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Abstract
Pr4Ni3O10 is a promising air electrode for solid oxide fuel cells and electrolysers with comparable performance to Pr2NiO4+δ but with improved thermodynamic stability at a cell operating temperature of 600°C to 800°C. To fully understand and integrate Pr4Ni3O10 into commercial devices there are several aspects that remain to be addressed. This study provides a systematic analysis of the synthesis kinetics, crystal structure, oxygen content and electrical conductivity providing clear paths for the development of Pr4Ni3O10-based low temperature solid oxide electrochemical devices with enhanced performance and stability. We prove that the material can reach a remarkable electrical conductivity of 235 Scm-1 at 700 oC in air, much higher than the previously reported values of 86 Scm-1 and 56 Scm-1, rising to 278 Scm-1 at 450 oC. High resolution neutron powder and in-situ X-ray diffraction confirmed that Pr4Ni3O10 crystallises in the monoclinic P21/a space group, and that no phase transitions were observed on heating to 1000 ˚C in air. An electrical conductivity anomaly was found at ~300°C and is attributed to a subtle change in the local structure of the material, potentially associated with changes in the oxygen content.  








1. Introduction
Pr2NiO4+δ, a Ruddlesden-Popper (RP) phase with one layer of perovskite sandwiched between the adjacent rock salt layers, is a promising air electrode material in solid oxide cells (SOCs). Its electrode performance was reported to be better than the homologous Ln2NiO4+δ (Ln=La and Nd) and the state-of-the-art La0.6Sr0.4Fe0.8Co0.2O3-δ perovskite [1, 2]. However, the low stability of Pr2NiO4+δ within the intermediate operating temperature range of solid oxide cells (600°C-800°C) has prevented its integration and commercialisation. It has been shown to decompose to a higher order Ruddlesden-Popper (RP) phase, Pr4Ni3O10, and Pr6O11 at temperatures below 950°C in air [3, 4]. Recently Pr4Ni3O10 has been shown to have a comparable electrochemical performance to Pr2NiO4+δ [5] and was also demonstrated to be structurally stable by thermally treating powder samples at 600°C, 700°C and 800°C in air for one month with no secondary phase formation observed [5].  Hence, it is important to understand the physical properties of Pr4Ni3O10 in order to explain this promising performance and to explore further applications of the material in solid oxide cells. 
One of the main challenges associated with the use of Pr4Ni3O10 in devices has been the material preparation, as the precursor normally requires high temperature calcination for extended times in oxidising conditions [5-7]. Although the Pr4Ni3O10 phase can be prepared from the decomposition of Pr2NiO4+δ as Pr2NiO4+δ is much easier to synthesise [8], a Pr6O11 secondary phase will always result. No previous reports have investigated in detail the synthesis kinetics of Pr4Ni3O10 but have only suggested the conditions and the approaches used to prepare the material. 
Moreover, the crystal structure of Pr4Ni3O10 is usually indexed as orthorhombic Fmmm [5-7] but its two end homologous high order RP phases, La4Ni3O10 and Nd4Ni3O10-δ, were recently demonstrated to have the space group of Bmab/Cmca [9, 10] and P21/a [11] based on data from neutron diffraction studies. As the ionic radius of Pr is between La and Nd, it is of interest to reinvestigate the structural model of Pr4Ni3O10, probing if the orthorhombic model is correct or if there is a lowering of the symmetry in this phase. Indeed, it has attracted the authors’ attention that Zhang et al. [12] indexed Pr4Ni3O10 with P21/a based on the high resolution synchrotron X-ray and neutron powder diffraction data. However, these authors only reported the lattice parameters and not a full structural model. 
Another important aspect that remains unknown is the defect chemistry and its relation to the electrical performance.  The reported oxygen content of Pr4Ni3O10 compositions, are inconsistent in the literature [5-7] as both hyper- and hypo- stoichiometric Pr4Ni3O10 were observed. Vibhu et al. [5, 13] suggested that Pr4Ni3O10 had an oxygen content always greater than 10 and ranged from ~10.02 to ~10.14, depending on the temperature and atmosphere. Bassat et al. [6], on the other hand, showed that Pr4Ni3O10 can be slightly oxygen hypo-stoichiometric under a reducing atmosphere whereas Zhang et al. [7] observed a significant oxygen deficiency in Pr4Ni3O10.  It is important to note that all of the reported values of oxygen non-stoichiometry were obtained from thermogravimetric analysis (TGA) and there is no supporting information from other analysis techniques such as neutron diffraction that would allow the occupancy of the lattice sites, and hence stoichiometry to be calculated. 
Finally, the densification of higher order RP phases has been proven to be a challenge as they are known to decompose to Ln2NiO4+δ (Ln=La, Pr and Nd) at high sintering temperatures. As the measurement of both the electrical conductivity (e.g. DC approach) and the oxygen ion conductivity (e.g. oxygen isotopic exchange and SIMS) require a dense sintered sample, the issue of material densification prevents the accurate measurement of key physical properties. Previously reported electrical conductivity data for Pr4Ni3O10 are likely to have been underestimated due to the lower density samples used (e.g. 70% [5] and >80% [6]). 
In this study we have performed a systematic study to correlate the crystal structure features, oxygen content and transport properties. In situ X-ray diffraction (XRD) was also conducted at elevated temperatures to evaluate any structure change with temperature of this phase. A new approach to densify the material was applied in order to improve the accuracy of the electrical conductivity measurement of Pr4Ni3O10 which led to the highest reported electrical conductivity to date in Pr4Ni3O10 which has implications for the application of these phases in SOCs.
2. Experimental 
Pr4Ni3O10 was synthesised using the nitrate-citrate route [6]. A stoichiometric ratio of Pr(NO3)3.6H2O  (Aldrich) and Ni(NO3)2.6H2O (Alfa Aesar) both with purity greater than 99.9% were mixed and dissolved in a citric acid solution (~10 wt%  citric acid). Due to the hygroscopic nature of Pr(NO3)3.6H2O and Ni(NO3)2.6H2O, their water content was calculated in advance by the weight difference before and after the decomposition to Pr6O11 and NiO, respectively, at 600°C for several hours in air. The mixture of reagents in solution was heated on a hot plate to remove the excess water and initiate gelation. The resulting gel was then decomposed at 600°C for 12 hours in air. The resulting solid precursor was then calcined under a variety of different conditions (e.g. temperatures, times and atmospheres) in order to optimise the route used to produce the Pr4Ni3O10 phase. Finally, the synthesised powder was ball milled to decrease the particle size to 1-3μm before further processing or measurement. 
A laboratory X-ray diffractometer (PANalytical X’Pert Pro MPD with a Cu Kα source) was used to investigate any phase changes during the Pr4Ni3O10 synthesis kinetics study and of the as-synthesised Pr4Ni3O10 powder. Rietveld refinement of the X-ray diffraction data of the as-synthesised Pr4Ni3O10 was performed using the Fullprof software suite [14]. 
To further examine the crystal structure of the synthesised Pr4Ni3O10, including probing oxygen stoichiometry and orthorhombic/monoclinic peak splitting, time-of-flight high resolution powder neutron diffraction data were obtained using the HRPD instrument at the ISIS Neutron and Muon Source, Harwell Science Campus, Didcot, UK. Pr4Ni3O10 powder was placed in a vanadium sample can and the experiment was conducted in vacuum at room temperature.  The data were collected with a 30-130 ms window for 80 μA. Simulated diffraction patterns were calculated using GSAS II [15] to probe the differences between the Fmmm, Bmab, C2/m and P21/a space groups prior to selecting the most viable candidates to take forward for full Rietveld refinement of the data obtained for the Pr4Ni3O10 powder. 
Oxygen content of the Pr4Ni3O10 sample was calculated based on the neutron diffraction data and iodometic titration results. Detailed experimental procedures for the iodometric titration can be found elsewhere [9]. 
Before measuring the electrical conductivity of the material, Pr4Ni3O10 was densified using the approach suggested by Vibhu [13] but the sintering temperature used was lower to minimise the formation of secondary phases (e.g. NiO or PrOx) after post-annealing the sintered pellet under an oxidising atmosphere. This step was necessary to recover the Pr4Ni3O10 phase from the Pr2NiO4+δ/NiO mixture that results from the high temperature sintering [13, 16]. The Pr4Ni3O10 powder was first uniaxially pressed (500MPa, 2 minutes) and then isostatically pressed (300MPa, 2 minutes) into a pellet before sintering at 1150°C for 12 hours in oxygen, with a heating rate of 2°Cmin-1. The sintered pellet was then cooled to 1050°C slowly (0.1°Cmin-1) and thermally treated at this temperature for up to 108 hours in oxygen. The final phase of the sintered pellet was examined using a laboratory X-ray diffractometer (PANalytical X’Pert Pro MPD with a Cu Kα source), scanning electron microscopy (SEM), Zeiss Leo Gemini 1525, (backscattered electron mode, EHT of 20kV and aperture size of 60μm) and energy dispersive spectroscopy (EDS) (Oxford Instruments Inca X-act). The density of the sintered pellet was measured using the Archimedes method and found to be >90% of theoretical density. Electrical conductivity of the dense pellet was measured using the Van der Pauw approach in air [17]. A geometric correction factor [18] was applied to the calculated electrical conductivity values recorded at different temperatures to account for deviations in the position of the current and voltage probes with respect to the sample edges. 
Laboratory in-situ XRD (PANalytical Empyrean instrument fitted with an Anton Paar HTK1200N high temperature chamber and using Ni filtered Cu Kα radiation) was conducted to examine any phase change or structure rearrangement over the temperature range from 35°C to 1000°C in air. The results were analysed using Le Bail refinement using the Fullprof software suite [14] and compared with the electrical conductivity measurements. 
3. Results and Discussion 
3.1 The synthesis kinetics of Pr4Ni3O10 
Previous literature reports have suggested that Pr4Ni3O10±δ can only be synthesised under oxygen at high temperature of 1000-1097°C without explaining the reason [5-7]. Since Vibhu et al. [5] reported that the thermodynamically stable temperature range for Pr4Ni3O10 is below 1050°C in air, it was of interest to understand if Pr4Ni3O10-δ could be synthesised in air below this temperature threshold. To achieve this, a two-stage process was adopted. In stage one, the prepared gel, decomposed at 600°C as described above, was examined by XRD. From this examination it was found that Pr6O11 and NiO were the main products of this reaction. In stage two, these precursor products (Pr6O11 and NiO) were calcined at selected temperatures between 900°C and 1050°C of varying time steps. The phases formed after each thermal treatment are illustrated in Figure 1. The small features at around 26°, 31° and 34° were tentatively assigned to PrOx compounds. Further calcination at 900°C for 24 hours in air did not generate any new phase, but increasing the temperature to 950°C and holding for 24 hours in air formed a small amount of the Pr2NiO4+δ phase. Longer heat treatment for 72 hours in air showed an insignificant increase of Pr2NiO4+δ content. Further increasing the calcination temperature to 1000°C and 1050°C resulted in more Pr2NiO4+δ being produced with a corresponding decrease in Pr6O11 and NiO content in the system. A small amount of NiO remained which is due to the initial cation stoichiometric ratio being calculated to produce the Pr4Ni3O10-δ phase. Overall, despite a much longer calcination time in the experiment, the results are consistent with the report of Railsback et al. [3] who attempted to synthesise Pr2NiO4+δ by firing the nitrate solutions at 900, 950, 1000 and 1100°C for 4 hours.  Railsback et al. [3] however did not observe the formation of Pr2NiO4+δ at 950°C which might be due to differences in the calcination time.
However, it is worth mentioning that Bassat et al. [6] showed that Pr4Ni3O10±δ can be synthesised in air at around 967°C for 4 days if slow heating can be applied to the dry gel from the nitrate-citrate route. Compared to the current experimental process which decomposed the gel at 600°C for 12 hours in air, although the resulting powder precursor can be in submicron particle size, the homogeneity of the oxide mixture might be compromised and some degree of oxide phase separation can occur [6, 19]. On the other hand, slow heating the gel until the auto-ignition point would sustain a better homogeneity of the amorphous oxide mixtures before the calcination. Hence, Pr4Ni3O10-δ can be formed at a lower calcination temperature in air [6, 19].  If this statement is accurate, then Pr4Ni3O10-δ formation is limited by the cation interdiffusion of Pr and Ni, which explains the reason that there was limited Pr-Ni-O phase formation at temperatures below 950°C in this work. Therefore, high calcination temperature should be applied to enhance the cation diffusion length which overcomes the heterogeneity distance [19].  
In addition, compared to the measured Pr4Ni3O10+δ phase stability temperature of lower than 1050°C in air [5], Kovalevsky et al. [4] observed the start of Pr2NiO4+δ decomposition at 950°C in air. Together with the observation of Pr2NiO4+δ formation at temperatures between 950°C and 1050°C in the experiment, there might be an overlap of the thermodynamically stable temperature range between Pr4Ni3O10 and Pr2NiO4+δ phases, similar to that reported in the La-Ni-O system [16].  
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Figure 1: X-ray diffraction data obtained after heat treatment of the precursor gel showing the evolution of the Pr-Ni-O phases as a function of temperature and time in air.
To overcome the cation diffusion limitation, an increase of calcination temperature is necessary. However, the selected temperature must be within the Pr4Ni3O10-δ thermodynamic stability temperature range, which can be extended to higher temperature in an oxygen atmopshere, as suggested by Vibhu et al. [5] (e.g. Pr4Ni3O10-δ started decomposing to Pr2NiO4+δ and NiO at temperatures above 1120°C under oxygen). The stabilisation of the Pr4Ni3O10 phase under an oxygen atmosphere (i.e high pO2) is due to the reaction shown in (1), in which Pr2NiO4+δ is oxidised to Pr4Ni3O10-δ due to the higher average nickel valence in Pr4Ni3O10-δ [20]. 
         (1)
where d and x are the corresponding oxygen non-stoichiometry. The oxygen non-stoichiometry of Pr4Ni3O10-δ is discussed later. 
To investigate the synthesis conditions under an oxygen atmosphere, Pr4Ni3O10-δ was initially calcined at 1000°C with different total calcination times. Intermediate grinding of the powder was applied between each thermal cycle (12 hours) to ensure homogeneous mixing of the material [5-7]. As shown in Figure 2(a), increasing calcination time facilitated the formation of Pr4Ni3O10-δ, together with an expected decrease of PrOx and NiO content. However, the residual PrOx and NiO could not be further reduced after calcining for 48h (Figure 2(b)). This suggests that the reaction was kinetically limited and a higher calcination temperature should be applied. It is important to note that the residual PrOx phases mainly consisted of Pr6O11 and PrO2 in each thermal cycle. 
(a)



(b)



Figure 2: (a) Evolution of the Pr-Ni-O phases as a function of calcination time at 1000°C in an oxygen atmosphere. (b) Snapshot of the X-ray diffraction patterns highlighting there was no change of PrO2 content when calcining for 48h and 60h at 1000°C in oxygen. 
To probe this conclusion, the calcination temperature was increased to 1050°C using a fresh sample. Figure 3 illustrates the change of phase over total calcination time under flowing oxygen. It is interesting to observe that the content of Pr2NiO4+δ initially increased and then decreased over time based on the relative peak intensity changes, which suggests that Pr2NiO4+δ is metastable under these conditions. One of the indicators that determined when the synthesis was complete was the absence of Pr2NiO4+δ which could not be detected by laboratory XRD after calcining for more than 84 hours (Figure S1). A further increase of the calcination time to 96 hours had no observable effect on the final Pr4Ni3O10-δ phase. 

Figure 3: XRD patterns highlighting the change in phase composition as a function of calcination time at 1050°C in oxygen. Miller indices relate to the Pr4Ni3O10-δ phase and show that secondary phases are removed after calcination for 84h.
The above results confirmed that the synthesis of Pr4Ni3O10-δ requires high temperature under oxidising atmosphere and elongated duration due to sluggish kinetics. Laffez et al. [21] using in-situ XRD also observed the beginning of the formation of Pr4Ni3O10-δ from a mixture of PrOx and NiO at 1000°C under oxygen flow with Pr4Ni3O10-δ the major phase at 1050°C followed by decomposition to Pr2NiO4+δ and NiO at temperatures above 1100°C. The resulting calcination temperature to produce Pr4Ni3O10-δ single phase here is slightly higher than previously reported by Vibhu et al. (e.g. 1000°C) [5], but the total required calcination time is much shorter compared to Bassat et al. [6] and Zhang et al.’s [7] results of 5 days and 5-6 days at 1097°C and 1050°C. This may represent small differences in the synthesis equipment used in each laboratory, and highlights the sensitivity of the Pr4Ni3O10-δ to both synthesis temperature and time.
3.2 Re-evaluation of the crystal structure of Pr4Ni3O10-δ
Several papers [5-7] have reported that the space group adopted by Pr4Ni3O10-δ is orthorhombic Fmmm, although Bassat et al. suggested that this is only a first approximation [6]. In this section, we attempt to resolve the crystal structure of the synthesised Pr4Ni3O10-δ powder. 
Figure 4(a) illustrates the results of the initial Rietveld refinement of the XRD data and suggested that the Fmmm space group was a good fit to the Pr4Ni3O10-δ crystal structure with all significant reflections indexed. The difference curve (Yobs-Ycalc) and the goodness-of-fit parameters indicated a discrepancy between the experimental data and the model structure. Figure 4(b) displays the region where asymmetric peak broadening (~46°) and peak intensity mismatch (~47.5°) were observed. Based on the shape of the difference curve at ~47.5°, the mismatch of the peak shape is apparently due to this peak having a large FWHM [22] suggesting that this is not a single reflection. Considering both phenomena in Figure 4(b), it can be concluded that the crystal structure of Pr4Ni3O10-δ is of lower symmetry and may be pseudo orthorhombic/monoclinic. (a)
(b)
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Figure 4: (a) Rietveld refinement of the synthesised Pr4Ni3O10-δ using the data obtained from the lab X-ray diffractometer. χ2=6.54, Rwp= 9.81%, Rp= 7.23%. (b) The region of asymmetric peak broadening (~46°) and the mismatch between the calculated and observed intensity (~47.5°). Note significant discrepancy in the Yobs-Ycalc difference plot. 
As the distortion from orthorhombic symmetry is likely to be small any peak splitting was unlikely to be identified except with high resolution diffraction measurements and therefore a sample of Pr4Ni3O10-δ was examined using the HRPD instrument at the ISIS neutron source.  Prior to refining the structure of Pr4Ni3O10-δ, simulated diffraction patterns were created for a range of potential space groups to allow a model structure to be derived. The obtained data and simulated patterns are summarised in Figure 5(a). In addition to the Fmmm space group discussed above, Bmab, C2/m and P21/a space groups were chosen to model the crystal structure as they were previously reported for the La4Ni3O10-δ [9], La4Co3O10-δ [23] and Nd4Ni3O10-δ [11] phases, respectively. The peaks corresponding to (2 1 4) and (0 1 10) were not indexed by the simulated Fmmm and C2/m patterns but were indexed by the simulated Bmab pattern and the Rietveld refinement model using the P21/a space group. A closer examination of the region between 1.96Å and 2.15Å in Figure 5(b) showed that there was peak splitting at the location of (hkl) and (h0l) peaks which demonstrated the monoclinic deformation of the crystal structure. Therefore, the crystal structure of the synthesised Pr4Ni3O10-δ was best indexed as P21/a. (a)
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Figure 5: (a) The comparison between Pr4Ni3O10-δ Rietveld refinement using P21/a and simulated patterns with space group of Fmmm, Bmab and C2/m. (b) Evidence of peak splitting at (hkl) and (h0l) in the system confirming a monoclinic cell. 
Figure 6 shows the Rietveld refinement result of Pr4Ni3O10-δ neutron diffraction data. Apart from the lattice parameters and atomic parameters, the histogram scale factor, background, phase fraction, isotropic domain size and generalised microstrain were refined. The thermal displacement (Uiso) of Pr at various atomic sites were constrained to be equivalent and the same constraint was also applied to all Ni atoms in Pr4Ni3O10-δ. As shown in Figures 5 and 6, there were two phases present in the system and they were confirmed to be monoclinic Pr4Ni3O10-δ and cubic (Fm-3m) NiO with weight percentage of 98.9(3) and 1.1(1), respectively. 
A peak shape mismatch of the peak at ~1.97 Å was observed and it could not be resolved when all of the parameters were refined (Figure 5(b) and Figure 6). Peak mismatch was also observed in other regions which resulted in relatively high R values (Rwp= 6.77%, Rp= 6.12%). The only possible explanation is that the system might have more than one monoclinic phase present. However, refining two monoclinic phases proved to be challenging and a global convergence could not be reached even when several constraints and restraints in the refinement were introduced. Hence, it can be concluded that the resulting lattice parameters and atomic parameters from the Rietveld refinement results in Figure 6 are the average value of Pr4Ni3O10-δ in the system. 
Table 1 summarises the refined lattice and atomic parameters of Pr4Ni3O10-δ. The a and b lattice parameters of the Pr4Ni3O10 phase (a= 5.3705(1) Å, b= 5.4637(1) Å) are within three standard deviations of the previously reported values Zhang et al. [7] but the refined c value (c= 27.5728(8) Å) is quite different. A similar observation was also found when comparing these results with Pr4Ni3O10-δ high resolution synchrotron X-ray powder diffraction data obtained at room temperature [12]. The difference between the results presented here and the previously reported values might be due to the variation of the measured atomic spacing between X-ray and neutron sources and a slight A-site, B-site and oxygen deficiency of Pr4Ni3O10-δ in the system. In Table 1, the occupancy of Pr4, Ni2, O2 and O9 are less than 1, causing a distortion of the unit cell. Considering the mentioned NiO phase fraction and the chemical composition of Pr4Ni3O10-δ, which is Pr3.94(4)Ni2.94(2)O9.72(7), the Pr and Ni molar ratio were calculated to be 3.9:3.1, close to the target of 4:3. 
The crystal structure of Pr4Ni3O10-δ is illustrated in Figure 7 which shows the position of each atom. It is interesting to note that all the oxygen vacancies were located at O2 and O9 sites within the perovskite layers of Ni3-Ni2-Ni3. It is uncertain if a vacancy cluster is formed between O2, O9, Pr4 and Ni2 vacancies in these perovskite layers and how this will have an impact on the physical properties of the phase. However, no oxygen vacancies were observed at O7 and O8, the apical oxygen close to the rock salt layer, and the adjacent O2 and O9 sites might indicate a possible oxygen ionic conducting pathway in the system.


Figure 6: Rietveld refinement of the neutron diffraction data of the synthesised Pr4Ni3O10-δ (Rwp= 6.77%, Rp= 6.12%). 
Table 1: Lattice parameters and atomic parameters of the Pr4Ni3O10-δ phase. The Wyckoff site of each atom is labelled in parenthesis adjacent to each atom label. 
	Lattice parameters 
	a= 5.3705(1)Å
b= 5.4637(1)Å
c= 27.5728(8)Å
ß= 90.303(3)°

	Atomic coordinates 
	x
	y
	z
	Frac.
	100Uiso(Å2)

	Pr1 (4e)
	0.009(4)
	0.014(3)
	0.299(1)
	1
	0.8(1)

	Pr2 (4e)
	0.512(4)
	0.004(4)
	0.799(1)
	1
	0.8(1)

	Pr3 (4e)
	0.036(3)
	-0.015(3)
	0.434(1)
	1
	0.8(1)

	Pr4 (4e)
	0.484(3)
	0.010(3)
	0.926(1)
	0.94(4)
	0.8(1)

	Ni1 (2b)
	0
	0.5
	0.5
	1
	0.6(1)

	Ni2 (2a)
	0
	0
	0
	0.88(3)
	0.6(1)

	Ni3 (4e)
	-0.003(2)
	-0.002(2)
	0.138(1)
	1
	0.6(1)

	Ni4 (4e)
	0.482(2)
	0.010(2)
	0.640(1)
	1
	0.6(1)

	O1 (4e)
	0.285(3)
	0.299(3)
	0.492(1)
	1
	1.5(4)

	O2 (4e)
	0.272(3)
	0.223(3)
	0.992(1)
	0.91(5)
	0.1(3)

	O3 (4e)
	0.013(3)
	0.066(2)
	0.075(1)
	1
	1.0(3)

	O4 (4e)
	0.488(3)
	0.067(2)
	0.564(1)
	1
	1.4(3)

	O5 (4e)
	0.245(3)
	0.259(4)
	0.150(1)
	1
	1.2(3)

	O6 (4e)
	0.750(3)
	0.251(4)
	0.648(1)
	1
	0.8(3)

	O7 (4e)
	0.013(3)
	-0.032(2)
	0.217(1)
	1
	1.4(3)

	O8 (4e)
	0.488(3)
	-0.069(2)
	0.714(1)
	1
	0.7(2)

	O9 (4e)
	0.756(3)
	0.255(4)
	0.867(1)
	0.81(5)
	0.1(4)

	O10 (4e)
	0.281(3)
	0.252(4)
	0.373(1)
	1
	2.0(4)
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Figure 7: The monoclinic crystal structure of Pr4Ni3O10-δ refined in space group P21/a.
Table S1 shows the interatomic bond distances and Ni-O-Ni bond angles for the refined Pr4Ni3O10-δ phase. The Pr-O bond distances are within the range of 2.27-3.21Å. Similar to Nd4Ni3O10-δ [11], Pr sites within the perovskite layers (Pr3 and Pr4) have a coordination number of 12 whereas Pr1 and Pr2, close to the rock salt layer, have a coordination number of 9. With respect to the Ni-O bond distance, these range from 1.77 Å to 2.21 Å with the highest two distances observed at Ni3-O7 and Ni4-O8. They are the apical oxygen of the NiO6 octahedra which point towards the rock salt layer and this elongation may lead to a charge ordering effect, as suggested by Olafsen et al. [11]. The Ni-O-Ni bond angles were in the range of 157-173°, which indicates a strong distortion of the NiO6 octahedra in the crystal structure.  
The bond valence calculations [24] show that Pr has a valence of 2.8-3.2, which is reasonable as Pr+4 is believed to be too small to be stable in the crystal structure [5]. The calculated Ni valences are: 3.3 (Ni1), 2.6 (Ni2), 3.0 (Ni3) and 2.6 (Ni4). Referring to the crystal structure in Figure 7, the lower and higher Ni average valence states are sandwiched in the perovskite layers of Ni3-Ni2-Ni3 and Ni4-Ni1-Ni4, respectively. These alternating distributions of Ni valence in each perovskite layer indicate the anisotropic electron conduction pathway in the crystal structure. 
The oxygen content of the praseodymium nickelate, calculated from the Rietveld refinement results of the neutron diffraction data displayed in Table 1, was 9.72(7) and this is consistent with the iodometric titration results of 9.65(1) using a different sample batch. 
These results are compared to the literature in which thermogravimetric analysis (TGA) was used to measure the oxygen content. Zhang et al. [7] reported that Pr4Ni3O10-δ had significant oxygen deficiency but they attributed this to their impure Pr4Ni3O10 powder. Bassat et al. [6] found that the value of δ in Pr4Ni3O10±δ can range from -0.1 to 0.1 depending on the powder synthesis condition and thermal treatment history. On the other hand, Vibhu et al. [5] suggested that Pr4Ni3O10+ is always oxygen hyper-stoichiometric but never adopts a value greater than 0.14. There is general agreement that the higher order RP phases have mixed valence Ni2+/3+ and the stacking of the perovskite layers progressively relieve the structural strain between the perovskite layer and the rock salt layer [6]. Therefore, unlike the n=1 system which accommodates significant quantities of oxygen interstitials to decrease the mismatch between the Pr-O and Ni-O bond lengths (e.g. δ for Pr2NiO4+δ can reach approximately 0.21 [8]), higher order RP phases such as Pr4Ni3O10 tends to have oxygen content close to stoichiometric [6-7]. The higher measured oxygen deficiency in the present samples may be due to the identified A and B site deficiency in the system. 
3.3 Temperature dependent electrical conductivity and phase evolution of Pr4Ni3O10 
The XRD results (Figure 8) of the sintered Pr4Ni3O10-δ pellet with density of 91.7% shows that there was a small NiO impurity (3.1(2) wt.%) present which could not be removed by extending the annealing time from 84 hours to 108 hours at 1050°C under oxygen flow. As shown in Figure S2 and Table S2, backscattered electron imaging and EDS analysis further confirmed the existence of NiO, which was mainly located at the grain boundaries of the Pr4Ni3O10-δ phase. The apparent presence of Pr at the NiO locations is due to the size of the NiO particles which were smaller than the spatial probing size (around 1 m3) of the analytical technique. Since the quantity of the impurity NiO phase is low and no percolating network was formed (Figure S2), its presence should have minimal impact on the subsequent electrical conductivity measurements. 
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Figure 8: XRD data highlighting the change of phase in the sintered Pr4Ni3O10-δ pellet when post-annealing for different time periods at 1050°C in an oxygen atmosphere.
In Figure 9, the electrical conductivity of Pr4Ni3O10-δ measured over the temperature range from room temperature to ~815°C in air is compared with those previously reported. Pr4Ni3O10-δ shows metallic behaviour and this is consistent with previous studies [5, 6]. Vibhu et al. [5] found an insignificant change of the content of Ni+3 when increasing the temperature from room temperature to 800°C in air (e.g. from 73% to 70%) and concluded that the decrease of electrical conduction was mainly due to the reduction of electron mobility at higher temperatures. At a temperature of around 700°C in air, the Pr4Ni3O10-δ was found to possess electrical conductivity of 235 Scm-1, much greater than the 86 Scm-1 and ~56 Scm-1 reported by Vibhu et al. [5] and Bassat et al. [6] when samples of ~70% and >80% theoretical density were used for the measurements. 
In addition, an anomaly was observed in Figure 9 at ~300°C which might indicate a phase change or a rearrangement of the crystal structure at this temperature region. To prove this, an in-situ XRD experiment was conducted and the results were compared to the electrical conductivity measurements. As shown in Figure 10(a) and (b) and Figure S3 (a) and (b), no change of the space group was observed for Pr4Ni3O10-δ on heating from 35°C to 1000°C in air. The higher χ2 in the Le Bail refinement results in Figure S3 (a) and (b) were mainly due to the slight mismatch of FWHM [22]. Each peak position aligned well to the corresponding refined Bragg reflections. The sudden change of the beta angle at ~300°C (Figure 10(b)), which is also reflected in Figure 10(c) as the abrupt change of the linear slope, suggests a rearrangement of the crystal structure. This is consistent with the electrical conductivity measurements. However, the change of beta angle at temperatures between 35°C and 100°C (Figure 10(b)) is unknown and was not reflected in the electrical conductivity measurements reported in Figure 9. It is important to note that Bassat et al. [6] reported two anomalies at ~277°C and ~477°C in the Pr4Ni3O10-δ electrical conductivity measurement without any further investigation. No other anomaly was observed beyond 300°C in Figure 9.  



Figure 9: Total electrical conductivity of Pr4Ni3O10-δ obtained from DC conductivity measurements compared with previous literature reports at various temperatures in air. The errors of the measured values are smaller than the data points. 
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Figure 10: (a) (b) The lattice parameters of Pr4Ni3O10-δ resulting from the Le Bail refinement of the in-situ XRD data. The standard deviation of the measured values are smaller than the data points. (c) Evidence of the crystal rearrangement at ~300°C in air. The data were measured every 50°C on heating (the direction of the arrow) from 50°C to 1000°C in air. 
4. Conclusions
This study has provided greater understanding of Pr4Ni3O10-δ synthesis procedure and its physical properties through investigation of the synthesis kinetics, crystal structure, oxygen content and electrical conductivity. 
When Pr4Ni3O10-δ is synthesised using a general sol-gel approach the phase can only be achieved if the decomposed precursor is calcined at 1050°C for at least 84 hours under oxygen with intermediate grinding stages. This is mainly due to the limited cation diffusion at lower temperatures. Using an oxygen flow allows an increase in the calcination temperature which is still within the thermodynamically stable region of Pr4Ni3O10-δ and facilitates the oxidation of Pr2NiO4+δ.  
With respect to the crystal structure, Pr4Ni3O10-δ is confirmed to adopt a monoclinic P21/a space group, based on the Rietveld refinement results from the high-resolution neutron powder diffraction data. The synthesised praseodymium nickelate powders (Pr3.94(4)Ni2.94(2)O9.72(7)) were found to be oxygen hypostoichiometric and slightly A-site and B-site deficient. The resulting lattice parameters have higher c parameter value of 27.5728(8)Å, compared to those previously reported. It is interesting to note that oxygen vacancies were only observed in the O2 and O9 positions which are within the same perovskite tri-layers where both A and B site cation vacancies locate. Further investigation is required to identify if there is any formation of vacancy clusters or whether a possible oxygen transport pathway occurs in this local region. Indeed, the bond valence calculation indicates that all the Pr is in the +3 state and alternating Ni species with valence of +2.6 and +3 were observed in each perovskite tri-layer, indicating a possible electron conducting pathway in the crystal structure. A good agreement between the oxygen content measurements was received for both neutron diffraction and iodometric titrations.
Finally, a new approach was used to sinter the Pr4Ni3O10-δ pellets, and the electrical conductivity measurement with the highest reported relative density sample (~90%) was conducted. Pr4Ni3O10-δ was found to have electrical conductivity of 235 Scm-1 at around 700°C in air which is 3-4 times larger than the values reported in the literature to date. In addition, an anomaly in the electrical conductivity measurements was observed at ~300°C which corresponds to the subtle crystal structure rearrangement observed from the in-situ XRD results. No macroscopic phase change of Pr4Ni3O10 was observed between room temperature and 1000°C in air. 
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