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Abstract

CapMn3;0g forms a delafossite-related layered structure, wish crystallises with
monoclinic C2/m symmetry. Compared with the delafossite-structurethe MnOg layers
in CazMn30g exhibit an ordered cation void which forms a magnic ‘bow-tie' like
connectivity of Mn** ion layers separated by C& ions. In-situ variable temperature
diffraction data demonstrates that the structure isrobust up to a temperature of
approximately 1173 K before the material decomposeasto the perovskite, CaMnG; and
marokite, CaMn,0O4 phases. Simultaneous thermal analysis suggests tlamvery small
amount of water remains within the layers post syrtesis. Impedance spectroscopy
indicates that CgMn 30Og is an electronic conductor in the range ~400 — 700 with an

activation energy of 0.5&0.01 eV.

1.0 Introduction

Layered transition metal oxides have attracted reskée attention within the literature
primarily due to their wide-ranging potential foppdication arising as a result of their
compositional flexibility [1]. For example, possblapplications including in catalysis,
optoelectronics, solar cells, functional windowsermoelectrics and batteries have been
reported for theABX, layered materials (whew is typically a monovalent ion e.g. Cor
Na', B is a trivalent transition metal, e.g.%eandX is normally G e.g. CuFe@) [1-8].

Additionally, in materials containing magnetic sigsc the potential for frustrated spin
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connectivity (where the crystal topography doesatiotv for all antiferromagnetic pair ways
interactions to be satisfied) has led to a weaftinteresting and exotic magnetic ground
states in these materials [2,9]. The wide versatiéind application of these materials
therefore drives the search for continued undedstgnof structure-property relations and
phase stability. Recently we have become interestethe layered material, @dnzOg
[10,11]. CaMnsOg is comprised of MgOs* layers separated by €aons (Figure 1). An
ordered void in the manganese framework alternb&tsieen layers resulting in ABAB
stacking in the lattica direction as described in detail elsewhere [10-T4jle Ca-Mn-O
phase diagram was studied in 1978 by Horowital [15]. They prepared materials with
various stoichiometries in both air and oxygen determined the Ca-Mn-O ratios of the
final products. Subsequently, they determined tbeothposition routes by heating single
phase materials (in either air or oxygen) to eledatemperatures before quenching the
products and collecting diffraction data at roonmperature [15]. These experiments
predicted that G#MnzOg could be expected to decompose into perovskité/inCg and
marokite, CaMpO, materials at ~1163 K in oxygen [15]. Later the saamithors reported a
detailed analysis of the structure and magneticpgnes of this material, however,
difficulties in preparing high quality bulk matelsdimited their investigation of the magnetic
order [12-14]. More recently, as with other laye@ddes, these materials have attracted
attention as battery cathodes and as catalystswéder oxidation [16-23]. We have
demonstrated that synthetic route can have a kffget on the morphology and crystallinity
of the material obtained leading to difficultiesdarrelating structure-property relationships
and probing phase behaviour [10]. More recentlyhaee shown that through careful control
of the synthetic conditions it is possible to prephigh quality single phase bulk materials
which subsequently allowed us to determine the m@gstructure of GMn3Og for the first
time [11]. Given the wide potential applicationstbése types of materials it is important to
fully understand the variable temperature behavmuCaMn;Osg if we are to utilise or
optimise (using novel doping strategies) their po&d. Recent advances in both the synthesis
and in-situ diffraction capabilities make it prudent to revithe thermal stability of
CaMn3Og to explore the possibility of intermediate phasesl understand the lattice
dependence on heating to temperatures above 300 K.

In this paper we report a comprehensive studdyh® thermal stability of GdMn3z0s. In-
depthin-situ powder neutron and X-ray diffraction studies destmte that the structure is
robust across the whole temperature range stug@@l K to 1123 K). We see no evidence of

any atmospheric dependence (either in ai,00N;) and thermal expansion is isotropic
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across the temperature range studied. Electricasarements show a single response in the
impedance spectroscopy consistent with grain beliawith no evidence for ion conduction.
The conduction follows Arrhenius behaviour in tl@ge 350-700 K with activation energy,
E, = 0.50(1) eV consistent with semiconducting bebawi

2.0 Materials and Methods

CaMn30Og materials were prepared using the molten-salt atefireviously reported by us
[11]. Briefly, stoichiometric ratios of CaG@nd MnCQ (both Sigma Aldrich, >99 %) were
thoroughly ground together with 350 % w/w of a KGCI eutectic mixture and heated with
intermittent grinding at 973 K for 72 hours (hegtinate 10 K/min). Phase purity was
determined using a Bruker D8 Advance diffractométéf < 26 < 70°) equipped with CK,,
radiation { = 1.5406A&) operating at 40 kV and 40 mA. Variable tempemtit-ray
diffraction data were collected between 300 K ah@3LK in air using the Rigaku SmartLab
rotating anod@/20 instrument (102 20 < 70°) with/ = 1.54064 and operating at 45 kV and
200 mA. Variable temperature data were collectedguan Anton Paar HTK1200N furnace
between 300 K and 1323 K (heating rate of 20 K/between scans) in air. Powder neutron
diffraction data were collected on the High ResolutPowder Diffractometer (HRPD) at the
ISIS Neutron and Muon Source. Data were collecteihgu three separate sample
environments. Initially data were collected ovdemperature range of 200 K to 520 K (data
collection times of ~4 hours at 200 K and ~2 hatrall other temperatures) within a closed
cycle refrigerator (CCR) equipped with a hot stagel with the sample loaded into an
aluminium framed slab can masked with Gd. Data vaeditionally collected between 373 K
and 773 K in atmospheres of flowing @hd N using a similar method to that previously
used by us to study the high temperature phasBg-ef; [24]. CaMn3;0s powder compacts
were supported within a quartz tube on a quartz The tube was mounted into the furnace
with thermocouples resting on the surface of tHeeppeompacts and the gas flowed over the
closed system. Long data collection times (~6 Howexe employed at temperatures of 373
K and 773 K with shorter (15 minute) data collentiat intermediate temperatures. Thermal
expansion of the lattice parameters were modelledingu the function;
Inay/a, = C;0;/(exp(6;/T) — 1) Wherea, is the lattice parameter at 0 &, is a constant ané;

is the Einstein temperature. Simultaneous thermaligietry (TG) and differential scanning
calorimetry (DSC) measurements were performed nmogpheres of air and nitrogen using
the Netszch STA 409 simultaneous TG-DSC instrum@atta were collected with the



CaMn3Og material loaded into alumina crucibles over a terafure range of room
temperature to 1273 K (heating rate 10 K/min). Ptthermal analysis measurements the
materials were dried at 373 K overnight. Raman 8pscopy data were collected on the
Horiba Yobin Labram HR over a temperature rang%8 K to 673 K using the Linkam
Examina THMS temperature stage. Data were collectety a 633 nm laser with a 1 second
acquisition time integrated over 5 repeat scansgusi x50 objective and 600 lines/nm
grating (giving a spectral resolution #0.5 cm?). Dense pellets of G&InsOs were prepared
using the spark plasma sintering (SPS) method.C&kIn;Og pellets were prepared using a
5 mm graphite die at a temperature of 873 K undeaplied pressure of 1 GPa. A pellet
with a diameter of 5.55 mm, and thickness of 1.5 amd density >85 % was obtained. Prior
to further analysis the structure of the pellet eniat was confirmed using powder x-ray
diffraction. Electrical measurements were performisthg sputtered Au electrodes capped
with Ag paint (RS Components) annealed at 393 Klfominutes. Dielectric measurements
were performed between 50 and 800 K with Agilen®4R and Wayne Kerr 6500B
impedance analyzers over the frequency range @56Z000 kHz. Samples were subjected
to heating/cooling rates of 2 K/min in a closedleycyrocooler or tube furnace. Isothermal
impedance spectroscopy measurements were carrtebdebueen 300 K to 700 K using a
tube furnace and HP 4192A Impedance analyser. Ath dvere corrected for sample

geometry.

3.0 Results and Discussion

Room temperature powder X-ray diffraction data coméd the preparation of high quality
CaMn3Og consistent with our previous study, as shown iguf@ S1 in the electronic
supplementary information (E$I[11]. In order to investigate the thermal stapildf our
CaMn30Og we performed simultaneous thermal gravimetry (B@) differential scanning
calorimetry (DSC) measurements in atmospheres f &o and nitrogen. In both cases two
distinct weight losses are observed as shown urdi@. The first weight loss is continuous
from room temperature up to a temperature of apprately 573 K in air and 463 K in
nitrogen resulting in overall weight losses of 26 and 2.2 % in air and nitrogen
respectively. This initial weight loss is attribdtto loss of small amounts of water associated
with these samples consistent with previous studreselated layered delafossite materials
[25]. These materials were prepared by moltenmmathods with the post reaction materials
filtered and washed with deionised water. Althoadlimaterials were dried prior to analysis,
it is possible that some water remains and thaetheaterials are not completely dry. The
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full formulae are calculated to be S305-0.87HO in air and C@VnzOs:-0.47HO0O in
nitrogen respectively. The differences in waterteah in these materials under different
atmospheres is reflective that these measuremesnts performed at different times using
different batches of G¥InzOg. The second weight loss occurs at temperaturé228 K and
1178 K (weight losses of 4.1 % and 5.1 %) in atrhesgs of air and nitrogen respectively
consistent with that expected for loss of oxygeomfrthese materials (4.3 %) and is
accompanied by a strong endothermic peak in the.D®€se features correspond to the
decomposition of GMn30Og. These results suggest thatKiasOg is slightly more stable in
air than in reducing atmospheres such as nitrogaonsidering our materials, x-ray
diffraction data collected for the final residueigiiie S2 in the ESI) identified the
decomposition products as CaMnénhd CaMnO, consistent with the work of Horowitt al

[15] and giving the decomposition pathways showaduoations 1 and 2 [15]

CaMn305-xH,O — CaMn30g + xH0O -(1)
CaMn303 — CaMnQ + CaMnO,4 + 120 -(2)

Recently, Mazario-Fernandezal. demonstrated the reversable transformation eM@gOs

to a cubic rocksalt-like, G&In3Os material under a highly reducing Htmosphere at ~770 K
with re-oxidation occurring at ~1070 K (undeg)@26]. Whilst it would be expected that N
does not provide a strong enough reducing enviromni@ promote the formation of
CaMn30s it may begin to explain the difference in therns#hbility observed between
reducing and oxidising environments as describeav@bConsidering related delafossite
materials, the thermal stability behaviour is braadl largely dependent on the types of
cations which occupy in th& andB-sites inABO,. For example AgMn@decomposes into
Ag and MnQO;s at a temperature of approximately 900 K [25]. $amdecomposition routes
(to a parent MgD3; and related phases) are also observed in theelhydaMnO, family of
materials and for thebow-tie' lattice MnsOg [27,28]. By far the most widely studied
delafossite family, in terms of their thermal sligjpi are the CMO, materials (wheréM is

Cr, Co, Al, Ga, Fe or Mn) [29-32]. In contrast witie data presented here, cuprates behave
differently in atmospheres of air and nitrogen [ZB}pically, CIMO, materials are stable in
atmospheres of nitrogen up to 1373 K (the tempezdimit studied) [29]. However, under
air a sharp increase in weight is observed for @G&LUC0Q, CuFeQ and CuMnQ
(beginning at temperatures between 700 K and 9@@pending on the material) as a result

of the oxidative decomposition to @O, and CuO [29-32].



In-situ variable temperature diffraction studies have bperiormed in order to further
probe the thermal stability of @dn3Og. X-ray diffraction data were collected in air beem
room temperature and 1223 K. Figure 3 shows a cmatipe plot of selected temperatures. It
is clear from these data that the,KazOs structure is reasonably robust over the whole
temperature range studied with no evidence fornméeliate phases consistent with the phase
diagram suggested by Horowigz al [15]. To investigate further the temperature depend
structural behaviour of GEIn3;Og, Rietveld refinements were performed at all terapees
using the GSAS suite of programs [33,34]. All refiments showed excellent fits to G2/m
model proposed by Ansedt al [12]. Full refinement details, refined parametersl all
refinement profiles are given in the ESTlose inspection of the lattice parameters ant cel
volume (Figure 4) show a continuous expansion ef litice parameters with increasing
temperature. Inspection of selected bond lengtlts kond angles show that whilst these
fluctuate, there is no significant change in thesdues within error with increasing
temperature (as shown in the ESI) confirming thereo significant change in the average
structure of CgVinsOgs with increasing temperatufeWe also collectedn-situ variable
temperature powder neutron data on HRPD betweerk280d 520 K, a temperature range
which covers the first weight loss regime obserwvedur thermal analysis data. As with our
X-ray diffraction data all patterns can be fittesing the sam€2/m model [12] with good
agreement observed between the data and the deltufa. Full refinement details,
parameters and profiles are given in the EBte lattice parameters and cell volume show a
small increase with increasing temperature as egge¢see figure S11 in the ESI).
Likewise, there is very little variation in eithre Mn1-O, Mn2-O3 and Ca-O bond lengths
and Mn-O-Mn bond angles as a function of tempeeafsee figures S12, S13 and S14 in the
ESI) consistent with our X-ray diffraction studiésowever, a small increase in the Mn2-O1
and Mn2-0O2 bond lengths lying in the lattibeand c directions respectively is observed
consistent with the increase in lattice paramétévimdelling the thermal expansion of the
lattice parameters (as described in the materralsnaethods section) demonstrates a volume
expansion of approximately 0.7 % as shown in the'ES

Variable temperature Raman spectra (Figurendyvano obvious changes with increasing
temperature (over the temperature range investyatensistent with the diffraction data
discussed above. We note increasing peak broadertihgncreasing temperature consistent
with increased thermal vibrations. Furthermoreséhédata are consistent with the spectra
reported by Ramirezt al. for CaMn3Og films [19]. Using the Bilbao Crystallographic
Server we have investigated the expected Ramansrimased on th€2/m crystallographic
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model [35]. This gives an expected representatiovi & 10Ay + 8A, + 8By + 13B,. This can
further be broken down into the acoustic mod&s,usic= Au + 2B, and optical moded;opiic
= 10Ay + 7A, + 8By + 11B,, respectively. A total of 15 modes can be obsemeauir spectra.

In order to further investigate the structusehaviour of CaMn;Og we collectedin-situ
powder neutron diffraction data in atmospheres athboxygen and nitrogen on HRPD
between 373 K and 773 K. Full refinement detadéined parameters and refinement profiles
are given in the ESIAs with all the data diffraction data discussedeh@n excellent fit to
the C2/m model is observed across the whole temperatugeranmdependent of atmosphere
consistent with that expected from previous stuflied. A small unindexed peak atca
spacing of approximately 2.1%5is observed in all data which arises as a resutanadium
in the sample environment. Likewise, the unusuapshof the background is as a result of
the quartz set-up necessary to be able to colkget id gas environments. A smooth increase
in the lattice parameters and cell volume with éasing temperature were observed
consistent with the X-ray and neutron diffractioatal discussed above. Due to the set-up
conditions for these experiments we were only dabolecollect data reliably above a
temperature of 373 K. Additionally there is no rellnge in either bond lengths or bond
angles within error. Interestingly, no differendetween the data collected underadd N
were observed as shown in the ESlurthermore, in the high temperature data coltecte
under N we see no evidence for the formation ohbMagOs consistent with our thermal
analysis results [26]. This leads us to conclu@g the CaVinsOg structure is indeed robust
up to at least 1173 K; unfortunately it has notrbpessible to probe these materials at the
elevated temperatures needed to probe decompositmur diffraction studies. Modelling of
the thermal expansion behaviour (as describedamthterials and methods section) results
in reasonably large estimated standard deviatiesd)(as a result of the small temperature
range studied and limited data at low temperatlitéswever, these data confirm the largely
isotropic nature of the expansion consistent with diffraction studies in air and show no
significant differences arising as a result ofeli#nt atmospheres.

Dielectric permittivity data as a function aniperature on heating and cooling were
collected using a sweep mode in order to invedighaé temperature dependent electrical
behaviour. On heating we note an anomaly in thenpvity between 373 K and 473 K
which is not evident on cooling (as shown in fig@e This is likely due to removal of
electrode polarisation effects due to space chapgeloss of water from the material
consistent with our thermal analysis data descrddmal/e. Alternatively, we cannot rule out
that these differences may arise as a result ofdtiecing environments used to prepare the
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pellets such that on heating the material is relised. As expected, we find no evidence for
any displacement driven phenomena, such as fectoelgy, in our data. Impedance
spectroscopy data were collected both on heatidgcaaling between room temperature and
675 K. Data at selected temperatures are plottdabts complex impedance and modulus
plane plots in Figure 7. These data indicate alesiagmi-circular response in both complex
impedance (Z*) and modulus (M*) plots. The time stamt and associated capacitaree 8

pF) is the same for the semi-circular arcs in tland M* indicating they are attributable
to the same electroactive region. From the magaeitwfdthe associated capacitance this is
attributed to the bulk response consistent withpiteparation of dense ceramics. There is no
evidence of a low frequency electrode spike astatiavith ionic conduction in the Z* plot,
and it is expected that the conductivity is purelgctronic. We note that whilst the semi-
circle decreases with increasing temperature ircdimeplex impedance indicating a reduction
in bulk resistance (§, there is little temperature dependence obseimethe complex
modulus data, indicating a relatively invariant kbbohpacitance over the temperature range
studied. The bulk conductivitys(= R, >) is expected to follow Arrhenius behaviour as give
by o = ayexp(—E,/kgT) wheres is the conductivitygy is the pre-exponential factdg is

the Boltzman constant, is the temperature arig, is the activation energy. Conductivity
values were extracted from the complex impedanda dad plotted as a function of
temperature on both heating and cooling. All dagéddged linear relationships of lgg as a
function of inverse temperature as shown in Figdiré¢he heating and cooling data are in
good agreement with little evidence of hysteresie do e.g. sample degradation. The
activation energy was determined to be approximaed0(1) eV which is consistent with
those reported both experimentally and computallypriar other layered transition metal
oxides [25,36-38].

4.0 Conclusions

In summary we have performed an extensive varitangerature study of @én;Og using
thermal analysis,in-situ variable temperature X-ray and neutron diffractidRaman
spectroscopy and impedance spectroscopy. Thernaffsis indicates two weight losses at
approximately 400 K and 1173 K. The first is indi¢a of the loss of absorbed water from
within the layers or on the surface of the matefitile second weight loss is attributed to the
decomposition of G#n3Og into the perovskite, CaMnQOand marokite, CaVy®, phases.

Diffraction data demonstrates that the structumelmist across the whole temperature range



studied with no change in symmetry. Thermal expangs largely isotropic within error and
almost little change in the bond lengths and bargles is observed within the limits of these
experiments. The stability of this structure mayswome part explain the difficulties in
removing C&" ions and the kinetic limitations to the redox msses reported for battery
measurements [16]. Impedance spectroscopy indidhsgsthe material is an electronic
conductor with an activation energy cd. 0.5 eV in the temperature range 400 — 700 K.
These studies provide further insight into the rttadr stability of CaMns;Og and may be
useful for understanding catalytic and battery ganfance as well as providing a platform for

doping strategies and material property optimisatio
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List of Figures

Figure 1: Schematic representation of the crystal structure of Ca,Mn3Os. The blue spheres

and polyhedra represent the manganese ion and MnOg octahedra on the Mnl

crystallographic site and the pink spheres and polyhedra represent the manganese ion and

MnQOs octahedra on the Mn2 crystallographic site. Each of the layers exhibits a

crystallographic void, the position of which alternates between the layers. The teal and red
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Figure 2: Thermal gravimetry (TG) and differential scanning calorimetry (DSC) data

collected between room temperature and 1273 K for Ca,Mn30g in atmospheres of (a) air and

Intensity (a. u.)

(b) nitrogen.
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Figure 3: Comparative plot of X-ray diffraction data collected for Ca,Mn3Og as a function of

temperature showing no appreciable change in crystal structure over the temperature range
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Figure 4: Lattice parameters (a) a and b, (b) c and beta angle and (c) cell volume as a

function of temperature extracted from the Rietveld refinement using X-ray diffraction data

collected for Ca;MnzOg. Note error bars are smaller than the symbol size.
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Figure5: Comparative plot of Raman spectra collected between 300 K and 673 K showing
no obvious change in symmetry with increasing temperature (the arrow shows increasing
temperature) with data collected at (a) 300 K, (b) 323 K, (c) 353 K, (d) 373 K, (e) 393 K, (f)
413 K, (g) 433 K, (h) 453 K, (i) 473 K, (j) 493 K, (k) 513 K, (I) 533 K, (m) 553 K, (n) 573 K,
(0) 593 K, (p) 613 K, (g) 633K, (r) 653 K and (s) 673 K.
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Figure 6: Dielectric permittivity (square symbols) andtan ¢ (solid lines) collected as a function of
frequency at 1 KHz (black), 10 KHz (red), 100 KHz (blue) and IMHz (pink) for Ca,Mn;Og 0N (&)
heating and (b) cooling.
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Figure 7: Variable temperature impedance spectroscopy data for Ca,MnzOg on both heating
and cooling plotted in the complex impedance, Z*, (a and b) and complex modulus, M*, (c

and d) planes.
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Figure 8: Arrhenius plots of bulk conductivity vs. reciprocal temperature on heating (red

circles) and cooling (blue triangles).
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Highlights
Recently we have pioneered the synthesis of highitgusingle phase GBIn3Og. This has
allowed us to;

1. Perform the first variable temperature in-situ pewdeutron and x-ray diffraction
studies of Ca@vnzOg in different atmospheres, allowing us to show ttrermal
expansion, unusually for a layered material, igdér isotropic.

2. Report complementary variable temperature Ramactrgiseopy studies.

3. Using Spark Plasma Sintering (SPS) we have beentalgrepare high density pellets
allowing us to show that GlIn3Og is an electronic conductor in the range ~400 — 700

K with an activation energy of 0.5@.01 eV.
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