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Abstract:

Solid oxide ion conductors are technologically important for oxygen membranes, sensors and solid
oxide fuel cells (SOFC). However, oxygen diffusion is a thermally activated process, and materials
operating at ambient temperature are rare, as related diffusion mechanisms are poorly understood.
We report here on a hidden spontaneous oxygen release reaction that interconvert two stoichiometric
phases of the SOFC material Pr.NiOss with unprecedented structural complexity at ambient
temperature. A slight change in the oxygen stoichiometry from &6 = 0.25 to 6 = 0.225 involves a
transition between two competing modulated superstructures, showing long-range translational
periodicities up to 94 A. Our findings demonstrate correlated oxygen diffusion within the bulk phase
at room temperature, which is accompanied by the formation of long-range modulated
superstructures up to the lower mesoscale. Large-scale ordered structures found here for PraNiOa.s
are rather indicative of non-local interactions and interpreted here to be mediated via structural
deformations. This unexpected behavior is discussed in terms of an unconventional understanding of
low-T oxygen diffusion mechanisms and its potential to conceive and optimize oxygen ion conductors,
which are an important class of compounds relevant to technological applications.



Introduction

Oxygen diffusion mechanisms in solid oxides are of importance for many technological applications
such as electrochemical energy conversion devices or air separation membranes.™ In this regard non-
stoichiometric transition metal oxides are of particular interest, as they can take up and release
oxygen in stoichiometric quantities in a reversible topotactic reaction, down to very moderate
temperatures. As a phenomenon, oxygen ion mobility at moderate temperatures is already surprising
by itself, considering its twofold negative charge and diameter of 2.8 A. Three decades ago, an
enhanced oxygen mobility in Brownmillerite type solid electrolytes at moderate temperatures (c.a.
400 °C) was perceived as pivotal progress, as they turned out to be surprisingly competitive, compared
to stabilized zirconia at 800 °C.°

Unusually high oxygen mobility at room temperature, with a diffusion coefficient of 1.4x10*cm?/s,
was, however, reported almost 5 decades ago following electrochemical studies on Nd1.,SrxCo0s.5.°
Despite this spectacular result, no follow-up of these findings was reported. That tremendously
changed 7 with the discovery of superconductivity in electrochemically oxidized La,CuQ4.07, showing
a Tc of = 44 K.1® Meanwhile, oxygen diffusion at ambient temperature was demonstrated to exist for
a few more transition metal oxides with brownmillerite/perovskite/Ruddlesden-Popper-type
frameworks, showing reversible chemical or electrochemical oxygen intercalation at ambient
conditions, while the underlying diffusion mechanism itself remains unclear so far.'** Further on,
local oxygen ordering at room temperature has been discussed to take place on a local level, as
indirectly concluded for oxygen deficient YBa,CusO;x, as obtained by quenching from high
temperatures.’> ® The only case reported so far for a spontaneous topotactic oxidation at room
temperature is La,Co04 . More recently, room temperature oxygen mobility without applying any
(electro)-chemical potential, has been evidenced for Nd:;NiOa.s by ab initio molecular dynamics
calculations combined with inelastic neutron scattering experiments.% %

Ruddlesden-Popper phases, e.g. La;MOa4.s (M= Cu, Ni, Co) and (Pr/Nd),NiOa.s, constitute in this context
a special case; in particular, ProNiO4.s became a prominent example, combining high oxygen diffusion
rates together with a performant catalytic activity.” 1% %228 pr,NiQ,.s is regarded as one of the most
promising oxygen membranes already at moderate temperatures, i.e. in a temperature range around
and below 400 °C. * It can further intercalate reversibly oxygen ions via electrochemical red/ox
reactions at room temperature.’ Its crystal structure can be seen as a stacking of rigid NiO,-layers,
interlaced by Pr,0; rock salt units, which can host interstitial oxygen atoms (Oint).2 3° The presence of
interstitial oxygen atoms has been shown by single crystal neutron diffraction to be decisive to enable
low-T oxygen diffusion, as they induce strongly anharmonic displacements of all apical oxygen (Oap)
and praseodymium atoms inside the Pr,0; layers, thus creating a shallow 1D oxygen diffusion pathway
between apical and interstitial oxygen sites.* 2 Thereby complex oxygen ordering has been reported
for several Ruddlesden-Popper type oxides at higher doping levels.'?27-31

Here we report on room temperature oxygen diffusion in Pr;NiOs.s as evidenced by mass,
composition, and structural changes. Single crystal synchrotron diffraction uncovered a complex
oxygen ordering at room temperature for as-grown Pr;NiOs;s. Leaving PraNiOs,s at ambient
conditions, leads to a release of a small amount of oxygen on a timescale of several months, yielding
PraNiOa.225 as the equilibrium phase at ambient conditions. We evidenced that this topotactic release
reaction results to the formation of a well-defined 3D-incommensurate oxygen ordering of



unprecedented complexity, unveiling unequivocally room temperature oxygen diffusion as a bulk
property.

Long-range oxygen ordering was found to be stable up to 365 °C, i.e. the phase transition into the
tetragonal high-T phase. This transition is accompanied by the onset of ¥0/*°0 isotope exchange
reaction in PryNi*®0,s, together with the formation of anisotropic structured diffuse scattering.
Differences in the oxygen diffusion mechanisms below and above the phase transition are discussed
for the different ordering schemes of interstitial oxygen atoms. Our findings call for new theoretical
concepts and experimental studies to better understand oxygen diffusion mechanisms on a
microscopic scale.

Experimental

Single crystal growth. Single crystals of Pr,NiO4.2s of about 6 mm diameter and 10 cm long have been
grown by the floating zone method at ICGM as described previously.?” Crystals of 50 x 50 x 200 pm?
size, suitable for synchrotron diffraction experiments, have been dressed to size by sanding a crystal
piece, which was cut from the as-grown crystal. The needles have been then glued with the long axis
parallel to the quartz tubes, used as sample holders.

Synchrotron and X-ray diffraction experiments. Several beamlines at the ESRF have been used for
diffraction experiments as outlined in the text. For all experiments the needle shaped crystals have
been turned around their long axis (360° in steps of 0.1°/image), in order to minimize absorption and
extinction problems. Typical exposure times were 0.1-0.3 s/frame on all synchrotron beamlines, while
60s/frame were used for the Stoe STADIVARI laboratory diffractometer (MoK1,2, Xenocs Microfocus
tube, Pilatus 200K). The following wavelengths, primary monochromators and detectors have been
used: 1D23:0.688801 A, Si(111), Pilatus 6M. ID29: 0.7 A, Si(111), Pilatus 6M ; BMO1A: 0.6630 A, Si(111),
Pilatus 2M Detector, PANalytical X'Pert powder diffractometer (Cu Kq1,2) equipped with an X'Celerator
detector. More experimental details are given in Table S1.

Thermogravimetric studies. TG measurements were carried out in 33%0,/67%Ar atmosphere on a
Perkin ElImer TG8000 (mass accuracy 0.1pg). Heating/cooling rates were 5K/min. A baseline correction
with an empty sample holder was applied to all measurements.

Data Analysis. Single crystal data analysis has been performed using the SNBL Tool Box®?, the Crysalis
blue (Rigaku) and ALBULA software package (Dectris) as well as the X-Area software package (STOE
Darmstadt).

Results
Basic structure and twinning phenomena

The structure of Pr,NiOa.s is schematically shown in Figure 1a; the extra oxygen is accommodated in
interstitial sites in the Pr,0; rock salt layer, thus being coordinated by 4 Pr and 4 O,, atoms, both
forming a tetrahedron. As-grown Pr,NiOa ;s is generally reported to adopt an orthorhombic symmetry
with Fmmm space group. However, its true symmetry at ambient temperature is monoclinic with a
subtle deviation from the orthorhombic symmetry, adopting the space group F112/m (Figure S1). The
symmetry lowering towards the monoclinic system thereby triggers the formation of a complex twin



domain structure with up to 16 monoclinic twin individuals by pseudo merohedry, as illustrated in
Figures 1b and S2.

(a) (b)

Figure 1: (a): Structure and twin-domain structure of ProNiO4.»s (blue: Ni, red: O, grey: Pr). Interstitial oxygen
atoms are located in the Pr,0; rock salt layer, tetrahedrally coordinated by the apical oxygen as well as Pr atoms.
Here only one out of 8 equivalent O, positions is shown, the average occupation being 1/8. (b): Twinning scheme
showing tetragonal (top black), orthorhombic and monoclinic twin domains, the latter related by [100] and [010],
i.e. by rotation around the a* or b*-axis, respectively (see Figure S2 for more details).

Room temperature diffusion: two modulated structures of Pr;NiO4.>s and Pr;NiOa 25

Reciprocal space mapping of the as-grown Pr;NiO4s single crystal is shown in Figure 2 for the
reconstructed (hkO)- and (hk1)-planes, obtained on ID23@ESRF. The presence of a remarkable
number of superstructure reflections becomes evident, their intensities being around 3-5 orders of
magnitude weaker with respect to the basic reflections. This complicated diffraction pattern can be
rationalized in terms of a modulation of a basic twinned, monoclinic structure (see Figure 3 and S2).
The indexing of all incommensurate superstructure reflections becomes possible, assuming an
incommensurate modulation vector Q, = a,a* + 8,b* + y,c* added to the position of each Bragg
reflection G = ha* + kb* + Ic* + m,Q, with m, being an integer, indicating the order of the
corresponding satellite reflections.3! 3% 3% The underlying modulation vector, found for as-grown
Pr,NiOa s crystals, corresponds to a commensurate description with Q, =+ 7/9a* + 5/9b*.



Pr;NiOg 25

PraNiO4.225

Figure 2: Reciprocal layers for as-grown Pr;NiOg4 25 and PraNiQOy 325, reconstructed from diffraction data obtained
on ID23@ESRF (top) and ID29@ESRF (bottom) at RT. Large spots surrounded by diffuse scattering correspond to
reflections of the basic structure, while the small spots are superstructure reflections. The corresponding vector
schemes for indexation of different domains are given in Figure 3, resulting into a commensurate modulation
vector of Q, =+ 7/9a* + 5/9b* and Q, =+ 5/6a* + 1/2b* respectively for both phases. The monoclinic symmetry
yields for both cases a complex overlay of 8 twin domains as outlined in Figure 1b and S2.



PraNiO4.25
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Figure 3: Vector scheme of the reciprocal layers for ProNiOy s (top) and PraNiOa 225 (bottom) as presented in Figure
2. Top: For Pr;NiO, 35 the simulated reconstructions, only 4 of the 8 possible commensurate modulation vectors
of Q. = * 7/9a* + 5/9b* are outlined for simplicity, taking into account up to 5 order satellite reflections and
monoclinic twin domains around [010] only for the two orthorhombic twin individuals. The other four modulation
vectors taking into account twin domains around [100] virtually yield identical satellite positions, related to the
small angular separation of twin domains by 0.06° only. Spots in different colors refer to different monoclinic
domains. Large black spots correspond to basic reflections with F-centering, small black spots indicate a violation
for F-centering. Bottom: The corresponding indexing for PraNiO4.225 again with a “commensurate” modulation
vector of Q. = + 5/6a* + 1/2b*. We note that the (hk%)-plane doesn’t show significant intensities for the as
grown Pr;NiOy 5 phase, but develops significant intensities with the topotactic oxygen release (see also Figure
S5), indicating the formation of a 3D long-range oxygen ordering proceeding at room temperature, which can be
described using the (3+2) superspace formalism.



A simulation for possible satellite reflection positions in the superspace group F112/m(a0)(00), (a
subgroup of the standard setting C2/m), with the c-axis as the monoclinic axis, is shown in Figure 3. It
takes into account the peak splitting of the orthorhombic twin domains together with the twinning by
pseudo-merohedry for the monoclinic twin individuals. The small deviation of the monoclinic angle
(90.03°) virtually superimposes the satellite reflections of the different monoclinic twin individuals,
which cannot be spatially discerned even in high-resolution single crystal synchrotron data. As a
consequence, overlaying reflection pairs e.g. (hkl) and (hkl) as well as (hkl) and (hkI) (outlined in
Figure 1b and commented under Figure S2), emerge to be no longer equivalent in a monoclinic
symmetry, which consequently does no longer allow collecting individual satellite intensities, i.e.
structure factors, mandatory for structure solving methods.

As it can be seen in Figure 3 and 4, the commensurate modulation vector leads principally to an
indexation scheme, allowing up to 9™ order satellite reflections, while we observed the absence of
satellites beyond 5" order. On top of the basic reflections of the underlying F-centered lattice, we also
observed low intensity reflections, fulfilling the conditions of (h+k), (h+l) and (k+/) all odd. They show
a small but significant deviation from F-centering, rendering the true lattice translation to be primitive
and the space group of the modulated structure becoming P112/m(af30)(00). These P-type reflections
show, however, a more complex scenario, as they are systematically overlaid with scattering
contributions originating from diffuse rods along the c-axis (see Figure S3), which might be attributed
to disorder in the (a,b)-plane and/or a specific domain structure of the crystal.

As further outlined below, the reinvestigation of the as-grown Pr,NiO4s single crystals after several
months revealed changes not only of the modulation period of the satellite reflections, but also of
small but significant changes in the oxygen stoichiometry. From systematic thermogravimetric studies,
we were able to evidence that freshly prepared Pr,NiO4s releases oxygen on a timescale of several
days or months at ambient conditions, yielding Pr,NiOa425 as the final reaction product. The kinetics
of this topotactic oxygen release process strongly depends on the grain size. Although the relative
weight change between Pr;NiOs.2,5 and PraNiOa s is barely 0.1%, we could unambiguously confirm
these variations in the oxygen stoichiometry by thermogravimetric analysis (TGA), in a reproducible
way.
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Figure 4: Scheme of the structural changes for PraNiOg4.25s and PraNiOy 225, both showing a commensurate
indexation. One average F- unit cell and corresponding satellite reflections for both phases are outlined.



On an absolute scale the oxygen stoichiometry is, however, much more difficult to evaluate. Taking

into account the discussions of the extra oxygen stoichiometry in Refs 1% 20 35

and especially the
argument that local distortions of the apical oxygen atoms, induced by the presence of interstitial
oxygen atoms, are sterically limiting the maximum extra oxygen stoichiometry to & = 0.25, we fixed
the highest oxygen content from the TGA experiments at 100.1% (see Figure 5a) to nominally
correspond to Pr;NiQO4 25. Based on this, the starting phase complies with a stoichiometry of ProNiO4 25,
which is in good agreement with stoichiometries reported elsewhere.” 2’ The oxygen release of
PraNiOa.2s is found to be fully reversible, as Pr,NiO422s gets fully re-oxidized upon heating in an O-
containing atmosphere above 300 °C. During the cooling process, Pr,NiO, s is formed around 300 °C,
and all interstitial oxygen atoms stay trapped inside, even on cooling to room temperature. The reason
for the slow oxygen release of Oi is probably related to the kinetic stability of the oxygen-rich phase,
brought upon by a decrease of the average Ni-O,, distance and consequently reducing the bond-
length mismatch between Pr and the O,,, as further discussed in 2. PryNiO4 2,5, obtained via oxygen
release from Pr;NiOa.2s, shows a different arrangement of the satellite reflections, as compared to the
as-grown crystal (Figure 2). The related diffraction pattern can again be rationalized in a similar way
as discussed for PryNiOq3s. It is constituted of 4 overlaid monoclinic twin domains per orthorhombic
twin individual, showing a monoclinic modulated structure (Figure 3) with a commensurate oxygen
ordering modulation vector Q, = #5/6a* + 1/2b*, involving satellite reflections of up to 5™ order (see
Figures 3 and S2, S4, S5). Beside the changes in the modulation vector, the topotactic oxygen release
goes along with additional satellite reflections, having no correspondence to the as grown Pr,NiO42s
phase. This involves the generation of new diffraction planes with half integral values, e.g. the (hk%)-
plane as illustrated in Figure S3. All satellite reflections on the (a*-b*)-plane irrespective of / can be
indexed in a (3+2)-dimensional superspace with a general vector G = ha* + kb* + Ic* +m:Q, + m2qn
with 0 € [m1|£ 6 and 0 £ |m;|< 1, while n symbolizes the number of the twin individual, 1 <n <4,
With g, = £0.25a* + 0.25b* + 0.5¢*, the (3+2) superspace group is P112/m(a;f3:0)(0s)(a2f3,1/2)(00).
This clearly underlines the genuine 3D incommensurate character of the long-range oxygen ordering
induced by the topotactic oxygen release at room temperature.

Despite the differences in the diffraction patterns, we note that for both phases all superstructure
reflections are sharp and well-defined up to high diffraction angles, which directly evidences an
extremely well-established long-range oxygen order implying a homogenous distribution, co-existing
with a slow oxygen diffusion rate. In this sense room temperature oxygen mobility might be
understood a prerequisite for long-range oxygen ordering generally.

We also note the existence of additional reflections in the (hkO)-planes of both, Pr;NiOs;s and
PraNiOa.2s, related to the epitaxial growth of NiO, which existence has been reported before
segregation but not as an intergrowth. 4 distinct twin domains have been identified which turned out
to be twinned around [110], as further discussed in Fig. S6 and which are stable with temperature.
Interestingly we could further on observe additional smaller spots at higher d-values, which
correspond by their scattering angle and orientation to NisOs, a spinel phase for which lattice
parameter of a = 8.20 A has been proposed. This phase has so far only been reported following
irradiation damage of NiO as given in 3% 3. NisO, is epitaxially grown on Pr,NiOs.s with [100]niz04
parallel to the [110]pno, most probably due to their similar d-values: dj200)NisOs = 4.1 A, d(220PNO =
3.88A, resulting into a lattice mismatch of about 5%.

Phase transition phenomena and fast ®0/2°0 isotope exchange regime



PraNiOa4.2s undergoes an order-disorder phase transition at 365 °C, related to the melting of the oxygen
ordering superstructure, while changing the symmetry from monoclinic to tetragonal . The phase
transition coincides with an onset of enhanced oxygen diffusion, as evidenced by 20/%°0 isotope
exchange experiments (Figure 5b). This experiment was carried out on heating polycrystalline
PraNi04.25 in @ 33% 0,/ 67% Ar atmosphere, while the 30/2°0 exchange is directly indicated by the
respective mass loss. In this context, it is remarkable that single crystals of about 2 x 2 x 2 mm? volume
reveal oxygen isotope exchange kinetics which are almost comparable to um-sized powder samples.
Quantitative 280/%°0 bulk exchange is thus proceeding in less than 40 min. under dynamical heating
conditions above 300 °C.

Strong structural correlations are confirmed to persist above the phase transition, revealed by the
appearance of diffuse scattering around the former satellite positions throughout the tetragonal
phase (Figure 5). These structural changes directly indicate short-range correlations of interstitial
oxygens at high temperatures, i.e. in the fast diffusion regime. The correlation range, as obtained from
the inverse of the FWHM of the diffuse scattering (see Figure S7), has been determined to be around
25 A. The butterfly-shaped diffuse scattering near Bragg reflections, already present at room
temperature (Figure 2) is anisotropic, as expected from elastic properties on a tetragonal symmetry
(Figure 6b). It is worth noting that lobes of the diffuse scattering point towards the [110]-direction,
directly matching with the oxygen diffusion pathway inside the Pr,0; rock salt plane, as evidenced
from single crystal neutron diffraction studies at 400 °C via a continuous overlap of the nuclear density
distribution between apical and interstitial oxygen sites. %
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On cooling to ambient temperature, sharp satellite reflections start to appear around 400 °C,
in co-existence with a strong diffuse scattering intensity. The condensation of all satellite
reflections upon cooling is completed at 350 °C (Figure 6d); the commensurate modulation
vector of the as formed satellite reflections Q, =#* 7/9a* + 5/9b* remains invariant from 350
°C down to ambient.

Discussion

Room temperature oxygen diffusion was unequivocally evidenced as a bulk property for
Pr;NiO4+5, combining single crystal diffraction experiments together with precise TGA
measurements. The diffusion goes along with a topotactic oxygen release and co-exists with
long-range oxygen ordering.

Hereby the seemingly unconstrained transition involving two commensurately ordered phases comply
with an apparent structural sensitivity to already minor changes in the oxygen stoichiometry, i.e. Ad
= 0.025. The different ordering schemes thus dispose of defined and energetically close-lying minima
in the energy landscape, while the room temperature oxygen diffusion is apparently not perturbing
the long-range oxygen ordering.

The observed translational periodicity for oxygen ordering, as follows from the modulation vectors,
resulting for the (14a x 10b)-unit cell in 94 A. This periodicity may be compared with typical unit cell
dimensions in supramolecular compounds; however, the underlying interactions are quite different.
A complex self-organization of molecular assemblies is essentially achieved on the basis of weak and
non-covalent local interactions between distinct molecules. Large-scale ordered structures found here
for Pr;NiOa.s are rather indicative of non-local interactions between interstitial and apical oxygen
atoms and presumably mediated via structural deformations, e.g. a well-defined octahedra tilting
pattern throughout the whole layered structure associated with the rearrangement of the interstitial
atoms.

Further complexity may also arise from electronic ordering, e.g. charge ordering of Ni**/Ni**. Such type
of ordering is, however, supposed to appear at lower temperatures notably below 100 K. The
superstructure reflections observed are thus expected to originate from oxygen ordering.

On heating to moderate temperatures, the system enters into a fast diffusion regime around 360 °C,
as qualitatively indicated by 0/*0 isotope exchange reactions. At the same temperature, long-range
ordering is substituted by short-range structural correlations of interstitial oxygens, revealed by the
appearance of diffuse scattering. The distribution of diffuse scattering intensity in reciprocal space
resembles the superstructure reflections observed at room temperature, that reversibly reappear
upon cooling. The diffuse scattering signifies a short-range ordering of the interstitial oxygens co-
existing with the fast oxygen diffusion with a correlation range of about 25 A.

These findings critically question the view of oxygen diffusion as a local process with either single
particle-type diffusing species or push-pull Oin-Oap events; they rather suggest a correlated,
cooperative character of the migration of the interstitial oxygen atoms at least in the sense of time-
averaged local structures. These correlations may be mediated by the same structural distortions that
led to long-range ordering at lower temperatures. The important difference between the two diffusion



regimes lies in their respective time scale. At room temperature the kinetics of the oxygen diffusion is
substantially slower than that for long-range ordering processes. In case of the HT phase, oxygen
diffusion is certainly faster than the formation of long-range ordering, but still not fully uncorrelated
as indicated by the presence of significant diffuse scattering. The simultaneous appearance of high
oxygen mobility and diffuse scattering resembling superstructure reflections indicates a certain
cooperativity for the diffusion process. The (re-)organization of interstitial oxygen atoms thus requires
a sufficiently flexible oxide matrix and linked dynamics. Simultaneous perturbations of the electronic
structure, vibrational properties and elastic distortions, that accompany gradient-driven migration of
the interstitial oxygen may serve to mediate the observed structural correlations conjugated with the
diffusion process. Oxygen diffusion as encountered here, thus resembles to a polaron-type mobility
that implies that the diffusion event is accompanied by a significant deformation of the lattice, as
observed in 3&4%,

In this context structural phase transitions in Ruddlesden-Popper type frameworks induce structural
instabilities of the apical oxygen atoms, creating correlated displacements from their equilibrium
positions. Together with the presence of interstitial oxygen atoms, those displacements provide a
shallow oxygen diffusion pathway between apical and interstitial sites®> % 1923 26 35 A
collective/correlated character of the diffusion process also agrees with a phonon-assisted diffusion
mechanism, considering phonons as collective excitations of the entire structure.?> %> In this respect,
the collective effects inherent to an ordered structure may enhance the diffusion rate, contrary to the
expectation that any kind of ordering would hinder the mobility. It becomes also evident that, for
lattice dynamics calculations to include such contributions to diffusion processes, very large
simulation ranges are required, at least not smaller than the corresponding correlation length.
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Figure 6: Reconstructed diffraction planes of Pr.NiO4.s at different temperatures, obtained on ID28@ESRF in air.
The butterfly-shaped profiles in the (hk0)-layer in (a) are induced by the monoclinic/tetragonal phase transition
and essentially based on TDS only (b), cf ref. ** #°. The lobes pointing into the [110]-direction of the tetragonal F-
cell, go along with the oxygen diffusion pathway connecting Oa, and O sites.’® The extra spots in the (hk0)-
plane at 600 °C correspond entirely to epitaxially intergrown NiO (cf Figure S7). (c-e): (hk1)-planes at different
temperatures; (f): Simulated (hk1)-plane of ProNiO. s including satellite reflections up to 5% order and Q, = #
7/9a* + 5/9b*; different colors are related to the different four monoclinic twin domains, fat black dots represent
basic F-reflections, small black dots the positions of P-type reflections.

Conclusions

Single crystal synchrotron X-ray diffraction revealed long-range oxygen ordering of unprecedented
complexity up to the lower mesoscale in the oxygen membrane material ProNiOas.s. Further on we
evidenced an unexpected reorganization of the 3D modulated structure, following a topotactic oxygen
release proceeding at ambient temperature. The combination of complex oxygen ordering together
with low-T oxygen mobility indicates a diffusion mechanism with significant structural and dynamical
correlations. Oxygen ion mobility in solid oxides, essentially based on the presence of structural
instabilities and amplified via phonon softening, favorized by the creation of long-range
superstructures, may thus offer a new concept to rationalize new oxygen ion conductors or
electrolytes. It will equally contribute towards an unconventional understanding of low-T diffusion
mechanisms.

We conclude with a note on experiments: the structural features presented here became possible to
identify thanks to the advent of bright synchrotron radiation and large area pixel detectors with nearly



zero background. The recent developments for the precision of thermogravimetric instrumentation
made possible the detection of tiny variations of the oxygen stoichiometry. The combination of both
experimental tools was necessary for this study.
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Fig. S1.

X-ray diffraction patterns of PraNiQOy ;25 (red line/light blue points) and PraNiOg 25 (inset only, all green), showing
a monoclinic symmetry due to the splitting of the (220) reflections (see inset). XRD measurements were
performed with a PANalytical X'Pert powder diffractometer (Cu Ky3,2).

The very similar lattice parameter for both phases were refined in the F112/m space group.

PrsNiOy4225: @ = 5.3945(4) A, b = 5.4538(4) A, ¢ = 12.4408(10)A, y=90.07(1)°),

Pr;NiOg4zs: a = 5.3977(3) A, b = 5.4540(3) A, ¢ = 12.4362(10) A, y=90.03°(1)

Due to the small monoclinic deviation a proper assignment of the true symmetry becomes difficult with
laboratory powder diffraction.



a*u b’

11011
11011 IOOI] ,L,
1101 —
S 1101

/\ \ / T |
AN
\ N\
10 / // *
(ml_&\\ il g nmn Ib I
_"’—/ 000 \\ ’a*l
*

Fig S2: (100)- and (010)-twinning scheme for a monoclinic lattice, the small deviation from 90° is graphically
exaggerated. In reality, an almost perfect overlap of (hkl) and (hkl) reflections is achieved in the upper case,
while for the lower figure this is true for couples of (hkl) and (hkl) reflections, the c-axis being the monoclinic
axis. The loss of the mirror plane in the (a,c)- or (b,c)- plane of the orthorhombic phase, is then at the origin of
the creation of the common plane for the monoclinic twin individuals. The proximity of the monoclinic angle to
90° renders this type of twinning to be taken as merohedral. Since (hkl) and (hkl) in a setting with a monoclinic
c-axis are not equivalent by symmetry, both twin configurations finally deliver for this type of merohedry a
different structure factor for overlapping reflections. In addition, it is difficult to determine the volume fraction
of the respective two twin individuals. Both arguments taken separated or together, result in the important
consequence to not allow to separate related superimposed intensities of the superstructure reflections, since
there is always an almost perfect superposition of pairs of non-equivalent (hkl) and (hkl) in case of (010)-
twinning as well as (hkl) and (hkl) reflections for (100)-twinning, rendering difficult further structure analysis
beyond an average structure model. The given twinning scheme yields for each orthorhombic twin domain a
maximum of 4 monoclinic twin domains, which could then result, in the presence of 4 orthorhombic twin
domains, to a total number of 16 monoclinic domains. In case of a non-centrosymmetric space group this number
would get even increased to 32. A macroscopic consequence of the twinning is the “appearance” of a second
orientation of each incommensurate diffraction vector, resulting from the common (a,c) and/or (b,c) twin-planes
and which corresponds in its orientation as being “mirrored” at these respective planes.



Fig. S3.

Left: Section of the reciprocal lattice from (600) to (060) in the (a,b)-plane, with [001] vertical. The plane thus
corresponds to a vertical cut of the (hkO)-plane as indicated in the right figure by the red box.

Diffuse rods along the c-axis become evident, directly crossing reflections violating F-symmetry as for the (330).
While the intensity of these “P-type”-reflections is essentially constituted by the diffuse intensity, there is also a
significant contribution on the expected P-type reflection position as outlined in the zoomed region (large blue
circle) around the (330) reflection (small blue circle).



Reconstructed (hk1) diffraction planes @ RT for ProNiOs.s

as grown: after 3 months:  after 6 months: after 8 months:

Simulated (hk1) diffraction planes @ RT for PraNiOa.s

Q. =+7/9a* +5/9b* Q.=+ 5/6a* +1/2b*

Fig. 4.

Top: (hk1)-diffraction planes obtained on a STADIVARI diffractometer, equipped with a Mo u-focus tube and 2K
Pilatus detector for the as grown Pr.NiO, 25 (left) crystal, and after 3, 6, and 8 months, while reaching the final
phase corresponding to PrNiOy2s. The starting phase PraNiO4 25 shows a modulation vector of Q, = + 7/9a* +
5/9b* while the end phase Pr,NiO. 255 is characterized by a vector of Q,=+5/6a* + 1/2b*. The zoomed square
of the as grown crystal is overlaid with the simulated positions of Q, = + 7/9a* + 5/9b*, while for all other
patterns the simulated positions correspond to Q, = + 5/6a* + 1/2b*. For the figures after 3 and 6 months we
can clearly see the progressive evolution of the satellite positions towards the Pr,NiO, ;25 final phase following a
two phase reaction mechanism. A two-fold orthorhombic twinning with 4 monoclinic twin domains around
[010]is taken into account for the simulations. The experimental data are overlayed with the simulated reflection
positions while different colours account for different twin domains.

Bottom: Simulated (hk1)-planes for the different commensurate modulation vectors of the starting and final-
reaction product after oxygen release, taking into account a maximum order for the satellites of m = 2, for
simplification. This corresponds to what is essentially obtained from the diffraction data given in top of the figure.
Higher order reflections are experimentally observed, but with very weak intensity only. For this reason, they are
omitted here in the simulations.



Fig. S5.

Reconstructed (hk0) and (hk1)-plane of Pr,NiO4.22s5, obtained on ID29@ESRF at RT. Green crosses correspond to
the basic reflections, while red and blue crosses indicate respectively the satellite reflections of the PraNiOj.225
(modulation vector Q, =+ 5/6a* + 1/2b* and a small contamination of Pr,NiOa4 25 phase (modulation vector Qx
=+ 7/9a* + 5/9b*), both phases simulated up to 5" order). The contamination of the Q, = + 7/9a* + 5/9b*
satellite reflections for the Pr;NiOa 225 phase is related to a not entirely finalized oxygen release, still containing
a minor fraction of the as-grown Pr;NiO, »s starting crystal.
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Fig. S6.

Reconstructed (hk0)-plane of Pr.NiO4.s obtained from diffraction data on BM01 @ 700°C, (hkl) indexation given
in red). This temperature is 800°C and thus 335°C above the monoclinic/tetragonal phase transition at 365°C, so
no superstructure reflections related to oxygen ordering are observed any more. The additional reflections are
related to a small amount of NiO, which is present as an intergrowth phase following NiO segregation as
discussed in [ref. 1]. Totally four domains can be identified, which are twinned around [110], indexation is given
in blue for one twin domain out of four. Debye-Scherrer lines of the (111), (200), (220), (113) and (222) are
outlined to better visualize the equivalence by the same scattering angle, all given in blue.

Interestingly there are a few smaller spots with a higher d-value than the (111)-reflection (green), which
correspond by their scattering angle and orientation to NisOs, showing a lattice parameter of 8.204, which has
so far only been described following irradiation damage of NiO as given in [ref 2-3]. NisO, is epitaxially grown on
PryNiOg4.s with [100]niz04 parallel to the [110]eno, due to their similar d-values: di20NizOs = 4.1 A, d220PNO =
3.884, resulting into a lattice mismatch of about 5%.

I Wahyudi, O. et al. Growth of high quality single crystals of strontium doped (Nd,Pr)-nickelates, Nd,.
xSrNiOg.5and PraxSriNiOgy.s Crystengcomm 17, 6278-6285, doi:10.1039/c5ce00906e (2015)

2Buckett, M., & Marks, L. (1988). Formation of a Ni3O4 Spinel Phase on the Surface of NiO During Electron
Irradiation. MRS Proceedings, 129, 521. doi:10.1557/PROC-129-521

3 M.I. BUCKETT, et al. Electron Irradiation Damage in Oxides, Ultramicrocopy, 29 (1989), 217-227
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Fig. S7.

Diffuse scattering observed for Pr.NiO, ;s at 600°C. The line profiles indicated for different scan directions are
outlined. Correlation lengths become difficult to interpret for double peak structures; we thus considered the
“correlation range” as the inverse of the FWHM of the diffuse part under scan 2, which for Gaussian profiles are
closely linked by their inversion, yielding 25 A for the inverse FWHM.



Table S1.

Beamline specifications:

BMO1 1D23 MX - 1D29 ID28 side station | STOE STADIVARI
laboratory
diffractometer
Wavelength 0.66305 A 0.688801 A 0.7A 0.7A Microfocus
source (Mo)
0.7107 A
Beam size ~ 70 x 70 pm? 50pm 50um 20 x 40 pm? ~ 150 um
Detector distance 142 mm 199 mm for RT 250 mm 327 mm 50 mm
from sample and 400 mm for
LT
Monochromator | Double-crystal Si Si(111) Si(111) C(311)/si(422) X-ray fibre optics
(111)
Threshold Energy 8997 eV 10800 eV 10627 eV 18000 eV 12000 eV
Exposure time 0.5s 0.053s 0.25s 0.2s 30s

Detector

DECTRIS PILATUS
2M (type — pixel,
172 x 172 um?)

DECTRIS PILATUS
6M (type — pixel,
172 x 172 um?)

DECTRIS PILATUS
6M-F (type —
pixel, 172 x 172
um?)

DECTRIS PILATUS
1M (type — pixel,
172 x 172 um?)

DECTRIS PILATUS
200K (type —
pixel, 172 x 172
um?)
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