Nb-doped TiO, which reached a conductivity of about 0.08 S cm™

(XH8TN100).

Measurements have also been carried out on aerogels calcined in a reducing atmosphere for
comparison.

The conductivity of the pure aerogel calcined at 800 °C in a reducing atmosphere is one order of
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magnitude lower than that of the pure TiO, xerogel calcined in the same conditions (0.07 10° S.cm™

vs 0.9 10° S.cm™).
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Figure 9. Evolution with the dopant level of the electronic conductivity of doped titania xerogel pellets

calcined 5 h in H,/N, at 800 °C.

The conductivity of 10 at.% Ta or Nb-doped aerogels remains very low (respectively 0.09 10° and
0.14 10°S cm™) compared to that of their xerogel counterparts.
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The only significant increase of electronic conductivity (0.36 10°® S cm™) was obtained after annealing
the 10 at.% Nb-doped TiO, aerogel pellet in a reducing atmosphere, thus confirming, if necessary, the
major importance of the particles connection. Actually, the electronic conductivity of individual
particles is much probably increased after doping but the interface resistance between particles masks
the advantage of doping.

Such low conductivities may limit the interest of these aerogels for the foreseen application. However,
since PEMFC catalytic layers are very thin (several um only) the number of grains boundaries across
these layers is limited and so the contribution of the interface resistance to the total resistance.
Moreover, Pt nanoparticles subsequently deposited on the surface of the catalyst support will also
narrow the depletion layer generated on the surface of semiconducting materials and favor electron
conduction.

Nevertheless the morphology of our aerogels still needs to be improved to reduce interface resistances
at maximium. In this context, we can expect large improvement from monolithic aerogels whose
interconnected small particles will contribute to minimize internal resistances. We will now direct our

work on the optimization of preparation of such monolithic materials.

4, Conclusion

The temperature and the atmosphere of calcination of our aerogels were found to impact the main
features of the final catalyst support, i.e. their structure, morphology, composition and electronic
conductivity.

Conditions which disadvantage the presence of oxygen vacancies (oxidizing atmosphere, hypervalent
doping cations) delay the anatase to rutile phase transition. This was clearly evidenced comparing
oxidizing and reducing atmospheres of calcination in the presence or not of Nb, Ta and V. The
temperature of calcination is known to impact the morphology of powder materials (specific surface
area, pore size distribution and particle size). It was also significantly impacted both by the
atmosphere of calcination and doping. The presence of dopants (Nb, Ta or V) allowed to impressively

increase the specific surface area of TiO, aerogels calcined in a reducing atmosphere. Such an
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evolution is also related to the crystallographic phase, anatase being known to be stabilized for small
particles.

Surface segregation was observed for all dopants, to different extent for Nb, V and Ta, depending on
the atmosphere of calcination. It is always higher after calcination in air whatever the dopant (Nb, V or
Ta).

Finally, the “bulk” electronic conductivity, measured on xerogels, was dramatically increased after
doping and calcination in reducing atmosphere, the highest conductivity being obtained with Nb at 10
at.%.

Compared to classical carbon supports, the texture of aerogels can be optimized playing on the sol gel
parameters. However their electronic conductivity remains for the moment too low compared to that of
carbon regarding the foreseen application.

This first study on doped TiO, aerogels for PEMFC catalyst supports is paving the way towards their
optimization. Considering the morphology of the aerogels obtained so far we believe that there is still
room to improve the synthesis route playing on the sol-gel parameters in order to increase the specific
surface area and to enlarge the pore size distribution. It may probably also impact the electronic
conductivity. The overall performance of doped TiO, aerogels as catalyst support will have to be
evaluated in real operating conditions. The thickness of the catalyst layer and the presence of
deposited Pt nanoparticles are indeed impacting significantly the electron transfer across the electrode.

This will be checked in a further study.
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Supplementary materials

Crystallographic analysis of pure and doped TiO, calcined in air

XRD peak intensity ratios were used in order to quantify the degree of the anatase to rutile phase

transformation after calcination at 800 °C in air, using the empirical relationship [1].
R(T) = 0.679x[Ir/(Ig+1a)] + 0.312x%[Ir/(Ir+1a)]? Eq. 1

where R(T) is the content of rutile after calcination at T in °C, I, is the intensity of the main anatase

peak at 26 = 25.3 ° (101), and Iy is the intensity of the main rutile peak at 20 = 27.44 ° (110).
As expected, the higher the calcination temperature the better the crystallinity of TiO, (Figure 1).

If after calcination at 600 °C only anatase could be detected (A6T) as confirmed by the absence of the
most intense peak of rutile at 2 © = 27.44 ° (R 1 1 0), rutile is by far the major phase detected after
calcination at 800 °C, with only 2% of anatase. So, consistently with Campbell et al. [2], in flowing air

the anatase to rutile phase transformation occurs between 600 and 800 °C for our pure TiO, aerogels.
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Figure 1. XRD of TiO, aerogels calcined in flowing air, 5 h at 500 °C, 600 °C, 700 °C and 800 °C

(left) and rutile content (right)

Whatever the dopant, Nb, V or Ta, at 10 at.% doping level, no other oxide but TiO, could be detected

in all doped TiO, samples, what is a good indication for a successful doping (Figure 2). Additionally, a



small peak shift was observed for Nb or Ta-doped TiO,. Whereas the main anatase peak (101) is
positioned at 25.47° for undoped TiO,, it is shifted to 25.31° for both Nb or Ta-doped TiO,, resulting
from an expansion of the lattice after doping, in agreement with the respective diameter of Ti** (0.61
A) and Nb>* (0.64 A) cations. It is clear from figure 2 that doping TiO, with niobium delays the
anatase to rutile phase transition as reported by Arbiol at al. [3]. Indeed, large amount of anatase is still
present in Nb-doped TiO, (10 at.%) even after calcination for 5 h in Air at 800 °C. The delay in the
phase transition may be related to the limit of solubility of the dopant in the metal oxide matrix as
reported by Ruiz et al. [4] (6 and 10 at.% for Nb respectively in rutile and anatase). We observed a
similar phase transition delay for Ta-doped TiO,. On the contrary, vanadium has no influence on the

phase transition.
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Figure 2. XRD of doped TiO, aerogels calcined in flowing air, 5 h at 800 °C and rutile content (table)

From our calculations, doping with 10 at.% of Nb or Ta led only to about 10% of rutile after

calcination in air at 800 °C.

The phenomenon is actually related to the concentration of oxygen vacancies which govern the
anatase to rutile phase transition and depends on the dopant [5]. Oxygen vacancies are natively present

in TiO,. Their concentration depends on the oxygen partial pressure according to equilibrium:

0,=%0,+Vo +2¢’ Eq. 2



where O stands for oxygen in oxygen crystallographic site, O, for gaseous oxygen, Vo for oxygen
vacancy and e’ for electron.

Substituting Ti** with Nb®> or Ta> during doping results in the creation of positively charged point
defects, Nby; or Tary, resulting in a decrease of the concentration of oxygen vacancies by charge
compensation effect as already reported in the case of Nb doping [5, 6]. Such a decrease finally
impacts the anatase to rutile phase transition during calcination in air even at 800 °C for 5h.

The absence of anatase after vanadium doping means that the oxygen vacancies concentration is not
reduced after doping. Vanadium may either not have been included in the TiO, lattice or in its 4, nay
3", oxidation state, so without any impact, or a beneficial one, on the concentration of oxygen
vacancies. This would be consistent with numerous stable oxidation states known for vanadium. The
presence of vanadium is even beneficial to the phase transition since no anatase is present in the V-
doped TiO, sample whereas 2% were detected in the pure TiO, sample calcined in the same
conditions.

We have then checked the influence of the Nb content on the anatase to rutile phase transition.

As expected, the amount of rutile with respect to that of anatase is decreasing with the increase of Nb
in the matrix, between 0 and 10 at.% in our case (see the evolution of the rutile content in Figure 3).
Note that in similar conditions, Ruiz et al. [4] obtained anatase for Nb content higher than 6 at.%.
Here, only 14 % of rutile is present after 5 at% of Nb. This doping level is close to the limit of
solubility determined by Ruiz et al. The segregation discussed later may be responsible of higher Nb
concentration on surface which could account for the presence of anatase in this sample. At higher Nb
content, i.e. from 15 at.% and above, the rutile content increases, almost up to 30% for 20 at.% of Nb.
It is noteworthy that Nb oxide can also be detected from 15 at.% and above. Ruiz et al. [4] observed
the same phenomenon for Nb levels higher than 8 at.%, i.e. above the limit of solubility they
determined for rutile. The niobium oxide was identified to be TiNb,O-. So, in agreement with Ruiz et
al. [4] the limit of solubility in anatase, above which niobium oxide appears, would also be here
between 10 and 15%.

Such an evolution may be related to the oxidation state of Nb, be it 5" or 3", as well as to the presence
of niobium oxide at relatively high Nb contents. In its 5* oxidation state, Nb leads to the formation of

3



positively charged point defects Nby;, whereas in its 3" oxidation state, it leads to the formation of
negatively charged point defects Nby. The former will contribute to a decrease of the oxygen
vacancies concentration, through charge compensation effect, while the latter will have an opposite
impact. Assuming that, just like for antimony in tin oxides [7, 8], Nb>* is stabilized only at low levels
while Nb*" is the stable species at higher Nb content would account for the observed evolution of the
rutile content in the calcined products. Rutile begins to decrease with respect to anatase due to the
presence of Nbr;, major defect till 10 at.% and its impact on the Vo concentration. At 15 at.%, the
stabilization of Nb** (Nby;) would make the oxygen vacancies concentration increase, thus facilitating

the anatase to rutile phase transition. Hence, the rutile content increases again.
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Figure 3. XRD of Nb doped TiO, aerogels calcined in flowing air, 5 h at 800 °C (left) and evolution of
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N2 sorption on pure and doped TiO, calcined in air

The specific surface area of raw aerogels is relatively high, around 550 m2 g™* (Figure 4). As expected,
it is lower for all calcined samples, the higher the calcination temperature the lower the specific

surface area. It decreased down to 3 m2 g™* after calcination at 800°C in air.

Doping with Nb and Ta (Figure 5) results in a very large increase of the specific surface area of the
samples calcined in air at 800 °C (x20 for Nb and x30 for Ta). The dopant level does not have any
significant influence on the specific surface area.

Note that all V-doped TiO, samples kept a very small specific surface area after calcination in air (1
m2 g™).

The increase of the specific surface area after doping is probably related to the stabilization of the
anatase phase for Nb and Ta-doped samples while undoped and V-doped samples crystalized in rutile

phase, usually resulting in larger particles (article Figure 2).
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Figure 4. Specific surface area and mean particle diameter of pure aerogel TiO, samples, as a function

of the calcination temperature in air (AT: raw aerogel, A5T: 500 °C, A6T: 600 °C, A8T: 800 °C).
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