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Abstract
Being stable to carbonization, praseodymium nickelates-cobaltites and their nanocomposites are promising mate-

rials for intermediate-temperature solid oxide fuel cells (IT SOFC) cathodes and oxygen separation membranes. This
work aims to elucidate specificity of their structure and transport properties on the basis of synchrotron radiation
studies. PrNi0.5Co0.5O3-d (PNC), Ce0.9Y0.1O2-d (YDC), Ce0.65Pr0.25Y0.1O2-d (YPDC), CeO2and PrO2-d powders were
synthesized with the Pechini technique. PNC – YDC nanocomposite was obtained via ultrasonic dispersion. The mate-
rials were characterized in in situ synchrotron XRD analyses with unit cell volume relaxation (CVR) and extended X-
ray absorption fine structure (EXAFS). Bulk and surface oxygen mobility and reactivity were studied with O2 tem-
perature-programmed desorption and CVR methods. Strong cation redistribution between domains was revealed.
Fast oxygen diffusion and exchange in the PNC – YDC nanocomposite were shown to be determined by developed
interface and variation in the Pr3+/4+ cations’ charge in the Y-Pr-Ce-O domains. Selected compositions were deposited
as functional layers in asymmetric membranes for oxygen separation. According to the test results, the membranes
demonstrated promising performance.
Keywords: Oxygen separation membranes, nanocomposites, synchrotron radiation, oxygen mobility, performance

I. Introduction
The design of mixed ionic-electronic conducting
(MIEC) oxide and nanocomposite materials is one of the
most important tasks in the development of intermediate-
temperature solid oxide fuel cells (IT SOFCs) cathodes
and oxygen separation membranes 1 – 3. State-of-the-art
SOFC cathode materials based on Sr-doped perovskites
(LSFN, LSFC, LSM, etc.) deteriorate in the intermediate
temperature range owing to the segregation of alkaline-
earth oxides in the surface layers, the formation of car-
bonates that block surface sites and chemical interaction
at the cathode – electrolyte interface resulting in the for-
mation of La and Sr zirconates that block oxygen trans-
port 4 – 6. Sr-free perovskites are apparentlymore stable to
carbonization andmore compatiblewithYSZwith regard
to their thermal expansion coefficient 6. La substitution
by smaller cations (e.g. Pr) leads to thermodynamic insta-
bility of zirconates Ln2Zr2O7, so such materials enable
more stable SOFC performance during thermocycling 7.
Developing catalytic membranes reactors for producing
syngas from biofuels via selective oxidation by oxygen
separated from air including the design of materials for
functional layers of such membranes and optimization
of their deposition techniques are also important prob-
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lems. General requirements for the materials are chemical
and thermomechanical stability under high gradient of
the oxygen chemical potential, high oxygen mobility and
surface reactivity, high selectivity in the partial oxidation
of fuels into syngas and relatively low cost 8.
Perovskite-like oxides (P) PrNi1-xCoxO3-d and their
composites with fluorite-like (F)-doped ceria oxides pro-
vide a high overall electric conductivity and very high
lattice oxygen mobility and surface reactivity 9 – 13. Even
in dense nanocomposite ceramics, P and F domains were
nanosized and disordered owing to redistribution of the
elements between phases. This refers to the transfer of
Pr cations into fluorite domains that causes formation of
ordered chains of Pr3+/4+ cations in the doped ceria ma-
trix (including those at perovskite – fluorite interfaces and
domain boundaries), so all oxygen in Pr- and Y-doped
ceria is highly mobile10, 14, 15. This provides domination
of a fast oxygen diffusion channel involving such domains
and along P-F interfaceswithDO ∼ 10-7 cm2⋅s-1 at 700 °C,
which exceeds values for LSFC and LSFC –GDCby two
orders of magnitude 6, 11, 16. Selected compositions tested
as thin film SOFC cathodes demonstrated improved and
stable performance as SOFC cathodes in the IT range 9.
In our earlier studies 9 – 13, PrNi1-xCoxO3-d – YDC
nanocomposites sintered into dense ceramics at various
temperatures (1000 – 1300°C)were showntoprovidehigh
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oxygen mobility that is comparable to or even better than
that of nanocomposites based on LSM, LSFN and LSFC
withYSZ,ScCeSZorGDCelectrolytes 6, 17 – 20.Disorder-
ingofdomainsofperovskite-like and fluoritephases inPr-
containing systems owing to the redistribution of cations
between themwas suggested to be responsible for the en-
hanced oxygen mobility in nanocomposites 10, 21, while
for LSM-, LSFN- and LSFC-based cathode nanocom-
posites with electrolytes the non-additive increase of oxy-
gen mobility was assigned only to the effect of the well-
developed perovskite-fluorite interface 6, 17 – 20. The best
performance for PNC and PNC – YDC sintered at 1000
and 1100 °Cwas shown 10, 11.
However, structural features of PNC and PNC – YDC
systems and their correlation with the performance of
these materials at conditions close to those in operation
have still not been studied thoroughly. This paper aims
to elucidate the structural specificity of the Pr-nickelates
(nickelates-cobaltites)-based materials. Their real struc-
ture/microstructure, bulkoxygenmobility and surface re-
activity were studied by applying a combination of struc-
tural methods (in situ synchrotron XRD, TEM, EXAFS)
and several techniques for characterization of their trans-
port properties (temperature-programmed desorption of
oxygen (TPD O2), unit cell volume relaxation (CVR)).
Selected materials with the most promising characteris-
ticswere tested as thin asymmetricmembranes for oxygen
separation.

II. Experimental
Nanocrystalline oxides Pr1-zNi1-xCoxO3-d (PN1-xC;

x = 0 ÷ 0.6; z = 0, 0.2), Ce0.9Y0.1O2-d (YDC),
Ce0.65Pr0.25Y0.1O2-d (YPDC), CeO2 and PrO2-d were
synthesized with the modified polymerized complex pre-
cursor (Pechini) technique 6 usingwater solutions of met-
al nitrates. PNC – YDC nanocomposite was obtained via
ultrasonic dispersion of individual powders in propane-
2-ol in the weight ratio 1:1 using a T25 (ULTRA-TUR-
RAX IKA, Germany) homogenizer. Optimal sintering
temperatures were chosen to show better performance
according to our earlier studies 10, 11. The PNC samples
were calcined at 1000 °C, the other ones at 1100 °C.
Todetermine thephase composition, unit cell parameters
and domain sizes of the samples, X-ray diffraction (XRD)
was applied using aD8Advance (Bruker, Germany) using
CuKamonochromatic radiation (k = 1.5418 Å) in 2h range
5 – 90 °. The cell parameters were refined with PCW soft-
ware (version 2/4), with the average uncertainty of estima-
tion ∼ 0.002 Å.
Time-resolved in situ SXRD experiments were carried
out at the SSTRC“Precise diffraction-2” station equipped
with the position-sensitive detector OD-3M-350 13, 22,
the residual gas analyzer (RGA, QMS 100 series, Stan-
ford research systems) and the high-temperature XRD
reactor chamber XRK-900 (Anton Paar GmbH,Austria).
The working wavelength of 0.1021 nm was set by a sin-
gle reflection from a perfect flat crystal of Si(220). The
analysis of SXRD patterns was performed with MAUD
software 23.
To elucidate the real/defect structure andmicrostructure
of nanocomposites (sizes and local chemical compositions

of domains, their shapes and disordering, characteristics
of domain boundaries and extended defects) high-resolu-
tion transmission electronmicroscopy (TEM)was applied
using a JEM-2010 instrument (Jeol, Japan) (lattice resolu-
tion 1.4 Å, acceleration voltage 200 kV). The local elemen-
tal composition was analyzed with an energy-dispersive
EDX spectrometer equipped with Si(Li) detector (energy
resolution 130 eV).
The EXAFS spectra (Ce-L3 and Pr-L3 edges) were ob-
tained at the “EXAFS spectroscopy” station at the SSTRC
using Si(111) crystal monochromator. In situ extended
X-ray absorption fine structure spectroscopy (EXAFS)
studies of Ce-L3 and Pr-L3 edges were performed at
the “EXAFS spectroscopy” station using Si(111) crys-
tal monochromator with an energy resolution of 6000
and harmonic neutralization. Both X-ray absorption
fine structure (XAFS) and X-ray absorption near-edge
(XANES) spectra were analyzed 13, 24. The EXAFS spec-
tra obtained were treated using Viper software 25, 26. The
initial point of the spectrum(k= 0)was the inflectionpoint
of the edge. Coordination distances R and coordination
numberswere obtained by fittingwithDL_Excurv 6 soft-
ware according to the XRD data. The relative errors esti-
mated for coordination numbers and distances are 10%
and 1% respectively.
The temperature-programmed desorption of oxygen
(O2 TPD) in a He stream was used to characterize the
bonding strength of oxygen with the surface of the per-
ovskites and nanocomposites and the amount of easily
desorbed/mobile oxygen 6, 18, 20, 21. It was studied in a
micro-catalytic flow reactor system after pretreatment of
samples inO2 at 500 °C for 2 husing the temperature ramp
5 °Cmin-1 from25 to 880 °C followed by the isotherm for
60 min at 880 °C. The oxygen content in the exit stream
was determined with a TEST-1 (Boner, Russia) gas ana-
lyzer. To estimate the activation energy of desorption as a
measure of the oxygen bonding strength, desorption rate
curves were fitted with Gauss components. The effective
activation energy was estimated by analyzing the ascend-
ing part of the peak profile using the Wigner-Polanyi
equation 27.
Since cathode layers in fuel cells operate under the gra-
dient of the oxygen chemical potential, estimation of their
surface reactivity and transport properties in these condi-
tions is required as well 4, 5. For dense pellets, the chemi-
cal diffusion coefficientsDchem and surface exchange con-
stant kchem were estimated based on analysis of their unit
cell volume relaxation after step-wise change of the O2
content in the gas flow 20, 28. By assuming a linear reaction
rate on the surface and the approximation of infinite plate
model, the analytical solution for normalized unit cell vol-
ume relaxation (CVR) curves 6, 18, 20, 28 can be described
by Eq. 1:

V V
V V

L
L L

D t l
n n

n chem
n




 
 

 
 



   0

0

2

2 2 2
2 2

0
1 2

 
exp / , (1)

where V is the unit cell volume; t is time; “0” and “∞”
subscripts correspond to the initial and final equilibrium
state of the samples;L is described by Eq. 2:
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l is effectiveXRDpenetration depth 28; and bn coefficients
are n-ths roots of the transcendental Eq. 3:

 n n L  tan . (3)

To prepare asymmetric membranes for oxygen sep-
aration, a few PNC – YDC functional layers (meso-
porous, microporous and dense), dense MnFe2O4 –
Ce0.9Gd0.1O2-d buffer layer and porous Pt (1.4wt.%)/
Sm0.15Pr0.15Ce0.35Zr0.3O2-d catalytic layer were consec-
utively deposited on a Ni/Al foam substrate. Each layer
was sintered at 1100 °C (900 °C for catalytic layer).
The membranes obtained were tested in CH4 selective
oxidation into syngas/oxidry reforming using a specially
built setup, oven-placed double-flange assembly.

III. Results and Discussion

(1) Structural and microstructural characterization of
nanocomposite materials

(a) X-ray diffraction
According to our previous studies 9 – 13, for
PrNi1-xCoxO3-d (x = 0.4 ÷ 0.6) samples calcined at
temperatures up to 1100 °C, the crystal structure corre-
sponds to orthorhombic perovskite phase 29 with some
admixture of PrO2-d phase. After sintering at tempera-
tures higher than 1100 °C, the PrO2-d oxide disappears
while admixture of Pr4(Ni,Co)3O10+d phase emerges.
According to in situ SXRD data, PNC was a stable
orthorhombic perovskite (P) during heating in air up to
850 °C (Fig. 1). Fluorite-like PrO2-d admixture (amount
∼ 8wt.%) was shown to change the symmetry from
monoclinic to cubic during heating, and after cool-
ing back to monoclinic again. For PrNi1-xCoxO3-d –
YDC (1:1) composites sintered at temperatures up to
1100 °C the structure of both perovskite and fluorite
phases is preserved, although pronounced redistribution
of cations between domains of P and F phases takes
place. The most prominent feature is the incorpora-
tion of Pr cations into the doped ceria phase, most
likely disordering both perovskite-like and fluorite-like
phases 10, 11. Strong Pr cation redistribution was shown
to take place between P and F phases, the average
compositions of which were Pr0.8Ni0.5Co0.5O3-d and
Ce0.65Pr0.25Y0.1O2-d according to TEM with EDX anal-
ysis data 11. At higher (1300 °C) sintering temperature,
redistribution of elements in nanocomposites results
in transformation of the perovskite structure into the
cubic one 9, 10. Cell parameters of the materials studied
are given in the Tables 1 and 2. To elucidate structure
evolution in PNC and PNC – YDC, in situ SXRD
studies were carried out for separately synthesized oxide
phases as well. PrO2-d (nPrO2⋅Pr2O3) oxide changes
its structure during heating in air from Pr12O22 (s.g.
P21/c) to Pr6O11 (s.g. Fm(-)3m) and Pr7O12 (s.g. R(-)3)
(Fig. 2). The Ce0.65Pr0.25Y0.1O2-d sample actively loses
oxygen during heating in He. More details can be found
in our previous study 13.

Fig. 1: In situ SXRD patterns of PrNi0.5Co0.5O3-d sample sintered
at 1000 °C.

Fig. 2: Variation of PrO2-d structure during heating and cooling in
air.

(b) Transmission electron microscopy

TEM with EDX analysis data agrees with XRD 11

and SXRD 13 data. Various types of extended defects
present in domains of both phases are shown in Fig. 3.
For the PrNi0.5Co0.5O3-d – YDC composite sintered
at 1100 °C, the average P phase composition is about
Pr0.8Ni0.5Co0.5O3-d, while the F phase composition
is about Ce0.65Y0.1Pr0.25O2-d. In addition, Ni and Co
cations were transferred into the fluorite domains, main-
ly into their surface layers 6, 10, 18, while an amount of Y
was found in the perovskite domains (Fig. 3). Statistical
analysis of EDX data for different domains revealed that
domains of the same phase differ strongly with regard
to their elemental composition, so in some F domains Pr
cations were not detected at all. This demonstrates that
the chemical composition of the domains is controlled
by kinetic factors and not by equilibrium. However, on
average, there are some apparent trends in variation of the
averaged lattice parameters in both phases with the sin-
tering temperature and composition of perovskite phase
(Table 2). For fluorite phase, the lattice parameter decreas-
es with the sintering temperature, which can be explained
by increasing the content of Pr4+ cations (r = 0.95 Å 30)
and decreasing the content of Y cations (r = 1.014 Å 30).
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Indeed, in Pr-doped ceria the lattice parameter was found
to increase with the Pr content when samples were slowly
cooled in air after sintering 31, 32. For the perovskite phase
in the nanocomposites, the unit cell volume also decreases
with the sintering temperature (Table 2), while it increas-
es for separate P phases (Table 1). In agreement with the
trendobserved for fluorite phase innanocomposite aswell
as EDX data (vide supra), this implies that the content of
Pr3+ cations in PNC domains responsible for expansion
of perovskite lattice decreases with the sintering temper-
ature. Domain sizes of both phases in samples sintered at
1100 °C are in the range of 50 – 100 nm, thus providing a
developed interface.

Table 1: Unit cell parameters of PrNi1-xCoxO3-d per-
ovskites.

Tsint, °C Unit cell parameters

Ni/Co ratio a, Å b, Å c, Å V, Å3

900

04/06 5.376 7.613 5.403 221.16

05/05 5.409 7.619 5.381 221.75

06/04 5.380 7.620 5.410 221.75

1000

04/06 5.378 7.615 5.405 221.37

05/05 5.415 7.626 5.385 222.40

06/04 5.385 7.626 5.418 222.52

Table 2: Unit cell parameters of PrNi1-xCoxO3 per-
ovskites and fluorite in nanocomposites.

Tsint, °C Perovskite Fluorite

Ni/Co ratio a, Å b, Å c, Å V, Å3 a, Å

900

04/06 5.377 7.614 5.401 221.12 5.409

05/05 5.382 7.619 5.406 221.68 5.410

06/04 5.383 7.625 5.410 222.05 5.411

1000

04/06 5.373 7.608 5.396 220.58 5.406

05/05 5.380 7.613 5.401 221.21 5.407

06/04 5.385 7.619 5.407 221.84 5.408

1100

04/06 5.371 7.601 5.393 220.17 5.402

05/05 5.375 7.604 5.396 220.54 5.403

06/04 5.385 7.613 5.400 221.38 5.406

Apparently good ordering of lattice fringes in the high-
resolution TEM image of Ce0.65Y0.1Pr0.25O2-d sam-
ple particles (Fig. 4a) was observed, which agrees with
narrow diffraction peaks in the sample and demon-
strates its good crystallinity. However, variation of the
image contrast might suggest some non-uniformity of
the spatial distribution of dopants. Meanwhile, for the
Pr0.8Ni0.5Co0.5O3-d sample sintered at 1100 °C, the high-
resolution TEM image (Fig. 4b) revealed the presence of
extended defects (stacking faults, domain boundaries and
microinclusions) indicated by arrows.

Fig. 3: High-resolution images of neighboring domains of
fluorite (a) and perovskite (b) phases in nanocomposite
PrNi0.6Co0.4O3-d – Ce0.9Y0.1O2-d sintered at 1000 °C with corre-
sponding EDX spectra and elemental composition. I – inclusions,
SF – stacking faults.

(c) EXAFS
EXAFS analysis was used to study the local struc-
ture around Pr and Ce atoms and elucidate the effect
of cation redistribution on the distortion of P and F
structures and the formation of oxygen vacancies, since
Pr cations are known to change their charge easily 33.
PrNi0.5Co0.5O3-d and PrNi0.5Co0.5O3-d (50wt%) –
Ce0.9Y0.1O2-d samples were studied in comparison with
the PrO2-d, CeO2, Ce0.9Y0.1O2-d, Ce0.65Pr0.25Y0.1O2-d
and Pr0.8Ni0.5Co0.5O3-d samples and reagent grade
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Pr(NO3)3⋅6H2O and Ce(NO3)3⋅6H2O ones. As fol-
lows from EXAFS analysis data, Ce cations are gener-
ally charged 4+ for PNC – YDC, while Pr ones are 3+ in
general for PNC and both 3+ and 4+ for PNC – YDC
nanocomposite. This is in agreement with the data on
oxygen mobility and surface reactivity studies carried out
previously 11. Pr and Ce coordination numbers obtained
from radial distribution functions are revealed to be close
to those in slightly distorted orthorhombic P and cubic
F structures. Ce-L3 edge spectra for nanocomposite is
similar to YPDC with the difference explained by local
Pr:Ce ratio variation and structure distortion. Thus, gen-
erally Pr3+ migration from P to F phase and its charge
variationmay cause the formation of additional vacancies.
This agrees with data obtained in the current and previous
works 11. As we reported earlier 13, the intensity of the
EXAFS peaks corresponding to the Ce-O andCe-Me co-
ordination shell declines with increasing dopant content.
The lower Ce-O peak corresponds to a higher oxygen
vacancies concentration in Ce coordination sphere. The
normalized XANES spectra on the Pr-L3 edge for series
of the samples are given in Fig. 5.

Fig. 4: High-resolution images of particles of fluorite
Ce0.65Pr0.25Y0.1O2-d (a) and perovskite Pr0.8Ni0.5Co0.5O3-d (b)
samples sintered at 1100 °C with corresponding EDX spectra and
elemental composition. I – inclusions, SF – stacking faults, GB –
grain boundaries.

Fig. 5: Normalized XANES spectra (Pr-L3 edge) of Pr(NO3)3 (a)
and PrNi0.5Co0.5O3-d (b), PNC-YDC (c) and Pr6O11 (d) samples
sintered at 1100 °C. Reprinted from Sadykov et al. Physics Procedia
(2016, in press).

(2) Mobility and reactivity of oxygen

(a) Temperature-programmed oxygen desorption
As follows from Fig. 6, PNC perovskites calcined at
1000 °C demonstrate intense oxygen desorption in sever-
al (3 or 4) peaks situated in the intermediate temperature
range and one high-temperature peak at 880 °C, which is
similar to Pr nickelates with Ruddlesden – Popper struc-
ture 21. However, peaks situated in the intermediate tem-
perature range are less intense than the high-temperature
one, and the total amount of desorbed oxygen is less than
in the case of Pr nickelates 21 (Table 3). Nonetheless, the
amount of oxygen desorbed in each peak is sufficient-
ly high, which implies oxygen removal from the bulk of
particles. A low activation energy of desorption suggests
low activation barriers for the oxygen migration as well
(Table 3). In the case of perovskites, these low-temper-
ature peaks can be assigned to the presence of some ex-
tended defects (stacking faults, domain boundaries, etc.) 6
with the local coordination environment of Pr cations
similar to that in R-P type structure. Indeed, the total
amount of oxygen desorbed in TPD run is not higher than
10 – 15 monolayers (∼ 1% of the total amount of oxygen
in samples, Table 3), thus corresponding to some defects.
This assignment agrees with strong variation or even sup-
pression of oxygen desorption in the intermediate tem-
perature range after sintering of the perovskites at a higher
(≥ 1100 °C) temperature (Fig. 7), which can result in an-
nealing of some defects as well as decreasing Pr4+ content.
For the perovskite samples sintered at 1000 – 1100 °C, the
effective activation energyofdesorption (Ea, TPD) tends to
increasewith thepeakTmax,which canbe explainedby the
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increase of the bonding strength of surface oxygen forms
removed in the rate-limiting stage (heat of Me-O adsorp-
tion varying in the range of 50 – 400 kJ⋅mol-1 6). A lower
Ea, TPD for high-temperature peaks in the perovskites
and the intermediate-temperature peak in nanocompos-

ites (Table 3) can be explained by the change of the rate-
limiting stageof desorption fromthe surface-controlled to
the bulk-controlled one via the cooperativemechanism of
oxygenmigration in the coordination sphere of Pr cations
with the activation barrier as low as 20 – 30 kJ⋅mol-1 21.

Table 3:Amount of oxygen desorbedqO2 and effective activation energy of oxygen desorptionEa, TPD for samples sintered
at 1000 °C and 1100 °C.

Peak No. Tmax, [°C] qO2, [monolayers] qO2, [% of total desorbed] Ea, TPD, [kJ/mol]

PrNi0.4Co0.6O3-d, 1000 °C

1 390 0.8 8 130

2 470 0.6 6 290

3 550 1.6 15 360

4 880* 7.3 71 200

Total desorbed 10 100 (1% of total oxygen)

PrNi0.5Co0.5O3-d, 1000 °C

1 390 0.6 6 50

2 470 0.3 3 140

3 550 0.7 7 190

4 880* 7.9 84 150

Total desorbed 9 100 (1% of overall oxygen)

PrNi0.6Co0.4O3-d, 1000 °C

1 300 0.3 2 190

2 390 0.3 2 140

3 500 0.2 1 300

4 590 0.6 4 340

5 880* 14 93 120

Total desorbed 15 100 (1% of overall oxygen)

PrNi0.4Co0.6O3-d – YDC, 1100 °C

1 480 7.7 52 70

2 880* 7.2 48 50

Total desorbed 15 100 (1% of overall oxygen)

PrNi0.5Co0.5O3-d – YDC, 1100 °C

1 460 9 53 60

2 880* 8 47 50

Total desorbed 17 100 (1% of overall oxygen)

PrNi0.6Co0.4O3-d – YDC, 1000 °C

1 440 6.5 43 60

2 880* 8.5 57 70

Total desorbed 15 100 (1% of overall oxygen)
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Peak No. Tmax, [°C] qO2, [monolayers] qO2, [% of total desorbed] Ea, TPD, [kJ/mol]

PrNi0.4Co0.6O3-d, 1100 °C

1 450 3.3 17 80

2 570 2 10 270

3 880* 14 73 240

Total desorbed 19 100 (1% of overall oxygen)

PrNi0.5Co0.5O3-d, 1100 °C

1 880* 20 100 150

Total desorbed 19 100 (1% of overall oxygen)

PrNi0.4Co0.6O3-d – YDC, 1100 °C

1 490 25 49 90

2 880* 27 51 9

Total desorbed 52 100 (2% of overall oxygen)

PrNi0.5Co0.5O3-d – YDC, 1100 °C

1 470 24 57 110

2 880* 23 43 25

Total desorbed 47 100 (3% of overall oxygen)

PrNi0.6Co0.4O3-d – YDC, 1100 °C

1 460 20 51 90

2 880* 19 49 25

Total desorbed 39 100 (3% of overall oxygen)

* Peak maximum at isothermal conditions (T= 800 °C, t = 70min).

Fig. 6: O2 TPD spectra for perovskite samples sintered at 1000 °C.
1 – PrNi0.4Co0.6O3-d, 2 – PrNi0.5Co0.5O3-d, 3 – PrNi0.6Co0.4O3-d.

In PNC – YDC composites much more intense des-
orption in the intermediate-temperature range is observed
(Fig. 8), while the total amount of oxygen desorbed in the
run increases up to 20 monolayers (Table 3). For compos-
ites, the increase in the sintering temperature from 1000
to 1100 °C even enhanced the desorption peak at ∼ 460 °C
while decreasing the intensity of the high-temperature
peak (Figs. 8, 9) and increasing the total amount of oxygen
desorbed in TPD run up to 40 – 50 monolayers (Table 3).
This trend is retained even for PNC–YDCnanocompos-
ites sintered at 1300 °C 9, for which the maximum rate of
O2 desorption in the peak at ∼ 450 °C is increased up to
4⋅1017 molecules O2⋅m-2⋅s-1. The most unique feature of
O2 desorption patterns for PNC – YDC nanocomposites

is dominationof the intermediate-temperature desorption
peak, which is not observed for other perovskite-fluorite
nanocomposites (LSFN(C) – GDC, LSM – GDC, etc. 6).
Note that for ceria doped with Ln3+ (La, Sm) cations, the
oxygen desorption is also observed mainly in the high-
temperature range with the total amount of oxygen des-
orbed in the run in the range of 0.2 monolayers 34. Hence,
namely Pr incorporation into the doped ceria domains ap-
pears to be responsible for such fast oxygen diffusion in
PNC–YDCnanocomposites. Indeed, according to Sinev
et al. 15, for Pr0.55Ce0.45O2-d fluorite fast release of the lat-
tice oxygen occurs in the same middle-temperature range
of 400 – 500 °C. This is provided by easy variation of the
charge state of Pr cations in mixed oxides while chang-
ing the oxygen partial pressure as revealed by XPS 14, 15
and in situoptical absorption 35 studies.Ordered chains of
Pr3+/4+ cations in the doped ceria matrix (including those
at interfaces anddomainboundaries) are thought toensure
fast charge transfer and rapid oxygen diffusion 14, 15, 35.
On the other hand, disordering of perovskite-like struc-
tures due to cation migration in nanocomposites along
with generation of anion vacancies and decreasing the av-
erage strength of Me-oxygen bond owing to the presence
of Ni cations 29, 36, 37 could also help to increase the oxy-
genmobility in perovskite-like domains by decreasing the
energy barrier of oxygen atoms jumps through triangles
comprising one A atom and two B atoms 6, 38. Balance of
effects caused by all these factors seems to be responsible
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forproviding thehighest oxygenmobility for the compos-
ite with the highest amount of Ni in the series of samples
sintered at 1000 °C (Fig. 8), while after sintering at 1100 °C
it demonstrates the lowest peak rate, although the differ-
ence between the samples is small in this case (Fig. 9).

Fig. 7: O2 TPD spectra for perovskite samples sintered at 1100 °C.
1 – PrNi0.4Co0.6O3-d, 2 – PrNi0.5Co0.5O3-d.

Fig. 8: O2 TPD spectra for nanocomposite samples sintered at
1000 °C. 1 – PrNi0.4Co0.6O3-d – YDC, 2 – PrNi0.5Co0.5O3-d –
YDC, 3 – PrNi0.6Co0.4O3-d – YDC.

Fig. 9: O2 TPD spectra for nanocomposite samples sintered at
1100 °C. 1 – PrNi0.4Co0.6O3-d – YDC, 2 – PrNi0.5Co0.5O3-d –
YDC, 3 – PrNi0.6Co0.4O3-d – YDC.

(b) Oxygen chemical diffusion coefficients
The oxygen mobility and surface reactivity in the pres-
ence of chemical potential gradient were studied also for
all samples based on analysis of the cell volume relax-
ation (CVR) curves obtained from the SXRD data af-
ter abrupt change of the oxygen partial pressure. Typ-

ical CVR plots are given in Fig. 10. For PNC – YDC,
kchem = 1.2⋅10-7 cm⋅s-1 at 600 °C (Fig. 11a),Dchem cannot
be estimated accurately owing to the process being limit-
ed by the surface exchange. Arrhenius plot of Dchem and
kchem for PNC – YDC compared to YPDC and PrO2-d
are given in Fig. 11 with the details being provided in our
previous study 13.

Fig. 10: Fluorite phase unit cell volume relaxation plot for the
PrNi0.5Co0.5O3-d – Ce0.9Y0.1O2-d sample sintered at 1100 °C.

Fig. 11: Arrhenius plots for chemical diffusion coefficients (Dchem)
and chemical exchange constant (kchem) for PrNi0.5Co0.5O3-d –
Ce0.9Y0.1O2-d (a), Ce0.65Pr0.25Y0.1O2-d (b) and Pr6O11 (c) samples
sintered at 1100 °C.

High oxygen mobility of Pr, Y- doped ceria and devel-
oped interface between disordered perovskite and fluorite
domains in PNC – YDC composites provide high values
of kchem in the intermediate temperature range. This is in
agreement with the EXAFS data, showing the important
role ofPr incorporation intoFphase in forming additional
oxygen vacancies. These results are also in full agreement
with the ones presented in our earlier studies 11 showing
the presence of two channels of oxygen diffusion in PNC
and PNC – YDC. The small amount of oxygen involved
in fast diffusion channel can correspond to PrO2-d along
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with surface defects (Fig. 12). Domination of the fast oxy-
gendiffusion channel inPNC–YDCinvolvingFdomains
and P+F interfaces was shown, so the oxygen transport
in such nanocomposite is generally determined by F do-
mains 14, 15, 35.The resultsofCVRstudies are also inagree-
ment with TPD O2 studies showing domination of in-
termediate-temperature desorption corresponding to re-
moval of oxygen from F domains and P+F interfaces.

Fig. 12: Arrhenius plots for oxygen tracer diffusion coefficients
(DO) and surface exchange constant (kex) for various samples.

Fig. 13: The inlet CH4 concentration effect on its conversion and
selectivity at 950 °C for Pt/SPCZ | MF – GDC | PNC – YDC
membrane. Flow rate is 2 l/h for gas mixture and air.

(3) Membrane testing
The performance of the membrane based on PNC –
YDC nanocomposite deposited on Ni/Al foam substrate
with MF – GDC buffer and Pt/SPCZ catalytic layers
was studied. The oxygen flux under air/methane gradi-
ent is 2.5 ml O2⋅cm-2⋅min-1 for feed 21%CH4 and 10 ml
O2⋅cm-2min-1 for feed 50 – 100%CH4 at 950 °C. So, the
oxygen permeability of the membrane meets criteria of
the practical application 6. Gas flow dynamics in double-
flange assembly was studied earlier 39.
The selectivity ofmethane oxidation into syngas increas-
es with the inletmethane concentration (Fig. 13), since the

coverage of the catalytic particles’ surface by reactive oxy-
gen species decreases. Syngas yield and methane conver-
sion increase with temperature and contact time, which
is typical for such reactors. The outlet H2 and CO con-
centrations ratio varies depending on contact time and
the inlet carbon dioxide concentration (Fig. 14). H2/CO
concentration ratio is < 1 for contact times < 0.14 s at
950 °C and is > 1 at higher contact times (feed 46% CO2
+ 48% natural gas +N2). CH4 conversion is up to 60%.

Fig. 14: Temperature (contact time 0.18 s) (a) and contact time
(T = 950 °C) (b) effect on the outlet concentration of the natural gas
oxi-dry reforming reagents and products for Ni/SmPrCeZrO | MF
– GDC | PNC – YDC membrane. Feed 46% CO2 + 48% natural
gas + N2.

Stable performance of the membrane was demonstrat-
ed for at least 200 h time-on-stream. Hence, the materials
applied in this work are promising as functional compo-
nentsofmembranes for theoxygenseparation fromair and
methane oxidation into syngas by this oxygen.
As one can see from the concentrations vs temperature
plots (Figs. 13 and 14b), the reaction temperature affects
product yields dramatically. The unit used, double-flange
assembly, allows us only tomeasure the housing tempera-
ture, but not the membrane’s temperature, so a new mea-
suring technique was developed for further investigation
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of the membrane processes. Owing to the working range
from 600 to 1000 °C, a membrane irradiates visible light,
so an RGB image could be captured and further analyzed.
A conventional NIR-pyrometry technique is not applica-
ble here owing to the effect of water steam shading, since,
as it is transparent to visible light, steam absorbs themem-
brane’s IR radiation.

Fig. 15: Calibration curves for pyrometry.

Fig. 16: The membrane test run footages in 20% CH4/80% He +
air at 845 °C.

Consisting of three colors with intensities from 0 to 256,
each pixel gives temperature data, to obtain which one

should make a calibration line or curve. Such a curve was
obtained by shooting amembrane from750 to 950 °C (Ta-
ble 4 and Fig. 15). As it can be seen, the red line reaches its
top at 850 °C,meanwhile the green line’s intensity increas-
es from50to250within themembraneworkingrange, giv-
ing us less than one point for a degree as accuracy.
In this way the membrane temperature map could be
obtained by shooting through the quartzwindow, and the
very first footage shows the working conditions being far
from isothermal (Fig. 16).

Table 4:RGBcolorof thepixel dependingon temperature.

T, [°C] RGB intensity, [units]

Red Green Blue

750 202 44 0

800 216 47 0

850 244 100 0

900 250 210 0

950 252 245 17

IV. Conclusions
Composites based onNi-containing perovskite-like ox-
ides and doped ceria demonstrate very high lattice oxy-
gen mobility and surface reactivity owing to disorder-
ing caused by the redistribution of cations between phas-
es. Detailed studies of the structure allowed to prove fi-
nally that namely regions of YDC domains enriched by
Pr cations transferred from PNC domains on sintering
are responsible for the emergence of a fast oxygen mi-
gration path in this system. High and stable performance
was shown for long-time testing of the oxygen separation
membrane with PNC – YDC-based functional layers.
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