
energies

Article

Rate-Determining Steps of Oxygen Surface Exchange
Kinetics on Sr2Fe1.5Mo0.5O6−δ

Denis A. Osinkin 1,2,*, Anna V. Khodimchuk 1,2, Natalia M. Porotnikova 1,2,
Nina M. Bogdanovich 1, Andrey V. Fetisov 3 and Maxim V. Ananyev 1,2

1 Institute of High-Temperature Electrochemistry UB RAS, Yekaterinburg 620137, Russia;
annlocked@gmail.com (A.V.K.); n.porotnikova@mail.ru (N.M.P.);
Bogdanovich@ihte.uran.ru (N.M.B.); m.ananyev@mail.ru (M.V.A.)

2 Graduate School of Economics and Management, Ural Federal University, Yekaterinburg 620002, Russia
3 Institute of Metallurgy UB RAS, Yekaterinburg 620016, Russia; fetisov@mail.ru
* Correspondence: OsinkinDA@mail.ru

Received: 1 December 2019; Accepted: 30 December 2019; Published: 3 January 2020
����������
�������

Abstract: The oxygen surface kinetics of Sr2Fe1.5Mo0.5O6−δ was determined using the 16O2/18O2

isotope exchange method with gas phase analysis at 600–800 ◦C. The heterogeneous exchange
rates (rH) and the oxygen diffusion coefficients (D) were calculated by processing the concentration
dependences of the 18O fraction using Ezin’s model. The rates of oxygen dissociative adsorption
(ra) and incorporation (ri) were calculated based on a model using the three exchange type
rates. It has been established that the rates ra and ri were comparable in this temperature range.
Assumptions were made about the effect of the chemical composition of the surface on the rate
of oxygen adsorption. It was found that the oxygen exchange coefficient (k) of Sr2Fe1.5Mo0.5O6−δ

is comparable to that of La0.6Sr0.4MnO3±δ oxide. High values of the oxygen diffusion coefficient
were found for Sr2Fe1.5Mo0.5O6−δ. The values were comparable to those of the double cobaltite
praseodymium-barium and exceed by more than an order those of lanthanum-strontium manganite.

Keywords: Sr2Fe1.5Mo0.5O6−δ; oxygen surface kinetics; heterogeneous exchange rate; oxygen
diffusion coefficient; oxygen adsorption; oxygen incorporation; X-ray photoelectron spectroscopy

1. Introduction

One of the promising areas of development and creation of electrochemical devices is the search
for materials with satisfactory physicochemical and electrochemical characteristics. This includes the
search for electrode materials for Solid-oxide fuel cells (SOFC). Oxide materials with the like-perovskite
structure have been recommended as cathode materials [1–5]. Recently, Sr2Fe1.5Mo0.5O6−δ (SFM) oxide
has been suggested as a promising material for electrochemical devices with symmetrical (i.e., with
identical) electrodes [6,7] due to the high stability and electrical conductivity of SFM under oxidizing
and reducing conditions [8–19]. The rates of hydrogen oxidation and oxygen reduction reactions are
also quite high for these electrodes. The polarization resistance can be significantly reduced, by an
order of magnitude, by doping crystal lattice, impregnating electrodes, or modifying the microstructure
of electrodes [17–26].

A feature of the SFM electrode is a lower electrochemical activity under oxidizing conditions,
when compared to a reducing one. Such behavior of the SFM-based electrodes was shown in [14,27].
This is due to the different modes of the electrode reaction and the rate-determining stages in the
oxidizing and reducing atmospheres, demonstrated by analyzing the Distribution of relaxation times
(DRT) functions of the SFM electrodes [27]. It should be noted that the kinetics of oxygen reduction on
the SFM electrode is not well understood. For example, W. Sun et al. [28] demonstrated that the limiting
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stage of the electrode reaction was the ionization of adsorbed oxygen. B. He and Y. Wang [17,29]
suggested that oxygen ion transfer processes, in particular surface exchange and oxygen diffusion, were
limited to the kinetics of oxygen reduction. In our work [24], we concluded that the low electrochemical
activity of SFM in air was associated with a low rate of oxygen exchange on the surface, based on
a comparison of the DRT function of the SFM electrode in the air atmosphere before and after the
introduction of praseodymium oxide into the SFM electrode.

In the present work, the isotope exchange method with gas phase analysis was used to study
the oxygen exchange kinetics of SFM with the gas phase. The advantage of this method is the direct
determination of the oxygen exchange and oxygen diffusion coefficients. Several works are known
in which the chemical exchange coefficients in various atmospheres were shown [29–31]. However,
the rate-determining stages of the oxygen heterogeneous exchange have not been determined. The aim
of this research was the detailed study of the oxygen exchange kinetics of SFM with gas phase by the
isotopic exchange technique with gas phase analysis, to determine the nature of the rate-determining
steps of oxygen heteroexchange.

2. Materials and Methods

The SFM powder was obtained by solid state synthesis by mixing Sr(NO3)2, Fe2O3, and MoO3

(the concentration of the main component was not less than 99.5%). The synthesis was carried out in
two stages at temperatures of 750 ◦C for 2 h and 1100 ◦C for 10 h in air. The X-ray powder diffraction
(XRD) pattern of SFM powder was shown in our previous paper [32]. X-ray powder diffraction
(XRD) and structural analysis were carried out by using the D/MAX-2200 RIGAKU conventional
diffractometer in CuKα-radiation (λ(Kα1) = 1.54 Å) at room temperature in ambient air. The diffraction
pattern was collected in the 2θ range of 10◦–70◦ with steps of 0.02◦. The program Fullprof was used
for the Rietveld refinement of the crystal structure of the compound. According to the XRD powder
analysis pattern, the SFM oxide does not have any impurities. All the diffraction peaks of the SFM
could be indexed as a cubic perovskite unit cell (space group Pm3m, a = 3.9227(6) Å [33]), which is in
agreement with the literature [34]. Dry SFM powder (without a binder) was pressed into tablets and
sintered at 1250 ◦C for 10 h in ambient air. After sintering, the tablets were mechanically thinned to
1 mm and polished on both sides using two types of diamond paste (ASM 7/5 NVM, grit size 5–7 µm,
and ASM 1/0 NOM, grit size 1 µm). After that, the samples were cleaned in an ultrasonic bath in three
stages, sequentially: in distilled water, isopropyl alcohol, and acetone for 20 min each.

The cross-section of the sample was made for taking micrographs. For this, a dense sample
was placed in an epoxy resin under vacuum, kept until it hardened, and polished using a Struers
Labopol device. The SEM images and the map of element distribution were obtained using an electron
microscope MIRA 3LMU with the X-ray energy-dispersive microanalysis system.

X-ray photoelectron spectra were obtained by the spectrometric complex Multiprob. The radiation
of an X-ray source of MgKα with an energy of 1253.6 eV was used.

The kinetics of oxygen isotope exchange between gas-phase oxygen and SFM oxide was studied in
the temperature range 600–800 ◦C at an oxygen pressure Po2 = 10−2 atm. Enriched 18O oxygen was used
as a label, the proportion of which in the mixture was 83.6%. A detailed description of the experimental
procedure, the assessment of the accuracy of the determination of the heterogeneous exchange rate
(rH, atom cm−2 s−1) and the oxygen diffusion coefficient (D, cm2 s−1), and the calculation of the
dissociative adsorption rate (ra, atom cm−2 s−1) and the oxygen incorporation rate (ri, atom cm−2 s−1)
are described in [35–37]. During the experiment, periodical changes in the ion current corresponding
to the masses 32, 34, and 36 (16O2, 16O18O, 18O2) were recorded using a quadrupole mass spectrometer
Agilent 5973N.

3. Results and Discussion

The SEM image processing analysis by the ImageJ program indicated that the porosity of SFM
was about 8%. An increase in the sintering time did not lead to a significant change in the porosity.
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An increase in the sintering temperature by 50 ◦C led to the melting of the material. The energy
dispersive X-ray analysis revealed a homogeneous distribution of Fe, Sr, and Mo cations on the surface
layer of SFM (Figure 1).
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The typical dependences of the fraction of isotope 18O in the gas phase under experimental
conditions are shown on Figure 2. The dependence type has an exponential form, i.e., kinetics was
complicated by oxygen diffusion. Two kinetic equations related to 18O in the gas phase (α, alpha) and
the deviation of the 18O2 concentration from the equilibrium (

.
Z) were used to describe the kinetics of

isotopic exchange:  .
α = rH(αS − α).
Z = C36 −C∞36

(1)

where
.
α—change in the concentration of 18O in the gas phase; αs—the fraction of the oxygen

isotope on the surface. These equations and the following are written as dimensionless quantities to
simplify perception.
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The experimental data are described using the model obtained by A. Ezin et al. [38], based on
the decision of K. Klier et al. [39]. The model is the result of solving a system of two equations with
boundary and initial conditions: 

N
S

.
α = rH(αS − α)

N
S

.
y = −ry + 2r2(αS − α)

2

.
α = D∇2α
r = r0 + r1 + r2

(2)

where S is the surface area of the sample; N is the amount of oxygen in the gas phase; α is the 18O
fraction; y is the value equal to the difference between the concentration of 18O16O molecules at time t
from the equilibrium value; r is the sum of the rates of the three types of exchange. The first type of
exchange r0 occurs without the participation of oxygen oxide; one and two oxygen atoms from the
oxide surface participate in the exchange of the second r1 and third r2 types, respectively.

Figure 3 shows the temperature dependence of the oxygen exchange and diffusion coefficients for
SFM oxide at an oxygen pressure of Po2 = 10−2 atm. The results are given in comparison with the data
from [30] for SFM.
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Sr2Fe1.5Mo0.5O6−δ.

The ratio for recalculation was used to compare the values of the oxygen heterogeneous rate (rH)
with the published data of the oxygen surface exchange coefficient (k):

k = rH
Mr

(6− δ)NAρ
(3)

where rH is the oxygen heterogeneous rate (atom cm−2 s−1); k is the oxygen surface exchange coefficient
(cm s−1); Mr is the molecular mass; NA is the Avogadro constant; and ρ is the crystallographic density.

An earlier work led by H.J.M. Bouwmeester studies the surface oxygen exchange coefficients of
Sr2Fe1.5Mo0.5O6−δ oxide in atmospheres CO + CO2 and H2 + H2O, obtained by the method of relaxation
of electrical conductivity [29,31]. It can be noted that in the reducing atmosphere (Po2 change from 0.1
to 1 atm.) the chemical oxygen exchange coefficient was an order of magnitude higher than the values
in the oxidizing atmosphere (Po2 change from 2.6 × 10−23 to 9.4 × 10−24 atm.) at 750 ◦C: 2.3 × 10−6 and
3.7 × 10−7 m s−1, respectively [31]. We also obtained a tendency to increase the coefficient of oxygen
exchange from temperature by the method of oxygen isotope exchange; the activation energy was
0.91 ± 0.03 eV (Figure 3). The oxygen heterogeneous coefficient (rH) was recalculated into the oxygen
exchange coefficient according to Equation (3); a value equal to 3.7 × 10−9 m s−1 at 750 ◦C was obtained,
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which is two orders of magnitude lower than the chemical coefficient. There were also differences in
the values of the oxygen diffusion coefficient and the chemical diffusion coefficient. It is likely that
charge transfer, oxygen vacancies, and exchangeable oxygen can significantly affect the differences in
values. In confirmation, SFM compounds have a mixed ionic and electronic conductivity. However,
the electronic conductivity is much higher than the ionic one [28]. The activation energy of the oxygen
diffusion coefficient was 0.78 ± 0.03 eV in the temperature range 600–800 ◦C. This value is comparable
to the activation energy of oxygen flows through Sr2Fe1.5Mo0.5O6−δ, equal to Ea = 0.798 eV [17]. This
indirectly suggests that the obtained value of D corresponds only to the ionic diffusion coefficient.

The values of the individual stages of oxygen adsorption (ra, atom cm−2 s−1) and incorporation
(ri, atom cm−2 s−1) were calculated to determine the rate-determining process of the interaction of
oxygen in the gas phase and the oxide oxygen by the model based on the use of the values of three
types of exchange: r0, r1, and r2 [37], where Oa corresponds to the adsorption site and Os is the
incorporated oxygen:

O18O + 16Oa
ra= O16O + 18Oa (4)

18Oa +
16Os

ri= 16Oa +
18Os (5)

r0 = ra

(
1−

ri
ra + ri

)2

(6)

r1 = 2
rari

ra + ri

(
1−

ri
ra + ri

)
(7)

r2 = ra

(
ri

ra + ri

)2

(8)

r = ra = r0 + r1 + r2 (9)

ri =
rarH

ra − rH
. (10)

Figure 4 shows the temperature dependences of the rates of oxygen heterogeneous exchange,
adsorption, and incorporation at an oxygen pressure Po2 = 10−2 atm. The oxygen incorporation and
adsorption rates were comparable in the 600–800 ◦C temperature range. The activation energy of oxygen
incorporation (0.87 ± 0.07 eV) was close to the activation energy of oxygen diffusion (0.78 ± 0.03 eV);
we can conclude that the stage of oxygen incorporation step for Sr2Fe1.5Mo0.5O6−δ was limited by
oxygen diffusion from the bulk to the surface. In this case, it is not clear why the incorporation rate
was comparable to the adsorption rate, since the diffusion coefficient was quite high. The oxygen
adsorption rate can be significantly affected by the state of the sample surface. Therefore, studies have
been conducted on the elemental composition of surfaces by the XPS method (Figure 5). The presence
of all elements on the surface was determined from the results for a dense sample after isotopic
measurements; their ratio was defined as A2B2O6−δ—13.5:14.1:72.4 mol%, which is close to the formula
unit. However, for iron and molybdenum the ratio was not retained and was equal to 8.2:5.9 mol%.
All values are indicated as a percentage of the stoichiometric total number of elements. It can be
assumed that surface degradation occurred due to the displacement of heavier ions from the volume
to its surface. To understand the processes of oxygen exchange on the surface, we considered the
bond strength of Fe–O and Mo–O. According to Shannon [40], the effective ionic radii for VIMo+6 is
0.59 Å and for VIFe+3 0.65 Å. From this, it follows that the Mo–O bond is shorter than the Fe–O bond;
therefore, the binding energy for Mo–O is higher, which indicates a stronger bond. These results show
a good agreement with the crystallographic structure obtained by the structural refinement results for
Sr2Fe1.5Mo0.5O6−δ from powder neutron diffraction. In particular, the Fe–O and Mo–O distances were
close to the average values (rFeO = 1.945(6) Å, rMoO = 1.928(9) Å) reported in [41], confirming that
the Mo–O distance is slightly shorter (~0.02 Å) than the Fe–O one. Thus, it turns out that the Mo–O
bond is more difficult to break, which is directly related to oxygen adsorption on the surface. Thus,
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an increase in the concentration of molybdenum on the surface apparently leads to a decrease in the
rate of oxygen adsorption.
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The temperature dependences of the oxygen surface exchange and diffusion coefficients for
different oxides are shown in Figure 6. In these graphs, the oxide materials with perovskite and
Ruddlesden–Popper structures were selected as analogues for SFM that could be used as cathode
materials in electrochemical devices. The values of the oxygen surface exchange coefficients of
strontium ferrite-molybdate were commensurate with La0.6Sr0.4MnO3+δ oxide. High values of the
oxygen diffusion coefficients for Sr2Fe1.5Mo0.5O6−δ oxide were obtained; these values were comparable
to the values for praseodymium-barium double cobaltite and exceeded the lanthanum-strontium
manganite by more than an order of magnitude.
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The dependences of the dissociative adsorption and oxygen incorporation rates of some oxides
are shown in Figure 7. The values are quite low compared to the rates of identical materials, but overall
they are at a good level. The rates of strontium ferrite-molybdate are similar in magnitude to those of
cobaltite-ferrite, which is two orders of magnitude higher than the values for lanthanum-strontium
manganite.
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The results of this work fully confirmed our hypothesis about the slow oxygen heterogeneous
exchange by Sr2Fe1.5Mo0.5O6−δ with the gas phase, which we suggested in [19,22], based on the
analysis of the impedance spectra of the Sr2Fe1.5Mo0.5O6−δ electrode in an oxidizing atmosphere.
Although Sr2Fe1.5Mo0.5O6−δ oxygen electrodes have high oxygen conductivity and oxygen diffusion
coefficients, the rate of electrode reaction to the Sr2Fe1.5Mo0.5O6−δ electrode will be limited by the
oxygen incorporation rate. To reduce the contribution of this process to the polarization resistance
of the oxygen electrode, it is necessary to impregnate the Sr2Fe1.5Mo0.5O6−δ electrode with active
oxides, for example, praseodymium oxide [19], or add mixed conductors to SFM, for example, based
on cerium oxide [9,20], or increase the concentration of electronic charge carriers in Sr2Fe1.5Mo0.5O6−δ,
for example, doping with heterovalent cations.

4. Conclusions

The heterogeneous exchange rate, the oxygen diffusion coefficient, and the rates of oxygen
dissociative adsorption and incorporation for Sr2Fe1.5Mo0.5O6−δ were determined at the temperature
range 600–800 ◦C and the oxygen pressure 10−2 atm. It was shown that the oxygen exchange coefficient
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is 4 × 10−8–4 × 10−7 cm s−1 at the temperature range 600–800 ◦C and is comparable in value to
the exchange rate of lanthanum-strontium manganite. The oxygen diffusion coefficient has high
values equivalent to those of praseodymium-barium double cobaltite. The results fully confirmed
our assumption expressed in earlier works on the slow oxygen heterogeneous exchange rate of
Sr2Fe1.5Mo0.5O6−δ with a gas phase. Surface modification probably made a significant contribution to
the oxygen adsorption rate. It was shown that in the temperature range 600–800 ◦C it is not possible to
distinguish the rate-determining stage. We can conclude that this composition is promising as a basis
for cathode materials of SOFC, due to its good performance in the reaction of oxygen exchange and
stability in the oxidizing atmospheres.
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