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The values of standard enthalpy of formation at 298.15 K and 1 atm for the double perovskites
SroNiMoOg and Sr,CoMoQOg, measured by means of drop solution calorimetry, were found to be
—2418.1 + 12.4 and —2422.9 + 9.6 kJ mol™?, respectively. Heat capacity of Sr.NiMoOg and Sr,.CoMoQg
was measured between 2 and 370 K using relaxation and adiabatic calorimetry, and the enthalpy
increments — between 373 and 1273 K using drop calorimetry. Low-temperature magnetic and higher-
temperature structural phase transformations in SroNiMoOg and Sr,CoMoOg were discussed from the
thermodynamic point of view. Specific heat (C,), standard enthalpy (AJH®) and standard entropy
(8% functions were derived from the experimental data for both double perovskites. The values of
Cp. AGH® and S° at 298.15 K were determined to be 202.31 + 0.61 J mol™* K™%, 36.12 + 0.18 kJ mol™*
and 231.3 + 1.6 J mol™t K™ for SroNiMoOg, and 212.66 + 0.64 J mol™* K™%, 38.25 + 0.19 kJ mol~* and
2444 + 17 J mol™* K™ for Sr,CoMoQg, respectively. Additionally, using the thermodynamic data
available, phase diagrams with respect to T and po, showing stability limits and decomposition products
were calculated for Sr,NiMoOg and Sr,CoMoOg. Though the cobaltite's stability range is wider than
nickelate’s both in terms of T and po,, both complex oxides were found to be stable only at reasonably
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1. Introduction

Complex oxides Sr,CoMoOg and Sr,NiMoOg belong to a family
of rock-salt-ordered double perovskites with elpasolite-like
structure. An interested reader is referred to the work of Vasala
and Karppinen® for the extensive review of the A,BB’'Os com-
pounds with similar crystal structure. Both Sr,CoMoOg and
Sr,NiMoOg had first been synthesized and characterized in
1960s,>* but their properties received closer attention only a
few decades later. Earlier studies were focused on the low-
temperature properties of Sr,CoM0oOg and Sr,NiMoOg.*> " It was
found that both oxides, being magnetoelectric multiferroics,
are capable of the long-range ordering of magnetic and electric
dipoles.*”">*° Because of the rock-salt ordering, magnetically
active Co and Ni cations are separated by MoOg octahedra with
supposedly high level of covalent bonding. Hence, the anti-
ferromagnetism in Sr,CoMoOg and Sr,NiMoOg is due to the
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high temperatures and in oxidizing conditions, and metastable at low temperatures.

long-range superexchange interactions via the M-O-Mo-O-M
(M = Co, Ni) pathways."*’

The attempts to alter the magnetic properties by changing
the oxygen nonstoichiometry of Sr,CoMoOs first raised the
question of the chemical stability of this oxide.>® The issues
of stability and chemical compatibility with the state-of-the-art
solid oxide fuel cell (SOFC) electrolytes became more pressing
in the later studies where the suitability of both Sr,CoM0Og and
Sr,NiMoOg as SOFC anode materials was investigated. Con-
cerning these matters, contradictory findings were reported for
both oxides. For example, Viola et al.” observed no decomposi-
tion of Sr,CoMoQOg in 15% H,/N, at 1123 K, whereas the other
authors point out its decomposition temperature in 5% H,/N,
to be 1123 K'* or even as low as 1073 K.>**>™ Similar disagree-
ment between the authors’ results exists for Sr,NiMoOg - Wei
et al.*® synthesized it successfully at 1373 K in 5% H,/N,, but the
other authors reported the onset of its decomposition to be at
1073 K (in the same atmosphere).”'*™** Furthermore, among the
products of reduction of Sr,CoMoO, and Sr,NiMoOg in H, atmo-
sphere different strontium molybdates were detected in different
works — StM00,,”"! SrM00;,**** Sr,M00,,'* Sr;Mo0g.'>*1”

Summarizing reported results, it seems to be unlikely that
Sr,CoMoQg or Sr,NiMoQg is stable even at 1073 K in 5% H,/N,,
with Sr;Mo0Og being the most probable decomposition product.
However, this conclusion does not eliminate the existing

Phys. Chem. Chem. Phys.


http://orcid.org/0000-0002-1420-2573
http://orcid.org/0000-0003-4802-870X
http://orcid.org/0000-0003-3316-7766
http://orcid.org/0000-0002-8828-4882
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp03782e&domain=pdf&date_stamp=2018-07-19
http://rsc.li/pccp
http://dx.doi.org/10.1039/c8cp03782e
https://pubs.rsc.org/en/journals/journal/CP

Published on 16 July 2018. Downloaded by Kaohsiung Medical University on 7/21/2018 3:39:42 PM.

Paper

contradictions in the reported data. Moreover, the available
discrepant data, obtained as a result of the short-term anneal-
ing experiments, cannot provide any sound information on
the potential long-term chemical stability of Sr,CoMoOg or
Sr,NiMoOg under the given conditions. It is beyond doubt that
such information is of great importance for successful practical
application of these oxides, because both their magnetic
properties™®*?* and anode performance can be altered signifi-
cantly by partial reduction and/or decomposition of the oxides.
As for the latter, it was shown that controlled partial decom-
position of Sr,CoMoOg or Sr,NiMoOs, resulting in the cermet
formation, can be rather beneficial for the electrical conductivity
of the as-obtained anode material.">"*

It is evident that the fundamental thermodynamic data can
clarify the stability and chemical compatibility issues for the
double perovskites of interest. Meanwhile, heat capacities of
Sr,CoMoOg and Sr,NiMoOs were measured only by Gunjikar
et al'® in relatively narrow temperature range, 290-580 K.
In view of the existence of low-temperature antiferromagnetic
phase transitions in both oxides, low-temperature heat capacity
data is crucial for the correct entropy determination. Such data,
as well as the formation enthalpies, and the high-temperature
thermodynamic properties of either Sr,CoM0Og or Sr,NiMoO,
have not been reported yet. Therefore, the present work was
aimed to obtain the complete set of thermodynamic properties
such as heat capacity, standard entropy, enthalpy and Gibbs
energy of formation for Sr,CoMoOs and Sr,NiMoOg in wide
temperature range. The data obtained were used for the evalua-
tion of thermodynamic stability of both double perovskites
under reducing conditions.

2. Experimental
2.1. Preparation and characterization of samples

Double perovskites Sr,CoMoOs and Sr,NiMoOg were synthe-
sized via the standard ceramic technique. High-purity SrCO;,
NiO, Co30,4, and (NH,4)sM0,0,,4-4H,0 (see Table 1 for details)
were used as starting materials. Stoichiometric mixtures of
corresponding precursors were annealed consecutively at tem-
peratures 873-1373 K in air with 100 K steps and intermediate
regrindings. Resulting powders were uniaxially pressed and

Table 1 Chemical compounds used in the present work

Mass fraction  Analysis
Chemical name Source purity method
NiO UZKhR >0.9999 —
MoO; Vekton >0.99 —
(NH4)sM0,0,,-4H,0  Khimreaktivsnab ~ >0.99 —
SrCO; Vekton >0.999999 —
Co,0, MCP HEK GmbH > 0.9997 —
CoO Synthesis >0.99 XRD, AAS®
Sr,CoMoOg Synthesis >0.99 XRD, AAS
Sr,NiMoOg Synthesis >0.99 XRD, AAS
Sapphire (2-Al,03) Setaram >0.9995 —
Au Setaram >0.9999 —
Ar (gas) Uralkriogas >0.99998 —

¢ Atomic absorption spectroscopy.
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Fig. 1 X-ray diffraction patterns for Sr,CoMoOg and SroNiMoOs.

then calcined at 1623 K in air. The dwell time at each firing
stage was at least 10 h. Phase composition of as-sintered double
perovskites was determined by Equinox 3000 diffractometer
(Inel, France) using Cu Ko radiation. X-ray diffraction (XRD)
patterns for Sr,CoMoOg and Sr,NiMoOg were indexed in I4/m
space group®” and, as seen in Fig. 1, showed no indication for
the presence of a second phase.

More or less dense samples that cannot be crumbled easily
are more convenient to handle in the drop calorimetry. How-
ever, the samples with high density may not dissolve rapidly
in viscous melts, which are used for drop solution experiments.
In order to obtain dense enough precursor pieces, 10-20 mg
of which could dissolve completely in the borate melt within
at least 30 min, corresponding powders had been uniaxially
pressed and then were treated differently.

Nickel oxide NiO used for calorimetric measurements was
preliminarily annealed at 973 K in air.

Molybdenum oxide MoOj;, which is highly volatile, was
calcined at 1023 K in a quartz tube.

It is known that cobalt attains an oxidation state +2 in borate
melts'® and, therefore, CoO was used in the drop solution
experiments. Cobalt monoxide CoO was obtained by annealing
Co;0, pellet at 1273 K in the atmosphere with low po,_ (10~ atm).
Annealed pellet was rapidly quenched to room temperature.

To avoid the decomposition of strontium carbonate SrCOj3,
it was sintered in atmosphere of pure CO, at 1273 K with
subsequent annealing at 1073 K for 24 h. The final annealing
temperature was specifically chosen to be less than 1197 K
since the transition of orthorhombic SrCO; to hexagonal one
occurs at this temperature.”® This technique allowed us to
obtain dense pellet of single-phase orthorhombic SrCO;.

All the compounds used in the present work are listed in Table 1.

2.2. Differential scanning calorimetry (DSC)

In order to investigate the heat effects of the phase transitions
in Sr,CoMo0Os and Sr,NiMoOs in the range 330-873 K, DSC
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measurements were performed using STA 409 PC Luxx
(Netzsch, Germany). The experiments were carried out in the
flow of argon (30 ml min~") with 10 K min~" heating rate.
Simultaneous thermogravimetric (TG) measurements showed
no mass loss, indicating no deviation from stoichiometry for
both samples in the whole temperature range investigated.

2.3. Low-temperature relaxation calorimetry

Low-temperature heat capacity of Sr,CoMoOg and Sr,NiMoOg
was measured at temperatures from 2 to 100 K using Physical
Property Measurement System (PPMS) by Quantum Design,
USA. In order to subtract the contributions of sample holder
and Apiezon N vacuum grease, blank experiments (without the
sample) were performed in advance. Then small (around 5-10 mg)
amounts of oxides in the form of dense pieces, weighted with high
precision, were placed directly on the greased sample platform.
Based on the prior experience, experimental error of the heat
capacity determination is estimated to be less than 2%.

2.4. Low-temperature vacuum adiabatic calorimetry

The heat capacity of the samples in the temperature range from
80 to 370 K was measured using an automated vacuum adiabatic
calorimeter with liquid nitrogen as refrigerant. Device configu-
ration and calorimetric technique were described in detail by
varushchenko et al.?' The heat capacity was measured in a
heating mode with 1 K steps. The sample container was filled
with helium (pg.(298 K) = (10 + 2) kPa) which served as a
thermal exchange gas. High vacuum inside the calorimetric cell
was kept by means of cryosorption provided with an efficient
charcoal getter. Around 1.5 g and 2.2 g of Sr,CoMoOs and
Sr,NiMoOg, respectively, were used for the measurements. Exact
masses of the samples were determined by a Mettler balance
with precision of 5 x 107> g.

The temperature of the calorimeter was registered by means
of Fe-Rh resistance thermometer (R,;3; &~ 50 Q) with a
sensitivity of +0.005 K. The temperature gradient between
container and adiabatic shield was controlled with four-
junction (Cu + 0.1 wt% Fe)-Chromel thermocouple with a
sensitivity of £0.003 K. The performance of the calorimeter
was tested with a high-purity Cu (0.99995 mass fraction) and
chromatographically pure n-heptane. Maximum deviation of
the experimental data from the literature data®*** did not
exceed 0.3% above 80 K. The error of the container temperature
determination was estimated as +0.02 K within the whole
range of temperatures (80-370 K).

The reproducibility of the results was confirmed by repeated
measurements of the heat capacity curve. The results of these
measurements were found to coincide with each other within
the experimental error of the instrument employed.

2.5. High-temperature calorimetry

All calorimetric measurements in the temperature range between
373 and 1273 K were performed with MHTC 96 drop calorimeter
(Setaram, France). Enthalpy increments for Sr,CoMoO, and
Sr,NiMoO, were determined by dropping the small dense chunks
(around 50 mg) of oxide from room temperature to the platinum
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crucible installed in the calorimetric cell which was heated to high
temperature. The reproducibility of the enthalpy increments’
measurements was found to be less than 2% up to 1273 K.

In order to obtain the formation enthalpies, smaller amounts
(10-20 mg) of oxides and precursors were dissolved in alkali-
metal borate melt. Around 6.5 g of equimolar mixture of sodium
and lithium metaborates with general formula NaLi(BO,), was
used as a solvent. The complex oxide Sr,CoMoOg and its
precursors (CoO, MoO; and SrCO;) were dissolved in borate
melt at 1073 K. However, NiO and Sr,NiMoOg did not dissolve
rapidly at this temperature, so drop solution experiments for
these oxides as well as MoO; and SrCO; were conducted at
1173 K. At least 6 measurements were performed for each
sample at each high temperature investigated in either drop
or drop solution experiments.

The calorimeter was calibrated during each experiment by
successive dropping of the sample and standard material into
the calorimetric cell. High-purity sapphire (NIST SRM 720) and
gold (99.99%) were used as standard materials for drop and
drop solution experiments, respectively. The thermodynamic
functions for sapphire were obtained from the NIST certificate,
and for gold - from the work of Arblaster.”® The masses of
sapphire cylinders and gold beads that were used for calibra-
tion were 30-40 mg and 50-70 mg, respectively.

Average atmospheric pressure during all calorimetric measure-
ments was 1015 + 5 mbar.

3. Results and discussion
3.1. Heat of formation

As the oxygen nonstoichiometry in both Sr,CoMoOg and Sr,NiMoOg
is expected to be very small in air,">"” their nominal (stoichiometric)
compositions were used in the present work. The values of the
experimental enthalpies of drop solution in borate melt are shown
in Table 2. The uncertainties presented in this table and throughout
this work were calculated as doubled standard deviations, corres-
ponding to a level of confidence of approximately 95%. Enthalpy
increments for CO, gas and the formation enthalpies of oxides,
which are necessary to complete the thermochemical cycles, were
taken from Robie and Hemingway.>®

Calculated standard enthalpies of formation of Sr,CoMoOg
and Sr,NiMoOg from oxides and elements are shown in Table 3.
As seen, the standard formation enthalpies of both double perov-
skites are equal to each other within the estimated uncertainty
intervals.

3.2. Heat capacity curves and phase transitions

Experimental values of heat capacity of Sr,CoMo0Og and Sr,NiMoOg
are shown in Fig. 2 along with the data of Gunjikar et al.'® Original
experimental data on both heat capacity and high-temperature
enthalpy increments are given in ESLT It is clearly seen in the inset
in Fig. 2 that, despite much higher experimental error for C,
determination with PPMS, in the temperature range 80-100 K,
where the measurement points overlap, there is an excellent
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Table 2 Experimental standard enthalpies of drop solution and related calorimetric data necessary for the calculation of the formation enthalpies of

Sr,CoMoOg and SroNiMoOg

i Reaction AH?, k] mol™*
1 SrCO; (s, 298 K) — SrO (sol, 1073 K) + CO, (g, 1073 K) 261.9 + 3.7
2 SrCO; (s, 298 K) — SrO (sol, 1173 K) + CO, (g, 1173 K) 276.7 £ 3.4
3¢ CO, (g, 298 K) - CO, (g, 1073 K) 37.40

4 CO; (g, 298 K) — CO, (g, 1173 K) 42.96

5¢ SrO (s, 298 K) + CO, (g, 298 K) — SrCO; (s, 298 K) AHs = A¢H(SrCO;) — A:H(SrO) — A¢H® (CO,) —233.9 £ 1.8
6 MoO; (s, 298 K) - MoO; (sol, 1073 K) -7.6+0.5

7 MoOs; (s, 298 K) —» MoO; (sol, 1173 K) 7.8 +1.3

8 CoO (s, 298 K) — CoO (sol, 1073 K) 90.8 + 1.8

9 NiO (s, 298 K) — NiO (sol, 1173 K) 90.9 + 1.8
10 Sr,CoMoOg (s, 298 K) — 2SrO (sol, 1073 K) + CoO (sol, 1073 K) + MoOj; (sol, 1073 K) 321.6 + 3.8
11 Sr,NiMoOs (s, 298 K) — 2SrO (sol, 1173 K) + NiO (sol, 1173 K) + MoO; (sol, 1173 K) 349.4 £ 9.3

s - solid, sol - solution in NaLi(BO,),, g - gas.” Data from Robie and Hemingway.>’

Table 3 Calculation of the standard enthalpies of formation of Sr,CoMoOg and Sr,NiMoOg from oxides and elements

A¢H®, k] mol™*

28rO (s, 298 K) + CoO (s, 298 K) + M0O; (s, 298 K) — Sr,CoMoOg (s, 298 K)

At o H(St,CoM00g) = 2(AH, + AH; — AH;) + AHg +A Hg — AHyg

2810 (s, 298 K) + NiO (s, 298 K) + MoOs (s, 298 K) — Sr,NiMoOg (s, 298 K)

A oxHO(ST,NiM0Og) = 2(AH, + AH; — AH,) + AH, + AHy — AH;,

AfH’(S1,C0M00g) = Ag 0 H(St2CoMO00g) + 2A:H(STO) + AH’(Co0) + A¢H(M0O;)
AfH°(ST,NiM0Og) = At oxH°(ST,NiM0Og) + 2A:H’(Sr0) + AH°(NiO) + AtH’(M0O5)

agreement between the data measured by adiabatic and relaxation
calorimetry.

For each of the double perovskites a good coincidence
between two data sets within the corresponding error margins
is observed in Fig. 2 in the temperature range between 300 and
370 K, where both our and literature data'® exist. However, as it
will be explained below, the peaks in C, found by Gunjikar
et al."® are doubtful and should be due to some kind of an
experimental error.

Each of Sr,CoMoOg; and Sr,NiMoO,g oxides exhibits two
phase transitions in the temperature region from 0 to 1273 K.

This work:
1. SI’ZNiMOOG 1 . 1 N 1 N 1 . 1
250 . -
Sr,CoMoO,
1 |Gunijikar et al.: T
2004 777" Sr,NiMoO, B
----- Sr,CoMoO
v ]
TED 150 4 o
S ] ¥ %1
~ 3
O 1004 £ 50/ -
g
] Qo
e 25
50 .‘\'r' L} SeriMoOE L
i o o 8r,CoMoO,
!-' 0 25 50 75 100
o4~ T,K L
T T T T T T T T T T T T T
0 100 200 300 400 500 600
T,K

Fig. 2 Specific heat of Sr,CoMoOg and Sr,NiMoOg: original data and
those of Gunjikar et al.*®

Phys. Chem. Chem. Phys.

—257.2 £9.3
—251.0 £ 12.3

—2422.9 £ 9.6
—2418.1 = 12.4

The first one that occurs at lower temperatures, as it was
pointed out in literature,®*"*® is a second-order antiferro-
magnetic (AFM) phase transition. Indeed, distinct lambda-
shaped regions are clearly seen on specific heat dependencies
given in Fig. 2. The temperatures of local maxima of C,(T)
within these regions correspond to the phase transition tem-
peratures and presented in Table 4. As seen, the values of the
transition temperatures found in the present study are close to
some of those previously reported.’*

The second, high-temperature transition, which is deemed
to be an improper ferroelectric phase transition,'® is accom-
panied by the crystal lattice symmetry change from tetragonal
(f4/m) to cubic (Fm3m). This symmetry change is due to
the slight rotation of the MOs (M = Ni, Co) and MoOs
octahedra.®”'*> In contrast with the AFM phase transition,
which is undoubtedly one of a second order, there are several
works where physical value changes that are characteristic of
the first-order phase transition were pointed out. In particular,
Wei et al.'® asserted that a peak at around 495 K exists on
thermal expansion coefficient (TEC) curve for Sr,NiMoOg,
though the relative expansion curve presented in their
paper*® looks smooth, and no TEC curve is given to confirm
their assertion. Filonova and Dmitriev*° reported the sharp
volume increase for the same oxide at 508 K, as obtained as
a result of XRD refinement. However, this finding was not
confirmed by authors’ own dilatometric measurements and,
moreover, it contradict the findings of other authors who did
not detect any abnormal volume change upon the symmetry
change for either Sr,CoMoOg or Sr,NiMoQg.>'*>'%?731 Finally,
Gunjikar et al.'® described significant humps on specific heat
vs. temperature curves at around 417 and 452 K for Sr,CoMo0Os
or Sr,NiMoOs, respectively.

This journal is © the Owner Societies 2018
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Table 4 Temperatures (in K) of phase transitions in Sr,CoMoOg and SroNiMoOg along with the properties or methods used for their determination

Phase transition Sr,NiMoOg

Sr,CoMo0Og

Antiferromagnetic phase transition

81.2°° (NPDY)
I4/m — Fm3m
538" (XRD)

523-573%" (XRD)
550-575 (NPD)

71.8 (present work, heat capacity)
71.5% (magnetic susceptibility)
80”° (magnetic susceptibility)

463'° (dielectric permittivity)
503° (resistivity, magnetic susceptibility)

34.5 (present work, heat capacity)
34" (magnetic susceptibility)
36° (magnetic susceptibility)
3758911 (magnetic susceptibility)

447*° (NPD, heating)

535%° (NPD, cooling)

560° (dielectric permittivity)
563'° (dielectric permittivity)
628" (XRD)

55328 (dielectric permittivity)

% NPD - Neutron powder diffraction.

0.2 : ! s !
Sr,NiMoO,
| === Sr,CoMoQ,
(@)
£
§ 0.1 -
€
o
P ]
(@)
0.04 L

o . . : .
373 473 573 673
T, K
Fig. 3 DSC curves for Sr,CoMoOg and Sr,NiMoOe.

However, DSC results obtained in the present study are in a
perfect agreement with those of Zheng and Swierczek'® and
confirm that the structural 74/m — Fm3m phase transitions in
Sr,CoMoOg and Sr,NiMoOg are not accompanied by any heat
effects (see Fig. 3). Thus, the said transition should be of a
second order. In this respect, the findings of Wei et al,'®

(3R exp(x)
ST = 2(“ (exp(x) - 1)2> N {

Filonova and Dmitriev,>® and Gunjikar et al'® seem to be

somewhat doubtful, and, therefore, are not included in Table 4.

By definition, there is no latent heat associated with
I4/m — Fm3m second-order phase transformation. No anomalies,
such as the change in slope of DSC curve or the change in the
enthalpy increments’ trends, were detected for both double
perovskites around the supposed phase transition temperatures
(see Table 4 and Fig. 3). Additionally, quite a large scatter in
reported temperatures of the structural phase transition for
Sr,CoMoOg and Sr,NiMoOg can be pointed out. It can be related
to the continuous nature of this transformation, when properties
of the oxide are changing so gradually upon heating that it is hard
to pinpoint the exact transition temperature. Therefore, we

This journal is © the Owner Societies 2018

mRT exp(n(T — Tiax))s

bRT exp(—q(T — Tmax)),

assume that the differences between the thermochemical pro-
perties of either Sr,CoMo0Og or Sr,NiMoO, with different crystal
structure are small enough and, therefore, can be ignored. As a
consequence, we do not make distinctions between the thermo-
dynamic functions of high-temperature tetragonal and cubic
phases of each of the double perovskites studied in the
present work.

3.3. Heat capacity and thermodynamic functions

Specific heat functions for Sr,CoMoOs and Sr,NiMoOg in the
whole temperature range investigated (from 2 to 1273 K) can be
approximated using the approach developed by Voronin
and Kutsenok,”® as implemented in CpFit v. 0.7 software.*?
The major advantage of this approach over the other methods
of heat capacity approximation is that it allows simultaneous
fitting of Cp(7) functions to both low-temperature (specific heat)
and high-temperature (enthalpy increments) experimental data,
ensuring the smooth transition and good correspondence
between below- and above-room-temperature regions of Cp(7).
In the method of Voronin and Kutsenok,*” Cy(T) function is
represented by the weighted sum of Einstein terms with different
Einstein temperatures. In turn, the low-temperature second-
order phase transition can be described by two exponentials
which are then added to the said sum. Hence, a piecewise Cp,(T)
function for Sr,CoMoOg and Sr,NiMoOg can be expressed as

T < Thax

; (1)
T > Tmax

where o; is a weight of the corresponding Einstein term, x = 0;/T,
0, is Einstein temperature, Ty, is a phase transition temperature
(i.e. T where C,, attains local maximum), and m, n, b and g are
the fitting parameters for the exponentials. The values of
ASH® = (H(T) — H°(0)) and S°(T) can be found by integrating (1)
with respect to T and In T according to the well-known relations.
All unknown parameters in the eqn (1), except Tp,a.x which
was arbitrarily chosen, were found during the fitting procedure
and are listed in Table 5. It is seen that for most of the parameters
expanded uncertainties, estimated during the Levenberg-
Marquardt fitting, are quite small. As shown in Fig. 4, the
deviations of fitted C,(T) dependencies from the experimental
values are well within 2% for most of the temperature range,
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exceeding this margin only at the lowest temperatures, where the
absolute experimental error itself is the greatest. The corres-
ponding deviations for the enthalpy increments, plotted in
Fig. 5, do not exceed several percent as well.

The smoothed values of Cy(T), AgH’(T) and S°(T) for
Sr,CoMoOg and Sr,NiMoOs, calculated using the corresponding
functional dependencies derived from (1), are presented in
Table 6. For the ease of use, the specific heat, enthalpy and
entropy functions for both double perovskites with coefficients
substituted from Table 5 are given in ESLT

It’s interesting to note that in case of Sr,CoMoOg and
Sr,NiMoOg, Neumann-Kopp’s rule fails to predict an accurate
value of C, at room temperature. The reference values® of heat
capacity for SrO, CoO, MoO; and NiO were taken for empirical heat
capacity estimation. For nickel-containing double perovskite the
value predicted (210.2 J mol ' K™ ') is almost 4% lower than the

experimental one. For Sr,CoMoOg, the value of 209.1 J mol " K ' is

Table 5 Fitting parameters for C(T) approximating functions (1) for
Sr,CoMoOg and SroNiMoOg

Sr,NiMoOg Sr,CoMoOg
Expanded Expanded

Parameter Value uncertainty ~ Value uncertainty
o 4.949 0.047 5.314 0.119
oy 3.676 0.048 3.308 0.123
o3 1.296 0.064 1.745 0.049
oy 3.634 x 1072 0.213 x 1072 7.084 x 10 2 0.639 x 10 >
os 5.389 x 10~* 0.159 x 10™* 9.440 x 10~* 0.201 x 10™*
0, 673.60 7.33 317.01 6.24
0, 225.82 3.50 794.55 28.91
0, 116.44 1.46 112.14 1.09
0, 46.33 0.65 55.42 0.96
05 7.48 0.14 4.26 0.17
Tnax 71.8 — 34.5 —
m 1.911 x 107> 0.083 x 1072 3.562 x 10™% 0.403 x 102
n 1.276 X 107" 0.063 X 10°* 1.874 x 10°* 0.159 x 10 *
b 1.884 x 1072 0.350 x 1072 1.123 x 10" ' 0.488 x 10 *
q 7.162 x 107! 0.574 x 10°' 3.776 0.394

)
<
s |
<~ g . = Sr,NiMoO, | |
e Sr,CoMoQ, |
'10 T T T T T T T T T
0 100 200 300 400
K

Fig. 4 Percental deviations of fitted specific heat functions from experi-
mental values.
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Fig. 5 Percental deviations of fitted enthalpy increment functions from
experimental values.

fairly close to the experimental one. However, in the majority
of thermodynamic data sources (see, for example, Barin®**) the
heat capacity of CoO at 298.15 K is more than 20% larger than
the one presented by Robie and Hemingway,>® while heat
capacities of the other oxides are comparable. Taking the
higher value of C,(CoO) for the calculation leads to around
4% overestimation of the predicted specific heat value for
Sr,CoMo0OQOg.

Surprisingly good prediction of S%s of Sr,NiMoO, and
Sr,CoMoOs can be made on the basis of Kelley’s additive
scheme. In this method, the increments for individual ions
should be added together to get the value of standard entropy
of an inorganic compound. The table with corresponding
entropy increments is given in the ESL.{ In addition, knowl-
edge about the low-temperature antiferromagnetic phase tran-
sition in both double perovskites allows us to take into
account the magnetic entropy contribution.?® Thus, the value
of 895 can be approximated as

Sg98 = S?(elley + S?nagn = S%elley + Rll’l(ZS + 1)5 (2)

where s is a spin of magnetic cation (Co or Ni). Values of S5og,
calculated accordingly, are 228.35 and 242.18 ] mol ' K™ * for
Sr,NiMoOg and Sr,CoMoOg, respectively, showing less than
1.5% deviations from the experimental values.

Table 7 shows the values of standard entropy and Gibbs
energy of formation along with the measured standard enthal-
pies of formation for both double perovskites investigated. For
A¢S5g calculation, the values of standard entropy for elements
in their most stable states were taken from Robie and
Hemingway.>”

3.4. Stability calculations

The available thermodynamic data allowed us to evaluate the
thermodynamic stability of the double perovskites Sr,NiMoOg
and Sr,CoMoOs. It was done by minimizing the total Gibbs
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Table 6 Smoothed standard thermodynamic functions of Sro,NiMoOg and Sr,CoMoOg vs. temperature. Estimated expanded uncertainties below 80 K
are 0.02-x, where x represents a thermodynamic property, and 0.003-C,, 0.005-A§H° and 0.007-S° for higher temperatures

Sr,NiMoOg Sr,CoMoOg
T, K Cp, J mol ™" K™ ASH®, ] mol™* S°, Jmol ' K! Cp, J mol ™" K™ ASH®, ] mol ™! 8% Jmol* K™
0 0.00 0.00 0.00 0.00 0.00 0.00
10 0.24 0.54 0.07 0.34 0.71 0.11
25 8.39 46.68 2.36 12.63 73.51 3.74
50 43.24 666.54 18.15 40.15 711.93 20.20
75 75.16 2158.29 41.85 73.80 2134.58 42.81
100 97.44 4312.53 66.48 103.79 4367.41 68.30
125 117.87 7007.98 90.46 127.89 7274.25 94.14
150 136.39 10190.43 113.62 147.58 10725.45 119.26
175 152.70 13808.95 135.90 163.94 14625.57 143.27
200 166.64 17805.69 157.22 177.61 18900.04 166.08
225 178.33 22122.28 177.55 189.01 23487.09 187.68
250 188.03 26705.60 196.85 198.52 28334.86 208.10
273.15 195.53 31147.92 213.84 205.92 33018.69 226.02
275 196.08 31510.16 215.16 206.46 33400.15 227.41
298.15 202.31 36123.54 231.27 212.66 38253.40 244.35
300 202.76 36498.23 232.52 213.11 38647.24 245.67
350 213.01 46907.39 264.59 223.42 49574.89 279.34
400 220.30 57749.91 293.54 230.85 60941.37 309.68
450 225.62 68904.61 319.81 236.33 72627.72 337.20
500 229.60 80289.86 343.79 240.47 84552.47 362.33
550 232.65 91849.36 365.83 243.65 96658.72 385.40
600 235.02 103543.37 386.18 246.14 108905.83 406.71
650 236.90 115343.12 405.06 248.12 121264.18 426.50
700 238.42 127227.39 422.68 249.73 133711.74 444.94
750 239.65 139180.19 439.17 251.04 146231.85 462.22
800 240.68 151189.29 454.67 252.12 158811.71 478.46
850 241.53 163245.17 469.29 253.03 171441.30 493.77
900 242.25 175340.32 483.12 253.80 184112.72 508.26
950 242.87 187468.75 496.23 254.46 196819.62 522.00
1000 243.39 199625.63 508.70 255.02 209556.90 535.06
1050 243.85 211806.99 520.59 255.51 222320.34 547.52
1100 244.25 224009.58 531.94 255.93 235106.49 559.41
1150 244.59 236230.69 542.81 256.30 247912.47 570.80
1200 244.90 248468.06 553.22 256.63 260735.86 581.71
1250 245.17 260719.76 563.23 256.92 273574.62 592.20

Table 7 Standard enthalpy, entropy and Gibbs energy of formation of
SroNiMoOg and Sr,CoMoOg at 298.15 K

Compound  A¢H3og, K] mol™"  AS9eg, J mol " K™'  A¢Goog, k] mol ™"

—554.1 £ 3.9
—541.2 £+ 3.8

—2252.9 £ 12.5
—2261.5 £ 9.6

Sr,NiMoO, —2418.1 + 12.4
Sr,CoMoOg —2422.9 =+ 9.6

energy of a system consisting of solid metals, oxides and
molybdates, and oxygen in the gaseous phase:

G(T,po,) = RTInpo, + Y _ x:GY(T), (3)

where x; represents the quantity of the phase i with standard
Gibbs energy function G(T) = AH’(T) — TS°(T). Additionally,
the conditions of mass balance were imposed as constraints
during the minimization, ensuring that the system should
contain an excess of oxygen and stoichiometric quantities of
other elements, i.e.

n(Sr):n(M):n(Mo) = 2:1:1, (4)

where M is either Co or Ni.
When the exact G°(T) functions are known for any probable
phase in the system, a simple form of calculation of phase

This journal is © the Owner Societies 2018

diagrams (CALPHAD) approach® can be implemented in the mathe-
matical software of choice, which in our case was Maple (Maplesoft,
Canada). Thermodynamic data for gaseous O,, CO,, and Sr, and solid
NiO, SrO, CoO, Co;0,, Co, Ni, Mo, Cr, Cr,0;, and SrCO; were taken
from the well-known database of Gurvich® and Iorish.*” Some of these
data, in order to obtain selfconsistent thermodynamic data set, were
used to calculate G°(T) functions from the original experimental results
on various strontium molybdates: SrMoOs;,*® SrM00,,***® Sr;Mo0¢™
and Sr,M00,* Phase diagrams for Sr,NiMoOg and Sr,CoMoO,
obtained as a result of a mapping procedure, ie. by calculating the
composition of a system in a set of (T;po,) points, are shown in Fig. 6 and
7, respectively.

As seen in Fig. 6 and 7 the decomposition routes of
Sr,NiMoOg and Sr,CoMoOs are essentially similar at lower po,.
Following the po, decrease, single-phase double perovskite
transforms into metallic Ni or Co and the mixture of strontium
molybdates Sr;MoOg and StMoO,. Further decrease of po, leads
to the reduction of SrMoO, to StMoOj3, followed by the decom-
position of Sr;MoQOg into SrMoO; and SrO under more reducing
conditions. At temperatures higher than around 1310 K the
mixture of SrMoO; and SrO forms Sr,Mo0O,.

Mentioned in the Introduction variety in the products of
Sr,NiMoOg and Sr,CoMoOQg reduction® %17 can be easily
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Fig. 6 Equilibrium phase diagram of SroNiMoOg.
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Fig. 7 Equilibrium phase diagram of Sr,CoMoOQs.

understood now. Multiple reasons might be responsible for
that. As seen in Fig. 6 and 7, different strontium molybdates
coexist within the fields on the phase diagrams, and the po,
ranges in which the particular mixture of strontium molybdates
with metallic Co or Ni is stable are rather narrow. Taking into
account that the value of po, in Hy/inert gas mixture depends
strongly on its humidity because of the well-known H,/H,0O
equilibrium, precise humidity or po, control is required during
the reduction experiment in order to obtain the particular
mixture of decomposition products. Besides, the identification
of the reduction products often implies cooling the partially or
completely reduced samples down to the room temperature,
which could lead to the oxidation of some strontium molybdates,
for example, StMoOj; to StMoO,. The variability of cooling rates
complicates the issue further. Additional considerations should be
given to the duration of annealing under reducing conditions,
because the decomposition of Sr,NiMoOs and Sr,CoMoOg might
be kinetically hindered.
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As it follows from comparison of Fig. 6 and 7, decomposi-
tion of Sr,NiMoOg and Sr,CoMoOg differs at lower tempera-
tures and higher po, primarily because of the possibility of
Co30, exsolution from the latter double perovskite. Namely, the
formation of stable Co;0, leads to the increase in temperature
of Sr,CoMoOg decomposition at higher oxygen partial pres-
sures (see Fig. 7). Nevertheless, Sr,CoMo0Og has significantly
wider range of stability with respect to both T and po, than
Sr,NiMo0Og. While both Sr,NiMoOg and Sr,CoMoQg are unstable
at low temperatures and/or low oxygen partial pressures, the
existence of metastable single-phase Sr,NiMoOg or Sr,CoM0Og
at low temperatures is possible because of the sluggish rate of
decomposition of these double perovskites due to aforemen-
tioned kinetic limitations.

4. Conclusions

Using the experimental data measured by low-temperature
relaxation calorimetry, adiabatic calorimetry and high-temperature
drop calorimetry, Cp,(T) dependencies were obtained for Sr,NiMoOg
and Sr,CoMoOgs in the broad temperature range, from 2 to 1273 K.
Standard enthalpy AJH’(T) and entropy S°(T) functions were derived
from Cp(T) for both double perovskites. Additional data on A¢H3og,
obtained by the high-temperature drop solution calorimetry, com-
pleted the whole set of essential thermodynamic properties for
Sr,NiMoOg and Sr,CoMoOs. It allowed us to derive G%(T) functions
and use them along with the literature data to construct the phase
diagrams for both oxides with respect to T'and po,. As expected, the
thermodynamic approach works well and predicts unambiguously
the stability limits of compounds in question.
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