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ABSTRACT. Oxygen intercalation/deintercalation in Pr2NiO4+δ and Nd2NiO4+δ was followed by 

in situ neutron powder diffraction during electrochemical oxidation/reduction, in a dedicated 

reaction cell at room temperature. For both systems three phases, all showing the same line-

width, were identified. The starting phases, Pr2NiO4.23 and Nd2NiO4.24, considered with an 

average orthorhombic Fmmm symmetry, although both show a slight monoclinic distortion, get 

reduced in a 2-phase reaction step to tetragonal intermediate phases with 0.07 ≤  ≤ 0.10 and 

P42/ncm space group, which on further reduction transform, again in a 2-phase reaction step, 

towards the respective stoichiometric (Pr/Nd)2NiO4.0 phases, with Bmab space group. 

Electrochemical oxidation does, however, not proceed fully reversibly for both cases: while the 

re-oxidation of Nd2NiO4+δ is limited to the tetragonal intermediate phase with δ = 0.10, the 

homologous Pr2NiO4+δ can be re-oxidized up to δ = 0.17, showing orthorhombic symmetry. For 

the intermediate tetragonal phase, we were able to establish for Pr2NiO4.09 a complex anharmonic 

displacement behavior of the apical oxygen atoms, as analyzed by single crystal neutron 

diffraction and Maximum Entropy Analysis, in agreement with a low-T diffusion pathway for 

oxygen ions, activated by lattice dynamics. 

KEYWORDS. Non-Stoichiometric Oxides, in-situ, neutron diffraction, electrochemistry, oxygen 

ionic conductors, Ruddlesden-Popper oxides.   

 

1. Introduction 

Pr2NiO4+δ (PNO) and Nd2NiO4+δ (NNO) adopt the K2NiF4 structure-type (Figure 1) and are 

today among the most promising candidates for oxygen membranes or electrolytes in solid oxide 

fuel cells (SOFCs), as they show high oxygen ion mobility at already moderate temperatures.
1-3
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Figure 1. Crystal structures of (Pr/Nd)2NiO4+. (a) The orthorhombic average Fmmm structure 

for    0.23, showing the interstitial (Oint), the apical (Oap) and the equatorials (Oeq) oxygens. 

For the idealized stoichiometry corresponding to  = 0.25, one tetrahedra out of eight is 

occupied. (b) the stoichiometric phase with  0.00 and orthorhombic symmetry in Bmab 

 

Combining inelastic neutron scattering together with first-principles lattice dynamical 

simulations, we have recently shown the capability of the apical oxygen atoms to diffuse towards 

the interstitial sites down to ambient temperature in Nd2NiO4+δ, following an energetically 

shallow oxygen diffusion pathway.
4
 For both title compounds, NNO and PNO, we could 

evidence a large and anharmonic displacement behaviour of the apical oxygen atoms, suggesting 

a strong impact of lattice dynamics on the diffusion mechanism, which is supposed to be phonon 

assisted .
5, 6

 This type of diffusion mechanism requires the presence of interstitial oxygen atoms, 

which not only induce strong local deformations of the Oint(Oap)4 tetrahedra, but also, as a 
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consequence, push the apical oxygen atoms towards adjacent interstitial sites.
7-10

 For PNO, with 

δ  0.23, the ortho/tetragonal phase transformation at around 365°C, induces the rock salt type 

Pr2O2 layer to become wholly anharmonic, showing a double well potential for the apical oxygen 

and the Pr atoms. This anharmonic behaviour thus naturally amplifies the highly anisotropic 2D 

oxygen diffusion inside the rock salt layer for these types of frameworks.   

Both compounds are able to uptake important quantities on interstitial sites upon high 

temperature synthesis, reaching δmax.  0.23. Together with the fact that i) interstitial oxygen 

atoms induce a phonon-assisted diffusion mechanism at moderate temperatures and ii) an 

important amount of δ  0.15 is still present at 1000°C, PNO and NNO reveal as obviously 

promising candidates for oxygen membranes operating at moderate temperature. Finally yet 

importantly, PNO and NNO are key candidates to explore oxygen diffusion mechanisms, 

triggered by low-energy phonon modes. In order to better explore the oxygen intercalation 

reaction mechanism at ambient conditions on both PNO and NNO, and to build the respective 

phase diagram as a function of the oxygen stoichiometry , we studied this reaction by in situ 

neutron diffraction on polycrystalline electrodes. While electrochemical oxygen intercalation has 

already been explored for NNO by X-ray diffraction
11

, no such studies have been reported in 

literature for PNO. In this work, we were especially motivated to explore possible oxygen 

ordering in course of the intercalation reaction using in situ neutron diffraction, which is more 

sensitive to low-Z elements such as oxygen.  

 

2. Experimental Details and Methods 

Synthesis and Working Electrode Preparation. Nd2NiO4+δ and Pr2NiO4+δ were prepared by 

solid state reaction technique. Nd2O3 (heated in vacuum at 1000°C before using), Pr6O11 and 
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NiO were thoroughly mixed together in stoichiometric quantities and heated in air at 1250°C for 

12 hours. The powder was then pressed into pellets of 13 mm diameter and 1 g mass, which were 

again heated in air for 48 hours under the same conditions, with an intermediate regrinding and 

pelletizing. The as obtained pellets were used as working electrodes for the structural studies by 

in situ neutron powder diffraction (NPD). The electrochemical cell used for NPD was made of 

quartz, quite transparent to neutrons, containing three electrodes (one working electrode, Pt 

counter electrode and Ag/AgCl reference electrode) in a 1 N KOD electrolyte, as described in 

details elsewhere.
12

 The working electrode (sample) consisted of reshaped pellets (total mass 

about 3 g) glued together by a carbon glue and contacted by a Pt wire. The electrolyte was 

prepared from equivalent amounts of 40% KOD solution in D2O (99.9% enriched, Aldrich). 

Single Crystal Growth. High quality Pr2NiO4+δ single crystals were grown by the traveling 

solvent floating zone method (TSFZ) as described elsewhere.
13

 Compared to polycrystalline 

electrodes, which react on a reasonable timescale in thermodynamical equilibrium, the reactivity 

of centimeter-sized single crystals - used for neutron diffraction structural investigations - is 

strongly reduced due to the smaller active reaction surface. Therefore, in order to obtain the 

target oxygen stoichiometry of =0.1 in a reasonable reaction time, the crystals were annealed 

under a dynamic vacuum ( 10
-3

 mbar) at 600°C. 

Neutron Diffraction.  

In situ neutron powder diffraction studies were performed on the G4.1 two-axis diffractometer 

of the Laboratoire Léon Brillouin in Saclay (LLB, Orphée reactor), France. The diffractometer is 

equipped with an 800-cells multi-detector covering a 2 range of 80°, the used wavelength being 

2.42 Å.  
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Nd2NiO4+ powder diffraction patterns were collected every 2 hours during a period of 3.5 

days, achieving a charge transfer of 0.01 electrons/formula unit (e
-
/f.u.) per diffractogram. Due to 

the limitation of neutron beam time, powder patterns for Pr2NiO4+ were recorded every hour, 

with a charge transfer of 0.015 e
-
/f.u. per diagram. During all in situ experiments, fresh 

electrolyte was pumped at constant flow through the electrochemical cell in order to guarantee 

both stable reactions and a constant background during the whole experiment. All the 

electrochemical reduction/oxidation reactions were carried out in a galvanostatic mode, applying 

a constant current. The applied current density did not exceed 500 A/cm
2
. NPD experiments 

were performed during the reduction of the as sintered starting compounds until the 

stoichiometric Nd2NiO4.00 and Pr2NiO4.00 are reached. After completing the reduction, both 

samples were re-oxidized in order to verify the reversibility of the oxygen intercalation reaction.  

Further structural investigations were performed by NPD, using the 3T2 two axes 

diffractometer at LLB (=1.225 Å), as well as single crystal neutron diffraction on the four-circle 

diffractometer HEiDi at MLZ in Garching, Germany ( = 0.79 Å). Rietveld refinements of all 

NPD data were done using the FULLPROF suite.
14

 Special care was taken for the background 

correction of the in situ diffraction experiment: it was carefully determined from the starting 

compound and taken as constant for the whole experiment. Single crystal refinements were 

carried out using SHELXL.
15

 Nuclear densities have been reconstructed in real space through the 

maximum entropy method (MEM) via PRIMA (Practice Iterative MEM Analysis);
16

 scattering 

lengths were taken from ref. 11, and nuclear density distributions were visualized by using the 

VESTA program.
17

 

 

3. Results and Discussion 
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3.1 Nd2NiO4+δ electrochemical reduction-oxidation 

Nd2NiO4+δ  shows a rich sequence of phase transitions and distinct line phases as a function of 

oxygen stoichiometry (), even at room temperature. For Nd2NiO4+δ, variation of can been 

controlled as a function of temperature and oxygen partial pressure.
18, 19

 Only ref 
11

 reports on the 

structural evolution of NNO during electrochemical oxygen intercalation/deintercalation at 

ambient temperature, studied by ex situ X ray diffraction. The obtained phase diagram shows, in 

addition to the orthorhombic Fmmm starting phase, reported as Nd2NiO4.18, and the 

stoichiometric end phase Nd2NiO4.00, a non-stoichiometric tetragonal phase Nd2NiO4.06±0.02, 

which has been indexed in the tetragonal space group F4/mmm. However, reported lattice 

parameters, oxygen stoichiometry as well as symmetry, are not always consistent, showing 

problems with the reproducibility as well as the complexity of the system. 

In the present work, neutron powder diffraction was chosen to follow the structural evolution 

of the title compounds, during the electrochemical reaction. Importantly, neutron diffraction 

yields bulk information, while the penetration depth of X-rays is limited to several μm only, 

rendering difficult to quantify the different volume fractions of the respective phases formed 

during the reaction. This is important when it comes to quantify phase analysis, which is a 

difficult task when analyzed with X-ray diffraction, related to inhomogeneities between the 

surface and in the bulk of the working electrode, especially for solid-state reactions with slow 

kinetics. The second advantage for neutron diffraction is that the coherent neutron scattering 

length of oxygen (~5.803 fm) is of the same magnitude of that for Nd/Pr (~ 7.69 fm/4.58 fm) and 

Ni (~ 10.3 fm), resulting in a significantly better contrast for (low-Z) oxygen atoms; this allows 

the detection of oxygen ordering and respective reaction intermediates.  
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NPD patterns of Nd2NiO4+ measured in situ during a complete electrochemical reduction-

oxidation cycle on the neutron diffractometer G4.1 (=2.42Å) are shown in Figure 2. Data were 

corrected for an unbalanced background, resulting essentially from the quartz cell and KOD 

electrolyte. The background was determined with good counting statistics for the first diffraction 

pattern, prior to the reduction, and subsequently subtracted from all following diffractograms. 

The electrochemical reaction was performed in a galvanostatic mode, allowing a direct 

correlation of the structural and magnetic evolution with the charge transfer, i.e. the oxygen 

stoichiometry (see Eq. 1). The starting compounds, Nd2NiO4+ and Pr2NiO4+, showing 

respectively an oxygen excess stoichiometry of   0.24 and   0.23, are usually reported to be 

orthorhombic, but reveal in fact a minor monoclinic splitting, the monoclinic angle being 90.06° 

and 90.07° respectively. This monoclinic distortion can already be detected on a high resolution 

laboratory X-ray diffractometer on a highly crystalline sample with low mosaicity. Although the 

used electrodes were monoclinic (space group F112/m, which is a subgroup of Fmmm) with a = 

5.3681(4) Å, b = 5.4439(4)Å, c = 12.3514(10)Å,  = 90.07(1)° for NNO and a = 5.3945(4) Å, b 

= 5.4538(4)Å, c = 12.4408(10)Å,  = 90.07(1)° for PNO (see Figures S1 and S2), they are 

considered in the following as orthorhombic with Fmmm symmetry, as the instrumental 

resolution of the G4.1 neutron powder diffractometer did not allow discriminating between 

orthorhombic and monoclinic symmetry.  

For the electrochemical reduction of Nd2NiO4+ an electrode of 40  10  1 mm
3
 was obtained 

using four sintered and reshaped pellets, in order to optimize for intensities. Figure 2 (bottom) 

shows the obtained diffractograms as a function of the charge transfer, showing principally 3 

distinct phases: (i) the orthorhombic starting phase with Fmmm symmetry, (ii) a tetragonal 



 9 

intermediate phase with P42/ncm symmetry, (iii) and the fully reduced and stoichiometric phase 

Nd2NiO4.0, having the low temperature orthorhombic (LTO) phase with Bmab space group.  

The electrochemical reaction can formally be described as: 

RE2NiO4.00 +O
2-

       RE2NiO4+δ + 2e
-            

(1) 

Thus the oxygen stoichiometry  is directly related to the charge transfer (n), expressed in e
-
/f.u., 

by the simple relation  = 2n. A charge transfer of about 0.48 e
-
/f.u. was needed to reach the pure 

stoichiometric phase, corresponding to the intercalation of = 0.24 oxygen atoms. The starting 

material was thus calculated to be Nd2NiO4.24, in agreement with the value reported in 

literature.
13

  

All diffractograms were analyzed by Rietveld refinement using the FullProf package. Here, the 

refinements - and especially the identification of the different phases - are not an easy task, 

mainly due to the very similar lattice parameters of all present phases. Rietveld refinements for 

the three different phases are reported in Figure S3-S5. Since the quality of the in situ 

diffractograms does not allow precise occupancies and thermal displacements, and to avoid 

incoherent divergences in the refinements, we kept the structural models in Fmmm, P42/ncm and 

Bmab unchanged, while essentially refining the volume fraction and lattice parameters only. In 

this way we could obtain a reasonable approach of the phase relations during the electrochemical 

reactions. Refined lattice parameters and scale factors are illustrated in Figure 3(a) and 3(b), 

respectively, as a function of the charge transfer n (and thus of the oxygen stoichiometry ).  

 



 10 

    

   
Figure 2. Evolution of the NPD patterns obtained in situ during the electrochemical reduction-

oxidation of Nd2NiO4+δ (G41,  = 2.422(2) Å). The yellow ellipsoid shows the incommensurate 

superstructure reflections of the starting compound. In the upper right part, zoom-in view of the 

diffraction patterns between 40° and 56° in 2.For comparison, the different diffraction patterns 

are reported in the bottom part: the pattern of the starting phase with Fmmm symmetry and  = 

0.24, the intermediate P42/ncm phase with  = 0.10 and the fully reduced stoichiometric 

compound with Bmab symmetry ( = 0.00) as well as the maximum re-oxidized phase. Peaks 

indicated with (*) arise from the carbon glue, while the reflection indicated by (+), in the 

stoichiometric phase, is of magnetic origin, showing (011) indexation.  
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For the Nd2NiO4.24 starting phase, we observed in addition to those corresponding to the Fmmm 

space group two reflections at 2=65° and 67° (Figure 1). Both reflections are not detectable by 

X-ray diffraction, even at good counting statistics, and are supposed to be superstructure 

reflections, related to an incommensurate superstructure due to oxygen ordering, as already 

discussed in ref. 
7
. While the reflection at 2 = 67° completely disappears after a charge transfer 

of 0.15 e
-
/f.u., the one at 2 = 65° can be further indexed as (212) for the tetragonal and the 

stoichiometric Nd2NiO4.00 phase, for which the corresponding orthorhombic (122) reflection is 

absent due to the extinction rules of space group Bmab. A careful inspection of the lattice 

parameters and respective scale factors (Figure 2) reveals the starting and end phase to be both 

stoichiometric line phases, since their lattice parameters are constant over the whole range of the 

reaction and only their respective scale factors vary. Inspection of the evolution of the scale 

factors, identifies the transformation of the Nd2NiO4.24 starting phase towards the tetragonal 

intermediate phase as a two-phase region step (see Figure 3(b)). However, the c lattice parameter 

of the tetragonal phase is slightly but continuously decreasing, which seems somehow to be 

contradictory with the two-phase behavior.  
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Figure 3. Nd2NiO4+: evolution of the unit cell parameters a, b, c, (a) and of the refined scale 

factor parameter (b), as a function of the charge transfer n (and thus of the oxygen excess ), 

obtained from Rietveld refinements. The errors bars in the a, b, c, parameters are within the 

dimensions of the dots. Refinements were done for the Fmmm orthorhombic starting phase (red 

dots), the P42/ncm tetragonal intermediate phase (light blue dots) and the stoichiometric 

orthorhombic phase with Bmab symmetry (dark blue dots). Oxygen content was derived from 

the electrochemical titration data. 



 13 

 

The space group of the tetragonal intermediate phase does, however, not correspond to F4/mmm, 

as reported earlier from X-ray diffraction studies in ref. 
11

, but to P42/ncm, as indicated by the 

presence of P-type reflections, e.g. the (104) reflection at 2 = 53°; its intensity increases linearly 

with the charge transfer in the beginning of the reduction, while the incommensurate reflection at 

67° weakens simultaneously. The appearance of P-type reflections, whereas their intensity is 

close to zero in X ray diffraction, is an interesting observation, as all tetrahedral sites of the 

interstitial oxygen atoms are symmetrically equivalent for F4/mmm, but split into two different 

sites in P42/ncm, with different point symmetries. The 4b Wyckoff site in (¾ ¼ ¾) shows a site 

symmetry of    , while a 2.mm site symmetry is obtained for the (¼ ¼ z) site, with 4e Wyckoff 

notation. As discussed below for Pr2NiO4.09 , only the 4b sites are occupied by interstitial oxygen 

atoms. This is at first sight surprising, as a lower structural flexibility of the Oint(Oap)4 

tetrahedron centered at (¾ ¼ ¾) is expected, related to the     site symmetry and associated 

symmetrical increase in case of oxygen occupation (as outlined below, section 3.3), and the 

resulting short Oint-Oap oxygen distances of about 2.2 Å. The situation seems, however, to be 

different for the 4e position, allowing an asymmetric opening of the (Oap)4 tetrahedron and thus 

enabling an easier structural response when it comes to avoid steric constraints.  

In this context it is also interesting to note that thermally prepared Nd2NiO4.08 has been reported 

to show a slight deviation from the tetragonal to orthorhombic symmetry with the Pccn space 

group, as explored by X-ray diffraction.
20

 While for structure refinements in ref 
20

 all positions of 

the basic structure were constraint to the equivalent positions in the P42/ncm space group, it was 

not possible to conclude on the localization of interstitial oxygen atoms. The fact that the 

homologous Pr2NiO4.09  phase shows a selective occupation of the (¾ ¼ ¾) tetrahedral site in the 
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P42/ncm space group becomes an important finding, as a corresponding site symmetry is absent 

for the Pccn space group. This suggests that the true symmetry of Nd2NiO4.08 could also be the 

tetragonal P42/ncm rather than the postulated Pccn.  

Following the scale factor (Figure 3(b)), we can clearly define a single-phase region for the 

P42/ncm phase for 0.07      0.10, rendering Nd2NiO4+ to be non-stoichiometric. Below  = 

0.07 the reduction proceeds as a two-phase reaction, where the volume fraction of Nd2NiO4.07 

continuously decreases, while the amount of stoichiometric Nd2NiO4.00 accordingly increases. It 

goes along with a significant increase of the orthorhombicity (a-b)/(a+b) = 0.0182, compared to 

0.0069 for the Nd2NiO4.24 starting phase. From Figure 2, the orthorhombic splitting of the basic 

reflections as (200/020) and (202/022) becomes evident, while the (212) and also the 

antiferromagnetic (011) reflections have no orthorhombic counterparts, as they both are 

forbidden by symmetry. The zoomed section from 49°-56° shows, in addition to the (200/020) 

splitting, the evolution of the (104) reflection, which is characteristic of the P42/ncm and the 

Bmab phases only. Refinements carried out for the nuclear/magnetic structure of Nd2NiO4.00 in 

space group Bmab yielded a magnetic moment of  x = 0.686 μB, showing G-type 

antiferromagnetic ordering similar to that reported in ref. 
21

  

After obtaining the stoichiometric Nd2NiO4.00 phase, the current polarization was reversed to 

start the re-oxidation. As shown in the evolution of the diffraction patterns, the 

deintercalation/intercalation reaction turns out as not fully reversible, since the re-oxidation stops 

when reaching the tetragonal phase, corresponding to Nd2NiO4.10. Although the current density 

was the same as the one used during the reduction, the slope of the scale factor during re-

oxidation, in the region 0  n  0.08 e
-
/f.u., is steeper compared to the reduction reaction. 

Beyond n = 0.08 e
-
/f.u., a significantly reduced slope is observed, probably related to a change in 
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the kinetics of the oxidation reaction. A transformation from the orthorhombic Nd2NiO4.00 phase 

to the tetragonal phase is clearly accompanied by the vanishing of the splitting of orthorhombic 

reflections like the (202/022). The separation of the strongest reflections (200/020) cannot easily 

be used for a quantitative phase identification due to the almost perfect overlap of the (020) 

reflection of the Bmab phase with the (113) reflection of both phases. Further attempts to 

electrochemically oxidize the tetragonal phase of Nd2NiO4+ beyond   0.09, to access the 

Fmmm initial phase Nd2NiO4.24, did not succeed.  

3.2 Pr2NiO4+δ electrochemical reduction-oxidation 

The electrochemical reduction/oxidation of as sintered Pr2NiO4.23 pellets was done in the same 

way as described above for Nd2NiO4.24. Thereby, the indicated oxygen stoichiometry is the result 

of TG analysis, carried out under hydrogen, as well as the electrochemical titration outlined 

below. The diffractograms, obtained by in situ NPD are given in Figure 4, as a function of the 

charge transfer. All patterns were corrected for background as described above for NNO.  

In analogy to NNO, the starting phase is orthorhombic and all reflections can be indexed in the 

Fmmm space group, except the one situated at 67.5° in 2 which is again attributed to an 

incommensurate superstructure reflection. Its intensity is, however, much lower compared to 

NNO, as already mentioned in ref. 
22

. Following the refined lattice parameters and scale factor as 

depicted in Figures 5(a) and 5(b), we conclude on a very similar phase diagram compared to 

Nd2NiO4+. The reduction proceeds in a two-phase reaction mechanism from the orthorhombic 

Pr2NiO4.23 to the tetragonal Pr2NiO4.10 phase (refinement is given in Figure S6), which gets 

further reduced to Pr2NiO4.07 in a single-phase reaction mechanism. The formation of 

stoichiometric Pr2NiO4.00, with Bmab space group (Figure S7), follows again a two-phase 

reaction mechanism. As for its homologue NNO, fully reduced Pr2NiO4.00 shows 
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antiferromagnetic G-type ordering, as deduced from the (011) reflection, the magnetic moment 

of Ni
2+

 pointing along the a-axis with Mx = 0.550 μB.
23, 24

 

 

  

 
 

Figure 4. Evolution of the NPD patterns obtained in situ during the electrochemical reduction-

oxidation of Pr2NiO4+δ (G41,  = 2.422(2)Å). In the upper right part, zoom-in view of the 

diffraction patterns between 40° and 56° in 2 For comparison, the different diffraction patters 

are also reported in the bottom: the starting pattern Fmmm ( = 0.23), the intermediate P42/ncm 

for  = 0.10, the stoichiometric fully reduced compound ( = 0.00) Bmab, once again the 

intermediate P42/ncm phase ( = 0.10) and the final Fmmm phase reached upon re-oxidation. The 

reflection indicated by (+) in the stoichiometric phase is magnetic. The yellow ellipsoid shows 

the incommensurate superstructure reflections of the starting compound. 
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Figure 5. Pr2NiO4+: (a) evolution of the unit cell parameters a, b, c, and (b) of the refined scale 

factor parameters as a function of the charge transfer n (and thus of the oxygen excess ). The 

errors bars in the a, b, c, parameters are inside the dimensions of the dots. Refinements were 

done for the Fmmm orthorhombic starting phase (red dots), the P42/ncm tetragonal intermediate 

phase (light blue dots) and the stoichiometric orthorhombic Bmab phase (dark blue dots). 

Oxygen content was derived from the electrochemical titration data. 
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Contrary to the NNO system, the re-oxidation reaction seems at first sight to be fully reversible 

for PNO: the final oxidized phase shows again the Fmmm symmetry with the same scale factor 

as the starting phase. However, the phase purity during the oxidation is not so nicely defined as 

for the reduction, as it can be seen from the individual patterns shown in Figure 4 (bottom). This 

might be due, at least partially, to grain contact problems related to significant changes in the 

volume, i.e. lattice parameters. The evolution of the scale factors shows that the re-oxidized 

phase is already reached at a charge transfer equivalent to  = 0.17 only. Moreover, it does not 

show any incommensurate reflections, and the orthorhombicity is slightly larger compared to the 

starting phase, the lattice parameters being a = 5.3945(4)Å, b = 5.4748(6)Å, c = 12.4281(8)Å.  

These values, however, perfectly match with those of the Pr2NiO4.16 phase, prepared by classical 

solid state reaction, and which has been reported as a line phase with Fmmm symmetry.
25

  

Since oxygen formation was observed at the counter electrode during the electrochemical 

oxidation when reaching a charge transfer corresponding to  = 0.16, it becomes evident that 

further oxidation towards  = 0.23 is hindered, for reasons unclear so far. We anyway 

counterchecked the symmetry and lattice parameters of this maximum re-oxidised phase by ex 

situ high resolution X-ray diffraction, in order to verify or not a possible monoclinic symmetry, 

as obtained for the starting phase Pr2NiO4.23 (Figure S8). Its pattern matches also here nicely with 

an orthorhombic Fmmm structure, although a significant broadening of the reflection profiles is 

observed, probably related to reduced mosaicity induced by the reduction/oxidation reaction. We 

therefore conclude that the maximum electrochemically oxidized phase shows a stoichiometry 

corresponding to Pr2NiO4.16 with Fmmm symmetry. 
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The reversibility of the reaction is clearly enhanced for PNO when comparing to the homologue 

NNO system, as oxidation continues far beyond the tetragonal intermediate phase. Nevertheless, 

a full reversibility remains incomplete for both systems. The question, whether the Fmmm-phase 

corresponding to  = 0.16 already appears during the reduction from the as sintered Pr2NiO4.23 

electrodes, is difficult to answer, due to similarities in the lattice parameters and limited 

instrumental resolution. From the refinements (see Figures 5(a) and 5(b)), it can be seen that the 

c-axis and a-axis parameters of the re-oxidized phase are almost identical to the starting phase 

parameters, while the b-axis parameter corresponds closely to the (a, b)-parameter of the 

intermediate tetragonal phase.  

Further inspections of the evolution of all P-type reflections, i.e. reflections that are forbidden in 

Fmmm, reveal a steady increase in their intensities from the beginning of the reduction and 

which go through the stoichiometry range corresponding to  = 0.16. This clearly suggests the 

absence of this Fmmm phase with  = 0.16 during the electrochemical reduction.  

3.3 Intermediate tetragonal phase 

As for NNO, a non-stoichiometric tetragonal phase Pr2NiO4+ with 0.07 ≤  ≤ 0.10 was obtained 

during the electrochemical reduction/oxidation, although there is no obvious reason for this 

specific reaction intermediate to appear. In addition, the P42/ncm space group, implying an 

octahedral tilting around the [110] axis with respect to the F-cell (low temperature tetragonal -

LTT - phase), usually occurs only for the low-T modification of nickelates with Ruddlesden 

Popper frameworks with  close to 0, as is the case for RE2NiO4.0 (RE = La, Nd, Pr).
21

 The 

formation of this LTT-type phase with a significant interstitial oxygen stoichiometry, during the 

electrochemical reaction at ambient temperature, is therefore surprising.  
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This astonishing formation of this tetragonal non-stoichiometric phase, for both Nd2NiO4+ and 

Pr2NiO4+ with 0.07 ≤  ≤ 0.10, motivated us to further investigate related structural changes, 

with a special focus on the occupation of the two non-equivalent tetrahedral sites and related 

oxygen ordering. To this end we first investigated the maximum electrochemically re-oxidized 

Nd2NiO4.09 sample, used for the in situ experiment, by high resolution powder diffraction on the 

3T2 diffractometer at LLB. The refinement, which is given in the Supplementary Information 

(Figure S9 and Tables S1-S2), was non-conclusive with respect to a preferred occupation of the 

two tetrahedral sites. We checked both tetrahedral site occupation separately, and were able to 

refine a stoichiometry corresponding to  = 0.09 for both cases, and underlining the difficulty to 

differentiate between both tetrahedral sites even when neutron powder diffraction is employed. 

To obtain a higher structural resolution, we attempted to study the homologous PNO phase by 

single crystal neutron diffraction. The reaction kinetics for single crystals of suitable size is, 

however, strongly reduced for electrochemical reactions, and the as grown Pr2NiO4.23 single 

crystal was instead reduced for 30 minutes at 600°C and 10
-3

 mbar vacuum yielding the 

tetragonal phase Pr2NiO4.09.  

Its crystal structure was subsequently investigated on HEIDI, the neutron single crystal 

diffractometer installed at the hot source of the FRM II reactor of MLZ. Structure factors were 

collected up to high q-values, i.e. up to sin = 0.87 Å
-1

. The refinements were done in the 

space group P42/ncm. No absorption correction was applied due to the negligible absorption 

coefficients of the compounds. The refined structural data (ShelxL) are summarized in Table 1.  
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Table 1. Pr2NiO4.09 : structure data obtained from single crystal neutron diffraction data, 

collected on diffractometer HEiDI@MLZ with = 0.79 Å 

Atom x y z Occ U11 U22 U33 U23 U13 U12 

Pr 0.9909(3) 0.9909(3) 0.3618(2) 2.00 0.0093(6) 0.0093(6) 0.0105(8) - - 0.0018(5) 

Ni 0 0 0 1.00 0.0029(5) 0.0029(5) 0.0143(7) 0.0003(2) 0.0003(2) -0.0004(2) 

O1 ¼ ¼ 0.9797(2) 1.00 0.0058(7) 0.0058(7) 0.019(1) - - -0.0023(5) 

O2 ¾ ¼ 0 1.00 0.007(7) 0.007(7) 0.032(1) - - 0.0016(6) 

O3 0.0380(3) 0.0380(3) 0.1772(2) 1.92(9) 0.0222(8) 0.0222(8) 0.0102(9) 0.0006(4) 0.0006(4) -0.0065(7) 

O4 ¾ ¼ ¼ 0.09(2) 0.013(2)      

Refinements were carried out in SG P42/ncm with unit cell parameters a = b = 5.476(9) Å; c = 

12.317(5) Å, 996 measured reflections (sin = 0.79 Å
-1

), (465 unique) Rint(hkl) = 2.8%, Rw=5.6%, 

GooF=1.23. (Uij are in Å2
). The special positions (xxz) of Pr and O3 refer to the second setting of SG P42/ncm. 

The under-occupation of the equatorial O3 is probably due to part of the density "escaping" from the 

harmonic description. 

 

The structure corresponds to the LTT structure-type, reported previously for different 

stoichiometric RE2MO4.0 phases at low temperature.
24

 It is characterized by the tilt of the 

octahedra around the [110]-axis, with respect to the F-cell. From a difference Fourier analysis, it 

turns out that the interstitial oxygen atoms are located in the (4b) tetrahedral site only, in (¾ ¼ 

¼), resulting into an unreasonable short distance of 2.18 Å (4x) between the Oint and Oap. 

Thereby the shift of the apical oxygen atoms results in a rotation of the (4b) tetrahedra around 

the c-axis, which corresponds here to 10° (see Figure 6). As further outlined below, the short 

Oint-Oap distances do not reveal the real but a more average structure approach, not taking into 

account the local Oap displacements, induced by the presence of Oint. At this stage it is, however, 

not clear whether the better localisation of the interstitial oxygen atoms obtained from single 

crystal neutron diffraction is due to the different thermal history of the samples or to the 

resolution related to different q-values for the two measurements. We note that the single crystal 
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data have been collected up to sin = 0.87 Å
-1

, whereas the NPD data are limited to sin = 

0.71 Å
-1

. 

As already reported for the average high-temperature tetragonal (HTT) F4/mmm structure of 

Pr2NiO4.23 at 400°C, significant anisotropic displacement factors were found for the apical and 

the equatorial oxygen atoms.
6
 The anisotropy is almost four times larger along the c-axis for the 

equatorial oxygen atoms O(1) and O(2) while, for the apical O(3) atom, displacements are two 

times larger in the (a,b) plane compared to the c-axis. This has been reported for a series of 

K2NiF4 type oxides and is not only restricted to nickelates.
26, 27

 These anisotropic displacements 

along [110] direction with respect to the F-cell, have been interpreted as dynamically activated 

libration-modes of the MO6-octahedra, induced by the presence of interstitial oxygen atoms, 

pushing away the coordinating Oap atoms, and thus creating an oxygen diffusion pathway along 

the [110]-direction inside the Pr2O2 rock-salt layer, towards the interstitial sites.
6, 8, 28, 29

 A similar 

behaviour is also evidenced here by the Maximum Entropy reconstruction of the nuclear 

densities for the Pr2NiO4.09 phase, due to the presence of Oint. 
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Figure 6. The two different tetrahedral sites with 4b (green) and 4e (blue) Wykoff notation 

showing 2.mm and    site symmetry respectively. The 4b tetrahedra are rotated by 10° around the 

c-axis. 

 

The phased data obtained for Pr2NiO4.09 from neutron diffraction were used for the reconstruction 

of the scattering densities by the maximum entropy method (MEM), giving the most probable 

unconstrained and unbiased scattering distribution. This is equivalent to an anharmonic 

description of all constituents, which is model free, the only constraint being the symmetry given 

by the space group. The MEM approach has also the advantage to consider strong and weak 

reflections with equal importance, resulting in a much better defined background in the nuclear 

scattering maps compared to the classical Fourier-methods, particularly interesting when the 

description of the extra oxygen atoms or some disorder is needed. 

The nuclear density distribution of Pr2NiO4.09 obtained by MEM is reported in Figure 7, where 

sections from 0.16 ≤ z ≤ 0.34 clearly evidence the influence of the interstitial oxygen atoms on 

the displacements of the coordinating Oap atoms. In addition to their equilibrium positions, extra 

nuclear scattering densities become evident in a way that all four coordinating apical oxygen 

atoms around an Oint are pushed away, implying a symmetrical increase of the Oint(Oap)4 
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polyhedron at least on a local scale. We note, however, that the selective (4b) tetrahedral site 

occupation is only 10%, not allowing a cooperative long-range order of the Oint. The increase for 

the partially occupied (4b) tetrahedra goes along with the reduction of the other remaining 

tetrahedra in the unit cell, reflecting both displacement directions of the Oap as confirmed by the 

MEM data. The displacements of all apical oxygen atoms are thus highly anharmonic, putting a 

general problem on classical structure refinement using harmonic displacement ellipsoids. This, 

consequently, allows understanding the refinement qualities (see Table 1) resulting in an R-

factor above 5%, while the Rint of 2.8 % confirms the excellent data quality of the measured 

intensities.    

The steric effects due to the presence of the interstitial oxygen atoms here is thus completely 

equivalent to the behaviour found for the displacements of the apical oxygen atoms in Pr2NiO4.23, 

following an intersticialcy push-pull diffusion mechanism, as found for K2NiF4 type oxides but 

commonly occurring at more elevated temperatures.
8, 30

  

Beside a better structural understanding of the intermediate phase with respect to the oxygen 

diffusion mechanism, we also checked for possible magnetic reflections such as 

(100)/(101)/(011), as reported for Pr2NiO4.06.
31

 In agreement with the powder diffractograms 

obtained during the in situ studies reported above, we confirm the absence of these reflections 

confirming the absence of any magnetic ordering at ambient T. 
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[100]               [110] 

Figure 7. Illustration of the anharmonic displacements of the apical oxygen atoms inside the 

Pr2O2 rock-salt layer, as reconstructed by the MEM method. Left: isosurfaces of the Oap (green) 

tetrahedrally coordinated by Oint atoms (blue). Middle: projection of the nuclear densities for 

0.16  z  0.34; the F-unit cell is outlined. Right: [110]/[001] projection cut along [1-10] with an 

integration thickness (x,x) = 0.07 showing the oxygen diffusion pathway along [110], outlined 

with a blue dashed line.  

 

4. Conclusion 

The electrochemical reduction in aqueous alkaline electrolyte and subsequent oxidation of as 

sintered Nd2NiO4.24 and Pr2NiO4.23 electrodes appear to be very similar for both compounds in 

terms of structural evolution with the charge transfer. In both cases, a two-phase reaction step 

transforms the starting phases into a non-stoichiometric tetragonal phase (0.07 ≤  ≤ 0.10), which 

subsequently transforms, again in a two-phase reaction, into the respective stoichiometric 

RE2NiO4.00 phases. The oxidation processes are, however, significantly different, showing 

tetragonal Nd2NiO4.10 and orthorhombic Pr2NiO4.17 as the maximum re-oxidised phases, while 

reaching oxygen gas formation at the electrode. It seems that, in both cases, the phases with the 

maximum possible oxygen stoichiometry, corresponding to  = 0.24 for PNO and  = 0.23 for 
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NNO, are avoided. One explanation for this not fully reversible oxidation might originate from 

the extra strain, necessary to induce a monoclinic distortion and associated formation of oxygen 

ordering, as described in ref.
6
. 

It is thereby intriguing to see that the phase diagram obtained by electrochemical reactions at 

ambient temperature is essentially corresponding to the phases obtained by classical solid-state 

reactions under controlled oxygen partial pressure at high temperatures. In this context, it is 

remarkable to observe that a selective occupation of only one out of two tetrahedral sites is 

achieved during the formation of the tetragonal intermediate phase. The formation mechanisms 

and stability for these phases, showing a narrow composition range of 0.07 ≤  ≤ 0.10, are not 

clear yet. Electrochemical cycling of structurally closely related La2CuO4+ and La2CoO4+ only 

shows orthorhombic symmetry for max = 0.07 and 0.25 respectively, while La2NiO4.0 becomes 

tetragonal for already small values of .
32, 33

 It is clear that we are still far away from an 

understanding of the subtle structural deformations induced by small changes in  values in 

Ruddlesden-Popper type oxides. It would be of particular interest to explore oxygen intercalation 

reactions in non-aqueous electrolytes, allowing to significantly increase both reduction and 

oxidation potentials, and presumably allowing to access higher oxygen doping concentrations.   
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For Table of Contents Only. Structural evolution of (Pr/Nd)2NiO4+ electrodes was followed by 

in situ neutron diffraction during electrochemical reaction, as a function of oxygen 

stoichiometry. 


