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Abstract 

 
The present work investigates the thermal stability of Pr-Ni based nickelates belonging 

to the Ruddlesden-Popper (RP) series, namely: Pr4Ni3O10+δ, La4Ni3O10+δ, 

La3PrNi3O10+δ (n=3), and PrNiO3-δ (n = ∞). Indeed these nickelates can be used as future 

oxygen electrodes in Solid Oxide Cells devices operating at high temperature, and a 

preliminary work is mandatory to get accurate information about the required 

conditions (mainly temperature and pO2) to successfully synthesize, sinter and use 

those materials as electrodes. Three different atmospheres, i.e. argon, air and oxygen 

were here considered. As expected the thermal stability is higher under pure oxygen 

compared to air, and higher under air compared to argon. Depending on the material a 

complete and irreversible decomposition can be observed. Finally, accurate results were 

obtained according to our dynamic study, which is based on TGA and XRD 

experiments. 
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1. Introduction 

Because most of the renewable energy sources for electricity production work 

intermittently, perspectives to be considered must be related to chemical storage of excess 

electricity. In that matter, power to gas or fuel technologies, using water (possibly combined to 

CO2) electrolysis appear as attractive solutions. For this purpose, the stationary devices often 

use high temperature electrolysers because of their high efficiency. The corresponding 

technology involves Solid Oxide Cells (SOCs), possibly combining electrolysis (Solid Oxide 

Electrolysis Cells, SOECs) and fuel cells (Solid Oxide Fuel Cells, SOFCs) in a reversible mode 

(H2 production and conversion, respectively) [1]. The continuous research to improve the high 

temperature SOC electrochemistry converged in studies focused on lanthanide nickelates over 

the past 20 years [2], emphasizing their excellent performances as oxygen electrodes for IT-

SOC devices operating at intermediate temperatures (600-700°C). These materials belonging 

to the Ruddlesden-Popper (RP) series i.e. Lnn+1NinO3n+1 (n = 1, 2, 3) are considered as the 

second generation of oxygen electrodes for devices operating either under SOFC or SOEC 

modes [3-5]. In this respect, RP nickelates with n=1, i.e. Ln2NiO4+δ (Ln = La, Pr, Nd) have 

been extensively studied [6-11]. These compounds with the K2NiF4 -type layered structure 

show promising cathode performance for IT-SOFCs because of their large anionic bulk 

diffusion and surface exchange coefficients, combined with good electrical conductivity and 

thermal expansion properties matching with those of other components of the cell [12-14]. 

Among the Ln2NiO4+δ (Ln = La, Pr, Nd), Pr2NiO4+δ appears to be the most efficient SOFC 

oxygen electrode [7, 15], exhibiting excellent electrochemical properties at intermediate 

temperature, for instance Rp = 0.15 Ω∙cm² at 600 °C measured on screen printed electrodes 
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(Pr2NiO4+δ//CGO//8YSZ symmetrical half-cell) [16]. However, this material is thermally 

unstable and decomposes rapidly into Pr4Ni3O10+δ, PrNiO3-δ, Pr6O11 and NiO [17-19].  

The three Pr-based materials issued from the decomposition mentioned above have 

already been studied as electrodes with very interesting properties, in particular, Pr6O11 

and Pr4Ni3O10+δ have shown excellent single cell performance under SOFC conditions.  

For example, the single cell where the oxygen electrode is Pr6O11 infiltrated into a 

porous GDC backbone, i.e. NiO-YSZ//YSZ//GDC-Pr6O11, shows a maximum power 

density of 0.83 W‧cm−2 at 600 °C [20]. 

The Pr4Ni3O10+δ phase also shows promising electrochemical performance with similar 

Rp value as that of Pr2NiO4+δ (0.15 Ω‧cm2 at 600 °C for the symmetrical half-cell). In 

addition, the single cell with Pr4Ni3O10+δ oxygen electrode and GDC barrier layer 

prepared by screen-printing, i.e. NiO-YSZ//YSZ//GDC//Pr4Ni3O10+δ shows a maximum 

power density of 1.6 and 0.68 W‧cm−2 at 800 and 700 °C, respectively [21].  

Furthermore, the single cell containing Pr4Ni3O10+δ as oxygen electrode showed stable 

behaviour during long-term operation under SOFC conditions at a constant current load 

of 0.3 A‧cm−2 at 700 °C and a degradation rate of less than 1%/kh was observed [22].  

Finally, despite very good chemical stability and electronic conductivity, PrNiO3-δ 

shows the highest Rp values among the series [23]. For instance, the symmetrical half-

cell with PrNiO3-δ electrode prepared by screen-printing over a GDC barrier layer 

(PrNiO3-δ//CGO//8YSZ symmetrical half-cell co-sintered together at 950 °C/2h) shows 

an Rp value of 0.91, 0.12 and 0.03 Ω‧cm2 at 600, 700 and 800 °C respectively, however 

without optimization of the sintering conditions [24]. Therefore, optimizing the 

sintering conditions can further improve the electrochemical performance of PrNiO3-δ. 

Prior to further optimisation of the sintering process, however, determining the phase 
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stability conditions with temperature and under different atmospheres is essential and 

has to be investigated.  

With regards to the stability of Pr4Ni3O10+δ, studies were already carried out  and it was 

concluded that the thermal stability limit is around 1050°C in air, and around 1120°C in 

oxygen [21]. However, the stability of Pr4Ni3O10+δ in an argon atmosphere is still 

unknown in the literature to the best of our knowledge. Moreover, to further improve 

the thermal stability of Pr4Ni3O10+δ phases, we have prepared the (Pr, La)4Ni3O10+δ solid 

solution and investigated its thermal stability as a function of temperature and pO2. 

In this work, with the aim to comprehensively investigate the suitability of Pr- and Ni-

based oxides (n = 3 and n = ∞ (perovskite-type) terms of the RP series) as oxygen 

electrodes, the thermal stabilities in argon, air and oxygen atmospheres are compared, 

allowing further determination of the most suitable sintering and operating conditions. 

Themogravimetry (TGA) experiments in combination with X-ray diffraction (XRD) 

were mainly used for the investigations. Moreover, both air, oxygen and also argon 

atmospheres were considered. Indeed in the case of metal-supported cells it becomes 

mandatory to perform the first part of the sintering procedure under reducing 

atmosphere (to avoid any detrimental oxidation of the metal support, and prior to the re-

oxidation of the oxygen electrode which is performed in a second step on the tight 

complete cell). 

2. Experimental 

2.1. Synthesis of powders 

PrNiO3-δ was synthesized using the citrate-nitrate route (modified Pechini 

method) from Pr6O11 (Aldrich Chem, 99.9%), and Ni(NO3)2.6H2O (Acros Organics, 
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99%) precursors [25]. The Pr6O11 powder was pre-fired at 900 °C overnight to remove 

the remaining water content due to its highly hygroscopic character. After the auto 

combustion step, a final annealing was performed at 850 °C for 48 h under oxygen flow 

and repeated eight times leading to well crystallized phases. 

The (Pr, La)4Ni3O10+δ phases were also synthetized using the citrate-nitrate route 

from a commercial Pr(NO3)3 solution (Rhodia), La(NO3)3.6H2O (Thermo-scientific, 

99.9%) and Ni(NO3)2.6H2O (Thermo-scientific, 99%) precursors. The xH2O content of 

the precursors was determined by a pre-firing step.  After pyrolysis, a pre-calcination 

step was carried out before the final annealing performed at 1050°C under air for 

La4Ni3O10±δ/ La3PrNi3O10±δ or pure oxygen for Pr4Ni3O10±δ [26].  

The ageing test of the four studied phases was performed under air. Pellets were first prepared 

and then left into a furnace for one then three months at 600, 700 and 800 °C before XRD 

characterization. 

 

2.2. X-ray diffraction analysis  

The powders were first investigated by X-Ray diffraction (XRD) at room 

temperature using a PANanalytical X’pert MPD diffractometer with Cu-Kα incident 

radiation to check the phase purity. The X-ray diffraction patterns were fitted by profile 

matching using the Fullprof software [27]. 

 

2.3. Thermal gravimetric analyses (TGA) 

TGA experiments were carried out using a TA Instrument® TGA-5500 and Q600 

device. In a first step, the studied material was heated in air up to 800 °C then cooled 

down to room temperature with a slow rate (2 °C.min-1), this cycle being reproduced 

twice to ensure the reproducibility and an efficient equilibration of the material with the 
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surrounding atmosphere. In a second step, the determination of the oxygen 

stoichiometry was achieved via the full decomposition of the material into Ni metal and 

Pr2O3 under Ar -5% H2 flux with a very slow heating rate (0.5 °C.min-1). Moreover, in 

order to i) to investigate its thermal stability in the various atmospheres and ii) to study 

the δ variation vs. T in the domain of stability, TGA measurements were performed up 

to Tmax = 1200°C, under air (pO2 = 0.21 atm), oxygen (pO2 = 1 atm) and argon 

atmosphere (pO2 ≈ 10-5 atm). Different heating and cooling rates were used as detailed 

below. 

In addition, we chose to study the effect of kinetics on the decomposition of PrNiO3-δ, 

which is the most oxidized and less stable phase at high temperature. For this, several 

thermal cycling were performed with the heating and cooling rate of 2 °C.min-1 for a 

different dwell time 1h, 2h, 3h and 5h at 1000 °C and 950°C. The variations of weight 

during heating and cooling were investigated. 

3. Results and discussion 

3.1. XRD Analysis recorded on the as-prepared powders 

The XRD characterizations of all nickelates i.e. PrNiO3-δ and (Pr, La)4Ni3O10+δ reveal 

that all phases are well crystallized. The crystallographic parameters of the as-prepared 

powders are gathered in table 1 and the corresponding XRD diagrams are plotted in Fig. 

S.I. 1. The phase PrNiO3-δ was described by an orthorhombic structure with Pbnm space 

group [24]. The crystal structure of n=3 RP phases is still under debate in the literature. 

Through neutron diffraction study, it was revealed that La4Ni3O10 and La3PrNi3O10 

crystallizes in the orthorhombic space group Bmab [28, 29], while Pr4Ni3O10 was best 

fitted using the P21/a monoclinic space group [30].  
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Table 1- Cells parameters determined on the as-prepared powders 

 

3.2. Thermal stability studies performed on PrNiO3-δ 

3.2.1. Thermal stability under argon, air and oxygen 

The initial (room temperature) δ value was firstly determined by TGA measurement 

performed under Ar/5%H2 atmosphere (heating/cooling rate: 2°C.min-1) on the air-prepared 

material δ: = 0.055. The thermal stability under argon, air and oxygen atmospheres was then 

investigated in order to find the most appropriate sintering conditions as SOC oxygen 

electrodes. The comparison of the weight loss variation with temperature shows very different 

behaviours depending on the atmosphere (Fig. 1). Under argon, PrNiO3-δ is only stable up to ~ 

800 °C. Above this temperature, the material directly changes into Pr2NiO4+δ and NiO, the 

dissociation being complete at 1000 °C as confirmed by XRD analysis at the end of cooling  

(Fig. 2a). Any further significant evolution is observed during cooling. 

Under air and oxygen atmosphere, PrNiO3-δ exhibits a more extended stability 

range than under argon, as expected. The phase is stable up to 1000 °C under air, and 

then starts decomposing into Pr4Ni3O10+δ and NiO. This is attested by a side experiment 

where an XRD analysis of the powder after quenching performed from 1050°C under 

air (Fig.S.I. 2). However, the Pr4Ni3O10+δ phase remains stable only over a very short 

temperature window (~ 1045−1055 °C) (small deceleration on Fig. 1 for this 

temperature range).  

 

Material n-
value 

a (Å) b (Å) c (Å) β (°) 

Pr4Ni3O10±δ 3 5.37803 (8) 5.4631 (1) 27.5644 (7) 90.283 (2) 

La3PrNi3O10±δ 5.4039 (1) 5.4648 (1) 27.897 (2) 89.811 (4) 

La4Ni3O10±δ 5.4165 (1) 5.4652 (1) 27.971 (1) 90.173 (6) 

PrNiO3-δ ∞ 5.4254 (4) 5.3882 (5) 7.6414 (4) 90 
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Fig. 1: Variation of the weight loss with temperature for PrNiO3-δ recorded under 
argon, air and oxygen atmospheres with 2°C.min-1 heating and cooling rates 

 

Above 1050°C, Pr2NiO4+δ and NiO are again formed and remain upon cooling. 

Finally, this behaviour after the thermal cycle performed under air is close to what is 

observed under argon (Fig. 2a).  

Among the three atmospheres, PrNiO3-δ shows maximum stability, up to 1040 

°C, under oxygen (Fig. 1). Above this temperature, similarly to what was observed under 

air, it decomposes into Pr4Ni3O10+δ and NiO (as attested by a side experiment where an 

XRD analysis of the powder was performed after quenching the powder from 1070°C 

under oxygen, Fig. S.I. 2.). Again the Pr4Ni3O10+δ phase is only stable in a short 

temperature window (~ 1050−1120 °C). Above ~ 1120 °C Pr2NiO4+δ and NiO are only 

present (Fig. 1.). Very interestingly, the cooling behaviour under oxygen is completely 

different from that previously observed under air or argon. With a cooling rate of 2 

°C.min−1, Pr2NiO4+δ again starts changing into Pr4Ni3O10+δ and PrOx (around 950°C). 

With respect to the XRD analysis of Fig. 2c (at the end of the cooling process performed 

under oxygen), it is evidenced that the remaining amount of Pr2NiO4+δ is very limited, 
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and one can imagine that a longer plateau at T = 1200°C would allow to achieve a 

complete decomposition of Pr2NiO4+δ. 

20 25 30 35 40 45 50 55 60

 Pr4Ni3O10+δ NiO
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 Pr2NiO4+δ PrOx

under argon

 

 

Fig. 2: X-ray diffractograms of the PrNiO3-δ powders after TGA under (a) argon, (b) 
air and (c) oxygen 

 

In addition, first aiming at better understanding the thermal behaviour under oxygen, 

various heating and cooling rates, namely 1°, 2° and 5 °C.min−1 up to 1300 °C were 

used. The TGAs curves recorded at the different rates are plotted in Fig. S.I. 3a, b, and 

c. Higher heating and cooling rates (5 °C.min−1) prevent the formation of Pr4Ni3O10+δ 

leading to a final mixture of Pr2NiO4+δ, PrOx and NiO as end products.  

Finally, the derivatives corresponding to the thermal evolutions of PrNiO3-δ observed 

during heating and cooling (performed at different rates), under argon, air and oxygen 

atmospheres are gathered in Fig. S.I. 4.  

 

To summarize, one can conclude that the maximum temperature at which 

PrNiO3-δ is stable varies from 800 °C to 1000 °C and 1040 °C under argon, air and 

oxygen, respectively. When heated above these temperatures, the decomposition into 
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Pr2NiO4+δ and NiO seems to be irreversible under argon and air. Under an oxygen cycle 

including a cooling step performed with low rate, Pr2NiO4+δ is mostly changed into 

Pr4Ni3O10+δ. 

 

3.2.2.  Variation of oxygen content under argon, air and oxygen  

Remaining in the stability domain of PrNiO3-δ in the different considered 

atmospheres (see above), the variation of the oxygen content was studied by TGA. For 

each atmosphere, two cycles were performed to check the reversibility while the powder 

was kept for 1 hour at the maximum temperature before cooling. In all atmospheres, a 

reversible behaviour is observed (Fig. 3), the second cycle being only plotted here. A 

drop in 3−δ is observed whatever the considered atmosphere. It occurs at lower 

temperature under Ar (T ≈ 680 °C) in relation with a slightly larger drop of about 0.04, 

while under air and oxygen, a smoother drop of about 0.025 is observed for T above 

700 °C. However, those absolute values have to be considered with care as, for instance, 

the equilibrium time of 1h appears not sufficient under Ar atmosphere (i.e. a small 

difference is observed between cooling and further heating).   

After the different thermal cycles (Fig 3), the room-temperature δ value in PrNiO3-δ 

decreases from 0.06, 0.055 and 0.05 when the materials were annealed under argon, air 

and oxygen, respectively. In other words, the content of oxygen is maximum (∼ 2.95) 

under oxygen and slightly decreases in air (∼ 2.945) and a bit more in argon (2.94).  
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Fig. 3: Thermal variation of the oxygen content (3-δ) of PrNiO3-δ, (a) under oxygen (30 °C ≤ 
T ≤ 1000 °C), (b) under air (30 °C ≤ T ≤ 950 °C) and (c) under argon (30 °C ≤ T ≤ 800 °C). 

 

3.2.3. Stability above 950 °C and in operating SOFCs condition 

To go further in the investigation of the stability duration at 1000 °C and 950 °C under 

oxygen and air respectively (as a maximum stability temperature under these 

atmospheres), additional TGA experiments were carried out. In the frame of this work, 

Argon was no more considered because the upper limit of thermal stability is too low 

with respect to the usual conditions of preparation of the electrodes (950 °C/1h). For 

this purpose several cycles were performed in each case with the heating and cooling 

rate of 2 °C.min-1 for different dwell times: 1, 2 and 3 h at 1000°C under oxygen and up 

to 5 hours at 950°C under air. The variations of weight during heating and cooling are 

plotted in Fig. 4 (a, b).  

Under oxygen, the PrNiO3-δ phase is stable during the first two cycles and shows almost 

reversible behaviour. However, in the third cycle, then for a total dwelling time of 3 h, 

a large weight loss associated with a partial decomposition of PrNiO3-δ into Pr4Ni3O10+δ 

+ PrOx + NiO is observed, as confirmed by XRD (Fig. S.I. 5).  
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Under air, PrNiO3-δ phase is only stable up to 4 h at 950 °C, for longer time it also starts 

decomposing into Pr4Ni3O10+δ, PrOx and NiO, as confirmed by XRD (Fig. S.I. 5). 

Similarly, Martinez-Lope et al. reported the thermal stability of PrNiO3-δ under air up 

to 900 °C up to 4 hours [31]. 
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Fig. 4: Thermal variation of the oxygen content (3-δ) of PrNiO3-δ, (a) under oxygen (30 °C ≤ 
T ≤ 1000 °C) for various dwell times 1h, 2h and 3h at 1000 °C (b) under air (30 °C ≤ T ≤ 950 
°C) for different dwell times 1 h, 2 h, 3 h, 4h and 5 h at 950 °C (with heating and cooling rate 

of 2 °C.min-1). 
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3.2.4. Long term chemical stability of PrNiO3-δ powder under air at operating 

conditions 

The XRD patterns of PrNiO3-δ powder after ageing for one month at 600, 700 and 800 °C under 

air along with as prepared powder are compared in Fig. 5. Overall, there is no modification of 

the XRD pattern after the ageing period. The PrNiO3-δ powder is chemically stable at the 

operating temperature of SOFCs i.e. 600, 700 and 800 °C under air up to 1 month.   
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Fig. 5: X-ray diffractograms of PrNiO3-δ, as prepared and after ageing for 1 month at 600, 700 
and 800 °C, under air. 

 

3.3 Thermal stability studies performed on (Pr, La)4Ni3O10+ δ 

Our goal here was to study three compositions: Pr4Ni3O10+δ, La4Ni3O10+δ, and La3PrNi3O10+δ; 

indeed, with respect to our study of the corresponding n=1 series, substituting 25% of La by Pr 

was a very efficient way to improve both the thermal stability and at the same time the 

electrochemical properties of the electrode [17]. 

 

3.3.1. Thermal stability under air, O2 and Ar  
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The initial (room temperature) δ values were firstly determined by TGA measurements 

performed under Ar/5%H2 atmosphere on the air-prepared (Pr, La)4Ni3O10+δ materials, the 

results are: δ = 0.10 for Pr4Ni3O10+δ, 0.06 for La4Ni3O10+δ and 0.05 for La3PrNi3O10+δ. 

The temperature stability limit was assessed by TGA performed under air and O2 up to 

≈ 1200 °C for Pr4Ni3O10+δ, La3PrNi3O10+δ and La4Ni3O10+δ. The results are plotted on Figures 

6a, 6b and 6c, respectively. XRD measurements were performed after the TGAs experiments, 

the results are gathered in Table 2. The behaviour of Pr4Ni3O10+δ under air and oxygen was 

already studied in our previous paper [21]; fig 6a gathers these data which have been completed 

with the measurements performed under Ar.  
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Fig.6 – TGA measurements performed under air, O2 and Ar up to T = 1200°C on Pr4Ni3O10+δ (a), 
La3PrNi3O10+δ (b) and, La4Ni3O10+δ (c). Where n1, n2, n3 and v correspond to La2-xPrxNiO4+δ, La3-

xPrxNi2O7±δ, La4-xPrxNi3O10±δ, and NiO, respectively.  
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Under air, Pr4Ni3O10+δ is thermally stable up to about 1050°C. Above this temperature 

decomposition starts to occur and a complete decomposition into Pr2NiO4+δ and NiO is 

achieved at around 1150 °C. The decomposition is completely irreversible under air, as the 

decomposition product, Pr2NiO4+δ, is instable under these conditions. Under argon the same 

behaviour is observed, however the decomposition temperature is lower than under air (900°C 

instead of 1050°C), and the weight loss after the decomposition is larger than in air, probably 

because of the larger evolution (decrease) of the oxygen over-stoichiometry of Pr2NiO4+δ under 

argon. Under oxygen, Pr4Ni3O10+δ shows higher stability than in air, up to 1120 °C. Again 

above this temperature it decomposes into Pr2NiO4+δ and NiO. Upon cooling, however, a 

weight uptake is observed around 950 °C, which is the signature of the formation of the more 

oxidized phase Pr4Ni3O10+δ along with PrOx, as attested by the presence of these phase in the 

decomposition mixture upon cooling (Table 2). This result is in good agreement with what was 

observed on pure Pr2NiO4+δ upon cooling under oxygen [21, 32]  

Regarding La4Ni3O10+δ, we chosen to perform TGAs up to 1200°C only, i.e. at the maximum 

temperature for which the thermal stability of the material is ensured under air according to the 

literature [33].  

This hypothesis was not confirmed here since the XRD performed after TGA under air showed 

a light chemical decomposition of the material around 1150°C- 1190°C (Table 2). The 

decomposition products are NiO and La3Ni2O7±δ. The experiment under air - showed a very 

small mass loss below around 1050°C, which then accelerates sharply. This indicates a partial 

thermal reduction resulting from a loss of oxygen over-stoichiometry. Interestingly, this loss 

of oxygen is completely reversible. Finally, under O2 a very light degradation takes place 

forming La2NiO4+δ and NiO. 
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The thermal behaviour of La3PrNi3O10+δ differs from that of La4Ni3O10+δ. Under air the 

acceleration of the mass loss beyond around 1050°C is much greater for La3PrNi3O10+δ. In 

addition, the cooling behaviour of the material is non-reversible and a thermal decomposition 

is observed. The thermal stability domain of La3PrNi3O10+δ is therefore lower than that of 

La4Ni3O10+δ under air, and the decomposition products are to those from the experiments 

conducted on Pr4Ni3O10+δ [21, 32], plus some La2-xPrxNiO4+δ (n=1 phase). Under O2, 

La3PrNi3O10±δ slightly degrades into the n=2 and 1 members as well as nickel oxide above 1190 

°C, while the n=3 phase seems to be completely re-formed upon cooling.  

Finally, under argon the behaviour of the two oxides is very similar to the one of Pr4Ni3O10+δ: 

as expected the thermal stability is limited to 940 and 990°C for La4Ni3O10+δ and 

La3PrNi3O10+δ, respectively; like for Pr4Ni3O10+δ , the n=2 terms (La2NiO4+δ and (La, 

Pr)2NiO4+δ, respectively), plus NiO, are formed upon cooling. 

Table 2 - Stability limit and degradation products in air, argon and O2 

Material Stability 
limit – 

O2 

Degradation 
products in O2 

after the cooling 
cycle 

Stability 
limit - 

air 

Degradation 
products in air 

after the cooling 
cycle 

Stability 
limit - 

Ar 

Degradation 
products in Ar 

after the 
cooling cycle 

La4Ni3O10±δ >1190°C None 1150 °C La3Ni2O7±δ, NiO 940 °C La2NiO4+δ + NiO 

La3PrNi3O10±δ >1190°C La3-xPrxNi2O7±δ, 
La4-xPrxNi3O10±δ, 
La2-xPrxNiO4+δ 

1150°C La3-xPrxNi2O7±δ, La2-

xPrxNiO4+δ, La1-

xPrxNiO3-δ, NiO 

990 °C La2-xPrxNiO4+δ 
+ NiO 

Pr4Ni3O10±δ 

[21]  
1120°C Pr4Ni3O10±δ, 

Pr2NiO4+δ, NiO, 
PrOx 

1050°C Pr2NiO4+δ 900 °C Pr2NiO4+δ + NiO 

 

3.3.2. Long term oxide thermal stability at the SOC working temperature 

Investigation of the thermal stability of the three materials was performed at 600°C, 700°C, 

and 800°C for one month, and three months. Results of the XRD analysis are shown in Fig. 

S.I. 6 (one month duration) and Fig. 7 (three months duration), respectively.   All three oxides 

are stable at the operating temperatures for a large duration. The great stabilities of Pr4Ni3O10+δ 
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and La4Ni3O10+δ are confirmed and La3PrNi3O10+δ is found to have the same promising 

stability.  

 

Fig. 7. Diffractograms of the as-synthesized phase and, after 3 months at 600°C, 700°C and 
800°C for (a) La4Ni3O10+δ, (b) La3PrNi3O10+δ and (c) Pr4Ni3O10+δ 

 

Moreover, the thermal variation of the oxygen content was also investigated over the stability 

domain of Pr4Ni3O10+δ under argon, i.e. from room temperature to 800 °C. Before starting the 

experiment, the powder was first equilibrated under air, ensuring the starting value of δ ~ 0.10. 

The thermal variation of the oxygen content, 10+δ, is plotted in Fig. 8. During the first cycle, 

an irreversible weight loss is observed while in the second one an almost reversible behaviour 

is noticed. 

 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5297790

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



19 

 

0 100 200 300 400 500 600 700 800

10,03

10,04

10,05

10,06

10,07

10,08

10,09

10,10

10,11

O
x

y
g

e
n

 C
o

n
te

n
t 

(1
0

+
δ)

Temperature (°C)

10,03

10,04

10,05

10,06

10,07

10,08

10,09

10,10

10,11
 

(a)
under argon

 

Fig.8 - Thermal variation of the oxygen content (10+δ) for Pr4Ni3O10+δ under argon (30 °C ≤ 
T ≤ 800 °C) 

 

As a concluding point, this work focusing on the thermal stability of Pr-Ni based nickelates 

belonging to the RP series, namely: Pr4Ni3O10+δ, La4Ni3O10+δ, La3PrNi3O10+δ (n=3), and 

PrNiO3-δ (n = ∞), gives useful trends in particular to synthesize and sinter the considered 

oxides. 

 

 

 

4. Conclusion 

We have studied the thermal stability of four Pr-Ni based oxide materials belonging to 

the RP series: Pr4Ni3O10+δ, La4Ni3O10+δ, La3PrNi3O10+δ (n=3), and PrNiO3-δ (n = ∞), under three 

atmospheres: oxygen, air, and argon. We focused on Pr as main rare-earth of the considered 

compositions because of the interesting electrochemical properties of several compositions. 
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The conclusions would be used as useful guidelines for the sintering of the electrodes prior to 

their electrochemical characterizations. 

PrNiO3-δ phase is stable only up to 800, 1000 and 1100 °C under argon, air and oxygen, 

respectively. Pr4Ni3O10+δ phase is stable only up to 900, 1050 and 1100 °C under argon, air and 

oxygen, respectively. It dissociates completely into Pr2NiO4+δ and NiO above the specified 

temperature. La4Ni3O10+δ show partial decomposition into NiO and La3Ni2O7±δ at ~1150 °C. 

The thermal stability of La3PrNi3O10+δ is even lower than that of La4Ni3O10+δ under air, and the 

main decomposition products are identical to those from the experiments carried out with 

Pr4Ni3O10+δ. However, both materials are completely stable in an oxygen atmosphere up to 

1200 °C.  

We are aware that these observations are largely governed by kinetics and a more 

comprehensive study would require taking into account the thermodynamics of the system, 

which is however not available to the best of our knowledge. Regardless of the material 

considered, the upper available temperature appears too low for the sintering under metal 

supported cells (MSCs) conditions, especially for PrNiO3-δ. In this last case, the upper available 

temperature limit under air and O2 is probably a parameter that explains the rather low 

electrochemical properties of the material. A way to explore would be to develop composites 

with GDC as electrodes to be sintered on 8YSZ. Regarding the Pr-Ni based materials belonging 

to the term n=3 of the series, like for the corresponding term n=1, the stability is improved 

when limiting the Pr amount, again substituting 25% of La with Pr seems to be a good 

compromise. The electrochemical measurements are in progress. 
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Supplementary informations 

 

Fig. S.I. 1.: XRD diagrams of the as-prepared materials 
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Fig. S.I. 2.: XRD analysis performed on PrNiO3-δ after quenching from 

1050°C under air and 1070°C under oxygen 
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Fig. S.I. 3.: Additional TGAs performed on PrNiO3-δ under oxygen 

 

While heating under oxygen PrNiO3-δ is fully dissociated into Pr2NiO4+δ and NiO above 

1120 °C, the cooling behavior is different. The TGA plots of PrNiO3-δ performed under oxygen 

successively at 2°, then 5° and finally 1° C.min-1 are reported in Figures SI 3a, b and c 

respectively.  
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Fig. S.I. 4.: Thermal stability of PrNiO3-δ, with the derivatives 

formed under air, oxygen and argon during (a) heating and (b) 

cooling, as a function of the heating and cooling rates 
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Fig. S.I. 5: X-ray diffractograms of PrNiO3-δ powder, after TGA 

experiment under oxygen (30 °C ≤ T ≤ 1000 °C) with the rate of 

2 °C.min-1 for different dwell times of 2 h and 3 h at 1000 °C 
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Fig. S I 6: Diffractograms of the as-synthesized phase, and after one 

month at 600°C, 700°C and 800 °C for (a) La4Ni3O10+δ, (b) 

La3PrNi3O10+δ and (c) Pr4Ni3O10+δ 
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