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Stoichiometric and sub-stoichiometric lanthanum barium titanates (LBT) of perovskite structure type, substitut-ed or not with Mn and/or Ce at the Ti-site, were
prepared by sol-gel route with heat treatment in air. All the com-pounds display a cubic Pm-3m symmetry, which remains stable in reducing atmosphere.
Whereas Mn substitution highly promotes the reducibility of the material, the electrical and electrochemical performance of Mn-doped compounds is
decreased with respect to non-doped sub-stoichiometric LBT. In contrast, the electrical conductivity and resistance polarization of Ce-substituted LBT are close
to those of non-doped LBT and Ce-substituted LBT appears especially efficient in improving the catalytic properties for methane steam reforming and avoiding

carbon formation.

1. Introduction

The solid oxide fuel cell (SOFC) is an interesting energy production
alternative for human future. A high thermodynamic efficiency and a
very low environmental impact, associated to the possible use of
alternative fuels to hydrogen (including organic wastes), make this
electrochemical system very attractive, especially considering the slow
evolution to the so-called hydrogen-based economy. Nevertheless,
one of the main issues that have to be addressed considering SOFCs
is the reduction of degradation and irreversible losses of activity of
Ni-based materials when organic fuels like natural gas are directly
used at the anode: carbon deposition, sulfur poisoning as well as coars-
ening of Ni particles, and redox cycling are the principal problems, the
two latter being true even in Hp/H,0 atmospheres [1-3].

Due to their high resistance toward reducing and sulfured atmo-
spheres [4], perovskite-type compounds (of general formula ABO3)
have found a lot of interest in the SOFC research community. Various
SrTiO3-based titanates have already been considered, in which Sr2*
has been generally substituted by a trivalent cation such as La3* or
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Y3~ in order to increase the too low electrical conductivity displayed
by Sr?*Ti* 05 [5-15]. Indeed, in reducing conditions, the presence of
trivalent ions at the A-site of the perovskite makes the reduction of
titanium easier, from Ti** to Ti>*, enhancing electronic charge carrier
concentration [16-18]. It is worth noting that the reduced state of the
material seems to play an important role on the anode performance
when considering a global cell: the polarization resistance, R, can
decrease from 52 to 2.97 Q cm? at 900 °C in wet H, for the same
composition reduced at different temperatures [5,19]. Although rela-
tively high current density of 119 mA cm~?2 and power density of
76 mW cm ™2 were obtained for such non-cermet materials, the four-
time increase of Ry, in wet CH, highlighted the definitely poor (electro)-
catalytic activity of the non-doped material [5]. Thus, to improve the
catalytic and electrochemical power of lanthanum strontium titanates,
several studies focused on the impregnation of ceramic networks, and
small quantities of very active nanoparticles, e.g., Ni, CeO, or Ru, can
be added to the electrode. Such material is generally obtained by
impregnation of a pre-sintered conducting electrode with a metallic
salt or a nanopowder suspension [20-25].

Another classical strategy, also described in literature, deals with the
introduction in the titanate structure of active elements such as Mn, Ga,
V, Cr, Fe, Nb, Co, and Ni [26-40]. Although already attempted, Ce substi-
tution at the Ti-site of strontium titanates has never been achieved. Only
partial substitution of the La-site could be obtained [19,41,42] stemming



from the really different effective ionic radius between Ce** vs. Ti* ™
(r7 — 6(Ce**) = 0.87 Avs. 1, — ¢(Ti* ") = 0.605 A [43]).

Considering the high activity of ceria in several catalytic mechanisms
such as methane steam reforming [44], but the low electronic conduc-
tivity of the fluorite, the purpose of our study was to explore the possi-
bility of inserting Ce in place of Ti in perovskite titanates. The interest for
the La-doped barium titanates (LBT) stems also from recently reported
results described for Ba doping in LST [45] or for pure BaTiOs itself as an
SOFC anode operating in H,S-containing methane [46]. In addition to
the effect of Ce**/3+ as active catalytic and electrochemical redox
couple, we also embarked in a comparative study with another possible
dopant of the (La,Ba)TiO5 family, namely, manganese, owing to the in-
creased electrochemical behavior related to such doping element in
LSTs [27,28,38,47]. Hence, after a detailed description of the synthesis
and structural characterization of the materials, the present work
deals with the effect of M = Mn, Ce when substituted to Ti on the cata-
lytic and anodic properties of stoichiometric LaggsBagosTi; —xMx03 and
sub-stoichiometric Lag gsBag g5Ti1 —x/a—yM,0s.

2. Experimental procedure

The standard Pechini route was used to prepare the x =y = 0.05
members of the B-site sub-stoichiometric Lag gsBag.g5Ti1 —x/4—yM,03
series with M = Mn, Ce, i.e., La0.0sBHO.gsTi0_937503 (LBTSS),
Lag.05Bag.g5Tip.9375C€0.0503 (LBTCss), and Lag o5Bag.g5Tig.9375Mng,0503
(LBTMss) [48]. Details concerning the protocol for the gel prepara-
tion can be found in the study of Périllat-Merceroz et al. [42,49]. The so-
lutions were evaporated on a magnetic stirring plate until obtaining gels
that were then dried and pyrolyzed in an oven overnight at 250 °C. After
grinding, the resulting powders were heat treated in air at 700 °Cfor 5 h
in order to remove the excess of nitrates and organic residues. After
grinding, the powders were pressed into pellets before being heat treat-
ed at 1400 °C for 24 h in air. Then the obtained compounds were
exposed to an Ar/H,(2%) atmosphere at 900 °C for 48 h to probe their
chemical stability in SOFC anodic conditions.

Powder X-ray diffraction (XRD) data were collected at room temper-
ature (RT) using a Bruker AXS D8 Advance diffractometer working in
Bragg-Brentano geometry and equipped with a secondary graphite
monochromator and a scintillation detector. Cu K-« 5 radiations were
used in the range 26 = 15-120°, with a 0.02° step and a 10 s counting
time per step, respectively. The Fullprof Suite program was used for
pattern-matching refinement, using the Thompson-Cox-Hastings
pseudo-Voigt profile function [50].

For catalytic tests, the powders were ground in a tungsten carbide
vibrating mill and sifted between 40 and 50 pm in order to control gas
diffusion. The grinding step was performed until a specific surface area
value around 10 m? g~ ! has been reached; the BET area measurements
were obtained by nitrogen adsorption using a Beckman Coulter SA3100
analyzer. Catalytic activity experiments were carried out in a continuous
flow system at atmospheric pressure using a tubular U-shaped quartz
micro-reactor. Blank experiments (without any sample) were per-
formed to check that the reactor was non-reactive. Samples (about
20 mg) were deposited on a quartz plug introduced into the reactor
and renewed for each test. Water content was determined using an
Edgetech Dew Prime I dew point monitor placed nearby the reactor out-
let. An ECP®-type (M&C) gas cooler was used to trap most of the water
vapor, thus allowing gas analysis by a Varian micro-GC equipped with
appropriate columns (molecular sieve 5A and Porapak) and a thermal
conductivity detector. Details concerning the catalytic test procedure
can be found elsewhere [49].

DC electrical conductivity measurements were carried out in
N,/H2(97/3) reducing atmosphere as a function of temperature,
using the four probe technique (Tacussel Electronique PGS201T as
programmable current source and Hewlett Packard 34401A digital
multimeter for the voltage determination). For those electrical
characterizations, each powder was compacted under 0.2 MPa and

isostatically pressed under 300 MPa. The obtained pellets were sintered
at 1600 °C for 15 h in air, achieving a final relative density of LBTM =
90%, LBTMss = 95%, and LBTCss = 96% of the respective theoretical
density. Then the pellets were cylinder-shaped using diamond tools
until achieving a final diameter of 6 mm. Subsequently, two grooves
were shaped, separated by a distance of 6 mm. Potential measurement
electrodes were obtained by gold wires inserted into the grooves and
slightly covered by a gold ink layer (Metalor®); the same gold ink
was painted on both faces of the cylinder to allow the determination
of the current flow through the pellets. The samples were annealed
at 650 °C for 1 h in air prior to measurements to remove all the or-
ganics from the paste. Data were normalized taking into account
the geometric factor and corrected from the total porosity (motar) Of
the specimens using the empirical formula Ocorrected = Omeasured /
(1 — (Mo / 100))? [51]. The Arrhenius law o = (A/T)exp( —E./kT)
was used for graphical representation and treatment of electrical
conductivity vs. temperature data, in which A is a constant term, T is
temperature, k is the Boltzmann constant, and E, is the activation
energy.

Thermo-gravimetric analyses (TGA) were performed in air using a
SETARAM TG 92-16.18 device equipped with a 1300-pL Pt crucible
(about 1 g of sample). Heating and cooling rates were 2 °C min~ ! and
4 °Cmin~', respectively, with an isotherm plateau for 2 h at 1000 °C.

Electrochemical measurements were carried out using a ProboStat™
device from NorECs. Partial oxygen pressure pO, was controlled by a
SETNAG oxygen pump. Complex impedance measurements were regis-
tered at OCV in H,/H,0(97/3) (10 Lh~1) with a Solartron 1260 frequen-
cy response analyzer controlled by Zplot software (Af = 10°-1072 Hz,
AV = 430 mV) and plotted in the Nyquist representation. Polarization
resistance R, was normalized by the active surface area of the electrode
(© cm?) and divided by two according to the measurement configura-
tion. Symmetrical cells (same electrode on both sides) were screen-
printed on homemade 8YSZ (8 mol% yttria-stabilized zirconia) disks
as electrolyte (125 um thick). As for catalytic tests, the powders were
ground prior to ink preparation in order to decrease the grain size
and achieve a specific surface area of about 10 m? g~ . Each ink was
made from a mixture of the powder and a binder (terpineol:ethyl
cellulose = 95:5 wt.%) with a 1:1 weight ratio. Current collection was
supplied by a nickel metal layer: after sintering, NiO-ink was screen-
printed, sintered at 700 °C for 1 h and then at 1000 °C for 1 h in air,
acting as a current collector. Then the global cells were exposed to
Ar/H,(98/2) at 900 °C for 48 h to reduce NiO into conducting Ni
metal.

The cross-sectional microstructure of the fractured symmetrical cells
was examined after electrochemical measurements using a field emis-
sion gun scanning electron microscope (FEG-SEM, ZEISS Leo 1530
Gemini).

3. Results
3.1. Structural characterization of the oxidized materials

In the Ba-Ti-O system, the accommodation of any charge excess
stemming from aliovalent substitution of Ba?>* by trivalent donor
La®* is compensated by two possible mechanisms: electronic or ionic
compensation. In reducing synthesis atmosphere, the Ti** to Ti> * par-
tial reduction was proposed leading to the formation of LaBa; _Ti,> *~
Tis- O3 [52,53]. In oxidizing atmosphere, cationic compensation leads to
the formation of Ti** vacancies. Sub-stoichiometric solid solution
La,Ba; _,Ti{*,/403 co-exists with one or more Ti-rich phases depending
on the barium content [54-56]. It is worth noting that some studies
mention the existence of Ba>™ vacancies with the formation of an
La,3xBa; _Ti0s solid solution for x <0.003 [57-61]. Similar observa-
tions were stated when Ba?™* was substituted by other trivalent do-
nors as Ce>* [62-64] or Nd>* [54,55,65]. Ce substitution at Ti-site
was investigated in the stoichiometric BaTi; —,Ce, 05, as well as in the



sub-stoichiometric LayBa; —,Ti; —x4—,Ce, 03 with dielectric and fer-
roelectric properties [66,67]. In contrast to Ce substitution, in oxi-
dizing atmosphere, the insertion at the Ti-site of a transition
metal, e.g., Mn, allows the accommodation of La>* in a stoichiomet-
ric perovskite, without the creation of cationic vacancies [68,69].

The XRPD patterns of all prepared compounds, after synthesis at
1400 °C in air, are displayed in Fig. 1. The absence of any impurity
peaks proves the existence of single phased perovskite for such compo-
sitions, all being indexed in the cubic symmetry. It confirms that, in air,
the classical form to insert active elements at the Ti-site of lanthanum
barium titanate, and particularly Ce, is the adoption of a B-site sub-
stoichiometric perovskite. Indeed, the formation of cation vacancies
represents the easiest way for those materials to accommodate the ex-
cess of electronic charge carried by the 5 mol% of La>* at the Ba®™ site,
as in the literature’s example Bag g7Lag,03Tig.9425C€0,0503 [67]. However,
the substitution of Mn for Ti makes possible the La for Ba doping with-
out any need for cation sub-stoichiometry; this is due to the oxidation
state flexibility of manganese that can easily vary from +2 to +4 in
perovskites and compensate the donor doping. The formation of cation
vacancies in LBTss would be then replaced by electronic compensation
mechanism via Mn reduction from probably Mn** to Mn®™, as
described by Parkash et al. [68] in the La,Ba; _,Ti; —_,Mn,O3 series with
x < 0.1 or more recently by Benamira et al. [69]. As attested by the
case of LBTCM, Mn co-doping seems to be an interesting way to stabilize
pure and stoichiometric Ce-substituted LBT.

Although no impurity peaks were detected by XRD, the presence of
undetectable nano-scaled inhomogeneity could also be retained by
the perovskite structure. Cation distribution in the whole structure
strongly depends on synthesis conditions (preparation mode, sintering
temperature, and duration). Some studies highlight the presence of in-
homogeneity defects remaining after low sintering conditions (1300 °C
for some hours) in La-substituted barium titanates [70,71]. The same
conclusion was proposed concerning BaTiOs-BaCeOs solid solution
when sintering temperature remains below 1400 °C [67]. However, in
such cases, internal strains induced by substitution were produced by
the proper homogenization difficulties related to the traditional solid-
state synthesis. Here, employing sufficient heat treatment combined
to sol-gel route can be considered as efficient to achieve randomly
dispersed cation distribution through the whole lattice of the as-
synthesized materials. Furthermore, EPR measurements performed on
LBTCss compound already confirmed a structure conform to the initial
stoichiometry, excluding the hypothetic presence of Ce** at the Ba®>*/
La3 ™ site [67].

Interestingly, whereas non-doped BaTiOs adopts a tetragonal P4mm
symmetry at room temperature, here all the prepared compounds
present the highest cubic symmetry characteristic of ideal perovskite.
A similar behavior concerning the perovskite symmetry has been
recently observed in the case of BagsLagsTig3Mg 703 [69]. Pattern-
matching refinements were therefore performed using XRD data in
the Pm-3m space group. The refined unit-cell parameters are given in
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Fig. 1. Powder XRD patterns of LBTss, LBTMss, LBTCss, LBTM, and LBTCM after synthesis in
air.

Table 1

Results of pattern-matching refinement performed in the Pm-3m symmetry using
the XRPD data of LagosBap.gsTio.os7503 (LBTss), Lag.osBag.gosTip.9375Mng 0503
(LBTMss), Lag.osBao.95Tip.9375C€0.0503 (LBTCsS), Laog.05Bag.osTio.0sMno,0503 (LBTM),
and Lag0sBag.osTip.oCep.0sMng 503 (LBTCM) (i) after synthesis at 1400 °C for 24 h
in air and (ii) after reduction at 900 °C for 48 h in Ar/H,(98/2).

1400 °C-air 900 °C-Ar/H,(98/2)
LBTss a = 4.00200(8) A a=4.00061(3) A
LBTMss a = 4.00064(7) A a = 4.00707(4) A
LBTCss a=4.02611(7) A a = 4.02495(6) A
LBTM a=3.99985(7) A a=4.00947(8) A
LBTCM a=4.02150(5) A a = 4.02544(7) A

Table 1. All the refinements present good agreements factors with R,
Ry, and G.o.f. (%) values between 8.72% and 14.4%, 13.3% and 26.2%,
and finally 1.35% and 4.18, respectively. The substitution of Mn for Ti
in LBTss leads to a cell dimension decrease for LBTMss, whereas Ce for
Ti substitution corresponds to a cell parameter increase for LBTCss.
The same situation can be observed when comparing LBTM and
LBTCM. Such influence of the La®>* for Ba>™ substitution on the cell pa-
rameter is conform to the literature, as confirmed by the available data
for LBTss (agrss = 4.00200(8) A (this study) vs. a = 4.0022(4) A by
Morrison et al. [72,73]). Further, Mn/Ce for Ti substitution logically
modifies the cell parameter too, in agreement with their respective
ionic radius [43].

3.2. Behavior in reducing atmosphere

When exposed to a reducing Ar/H,(98/2) atmosphere at 900 °C for
48 h, all the materials remain single phased and cubic, as attested by
their respective XRD patterns (Fig. 2). In contrast to BaTiOs, which
exhibits a tetragonal structure evolving to cubic from ambient to high
temperature [74], substituted lanthanum barium titanates remain
cubic whatever the atmosphere, attesting for the good stability of the
materials vs. reduction. This is an important point for an SOFC electrode
material, as structural phase transition must be preferably avoided for
the application, especially considering the redox and thermal cycles
that must tolerate the anode material. The refined unit-cell parameters
of samples after reduction are also displayed in Table 1. Whereas reduc-
ing conditions lead to a cell volume decrease in the case of LBTss and
LBTCss, a cell expansion occurs for LBTMss, LBTM, and LBTCM.

TGA oxidation in air was performed on the as-reduced materials
(Fig. 3). The re-oxidation corresponds to the following equation, using
the Kroger-Vink notation as follows:

] ’ 1 ..
B)T(i‘*‘ioé—’BTi +5Vo 1)

with B = Ti, Mn, and Ce. For LBTss, LBTCss, LBTMss, LBTM, and LBTCM,
the weight gain was 0.059%, 0.044%, 0.093%, 0.150%, and 0.177%, respec-
tively. LBTMss and LBTM re-oxidize between 150 °C and 450 °C,
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Fig. 2. XRD patterns of LBTss, LBTMss, LBTCss, LBTM, and LBTCM after synthesis in air and
reduction at 900 °C for 48 h in Ar/H»(98/2).
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Fig. 3. TGA curves in air for (a) LBTss, (b) LBTCss, (c) LBTMss, (d) LBTM, and (e) LBTCM
after synthesis and reduction at 900 °C for 48 h in Ar/H,(98/2).

whereas LBTss re-oxidation occurs above 750 °C. LBTCM's oxidation
present two steps: a first weight gain of 0.14% between 150 °C and
350 °C, and a second weight gain between 550 °C and 750 °C. It is also
worth noting a weight loss of 0.02%, 0.01%, and 0.03% between 550 °C
and 850 °C for LBTMss, LBTM, and LBTCM, respectively.

In LBTss, TGA quantification led to a concentration [Ti> "] grss = 1.7%
of the Ti-site, the only cation possibly influenced by the reduction
process. Thus, the lattice contraction observed for the reduced tita-
nate can be indubitably attributed to the change of oxidation state
from Ti* " into Ti> ¥, in association to a decrease of the oxygen content
in the structure. Such situation cannot be understood by a classical cat-
ion radius increase due to Ti* ™ to Ti>* reduction [43] and is tentatively
related to the disappearance of interstitial oxygen defects, in a similar
way to what was observed for La-doped SrTiO3 perovskites [18].

Although LBTCss cell volume suffers also a contraction, the LBTCss
re-oxidation temperature is markedly different from LBTss (350 °C vs.
750 °C, respectively), as depicted in Fig. 3, and the evolution is more
likely due to the reduction of Ce** into Ce** leading to a concentration
[Ce®* Jugrss = 1.3%, without excluding that part of Ti** may have been
reduced too.

In contrast to what was observed for the latter two compounds,
the cell of Mn-containing phases suffers expansion when those
materials were reduced (Table 1). Based on literature, the weight
gain attested by TGA analysis from 150 °C would be related to the
reduced Mn species concentration [Mn** - Mn?* | grmss = 2.7%
and [Mn*" — Mn3 "] grm = 4.4% [69]. With a higher amount of re-
duced species, Mn reduction seems to be easier than Ti and Ce.
The presence of two steps in the oxidation process of LBTCM high-
lights the effect of both Mn and Ce elements (Fig. 3): Mn would be
responsible of the first weight gain between 150 °C and 450 °C, similar-
ly to what occurred for LBTMss and LBTM, whereas Ce would be respon-
sible for the second weight gain between 400 °C and 750 °C, similarly to
LBTCss. Both weight gain would be relative to [Mn** — Mn3* ] grem =
42% and [Ce* " | prem = 1.1%.

Regarding the weight loss observed between 550 °C and 850 °C for
the Mn-containing compounds LBTMss, LBTM, and LBTCM, we can ten-
tatively attribute them to the formation of proton defects during the
material reduction, as recently proposed by Benamira et al. [69] for La
and Mn-doped barium indo-titanate. If such hypothesis is probable for
LBTMss and LBTM, the higher temperature at which the weight drop
is observed in the case of LBTCM (T > 700 °C) could be better associated
to reduction of manganese in air, part of Mn** being thermally reduced
into Mn3*. By consequence, it could also be an explanation to the
LBTMss and LBTM TG behavior between 550 °C and 700 °C. This is
indeed beyond the scope of the present study to make emphasis on
such feature of the materials series but could be the object of further
research.

3.3. Catalytic activity for methane steam reforming

The catalytic activity with respect to the methane steam reforming
reaction was evaluated for LBTss, LBTCss, LBTMss, and LBTCM at
900 °C, using a CH4:H,0:N; = 10:1:9 mixture whose conditions are
thermodynamically favoring the coking reaction and leads theoretically
(in particular in the case of Ni-based cermets) to an extensive accumu-
lation of carbon. The only reaction products were H,, CO, and CO,. The
evolution vs. time of the hydrogen formation rate is shown in Fig. 4
for all compounds. LBTCss is the most active in H, production. An in-
crease of its activity with time is to be noticed, which indicates a pro-
gressive modification of the surface upon exposure to the reaction
mixture until reaching a stable state after 3 h. By contrast, the LBTCM
sample exhibits a fairly constant rate of H, formation with time on
stream, indicating neither activation nor deactivation. The activity of
this sample is lower than LBTCss after 3 h of reaction. A slight activation
is observed for LBTMss during the first 30 min, but this is followed by a
slight deactivation before H, formation rate stabilizes at a level lower
than for LBTCM. The non-substituted LBTss compound is by far the
less active of the series. It can be concluded that the substitution by Ce
and/or Mn in LBT strongly promotes the catalytic activity in H, produc-
tion from CH4/H,0 mixture, thus leading to more active materials in
CH4/H,0 reactions.

The thermodynamically favored reactions at 900 °C in a CH4/H,0/N,
mixture are as follows:

CH4 + H,0-CO + 3H, (2)
CH4 + 2H,0-CO, + 4H, (3)
CH4—C + 2H, (4)

Several side reactions can also proceed but they are omitted for
clarity [42]. In the experimental conditions used in the present work
(50% CH,4/5% H,0), the formation of carbon deposits is thermodynami-
cally favored [75]. Nevertheless, in the present work, the quite stable ac-
tivity of the solids once the steady state is reached suggests the absence
of formation of carbon deposits during the reaction. In order to address
this point, the most active catalyst of the series (LBTCss) was chosen for
study by O,-TPO experiment after preliminary treatment in N, and
catalytic test of the sample at 900 °C for 180 min (CH4:H,0 = 10:1). It
revealed no O, consumption up to 900 °C, indicating that no significant
carbon deposit had been formed during catalytic test (see Fig. S1 in sup-
plementary information). The same result was previously reported for
gadolinia-doped ceria GDC [75]. The absence (or very low) formation
of such deposits indicates that the conversion of the CH4/H,0/N,
mixture is mainly controlled by kinetics and not by thermodynamics.
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Fig. 4. Hydrogen formation rate as a function of time upon reaction of a 50:5:45
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T = 900 °C, 20 mg sample, total flow rate = 6.2 Lh~ .



The experimental results on LBT-type materials, especially when doped
with Mn and/or Ce, are considered to reflect their catalytic properties,
which are found highly resistant to carbon formation similarly to GDC.

H,, CO, and CO, formation rates, measured after 180 min reaction for
LBTss, LBTCss, LBTMss, and LBTCM samples, are given in Table 2 and
compared with CeqgGdg 10195 (GDC) as reference sample [76]. For
perovskite samples, the CO, formation rate varies weakly (from 11 up
to 18 mmol h~! g~ 1) while the CO formation rates is strongly depen-
dent on the sample. As a result, the CO/CO, molar ratio varies from 0.3
(for LBTMss) up to 2.3 (for LBTCss). It can be inferred that substitution
by Ce strongly favors the production of CO. Comparison with the co-
substituted sample suggests that Mn would inhibit the formation of
CO or favor that of CO,, confirming the Mn ability to oxidize CO
[77-80]. Once more, as attested by CO/CO-, ratio, doubly substituted
LBTCM behavior is found intermediate between LBTCss and LBTMss. It
is worth noting that, for LBTss, only H, could be detected; the too
small amounts of CO and CO, could not be quantified.

Since O,-TPO indicated the absence of C formation during these ex-
periments, CO and CO, are the only C-containing products arising from
CH,4 conversion. Rates of CH, disappearance (— dncys/dt) after stabiliza-
tion in the reaction mixture can be thus calculated according to the
formula:

—dTlCH4/dt = dnco/dt + dncoz/df (5)

with dnco/dt and dncey/dt equal to the rates of CO and CO, formation,
respectively.

Values are reported in Table 2. The rate of CH, consumption obtain-
ed with the LBTss sample cannot be calculated but estimated from H,
production. Values ranging between 2 and 3 mmol h~! g~ ! are obtain-
ed by assuming the likely hypothesis that only steam reforming
(Eq. (2)) or reverse methanation (Eq. (3)) reactions proceed. Significant
variation of the catalytic rate of CH, consumption can be observed de-
pending on the material. This cannot be related to the surface area,
which only slightly varies between samples (from 9.9 to 15.7 m?> g~ ).
No relationship can be found either between the catalytic performance
of the materials and their respective TG behavior, described in
Section 3.2. Nevertheless, whatever the tested compound, the cata-
lytic activity in CH4/H,O0 reactions is markedly enhanced by substitu-
tion. LBTCss displayed the highest catalytic activity more than 1.5
and 13-20 times higher than GDC and LBTss, respectively. Although
less studied than Mn substitution [81,82], the Ce doping appears es-
pecially efficient in improving the catalytic performance in methane
steam reforming, more than Mn doping. Concerning the doubly
substituted LBTCM compound, it displays intermediate performance
between LBTCss and LBTMss, which seems to highlight prejudicial
effect of either Ce-Mn association or stoichiometry of the titanate.

Table 2
Specific surface area of tested catalysts and rates of H, CO and CO, formation and CH,
consumption.

Material ~ Specific surface area ~ Formation rate® CH4 consumption rate?
(m?g~1) (mmol h—'g~1) (mmol h—'g~1)
H, CO CO,

LBTss 15.7 9 R 2-3¢

LBTMss 9.9 57 4 11 15

LBTCss 11.8 139 27 13 40

LBTCM 12.5 95 8 18 26

GDC? 10.0 82 18 8 26

¢ The measurements were carried out at 900 °C after 180 min reaction using a
CH4:H,0:N, = 10:1:9 gas mixture, 20 mg catalyst, dry flow rate = 6.2 L/h.

b Below detection limits.

¢ Estimated from H, formation rate assuming steam reforming or reverse methanation
reactions.

4 Pure gadolinia-doped ceria (GDC) is used for comparison. The surface area was
measured after treatment at 900 °C in Nj.

3.4. Electrical behavior

Fig. 5 shows the evolution of total conductivity for LBTCss, LBTMss,
and LBTM, measured in Ar/H,(98/2) and air as a function of tempera-
ture. Whatever the atmosphere, LBTCss displays the highest conductiv-
ity values (0= 1.94.10"'Scm~"and 9.9.1073 S cm ™! at 840 °C, in
Ar/H,(98/2) and air, respectively). LBTM (0 = 2.2.1072Scm™ ! and
6.9.107*S cm~ ! at 780 °C in Ar/H,(98/2) and 800 °C in air, respective-
ly) and LBTMss (0 =4.2.1073Scm™'and 3.9.10"*Scm™ ' at 825 °Cin
Ar/H,(98/2) and 800 °C in air, respectively) are much less conductor.

Activation energy (E,) values of 1.02,0.90, and 0.78 eV were found in
air for LBTM, LBTMss, and LBTCss, respectively. In Ar/H»(98/2), it in-
creases to E; = 1.20 and 1.26 eV for LBTM and LBTMss, respectively.
In contrast, for LBTCss, the activation energy measured in the same re-
ducing atmosphere showed completely different values, varying with
temperature from E, ~0.8 eV above 780 °C to ~0.2 eV below, what
is possibly due to a structural change around this temperature (not
studied).

The electrical conductivity of LBTss was not studied in the frame of
this work. Nonetheless, numerous results in literature concern this
compound. Electrical behavior of Lag g5Bag g5Tig 987503 strongly depends
on the preparation route. Conductivity values at ~600 °C in air can vary
from ~10~7 to ~3.1073 S cm™ ! when a liquid route synthesis is used
followed by heat treatment at 1100 °C for 2 h in air [79] vs. solid-state
synthesis followed by sintering at 1350 °C for 3 days in flowing O,,
respectively [83]. In the first case, the bad performances were related
to residual inhomogeneities remaining after synthesis due to insuffi-
cient thermal treatment. In the present study, sol-gel synthesis
combined with high temperature sintering treatment avoids the
presence of such inhomogeneities. As a consequence, the comparison
was carried with the latter results of LBTss prepared by solid-state
synthesis.

Electrical conductivity values displayed by LBTMss and LBTM
at 600 °C in air remain two order of magnitude inferior to the
unsubstituted compound value from LaggsBaggsTig.9g7503 (at
~600 °C Oiprmss ~ 3.9.107° S cm ™! and Oigrm ~ 6.107° S cm ™! vs.
Oigrss ~ 3.1073 S cm ™' [83]. Similarly to BaTi; _,Mn,0; (0 < x < 0.01),
the lower performance of the Mn-substituted materials could be related
to the negative influence of the localized Mn electronic level between
valence band and conduction band. Potentially reducible in air (in con-
trast to Ti) and in low quantity (5 at%), Mn atoms could act as deep elec-
tron trapping centers [84]. This phenomenon did not occur when Ti was
substituted by Ce, Ce>* levels remaining probably closer to the conduc-
tion band, without strong effect on electronic transfer within the
titanate. Consequently, E, in air were similar for both compounds
(Ea(LBTCss) = 0.78 eV and E,(LBTsS)g-< x < 020 ~ 0.7 eV [73]) and O
only slightly differed (0j grcss ~ 1.0.1072 S cm™ ! at 600 °C in air, extrap-
olated value).

Electrical conductivity measurements performed in Ar/H,(98/2)
favored the performance of LBTCss vs. LBTMss and LBTM with
1.94.107' S cm™"! at 840 °C. Although this value remains low com-
pared to the state-of-the-art anode materials, it stays above the
minimum-value of 1072 S cm™ ' suggested by Gross et al. [22,85] in
their experimented cell configuration. Whereas LBTM stayed up to
this conductivity limit, LBTMss remained below. Although carrier con-
centration [Ce3 " ]igrcss = 1.3% was inferior to [Mn® [ grmss = 2.7%
and [Mn> "] grm = 4.4%, LBTCss displayed better performances. These
observations showed the superiority of 4f'-Ce>* electronic level, possi-
bly closer to conduction band than Mn electronic level.

3.5. Electrochemical properties

As mentioned just before, an electrical conductivity deficiency is not
prejudicial with the cell configuration adopted. Then despite low
electrical conductivity, the compounds were tested in symmetrical
electrochemical cells in wet hydrogen conditions, characteristic of an
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Fig. 5. Arrhenius plot of electrical conductivity for (¢) LBTM, (@) LBTMss, and (M) LBTCss measured (a) in Ar/H,(98/2) and (b) in air. Activation energy values (E,) were determined from

the Arrhenius law.

SOFC anode. As indicated by preliminary tests, lanthanum barium tita-
nate materials react chemically with YSZ electrolyte. Thus, a barrier
layer of Balng3Tip703_5 (BIT) was first deposited on each face of
YSZ discs, before being sintered at 1350 °C for 3 h in air, to avoid any re-
activity between the electrolyte and the tested materials. In this case, a
reactivity between YSZ and BIT is not excluded but would probably in-
corporate Zr (and possibly Y) into the barium titano-indate, i.e., would
form a Ba(InTiZr)O5 _; solid solution that has been recently studied
and shows reasonably high ionic conductivity level similar to YSZ itself
[86]. Each circular electrode (10 mm in diameter) was then deposited
on the barrier layer, and then sintered at 1250 °C for 3 h in air with a
temperature ramp of 300 °C h™ !, as indicated from preliminary shrink-
age measurements. Secondary electrons SEM image of the fractured
symmetrical cell corresponding to LBTCss material is given in Fig. 6
that is characteristic of all prepared cells. The image attests for the
good contact and good adhesion between the YSZ electrolyte and the
Balng 3Tip 703 _5 (BIT) barrier layer (2 um thick) as well as between
the barrier layer and the tested electrode materials. The probed material
electrode layers were about 7 um thick and a homogeneous porous elec-
trode microstructure was achieved in each case.

Complex impedance spectra were collected from 900 °C to 600 °Cin
H,/H,0(97/3) for LBTss, LBTCss, LBTMss, and LBTCM. For clarity, Fig. 7
displays the spectra obtained at 900 °C for LBTss and LBTCss, which

Fig. 6. SEM image of fractured LBTCss/BIT/YSZ/BIT/LBTCss symmetrical cell observed in
secondary electrons mode.

exhibit the best performance. The electrochemical behavior was similar
for the Mn-doped compounds. The EIS results were analyzed using the
Z-view software based on complex non-linear least-squares fitting with
an equivalent circuit made of a series resistance, Ry, connected with R;Q;
parallel circuits, R; being a resistor and Q; a constant phase element of
rate-limiting step i (Fig. 8(a)). A good fit was obtained with only two
contributions, which constitute the polarization resistance R, one at
high frequencies (HF) (Afyr = 102-10* Hz) followed by a greater
medium-low frequencies (MLF) contribution (Afyr = 1072-10" Hz).
The evolution with temperature of the main characteristic electrochem-
ical parameters for LBT/BIT/YSZ/BIT/LBT symmetrical cells is depicted in
Fig. 8(b-d), LBT being LBTss, LBTCss, LBTMss, or LBTCM. The equivalent
circuit parameters deduced from EIS spectra simulation at 900 °C are re-
ported in Table 3 for all compounds. The quite high values of R, are ex-
plained in part by the low electrical conductivity of the electrode
materials, which is higher for the Mn-doped compound and by contact
resistance at the different interfaces (e.g., at 900 °C, R; value should be
around 0.5 ) cm? considering the only electrolyte contribution). Con-
sidering the existence of the MLF limiting process, the electrochemical
behavior of pure or doped LBT seems slightly different from what has
been described for pure or doped cubic-like LSTs, with generally two
contributions observed at high and medium (f. > 1 Hz) frequencies,
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Fig. 7. Complex impedance spectra for LBTss (A) and LBTCss (O) collected on
symmetrical cells (including YSZ electrolyte, BIT barrier layer and material elec-
trodes) at 900 °C in H/H,0(97/3). In inset: impedance spectra of LBTss at 900 °C
in Hy/H,0(97/3) (A) and Ar/H,/H,0(95/2/3) (O). Closed symbols and numbers in-
dicate selected values of frequency (logo scale).
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Ci. Closed and open symbols are for HF and LF contributions, respectively. In (a), the equivalent circuit scheme applied to fit impedance spectra (i = 2 in our case).

that correspond to charge transfer and surface diffusion of hydrogen, re-
spectively [38,49]. Nevertheless, for highly Mn-doped cubic-type LSTs,
Fu et al. [87] described an additional low-frequency contribution
(fc <1 Hz) similar to our case, which they associated to gas conversion
impedance.

Considering their high-frequency range (~10°-10% Hz), as well as
the specific capacity and activation energy values, around 1.107> F
cm~2and 1 eV, respectively, Ry linear evolution can be indubitably as-
sociated to a double layer capacity (charge transfer), most probably at
the titanate/BIT interface, as for Srpg4TiggNbg 103 [36] or lamellar LST
[49]. Whereas literature generally report beneficial effects of Mn or Ce
doping on electrochemical behavior [27,38,49,87,88], this is not the
case here in LBTs series, the lower Ryr value being attributed to non-
doped LBTss. On the other hand, B-site sub-stoichiometry in the perov-
skite seems to enhance the charge transfer process, taking in such
conclusions all the necessary precautions, in view of the general difficul-
ty of direct comparison between tested materials, even using the same
cell preparation and testing conditions.

Considering now the MLF contribution, the characteristic frequency
range (~1072-10 Hz) is relatively similar to the limiting component

Table 3

Equivalent circuit parameters deduced from EIS spectra simulation for all symmetrical
cells measured in H,/H,0(97/3) at 900 °C. Resistances are given in Q cm?, capacitances
in F cm™2, and activation energies E, for R, Rur, and Riy in eV.

Compound Ry E, HF LF Rp
RHF CHF Ea RLF CLF Ea

LBTss 32 042 01 2107% 097 285 310> 16 286

LBTCss 74 063 11 9107% 096 33 11073 1.3 3441

LBTCM 11 092 43 2107% 11 43 21074 14 473

LBTMss 15 084 24 3107° 082 49 5107 15 514

observed at low frequency for LSTM materials [87] and then could be
related to the same gas conversion process. Nevertheless, in our case,
neither the calculated activation energy values, ranging from 1.32 to
1.62 eV, nor the capacitance values, around 10~%-1072 Fcm™2, are in
agreement with a gas conversion limiting step (for LSTM, capacitances
around 1.5-2.5 F cm™2 and negative activation energy values were cal-
culated [87]). The capacitance value does not correspond either with a
thermally activated “chemical capacitance” generally observed in
mixed conductors, as described by Jamnik and Maier [89,90]. On the
other hand, LBTs values agree more with a strongly activated process
such as the dissociative adsorption of hydrogen on the electrode surface
[87], or surface diffusion of hydrogen from the adsorption point to the
triple phase boundary, such as for lanthanum strontium titanates [49].
Such attribution would explain the influence of pH, observed on the
MLF contribution when comparing the EIS data of LBTss for wet diluted
or pure H, (see inset of Fig. 7).

In terms of performance, non-doped LBTss exhibits the lowest R,
values within the studied series (28.6 Q cm? at 900 °C). Although not
exceptional, it is markedly better than reported values for pure cubic
perovskite-like La/Sr titanates [19,91], and similar to the value for
lamellar LST [49]. The effect of Ba doping on the anodic performance
of an Lag 4510 6TiO3 perovskite has been recently described by Vincent
et al. [45] in different case of fuels and according to their work no real
benefit has been obtained in dry H,. On the other hand, the same au-
thors observed an interesting improvement of the anodic behavior
using H,S containing fuels (H, or CHy), that could be similar to our
own results for wet (3% H,0 containing) H, when comparing barium
to strontium titanates. We tentatively interpret those results as an en-
hancement of the anode properties of the material related to the highest
basicity of Ba-containing LBTs with respect to LSTs; such electrocatalytic
improvement using a basic phase has been recently described in the
case of Ba-doped Ni/YSZ cermet [92].



4. Conclusions

The pure and Mn and/or Ce-doped cubic-like perovskites
Lag o5Bag o5Ti1 —xM, 03 were studied for possible use as SOFC anode
materials. After synthesis in air, using a Pechini route, the structure
of all compounds is found perfectly cubic with space group Pm-3m.
Such high symmetry is retained in diluted hydrogen at 900 °C with al-
most no change in volume for the undoped or Ce-doped compound
but a systematic small increase of cell volume (AV/V = 0.10-0.24%)
for all the Mn-doped titanates, associated to the Mn** to Mn>* reduc-
tion, that is judged acceptable for the application.

Electrical and electrochemical performances of lanthanum barium
titanates were strongly affected by the substitution. In particular, Mn
substitution led to poor electronic mobility compared to unsubstituted
perovskite which could be explained by local defects due to the
presence of the substituting elements which could perturb the electron
mobility. Interestingly, catalytic performance was highly promoted
when cerium was introduced in the structure: as an example, catalytic
activity in methane steam reforming conditions was more than 20
times higher when 5 at% of Ce was substituted for Ti in LBTss. When
tested in symmetrical electrochemical cells under wet hydrogen condi-
tions, cerium-doped compounds exhibit similar values for polarization
resistance as the undoped compound. Because of their rather good cat-
alytic properties, Ce-doped lanthanum barium titanates present interest
as SOFC anode operating with methane. A further step would be to op-
timize the Ce content in the series, and also to try to apply the benefit of
Ba for Sr and Ce for Ti substitutions to the case of lamellar LSTs, materials
of potential interest upon the classical three-dimensional cubic-like
LSTs [49,91].

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ssi.2015.11.005.
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