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ABSTRACT: Reaction of the n = 1 Ruddlesden-Popper oxide LaSr;CoRuOg with CaH, vyields the oxyhydride phase
LaSr;CoRuO4H, via topochemical anion-exchange. Close inspection of X-ray and neutron powder diffraction data in combination
with HAADF-STEM images reveals that nanoparticles of SrO are exsolved from the system during the reaction, with the change in
cation stoichiometry accommodated by the inclusion of n > 1 (Co/Ru),O,.1H2, ‘perovskite’ layers into the Ruddlesden-Popper
stacking sequence. This novel pseudo-topochemical process offers a new route for the formation of n > 1 Ruddlesden-Popper struc-
tured materials. Magnetization data are consistent with a LaSr,Co*"Ru*"O,H, (Co**, d®, S = 1; Ru**, d°, S = 0) oxidation/spin state
combination. Neutron diffraction and pu*SR data show no evidence for long-range magnetic order down to 2 K, suggesting the dia-

magnetic Ru®* centers impede the Co-Co magnetic exchange interactions.

Introduction

Structure-conserving topochemical reactions allow the
preparation of metastable solid-state compounds which cannot
be easily synthesized by conventional high-temperature ce-
ramic routes. By utilizing differences in rates of diffusion,
which correspond to differences in reactivity in the solid state,
the most mobile species (cations, anions and molecules) can
be inserted or removed from a host lattice, or exchanged for
other mobile species, to yield new extended solid-state com-
pounds.

This synthetic approach has been widely applied to complex
transition metal oxides."® For example, in systems where
metal cations are the most mobile species, the reductive inser-
tion of group | metals, particularly lithium, has been used
widely to prepare phases with transition metal cations in unu-
sually low oxidation states,* such as the Mo*" phase LiMoO,
or the Ru** phase LioyRuO,,>® prepared by lithium insertion
into the corresponding MO, rutile oxide. The reverse reaction,
oxidative cation extraction, has been used to prepare metasta-
ble forms of TiO,, such as TiO,(R) and TiO,(H),”* but is
much more widely employed as part of the reversible lithium
extraction/insertion process which is the key operating step in
the charge and discharge of lithium ion battery cathode mate-
rials.">™ A wide range of topochemical cation exchange reac-
tions have also been reported for complex transition metal
oxides because monovalent and divalent cations can have high
mobility in oxide frameworks at modest temperatures, so iso-
valent cation exchange reactions, such as the formation of
NaLaNb,O; from RbLaNb,0,,**™ or aliovalent cation ex-
changes, such as the formation of Ca,,CoO, from Na,Co0,,*

!5 are possible in a large number of systems, enabling a large
range of metastable phases to be prepared.

There are an equivalent set of topochemical reactions in
which anions are the most mobile species. Reductive topo-
chemical extraction of oxide ions has been used widely, par-
ticularly in transition-metal systems with the perovskite struc-
ture, to prepare phases containing such unusual metal oxida-
tion states as Mn'*, Ni**, Ru** and Ir** **% and also systems
in which the transition-metal cation resides in an usual coordi-
nation geometry, such as square-planar Fe**.*?% Oxidative
anion insertion can similarly be used to prepare phases with
elevated transition metal oxidation states, such as the Ru®*
centers in Sr;Ru,O;F,, which is prepared via the topochemical
fluorine insertion of Sr;Ru,0,.° In addition, anion insertion
can also be used to induce or modify the structural distortions
of the host framework, for example breaking the inversion
symmetry of a phase,”” and in combination, the reversible top-
ochemical insertion/extraction of anions finds application in
oxygen storage materials which are used to enhance the effi-
ciency of combustion processes.”® Topochemical anion-
exchange reactions in which oxide ions from the host material
are replaced by fluoride, hydride or nitride hetero-anions have
also been demonstrated and utilized to make a range of mixed
anion solids.?®* For example, binary metal hydrides, such as
CaH, have been shown to affect reductive hydride-for-oxide
anion-exchange reactions such as the conversion of LaSrCoO,
to LaSrCoO;Hq; ** or the conversion of SrvVO; to SrVO,H,*
where the resulting oxyhydride phases are metastable and not
preparable by more direct synthesis routes.

As a complement to simple topochemical insertion, extrac-
tion and exchange reactions there is a class of reaction which



can be considered as pseudo-topochemical, because some of
the structural features of the host are retained, but the overall
topology of the structure is changed. For example, dehydration
of the layered phase HTiNbOs yields Ti;Nb,Og in which the
separated layers of the initial phase have been ‘welded’ to-
gether in the product via new metal-oxygen links.*3* Similar
reactions are observed for protonated Ruddlesden-Popper
phases. For example, dehydration of H,La,Ti;O,, yields the A-
site cation deficient perovskite La,Ta;0s.? Thus it can be seen
that by utilizing and combining these different topochemical
processes a wide range of complex solid compounds can be
prepared which are synthetically inaccessible via conventional
high temperature routes.

Recently we have been investigating the anion-based topo-
chemical reactions of 3d/4d transition metal oxides.*®*" %%
Here we report the conversion of the n = 1 Ruddlesden-Popper
oxide LaSr;CoRuOQg to the oxyhydride LaSr;CoRuO4H,. How-
ever, unlike the analogous conversion of LaSrsNiRuOg to
LaSr;NiRuO,H,,*® which is a simple, purely topochemical
anion-exchange process, the formation of LaSr,CoRuO,H,
occurs with exsolution of SrO and the inclusion of n > 1 defect
layers. We believe this exsolution process represents the first
example in a new class of a pseudo-topochemical reactions.

Methods

Synthesis of LaSr;CoRuOg. Samples of LaSr;CoRuOg
were prepared by a high-temperature ceramic method. Suitable
stoichiometric ratios of La,0; (99.999%, dried at 900 °C),
SrCO; (99.994%), RuO, (99.99%, dried at 800°C) and C030,
(99.9985%) were ground together using an agate mortar and
pestle, transferred into an alumina crucible, and then heated at
a rate of 1 °C min™ to 1000 °C in air to decompose the car-
bonate. Samples were then reground, pressed into pellets and
heated for 3 periods of 48 hours in air at 1200°C, with grind-
ing between heating periods.

Anion-exchange reactions. A process similar to that used
to convert LaSr;NiRuOg into the  oxide-hydride
LaSr;NiRuO,H, * was used in an attempt to convert
LaSr;CoRuOg into LaSr;CoRuO4H,4. Samples of LaSr;CoRuOg
were ground together with approximately 4 mole equivalents
of CaH, using an agate pestle and mortar in an argon filled
glovebox. The resulting powders were sealed in silica am-
poules and heated as described below, with the samples being
reground between heating periods. Once the reactions were
deemed complete, the reaction mixtures was washed, under
nitrogen, with 8 x 25 ml of a 0.1 M solution of NH,CI in
methanol in order to remove the CaO formed as a by-product
of the reaction, and any unreacted CaH,. This was then fol-
lowed by washing with 5 x 25 ml of clean methanol to dis-
solve any NH,CI residues. The samples were then dried under
vacuum. Three samples were prepared: Sample A (0.3 g
LaSr;CoRuQg) was heated for 7d periods between 350 °C and
460 °C; Sample B (1.5 g LaSr;CoRuOg) heated for 3 periods
of 7d at 460 °C; Sample C (0.5 g LaSr;CoRuOQg) heated for 7d
at 450 °C then two periods of 7d at 460 °C.

Characterization. Sample purity and reaction progress was
monitored by X-ray powder diffraction (XRD) data collected
from samples contained in gas-tight sample holders using a
PANalytical ~ X’Pert  diffractometer incorporating an
X’celerator position sensitive detector (monochromatic Cu
Kal radiation). High-resolution synchrotron X-ray powder
diffraction (SXRD) data were collected using instrument 111
at the Diamond Light Source Ltd. Diffraction patterns were
collected using Si-calibrated X-rays with an approximate

wavelength 0.825 A, from samples sealed in 0.3 mm diameter
borosilicate glass capillaries. Neutron powder diffraction
(NPD) data were collected either using the WISH instrument
(ISIS neutron source, UK) or the D2b instrument (ILL,
France) from samples contained within vanadium cans.
Rietveld profile refinements were performed using the GSAS
suite of programs.*’ DC magnetization data were collected
using a Quantum Design MPMS SQUID magnetometer.
Thermogravimetric measurements were performed by heating
powder samples at a rate of 5 °C min™ under a flowing oxygen
atmosphere, using a Mettler-Toledo MX1 thermogravimetric
microbalance. Electron diffraction (ED) patterns were ac-
quired on a FEI Tecnai transmission electron microscope op-
erated at 200 kV. High angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) images
were acquired using a probe aberration corrected FEI Titan
80-300 “cubed” microscope operated at 300 kV. Samples for
transmission electron microscopy (TEM) analysis were pre-
pared in the glove box filled with argon by grinding the mate-
rial and dipping the copper TEM grid into the dry powder. A
vacuum transfer holder was used to transfer the grids from the
glove box to the microscope. Muon spin-rotation (1"SR) ex-
periments were carried out at the Swiss Muon Source, PSI,
Switzerland. In a p'SR experiment, spin-polarized muons
were implanted in the bulk of a material and the time-
dependence of their polarization monitored by recording the
angular distribution of the subsequent positron decay.

Results and Discussion

Structural characterization of LaSr;CoRuOg. NPD data
(D2b, ILL) collected from LaSr;CoRuOg at room temperature
could be readily indexed using a body-centered tetragonal unit
cell (a = 3.874 A, ¢ = 12.625 A) consistent with a cation-
disordered n = 1 Ruddlesden-Popper structure. Thus, a model
based on the structure of LaSrsNiRuOg but with Ni replaced by
Co, was refined against the data.* All atomic positional and
displacement parameters were refined freely, and the refine-
ment converged to give a good statistical fit (XZ = 4.13) as
shown in Figure S1, and described in Tables Sland S2 in the
Supporting Information. To confirm the absence of a structural
distortion or any microstructural features, high-resolution
SXRD data (111, DLS) were collected from LaSrzCoRuOs.
The n = 1 Ruddlesden-Popper model which was refined
against the neutron diffraction data was also refined against
the SXRD data and also achieved a good fit (x> = 6.38), with
no indication of a structural distortion or microstructural fea-
tures, as shown in Figure S2 in the Supporting Information.

Reactivity of LaSr;CoRuOg with CaH,. Mixtures of
LaSr;CoRuOg and CaH, (Sample A) were heated sequentially
for 7d periods at temperatures between 350 and 460 °C. Heat-
ing at temperatures up to 375 °C led to no reaction as observed
by powder XRD data. In the temperature range 375 < T/°C <
425 an orthorhombic phase (a=3.80 A, b =3.61 A, ¢ = 13.17
A) formed, which was identified as LaSr;CoRuOg and will be
described in detail elsewhere. On raising the temperature to
450 °C a tetragonal phase formed (a = 3.64 A, ¢ = 13.35 A).
However, in order to achieve complete conversion



LaSr,CoRuOy

LaSr,CoRuOH,

Figure 1. Crystal structures of LaSrzCoRuOg and
LaSr,CoRuO4H,. Grey, green, red and blue sphere represent
La/Sr, Co/Ru, O and H respectively.

of the sample to this final tetragonal phase a reaction tempera-
ture of 460 °C was required. Samples B and C of
‘LaSr;CoRuOH,’ were prepared by heating
LaSr;CoRuOg/CaH, mixtures directly at 450/460 °C as de-
scribed above.

Structural characterization of ‘LaSr;CoRuO,H,’. Neutron
powder diffraction data (WISH, ISIS) collected at room tem-
perature from sample B could be indexed using a body-
centered tetragonal unit cell (a=3.64 A, ¢ = 13.35 A) suggest-
ing a LaSr;CoRuO4H, oxyhydride phase, analogous to
LaSr;NiRuO,H, had formed, as shown in Figure 1. Thermo-
gravimetric data collected during the reoxidation of the mate-
rial back to LaSr;CoRuOg indicated a mass gain of 9.32%,
consistent with this composition. It should be noted that the
thermogravimetric data do not directly measure the hydrogen
content of the material, just the oxygen deficiency, compared
to LaSr;CoRuOg. Attempts to directly determine the hydrogen
content via hydrogen desorption measurements were unsuc-
cessful as the material does not release hydrogen in a simple
way. However, we think it is unlikely the sample is hydrogen
deficient (i.e. LaSr;CoRuO4H,,) as this would require the
presence of Ru™. A structural model based on LaSrsNiRuO,H,
but with nickel replaced by cobalt, was refined against the
data. Close inspection revealed a series of weak diffraction
reflections not accounted for by the LaSr;CoRuO4H, structural
model which could be indexed using a body-centered ortho-
rhombic unit cell (a = 3.80 A, b =3.61 A, ¢ = 13.17 A) con-
sistent with the intermediate phase observed during the reac-
tion of LaSr;CoRuOg and CaH, described above. Thus a 2-
phase model (LaSr;CoRuO4H,; + LaSr;CoRuQOg) was refined
against the data, which converged rapidly to give stable struc-
tural models for the 2 phases, detailed in Table S3 in the Sup-
porting Information. Close inspection of the fits to the data
(Figure 2, and Figure S3 in the Supporting Information) re-
vealed that while the lower resolution data collected using the
58° detector bank were fitted acceptably, higher resolution
data collected using the 152 © detector bank were fitted poorly
by the structural model, as highlighted in the inset to Figure 2.
To further investigate these features of the NPD data, high-
resolution SXRD data (111, DLS) were collected from sample
B of ‘LaSr;CoRuO4H,’. A 2-phase LaSr;CoRuO,H, +
LaSr;CoRuOg model was refined against the SXRD data and,
as shown in Figure 3, again there are significant peak shape
mismatches between the model and observed data. To ensure

that the complex peak shapes observed in the SXRD data from
sample B were not due to the incomplete conversion of
LaSr;CoRuQg into LaSr;CoRuO,H,,
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Figure 2. Observed, calculated and difference plots from the re-
finement of a 2-phase model against NPD diffraction data collect-
ed from sample B of LaSrz;CoRuO4Hj,. Inset to lower panel shows
poor fitting of reflections from majority phase. Peaks from minor-
ity phase are marked with red stars in inset.

analogous SXRD data were collected from sample C, which
contains only very small amounts of LaSr;CoRuQOg. However,
as can be seen in Figure 3, the asymmetric diffraction peak
profiles persist in the data from sample C, indicating this is an
intrinsic feature of ‘LaSr;CoRuO,H,’.

To investigate a possible structural distortion of
‘LaSr;CoRuO,H,’ from the I4/mmm model refined for the
phase, ED patterns were collected from several crystallites of
sample C oriented along [100] and [101] directions. As shown
in Figure 4, the ED patterns can be indexed using 14/mmm
symmetry with lattice parameters a = 3.6 A, ¢ = 13.3 A, with
no sign of superstructure reflections, consistent with the model
refined against the neutron and synchrotron X-ray diffraction
data. The lack of any evidence for a symmetry lowering struc-
tural distortion suggests that the poor fit to the bulk diffraction
data is due to the local microstructure of the sample.
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Figure 3. Observed, calculated and difference plots from the re-
finement of 2-phase models against SXRD data collected from
samples B and C of LaSr;CoRuO,H,. Insets show poor fitting of
reflections from majority phase. Peaks from minority phase are
marked with red stars in insets.

Figure 4. ED patterns of sample C of LaSrsCoRuO4H, taken
along the [100] and [110] directions.

Microstructural characterization of ‘LaSr;CoRuO,H,’.
HAADF-STEM images collected from sample C of
‘LaSr;CoRuO,4H,’indicate that many, but not all, crystallites of
the sample are covered in crystalline nanoparticles (as shown
in Figure S4, in the Supporting Information). Given that the
sample was not exposed to air, and that the nanoparticles were
seen from the beginning of the imaging experiment so are not
due to beam induced damage, we deduce that they are an in-
trinsic part of the sample and, as we will show later, are SrO
particles exsolved from the Co/Ru phases during the anion
exchange process.

Figure 5(a) shows a HAADF-STEM image of a highly crys-
talline particle aligned along the [100] direction. The bright

spots in the image indicate columns of high Z atoms, which
can be recognized as columns of La/Sr and Co/Ru cations, and
thus the image in Figure 5(a) is consistent with a region with
the tetragonal, n = 1 structure proposed for LaSr;CoRuO4H;,.
However, other HAADF-STEM images collected from sample
C, shown in Figures 5(b) and (c) indicate that in other particles
the regular n = 1 Ruddlesden-Popper stacking is interrupted by
intergrowths of n = 2 and n = 4 stacking. Intensity profiles
measured across these images as indicated in Figure 5(b) and
(c), reveal that the A-cation layers in the centers of these inter-
growth blocks — especially noticeable in the n = 2 intergrowths
in Figure 5(b) — tend to have a higher intensity than the bulk n
= 1 regions. This intensity enhancement is consistent with a
higher average Z for the cations in these positions, suggesting
it is likely they are lanthanum rich, compared to the values
expected for LaSr;CoRuO4H;,.

To confirm that the intergrowths observed in the HAADF-
STEM images are responsible for the asymmetric peak pro-
files observed in the bulk diffraction data, an analysis using
the FAULTS software package was performed.® Diffraction
patterns were calculated, as described in detail in the support-
ing information, for two different scenarios.

In the first scenario the planar defects were modelled as iso-
lated intergrowths of n = 2 LaSr,CoRuO;H, blocks within a
matrix of ‘perfect’ LaSrCoRuO4H, layers. Figure 6 shows
how the calculated synchrotron X-ray diffraction patterns
evolve with increasing defect-layer concentration, compared
to the measured data from sample C, and it can be seen that
the [105] reflection rapidly becomes broader and weaker than
observed. In addition the calculated profiles of the [006] and
[114] reflections do not exhibit the marked asymmetry which
can be seen in the observed data, indicating this ‘isolated de-
fect’ scenario is a poor description of the planar defects in the
system.

In a second scenario n = 2 defects layers were allowed to ag-
gregate within the model. Thus, compared to scenario 1 where
the probability of having two adjacent n = 2 planar defects is
zero, in this second scenario this probability was allowed to
take non-zero values. Figure 7 shows a series of calculated
diffraction profiles in which the concentration of n = 2 defect
layers was kept constant at 14%, but the frequency of adjacent
defects was increased systematically, as described in detail in
the Supporting Information. As the defect layers aggregate, it
can be seen that the [105] peak sharpens and the [006] and
[114] reflections become asymmetric, as observed in the ex-
perimental data, suggesting this second scenario is a better
description of the planar defects in the system. This is con-
sistent with the extended region of n = 2 stacking seen in Fig-
ure 5(c). The inclusion of n = 3 or n = 4 defect layers within
the model, did not change the simulated diffraction profiles
noticeably. It was not possible to quantify the concentration of
defect layers by fitting the diffraction data, because all patterns
exhibit a small, hkl dependent peak broadening (hkO broader
than 00lI, in common with LaSr;NiRuO,H, and
(La/Sr),M, sRhys05H oxyhydride phases) *° which cannot be
modelled within the FAULTS code.®
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Figure 5. HAADF-STEM images of aligned crystallites of Sample C. Image (a) shows a crystalline region without planar defects. Image
(b) shows an array of n = 1 layers with n = 2 defects and image (c) shows n = 2 array with an n = 4 defect layer. Horizontal arrows in (c)
highlight rock-salt layer positions. Intensity profiles measured along the vertical arrows are shown to the right of each image (the signal is
averaged along the b axis) and indicate the A-cation layers in the middle of the perovskite blocks of the n = 2 fragments are brighter than at

the periphery and that they are therefore most likely La-rich.
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Figure 6. Calculated SXRD profiles for structural models con-
taining increasing concentrations of isolated n = 2,
LaSr,CoRuOs;H, defect layers within a matrix of perfect n = 1,
LaSrsCoRuO4H, layers. The experimental SXRD data collected
from sample C of ‘LaSrsCoRuO4H,’ is also plotted for compari-
son.
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Figure 7. Calculated SXRD profiles for structural models con-
taining a 14% concentration of n = 2 defect layers in which the
degree of defect aggregation (probability of adjacent defect lay-
ers) is allowed to increase. The experimental SXRD data collected
from sample C of ‘LaSr;CoRuO4H,’ is also plotted for compari-
son.



The observations described above suggest a mechanism for
the formation of the n > 1 intergrowths observed within
‘LaSr;CoRuO4H,’ in which LaSr;CoRuOg is initially convert-
ed to LaSr;CoRuOg via anion deintercalation. This anion-
deficient phase is then converted to LaSr,CoRuO,H, via a
redox-neutral anion-exchange, but  once  formed
LaSr;CoRuO4H, exsolves SrO, again in a redox-neutral pro-
cess, to first make layers of the n = 2 phase LaSr,CoRuO;H,
and then further SrO is exsolved to make blocks of
La,2Sr1.4n2C0n2RUn2O0n41Han With n > 2. This reaction pathway
is consistent with the observations made during reactions, and
with those made of the washed product phases, and as noted
above suggests that the nanoparticles observed on the surface
of crystallites are the SrO exsolved during the formation of the
intergrowth layers.

The accumulation and aggregation of n > 1 defect layers
during the conversion of LaSrsCoRuOg to ‘LaSr;CoRuO4H,’
suggests, at least in principle, that if this process continued the
n = o phase, LaSrCoRuO,H, could be formed. To investigate
this possibility by furthering the exsolution of SrO, and in-
creasing the number of n > 1 defective layers, aliquots of sam-
ple C of ‘LaSr;CoRuO,H,’ were annealed in evacuated silica
tubes at 460 °C. This resulted in the decomposition of the
sample to form SrO, La,Oz Co, Ru and a number of other
poorly crystalline phases, indicating the oxyhydride phase
loses hydrogen under these conditions.

Running the LaSr;CoRuOg + CaH, reactions for longer pe-
riods of time (5 x 7d, compared to 3 x 7d for sample C) does
appear to enhance the asymmetry of SXRD reflections, sug-
gesting the exsolution of SrO continues even after conversion
of LaSr;CoRuOg to LaSrCoRuO4H,, but given the difficulty in
quantifying the concentration of n > 1 defect layers in samples
it is hard to be definitive. Suffice to say that if it is possible to
form LaSrCoRuO;H, via this exsolution route it will require
reaction times of many months.

We believe the exsolution of SrO from LaSr;CoRuO,H, is
the first reported example of A-cation exsolution from a Rud-
dlesden-Popper phase, or indeed any perovskite-based oxide
phase. The exsolution of B-site cations from ABQO; transition-
metal perovskite oxides under reducing conditions has been
widely observed and studied because the exsolved metals form
catalytically active nano?articles which decorate the surfaces
of the host materials.*** Detailed studies have revealed that
B-site exsolution and nanoparticle formation is favored by A-
site deficiency of the host phase. Thus for example Ni is
exsolved from Lags,Sr28002Nig 06 Tlp0sO3 (Where o indicates a
cation vacancy) but not Lag 357 7Nio 06 Tip0403.00. This behav-
ior is rationalized by observing that the exsolution of B-
cations from A, ;BO; phases drives the sample stoichiometry
towards the ideal ABO; formulation, and thus stability. The
exsolution of SrO rather than Co or Ru from LaSr;CoRuO4H,
is also consistent with this rationalization because the exsolu-
tion of B-cations would result in an A-cation rich A,BO,
phase for which there is no obvious mechanism to structurally
accommodate the A-cation excess. In contrast exsolving A-
cations yields a B-cation excess which can be simply accom-
modated by adding the n > 1 defect layers observed in the
HAADF-STEM images of ‘LaSr;CoRuO4H,’.
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magnetic moment (bottom) of ‘LaSr;CoRuO,H,’ (sample B) plot-
ted as a function of temperature. Inset shows fit to the Curie-
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Figure 9. Plots of the asymmetry of pu*SR data collected from
sample C of LaSrsCoRuO4H, at various temperatures. Inset shows
expansion of 1.9 K data set.

Magnetic characterization of ‘LaSr;CoRuO4H,’. Mag-
netization data collected from sample B of ‘LaSr;CoRuO,H,’
indicate the presence of small quantities of elemental cobalt (<
1 wt%) in common with other cobalt-containing oxyhydride
phases.®™ “ We believe that the elemental Co was formed ei-
ther by reduction of small quantities of Co;0, left over from



the synthesis of LaSr;CoRuO4H,, or from sample decomposi-
tion, not from exsolution of the metal.

To measure the magnetic properties of bulk ‘LaSr;CoRuO,H,’
in the presence of the ferromagnetic cobalt impurity, a fer-
rosubtraction measurement procedure was used, as described
previously for LaSr;NiRuO,H, and detailed in the Supporting
Information.*® Figure 8 shows a plot of the paramagnetic sus-
ceptibility of ‘LaSr;CoRuO,H,’ as a function of temperature.
These data can be fitted by the Curie-Weiss law in the range
25 < T/ K < 300, to yield a Curie constant of 1.058(3) cm® K
mol™ and a Weiss constant of -39.4(4) K, as shown in the inset
to Figure 8. The measured Curie constant is close to the ex-
pected spin-only value for a combination of d®, S = 1, Co™* and
d®, S =0, Ru? centers (Ceue = 1 cm® K mol™). On further cool-
ing, the paramagnetic susceptibility exhibits a maximum at T
~ 10 K, and there is a sharp increase in the saturated ferro-
magnetic moment of the sample below 50 K. This combina-
tion of features suggests the onset of magnetic order at low
temperature. To investigate this, NPD data (WISH, ISIS) were
collected from the sample at 2 K and are shown in Figure S6
in the Supporting Information. These data are identical to the
analogous high-temperature data set, no indication of any
magnetic scattering, thus providing no evidence for magnetic
order in the phase at 2 K.

p+SR data were also collected from sample C of
‘LaSr,CoRuO,H,’ and plots of the asymmetry of the emitted
positrons (Figure 9) show no evidence for magnetic order for
T > 1.9 K. There is no observed spin precession signal (in
contrast to the clear signature of magnetic order found for
example in LaSrCoO3H,- **), but instead the data exhibit spin
relaxation at all temperatures, consistent with fluctuations of
electronic moments which slow down with decreasing temper-
ature. The data collected at 1.9 K also show no oscillations,
but there is a very fast initial relaxation and a decrease in the
relaxation rate at long times (the recovery of the “1/3 tail” “°)
which are consistent with the development of quasistatic mag-
netic fields at the lowest temperature. However, the lack of
oscillations in the asymmetry data demonstrates that long-
range magnetic order is not fully developed, or that any static
magnetism which may appear down to 1.9 K is only short-
range or rather disordered.

The lack of long-range magnetic order in ‘LaSr;CoRuO,H,’ is
suprising given the (d,/y,)'(dxy) (dyz_y2)'(d,2)" eletronic
configuration of Co™ aligns a half-filled d,2_,2 orbital with
the 1s orbitals of the hydride anions. These orbtials will mix
efficiently leading to the expectation of strong in-plane
magnetic exchange interactions. The lack of long-range
magnetic order, suggests that the diamagnetic Ru®* centres in
‘LaSr;CoRuOH,’ block these in-plane exchange couplings in
some way.

Conclusions

LaSr;CoRuQjg reacts with CaH, to first form LaSr;CoRuOg
and then the oxyhydride LaSr;CoRuO4H,. However in contrast
to the analogous LaSr;NiRuOg/LaSrsNiRuO4H, nickel-based
system, the formation of LaSr;CoRuO,H, is accompanied by
the exsolution of SrO. The change in composition to the host
phase is accommodated by the formation of n > 1 defect layers
which accumulate in the Ruddlesden-Popper stacking se-
quence. This novel pseudo-topochemical process, if con-
trolled, offers the prospect of forming n > 1 members of the
La,2Sr1.4n2C0n2RUL20n41H2, homologous series. If this process
can be applied to other Ruddlesden-Popper structured phases
with sufficient control, it offers the opportunity to prepare

metastable n > 1 Ruddlesden-Popper phases which cannot be
synthesized by conventional high temperature routes.
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Reaction of the n = 1 Ruddlesden-Popper oxide LaSrsCoRuOg with CaH, yields the oxyhydride phase LaSr;CoRuO4H, via
topochemical anion-exchange. HAADF-STEM images reveal that nanoparticles of SrO are exsolved from the system during
the reaction, with the change in cation stoichiometry accommodated by the inclusion of n > 1 (Co/Ru),On.1H2, ‘perovskite’
layers into the Ruddlesden-Popper stacking sequence. This novel pseudo-topochemical process offers a new route for the
formation of n > 1 Ruddlesden-Popper structured materials.
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