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»<Das wobei unsere Berechnungen versagen, nennen wir Zufall“
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Abstract

Perovskite materials (ABX3) reveal a surprisingly large variety of technologically interesting, highly
advanced properties for application in solar cells, spin-optoelectronics or magnetic field sensors. In
particular, perovskite-type oxynitrides AB(O,N)3 are a well-known class of materials for visible light-
driven applications and as inorganic pigments. In the last few decades, their range of applications e.g.
in solar water splitting (SWS) have been expanded by the discovery of a great number of before
unknown materials. However, the formation of such high-applicable materials was not totally clarified
and with it the targeted tuning of their physical properties. To tailor the physical properties in
perovskite-type oxynitrides substitutions on the A- and B-site are common, whereas the anionic site
(X-site) is less explored.

In the first part of the cumulative dissertation, the formation processes of LaTaVO;N and LaTaVON;
from the respective oxide precursors were elucidated. Additionally, the desired oxidation state of Ta and
the nitrogen content in the compounds was adjusted. This opened up new perspectives for the
understanding of the ammonolysis process in general, which is used for the formation of perovskite-
type oxynitrides from oxide precursors. The here synthesized perovskite-type oxynitrides are
promising for light-driven applications because of their measured optical bandgap and low optically
active defect concentration. Additionally, the range of potentially suited candidates is expanded by
degenerated semiconducting oxynitrides.

In the second part, in addition to the nitrogen content and the oxidation state of Ta in Lai—xYxTaVO2N
(x=0,0.1,0.25, 0.3, and 1.0) the cationic ratio between Y3+ and La3+ (A-site substitution) was modified.
This resulted in controlled physical properties such as an adjusted optical and effective band gap size
and a significant charge carrier transport rate. These are important features for SWS and the
orthorhombic strain is added to the key descriptors for the band gap size in perovskite-type
oxynitrides.

In the third part, instead of an A-site substitution a B-site substitution of Taz* for Co?* in LaTa(O,N)3
was applied. This led to the previously unknown perovskite-type oxynitrides LaTa1-xCox(O,N)3-s (x =
0.01, 0.03, and 0.05). The material exhibited a ferromagnetic order with a Curie temperature exceeding
600 K. The synthesized material corresponds - to the best of one’s knowledge - to the first diluted
ferromagnetic semiconducting perovskite-type oxynitride. Hence, by substitution of a tiny amount of
magnetic B-site cations (< 1 at%) in the pristine diamagnetic LaTa(O,N)3 physical properties such as
ferromagnetism can be tuned.

In the fourth part, through a targeted B-site substitution in LagsCao.4Co1-xFexO3-5 (x =0, 0.3, 0.5, 0.7, 1)
physical properties such as CO2 adsorption abilities, oxygen permeability, and electrical conductivity
were tuned. These are - amongst other features - important for the application in carbon capture and
utilization. The variation of the Fe/Co ratio led to an improvement of the measured oxygen permeation
flux. Furthermore, conducted DFT calculations opened up the possibility to determine the effect of the
Fe/Co ratio on the oxygen migration behavior and formation energy of the found oxygen vacancies.

The results shown in this thesis can be used to synthesize further targeted perovskite-type oxynitrides
and oxides exhibiting advanced physical properties for future applications.







Zusammenfassung

Perowskitmaterialien (ABX3) weisen eine iiberraschend grofie Vielfalt an technologisch interessanten,
hochentwickelten Eigenschaften fiir die Anwendung in Solarzellen, in Spin-Optoelektronik oder als
Magnetfeldsensoren auf. Insbesondere perowskitartige Oxynitride AB(O,N)3 sind eine bekannte
Materialklasse fiir Anwendungen unter Nutzung von sichtbarem Licht und als anorganische Pigmente.
In den letzten Jahrzehnten wurde eine Vielzahl an perowskitartigen Materialien mit
vielversprechenden, physikalischen Eigenschaften entdeckt und ihr Anwendungsspektrum z.B. in der
solaren Wasserspaltung (SWS) erweitert. Allerdings war die Bildung solcher vielseitig, einsetzbaren
Materialien und damit die gezielte Modifizierung ihrer physikalischen Eigenschaften nicht vollstandig
geklart. Um die physikalischen Eigenschaften in perowskitartigen Oxynitriden anzupassen, sind
Substitutionen der A- und B-Seite der Materialien tblich. Im Gegensatz dazu ist die Substitution der
anionischen Seite (X-Seite) deutlich weniger gut untersucht.

Im ersten Teil der kumulativen Dissertation wurden die Bildungsprozesse von LaTaVO;N und von
LaTaVON; aus den jeweiligen Oxidprdkursoren aufgekldrt. Zusatzlich wurden der angestrebte
Oxidationszustand von Ta und der Stickstoffgehalt in den Verbindungen angepasst. Dies erdffnete
neue Perspektiven zum Verstdndnis des Ammonolyseprozesses im Allgemeinen, der zur Bildung von
perowskitartigen Oxynitriden aus Oxidprdkursoren verwendet wird. Zusatzlich sind die hier
synthetisierten perowskitartigen Oxynitride vielversprechend fiir Anwendungen im sichtbaren Licht
durch ihre gemessene, optische Bandliicke und geringe, optisch aktive Defektkonzentration. Zusatzlich
wurde die Liste der potentiell geeigneten Kandidaten um entartete, halbleitende Oxynitride erweitert.

Im zweiten Teil wurde zusdtzlich zum Stickstoffgehalt und den Oxidationsstufen von Ta in
LaixYxTalVO2N (x = 0, 0,1, 0,25, 0,3 und 1,0) das kationische Verhaltnis zwischen Y3+ und La3*+ (4-
Seitensubstitution) angepasst. Dies ermoglichte kontrollierte, physikalische Eigenschaften wie der
angepassten  optischen und effektiven = Bandliickengréfe und einer  signifikanten
Ladungstragertransportrate, welche wichtige Eigenschaften fiir die SWS sind. Hierbei wurde die
orthorhombische Verzerrung als wichtige Stellschraube zum Einstellen der Bandliicke identifiziert
und implementiert.

Im dritten Teil wurde anstelle einer A-Seitensubstitution eine B-Seitensubstitution von Taz* mit Coz*
in LaTa(O,N)3 vorgenommen. Dies fithrte zu dem zuvor unbekannten perowskitartigen Oxynitrid
LaTai-xCox(O,N)3-s (x = 0,01, 0,03 und 0,05). Das Material weist eine ferromagnetische Ordnung mit
einer Curie-Temperatur auf, die 600 K {ibersteigt. Das synthetisierte Material entspricht - nach bestem
Wissen und Gewissen - dem ersten verdiinnten, ferromagnetischen, halbleitenden, perowskitartigen
Oxynitrid. Durch Substitution einer winzigen Menge von magnetischen B-Seitenkationen (< 1 at%) im
reinen, diamagnetischen LaTa(O,N); konnen daher physikalische Eigenschaften wie der
Ferromagnetismus eingestellt werden.

Im vierten Teil wurden durch eine zielgerichtete B-Seitensubstitution in LagsCao.4Co1-xFexO3-s (x =0,
0,3, 0,5, 0,7, 1) die physikalischen Eigenschaften wie die CO, Adsorptionseigenschaften, Sauerstoff-
Permeabilitit und elektrische Leitfahigkeit modifiziert. Diese Eigenschaften unter vielen anderen sind
wichtig fiir die Anwendung bei der CO2-Abscheidung und -nutzung. Die Variation des Fe/Co-
Verhaltnisses fithrte zu einer Verbesserung der gemessenen Sauerstoff-Permeation. Des Weiteren
eroffneten durchgefiihrte DFT-Berechnungen die Moglichkeit den Effekt des Fe/Co-Verhdltnisses auf
das Migrationsverhalten des Sauerstoffs und die Bildungsenergie der entdeckten Sauerstoffleerstellen
zu bestimmen.

Die in dieser Arbeit gezeigten Ergebnisse konnen genutzt werden, um weitere perowskitartige
Oxynitride und Oxide gezielt zu synthetisieren, die zukunftsweisende, physikalische Eigenschaften fiir
zukiinftige Anwendungen aufweisen.
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4.Introduction

Perovskites (general composition: ABX3, where A and B represent two different cations and X an anion)
are an emerging class of materials that gained great interest the last few decades. Their extraordinary
flexibility in cationic (4- and B-site) and anionic (X-site) substitution leads to a huge number of
different perovskites making them suitable for many applications.l!l As examples, the application of
hybrid halide perovskites in solar cells[?], perovskite oxides as ferroelectrics[?], and magnetic field
sensors[4l are named. Recently, the possible application for organic-inorganic hybrid perovskites in
spin-optoelectronic devicesl>! was added. Additionally, perovskites seem to be a natural choice also for
hydrogen production by solar water splitting as the well-known structure in close conjunction to the
huge variety of possible materials opens up a large field of highly interesting applications for
perovskite-type materials. However, if a semiconductor for (solar) light-driven applications where a
bandgap between 1 eV and 3 eV is needed, perovskite-type oxides are largely lacking.[®] This is owed
to the limited bandgap adjustment of perovskite-type oxides by isovalent or heterovalent A- and/or B-
site substitution where the X-site is not taken into account. If the anionic or X-site substitution is taken
into account an additional parameter to adjust further the bandgap size and its’ positions can be
obtained. This can lead to perovskite-type oxynitrides where the oxygen is partially substituted for
nitrogen. By partial X-site substitution not only the electronic bandgap size and band positions can be
tuned, also the crystallite size, structural stability, and the separation and migration of charge carriers
and, hence, the physical properties.[’-9! In Figure 1 a scheme of the changed band positions originating
from nitrogen substitution in a typical perovskite-type oxynitride is drawn. Further explanation is
given in chapter 5.2.2.
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Figure 1. Scheme of band structure in a perovskite-type oxynitride. As example, the band
structure of a typical perovskite-type oxynitride containing a d’-type transition metal is shown. The
scheme is drawn after ref. [10].

Because of the much higher variety in bandgap size and band positions, the class of perovskite-type
oxynitrides (AB(0,N)3), where oxygen is existing besides nitrogen on the X-site, are of special scientific
interest. Their physical properties are very promising for future applications in the field of renewable
energies (e.g. hydrogen production) or as Cd-free yellow-red pigments (e.g. Cai-xLaxTa02-xN14).[811-14]
Furthermore, perovskite-type oxynitrides can be used as memristors (e.g. SrTiOs3N,[!5]), as
thermoelectrics (eg. EuTi(O,N)3lt6l), as dielectrics (eg. SrTaO;N[7), and for colossal
magnetoresistance (e.g. EuMO3_xN,[18] with M = Nb, Ta, W). In the field of renewable energies, their
suitability as photoanodes for solar water splitting (SWS) stands out in particular. [819-24 By optimizing
the parameters for synthesis, adding co-catalysts or by substituting on the A-, B-, and X-site and




fabricating nanocomposites, effective separation and migration of photogenerated carriers can be
achieved.[25] However, for this kind of application many criteria are needed to be taken care of. For
example, the suitable bandgap size and energetic band positions are crucial to evolve hydrogen or
oxygen during the water splitting process with highest efficiencies.[26] How the bandgap size and band
positions influence the suitability for the water splitting process is described further in chapter 5.2.2.
In addition to the fitting bandgap sizes and energetic band positions, it was predicted that perovskite-
type oxynitrides with a certain structural instability have the best criteria to split water.[89.2¢] Besides
LaTaON[?7], one of the most promising candidates is YTaON,[2¢l. According to Li et al[?8], this
compound is located at the border of the structural stability field for perovskites. This prediction
opened up a new research field in developing before unknown, structurally labile perovskite-type
oxynitrides in order to enhance SWS efficiencies.

In chapter 6 it is shown, that by X-site substitution the optically active defect concentration and
oxidation state of the B-site cation in LaTa(O,N)3z can be tuned. The original motivation of this work
was the prediction by Li et al.[28], It stated the possible existence of not yet synthesized perovskite-type
oxynitrides such as LaTalVO;N or YTa(O,N)s.[28] Chapter 6 describes the microstructure-controlled
synthesis of the theoretically predicted(?8] perovskite-type oxynitride LaTalVON. By tailoring the oxide
precursors’ microstructure and an adjusted ammonia concentration during ammonolysis, the nitrogen
content (X-site substitution) and the oxidation state of Ta (from 5+ to 4+) have been controlled. Hence,
the formation of LaTalVO;N and LaTaVON; (topotactic case) from different oxide precursors could be
elucidated. In the past, the formation of perovskite-type oxynitrides by ammonolyzing crystalline
oxide precursors (topotactic case) was mostly clarified.[29] In contrary, the results shown in this
chapter allowed a general understanding in the formation of perovskite-type oxynitrides from
nanocrystalline/amorphous oxides in particular and provided a deeper insight in understanding the
topotactic case. In addition, the results allow new perspectives in synthesizing further perovskite-type
oxynitrides with promising physical properties such as a low optically active defect concentration and
suitable bandgap size for light-driven applications.

Until now, often perovskite-type oxynitrides containing transition metal ions on the B-site exhibiting
a ddorad!0 electronic configuration are identified as suitable candidates for solar water splitting. (1230~
36] By using e.g. a d! electronic configuration for the transition metal B-site cation in perovskite-type
oxynitrides, donor levels close to the conduction band could be formed. For example, reduced Ta
species in TaVON[B7:38] or in LaTaVON,[33] were leading to a fast charge carrier recombination rate and
with it to a poor SWS efficiency. However, until now the question remains how e.g. a Ta*+-only material
is behaving physically and chemically which exhibits just reduced Ta species according to the classical
assumption33l, In chapter 7 amongst other materials, the in chapter 6 described Ta*+-only material
LaTalVO;N is further investigated with respect to its crystal structure and induced photophysical
properties.

Additionally, chapter 7 is a follow-up work of chapter 6 and contains the investigation of the physical
properties of the before unknown perovskite-type Lai«xYxTalVO2N (x = 0.1, 0.25, and 0.3) and the
respective synthesis. Because of the small ionic radius of Y3+, YTa(O,N); is a very instable perovskite-
type oxynitride and, therefore, challenging to synthesize - especially in the bulk. In this chapter, the
chosen synthesis pathway in order to understand the formability of YTa(O,N)3 was to begin with a
well-known perovskite-type oxynitride e.g. LaTaVON3, and to start a partial A-site substitution by Y3+
for La3+. This applied gradual substitution allowed indeed a deeper understanding in the formation of
YTa(O,N)3 and of the perovskite-type oxynitrides La;xYxTaVO;N with x = 0.1, 0.25, and 0.3. The
variation of the Y content allows to manipulate the orthorhombic strain being an important parameter
to adjust the band gap size. In literature the influence of (orthorhombic) strain is only seldomly
considered mainly using theoretical methods[39], while experimental verification is typically lacking.
For the possible suitability for SWS several characterization methods and DFT calculations were
applied. It could be shown that partial Y-substitution enlarges the charge carrier transport rate, which
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is an important factor for SWS. Moreover, reduced B-site cations such as Ta** have a significantly
weaker impact on the photovoltage and the charge carrier recombination rate than classically
assumed. Hence, by applying a targeted X- and A-site substitution, physical properties for light-driven
applications of Lai_,YxTalVO;N (x = 0, 0.1, 0.25, and 0.3) were adjusted.

The large variety of perovskite-type oxynitrides that can be synthesized shows the potential for
expanding the possible applications of such materials beyond already known ones[8.1219-244041] {Jntil
now, in the class of perovskite materials, only perovskite oxides are known as magnetic field sensors
or as magneto-optical data storage devices.[*4Z] This leads to the question if perovskite-type
oxynitrides can exhibit also the desired physical properties for this kind of applications. Therefore, the
magnetic properties and with it the Curie temperature (7¢) have to be modified. A fitting of the
required physical properties can be achieved by adjusting the composition with A-, B-, and X-site
substitution in the perovskite-type materials.[829] In the past, one special theory to adjust the T¢ was
reported: Tomasz Dietl and co-workers predicted the possibility to obtain room temperature (RT)
ferromagnetism (FM) in diluted magnetic semiconductors (DMS) via introduction of a defined
concentration of magnetic ions and/or holes in a materials’ matrix.[#3] This theory opened up a strong
research field in the magnetism community to find a material exhibiting such a desired RT-FM,
because, RT-FM DMS systems promise a great advance in spintronics’ development.[*4l However, until
now - to the best of one’s knowledge - no sizable room temperature ferromagnetism in diluted
magnetic semiconductors could be realized.[*5] After revealing for defect-ridden ZnO a ferromagnetism
deriving from off-stoichiometric grain boundaries(*6-48] the whole scientific field was fallen into
oblivion.

Since, A- and X-site substitutions in the materials’ matrix of LaTa(O,N)3 can adjust the physical
properties for light-driven applications (chapters 6-7), B-site substitutions with magnetic ions such as
Coz* may adjust its magnetic properties. In chapter 8 the perovskite-type oxynitrides LaTa1-xCox(O,N)s-
s (x=0.01, 0.03, 0.05) were synthesized by applying Co-substitution in LaTa(O,N)s. This was leading
to a significant ferromagnetic ordering in the materials with a T¢ exceeding 600 K (T¢ = RT) and, hence,
to a detailed structural and magnetic investigation. The synthesized materials correspond - to the best
of one’s knowledge - to the first semiconducting diluted ferromagnetic perovskite-type oxynitrides
and may resurrect the scientific field for DMS which had fallen out of favor. This before unknown
physical property of a perovskite-type oxynitride promises to expand the number of possible
applications for this materials class in the field of spintronics.

As mentioned above, hydrogen production and storage is very important in the field of renewable
energies.[*9-51] Because, hydrogen is seen as a key player in order to reduce carbon dioxide emission
and climate change.[59 It can be used in manifold ways e.g. as a renewable energy source substituting
electricity, as fuel, and as production chemical for organic chemistry.[5052531 Additionally, hydrogen
can help to avoid heavily CO2-containing air which is produced by the steel industry.[54 Currently, the
major disadvantage of hydrogen-based technologies is the preferred production of so called “grey
hydrogen” - according to the German National Hydrogen Strategy - from steam reforming which is
accompanied by significant CO; emissions.[551 To overcome this set of problems and to replace methane
steam reforming, several electrolysis-based technological approaches are in discussion.[50515456] The
alkaline water electrolysis is the most mature technology.[57.581 However, its’ application and upscaling
is currently limited, as the demand for the required relatively large quantities of precious metals
(oxides) already exceeds the available resources resulting in high production costs.[57.581 Therefore, the
proton exchange membrane-based electrolysis which is running under acidic conditions was moving
in the focus of the scientific community.[>°! It also enables higher operation pressures>° and thus has
the potential to reduce operating costs for subsequent hydrogen storage. However, the current issue
by using a precious metal as a catalyst - here platinum group or precious metals - still remains.[5%:60]
Further approaches revealed lately the high-temperature solid-state electrolysis of steam - basically a
reverse mode operation of a solid-state fuel cell - as the latest technology in the field of electrolysis.[61]
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Here, the so-called mixed ionic electronic conducting (MIEC) perovskite-type oxides moved closer into
the scientific focus.[62]

In order to reduce CO; in the atmosphere, oxygen-containing perovskites such as LagsCa.4Coo.sFeq.203-
s163-651 or SrFeosNbo203-5¢] were found to be suitable as MIEC oxygen transporting membranes
exhibiting a high oxygen permeation and CO»[%] tolerance for carbon capture and utilization (CCU)[65]
- an additional application in the field of energy conversion reducing CO; in air. To achieve the desired
physical behavior and with it the functional performance, cationic substitution in perovskite-type
oxides ABO3 has been proven to be useful for selected oxynitrides AB(O,N)s as well, in particular by a
targeted B-site substitution. As many functional oxide materials contain the critical element Co (eg.
LixCo02[67] in lithium ion batteries or (Ba,Sr)Coo.gFe203-516468] in oxygen transporting membranes) a
targeted B-site substitution is interesting not only to improve functional performance, but also
material's sustainability. Hence, well-known perovskite-type oxides such as LagsCao4+CoogFeo203-563-
65] could be a promising candidate for a B-site substitution with Fez*. In chapter 9 by a partial
substitution of Co for Fe in LapsCap.4Co1-xFex03-5 the oxygen migration behavior could be positively
influenced. The resulted measured oxygen permeation flux was three times higher than reported in
literature and demonstrated that Lap.¢Cag4Co1-xFexO3-5 is a promising candidate for high-temperature
oxygen separation applications.

To conclude, by a targeted A-, B-, and X-site substitution in LaTa(O,N)3 it is possible to tailor important
physical properties. While A- and X-site substitutions lead to an adjustment of the properties for light-
driven applications, a specific B-site substitution with a tiny amount of magnetic ions (<1 at%) leads
to before unknown and highly interesting ferromagnetic properties. Whereas a targeted B-site
substitution in LagsCap4Co1-xFex03-5 leads to an adjusted CO: tolerance and total conductivity as
important parameters in oxygen transporting membranes. Therefore, the in this thesis shown results
can be used to develop further promising perovskite-type oxynitride family members with advanced
physical properties and for an improvement of already known perovskite-type oxides.
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5.Fundamentals

In the following chapter 5, specific fundamentals are treated to grant a deeper understanding of the
chapters 6-9. For example, the crystal structure, electronic structure, and synthesis of perovskite-type
oxynitrides - particularly of LaTa(O,N)3; and of YTa(O,N)3 - are described. For further basic theory,
reference is made to the relevant textbook literature.

5.1. Crystal structures

5.1.1.Perovskite-type oxynitrides

The composition of perovskite-type oxynitrides is described as AB(O,N)3; where A and B represent two
different cations on two different crystallographic positions. On the anionic site, nitrogen and oxygen
are sharing the same crystallographic positions[1569 with the coordination number (CN) of CN = 2. The
cation, which is located on the A-site, normally exhibits a relatively large ionic radius (e.g. Ca2*, Sr2+,
Ba2+, and La3+)[8112629.70] with a nominal charge of either 2+ or 3+ and a CN = 12011, Typical A-site
cations correspond to the alkali, alkaline earth, and rare earth elements.[!] In contrast to the “A-site
cation” the cation, that is located on the B-site corresponds to the transition metals(ll. It exhibits a
smaller ionic radius with a higher charge such as 3+ or 5+ (e.g. Ti3+ and Ta5+)[89.26:40]. The B-site cation
is 6-fold coordinated by anions in an octahedral environment.[70] In Figure 2 as an example of a crystal
structure of a perovskite-type oxynitride, LaTaON; is shown.

4

Figure 2. Section of crystal structure of a perovskite-type oxynitride. As example, the perovskite-
type oxynitride LaTaON; in the orthorhombic space group type Immal171] is shown. The large green
ions represent the A-site cations, here, La3* whereas the black ions represent the B-site cations, here,
Ta>+. The purple/white ions represent the anions with statistical distribution of %5 of nitrogen (white)
and % of oxygen (purple) according to the anionic composition of LaTaON3.

The extraordinary flexibility of the perovskite structure is leading by cationic (4- and B-site
substitutions) and/or anionic substitutions (X-site substitutions) to a large variety of different
perovskite-type materials.[815456469,7273] By using these ionic substitutions the crystallographic
strainl®l and octahedral distortion can be changed, which are affecting the resulting materials’
properties. In addition to the octahedral distortion, different symmetries are obtained by ionic
substitutions: Perovskite-type oxynitrides often crystallize e.g. in orthorhombic or cubic space group
types.[1826] Which symmetry is the most stable one for a certain perovskite-type oxynitride is related
to the structural stability, which is explained in chapter 5.1.3.
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5.1.2.Lanthanum tantalates and yttrium tantalates

Lanthanum tantalum oxides (LaxTa;0,) crystallize in many symmetries such as in orthorhombic or
monoclinic ones (Figure 3a). For example, lanthanum tantalate (LaTaO4) - with the general
composition of ABXs - can crystallize in an orthorhombic space group type (e.g. A2iamlU’4) or in a
monoclinic one (P21/cl7]).

a

orthorhombic

0 20 40 60 80 100
La®* (mol%)

Figure 3. Phase diagram and section of the crystal structure of LaTaO4 crystallized in A21am. a,
Ternary phase diagram of lanthanum tantalum oxides. To collect the crystal symmetry and
composition data the ICSD database of the FIZ Karlsruhel76] was used. b, Section of the crystal structure
of lanthanum tantalate. The green ions represent lanthanum, the black ions represent tantalum and
the purple ions represent oxygen. The black lines represent the unit cell.

In this work, monoclinic LaTa04 (P21/c) was used as oxide precursor to synthesize the perovskite-type
oxynitride LaTaON; (chapter 6). Therefore, in the following the crystal structure of LaTa04 is treated
in general. For LaTaO4 several polymorphs are existing.[77-791 These polymorphs are temperature-
dependent.[79 At temperatures between ~200 °Cl74 and 1300 °C[7578] orthorhombic space group types
such as Pbca, Cmc21[7779] or A21aml74] are favored. Above 1300 °C[7>78] and below ~200 °C[’4 LaTaO4
crystallizes in a monoclinic space group type (P21/c). If crystallizing in the orthorhombic space group
types, the A-site cation (La3+) is 8-fold coordinated by oxygen ions (X-site ions).[74 In contrary, the B-
site cation (Ta5*) is 6-fold coordinated by oxygen ions in an octahedral environment (Figure 3b).[8%] In
the monoclinic space group type of LaTaO4, the coordination number of Ta>* remains equal. The
coordination number of La3* increases from 8 to 9 by conversion into the monoclinic structure
type.l74#791 However, both structure types (monoclinic and orthorhombic) can be regarded as derived
from an aristotype phase (e.g. with space group type Cmcm) through octahedral tilting.[’8] The
octahedra of the orthorhombic phase tilt along the a-axis in-plane, whereas the octahedra of the
monoclinic phase tilt along the c-axis out-of-plane.[78] In contrast to LaTaOs, yttrium tantalate (YTaO4)
can crystallize in monoclinic structure types such as [21/a, P21/a or tetragonal ones.[8182] In the
monoclinic structure type, Y3+ is 8-fold coordinated by oxygen ions and Ta>* 6-fold coordinated in an
octahedral environment.[82] By A-site substitutions in LaTaO4 with Y3+ for La3* the crystal structure can
be changed from P21/c to P21/al8), since, the effective ionic radii of both ions differ from each other.
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5.1.3.Structural stability of perovskite-type oxynitrides

The structural instability of perovskites can be described by the tolerance factor t[28], which is an
extension of the Goldschmidt’s tolerance factor(®3! (¢t) and given in equation (1) for the composition
ABO3 as:

T+ 10

. T @

Where ry is the effective ionic radius of the A-site cation, r is the effective ionic radius of the B-site
cation, and ro is the effective ionic radius of the oxygen anion. The effective ionic radii can be derived
e.g. from Shannon.[84 In the case of ABO:N, the tolerance factor can be estimated by the following
equation (2) where the effective ionic radius ry of the nitrogen is coming into account:

[(ra + 10)8 (ry + Ty)*]1/12

= 2
V2[(rp +10)*(rg + 1y)2]*/° @
If the composition ABON; is the case, equation (3) has to be used:
[(ra + 10)* (ry + 1) 8]/ 12 3)

" V2Ll + 1) + )10

The stated equations (2) and (3) are reported in ref. [28] by Li et al. and were used to determine if an
oxynitride phase can exist in the perovskite structure. The stability field for the perovskite structure
of oxynitrides depends on the size of A-site and B-site cations and the composition of the anionic site
(O : N ratio). The stability field for perovskite-type oxynitrides is according to literature in the range
of 0.87794 = t < 1.03807 by using the effective ionic radii reported by Shannon.[?884] However, the t
values and the stability range vary on the applied model.[?885] In the stated prediction[?8] several
perovskite-type oxynitride phases are not yet synthesized, but should be synthesizable in general. For
example YTaON_, which was predicted to be suitable for one-photon water splitting by Castelli et al.[26],
has the tolerance factor t = 0.912 and is not yet synthesized. In Figure 4 - as an example - the respective
tolerance factors for partially Y-substituted LaTa(O,N)3 are shown and reveal the increasing structural
instability as a perovskite phase by increasing yttrium content.

0.50

0.48

rg/ry

0.46 4 YTaONﬁe\"A’ |_aTaO|\|2

0.44

0.42

0.40

T T
0.84 0.88 0.92 0.96 1.00 1.04
tolerance factor t

Figure 4. Stability field of the perovskite structure for oxynitrides. The borders of the perovskite
structure (dashed blue line) and the tolerance factors t (green and purple stars) are calculated as
described in ref. [28]. It is shown, that the structural stability from LaTa(O,N)3z is decreasing by
increasing Y-substitution to YTa(O,N)s.
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5.2. Physical properties

5.2.1.The electronic structure

In the following, the electronic structure of perovskite oxides (ABO3) containing d° transition metal
(M) ions as B-site cations is described. In perovskite oxides the valence band maximum (VBM) is
formed by non-bonding[!l O 2p orbitals (Figure 5).

-» -»

E E

AB(O,N),

Figure 5. Schematic electronic band diagram. On the left-hand side the schematic bandgaps of ABO3
and on the right-hand side of AB(O,N)3 are shown. Additionally, the crystal structure of an ideal cubic
perovskite oxide and the crystal structure of a perovskite-type oxynitride are shown, where the
octahedra are distorted because of nitrogen substitution.

The O 2p orbitals are non-bonding because they are not hybridized with the d-orbitals of the B-site
cation. In contrast, the conduction band minimum (CBM) is formed by the empty dt,, orbitals of M (B-
site cation).[186] These orbitals are antibonding because of their m* interactions with the O 2p
orbitals.[86] The electronic bandgap (Ey) is defined as the energy difference between the VBM and CBM
and is typically large for insulating perovskite oxides such as SrTiOs[! (E; = 3.40 eV(87]). The electronic
structure can be modified by substitutions of ions in the materials matrix’ leading to structural
distortions (e.g. changes in bond lengths and bond angles).[88 For example, by substituting a B-site
cation with a more electronegative one, the covalency of the B-0 bond increases.['%] Besides, the B-0
bond length decreases. This leads to an expansion of the electron cloud (nephelauxetic effect[8%1) and,
hence, to an increasing width of the conduction band (CB). Additionally, the B-site cation shifts its’
energetic position closer to the valence band (VB) and near the Fermi level.[88] In cubic perovskite
oxides the B-0-B bond angles with 180° have the strongest orbital overlap.['l Hence, by changing the
B-0-B bond angles through B-site substitutions from 180°, the orbital overlaps between the B-site
cation and oxygen on the X-site are reduced.[89-91] A weaker orbital overlap is observed and, therewith,
a narrowing of the CB (d-states).[89-91]

Additionally, the X-site substitution has an impact on the electronic structure of perovskites. By
substitution of oxygen for nitrogen on the X-site the electronic bandgap narrows in the resulting
perovskite-type oxynitride AB(O,N)3 (Figure 5). The decrease of the bandgap size can be explained by
the lower electronegativity y of N () = 3.04) in comparison to O (x = 3.44) leading to a higher covalency
in the B-N bond.[*9 Hence, the width of the CB increases and the electronic bandgap size decreases.
Supplementary, the lower electronegativity of N locates the N 2p orbitals energetically above the O 2p
orbitals(88] (Figure 5). This shifts the VBM to higher energies leading to a narrowing of the electronic
bandgap. However, in some perovskite-type materials the band gap size is increasing by substituting
oxygen for nitrogen: e.g. from EuTiO3 to EuTi(O,N)3:5.[16] This originates by two effects in the material:
first, the resulting Eu3+ ion in EuTi(O,N)s:s is leading to structural distortions and, second, the 4f
orbitals in the material are shifting through nitrogen substitution.[1¢! Furthermore, for metallic SrMo0O3
a band gap widening by nitrogen substitution to semiconducting SrMo(O,N)3 is observed.[9293I
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Therefore, the electronic structure can be additionally adjusted by the variation of the O : N ratio in
perovskite-type oxynitrides. In contrast to the B-X interactions, the A-X interactions seem to have a
minor impact on the electronic structure of perovskites.[281 However, in special cases they can lead to
an energy lowering of the VB and formation of partially occupied antibonding bands.[*]

5.2.2.Role of the electronic structure for SWS

The suitable bandgap size and energetic positions of the electronic bands are crucial for light-driven
applications. Castelli et al.[?¢] predicted by computational theory the suitability of cubic perovskite-
type oxynitrides for one-photon water splitting in correlation with their bandgap size and energetic
band positions. This is understandable, since the water redox potential with +1.23 eV versus normal
hydrogen electrode (NHE) at pH = 0 is well-defined[4]. Therefore, the energetic level potentials of the
electronic bands have to fit in respect to the water redox potential. In Figure 6 schematic band
diagrams with two different cases are shown.

V vs. NHE (eV) V vs. NHE (eV)
pH=0 pH=0

s H,0 s {E, H,0

L o S I MR [ p—— 44 D3 Jusssannnnnduaninsannafasnnan

B *v0 oo | %0,
p 2

v

Figure 6. Schematic band diagram. On the left-hand side schematic band diagram of a
semiconducting perovskite with energetically well-positioned CBM and VBM in respect to the water
redox potential. By photoexcitation of an electron from the VBM into the CBM the band positions and
bandgap size are fitting well for splitting water into hydrogen and oxygen. On the right-hand side
neither the bandgap size nor the energetic band positions are fitting for solar water splitting.

On the left-hand side, the electronic band positions of CBM, VBM, and bandgap size are fitting
energetically for the water splitting process. On the right-hand side, neither the electronic band
positions nor the bandgap size are fitting energetically leading to an inhibition of the redox reaction.

Several features can influence if the bandgap size and band positions are fitting for the SWS reaction:
e.g. Lohaus et al.[%] found existing polaron states shrinking the band gap size from 2.2 eV to 1.75 eV in
hematite which should be originally suitable for water splitting reactions. Hence, the CBM is shifting
about 0.4 eV below the hydrogen potential leading to a poor efficiency for hydrogen evolution.[®]
Another influence to the efficiency of a perovskite-type material for SWS can originate from octahedral
distortion (cf. chapter 5.2.1) or octahedral strainl® and O/N ordering3° which can influence the
bandgap size and the positions of CBM and VBM. In chapter 7 (and ref. [8]) the decrease of
orthorhombic strain in Lai_YxTaO2N leads to a widening of the bandgap from 1.90 eV to 1.96 eV by
increasing Y content. Additionally, the O : N ratio can play a role: in chapter 6 (and ref. [19]) itis shown
that the bandgap size decreases from 1.9 eV to 1.8 eV by increasing nitrogen content from LaTaO;N to
LaTaONj3. Further, recombination centers(8 and defects (as stated above polarons in hematite[®3]) can
influence the bandgap size. The recombination centers are leading to a poor photocatalytic activity e.g.
for BaNbO;N[¢], BaTa0;N[°7], and BasNbs_,Tax015[%8l.
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5.2.3.Magnetism in perovskite-type materials

The magnetism in perovskites is closely related to localized d-electrons.[!] In the following, the
magnetism in perovskite oxides is discussed: Amongst others, at low temperatures (LT) localized and
ordered electron spins in perovskite oxides can lead either to ferromagnetism (FM) or
antiferromagnetism (AFM).[¢l A typical LT-FM perovskite oxide is YTi03[°%, whereas, typical LT-AFM
perovskite oxides are LaMnO3[100], LaVOQ3[101] or LaFeO3l100]. At high temperatures (HT) the localized
electron spins are normally disordered, resulting in paramagnetism (PM).[¢l The magnetic behavior in
perovskite oxides is mainly described by structural distortions originating by introduced “Jahn Teller
ions” (orbital degenerated ions).[6102] These structural distortions can lead to a symmetry lowering,
besides a crystal field splitting.[%1092] By a crystal field splitting in an octahedral ligand field, the five
degenerated d-orbitals of a transition metal ion (e.g. Co%*, d7 configuration) split into a threefold-
degenerated level (tz;) and a two-fold degenerated level (eg) (Figure 7).[102103]

—y -y
dzz dxz, 2 e 0
A . dzz dzz
g e e T ——
Fo g
Free ion L
LS-Co?* (3d7) = . dyz dyy dyz dyz
tzg e,
Octahedral Jahn Teller
cryst.al.field distortion HS-Co?* (3d7)
splitting (axial direction)

Figure 7. Octahedral crystal field splitting. The scheme of the octahedral crystal field splitting on
the left-hand side is drawn after references [1102104105] [n the middle, the octahedral axial stretching
because of Jahn Teller distortion of a six-fold coordinated Jahn Teller ion (LS-Co2+) in an octahedral
ligand field is shown. On the right-hand side the HS-Co?* configuration with its’ three unpaired
electrons is shown.

The degenerated t2; and eg levels can be filled up with electrons by applying the Hund’s rules. [1,102,103]
In comparison to free ions, the energy levels between the different electronic configurations in
perovskites are not that widely separated.[l] Consequently, this results in Coulomb interactions, and
accordingly to octahedral distortions such as octahedral axial stretching (filled d,. orbitals, see Figure
7) or axial compression (filled d,2_,2 orbitals).1102] This effect is called the Jahn Teller effect.l1% In

Figure 7, Co?* in the so-called low spin (LS) configuration is shown. Because, the tetragonal distortion
of the octahedron provides an energy gain for Co?* - see lowered energy level of the filled d 2 orbital -
this distortion is favored.[195] In contrast, in Figure 7 on the right-hand side the HS-configuration of
Co?+ is shown that exhibits three unpaired electrons. Besides the LS configurations, also high spin (HS)
configurations of transition metal ions exhibiting d*, d7, and d° configurations can exist.[105] These HS
configurations exhibit the maximum of possible unpaired electron spins. The crystal field theory and
the ligand field theory originate from the same concept.[105] Since in LS complexes the number of
unpaired electron spins is reduced in comparison to the HS complexes, a reduced magnetic moment is
observed. For example for LS-Co2+ 1.73 ug/Co?+ instead of 3.88 ug/Co?* of HS-Co?2+ is observed.[105106]

18



For perovskite oxides such as LT-AFM LaMnO3[109] the mechanism that leads to its’ magnetic behavior
is explained by a superexchange.[102] This is an antiferromagnetic coupling between the Mn3* ions
through an oxygen ion (Figure 8).1102,107]

N

Mn3 (3c4) Mn3* (3d¥)

or or
Mn* (38) Mn* (3¢°)

Figure 8. Superexchange. The scheme of a superexchangel102107] mechanism in LT-AFM LaMnO3.

In contrast, the magnetism in perovskite-type oxynitrides is rarely investigated and not clarified.[45108]
This may be due to their limited number and difficulties in synthesis.[108109] In comparison to the
colossal magnetoresistance (CMR) at RT in the double-perovskite oxide Sr.FeMoOg[11 for perovskite-
type oxynitrides mostly limited magnetic properties[111112] are reported. Until now, they revealed
either LT-CMR (LT-FM), LT-AFM, or Pauli paramagnetism.[7273,92,111-114]
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5.2.4.Mixed ionic-electronic conductors

Mixed ionic-electronic conductors (MIEC) with perovskite-type structure gained great interest the last
few decades as very efficient separators for oxygen from gas mixtures.[63-66115116] More applications
in which they can be used are as cathode materials in solid-oxide fuel cells, CCU, in the conversion of
hydrocarbons to synthesis gas, and in the production of oxygen-enriched air.[64115.117-120] [n Figure 9
the oxygen enrichment of air or another gas mixture by a perovskite-type MIEC membrane is drafted.
How the oxygen transport is working by using a MIEC membrane is explained in chapter 5.2.5.

b= P
feed ? permeate
air/gas mixture air/gasmixture
02
—
Oz(g) + 4 —— 20(5) —— 20(5) —_— Oz(g) + 4e
=
0,-depleted air/gas mixture 0,-enriched air/gas mixture
P1 Pz

membrane

Figure 9. Function of a MIEC. Schematic oxygen enrichment by a perovskite-type mixed-ionic
conducting membrane drawn after ref. [117]. At elevated temperatures by setting a differential pressure
the oxygen can be transported through the perovskite-type MIEC membrane from p1 to p2 (p1 > p2)-
For charge neutrality electrons diffuse in the opposite direction as 02-.

There are several advantages of perovskites as MIEC membranes: two of them are 100 % selectivity
for molecular oxygen and requiring a lower pressure difference making them work at elevated
temperatures.l'17] However, by using gas mixtures containing e.g. CO2 another parameter is coming
into account: the CO; tolerancel®*l of the membrane is one of the most important factors if the
membrane should work with a high oxygen permeation flux. Therefore, a special composition and
structure to tune the right physical properties is needed which is described in chapter 9.

As stated in chapter 4 the tuning of physical properties in perovskites is achieved by A4-, B-, or X-site
substitutions. According to literaturel!21l the A-site substitution (e.g. Ba for La) can have an impact on
the coefficients of oxygen diffusion and surface exchange in MIECs. Whereas a B-site substitution has
a little impact on the rate-determining step and a larger impact on semi-permeation flux
performances.[221 Hence, the oxygen diffusion and oxygen diffusion kinetics on the MIEC membrane’s
surface depend strongly on the nature of the A- and B-site cations.[121-123]
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5.2.5. Oxygen transport

The oxygen transport or oxygen migration through a perovskite-type oxide was found to be influenced
mainly by the oxygen vacancy formation.[64124] Further, the transport of oxygen is controlled by surface

exchange and bulk diffusion.[63125] In the following, the oxygen transport is described as in references
[63,124,126,127]:

First, gaseous O adsorbs on the materials surface and is undergoing a surface reaction to oxide ions
in the first bulk layer of the membrane. This reaction is described in the Kréger-Vink notation in
equations (4) and (5).11241 For further information to the Kroger-Vink notation reference is made to the
relevant text book literature.

20, = 0'+h"  (pre-equilibrium) (4)
0'+Vy = O +h’ (rate-determining step) (5)

In both equations, O’ represents the negative charged oxygen ion adsorbed on the surface, Vg is the
double positive charged oxygen vacancy, O} the lattice oxygen,and h’ is an electron hole.[63] In equation
(4) the adsorbed oxygen is in equilibrium with the surface (charge exchange step). Equation (5) is the
next reaction step and determines the rate (rate-determining step = rds) how fast oxygen can be
incorporated as stated in literaturel(124], If the concentration of oxygen vacancies (V) reaches a high
level on the surface, the reaction is drifting to the right side of the equilibrium and, hence, to a favored
incorporation of adsorbed oxygen (0') into the materials lattice. The overall oxygen incorporation
equationl63124] s depicted in equation (6):

~0p+ Vg = Of+h' (6)

After the oxygen is incorporated into the materials lattice, bulk diffusion of the oxygen takes place. The
bulk diffusion mainly involves the transfer of oxygen vacancies, interstitial oxygen, and charge.[63] The
transfer rate of oxygen can be expressed by the Nernst-Planck equation[é3!;

_ _Ti
Ji= z?F?

Vl.li + CiV (7)
In equation (7), J; is the permeability flux of substance i (mol - cm-2- s-1), z is the defect charge number,
Fis the Faraday’s constant, g; is the conductivity (S - cm™1), ; is the electrochemical potential, C; is the
concentration of the substance i (mol - cm-3), and v is the local velocity of the inert defect marker (cm
- s71).163] More exactly how the oxygen transport is working and which factors are influencing and are
important is described in chapter 9.
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5.3. Methods for perovskite-type oxynitride preparation

5.3.1.So0lid state method for oxide preparation

One method to prepare oxide precursors is by using a solid state reaction (SSR). This method contains
the homogeneous mixing by grinding of several transition metal binary oxides (e.g. La203 and Ta»0s)
with flux (e.g. KCl or CaCl) prior to thermal treatment.[11.1224] The thermal treatment of the oxides’
mixture requires high temperatures leading to well-crystalline oxides[11.128-130] because of the high
melting points of the binary oxides.

5.3.2.Soft chemistry methods for oxide preparation
5.3.2.1. Pechini method for oxide preparation

Another method to prepare oxide precursors is the Pechini method.[19131] The Pechini method is sol-
gel-related and leads depending of the calcination temperature to nanocrystalline, nearly amorphous
oxide precursors.[19131-133] [n Figure 10 the first two reaction steps of the Pechini method[!31] are

shown.
HO_ O HO--.M.,-OH
HO OH + MW —— HO OH
OH OH

2 HO/\/OH

+ 2H,0

Figure 10. Scheme of the first two reaction steps of the Pechini method. The first two steps of the
reaction mechanism are drawn after ref. [1321. For better visibility the metal ion Mz* (A- or B-site cation)
is marked in blue.

In the beginning, citric acid and metal ions M+ (A- and B-site cations) are mixed together in an aqueous
solution. The citric acid is acting as a complexing agent for the metal ions.[134] Normally, two citric acid
molecules are needed to complex one metal ion[134l. However, by a mixture of A- and B-site cations in
an aqueous solution “double-cored complexes” can be observed. These complexes contain one A-site
cation and one B-site cation complexed together with three citric acid molecules134l. After the
complexation ethylene glycol is added. This leads to a polyesterification under a condensation
reaction.[132] Very small colloids consisting of agglomerated short polymers dispersed in an aqueous
medium are obtained.[!35] This colloidal suspension is called as sol.l135] By a subsequent thermal
treatment and evaporating the solvent, the colloids condensate further to a dry three-dimensional
network(136], where the pores are partially collapsed. The resulting three-dimensional network is
called as xerogel.['34] Xerogels obtained by the Pechini method are black in color.[1?1 By an additional
thermal treatment, the organic residues can be burned away and the pure oxide is obtained.[8.1°]

5.3.2.2. The co-precipitation method

The co-precipitation method can be used to synthesize perovskite-type oxide nanoparticles which
should be suitable as MIEC membranes.[®*] These nanoparticles achieved by co-precipitation can also
be used as drug delivery systems and for other applications.[137] The co-precipitation method is more
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sol-gel-related than the Pechini method (chapter 5.3.2.1). For more information on the common
reaction mechanism of the sol-gel synthesis, reference is made to specific literature[134135137],

5.3.3. The ammonolysis of oxides

After preparation of the oxide precursors thermal ammonolysis can be applied to obtain perovskite-
type oxynitrides. By using that method, the oxides’ surface reacts with flowing ammonia (NHz(g) at
high temperatures leading to a nitridation of the oxide.[138] As an example, the reaction of La;Taz0sg
with NHj3(g) to the respective perovskite-type oxynitride LaTaONy(s) is shown in reaction equation (1).
The reaction conditions are taken from ref. [139],

900 °C — 1000 °C, Flux
La,Ta,0g(s) + 4 NHs g 2 LaTaONy(s) + 6 H,0 )

Ammonia as nitriding agent is used, because neither pure N5 nor Nzg)/Hz(g) mixtures provide the
same efficiency in nitridation.[?38] In comparison to the stable N3 (high dissociation enthalpy of 226
kcal-mol-1138]), the decomposition products of ammonia (nitriding species[140]) exhibit a much higher
reactivity. At high temperatures - e,g. above 1000 °C - gaseous ammonia decomposes into N and
Hy(4).[141-143] Therefore, ammonia also provides reducing conditions during the nitriding process.
Below 1000 °C its’ nitrogen adducts such as N;Hs() and others besides Hzy) are present.[140.141]
However, the decomposition of ammonia is pressure-dependent - e.g. starting decomposition at
around 450 °C at 1 Atm - and impurity-dependent.[142-144] Because the ammonolysis process is a solid-
gas-interface reaction, nitrogen concentration gradients from surface into the bulk in the particles can
be found.[1945] To avoid such inhomogeneous nitrogen concentration several ammonolysis cycles can
be applied.[®] Another way, to get a homogenous product is the usage of flux (e.g. KCI).[*45] This can
prevent also a high defect concentration[145] in the material giving a fine-tuning of the materials’
properties.

In this work, the three different oxide preparation methods, which are stated above (5.3.1 and 5.3.2)
are used. In Figure 11 mainly the resulting oxide precursors by Pechini method (5.3.2.1) were
ammonolyzed to the respective perovskite-type oxynitrides. The following chapters 6-9 give further
explanations to the respective materials synthesis and formation processes.

RechibLNSicd Solid State Method
HO. 0

HO' OH Bmaryiomde

OH e
M,

M Flux

wno/\/ B ¢
_AT
n-ABO,, n-ABO,
= vl
Z|x3 Z|5
[N IT [Ny T
< 3

AB(ON),, ABON ABON,

Figure 11. Synthesis scheme of perovskite-type oxynitrides. In this scheme the synthesis paths
used in the thesis are shown and point to the importance of the oxide precursor microstructure for the
resulting perovskite-type oxynitride product (for further information, see chapter 6-8).
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Abstract

Perovskite-type oxynitrides hold great potential for optical applications due to their excellent visible
light absorption properties. However, only a limited number of such oxynitrides with modulated
physical properties is available to date and therefore alternative fabrication strategies are needed to
be developed. Here, we introduce such an alternative strategy involving a precursor microstructure
controlled ammonolysis. This leads to the perovskite family member LaTa(IV)O:N containing unusual
Ta** cations. The adjusted precursor microstructures as well as the ammonia concentration are the
key parameters to precisely control the oxidation state and O:N ratio in LaTa(O,N)3. LaTa(IV)O2N has
a bright red colour, an optical bandgap of 1.9 eV and a low (optically active) defect concentration.
These unique characteristics make this material suitable for visible light-driven applications and the
identified key parameters will set the terms for the targeted development of further promising
perovskite family members.
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6.1. Introduction

In spite of the growing interest in perovskite materials, the number of oxynitride members is still
limited. Most oxynitrides contain metal cations in d® or d'0 electronic configurationl-8, whereas
alternative materials with B-site cations in e.g. d! configuration such as Ta*+ are largely lacking.
However, the latter could allow access to different electronic band structures, thus, expanding the
applicability of perovskite-type oxynitrides in visible light-driven processes. The negligible number of
known perovskite-type oxynitrides might be attributed to the reaction protocols normally used.
Currently, the most widely used synthesis technique for this material class is the ammonolysis of
oxides?10, This procedure enables tuning of the electronic bandgap via (partial) substitution of oxygen
by nitrogen!. Typically, the bandgap decreases, making the formed perovskite-type oxynitrides
AB(O,N)3 interesting for visible light-driven applications’4. An important task in order to identify
perovskite-type oxynitrides is the exact determination of the O:N ratio which often causes
difficulties1112,

The precursors are often mixtures of crystalline binary oxides (e.g. La;03 or Taz05)3413 or ternary
oxides (e.g. LaTa04)415, which are either prepared by solid state reactions (SSR) or via a Pechini
method. The latter allows mild reaction conditions providing excellent product homogeneity?2. In the
case of LaTa(V)ONy, most studies involve a high-temperature treatment of the oxide precursors prior
to ammonolysis, leading to high crystallinity of the precursor!3141617 The formation of several
perovskite-type oxynitrides such as LaTiOzN and SrTaOzN from crystalline oxide precursors has been
described by a topotactic reaction schemel8. In contrast, the reaction behaviour of
amorphous/nanocrystalline oxide precursors is still unclear and the detailed ammonolysis mechanism
has yet to be clarified®. A better understanding and control of essential reaction steps might help to
develop new synthesis strategies. Furthermore, a target-oriented electronic configuration of the B-site
cation and the precise adjustment of the O:N ratio in oxynitrides are the key factors to generate various
interesting physical properties.

In this in situ and ex situ experimental study, we override the above-mentioned strong topotactic
relation between oxide precursor and resulting LaTa(O,N)3 formation through a considered selection
of well-characterised oxide precursors with different microstructures and an adjusted ammonia
concentration. Furthermore, we demonstrate the formation of the LaTa(IV)O:;N utilising
nanocrystalline lanthanum tantalum oxide (n-LTO), which exhibits smaller primary particles (nm-
range) and a higher specific surface area than microcrystalline LaTaO4 (m-LaTaO4). This adjusted
precursor microstructure leads to a favoured Ta reduction in n-LTO. In contrast, ammonolysis of larger
primary particles in the um-range (m-LaTa04) results in conventional LaTa(V)ON,. Hence, we expand
the experimental toolbox by an additional method to access further requested perovskite-type
oxynitride family members.

6.2. Results

6.2.1.In situ ammonolysis of lanthanum tantalum oxides

First, the reaction steps of the LaTaO;N (Fig. 1) synthesis were investigated by in situ ammonolysis
(10 vol% Ar in NH3) using thermogravimetric analysis (TGA). For a better comparability, similar
measurement conditions were selected for both in situ and ex situ ammonolysis (see below).
Nanocrystalline lanthanum tantalum oxide (n-LTO) and microcrystalline LaTaO4 (m-LaTa0O4) were
synthesised as precursors in order to investigate the effect of the microstructure on the reaction
behaviour (synthesis and characterisation details in Supplementary Note 1, Supplementary Fig. 1-5
and Supplementary Tables 1-4).

30 C. Bubeck et al. Commun. Chem., 2019, 134, 2, Copyright © 2019 by the Author(s), CC BY 4.0 License



Calcination
650 °C,14 h

Pechini n-LTO LaTa(IV)ON

Figure 1. Schematic synthesis path of LaTa(IV)O:N. Initially, a black xerogel is obtained by a Pechini
method. A subsequent low temperature calcination leads to white, nanocrystalline lanthanum
tantalum oxide (n-LTO). Finally, ammonolysis of the n-LTO under flowing ammonia at higher
temperatures yields the desired bright red LaTa(IV)O2N. Scalebar of the SEM images: 2 um, Scalebar
of the inset: 100 nm.

The TGA curve of n-LTO during in situ ammonolysis (Fig. 2) reveals several mass changes, the origin
of which were determined by termination experiments. The initial mass change of -0.7 % in the range
of 25°C to 588°C (region I) can be assigned to the desorption of residual water or organic
contaminants, which is why the precursor remains white (Fig. 2). The subsequent larger mass change
of -2.9 % (region II) is accompanied by a local mass minimum at 844 °C. At this temperature, the
powder is black and the powder X-ray diffraction (PXRD) pattern shows the onset of crystallisation.
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Figure 2. In situ TGA ammonolysis of nanocrystalline lanthanum tantalum oxide (n-LTO). In situ
TGA of the ammonolysis (10 vol% Ar in NH3) of n-LTO, including respective powder X-ray diffraction
(PXRD) patterns and anionic compositions determined via hot gas extraction (HGE) after selected
termination experiments. The illustrative coloured powders at specific temperatures complement the
analysis. The reduction of tantalum at 844 °C is highlighted with a red frame. Additionally, the first four
mass changes (region I - IV) during in situ ammonolysis of n-LTO are magnified in the inset. The in situ
ammonolysis results of the microcrystalline LaTaO4 (cyan curve (micro) in the same inset) can be
found below.
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In addition, hot gas extraction (HGE) reveals a composition of LaTa03.44(4)No.41(2)00.14(6) (product of the
termination experiment at 844 °C) with an assumed ratio of La:Ta:0 = 1:1:4 (HGE results are listed in
Supplementary Table 5). Therefore, region Il (between 588 °C and 844 °C) is characterised by an
oxygen vacancy formation with simultaneous nitrogen incorporation. According to literaturel?,
LaTa04 crystallises in space group A2iam up to around 800 °C and exhibits octahedron chains with
corresponding interspace (Fig. 1). Therefore, we assume that vacancy formation and nitrogen
incorporation takes place in this interspatial region.
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Figure 3. XPS spectra in the Ta 4fregion and point charge model. a, XPS spectra in the Ta 4fregion
of the intermediates obtained by termination of the in situ ammonolysis at 844 °C and 891 °C, as well
as of n-LTO and m-LaTa04 (measurement data: open black circles and solid black line: overall fit). The
Ta 4f7/2 peaks are marked with their respective fitted binding energy and, in case of m-LaTaOs,
additionally with the respective space group of the polymorph (cf. SI) b, Applied point charge
model2021 in the Ta 4f region of LaTa03.444)No.412)0 0.146) (in situ), LaTaO2N (ex situ) and LaTaON: (ex
situ). The Ta(V)-0 binding character of m-LaTa04 (P21/c) was used as reference for Ta5*. The black
dots represent the reference binding energies of Ta(0) 22 and Ta(V) (measured) connected by the black
dashed line. The grey dashed line represents the shifted Ta>+ binding energy (from 25.3 eV to 25.0 eV
because of N substitution) of LaTaON; (ex situ). ¢, XPS spectra in the Ta 4f region of LaTaO2N and
LaTaON; with the respective fitted binding energies and corresponding binding characters. The open
circles represent the measurement data, the solid lines show the overall fit and the dashed lines the
fitting results of the respective Ta 4f orbitals.

At the same time, the colour-change of the powder from white to black indicates a reduction of the
contained Ta. As can be shown by X-ray photoelectron spectroscopy (XPS) (Fig.3), heating to 844 °C in
ammonia atmosphere causes the two existing Ta(V)-0 binding characters in n-LTO (Fig. 3a, n-LTO) to
change their character. The evaluation of the Ta(V)-0 binding characters in n-LTO and m-LaTaO;, is
described in the Supplementary Note 4. The two new binding energies of the Ta 4f7,, orbitals in
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LaTa03_44(4)N0_41(2)|:|0_14(6) of EB (Ta 4f7/2) = 25.2 eV and EB(Ta 4-f7/2) =244 eV, respectively, can be
derived from the applied peak fittings (Fig. 3a, n-LTO, NHz/ 844 °C).

Calculations using the equations estimated by Nordling?! (Supplementary Note 5) suggest that
substitution of oxygen with nitrogen at persisting Ta>+ causes a chemical shift of 0.3 eV to lower
binding energies. The in situ observed conversion of n-LTO to LaTa03.44(4)No.41(2)0o.14(6) between 588 °C
and 844 °C is accompanied by a Ta 4f7,, binding energy shift from 25.5 eV to 25.2 eV for Ta(V)-0 by
nitrogen incorporation. Therefore, the binding energy Es(Ta 4f7,2) = 25.2 eV can be allocated to a
Ta(V)-(O,N) binding character since the original binding energy lowers by the expected AEs = 0.3 eV.
The other Ta 4f7,; binding energy of Ta(V)-0, however, shifts from 26.7 eV in n-LTO to 24.4 eV in
LaTa03.44(4)No.41(2)00.14(6), the difference being much higher than AEp = 0.3 eV. This might be explained
by a change of the Ta oxidation state in addition to nitrogen substitution. Therefore, the binding energy
at Ep(Ta 4f7,2) = 24.4 eV can be assigned to a Ta(IV)-(0,N) binding character. The Ta(IV)-(O,N) binding
character can be determined by applying the point charge model?%21 assuming that the atomic
potential of Ta remains unaffected by a change of the oxidation state. Ta(0) at Ez(Ta 4f7,2) = 21.9 eVZ22
and Ta(V) at Ep(Ta 4f7,2) = 25.3 eV in m-LaTa04 (P21/c) (instead of Ez(Ta 4f7/2) = 25.9 eV in m-LaTa04
(Cmc21)) were selected as references (Fig. 3b). The selection of the Ta(V) binding energy was based
on the similar interatomic distances in and between the [TaVOs]7- octahedron together with the
amount of neighbouring ions of Ta compared to the respective oxynitride ([Ta(O,N)e]? octahedron).
Thus, due to the linear relationship between the oxidation state and the binding energy in the point
charge model, a Ta oxidation state of 4+ (d! electronic configuration) at Ep(Ta 4f7,2) = 24.4 eV was
determined (Fig. 3b).

A further mass change of +1.0 % occurs in the temperature range of 844 °C to 891 °C (region IlI).
Simultaneously, the colour of the powder changes from black to ochre. The weight fractions at 891 °C
determined by HGE amount to 13.7 wt% O and 6.7 wt% N (compared to 14.4 wt% O and 1.5 wt% N at
844 °C). However, the total mass increase due to the strong nitrogen enrichment accompanied by only
a small oxygen loss cannot be explained by a simple refill of the previously generated oxygen vacancies
in “LaTa04”, since the total anionic weight fraction substantially exceeds the calculated maximum value
of 16.7 wt% for “LaTa04” (Supplementary Table 5). Evaluation of the respective powder pattern shows
that the ochre-coloured phase is not fully crystallised (Supplementary Note 6 and Supplementary Fig.
6) suggesting the formation of a nitrogen-rich intermediate (proposed composition:
LaTa(O,N,0)4:(Nz2)y). Such intermediates are well-known from reoxidation experiments of several
other oxynitrides including LaTiO;N23. The XPS measurement (Fig. 3a, n-LTO, NH3z/ 891 °C) again
reveals a chemical shift of the Ta 4f7,, binding energy from 24.4 eV (Ta(IV)-(O,N)) to 24.0 eV (Ta(IV)-
N). This indicates an increased nitrogen content in the chemical environment of Ta and, hence, in the
whole sample. The other Ta(V)-(O,N) binding character at Ez(Ta 4f7,2) = 25.1 eV (previously 25.2 eV)
remains unchanged. A further temperature increase to 950 °C (region IV) leads to an abrupt mass
change of -6.9 %. During the following 10 h ammonolysis prior to cooling to 25 °C the mass remains
near-constant. The respective termination experiment indicates a colour change from ochre to red
after the 10 h ammonolysis. HGE of the red phase reveals a composition of LaTa0O1.44(1)N163(9). This
phase is further transformed to red LaTa0O1.26(9)N1.834) by a second heating cycle under ammonia at
1000 °C for 14 h. Such intermediate compositions during the synthesis of LaTa(O,N)3 are often
reported in literature when large amounts of oxide precursors are used or the applied precursor has
been crystallised at around 1000 °C before the ammonolysis24. Additionally, a large sample amount
can cause inhomogeneous exposure to the reducing species during ammonolysis. The positive and
negative mass changes observed during the heating and cooling steps seem to be caused by desorption
and adsorption of gaseous species (e.g. H20 and/or NH3). The nitrogen content of both red phases falls
short of that of LaTaONy, revealing that n-LTO is susceptible to the reduction of tantalum (Ta>* to Ta*+).
The usage of m-LaTa04 as a precursor for in situ ammonolysis results in LaTaON3, neither involving
intermediate phases nor reduction of Ta(V) to Ta(IV) (no black powder indicating a reduction).
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Instead, the initial formation of oxygen vacancies (yellow LaTa03g7(7)00.12(3)) is followed by a one-step
mass change of -5.5 % (onset at 820 °C) indicating the conversion to LaTaON; (Fig. 4).
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Figure 4. In situ TGA ammonolysis of m-LaTa04. In situ ammonolysis (10 vol% Ar in NH3) of m-
LaTa04. The insets show PXRD patterns at selected termination points and the anionic composition of
the product received by termination at 820 °C determined by HGE. The coloured powders of the
termination experiments are shown beneath the respective measuring point. The strong topotactic
relation between m-LaTa04 and LaTaON is represented by the respectively orientated sections of the
crystal structures.

To be more precise, the in situ ammonolysis of m-LaTa04 starts with a mass change of -0.5 % between
25°Cand 820 °C (Fig.4). According to the PXRD results of termination products, the crystal structure
of m-LaTaO4 remained unchanged in this temperature range. However, a colour change from white
(25 °C) to yellow (820 °C) indicated a change of the chemical composition including oxygen vacancy
formation, which was confirmed via hot gas extraction (Supplementary Table 5). Further heating to
950 °C led to a change of the powder colour from yellow to purple accompanied by a massive mass
change of -5.5 %. The detected mass change is in accordance with the expected mass change of Amcaic.
=-5.2 % calculated for the formation of LaTaON; from LaTaO4. Termination experiments at 820 °C and
at 950 °C together with hot gas extraction measurements revealed the conversion of microcrystalline
LaTaO4 to LaTaON; above 820 °C by nitrogen incorporation. An isothermal step with a near-constant
mass was followed by a second ammonolysis cycle at 1000 °C for 14 h. The PXRD pattern of the final
product clearly showed the presence of a perovskite-type phase (insets, Fig.4). The mass changes
during these heating and cooling steps might be attributed to the reversible adsorption and desorption
of ammonia and water molecules as previously mentioned for n-LTO. We assume that a strong
topotactical relation between crystalline ABO4 and crystalline ABON; often described in literaturel8
also applies to the transformation of m-LaTa04 to LaTaON3. Based on this assumption, the octahedron
chains of defective m-LaTa(0O,0)4+ shown in Figure 4 are supposed to create a pattern similar to
LaTaON; by rotating around the c-axis. During oxygen vacancy formation and subsequent nitrogen
incorporation they connect to the neighbouring chains in a “zipper-type” mannerl8. However, the
microstructure of n-LTO is different and exhibits therewith a “soft” topotactic relation to the resulting
oxynitride along the interspace of the octahedron chains (Fig.1) inducing a faster reduction of Ta(V)
to Ta(IV). Afterwards, a “soft” topotactic reaction with a simultaneous “zipper-type” octahedral
connection!® enables the afore mentioned filling of oxygen vacancies by nitrogen.
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The lower nitrogen content of LaTa(O,N)3 in comparison to LaTaON; when using n-LTO for in situ
ammonolysis can be explained by the specific surface area and the primary particle size and, thus, the
microstructure of the oxide precursors. The specific surface area of n-LTO is Sger = 7 m?/g (primary
particle size: nm-range) and that of m-LaTa04 Sggr = 2 m?/g (primary particle size: pm-range). Further
details about the oxide precursors can be found in Supplementary Note 1. The higher surface area and
the smaller primary particle size of the nanocrystalline precursor compared to m-LaTaO4 makes it
more susceptible to Ta reduction, since the diffusion of reducing agents is simplified (at higher
temperatures NH3 decomposes into nitrogen- and hydrogen-containing species and molecular
hydrogen®. A detailed explanation of the interaction of the reducing species with n-LTO can be found
in the Supplementary Note 7: Reduction of Ta. This is confirmed by the finding that in situ ammonolysis
of n-LTO that has been previously converted to m-LaTaOs also leads to LaTaON; (Fig. 5and
Supplementary Note 2).
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Figure5. Conversion of n-LTO to m-LaTaO. and subsequent in situ TGA ammonolysis to
LaTaON:. The first mass change of -1.8 % is caused by desorption of water. The second negative mass
change between 803 °C and 923 °C is due to pyrolysis of organic residues from the preceded soft
chemistry synthesis. Thermogravimetric measurements coupled with mass spectrometry (TGA-MS)
revealed the release of CO2, NO; and organic fragments. The measurement results are displayed in
Supplementary Figure 4 and discussed in Supplementary Note 3. The measurement was first carried
out in synthetic (syn.) air prior to the ammonolysis step.

Moreover, scanning electron microscopy (SEM) images of the termination products of the annealing
process of n-LTO in air prior to in situ ammonolysis (Fig. 6a) show a continuous microstructural change
with increasing temperature leading to a morphology very similar to m-LaTa04 (Fig. 6¢). In parallel,
the onset temperature of the ammonolysis reaction steadily increases from 588 °C to 820 °C with
increasing primary particle size and crystallinity (n-LTO to m-LaTaOs, Fig.2, Fig. 5and Fig.6). Hence, a
well-designed microstructure allows to enable or supress significant Ta reduction.
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1400 °C

a

Figure6. SEM images of the termination products of all in situ ammonolysis studies. a, Precursor
conversion from n-LTO to m-LaTa04 in synthetic (syn.) air prior to ammonolysis. b, SEM images of the
termination products of in situ ammonolysis of n-LTO and ¢, SEM images of the in situ ammonolysis of
m-LaTa04. The temperatures mark the termination temperature at which the products were observed.
Scalebar of the SEM images: 1 pm.

6.2.2. Ex situ ammonolysis of lanthanum tantalum oxides

Eventually, in situ ammonolysis of n-LTO did not deliver LaTaO2N which might be attributed to the less
reductive atmosphere caused by the 10 vol% Ar in NH3 needed to protect the device. The application
of nearly 100 vol% instead of 90 vol% NHj3 in a classical thermal gas flow ammonolysis setup turned
the in situ into an ex situ ammonolysis. The ex situ ammonolysis only slightly differs from the in situ
setup with respect to the sample environment. Using the same temperature profile as in the in situ
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ammonolysis and an NHj3 flow rate of 300 mL/min we finally converted n-LTO into bright red
LaTa01.98(7Noos(s) (Seer = 25 m?/g) after 10 h at 950 °C via ex situ ammonolysis (anionic composition
obtained by HGE, Supplementary Table 6). However, when using the microcrystalline instead of the
nanocrystalline precursor for ex situ ammonolysis with the same temperature profile and ammonia
flow as in in situ ammonolysis, purple-coloured LaTa01.053)N202(3) is obtained (very similar to the in
situ ammonolysis product). This indicates a very similar parameter selection in ex situ and in situ
ammonolysis. Considering the results of all in situ and ex situ ammonolysis experiments, we have
identified the reduction sensitivity due to microstructural differences and the ammonia concentration
as main parameters to adjust the O:N ratio in LaTa(O,N)s.

The aforementioned red LaTaO1.987)No.9g(5) and the purple LaTa01.05:3)N2.02(3) phases prepared by ex
situ ammonolysis are subjected to a second ex situ ammonolysis cycle (same temperature profile as in
in situ ammonolysis) with KCl flux addition in order to heal possible defects?>. After the second cycle
the compositions slightly change to a bright red LaTaO1.973N1.02(s) (Sger = 8 m?/g) and to purple
LaTa00.99(1)N2.0009) (Seer = 3 m?/g), respectively. LaTa01.97(3N1.02(5) (LaTa02N) reveals less vacancies
compared to LaTa0O1.98(7)No.og(s) (obtained from first cycle) indicating a defect healing effect via KCl flux.
Additionally, a reoxidation study (Supplementary Note 8, Supplementary Fig. 7 and Supplementary
Table 7) validated the formation of LaTaO2N.

XPS measurements of LaTa01.97(3)N1.02(5) and LaTa0o.99(1)N2.00¢9) obtained by ex situ ammonolysis (Fig.
3¢, survey spectra cf. Supplementary Note 9, Supplementary Fig. 8) show significant differences of the
Ta oxidation states between both compounds. The data reveal a Ta(IV)-(0,N) binding character with
a certain amount of Ta(IlI)-(O,N) in LaTa01.9733)N1.02(5) and a Ta(V)-(O,N) and a Ta(IlI)-(O,N) binding
character in LaTaO0.99(1)N2.00(9) (Fig. 3b and Supplementary Table 8). Since the binding energy at Ez(Ta
4f7/2) = 24.4 eV in LaTa01.97(3)N1.02(5) corresponds to that in LaTa03.44(4)No.41(2)00.14(6), the same binding
character due to a similar chemical environment ([Ta(O,N)¢]# octahedron) can be assumed. However,
the fitted binding energy Ep(Ta 4f7,2) = 25.0 eV in LaTa0¢.99(1)Nz.00(9) reveals a Ta(V)-(O,N) binding
character which can be explained by a simple chemical shift of 0.3 eV to lower binding energies due to
nitrogen substitution (m-LaTa04, Ez(Ta 4f7,2) = 25.3 eV (P21/c)). The Ta(Ill)-(O,N) binding character
is the result of the reducing conditions during ammonolysis favouring the reduction of Ta on the
surface compared to the bulk. XPS is highly surface-sensitive owing to the small mean free path of
photo-emitted electrons.2¢ Therefore, the concentrations of Ta(IV)-(0,N) and Ta(V)-(O,N) in the bulk
are assumed to be higher than on the surface. The Ta(IlI)-N binding character in LaTa0g.99(1)N2.00(9) at
Ep(Ta 4f7,2) = 22.9 eV is attributed to the secondary phase TaN since the reference binding energy of
this nitride is Ep(Ta 4f7,2) = 23.0 eV27. Additionally, XPS measurements of LaTaO2N (LaTa01.97(3)N1.02(5))
also confirmed the absence of Ta>* (observed, however, in LaTaON> (LaTa0o.99(1)N2.00(9)) eliminating
the possibility of a 1:1 mixture of Ta3* and Ta5* in LaTaO2N.

Investigations of the magnetic properties of LaTaO;N and LaTaON; by superconducting quantum
interference device (SQUID) measurements were carried out in order to confirm the presence of Ta**
although challenging due to the presence of magnetic impurities such as Ta3* as observed from XPS
analysis (Figure 3) and the in general limited knowledge about the magnetism of 5d transition metal
compounds (compared to their 3d counterparts)2829, The respective zero field cooled (ZFC) curves at
500 Oe down to 2K are shown in Supplementary Note 10 and Supplementary Fig. 9. The low
temperature regions (below ~70 K) can be described by a paramagnetic Curie-Weiss-like behaviour
with very small effective moments (1.3x10-* ug/Ta at 2 K for the LaTaO2N sample and 9.8x10-5 up/Ta
for the LaTaON; sample, respectively) pointing to an activation of magnetic impurity states rather than
an intrinsic materials property. The effective magnetic moment is further drastically reduced at
increasing temperature. Overall the observed magnetisation is much lower than 1 pp/Ta as expected
from the simplest paramagnetic model. The small magnetic moment and the fact that Tais a 5d element
suggests that the largely extended 5d orbitals in LaTaO:N are strongly hybridised and overlapping with
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the O/N 2p orbitals3? leading to weakly localised electrons hampering the up-built of a significant
magnetisation. It is well-known for 3d transition metal containing perovskites ABO3 and ABF3 that with
decreasing electronegativity of the anion the hybridisation (or in other words the covalency of the B-
Xbond) is enhanced resulting in the aforementioned stronger delocalisation of the electrons and hence
the spin30. We believe the same is valid for 5d transition metal containing perovskites. Besides, two
further factors could contribute diminishing the effective magnetic moment: i) the spin-orbit coupling
being expected to be much stronger in 5d than in 3d materials, ii) the experimentally observed
presence of stretched octahedra (Supplementary Note 11 and Supplementary Table 9e) results in a
splitting of the initially degenerated tz; levels. This splitting leads to the formation of four-fold
degenerated 5dy, and 5d,, states lower in energy than the initial state only occupied by one electron,
making it difficult to develop magnetic ordering31.

Phase purity of LaTaO:N is proven by high resolution (HR)-PXRD. LaTaON; has already been reported
in the space groups Imma and C2/m173132 and both are considered for LaTaO:N as well. Since we have
observed no clear evidence for a monoclinic distortion and the Imma space group gives a slightly lower
x* residual than C2/m, we propose Imma as space group for LaTaO2N. The same applies to LaTaON;
(Supplementary Fig. 10 and Supplementary Table 9 for complete crystal structure analysis). The unit
cell volumes of LaTa02N (Veen = 264.78(3) A*) and LaTaON; (Veen = 264.68(2) A3) are very similar. The
slightly larger unit cell of LaTaO:N can be explained by the increase of the effective ionic radius of Ta
from 0.64 A (Ta5+)34 to 0.68 A (Ta*+)34 after ammonolysis. This expansion is mostly compensated by
the different O:N ratio. The partial replacement of the larger nitrogen (1.46 A)34 by the smaller oxygen
(1.40 A)34leads to a contraction of the unit cell. Furthermore, LaTaO:N is phase pure, while in LaTaON;
a small amount of TaszNs (Cmcm) was detected through HR-PXRD (Supplementary Fig. 10b and
Supplementary Table 9d). Since XPS reveals TaN on the surface and HR-PXRD TaszNs in the bulk, a
nitrogen gradient combined with a decreased susceptibility for the reduction of Ta (from Ta5* to Ta3+)
can be assumed. However, TaN can also be amorphous or the amount below the HR-PXRD detection
limit.

Scanning electron microscopy gives insight into the morphology of the oxynitrides synthesised by ex
situ ammonolysis. LaTaO2N shows primary particles in the nm-range, while LaTaON; exhibits porous
and sintered particles in the pm-range (Fig. 7a).
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Figure7. SEM images and Kubelka-Munk curves of ex situ-prepared LaTaO:N and LaTaONb:. a,
SEM images of LaTaO2N and LaTaON; show the different morphologies of the materials in the pm-
range. Scalebar of the SEM images: 1 um. b, Kubelka-Munk curves of LaTaO2N and LaTaON; together
with the respective powder images. The bright red colour indicates a much lower optically active
defect concentration compared to LaTaONj.
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In addition to the determination of the specific surface area (Supplementary Table 10), an increased
pore formation in LaTaON; during ammonolysis can also be confirmed by comparing the SEM images
of the oxide with its respective oxynitride. Furthermore, the particle size increases during
ammonolysis of n-LTO, whereas using m-LaTaO4 the particle size remains constant (Fig. 6c). The
respective SEM images of the oxides can be found in the SI (Supplementary Fig. 2c).

As the colours of the obtained oxynitrides differ from each other, diffuse reflectance spectroscopy
(DRS) measurements were performed. The data - converted to Kubelka-Munk35 curves (Fig. 7b) - show
a difference of AE; = 0.1 eV between the optical bandgaps of the LaTaO2N (1.9 eV) and LaTaON;
(1.8 eV). Detailed investigation shows that the Kubelka-Munk curve of LaTaO;N converges to zero in
contrast to that of LaTaONy, indicating a much lower optically active defect concentration. In addition,
after the optical bandgap of E;= 1.8 eV an intensity increase as observed for LaTiO2N3¢, which exhibited
undesired defects was not detected for LaTaO;N. LaTaO;N possess an unusual colour (bright red),
which has been expected to be darker (bluish37) due to the reduction of Ta>+ to Ta**. Additionally, the
larger optical bandgap of LaTa(IV)O:N compared to LaTa(V)ON; is noticeable. Based on both
observations, we assume a larger crystal field splitting for LaTaO2N caused by the d* state of Ta**, since
Tais coordinated in a distorted octahedral environment (Jahn-Teller effect3!) indicated by bond length
analysis via Rietveld refinements. Specific visible light-driven applications require materials with
appropriate defect concentrations38-40 and suitable bandgaps+!-43. Therefore, LaTaO2N could be an
interesting candidate for further investigations in this application field.

6.3. Discussion

In this in situ and ex situ ammonolysis study the key parameters to tailor the oxidation state and to
synthesise a perovskite family member LaTa(IV)O:N containing unusual Ta** were identified. The
oxynitride has an optical bandgap of 1.9 eV, a bright red colour, and a low optically active defect
concentration providing promising physical properties for light-driven applications. The formation of
LaTa(IV)O:zN is boosted by the oxide precursor’s microstructure (primary particle size, specific surface
area and crystallinity) and the ammonia concentration (nearly 100 %). In previous studies, the
ammonolysis mechanism was already investigated and mostly clarified for the topotactic case. The
findings shown here make a substantial contribution to the elucidation of the ammonolysis mechanism
in general and to that of amorphous/nanocrystalline oxide precursors in particular. This opens up new
perspectives and possibilities for the synthesis of further perovskite-type oxynitrides.

6.4. Methods

6.4.1.Synthesis of LaTa0:N and LaTaON:

The oxynitrides LaTaO;N and LaTaON; were prepared from the respective nanocrystalline and
microcrystalline oxide precursors (cf. Supplementary Methods) via thermal ammonolysis (synthesis
of the respective oxides is described in the SI). The precursor oxides (200 mg) were transferred to an
alumina boat and ammonolysed at 950 °C for 10 h with a NHz gas flow rate of 300 mL/min (Westfalen
AG, >99.98 %). A second ammonolysis step together with KCI flux (Roth, =99 %, Ph. Eur.) was carried
out in a 1:1 weight ratio of sample and flux at 1000 °C for 14 h.
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6.4.2.Sample Characterisation

In order to clarify the phase purity and crystal structure of the produced oxides and oxynitrides,
powder X-ray diffraction (PXRD) measurements were carried out on a Rigaku Smartlab powder X-ray
diffractometer using Cu-Ka,, radiation. To avoid a contribution of Cu-Kg radiation a thin nickel foil as
filter was used (efficiency is approx. 90 %). The continuous scan covered an angular range of
10° <260 <90° with an angular step interval of 0.025°. For selected oxide and oxynitride samples
additional high-resolution synchrotron radiation PXRD measurements were performed at the beam
line ID22 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The powders
were filled into 0.7 mm diameter Kapton® capillaries (wavelength, see specific refinements). The
collected diffraction data were evaluated via Rietveld refinements*+4> using FullProf. 2k*¢. A pseudo-
Voigt function was selected to describe the reflection profile and the background was linearly
interpolated between a set of background points with refinable heights. The anionic composition of
the oxynitrides were fixed according to the respective compositions determined by HGE because the
virtually equal form factors make it impossible to discriminate between 02- and N3- by means of X-rays.
0 and N were statistically assigned to the two independent crystallographic sites.

The chemical composition of the produced samples was investigated via inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Spectro Ciros CCD ICP-OES instrument for cations and
hot gas extraction technique (HGE) using an Eltra ONH-2000 analyser for the anions.

The investigation of oxynitride formation from nanocrystalline and microcrystalline oxides and the
reverse reaction of LaTaO2N to the corresponding oxide was performed by thermogravimetric analysis
(TGA) using a Netzsch STA 449 F3 Jupiter. In situ ammonolysis experiments were carried out under
flowing NHz (80 mL/min NH3 + 8 mL/min Ar) on alumina plates with a heating rate of 10 °C/min up
to 1000 °C. To protect the TGA device from corrosion the measurements were performed in 10 vol%
Ar in NHs. A fast cooling rate of 40 °C/min was used to successfully quench the intermediates since the
mass changes observed by TGA and HGE were in good agreement. Reoxidation was carried out on an
alumina plate under flowing synthetic air (20.5 vol% O in N, Westfalen AG, 50 mL/min) to study the
anionic composition of LaTa0O2N. The sample was first heated up to 200 °C and maintained at this
temperature for half an hour to remove surface adsorbed water. Thereafter, heating was continued up
to 1400 °C at a heating rate of 10 °C/min. The temperature was maintained for 2 h in order to achieve
full conversion of oxynitride to respective single-phase oxide. TGA-MS to determine possible organic
residues in n-LTO was carried out with a Netzsch STA 449C F3 Jupiter coupled with a GAM 200
(InProcess Instruments) mass spectrometer. The oxide was heated to 1200 °C at a rate of 10 °C/min
in a crucible under syn. air (20.5 vol% O3 in N2, Westfalen AG, 50 mL/min) and then cooled down to
25°C.

X-ray photoelectron spectroscopy (XPS) on LaTaO:N, LaTaONy, n-LTO, m-LaTaO4 and termination
products was carried out to investigate the oxidation states using a Thermo VG Theta Probe 300 XPS
system from Thermo Fisher Scientific. The incident beam provided monochromatic and micro-focused
Al K, radiation and a spot size of 400 um. The powders were fixed on a carbon tape and a flood gun
was used to avoid charging effects. For background subtraction a Shirley-type inelastic background
was utilised and the zero-shift correction was done by normalizing the measured C 1speak to 284.5 eV.
The peak fitting was implemented by carefully considering quantum mechanical requirements for the
intensity and energy relations of Ta 4f7,2 and Ta 4fs/; orbitals with AEp= 1.91 eV?22 and identical full
width at half maximum (FWHM) for both orbital contributions.

The morphology of the produced oxynitrides and oxides was analysed via scanning electron
microscopy (SEM) (ZEISS GeminiSEM 500, 5 kV). The in-lens detector was used for imaging.
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UV-visible diffuse reflectance spectra (DRS) were obtained using a Carry 5000 UV-VIS NIR
spectrophotometer. The baseline was measured with BaSO4. The spectra were recorded in the range
of 200 nm to 800 nm. The Kubelka-Munk35 conversion was applied to the obtained reflectance spectra
and the optical bandgap was estimated by extrapolating the onset of absorption to the abscissa.

The specific surface area was obtained via nitrogen sorption, first annealing the samples at 120 °C to
remove adsorbed water. Adsorption and desorption isotherms were collected at liquid nitrogen
temperature using an Autosorb-1-MP (Detection limit: Sger > 1m?/g) from Quantachrome
Instruments. The specific surface area was determined via the Brunauer-Emmet-Teller4” (BET)
method.

SQUID measurements to investigate the magnetic behaviour of Ta in LaTaO;N and LaTaON; were
carried out with a commercial VSM MPMS3 Superconducting Quantum Interference Device (SQUID)
from Quantum Design. For zero field cooling (ZFC) measurements the magnetic field was set to 500 Oe.

6.5. Data Availability

The authors declare that all other data supporting the findings of this study are available within the
paper and its Supplementary Information. Reprints and permissions information is available online at
www.nature.com/reprints. Correspondence and requests for materials should be addressed to A.W.
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6.10. Supplementary Information

6.10.1. Supplementary Methods
6.10.1.1. Synthesis of microcrystalline LaTa04 (m-LaTa04)

The microcrystalline LaTaOs (m-LaTaOs) was synthesised via solid-state reaction (SSR)
(Supplementary Fig. 1). 0.0025 mol Ta20s (Alfa Aesar, 99.9 %), 0.0025 mol La;03 (REacton®, 99.9 %)
and 0.01 mol KCI (Roth, = 99 %, Ph.Eur.) were mixed in an agate mortar for 10 min. The mixture was
transferred to an alumina crucible, heated to 1400 °C for 5 h and naturally cooled to ambient
temperature. The obtained crystalline powder was washed twice with demineralised water and once
with ethanol and dried at 80 °C.

Solid State 5
1,400 °C, 5 h

Ta,05
La,0, KCI |

Supplementary Figure 1. Schematic synthesis path to La(V)TaON,. The production of LaTa(V)ON
comprises the synthesis of m-LaTa04 by solid state reaction (SSR) and the subsequent ammonolysis to
LaTa(V)ONz. The ammonolysis temperature program was adopted from the LaTa(IV)O:N synthesis.
Scalebar of the SEM images: 2 pm.

6.10.1.2. Synthesis of nanocrystalline lanthanum tantalum oxide (n-LTO)

0.01 mol TaCls (Alfa Aesar, 99.99 %) was loaded into a Schlenk flask under argon atmosphere to avoid
hydrolysis of the Ta-compound. 50 mL of dried ethanol was added. A similar way to dissolve TaCls has
been already reported for the precursors synthesis of BazTas014N and LaBa;Tas013N>! as well as for
many other Ta-containing compoundsZ-+. Water-free citric acid (Sigma Aldrich, = 99.0 %) was added
in a 3-fold molar excess. A stoichiometric amount of La(NO3)3-6H20 (Sigma Aldrich, 99.99 %) was
weighed into a second Schlenk flask and citric acid was added in the same molar ratio as for the Ta-
compound. The mixture was dissolved in 10 mL of dried methanol. After complexation of both metal
cations at room temperature, the solutions were combined in one Schlenk flask and stirred under
reflux for 3 h at 80 °C with addition of a 15-fold molar excess of ethylene glycol (Merck, EMPLURA®).
The dispersion was transferred to a crystallising dish and heated for 10 h at 120 °C followed by a
thermal treatment at 300 °C for 5 h. The resulting black xerogel was calcined in an alumina crucible
for 14 h at 650 °C to obtain the white nanocrystalline oxide precursor.
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6.10.2. Supplementary Discussion

6.10.2.1. Supplementary Note 1: PXRD, SEM investigations and DRS of nanocrystalline n-LTO
and m-LaTaO4

The powder X-ray diffraction (PXRD) patterns in Supplementary Figure 2a,b verified the expected level
of crystallinity after synthesis in both cases. Since the nanocrystalline nature of n-LTO calcined at
650 °C does not allow an identification of the crystal structure, a reference was not inserted
(Supplementary Fig. 2a). In contrast to the nanocrystalline precursor, m-LaTa0O4 revealed two
polymorphs (P21/c and Cmc24) via Rietveld refinements (Supplementary Fig. 2b and Supplementary
Table 1a-c).
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Supplementary Figure 2. XRD patterns, SEM images and DRS curves of as-prepared oxides. a,
PXRD pattern of n-LTO synthesised by a soft chemistry route and b, Rietveld refinements of m-LaTa04
synthesised by SSR. Both polymorphs are labelled with ticks (P21/c (grey colour) and Cmc21 (blue
colour)). ¢, SEM images of n-LTO and m-LaTaOa. Scalebar of the SEM images: 2 um. d, Kubelka-Munk
plot of n-LTO calcined at 650 °C and of m-LaTa04 synthesised by SSR.

The weight fractions of La, Ta and O obtained via inductively coupled plasma optical emission
spectroscopy (ICP-OES) and hot gas extraction (HGE) were in good accordance with the expected
values for LaTaO4 for both oxides (Supplementary Table 2). The scanning electron microscopy (SEM)
image of n-LTO indicated very small particles in the nm-range (Supplementary Fig. 2c and Fig. 1). In
comparison to n-LTO, m-LaTaO4 exhibited sintered and much larger particles in the um-range
(Supplementary Fig. 2c). The optical bandgap of n-LTO and m-LaTaO. was investigated by diffuse
reflectance spectroscopy (DRS) (Supplementary Fig. 2d). The optical bandgap of 4.4 eV for white n-
LTO determined by the tangent method was in good agreement with the white colour and literature
data.5 In contrast, the yellowish white m-LaTa04 revealed a higher optical bandgap of 4.5 eV and an
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intensity increase after the optical bandgap. The difference in the optical bandgap and the curve shape
might originate from the slight yellowish colour indicating oxygen vacancies® in the microcrystalline
oxide. This is supported by the results of the hot gas extraction yielding an oxygen content of 16.5 +
0.2 wt% instead of the desired 16.9 wt% (Supplementary Table 2).

Supplementary Table 1 a. Refined unit cell parameters of both polymorphs of m-LaTa04 synthesised
via SSR.

Unit Cell Parameter P21/c Cmc21
a (A) 7.629(4) 3.9271(4)
b (A) 5.574(3) 14.8095(2)
c(A) 7.818(4) 5.6118(6)
B(Y) 101.46(5) 90
V. (A3) 325.8(3) 326.37(6)
Phase fraction (wt.-%) 14(1) 86(2)
R, (%) 9.23

Ruwp (%) 11.6

X2 1.94

RBragg (%) 44.0 12.9

Supplementary Table 1 b. Refined atom positions of m-LaTa04 (via SSR) in space group type P21/c.

Atom Wyck. Symb. X y z Biso (A% sof!
La 4e 0.35478(4)  0.73924(9)  0.10483(5) 2.0 1
Ta de 0.21724(4)  0.30578(6)  0.33740(4) 2.0 1
0(1) 4e 0.16115% 0.15285> 0.042892 0.62 1
0(2) 4e 0.062832 0.5850172 0.21649% 0.5% 1
0(3) 4e 0.377432 0.469252 0.333892 0.5% 1
0(4) 4e 0.343672 0.008392 0.359122 1.22 1

Isite occupancy factor, 2adopted from ref.”

Supplementary Table 1 c. Refined atom positions of m-LaTa04 (via SSR) in space group type Cmc2;.

Atom Wyck. Symb. X y z Biso (A% sof!
La 4a 0 0.16961(3)  0.09685(5) 2.0 1
Ta 4a 0 0.41467(3)  0.13325(5) 2.0 1
o) 4a 0 0.304007 0.408007 0.64% 1
0(2) 4a 0 0.331002 0.871002 0.64% 1
0(3) 4a 0 0.47000? 0.532007 0.642 1
0(4) 4a 0 0.915007 0.252 0.642 1

Isite occupancy factor, 2adopted from ref.8
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Supplementary Table 2. Composition of as-prepared n-LTO and m-LaTa04 determined via ICP-OES
and HGE. According to the formula LaTa04 the desired elemental weight fractions are: La 36.2 wt%, Ta
47.1 wt% and O 16.9 wt%.

Elements Lat Tal 02
Composition of n-LTO 1.00 £ 0.01 1.00 £ 0.01 4.11+£0.023
Weight fraction in n-LTO (wt.%) 359+04 46.8+0.5 17.0+0.2
Composition of m-LaTa0, 1.00 £ 0.01 1.00 £0.01 3.95+0.05
Weight fraction in m-LaTaO, (wt.%) 36.1+0.4 47.1+0.5 16.5+0.2

1 [CP-0ES, 2 HGE, ? Contains most probably residual carbonate and nitrate analogues according to
the TGA-MS measurement (Supplementary Fig. 4)

6.10.2.2. Supplementary Note 2: Conversion of n-LTO to m-LaTaO4

Annealing at 1400 °C transformed n-LTO into a microcrystalline LaTaO4. Two polymorphs (space
group types: P21/c and Cmc21) were identified by Rietveld refinements of the high-resolution (HR)
synchrotron PXRD data (Supplementary Fig. 3 and Supplementary Table 3a-c).
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Supplementary Figure 3. Rietveld refinements and SEM image of m-LaTaO. obtained via
annealing. The open red circles represent the measured data, the black line the calculated pattern, the
blue line the difference, and the vertical tick marks (P21/c (grey colour) and Cmc2 (blue colour)) the
expected Bragg reflections. Scalebar of the SEM image: 2 pm.

It is well-known that LaTaO4 easily forms two polymorphs in the space groups Cmc2; and P24/c,
respectively®. Since the interatomic Ta-O distances in LaTaO2N and LaTaON; (Supplementary Table
9e) determined by Rietveld refinements are closer to those in m-LaTaO4 (P21/c) rather than in m-
LaTaO4 (Cmc24) (Supplementary Table 3d), the m-LaTaO4 polymorph in space group P21/c was taken
as Ta%*-containing reference material for the later XPS investigations. The SEM image depicted a
morphology very similar to that of m-LaTaO4 obtained via SSR (Supplementary Fig. 2¢, Supplementary
Fig. 3). The in situ ammonolysis of both, the n-LTO-derived m-LaTa04 and the m-LaTa04 obtained by
SSR, is compared in section “In situ ammonolysis of n-LTO and m-LaTaO4” in the main text.
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Supplementary Table 3 a. Refined unit cell parameters of both n-LTO-derived m-LaTa04 polymorphs.

Unit Cell Parameter P21/c Cmc21
a () 7.6334(4) 3.9321(3)
b (A) 5.5826(3) 14.8070(1)
c(A) 7.8265(4) 5.6184(5)
B 101.57(3) 90
V. (A%) 326.75(3) 327.11(5)
Phase fraction (wt.-%) 59(2) 41(2)
R, (%) 9.12

Ruwp (%) 12.6

X2 7.91

Rgragg (%) 5.26 6.41

Supplementary Table 3 b. Refined atom positions of n-LTO-derived m-LaTaO4 in space group type

P21/C.

Atom Wyck. Symb. X y z Biso (A?) sof!
La 4e 0.34132(2)  077245(4)  0.09567(1)  0.39(3) 1.00(1)
Ta de 0.16836(1)  026501(3)  0.30058(1)  0.14(2) 1.03(1)
0(1) de 0.16970(2)  0.16334(3)  0.04686(2)  0.7(1)? 1
0(2) de 0.05918(2)  0.59019(3)  0.21127(2)  0.7(1)? 1
0(3) de 0.38449(2)  047106(3)  0.32807(2)  0.7(1)2 1
0(4) de 0.33335(2)  0.00577(3)  0.36234(2)  0.7(1)? 1

Isite occupancy factor, constrained

Supplementary Table 3 c. Refined atom positions of n-LTO-derived m-LaTaO4 in space group type

Cmc21.

Atom Wyck. Symb. X y z Biso (A%) sofl
La 4a 0 0.1696(2) 0.170(5) 1.20(6)  1.00(2)
Ta 4a 0 0.4151(1) 0203(5)  0.15(@2) 1.02(2)
0(1) 4a 0 0.296(2) 0.407(7) 0.7(1)? 1
0(2) 4a 0 0.337(2) 0.953(6)  0.7(1)? 1
0(3) 4a 0 0.479(2) 0.535(6) 0.7(1)? 1
0(4) 4a 0 0.907(2) 0.256(7) 0.7(1)? 1

Isite occupancy factor, 2constrained

Supplementary Table 3 d. Ta-O distances in the [TaO¢]”- octahedron of n-LTO-derived m-LaTaO4
(space group types: Cmc21 and P21/c) determined via Rietveld refinements of the HR-PXRD data.

Compound

m-LaTa04 (P21/c)

m-LaTa04 (Cmc24)

dra-o0y (A)
draor) (A)
dra-03) (A)
dra-o@) (A)
dra-os) (A)
dra-o6) (A)

dTa-O, average (A)

2.067(2)
1.968(2)
2.061(2)
1.978(2)
1.984(2)
1.913(2)
1.99(5)

2.2(8)
1.6(1)
1.9(1)
1.9(9)
2.0(4)
2.0(4)
1.97(8)
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6.10.2.3. Supplementary Note 3: Thermogravimetric Analysis coupled with Mass Spectrometry
(TGA-MS)

The TGA-MS study of the conversion of n-LTO to m-LaTaO4 in syn. air revealed the release of H,0 and
hydroxyl groups in the first negative mass change up around 700 °C, since only MS signals for OH**(m/z
= 17) and H,0* (m/z = 18) were detected. By further heating, fragments of CO, (m/z =12 (C**), m/z =
16 (0°**), m/z = 44 (CO2*), and m/z = 45 (13CO2*)) and NO; (m/z = 46 (NOz*)) and additional CH-
fragments (m/z = 13 (CH**) were detected around the inflection point of the second negative mass
change of Am =-4.2 % at 870 °C. This result points to the decomposition of carbonates (most probably
partial formation of Laz(CO3); or La;0CO3 due to the basic character of La;03 - typically
decomposition around 960 °C even in CO; atmosphere is observed!?) and the release of residual
organic compounds and nitrates from the soft chemistry synthesis. The residues arise from the low
calcination temperature of only 650 °C required to maintain a suitable microstructure for the
formation of LaTaO>N.
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Supplementary Figure 4. TGA-MS study of the conversion of n-LTO to m-LaTaOs. The
measurement was done in synthetic air in order to investigate the released gaseous species during the
conversion of n-LTO to m-LaTaOa.
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6.10.2.4. Supplementary Note 4: Oxidation state of Ta in n-LTO and m-LaTaO4

XPS measurements were performed on m-LaTa04 originally prepared by thermal treatment of n-LTO
at 1400 °C (Supplementary Fig. 5) because the atomic distances in m-LaTa04 (P21/c) were similar to
LaTaO2N and LaTaONa.

O m-LaTaO,, 1,400 °C (Fit:
|=---Ta4f,,/Ta4f,, Ta"-0 (Cmc2,)
|=+=+-Ta 4f,/Ta 4f,, Ta"-O (P2,/c)

) Ta 4f

Counts (s™”)

Supplementary Figure 5. XPS spectrum of the Ta 4fregion of m-LaTaO, formed from n-LTO. The
two polymorphs Cmc21 and P21/c obtained by Rietveld refinements of HR-PXRD data were also visible
by XPS. The open circles represent the experimental data and the solid line the overall fit, while the
scattered lines are the fitting results of the Ta 4f orbitals.

Additionally, the presence of both m-LaTaOs polymorphs was confirmed via Ta 4f XPS data
(Supplementary Fig. 5). The XPS spectrum of the Ta 4f region was successfully fitted with two binding
states. The first binding state at lower binding energies of the Ta 4f7,, orbitals was fitted to 25.3 eV.
The second binding energy at higher values of the Ta 4f7,, orbitals was fitted to a local maximum of
25.9 eV. These binding energies were in good agreement to literature values of Ta>* containing
compounds, e.g. KTaOs (Ta 4f7,2 = 26.1 eV)1! or RhTa04 (Ta 4f7,2 = 25.8 eV)12. This leads to the
conclusion that all local Ta 4f7,2 binding energy maxima of m-LaTaO4 can be assigned to a Ta(V)-0
binding character. The weight fractions of the two polymorphs (Cmc21: 40 wt% P21/c: 60 wt%) were
obtained from the Ta 4fpeak areas of both Ta(V)-0 binding characters. They were in accordance with
the results of the Rietveld refinements (Cmc21: 41(2) wt% P21/c: 59(2) wt%, Supplementary Table
3a). Therefore, the polymorph with space group P2:/c shows lower binding energies than the
polymorph with space group Cmc21. The binding energies of the Ta 4fs,; and the respective Ta 4f7,2
orbitals are listed in Supplementary Table 4. The fitted binding energies for n-LTO were not assignable
to a certain phase since phase identification via PXRD was not possible (Supplementary Fig. 2a). The
XPS spectrum of the Ta 4fregion of n-LTO is shown in Figure 3a in the main text.

Supplementary Table 4. Binding energies of the Ta 4f7,, orbitals and the respective Ta 4fs,, orbitals
of m-LaTa04 and n-LTO.

Compound space group type EgTaa2 (€V) EgTaas)2 (eV) Binding Character
P21/c 25.3 27.2 Ta(V)-(0)
-LaTaO
m-Latabs Cme2: 25.9 27.8 Ta(V)-(0)
- 25.5 27.4 Ta(V)-(0)
n-LTO - 267 286 Ta(V)-(0)
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6.10.2.5. Supplementary Note 5: Calculation of the chemical shift for nitrogen substitution

Supplementary Equations (1) and (2) estimated by Nordling?3 were used to determine the chemical
shift due to a nitrogen substitution in LaTa04. The Pauling electron negativities!# for Ta, O and N were
used.

2
Lip = 1-e7025(uxs) (Supplementary Equation 1)

q,=0Q +Z I (Supplementary Equation 2)

With: I Ionic amount of bond
Xa Electronegativity of ion A
XB Electronegativity of ion B
dp Charge

Q Formal charge

Z I  Contribution of ionic character
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6.10.2.6. Supplementary Note 6: In situ ammonolysis of m-LaTa04 and n-LTO
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Supplementary Figure 6. PXRD patterns of the products obtained via termination experiments.
PXRD diffractograms of the during in situ ammonolysis obtained termination products of
nanocrystalline LTO (n-LTO) (left) and microcrystalline LaTaO4 (m-LaTa04) (right). The colour of the
PXRD patterns reflects the colour of the respective powder. The partially high background of the PXRD
patterns might be owed to the small sample amount limited by the size of the ammonolysis crucible.
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Supplementary Table 5. HGE results of the in situ ammonolysis termination experiments.

Compound 0] N Vacancies

n-LTO; 844 °C / NH3 3.44(4) 0.41(2) 0.14(6)
n-LTO; 891 °C / NH3 3.28(1) 1.82(4) 0.00(5)
n-LTO; 950 °C / NH3 1.44(1)t 1.63(9)! -

n-LTO; 1000 °C / NH3 1.26(9)t 1.83(4)1 0.00(2)
n-LTO; 1400 °C / syn. air 3.95(7) - 0.04(3)
m-LaTaO4; 820 °C / NH3 3.87(7) - 0.12(3)
m-LaTa04; 950 °C / NH3 1.05(1)2 2.35(4)2 -

m-LaTa04; 1000 °C / NH3 1.04(7)> 2.45(9)2 -

m-LaTa04 1400 °C / syn. air 3.88(1) - 0.12(1)

Iperovskite-type phase, 2perovskite-type phase with N-containing impurity

Supplementary Table 6. Composition of LaTaO;N and LaTaON; after the second ex situ ammonolysis
cycle determined by ICP-OES and hot gas extraction.

Compound Lal Tal 02 N2
LaTaO,N 1.00 +0.01 1.00 +0.01 1.97 £0.02 1.02 £ 0.03
LaTaO,N (wt%) 37.9+0.4 49.6+0.5 8.6+0.1 3.9+0.1
LaTaON, 1.00 0.09 0.99 +0.01 0.99 +0.02 2.01+0.03
LaTaON, (wt%) 37.9+0.4 49.4+0.5 4.57 +0.07 7.73 £0.12

11CP-OES, 2 HGE

6.10.2.7. Supplementary Note 7: Reduction of Ta

The oxide anions surrounding Ta>* in n-LTO were most probably attacked by He radicals from the gas
atmosphere leading to the formation of Ta-O-H groups. This results already in a reduction of Ta. These
groups can be further exchanged in a nucleophile attack of the NHze radicals leading to the
incorporation of N into the material and after internal H atom transfer to the release of H0 to the
flowing gas atmosphere.
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6.10.2.8. Supplementary Note 8: Reoxidation of LaTaO;N to LaTaO,4
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Supplementary Figure 7. TGA of the reoxidation of LaTaO:N in synthetic air. The observable
changes can be assigned to four reaction steps (numbers s. Supplementary Table 7) allowing the
determination of the following reaction sequence: 1. chemisorption of oxygen. 2. continued
physisorption of oxygen. 3. intermediate formation as with the reoxidation of BaTaO;N?5. 4. full
conversion to microcrystalline LaTa04. The expected mass change for the reoxidation of LaTaO;N to
LaTa04 is Amcac. = 4.92 %.

Supplementary Table 7. Results of the reoxidation of LaTaO;N. The mass changes fall into four
sections.

LaTaO;N — LaTaO4

Temperature Amrca (%) Step
372°C-503°C 0.8 1
503°C-710°C 6.8 2
710°C-828°C -0.3 3
828°C-891°C -2.5 4
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6.10.2.9. Supplementary Note 9: XPS measurements of novel LaTaO2N, LaTaON; and m-LaTaO04
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Supplementary Figure 8. XPS survey spectra. Survey spectra of as-prepared m-LaTaO4 (black), ex
situ-synthesised LaTaO:N (grey) and LaTaON; (blue).

Supplementary Table 8. Fitted binding energies of Ta 4f orbitals for ex situ-synthesised LaTaO2N and
LaTaON,. The binding characters were determined via the point charge model and assigned to the
compound region where they can occur. Since XPS is surface-sensitive a nitrogen concentration
gradient associated with an oxidation state concentration gradient of Ta is not excluded.

Compound Eg (Ta 4f7,2) (eV) Eg(Ta4fs,2) (eV) C]ligl-(;lclzgr Compound region

LaTa02.05)N1.0(8) 24.4 26.3 Ta(IV)-(O,N) Bulk of LaTaO;N
234 25.3 Ta(IlI)-(O,N) Surface of LaTaO2N
25.0 26.9 Ta(V)-(O,N) Bulk of LaTaON

LaTa0o¢.9(9)N2.0(1) 23.7 25.7 Ta(IlI)-(O,N) Surface of LaTaONj
22.9 24.8 Ta(III)-(N) TaN16 (impurity)
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6.10.2.10. Supplementary Note 10: Magnetic measurements
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Supplementary Figure 9. Zero field cooled (ZFC) temperature dependent magnetisation curves.
The ZFC curves of ex situ prepared LaTa0;N and LaTaON; were measured.

Zero field cooled curves are measured at a magnetic field of 500 Oe. The resulting curves were
corrected by subtracting the present diamagnetism (LaTa(IV)O2N: ydia = -0.35 emu-mol-1 and
LaTa(V)ON: ydia = -0.10 emu-mol-1). To determine the effective magnetic moments of the LaTaO;N and
LaTaON; samples supplementary equations (3) and (4) were used?’. The increase of the magnetisation
at very low (T < 30 K) and high temperature (~320 K) is most probably caused by the activation of
pinned impurity states. The hump at about 70 K seems to stem from physisorbed 0!8

c
x(D = Tr0 (Supplementary Equation 3)
NHggHy
C= 3K (Supplementary Equation 4)
B
With: X Susceptibility o Magnetic permeability
T Absolute temperature kg Boltzmann constant
C Curie constant
0 Weiss constant
n Number of atoms per unit volume

Uerr  Effective magnetic moment
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6.10.2.11. Supplementary Note 11: Rietveld refinements of LaTa0O:N and LaTaON

During the Rietveld refinements of the crystal structures of the oxynitrides LaTaO;N and LaTaON the
anionic compositions were fixed according to the respective compositions determined before, since
the virtually equal form factors make it impossible to discriminate between O2- and N3- by means of X-
rays. The anions were statistically assigned to the two independent crystallographic sites.
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Supplementary Figure 10. Rietveld refinements of HR-PXRD data of novel LaTaO;N and
LaTaONz:. a, Rietveld refinements of LaTaO;N (Imma) and b, LaTaON; in space group Imma (grey
colour). The blue coloured ticks indicate the impurity phase (TazNs (Cmcm)).

Supplementary Table 9 a. Refined atom positions of LaTa0;N in space group type Imma.

Atom Wyck. Symb. X y z Biso (A% sof!
La de 0 % % 0.738(2) 1
Ta 4a 0 0 0 0.682(1) 1
0(1) de 0 Vi 0.088(2) 0.5 2%
N(1) de 0 % 0.088(2) 0.5 s
0(2) 8g " 0.967(3) Y 0.5 2
N(2) 8g Y 0.967(3) Y 0.5 s

1site occupancy factor

Supplementary Table 9 b. Refined atom positions of LaTaON; in space group type Imma.

Atom Wyck. Symb. X y z Biso (A% sof!
La de 0 % v 0.84(5) 1
Ta 4q 0 0 0 0.99(6) 1
N(1) de 0 Y% 0.129(7) 0.5 2%
0(1) de 0 Y% 0.129(7) 0.5 s
N(2) 8g Y 0.975(7) Y 0.5 2,
0(2) 8g Y 0.975(7) Y 0.5 n

Isite occupancy factor
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Supplementary Table 9 c. Atomic coordinates of TazNs in space group type Cmcm adopted from Brese
etal™.

Atom Wyck. Symb. X y z Biso (A% occl!
Ta 4c 0 0.19710 Ya 1 Ya
Ta 8f 0 0.13455 0.55906 1 7
N(1) 4c 0 0.76322 Y 1 Y,
N(2) 8f 0 0.04701 0.11949 1 Y
N(3) 8f 0 0.30862 0.07378 1 )
loccupancy

Supplementary Table 9 d. Unit cell parameters of single phase LaTaO;N, LaTaON; and the impurity

TaszNs.
Unit Cell Parameter LaTaO2N LaTaON; TazNs (Cmcm)
a (A) 5.7158(5) 5.7160(3) 3.8907(4)
b (A) 8.0645(5) 8.0590(4) 10.2186(1)
c(A) 5.7442(4) 5.7457(3) 10.2782(1)
Veen (A3) 264.78(3) 264.68(2) 408.63(8)
Phase fraction (wt.-%) 100 94.62(7) 5.38(7)
Ry (%) 8.33 7.33
Rup (%) 12.8 10.3
x> 4.78 4.13
Rgragg (%) 7.12 4.79 33.0

Supplementary Table 9 e. Distances in the [Ta(O,N)¢]# octahedron of ex situ synthesised LaTa0:N
and LaTaON; determined via Rietveld refinements of the respective HR-PXRD data.

Compound LaTaO2N LaTaON;
dra-(0N)1 ({\) 2.0428(2) 2.044(2)
dTa-(0,N)2 (é) 2.0428(2) 2.044(2)
dra-on3 (A) 2.0428(2) 2.044(2)
dra-(onya (A) 2.0428(2) 2.044(2)
dra-(0N)5 ({\) 2.0799(7) 2.0806(9)
dra-oNs (A) 2.0799(7) 2.0806(9)
dra-(0N)average (A) 2.05(5) 2.05(6)

Supplementary Table 10. Specific surface area. Specific surface areas Sger determined by the BET
method.

Compound Sper (m?/g)
n-LTO 6.8
m-LaTa04 (650 °C-»1400 °C) <1
LaTaO:N (1 Cycle, ex situ) 25.0
LaTaO:N (2 Cycles, ex situ) 8.0
m-LaTaO4 (SSR) 2
LaTaONz; (2 Cycles, ex situ) 3.2
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Abstract

Perovskite-type oxynitrides AB(O,N)3 are photocatalysts for overall water splitting under visible light
illumination. In the past, structurally labile perovskite-type oxynitrides (e.g. YTaON;) were predicted
to be highly suitable. In this work, we tackle the challenging YTa(O,N)s synthesis by Y-substitution in
LaTalVO;N resulting in phase-pure LaooYo.1TalvO2N, Lao.75Y0.25TalvO2N, and Lag.7Yo3TalvO;N. By using
microcrystalline YTaO4 together with an unconventional ammonolysis protocol we synthesized the
highest reported weight fraction (82(2) wt%) of perovskite-type YTa(O,N)s. Ta** in La1-xYxTaVO,N was
verified by X-ray photoelectron spectroscopy (XPS) and X-ray near edge absorption structure (XANES)
analysis. Density functional theory (DFT) calculations revealed a transparent conductor-like behavior
explaining the unusual red/orange color of the Ta**-containing perovskites. In combination with
crystal structure analysis the DFT calculations identified orthorhombic strain as the main descriptor
for the unexpected trend of the optical bandgap (Egx-03 ® Egx=0 < Egx=01 < Egx=025). Surface
photovoltage spectroscopy (SPS) of particulate Lai_xYxTaVO2N (x = 0, 0.1, 0.25, 0.3) films revealed
negative photovoltages at photon energies exceeding 1.75 eV, confirming that these materials are n-
type semiconductors with effective bandgaps of ~1.75 eV irrespective of the Y content. The
photovoltage values increased with the Y content, suggesting an improved carrier generation and
separation in the materials. However, increasing the Y content also slowed down the timescales for
photovoltage generation/decay indicating trap states in the materials. Based on our results, we suggest
a significantly weaker as classically assumed impact of reduced B-site metal cations such as Ta** on
the photovoltage and charge carrier recombination rate.
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7.1. Introduction

Among other materials, perovskite-type oxynitrides AB(O,N); have attracted much attention
particularly as photocatalysts for direct solar water splitting (SWS).1-10 Their perovskite-type
structure is of great scientific and technological interest because it combines distinctive resistance
with alarge compositional flexibility allowing a controlled variation of the electronic properties. Owing
to their SWS-suited optical bandgaps of E; = 2 eV, the most thoroughly investigated perovskite-type
oxynitrides contain Lal on the A-site and TilV (ref. 11) or TaV (ref. 12-19) on the B-site. In former
reports, often reduced transition metal (TM) ions such as reduced Ta species in TaVON2021 or in
LaTaVONg; (ref. 22) were the origin of a fast charge carrier recombination and consequently a poor SWS
performance. In such cases the TM ions were handled as defects introducing donor levels close to the
conduction band. It was shown that an elimination of these defects enhanced the SWS activity?202! and
slowed down the charge carrier recombination. However, a still remaining question is how a material
and the respective electronic band structure (e.g. non-degenerated vs. degenerated semiconductor)
behave, if only reduced TM ions (e.g. Ta*) as B-site cations are present. In accordance with
experimental reports,1223-25 [LaTaON; was identified as a promising candidate for SWS also by
computational analysis of the bandgap.26-286 However, DFT-based electronic band structure
calculations showed that the energetic position of the conduction band minimum (CBM) of LaTaON
does not ideally fit to the redox potential of the water reduction reaction.?’ Instead, the perovskite-
type oxynitride YTaON2, which to the best of one’s knowledge has not been synthesized in a single
phase yet, seems to be well-suited.2’ In contrast to LaTaONp, its CBM is predicted to be appropriate for
the overall water splitting reaction.2? Y-containing perovskite-type materials are only rarely studied2?-
31 due to the presumable instability as reflected by the low tolerance factor t as defined by Li et al.3?,
eg. t = 0912 for YTaON; and t = 0.898 for YTaO:N. Geometric considerations (extension of
Goldschmidt's tolerance factor) locate YTaON; on the border of the existence field of perovskite-type
oxynitrides, whereas YTaO;N is located more or less outside of the existence field.32 This higher
instability, as expressed by the slightly positive heat of formation,?” combined with the favorable band
edge position is supposed to result in an enhanced reactivity as found for other catalytic systems.33.34
Additionally, the low tolerance factors of YTaO2N and YTaON; (ref. 32) require a strong tilting of the
octahedral network classically leading to a widening of the optical bandgap and a reduced dispersion
of the conduction band.?7.35 This allows the adjustment of the CBM to the requirements of the water
splitting reaction as theoretically demonstrated for YTaON.27? The predicted metastability with
respect to binary oxides and nitrides2’” makes it very challenging to synthesize perovskite-type
YTa(0,N)3, since typically a defect-fluorite-type phase YTa(O,N,0)4 sometimes accompanied by small
amounts of perovskite-type phase was observed.36-39

We have recently reported on the controlled formation of perovskite-type oxynitrides LaTaVO;N and
LaTaYON; by a precursor microstructure controlled ammonolysis.1* A similar concept can also be
applied to the synthesis of yttrium tantalum oxynitrides. In the literature, the usage of a
nanocrystalline oxide precursor (n-YTO) resulted in the formation of a defect-fluorite-type phase30.36
with a suitable optical bandgap (E = 2.2 eV) but without photocatalytic activity for SWS.30 The usage
of microcrystalline YTaO4 (m-YTa04) allowed the formation of a low crystallized perovskite-type main
phase together with a defect-fluorite-type phase and TazNs impurities.3? Attempts to enhance the
crystallinity by raising the ammonolysis temperature resulted in transformation into a defect-fluorite-
type main phase.30 For potential photocatalysts for water splitting and photoanode materials for water
oxidation under visible light not only bandgap sizes and band edge positions40-42 are important, but
also the efficiency of charge carrier separation plays an essential role. As one of the advanced analytical
tools, surface photovoltage spectroscopy (SPS) is typically applied to investigate the photo-induced
charge carrier separation in a material.#3-%5 This method provides information about the majority
charge carrier type (electron or hole), effective bandgaps, charge transfer timescales, and
reversibility.46:47
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In this work, a precursor microstructure controlled ammonolysis was combined with the gradual
substitution of Y3+ for La3+ to tackle the synthetic challenge of forming YTa(O,N)s. This produced the
before unknown perovskite-type oxynitride family members Lai-,Y,TaO2N (x = 0.1, 0.25, 0.3) and, for
x = 1.0, a mixture of a perovskite-type main phase (w = 82(2) wt%) and defect-fluorite-type secondary
phase (w = 18(2) wt%). The expected increasing distortion of the octahedral network induced by
increasing Y content (x < 0.3) was confirmed by Rietveld refinements of high-resolution powder X-ray
diffraction (HR-PXRD) patterns. However, diffuse reflectance spectroscopy (DRS) revealed a widening
of the optical bandgap only up to x = 0.25 indicating that for La;—xYxTaO2N (x < 0.3) the distortion of
the octahedral network is an insufficient descriptor for the bandgap size. Instead it seems that the level
of orthorhombic strain ¢ is crucial for the resulting bandgap. In all synthesized La;-<YxTaVO;N (x = 0.1,
0.25, 0.3) compounds the presence of Ta** as the main oxidation state was confirmed via X-ray
photoelectron spectroscopy (XPS) and X-ray near edge absorption structure (XANES) analysis,
respectively. Superconducting quantum interference device (SQUID) measurements were used to
characterize the magnetic properties. Density functional theory (DFT) calculations revealed a different
band structure for La1-,YxTalVO;N in comparison to LaTaVON; pointing to a transparent conductor-like
behavior with a bandgap in the first case. The experimentally determined optical bandgaps of around
1.9 eV and low optically active defect concentrations of LaTaVO;N4 and La;-xY,TaVO2N make these d?!
materials interesting as potential photocatalysts and as model systems to study the influence of
reduced B-site cations on the photo-induced charge carrier separation processes. SPS measurements
revealed a n-type semiconducting behavior of La1-,YxTaO2N upon visible light exposure and similar
effective bandgaps regardless of the Y content. However, small Y contents had the fastest reversible
charge carrier dynamics whereas higher contents decelerated it. One reason might be the level of
tilting of the octahedral network and elongation of the octahedra. Importantly, surface photovoltages
of up to -1 V were observed in Lai_YxTalVO;N (x < 0.3), demonstrating the possibility of long-lived
charge carriers in “Ta*+*-only” materials for the first time.
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7.2. Results and Discussion

Ex situ ammonolysis of Y-substituted nanocrystalline lanthanum tantalum oxide (n-LTO) (10 mol% Y,
25 mol% Y, and 30 mol% Y) with KCl flux addition leads to red Lao.oYo.1TaO2N, orange Lao.75Y0.25TaO2N,
and orange Lao.7Y03TaO:N after several cycles (Fig. 1).
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Fig. 1. Schematic synthesis paths from Y-substituted nanocrystalline lanthanum tantalum
oxide (Y-subst. n-LTO), nanocrystalline yttrium tantalum oxide (n-YTO), and microcrystalline
yttrium tantalate (m-YTaO4) to the respective oxynitrides.

The characterization of the oxide precursors is described in the ESI (Fig. S1-S4 and Tables S1-S4). The
compositions of the oxynitrides were confirmed via inductively coupled plasma emission spectroscopy
(ICP-OES) and hot gas extraction (HGE). Similar anionic ratios were previously reported for
LaTaO;N.1* In addition, to prove the observed anionic ratio of O: N = 2: 1 during in situ experiments
in Y-substituted LaTaO;N in situ ammonolysis with selected termination experiments and a
subsequent reoxidation experiment by TGA were performed. The mass changes associated with in situ
ammonolysis of 10 mol% Y-substituted n-LTO were similar to those previously reported for pure n-
LTO#4 (Fig. S5, ESIt). However, the specific surface area of 9 m2 g-1 for 10 mol% Y-substituted n-LTO
compared to 7 m? g-! for n-LTO* was apparently high enough to achieve the desired O : N ratio of 2: 1.
This was confirmed via HGE measurements. Hence, the earlier assumption that ammonolysis of oxide
precursors exhibiting a higher specific surface area leads to oxynitrides with a higher oxygen content4
could also be demonstrated for 10 mol% Y-substituted LaTaO;N. Additionally, the assumed “soft”
topotactic reaction!* via an intermediate in the space group Cmc2; (alternative description A21am)
which was suggested for LaTaO2;N could be observed for LapsYo.1TaO2N. By chemical analysis and
PXRD the black colored intermediate at 1187 K in the space group Cmc2: was identified as
Lao9Yo0.1Ta02.76(8)No.ag1)0o.75(9) (Fig. S5, S6, and Table S5, ESIt). After in situ ammonolysis at 1223 K for
10 handat 1273 K for 14 h, respectively, subsequent reoxidation of Lag9Yo.1TaO2N to LapsYo.1TaO4 was
carried out under synthetic air. The observed mass change of +4.94% was close to the calculated value
of Amcac = +5.0% (reoxidation of LaooYo1TaO2N to LaogYo.1TaO4) confirming an O:N ratio of 2:1
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during in situ experiments. For higher Y-substituted n-LTO (25 mol% Y and 30 mol% Y), it was found
that repeated ammonolysis cycles at 1273 K for 14 h with KCl flux addition (Fig. 1) were required to
achieve single phase oxynitrides. In situ ammonolysis studies were not performed in these cases for
the protection of the TGA device.

The HR-PXRD patterns of Lai—xYxTaO2N (x = 0.1, 0.25, 0.3) revealed that all three compounds were
phase pure and adopted the space group Imma (Fig. S7(a)-(c) and Table S6, ESIt). LaTaO2N has already
been reported to have the same space group.1* In addition to HR-PXRD, Lao.9Yo.1TaO2N was also studied
by neutron diffraction (ND) in order to receive additional information about the space group and a
potential anionic long-range order (Fig. S8 and Table S7, ESIt). The refined ND data could give no
indications of an anionic long-range order. The absence of long-range ordering is in agreement with
crystal structure data reported in the literature.*8 The analysis of the unit cell parameters and unit cell
volume obtained by Rietveld refinements of the HR-PXRD data showed that increasing Y substitution
has two clear effects: a continuous decrease of the unit cell volume (Table 1) and a higher level of tilting
in the octahedral network (Table S8(a), ESIt) due to the smaller ionic radius3249 of Y3+,

Table 1. Unit cell parameters, volumes, and orthorhombic strain € of La;_,YxTaO2N (0 < x < 0.3) in
the space group Imma

Unit Cell Parameter LaTaO:N14 LaosYo.1TaOzN Lao.75Y0.25Ta02N Lao.7Yo0.3TaO2N
a (A) 5.7158(5) 5.7093(2) 5.6993(5) 5.7044(2)
b (A) 8.0645(5) 8.0563(2) 8.0845(3) 8.0908(2)
c(A) 5.7442(4) 5.7322(2) 5.6901(6) 5.6709(2)
Veen (A%) 264.78(3) 263.66(1) 262.18(4) 261.73(2)
£(-) 0.0025(1) 0.0020(1) 0.0008(1) 0.0029(1)

The enhanced tilting of the [Ta(O,N)¢]# octahedron due to partial Y3+ substitution is well known for
[B(O,N)¢]7~ (B =Ti, Zr)3! and can be visualized as a continuous reduction of the average Ta-(0/N)-Ta
angles in La1—xYxTaOz2N (x = 0.1, 0.25, 0.3) (Table S8(a), ESIt). Moreover, the Ta-(0/N) bond lengths in
the axial direction (b-axis) increase with increasing Y content leading to an elongation of the
octahedron (Fig. S9 and Table S8(b), ESIt). At the same time, the Ta-(0/N) bond lengths in the
equatorial direction (c-axis) decrease with increasing Y3+ content (Table S8(b), ESIt). The effects of
elongation and distortion can be described by different amplitudes of the Rf mode allowing a
distortion of an initially cubic perovskite (Pm3m) along [111] leading directly to the observed
symmetry lowering to Imma. Even though there is already a significant tilting level reached, the HR-
PXRD data suggest that the solubility limit of Y3+ is not yet surpassed up to x = 0.3 in La;_xYxTaO2N (Fig.

2(a)).

For LaTaVO;N and LaTaVON; (ref. 14), the oxide precursor microstructure played an important role in
determining which phase is formed. The same applies for the reaction of nanocrystalline yttrium
tantalum oxide (n-YTO) to form its oxynitride. In agreement with literature reports,3%3637 it was not
possible to prepare perovskite-type YTa(O,N)3 by using n-YTO as the precursor. Even by using an
expanded tested parameter array for the ammonolysis temperature (from 973 K to 1373 K) in
combination with n-YTO as the precursor, only the formation of a defect-fluorite-type oxynitride phase
was possible. In Fig. S10(b), ESI, T the yellowish, defect-fluorite-type Yo.9s2)Ta1.05:2)00.85(1)N1.38(2)01.82(3)
synthesized at 1023 K - containing highly reduced Ta - is shown as an example. Because, the here used
n-YTO contains smaller crystallites caused by using a calcination temperature of 873 K instead of 1023
K (Si et al.39) the onset of the applied ammonolysis reaction lowered at least by 50 K. In contrast, by
using a microcrystalline yttrium tantalum oxide (m-YTaO4) (Fig. S10(c), ESIT), it was possible to
synthesize a well-crystalline perovskite-type main phase YTa(O,N)3 in the space group Pnma (w =
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82(2) wt%) next to YTa(O,N,0)4+ (w = 18(2) wt%) without XRD-detectable traces of binary nitrides
such as TasNs (Fig. S10(d), ESIt). In this study, the usage of a microcrystalline precursor in
combination with a higher ammonolysis temperature of 1373 K prior to a cycle at 1273 Kand a larger
ammonia gas flow as in ref. 30 allowed the perovskite-type phase formation. In agreement with the
predictions based on the tolerance factor t (ref. 32) mentioned above YTa(O,N)3 crystallized as an
orthorhombic perovskite phase but in contrast to La;xYxTaO2N in the space group Pnma. This might
be due to either the unknown O: N ratio or the smaller effective ionic radius of Y3+ compared to La3+.
Regarding the dual phase nature of this sample, the determination of the nitrogen content of the
individual phases by chemical analysis is not applicable. By diffraction methods a definitive answer
could not be provided, as the X-ray scattering contrast between 02- and N3- is too low and not enough
material was available for ND measurements.

An increase of the specific surface area (Sger) was observed for Lai—YxTaO2N (x = 0.1, 0.25, 0.3) by
comparing the synthesized oxide precursors (9-14 m? g-1) with the respective oxynitrides (18-28 m2
g-1). SEM images (Fig. 2(b)) depicted morphologies similar to that of LaTaO,N1* with visibly larger
primary particle sizes compared to the respective oxides (Fig. S2(a)-(c), ESIt).
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Fig. 2. (a) Vegard's plot of the refined unit cell volume of La1-,YxTa0O:N (x = 0.1, 0.25, 0.3); for x = 0 the
unit cell volume of LaTa0;N14 was used as the reference. (b) SEM images of La;xYxTaO2N (x= 0.1, 0.25,
0.3). (c) DRS spectra of La1«xYxTaO2N (x = 0, 0.1, 0.25, 0.3) plotted as Kubelka-Munk curves together
with photographs of the received powders. (d) Lai-xYxTaO2N unit cell edges and selected [TalV(O,N)¢]#-
octahedra with indicated Ta-X1,-Ta angles (with X = O/N) and dra-(o/n) distances. The O and N anions
are displayed with a reduced radius for visibility reasons.

In addition to the decrease of the unit cell volume and the increase of the distortion of the octahedral
network also the observed color change from red to orange (Fig. 2(c)) indicated a widening of the
bandgap. DRS measurements and applying the Kubelka-Munk conversion>? showed a slight change of
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the optical bandgap from 1.90 eV (LaTaO:N) to 1.96 eV (Lao.75Y025Ta02N) with increasing Y
substitution. In contrast Lag7Yo3Ta0:2N (Eg = 1.88 eV) did not follow this trend even though the average
Ta-(0/N)-Ta angle was further decreased (Table S8(a), ESIt). The samples LaooY0.1TaO2N (Eg = 1.92
eV) and Lag.75Y0.25Ta02N (Eg = 1.96 eV) showed the same high color brilliance as LaTaO2N.14 In contrast,
Lao.7Y0.3Ta02N has a brownish tone originating from optically active defects. The obtained behavior of
the bandgap size upon partial Y3+ substitution is more complex than initially expected and cannot be
simply explained by one effect. In La1-,YxTaO2N (x =0, 0.1, 0.25, 0.3) multiple effects play a distinctive
role: (i) the effect of distortion of the octahedral network (decreasing average Ta-(0/N)-Ta angles (
Fig. 2(d) and Table S8(a), ESIT)) typically related to a widening of the bandgap and (ii) the elongation
of the octahedra (increasing Ta-(0,N) bond lengths in the axial direction, Table S8(b), ESIt) leading to
a smaller bandgap. These counteracting effects can be seen in the unexpected trend Egx-03 ® Egx=0 <
EGx=01 < Egx-025 of the optical bandgap. The above mentioned R} mode is able to simultaneously
describe both structural effects in Lai-xYxTaO;N (x =0, 0.1, 0.25, 0.3). Based on DFT calculations using
a fixed, experimentally determined orthorhombic strain only a slight variation of the R} mode
amplitude by about 10% upon partial Y3+-substitution was observed. This is in accordance with the
determined alteration of the unit cell parameters, bond angles and lengths of the materials (Tables 1
and S8, ESIt), and the small resulting effect of the distortion of the octahedral network on the bandgap
size. However, the experimentally observed changes in the bandgap data require a more complex
description. The obtained variation of the unit cell parameters with the Y content x together with the
different ionic radii of the A-site cations (r (La3*) and r(Y3*)) resulted in an irregular variation of the
orthorhombic strain € - as defined in eqn (1)5! - of the oxynitrides La; xYxTaO2N (x < 0.3) (Table 1).

(a-c)
(a+c)

(1

For La;«YxTaO2N (x < 0.3) the effect of the strain on the bandgap seems to dominate in comparison to
the effects (distortion and elongation) resulting from a change in the amplitude of the R} mode. A clear
correlation between ¢ and Eg can be obtained in the following way where a larger strain leads to a
smaller band gap and vice versa. Consequently, Lao7Y03TaO2N has the smallest band gap within the
series because it has the largest strain, while for Lag75Y025Ta02N the smallest strain but the largest
bandgap is observed. In comparison to perovskite-type oxides ABO3 the effect of strain on the resulting
bandgap in perovskite-type oxynitrides AB(O,N)3 is much more complex and experimentally far less
investigated. DFT calculations suggest that the strain is an important parameter for the band structure,
since a variation of the strain state can cause a change of the bandgap of more than 1 eV (ref. 52) (for
SrTiO3z (ref. 53) in comparison just 0.1 eV). For ABO3 the application of both compressive and tensile
stress results in a reduction of the bandgap.52 For the oxynitrides such as LaTiO;N, CaTaO:N, SrTaO:N,
and BaTaO;N a multiparameter dependency of the bandgap from the strain is observed by DFT
calculations. The application of both strains (compressive or tensile) on these materials can either
cause a blue-shift or a red-shift of the bandgap depending on the following parameters: (i) unit cell
volume (controlled mainly by the A-site cation), (ii) the energetic position and crystal field splitting of
the B-site cations (3d vs. 5d) with respect to the O/N 2p orbitals, (iii) direction of applied strain in
relation to the crystal axis, (iv) the type and degree of (local) O/N ordering (cis vs. trans), and (v) the
level of octahedral rotation and the inversely correlated ferroelectric displacements.5254 Therefore,
more combined theoretical and experimental investigations are required in the future to establish a
more generally valid model to describe the interrelation between the strain and bandgap in
perovskite-type oxynitrides. Besides the bandgap size also the band edge positions must match with
the redox potentials of H,0 for potential SWS catalysts. The conducted electrochemical experiments
and calculations (Table S9, ESIT) did not provide a conclusive answer so far to the question whether
the band edge positions of Lai1_xY TalVO;N are suitable for SWS. The detailed analysis results can be
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found in Table S9, ESI.t Therefore, in the following we focus on the charge carrier separation behavior
and the effects of Ta%* on it.

Like the samples La;1—xYxTaO2N () the defect-fluorite-type oxynitride YTa(O,N,0)4 (Table S10, ESIt) also
showed a different coloration than expected from the presence of Ta ions below the 5+ state.
Nonetheless, the determined optical band gap of Eg = 2.2 eV (Fig. S11, ESIt) was still in agreement with
literature reports.2630 At lower energies than the optical bandgap no increasing background was
observed pointing to a low optically active defect concentration as observed for the La-containing
perovskites. In contrast, the color of the mixture of the perovskite-type YTa(O,N)3 phase (greenish
black) indicated a high concentration of optically active defects besides an optical bandgap of around
2 eV.

The composition of La;—xY,TaO2N (x = 0.1, 0.25, 0.3) provides two possibilities for the oxidation state
of Ta (Fig. 3(a)-(c)).
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Fig. 3 (a-c) XPS spectra of the Ta 4f region of Lai_YxTaO2N (x = 0.1, 0.25, 0.3). Microcrystalline
LaogYo1Ta04 was used as a reference for Ta>* and to determine the chemical shift after ammonolysis.
(d) The point charge model>55¢ was applied to the spectra as described in Bubeck et all* (e)
Normalized X-ray absorption at the Ta Li-edge as a function of energy for all measured compounds
and (f) valence determination applying the inflection method: plot of the energy shift with respect to
Tal against the valence for all measured compounds.

Either it has an overall oxidation state of 4+ or it is present as 3+ and 5+ in equal shares. For a detailed
evaluation of the oxidation state of Ta we analyzed the Ta 4f regions of the XPS spectra. The binding
energies of the Ta 4f;/, and Ta 4fs,; orbitals (Table 2) obtained from the spectra (survey spectra in Fig.
S12, ESIt) were consistent with the values determined for the Ta** compound LaTaVO;N.1# As recently
reported for LaTa0;N4 by applying the point charge model,145556 a chemical shift to lower binding
energies by more than 0.3 eV indicates a change of the Ta oxidation state from 5+ to 4+. Therefore, the
binding energies of La; «YxTaO2N (x = 0.1, 0.25, 0.3) are consistent with either a TalV-(O,N) or a Ta!-
(O,N) binding character (Table 2). The Ta 4f7/,2 binding energies for the TaV-0 binding character of
microcrystalline LagoYo01TaOs (Egra ar72 = 25.3 eV), Lao7sYo25TaO4 (Epta 472 = 25.2 eV) and
Lao7Y03Ta04 (Estasfr/2 = 25.3 eV) were used as Ta5* references, respectively (Fig. 3(a)-(c)). In contrast
to recent literature reports on LaTaON; (ref. 12 and 14) and PrTa0:N,!2 our data did not provide any
evidence of the presence of Ta>* in La1_,YxTaO2N (x = 0.1, 0.25, 0.3). The Egrta(v) 4t7/2 Values reported
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there (eg. 28.03 eV,12 27.46 eV,12 and 25.0 eV (ref. 14)) significantly exceed our measurement results.
A massive peak broadening or significant double peak splitting described for the above mentioned
compounds!? was not observed either in our measurement data. Thus, the observed anionic
composition of La;xYxTaO2N can be explained by the presence of Ta** (d! state). The slightly lower
binding energy of the Ta!V-(O,N) binding character in LaoY03TaO2N can be attributed to the higher
number of ammonolysis cycles required at 1273 K leading to an enhanced reduction to Ta3* at the
surface and nitrogen enrichment4 in the chemical environment of the [TaV(O,N)s]# octahedron.

Table 2. Binding energies of the Ta 4f region of La1xY:TaO2N (x = 0.1, 0.25, 0.3) with the respective
binding characters determined via the point charge model

Compound Egrassr/2 (€V) Egraass,2 (eV) Binding Character
Lao_9Y0_1TaOZN 23.4 25.4 Ta‘“—(O,N)
24.5 26.4 TalV-(0,N)
Lao,75Y0,25TaOZN 23.6 25.5 Ta“l—(O,N)
24.7 26.6 TalV-(0,N)
Lao7Yo3Ta0O2N 23.2 251 Tall'-(O,N)
24.3 26.2 TalV-(O,N)

Additionally, the N and O weight fractions were calculated from the peak areas of the respective fitted
orbitals. O/N ratios of 2, 1.92, and 1.79 were determined for 10, 25 and 30 mol% Y-substitution in
Lai—xYxTaO2N, respectively. This matches quite well with the anionic compositions determined via
reoxidation and HGE measurements (Table S11, ESIt). The determined O/N ratios support the above
given interpretation of the shifted binding energy by nitrogen enrichment in the surrounding of Ta.
The small deviation from the theoretical O/N ratio of 2 can also be resulting from the overlapping of N
1s,Y 3s, and Ta 4p orbitals.

Given by the small mean free path of photo-emitted electrons (normally between 1 and 10 nm (ref.
57)) XPS is a surface-sensitive method. Therefore, the assumed change of the oxidation state from Ta5*
to Ta** during ammonolysis of the oxide precursors was additionally studied in the bulk via XANES at
the Ta-Lu edge (Fig. 3). As reference materials, well-defined Ta oxidation states of Ta metal, TaN,
Ba;Tai5032, TasNs, LapsYo1TaOs, and Tap0s were used for the XANES data analysis. The samples
LaooY0.1TaO2N (ammonolyzed once at 1223 K) and Lagp9Yo.1TaO2N (ammonolyzed twice: 1x at 1223 K,
1x at 1273 K + KCI flux addition) were measured and their determined normalized absorption was
plotted against the energy (Fig. 3(e)). The Ta-Li; absorption edges of both LagoYo.1TaO2N samples are
located in-between the Ta-Li; absorption edges of the Ta3+ and Ta>* reference materials and close to
the Ta-Li absorption edge of BazTa V15032, which have been synthesized according to Siegrist et al.>8
As expected, the absorption edge shifted to higher energies with increasing oxidation state of Ta.>?
According to Henderson et al>7 a shift of the L-edges by about 1.5 eV per valence is expected. For Si
even a shift of 2.2 eV per valence>” was observed. In our case, a shift of 2.1-2.2 eV with respect to the
Ta0 reference was determined for LaooYo.1TaO2N (1 and 2 cycles). Since the oxidation state or valence
state, respectively, is linearly correlated with the energy shift,57 an oxidation state between +3.8 and
+3.9, close to the expected +4, was obtained in the bulk (Fig. 3(f)). Hence, a uniform oxidation state
could be demonstrated for the bulk and the surface region. This finding is in good accordance with the
anionic ratio of O : N = 2: 1 obtained from chemical analysis and XPS data. On closer examination of the
curve shapes of LaggYo1Ta02N, Ba;Tai503z, and LaoggYo1Ta04, a double structure in the white line is
visible. According to Rietveld refinements, Ta is surrounded by six anions in a distorted octahedral
coordination suggesting a crystal field splitting. This crystal field splitting becomes obvious in the Ta-
Ly transition since it probes the (partially) empty 5d states with electrons from the occupied 2p
states.®0 Crystal field splitting values of 4 eV (ref. 60) and even 5.5-6 eV (ref. 61) were reported for
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Ta5* in KTa03 and Ta-substituted TiO2 solid solutions, respectively. For both LaooY0.1TaO2N samples a
smaller peak splitting of 2.5 eV was observed. This points to a lower oxidation state since the oxidation
state and crystal field splitting energy are correlated.! Additionally, distortion in the octahedral
environment of the centered cation increases the crystal field splitting according to theoretical
models.57 Since the effective ionic radius of Ta** (re(Ta%*) = 0.68 A (ref. 27)) is larger than that of Ta5*
(resi(Ta%*) = 0.64 A (ref. 27)) and the effective radius of K* (reg(K*) = 1.64 A (ref. 27)) is larger than
those of La3* and Y3+, the distortion in both Lag9Y0.1TaO2N samples is expected to be lower than that in
KTa0s. This is consistent with our measurements and the fact that re(Ta**) > rer(TaS+) also explains
the different peak splitting values of Lag9Yo.1TaO2N (2.5 eV) and LagoY0.1Ta04 (2.8 eV).

The 5d! electronic configuration of tantalum (Ta*+) was further analyzed via SQUID measurements
(Fig. S13(a) and (b), ESIt). The obtained M(H) curves reveal different saturation magnetizations of
3.46 x 104 emu (x = 0.1) and 0f 9.19 x 10-* emu (x = 0.25) which are equivalent to effective magnetic
moments of 0.0011 ug/Ta (x = 0.1) and 0.0031 ug/Ta (x = 0.25), respectively. Additionally, to the
paramagnetism, Lao.75Yo25TalvO,N showed a very small ferromagnetic-like contribution. To separate
the observed ferromagnetic (FM) contribution, it was subtracted from the low temperature hysteresis
of the sample. Similar FM-like contributions were also observed in other bulk non-magnetic materials,
with nominal d° contribution, which were identified as non-stoichiometric surface states.62-6¢ By
applying a Brillouin function® fit (shown in the insets of Fig. S13(a)-(c), ESI{) to investigate the
paramagnetism a magnetic moment of 2.1 ug for both samples was estimated. This is in contrast to the
calculated small pug/Ta values for both samples, showing that just a tiny fraction of the Ta ions show
paramagnetism with a moment of 2.1 ug. The determined 2.1 ug for both samples is consistent with
surface related Ta3* impurity ions (5d% with assumed 2 ug/magnetic ion), which were detected by XPS
(Fig. 3(a)-(c)). If we assume a 50% presence of Ta3* in the first 0.1 nm of each nanoparticle, we can
calculate the surface to volume ratio with which the same reduced total ug/Ta is obtained. This results
in typical particle sizes in the range of 100-300 nm, consistent with the obtained SEM results in Fig.
2(b). By calculating the quantitative amount of Ta3+ and Ta** for x = 0.1 one Ta3* per 1914 Ta** ions
and for x = 0.25 one Ta3* per 670 Ta** ions are obtained, respectively. This confirms the small amount
of Ta3* and points to the suggested “Ta**-all” materials and that Ta3+ is just located on the samples'
surface. A similar nearly non-magnetic behavior was already observed for LaTalVO;N and LaTaVON;
(ref. 14) and, hence, a similar orbital hybridization for La;_.YxTaO2N is assumed. Fixed magnetic
calculations at 0 K (Fig. S13(d), ESIt) showed for LaTaVON,, LaTavO2N, and Lao75Y0.25TalVO2N a
positive energy upon addition of a magnetic moment pointing to a non-magnetic behavior of the
respective oxynitrides.

The simultaneous presence of reduced B-site cations with d! electron configuration and a significant
optical band gap is quite unusual and might point to a transparent conductor-like behavior. Indeed,
from the electronic band structure and consequently the density of states (DOS), the existence of
metallic Ta 5d states was visible (Fig. S14, ESIt). Such behavior is well known from heavily doped
degenerated semiconductors such as transparent conducting fluorine-doped tin oxide (FTO)% and
indium-doped tin oxide (ITO).67 Another even closer related example is the red metallic photocatalyst
Sr1-xNbO3 (Nb#*) with an optical band gap of 1.9 eV showing a very similar electronic band structure®8
to La1xYxTaO:N. A detailed discussion of the electronic band structure can be found in the ESI, section
“Electronic band structure”.t The calculated optical conductivity®! of Lai_xYxTaO2N (Fig. 4(a)) agreed
as well with this by showing a strong increase of the conductivity at energies below around 0.5 eV
pointing to the presence of metallic states. However, at energies higher than 3.5 eV a second increase
of the calculated optical conductivity was obtained caused by the absorption of photons with an energy
higher than the bandgap. For LaTaVON; as expected no absorption was obtained at energies lower than
the bandgap in the calculated optical conductivity due to the 5d° electronic configuration of Ta>* (Fig.

4(a)).
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Fig. 4 (a) Calculated optical conductivity of La1_xYxTaO2N (x = 0, 0.125, 0.25, 0.375) and LaTaON.. (b)
Surface photovoltage spectra (SPS) of all La1-,YxTaO2N sample films on FTO. ACPD denoted the contact
potential difference change under illumination, i.e. the photovoltage. (c) Chopped light scans of all
Lai;—xYxTa02N samples under monochromatic illumination at 2.48 eV (on: ~300-600 s; off: ~500-960
s). (d) Energy diagram of the La1_,Y,TaO2N/FTO interface before and after illumination.

The ability of oxynitrides to separate photogenerated charge carriers under illumination was studied
by surface photovoltage spectroscopy (SPS) of 800-1500 nm thick particulate films on fluorine doped
tin oxide (FTO) substrates. The SPS data are presented in Fig. 4(b) and (c) (for numerical data and
photos of the films see Table S12 and Fig. S15, ESIT). All La;_xYxTaO2N films produced negative
photovoltage ranging from -0.44 V to -1.01 V due to electron injection into the FTO substrate (Fig.
4(d)). This indicates that all samples are n-type semiconductors. As can be seen from the exemplary
calculated electronic band structure of LaTaVON; (Fig. S14(a), ESIt), a direct bandgap was obtained.
This is beneficial for light-driven applications and light absorption. In contrast, the band structures of
LaTalVO;N and Laos75Y0.125TalvO2N (Fig. S14(b) and (c), ESIt) point to a degenerated semiconductor.
The maximum photovoltage was reached at 2.75 eV for most materials, which coincides with the
maximum spectral emission intensity from the Xe-lamp (Fig. S16, ESIt). The photovoltage value
increases in the order LaTaO:N, LapoYo1TaO2N < Lag7s5Yo25Ta02N < LagsYo3TaOzN, suggesting
improved charge carrier separation for the more heavily Y-substituted samples. Based on tangential
approximation of the major photovoltage feature, the effective bandgaps ranged from 1.65 eV to 1.78
eV. These values are 0.25 eV to 0.12 eV below the measured optical bandgaps of Ec = 1.9 eV for
La1xY:TaO2N (x=0, 0.1, 0.25, 0.3). The difference indicates a small concentration of visible light-active
states near the band edges in the materials. These states are observable in SPS even though their
concentration is too small to contribute to the visible absorption spectra. After concluding the SPS scan,
the films were left in the dark until a stable voltage signal was achieved. Then, chopped light scans
were applied under monochromatic illumination at 2.48 eV to examine the reversibility of photo-
induced charge separation in each material (Fig. 4(c)). The time constants, 7, in Table S12 (ESIt)
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correspond to the amount of time required to achieve 63.21% of the final photovoltage after turning
the light on or off. The sample LagoY0.1TaO2N (x = 0.1) had the fastest photovoltage generation/decay
(Ton =7.62 s, Torr = 73 s) compared to e.g. the Y-free sample (7on = 22 s; Tofr = 89 ), suggesting that the
introduction of a small amount of Y improves the charge carrier transport rate. The 7., and ot values
of the other samples increased with increasing Y content, meaning charge carrier transport became
slower. Besides changes in the electronic structure of the material, induced by Y-substitution, other
reasons for the increased 7o, times could be an increase in the particle packing density in the films,
resulting from a change in the particle morphology upon substitution with Y3+, or a change in the
concentration of the hole traps at the particle surfaces, allowing faster trapping of photogenerated
holes in the Y-substitution materials. A strong surface state-dependent photovoltage formation due to
hole trapping has been observed before e.g. for Fe;03 nanorod arrays.®° The larger photovoltage values
correspond to an enhanced separation of the photogenerated charge carriers. It has already been
reported that the presence of reduced B-site metal cations such as Ti'l (ref. 70 and 71) or TalV (ref. 72)
can cause fast recombination of photogenerated electrons and holes significantly decreasing the
photovoltage. However, based on the SPS data in Fig. 4(b), the Ta**-only materials La1_xYxTalVO2N (x =
0, 0.1, 0.25, 0.3) are able to generate and separate charge carriers based on the photovoltage. A reason
for this might be hidden in beneficial effects caused by the octahedral network distortion and
elongation of the [Ta!V(O,N)¢]>~ octahedra as well as the altered electronic band structure
overcompensating the traditionally assumed detrimental effect of Ta*+.

7.3. Conclusion

In conclusion, perovskite-type d! materials LaogYo.1TalVO2N, Lao.75Y0.25TalVO2N, Lao7Yo.3TalvVO2N were
produced via ex situ ammonolysis of 10 mol%, 25 mol%, and 30 mol% Y-substituted n-LTO - achieved
via the Pechini method - successfully expanding the applicability of our recently published precursor
microstructure controlled ammonolysis. Using n-YTO and m-YTaOs as precursors allowed
synthesizing either a defect-fluorite-type phase YTa(O,N,0)s or the highest weight fraction of
perovskite-type YTa(0,N)3 known so far next to small amounts of YTa(O,N,00)4. For visible light-driven
energy conversion processes the bandgap size is a crucial material parameter. In this context, a
mixture of YTa(O,N)3 and a defect-fluorite phase showed a greenish black color with an optical band
gap of around 2 eV and broad range absorption. In contrast, the pure defect fluorite-phase showed a
yellowish color with a well-defined optical bandgap of 2.2 eV. In La;xY,TalVO2N (x < 0.3) increasing Y
substitution revealed an unexpected trend of the optical bandgap (Egx=03 *® Ecx=0 < Egx=0.1 < EGx=025)
with unusual colors ranging from red to orange. XPS and XANES data revealed that the oxidation state
of Ta in La1—YxTaO2N is predominantly 4+. In accordance, DFT calculations showed the presence of
metallic Ta 5d states next to a fundamental bandgap obvious from the calculated optical conductivity.
The combination of crystal structure analysis and DFT calculations suggests orthorhombic strain as
the main reason for the experimentally observed optical bandgap trends. The octahedral network
distortion and elongation of the octahedra play additional roles.

Furthermore, SPS revealed an unexpected, remarkable photovoltage and a visible light-driven charge
carrier separation even in the presence of reduced B-site cations, namely Ta** and Ta3*. The increasing
partial substitution of Y3+ for La3+ in La;YxTalVO2N (x =0, 0.1, 0.25, 0.3) indicated an improved charge
carrier generation and separation for the “Ta**-all” materials on the basis of larger photovoltage
values. These results confirm the possibility of photophysical charge separation in degenerate
semiconductors with large free carrier concentrations (from Ta** states).
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7.4. Experimental

7.4.1.Synthesis of Y-substituted n-LTO and La1-xYxTaO2zN

Nanocrystalline Y-substituted n-LTO (xy = 10 mol%, 25 mol%, and 30 mol%) and n-YTO precursors
were prepared by the same sol-gel-related method as described previously.1* Y substitution was
accomplished by providing an appropriate amount of Y(NO3)3-6H20 (Alfa Aesar, 99.9%) according to
the mol% fraction (x =0, 0.1, 0.25, 0.3, 1.0) in addition to La(N0O3)3-6H,0 (Sigma Aldrich, 99.99%) in a
second Schlenk flask. Further details about the oxide precursors are summarized in the ESI.+ The
oxynitrides Lai;—xY TaOz;N (x < 0.3) were prepared from the respective nanocrystalline oxide
precursors via thermal gas flow (ex situ) ammonolysis as previously reported in detail:1* 200 mg of the
oxides were transferred into an Al,03 boat and ammonolyzed once at 1223 K for 10 h under flowing
NH;3 (300 mL min-1, Westfalen AG, >99.98%). This was followed by repeated ex situ ammonolysis
cycles with KCI flux addition (weight ratio 1:1) at 1273 K for 14 h until phase purity was achieved.
The higher the Y substitution, the more ammonolysis steps (up to 10) were required. For the synthesis
of yttrium tantalum oxynitrides the precursors n-YTO and m-YTaO4 were used. m-YTaO4 was prepared
by a solid state reaction similar to that in Bubeck et al1* For n-YTO the ammonolysis temperature was
varied from 973 K to 1373 K keeping the reaction time constant at 14 h. m-YTa04 was ammonolyzed
first at 1373 K for 10 h, and then for 14 h at 1273 K with KCI flux addition using several repetitions.
The ammonia flow rate was in both cases the same as that for La;—xYxTa02N (300 mL min-1).

Caution: ammonia is a toxic and corrosive gas and have to be handled only by supervised and trained
persons in special apparatus not allowing the emission of ammonia into the laboratory atmosphere.

7.4.2.Films of La1-xYxTaO:2N for Surface Photovoltage Spectroscopy

Fluorine-doped tin oxide (FTO) substrates (12-14 Q sq-!, MTI Corporation) were cleaned by
sonication in acetone, methanol, isopropanol, and water (purified to about 18 MQ cm resistivity with
a Nano-pure filtration system) for 10 min each, and dried in air. Separate suspensions of the
Lai—xYxTa0;N powders in water with a concentration of 0.5 mg mL-1 were prepared. After sonication
for 15 minutes, 0.05 mL of each suspension was drop-coated onto the FTO substrates. The coverage
area (0.5 cm x 0.5 cm) was controlled with a polyester masking tape (Cole Parmer). After drying at
ambient temperature, the films were heated on a hot plate at 373 K for 90 min in air. Photos of the
films are included in the ESI.T The films were between 800 nm and 1500 nm thick as determined with
a stylus-type Veeco Dektak profilometer.

7.4.3.Density Functional Theory (DFT) Calculations

The DFT calculations were performed using the full potential local-orbital minimum-basis method as
implemented in the FPLO code.”37¢ The exchange-correlation functional was parameterized using the
generalized gradient approximation (GGA).”> The lattice parameters and atomic positions were
adopted from the experimental data in order to have a direct comparison. A 16 x 16 x 16 k-mesh was
used to guarantee a good convergence. Due to the limited size of the supercell, a simplified model to
implement the partial Y substitution was used by replacing 1, 2 or 3 La by Y. This resulted in
Laog75Y0125Ta02N, Lag75Y025Ta02N, and LagezsYo37sTaO2N as representatives of LaggYo1TaO:2N,
Lao.75Y0.25Ta02N, and Lag 7Y03Ta02N, respectively. Virtual crystal approximation was applied to model
the experimentally observed disordered mixture of O and N atoms in the oxynitrides. In order to
understand the experimental SQUID measurements, fixed moment calculations are done with the
resulting total energies with respect to the total magnetic moments of the unit cells shown in Fig. S9,
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ESLt The band structures for the supercells are unfolded into the Brillouin zone of the primitive cell
(Fig. S14, ESIt), which allows us to make a direct comparison. The optical conductivities are evaluated
based on the complex dielectric functions including both the intraband and interband contributions.

7.4.4.Characterization

Powder X-Ray Diffraction (PXRD) measurements were carried out on a Rigaku Smartlab powder X-ray
diffractometer using Ni-filtered Cu-Kq1,; radiation in order to examine the phase purity and crystal
structure of the oxides and oxynitrides. High-resolution (HR) synchrotron radiation PXRD
measurements of selected oxide and oxynitride samples were performed at the beamline ID22 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The diffraction data were
analyzed by Rietveld refinements7677 using FullProf. 2k.78

A potential long-range order of O and N in the LagsY01TaO2N sample was investigated via high
resolution neutron diffraction at ambient temperature on SPODI at the Research Neutron Source Heinz
Maier-Leibnitz (FRM II) in Garching, Germany.”® Approximately 200 mg of the sample were loaded in
a standard vanadium cylinder with a 6 mm outer diameter. The measurement was carried out at a
wavelength of A = 1.54818(2) A using a take-off angle of 155° of the (551) atomic plane of the Ge
monochromator.

The cationic composition of the samples was studied by inductively coupled plasma emission
spectroscopy (ICP-OES) on a Spectro Ciros CCD ICP-OES instrument. The anionic composition was
determined by hot gas extraction (HGE) using an Eltra ONH-2000 analyzer. Each sample was measured
at least three times.

In situ ammonolysis under flowing NH3z (80 mL min-! NHz + 8 mL min-! Ar) was carried out via
thermogravimetric analysis (TGA) on a Netzsch STA 449F3 Jupiter with a Perseus-coupled Bruker
FTIR spectrometer (Alpha). The subsequent reoxidation of LagoYo.1TaO2N was done under synthetic
air (50 mL min-1 syn. air + 20 mL min-1 Ar).

To determine the oxidation state of Ta in La1—xYxTaO2N and Y-substituted n-LTO, X-ray photoelectron
spectroscopy (XPS) was performed with a Thermo VG Theta Probe 300 XPS system (Thermo Fisher
Scientific). The incident beam had a spot size of 400 um and was monochromatic with micro-focused
Al-K, radiation. A carbon tape was used as the sample holder and a flood gun was used to avoid
undesirable charging effects. A Shirley-type inelastic background was chosen for background
subtraction. The XPS spectra were analyzed as described previously.14

The morphology of the produced oxides and oxynitrides was investigated via scanning electron
microscopy (SEM) (ZEISS GeminiSEM 500, 5 kV) using an in-lens detector.

UV-visible diffuse reflectance spectroscopy (DRS) was performed with a Carry 5000 UV-VIS NIR
spectrophotometer. The baseline was measured with BaSO; as the reference. The optical bandgap was
estimated by using the Kubelka-Munk conversion>? and applying the tangential method.1432

Nitrogen sorption was applied to obtain the data to determine the specific surface areas of the
materials. First, the samples were annealed at 393 K to remove adsorbed water. Adsorption and
desorption isotherms were recorded at liquid nitrogen temperature with an Autosorb-1-MP (detection
limit: Sger > 1 m? g-1) from Quantachrome Instruments. The specific surface areas were determined by
the Brunauer-Emmett-Teller8? (BET) method.

X-ray absorption near-edge structure (XANES) characterization was carried out at the Spanish
beamline BM25A SpLine8! at ESRF. The measurements were performed in transmission mode using
three high precision ionization chambers and an ethanol-cooled (203 K) double Si(111) crystal
monochromator with an energy resolution of AE/E = 1.4 x 10-* The samples were pelletized with
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cellulose for transmission measurements. The concentration of the samples was calculated to obtain
an absorption jump of Auiwr = 1 at the Ta Li-edge (9.881 keV). XANES data were normalized using the
Athena software package.82

Magnetometer surveys were carried out with a commercial VSM MPMS3 Superconducting Quantum
Interference Device (SQUID) from Quantum Design. This system allows both conventional DC and
VSM-type measurements. The hysteresis loops were measured at 2 K while the field was switched from
-4 T to 4 T. For zero field cooling purposes the magnet was quenched to minimize the residual
magnetic field. Depending on the sample and measurement type the effective sensitivity was in the
range of 10-8 to 10-° emu.

Surface photovoltage spectroscopy (SPS) measurements were performed using a vibrating gold mesh
Kelvin probe (3 mm diameter, Delta PHI Besocke) mounted 1 mm above the film samples. The samples
were placed inside a home-built vacuum chamber (p * 10-* mbar with a Pfeiffer HiCube 80 Eco turbo
pump station). Monochromatic radiation was provided by a 150 W Xe lamp using an Oriel Cornerstone
130 monochromator (Ip * 1 mW cm-2). It was not compensated for the variable light intensity of the
Xe lamp. A signal drift in the spectra was corrected by subtracting a dark background from the raw
data. All reported contact potential difference (CPD) values were corrected by the CPD value in the
dark. Effective bandgaps were obtained from the major photovoltage signals of the spectra using the
tangent method. Charge separation reversibility was examined with light on/off scans under 2.48 eV
monochromatic illumination.

7.5. Author Contributions

C. B. developed and synthesized the oxide precursors and perovskite-type oxynitrides, and performed
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7.9. Supplementary Information

7.9.1.Y-substituted, nanocrystalline lanthanum tantalum oxide (n-LTO)

After synthesis and calcination at 923 K the oxide precursors (10 mol% Y, 25 mol% Y, 30 mol% Y)
were nanocrystalline (Fig. S1 a)) and white as reported for n-LTOL

a) A 30 mol% Y-subst. n-LTO b) €) s
—— 30 mol% Y-subst. n-| 4 synthesized at 1673 K
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Fig. S1. a) PXRD patterns of Y-substituted nanocrystalline lanthanum tantalum oxide (n-LTO)
(10 mol% Y, 25 mol% Y, 30 mol% Y) precursors. b) Rietveld refinements of the crystal structure of
microcrystalline LaooYo.1Ta04 in space group P21/c from HR-PXRD data. c) Vegard’s plot of the unit cell
volumes of microcrystalline oxide precursors (10 mol% Y, 25 mol% Y, 30 mol% Y). The open circles
represent the expected unit cell volume and the closed circles the determined unit cell volume. d)-f)
XPS spectra of the Ta 4f region of Y-substituted microcrystalline LaTaOs (m-LaTa04) (10 mol% Y,
25 mol% Y, 30 mol% Y) samples treated at 1673 K. The solid line stands for the overall fit, the open
circles represent the measurement data and the scattered lines are the fitting results of the Ta 4f
orbitals.

The synthesized Y-substituted n-LTO powders had specific surface areas between 9 m?/g and 14 m?/g
which were slightly larger than that of n-LTO. The morphologies of Y-substituted n-LTO (10 mol% Y,
25 mol% Y, 30 mol% Y) were similar to each other and had very small primary particles in the nm-
range (Fig. S2 a)-c)). In contrast to m-LaTa04! and heavily Y-substituted m-LaTa04 (25 mol% Y and
30 mol% Y), 10 mol% Y-substituted m-LaTaO4 (LaooYo1TaO4, Fig. S1 b)) was reproducibly single-
phase after crystallization and could be refined in the monoclinic space group P2:/c (Fig. S1 b)).
Synthesis of the two other Y-substituted m-LaTa04 (25 mol% Y, 30 mol% Y) samples resulted in two
polymorphs which could be refined in the space groups Cmc2; and P21/c. The refinements of the HR-
PXRD patterns revealed even a third phase (Fig. S3 a) and b)) which, however, was not observed by
the XPS spectra of the Ta 4f region (Fig. S1 d)-f)). The fact that the third phase was only detected by
HR-PXRD in the bulk sample can be explained by the surface-sensitivity of the XPS method resulting
from the small mean-free path (normally between 1 and 10 nm2) of the photo-emitted electrons. The
third phase was identified as YTaO4 refined in the space group P2/a. The Vegard’s plot shown in Figure
S1 c) indicates a solubility limit of Y3+ in LaTaO4 of approximately 10 mol% since the unit cell volumes
of the samples with a nominal Y content of 25 mol% and 30 mol% did not differ much from that of the
sample with 10 mol% Y. A similar solubility of Y has been previously observed in Ca1-xYxZrOsz:os5x.3
Chemical analysis showed that the Y solubility of the oxynitrides La;—xYxTaO2N (Fig. 2 a) exceeds
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~10 mol% Y which was achieved for the 25 mol% and 30 mol% Y-substituted m-La1.xYxTaO4 (Tab. S2
a), b) and S3 a), b)). XPS measurements of the Ta 4f region of Y-substituted m-LaTa0O4 (10 mol% Y,
25 mol% Y, 30 mol% Y) were performed after treatment at 1673 K in order to have a Ta5* reference.
The XPS Ta 4fspectra of 25 mol% Y and 30 mol% Y were fitted with two binding states, while only one
binding state was sufficient for LaosYo.1TaO4 (Fig. S1 d)-f)). Hence, the presence of the two phases with
space groups Cmc21 and P21/c mentioned above was confirmed via the Ta 4f XPS data. The determined
binding energies of the Ta 4f7/; orbitals of all samples were in good agreement with already reported
data of Ta(V)-0 binding characters.14> Since two binding states were sufficient to fit the data of the
samples with Y contents of 25 mol% and 30 mol% despite the evidence of a third phase in the HR-
PXRD patterns, the binding energy assignment was not entirely possible. The binding energies of the
Ta 4fs,2 and the Ta 4f7,2 orbitals are listed in Table S4. Application of the Kubelka-Munk® function on
the DRS measurement data revealed optical band gaps of E; = 4.5 £ 0.1 eV for Y-substituted n-LTO
(10 mol% Y, 25 mol% Y, 30 mol% Y) (Fig. S4). These were good in agreement with the optical band
gap of n-LTO?! and m-LaTa041.

Fig. S2. SEM images of the white nanocrystalline Y-substituted n-LTO oxide precursors. a) 10 mol% Y.
b) 25 mol% Y and c) 30 mol% Y.

Tab. S1. a) Unit cell parameters of m-Laop.9Yo.1TaOa.

Unit Cell Parameter LapoYo.1Ta04
a (A) 7.63033(8)
b (A) 5.55665(6)
c(A) 7.79671(8)
B () 101.2852(6)
Veen (A?) 324.181(6)
Space group P21/c
Phase fraction (wt.-%) 100

R, (%) 11.2
Rwp (%) 14.9

X2 10.6
RBragg (%) 8.81
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Tab. S1. b) Refined atom positions of m-LaooY0.1TaO4 in space group P21/c synthesized at 1673 K.

Atom Wyck. Symb. X y z Biso (A%) sof.a
La 4e 0.34351(2) 0.7724(5) 0.09718(2) 1.013(4) 0.9
Y 4e 0.34351(2) 0.7724(5) 0.09718(2) 1.013(4) 0.1b
Ta 4e 0.16824(1) 0.2652(3) 0.30151(2) 0.820(2) 1b
0o(1) 4e 0.161(2) 0.153(2) 0.043(2) 1b 1b
0(2) 4e 0.062(2) 0.584(3) 0.216(2) 1b 1b
0(3) 4e 0.377(2) 0.468(3) 0.333(2) 1b 1b
0(4) 4e 0.343(2) 0.009(3) 0.359(2) 1b 1b
asite occupation factor, bfixed
a\ Y-subst. m-LaTaO, (25 mol% Y) b) 0 Y-subst. m-LaTaO, (30 mol% Y)
i Lag.sa2) Y0112 T804 (P24/c) i i Lag.a13)Y0.0s3 T304 (P2,/c)
LaTaO, (Cmc2,) | LaTaO, (Cmc2,)
—~ YTa0, (F2/a) —_ g YTa0, (P2/a)
s kS |
2 2
@ (0]
: | ‘l\‘\ mau Hll‘ \l‘lll “I\..II“III IIIIIII‘}Illl[Il.I IHI.[.H‘\..I.H.I"I*‘]T\ 1 | 11 i \I_I LI T Y]] II_ INIIm N IIIIIII-III-I\I-_
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Fig. S3. Rietveld refinements of the HR-PXRD data of a) Y-substituted m-LaTaO4 (25 mol% Y) and b)
Y-substituted m-LaTa04 (30 mol% Y). The reflection positions of LaTaO4 in the space group Cmc21 are
marked in violet and those of La1-xYxTa04 in the space group P21/c in gray. The reflections of the third
phase YTa0, in space group PZ/a are marked in blue.

Tab. S2. a) Unit cell parameters of both polymorphs of Y-substituted m-LaTaO4 (25 mol% Y) and
YTa04 synthesized at 1673 K (HR-PXRD data).

Unit Cell Parameter Lao_gg(z)Y0_11(z)Ta04 LaTaO4 YTaOq
a (A) 7.63354(2) 3.8792(5) 5.3534(2)
b (A) 5.55541(2) 14.3987(2) 5.4682(2)
c(A) 7.79508(2) 5.9953(7) 5.1089(2)
B () 101.2300(2) 90 97.318(2)
Veen (A3) 324.240(2) 334.87(7) 148.34(8)
Space group P21/c Cmc24 P2/a
Phase fraction (wt.-%) 90.12(1) 7.54(3) 2.34(2)
Ry (%) 19.5

Rwp (%) 25.3

x> 279

Rpgragg (%) 16.6 42.5 66.0
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Tab. S2. B) Refined atom positions of Lagga2)Yo.112)Ta04 in space group P21/c in Y-substituted m-
LaTa04 (25 mol% Y).

Atom Wyck. Symb. X y z Biso (A%) sof.
La de 0.3430(4) 07729(1) 0.0966(4)  1.030(1)  0.89(2)
Y de 0.3430(4) 0.7729(1)  0.0966(4)  1.030(1)  0.11(2)
Ta de 0.1652(3)  0.2635(1)  0.3042(3)  1.054(8) 1c
0(1) 4e 0.175b 0.157b 0.052b 2¢ 1c
0(2) 4e 0.052b 0.589p 0.207b 2¢ 1c
0(3) 4e 0.381b 0.485P 0.335P 2¢ 1c
0(4) de 0.334b 0.009b 0.381b 2 1c

agite occupation factor, badopted from Kurova et al?, fixed

Tab. S2. c) Refined atom positions of LaTaOs4 in space group Cmc2; in Y-substituted m-LaTaO,
(25 mol% Y).

Atom Wyck. Symb. X y Z Biso (A%) sof.a
La 4a 0 0.1755(2) 0.3971(2) 1c 1c
Ta 4a 0 0.4129(1) 0.3266(2) 1c 1c
0(1) 4a 0 0.304b 0.408b 2¢ 1c
0(2) 4a 0 0.331b 0.871b 2¢ 1c
0(3 4a 0 0.470p 0.532b 2¢ 1c
0(4) 4a 0 0.915b 0.2500 2 1

agite occupation factor, Padopted from Titov et al8, cfixed

Tab. S2. d) Refined atom positions of YTaO4 in space group P2/a in Y-substituted m-LaTaO4 (25 mol%
Y).

Atom Wyck. Symb. X y z Biso (A?) sof.
Y 2f " 0.739(2) 0 1c 1
Ta 2e n 0.207(9) % 1c 1
o(1) 4g 0.489p 0.434b 0.268P 2¢ 1c
0(2) 4g 0.102b 0.084°b 0.252b 2¢ 1c

asite occupation factor, Padopted from Brixner et al., <fixed
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Tab. S3. a) Unit cell parameters of both polymorphs of Y-substituted m-LaTa04 (30 mol%) and YTaO4
synthesized at 1673 K (HR-PXRD data).

Unit Cell Parameter Lao_91(3)Yo_09(3)TaO4 LaTa04 YTaOq
a (A) 7.6326(2) 3.8454(2) 5.4159(6)
b (A) 5.5559(2) 14.540(6) 5.5545(7)
c(Ad) 7.7950(3) 6.008(2) 5.0900(5)
B () 101.245(2) 90 95.473(9)
Veen (A3) 324.209(2) 335.9(3) 152.42(3)
Space group P21/c Cmc2, P2/a
Phase fraction (wt.-%) 79.29(8) 3.03(2) 17.68(4)
Ry (%) 17.6

Rwp (%) 23.6

x> 20.2

Rgragg (%) 13.4 38.2 33.1

Tab. S3. b) Refined atom positions of Lao9133)Y0.093Ta04 in space group P21/c in Y-substituted m-
LaTaO4 (30 mol% Y).

Atom Wyck. Symb. X y z Biso (A% sof.a
La de 0.3436(5)  0.7717(1)  0.0973(5)  1.651(2) 0.91(3)
Y de 0.3436(5)  07717(1)  0.0973(5)  1.651(2) 0.09(3)
Ta de 0.1663(4)  02621(1)  0.3038(4)  1.805(9) 1c
o(n) 4e 0.175b 0.157b 0.052b 2c 1c
0(2) 4e 0.052b 0.589p 0.207b 2c 1c
0(3) 4e 0.381b 0.485b 0.335b 2c 1c
0(4) de 0.334b 0.009 0.381 2 1c

asite occupation factor, Padopted from Kurova et al’, cfixed

Tab. S3. c) Refined atom positions of LaTaOs4 in space group Cmc2; in Y-substituted m-LaTaO4
(30 mol% Y).

Atom Wyck. Symb. X y z Biso (A?) sof.a
La 4a 0 0.253(5) 0.170(6) 1c 1c
Ta 4a 0 0.447(3) 0.532(5) 1c 1
o 4a 0 0.304b 0.408b 2¢ 1c
0(2) 4a 0 0.331 0.871 2¢ 1c
0(3) 4a 0 0.470b 0.532b 2¢ 1c
0(4) 4a 0 0.915b 0.2500 2¢ 1c

asite occupation factor, badopted from Titov et al.8, «fixed

C. Bubeck et al. ]. Mater. Chem. A., 2020, 8, 11837-11848, Copyright © 2020 by the Royal Society of Chemistry 83



Tab. S3. D) Refined atom positions of YtaO4 in space group PZ/a in Y-substituted m-LaTa04 (30 mol%
Y).

Atom Wyck. Symb. X y z Biso (A%) sof.
Y 2f v 0.734(4) 0 1c 1
Ta 2e n 0.286(2) % 1c 1c
o) 4g 0.489b 0.434 0.268 2¢ 1
0(2) 4g 0.102b 0.084°b 0.252b 2¢ 1c

asite occupation factor, Padopted from Brixner et al., <fixed

Tab. S4. Binding energies of the Ta 4f5,2 and the respective Ta 4f7,, orbitals of Y-substituted m-LaTaO4
(10 mol% Y, 25 mol% Y, 30 mol% Y).

Compound EpTasss)2 (eV) EpTassr2 (V)
Lao.9Yo.1Ta04 27.2 25.3
28.0 26.1
- 1 - = 0,
Y-substituted m-LaTaO04 (xy = 25 mol%) 27 9 95 3
27.1 25.2
- i - = 0,
Y-substituted m-LaTaO4 (xy = 30 mol%) 28.1 26.2

7.9.2.DRS spectra of the oxide precursors Y-subst. n-LTO and nanocrystalline
yttrium tantalum oxide (n-YTO)

5-5{—— 10 mol% Y-subst. n-LTO (E,~4.5eV)
9.0 1——25 mol% Y-subst. n-LTO (E, ~ 4.5 eV)
4.5 4= 30 mol% Y-subst. n-LTO (Eg ~4.4eV)

]——n-YTO (E,~ 4.4 eV)

T 2 T i3 T v T T X T L T ¥ T

40 42 44 46 48 50 52 54 56 58
E (eV)

Fig. S4. Diffuse reflectance spectra - converted to a Kubelka-Munk®¢ plot - of Y-substituted n-LTO
(10 mol% Y, 25 mol% Y, 30 mol% Y) and n-YTO.
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7.9.3.0xynitrides La1-xYxTa02N
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Fig. S5. TGA of in situ experiments of the ammonolysis of 10 mol% Y-substituted n-LTO (10 vol.% Ar
in NH3) and the subsequent reoxidation of Lao9Yo.1TaO2N with heating and cooling rates of 10 K/min.
The displayed PXRD patterns and the anionic compositions were measured ex situ after specific
termination experiments. The formation of the oxynitride is effected by means of the intermediate
LaogYo0.1Tav02.76(8)No.4s(1)00.75(9) (1187 K) suggesting a soft topotactic reaction? to LaggYo.1TalVO2N.

7.9.4.Crystal structure analysis of the intermediate Lao.oYo0.1Ta02.76(8)No.48(1)00.75(9)

Lag 501720 758 No as() o 75(9) (CMC2y)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20(°)

Fig. S6. Rietveld refinements of the crystal structure of LaosYo.1Ta02.76(8)No.48(1)00.75(9) in space group
type Cmc2;.
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Tab. S5. a) Unit cell parameters of Lag9Yo.1Ta02.768)No.4s(1)00.75(9) in space group type Cmc21.

Unit Cell Parameter Lao.oY0.1Ta0276(8)No.4s(1)00.75(9)
a (A) 3.9140(8)

b (A) 14.806(4)

cA) 5.5897(2)

Veen (A%) 323.94(2)

Space group Cmc21

Ry (%) 7.29

Rwp (%) 9.16

X1 1.09

Reragg (%) 9.12

Tab. S5. b) Atom positions of Lag9Yo.1Ta02.768)No.4s(1y00.75(9) in space group type Cmc21.

Atom Wyck. Symb. X y z Biso (A%) sof.a
La 4a 0 0.1713(1) 0.26(4) 2 0.9
Y 4a 0 0.1713(1) 0.26(4) 2b 0.1b
Ta 4a 0 0.4152(2)  0.29(4) 2b 15
0(1) 4a 0 0.353(2) 0.36(5) 15 1
0(2) 4a 0 0.296(2) 1.00(6) 15 1b
0(3) 4a 0 0.485(1) 0.66(5) 15 1b
0(4) 4a 0 0.914(1) 0.2500 1 1b

asite occupancy factor, bfixed
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7.9.5.Crystal structure analysis of La1-xYxTa0:zN

b)

Lag oY, TaO,N (Imma)

7= 0.354284(4) A
T T

Lay 75Y .05 1@0;N (Imma)
- e

25 30 35 40 45

abs. int. (a.u.)

] T N N R R DO O L C L L L T

Lay ;Yo4TaO,N (Imma)

2= 0.354284(4) A

T T T
5 10 15

20 2
26(°)

30 35

Fig. §7. a)-c) Rietveld refinements of the crystal structure of La;-xYxTaO2N (x = 0.1, 0.25, 0.3) with the
respective powder images.

Tab. S6. a) Unit cell parameters of La;—xYxTaO2N (x = 0.1, 0.25, 0.3) from HR-PXRD data.

Unit Cell Parameter LaooYo.1TaO2N Lao.7sY0.25Ta02N Lao.7Y03TaO2N
a(d) 5.7093(2) 5.6993(5) 5.7044(2)
b (&) 8.0563(2) 8.0845(3) 8.0908(2)
c(A) 5.7322(2) 5.6901(6) 5.6709(2)
Veen (A%) 263.66(1) 262.18(4) 261.73(2)
Space group Imma Imma Imma
Phase fraction (wt.-%) 100 100 100
Ry (%) 5.56 6.17 7.71
Rup (%) 9.47 9.60 11.4
X2 4.72 4.65 5.76
Rerags (%) 3.94 414 19.5
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Tab. S6. b) Refined atom positions of Lag.sYo.1TaO2N from HR-PXRD data (space group: Imma).

Atom  Wyck. Symb. b y z Biso (A%) sof.a
La de 0 v 0.5¢ 0.735(1) 0.9
Y de 0 n 0.5¢ 0.735(1) 0.1¢
Ta 4a 0 0 0 0.332(1) 14

0(1) de 0 Y 0.090(5)  2.645(2) 2454
N(1) de 0 Y 0.090(5)  2.645(2) 1y
0(2) 8g % 0.978(2) Y 2.645(2) 2y
N(2) 8g Vi 0.978(2) Y% 2.645(2)° 13

agite occupancy factor, bconstrained, cfixed according to Porter et al.19, dfixed

Tab. S6. c) Refined atom positions of Lao.75Y0.25Ta02N from HR-PXRD data (space group: Imma).

Atom  Wyck. Symb. X y z Biso (A?) sof.a
La 4e 0 % 0.5¢ 0.986(1) 0.754
y de 0 Vi 0.5¢ 0.986(1) 0.254
Ta 4q 0 0 0 0.405(1) 14
0(1) de 0 Vi 0.083(7)  3.345(3) 254
N(1) de 0 7 0.083(7)  3.345(3) 1y
0(2) 8g n 0.970(3) Y 3.345(3)b 2
N(2) 8g v 0.970(3) v 3.345(3)P 14

asite occupancy factor, bconstrained, cfixed according to Porter et al.19, dfixed

Tab. S6. d) Refined atom positions of Lag7Y0.3Ta02N from HR-PXRD data (space group: Imma).

Atom  Wyck. Symb. X y z Biso (A?) sof.a
La de 0 % 0.5¢ 0.910(2) 0.74
Y de 0 n 0.5¢ 0.910(2) 0.3
Ta 4a 0 0 0 0.364(1) 14

0(1) de 0 Y 0.075(6)  3.473(4) 254
N(1) de 0 7 0.075(6)  3.473(4) 1y
0(2) 8g n 0.973(4) v 3.473(4)b 2
N(2) 8g Y 0.973(4) v 3.473(4) 14

asite occupancy factor, bconstrained, cfixed according to Porter et al.19, dfixed
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7.9.6.Neutron diffraction

Since LaTaON,11112 at room temperature was reported to be either orthorhombic (space group Imma)
or monoclinic (C2/m or equivalent I12/m) and LaTa0;N only orthorhombic (Imma)?, the ND data were
refined by using both space group types. In accordance with the HR-PXRD results, refinements of the
ND data (Fig. S8) were also most robust by using the Imma space group resulting in the lowest x? value.
Unfortunately, the limited ND data quality owing to the small sample size of only 200 mg (obtained
after ex situ ammonolysis) and contributions from the sample container (vanadium can) did not allow
precise determination of the anionic composition of Lao9Yo.1TaO2N by means of the occupancy factors

combined with high B;s, values.

] q La, oY, ,TaO,N (Imma)
7 | V (Im3n

]

m

b A&

~

A=1.54838 A

20 40

60

T u T T T L
80 100 120 1
20(°)

T
40

Fig. S8. Rietveld refinements of the ND data of Lao9Yo.1TaO2N. The compound was synthesized under

flowing ammonia at 1223 K for 10 h.

Tab. S7. a) Unit cell parameters of Lag9Y0.1TaO2N from ND data (space group: Imma).

Unit Cell Parameter LaooYo.1TaO2N \%

a (A) 5.716(2) 3.0303(7)
b (A) 8.059(3) 3.0303(7)
c(A) 5.740(3) 3.0303(7)
Veen (A3) 264.41(2) 27.825(1)
Space group Imma Im3m
Phase fraction (wt.-%) 45.92(2) 54.08(5)
Ry (%) 2.46

Rwp (%) 3.21

X2 4.94

Rgragg (%) 10.6 93.3
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Tab. S7.b) Refined atom positions of LagoYo.1TaO2N from ND data (space group: Imma).

Atom  Wyck. Symb. X y z Biso (A?) sof.a
La de 0 % 0.495(5) 2.6(2) 0.9
Y de 0 Y 0.495(5) 2.6(2) 0.10
Ta 4a 0 0 0 2.0(2) 16

0(1) de 0 Y% 0.076(2) 1.9(1) 2b
N(1) de 0 % 0.076(2) 1.9(1) s
0(2) 8g Y 0.964(1) % 1.9(1) 2b
N(2) 8g Vi 0.964(1) Y 1.9(1) 14

asite occupancy factor, bfixed

Tab. S7. c) Unit cell parameters of LagoYo.1TaON; as alternative structure model (space group: Imma).

Unit Cell Parameter LagoYo.1TaON; \Y

a (A) 5.712(2) 3.0283(5)
b (A) 8.061(3) 3.0283(5)
c(A) 5.732(2) 3.0283(5)
Veen (A3) 263.9(1) 27.771(8)
Space group Imma Im3m
Phase fraction (wt.-%) 21(5) 79(27)
Ry (%) 2.30

Ruwp (%) 2.93

X 4.00

Reragg (%) 10.7 44,0

Tab. S7. d) Refined atom positions from ND data using LaosYo.1TaON; as alternative structure model

(space group: Imma).

Atom  Wyck. Symb. b y z Biso (A%) sof.a
La(1) 4e 0 % 0.5¢ 1 0.9
Y(1) de 0 Vi 0.5¢ 16 0.10
Ta(1) 4a 0 0 0 1b 1b
0(1) de 0 Y% 0.076(2) 0.6(2) 0.55(9)
N(1) de 0 % 0.076(2) 0.6(2) 0.45(9)
0(2) 89 % 0.9636(9) v 3.4(2) 0.05(7)
N(2) 8g Y% 0.9636(9) Y 3.4(2) 0.95(7)

asite occupancy factor, bfixed, <fixed according to Porter et al.10
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7.9.7.Bond length and angle analysis by Rietveld refinements

Tab. $8. a) Ta-X-Ta angles and average Ta-X-Ta angle of La;1-xYxTaO2N (x=0, 0.1, 0.25, 0.3) via Rietveld
refinements of the respective HR-PXRD data.

Compound LaTaO,N?! Lag.yYo.1TaOzN Lao.75Y0.25Ta02N Lao.7Yo.3TaO2N
A1a-x1-Ta (°) 153.7(2) 151.3(3) 153.7(4) 149.6(2)
ATa-x2-Ta (°) 169.99(6) 169.98(6) 166.26(1) 165.33(8)
Zaverage (°) 161.85(8) 160.65(8) 160.0(5) 157.47(9)

Tab. S8. b). Distances in the Ta(O,N)¢ octahedron of La;_xYxTaO2N (x = 0%, 0.1, 0.25, 0.3) via Rietveld
refinements of the respective HR-PXRD data.

Compound LaTaO;N1 Lao.oYo.1TaO2N Lao.75Y0.25Ta02N Lao.7Y0.3TaO2N
dra-on1 (A) 2.0428(2)1 2.0420(2) 2.0260(1) 2.0263(1)
dra-oN)2 (A) 2.0428(2)t 2.0420(2) 2.0260(1) 2.0263(1)
dra-oN3 (A) 2.0428(2)t 2.0420(2) 2.0260(1) 2.0263(1)
dra-onys (A) 2.0428(2)! 2.0420(2) 2.0260(1) 2.0263(1)
dra-on)s (A) 2.0799(7)t 2.1113(7) 2.1263(5) 2.1664(6)
dra-onys (A) 2.0799(7)! 2.1113(7) 2.1263(5) 2.1664(6)
dra-(0N)average (A) 2.0551(7) 2.0651(4) 2.0594(6) 2.0730(2)

Fig. S9. Section of the crystal structure of a) Lao9Y0.1TaO2N, b) Lao.75Y0.25Ta02N, and c) Lag.7Yo3TaO2N
based on the results obtained via Rietveld refinements.
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7.9.8.Determination of band edges

To determine the band edge positions of Lai_xYxTaVO2N Mott-Schottky-analyses were carried out.
However, none of these experiments were successful, because either the particulate films were
detached by the electrolyte from the substrate or the grain boundary resistance was exceeding the
accessible range. Additionally, the experimental determination of the band edge positions is
challenging due to the fact that the classical Mott-Schottky-analysis is often not straightforward for
particle-based films of oxides or even oxynitrides.13 Since experimental attempts to measure the band
edge positions failed, an approach based on the absolute electronegativities of the constituent
elements to calculate the band edge positions was used.1* This was previously successfully applied to
CaTaO2N.15 For Lai—,YxTaO2N (x<0.3) and LaTaON; the calculated values for Ecgm and Eypw are
summarized in Table S9 together with those of CaTaO2N as calculated reference. In the latter case the
calculated and the reported value agree very well. By comparing LaTaVON; and LaTa!vO;N two things
become obvious: i) interestingly the CBM position is nearly unaffected by the valence change from Ta5*
to Ta*+ and ii) in agreement with the lower nitrogen content the VBM of La;1-xYxTaO:N is shifted to a
higher potential. Based on the data given in Tab. S9 none of the lanthanum containing materials would
meet the requirements of overall solar water splitting because the potential of the VBM is lower than
the redox potential of O2/Hz0. In contrast, DFT calculations are showing a different situation for
LaTaONy, since there the potential of the VBM is much higher at about 1.8 V clearly exceeding the
1.23 V of water oxidation reaction. Consequently, the CBM position is also at much higher potential
(even being slightly positive, ca. 0.1 V), hence, not suitable for water reduction reaction.l® The
calculated band edge positions for CaTaO2N are showing as well an offset towards a higher potential
by about 0.5 V in comparison with the model using the absolute electronegativity.1516

Tab. §9. Calculated band edge positions of Lai_,YxTaO2N, LaTaON,, and CaTaO;N.

Material Ecem (V) Evem (V)
LaTaO2N -1.20 0.70
LagsYo.1TaO2N -1.19 0.73
Lao.7sY0.25Ta02N -1.17 0.79
Lao_7Y0_3Ta02N -1.21 0.67
LaTaON; -1.28 0.52
CaTaO2N -0.94 1.49
CaTaO;N15 -0.88 1.55
CaTaO2N16 ~-0.40 ~1.90

So, to conclude it is still an open question if the band edge positions of LaTaVON; and LaiY,TavO;N
meet the requirements for overall solar water splitting because the obtained results deviate from each
other depending on the applied method of determination. Keeping the observed offset of ca. 0.5 V in
mind the materials might be suitable.

92 C. Bubeck et al. ]. Mater. Chem. A., 2020, 8, 11837-11848, Copyright © 2020 by the Royal Society of Chemistry



7.9.9.Crystal structure and optical bandgap analysis of Y-Ta-O and Y-Ta-0O-N
phases
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Fig. $10. a) Diffraction pattern of n-YTO. As expressed by the very large full width at half maximum
(FWHM) of ca. 10° of the Bragg reflections n-YTO contains very small crystallites (nanocrystallites). b)
Rietveld refinements of defect-fluorite-type phase. c) Rietveld refinements of m-YTaO4 (synthesized at
1473 K) and d) Rietveld refinements of the mixture of perovskite-type phase and defect-fluorite-type
phase (YTa(O,N,0)4) obtained after several ex situ ammonolysis cycles.

Tab. S$10. a) Unit cell parameters of Yo9s2)Ta1.05:2)0081(1)N1.38(2)01.82(3),
Y1,000(7)Tao,990(7](O,N)3, and YTa(O,N,D)4 from PXRD data.

Yo.97(4yTa1.004)04,

Unit Cell Parameter

Yo.962)Ta1.052)00811)N1.382)01823) Y0.97(4)Ta1.004)04 Y1.0007) Ta0.9907(0,N)3 YTa(O,N,0)4

a(d) 5.1536(2) 5.2942(5) 5.6851(4) 5.1464(4)
b (&) =aq 5.4646(5) 7.8795(9) =a
c(A) =q 5.1070(5) 5.4954(6) =a
Veen' (A%) 136.88(7) 146.86(2) 246.17(4) 136.31(2)
Space group Fm3m P2/a Pnma Fm3m
Phase fraction (wt.-%) 100 100 82(2) 18(2)
Ry (%) 5.78 6.33 7.89
Rwp (%) 7.18 8.1 10.3
X2 1.74 1.98 3.57
RBragg (%) 6.18 7.62 7.96 18.4
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Tab. SlO._b) Refined atom pOSitiOHS of Yo_%(z)TaLos(2)00_81(1)N1_33(2)E|1_32(3] from PXRD data (space
group: Fm3m).

Atom  Wyck. Symb. X y z Biso (A2) sof.a
Y 4a 0 0 0 2b 0.5¢
Ta 4a 0 0 0 2b 0.5¢
0 8c Ya Ya Ya 1.5b 0.20254
N 8c Va Ya Ya 1.5b 0.343754

asite occupancy factor, bfixed, cadopted from Rooksby et al.17, dfixed according to HGE

Tab. $10. c) Refined atom positions of Yo.97(4)Ta1.0004)04 (synthesized at 1473 K) from PXRD data (space
group: P2/a).

Atom  Wyck. Symb. X y z Biso (A%) sof.a
Ta 2f Y% 0.3059(4) n 312(2)  0.505(2)
Y 2e % 0.7672(6) 0 301(2)  0.491(2)
o) 4g 0.505(4) 0.438(2) 0.256(3)  3.290(7) 1
0(2) 4g 0.091(3) 0.083(2) 0.248(3) 4.26(2) 15

agite occupancy factor, bfixed

Tab. S10. d) Refined atom positions of Y1.0007)Ta0.990(7)(0,N)3 from PXRD data (space group: Pnma).
Due to the unknown N content and the virtually equal atomic form factors of 0% and N3- the
refinements were carried out only using 0% as anion.

Atom  Wyck. Symb. X y z Biso (A?) sof.a

Y 4c 0.449(1) " 0.013(3) 33(2)  1.000(7)°
Ta 4b 0 0 0 21(1)  0.990(7)
o) 4c 0.498(8) % 0.623(7) 1.5¢ 1c
0(2) 8d 0.136(4) 1.047(4)  0.279(6) 1.5¢ 1c

asite occupancy factor, bconstrained, <fixed

Tab. S10. e) Refined atom positions of YTa(O,N,0)4 from PXRD data (space group: Fm3m). Due to the
unknown N content and the virtually equal atomic form factors of 02- and N3- the refinements were
carried out only using 02- as anion.

Atom  Wyck. Symb. X y z Biso (A2) sof.a
Y 4a 0 0 0 2b 0.5¢
Ta 4a 0 0 0 2b 0.5¢
0] 8c Ya Ya Ya 12b 0.554

agite occupancy factor, bfixed, cadopted from Rooksby et all?, dfixed according to composition of
YTa(O,N,0)4 produced from n-YTO.
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7.9.10. DRS spectra of yttrium tantalum oxynitride
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Fig. S11. Diffuse reflectance spectra - converted according to Kubelka-Munk® - of

Yo.962)Ta1.052)00.81(1)N1.38(2)01.82(3) and the mixture of YTa(O,N)3 and YTa(O,N,0)a4.

7.9.11. Composition of La1-xYxTaO:zN (x = 0.1, 0.25, 0.3), n-YTO, and defect-fluorite
phase

Tab. S11. Weight fractions of the respective constituents of La1-xY TaO:N (x = 0.1, 0.25, 0.3), n-YTO,
and Yo_%(z)Ta1_05(2)00_81(1)N1_33(2)E|1_32(3) determined via ICP-OES and HGE.

Element LaosY01TaOzN Lao7sYo2sTa02N LaosYo3TaO2N  n-YTO  Yooge)Taiosz)0os11)N13s2)0182(3)
La (wt.-%) 33.2+0.4 28.2+0.3 26.1+0.4

La 0.90(9) 0.76(6) 0.70(2)

Y (wt.-%) 2.05+0.08 5.03 £ 0.07 6.95+0.08 26403 28.6 +0.3
Y 0.08(8) 0.21(4) 0.29(2) 1.00(4) 0.96(2)
Ta (wt.-%) 47.7+0.5 489 +0.5 48.7+0.5 542106 60.5 0.7
Ta 1.00(3) 1.02(1) 1.00(6) 0.99(6) 1.05(2)
0 (wt.-%) 8.74+0.1 891+0.1 8.89+0.09 193+0.2 4.12 + 0.05
0 1.98(6) 1.96(6) 1.91(9) 4.04(4) 0.81(1)
N (wt.-%) 3.88 + 0.04 3.91 +£0.04 4.38 £ 0.05 6.16 £ 0.08
N 1.01(4) 1.03(4) 1.08(1) 1.38(2)
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7.9.12.

X-Ray photoelectron spectroscopy - survey spectra
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Fig. S12. XPS survey spectra of La1-xYxTaO2N (x = 0.1, 0.25, 0.3).
7.9.13. Magnetic behavior
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Fig. S13. Temperature dependent M vs. H plots of a) Lao9Y01TaO2N and b) Lao75Yo.25Ta02N. No
coercive fields are observed for both compounds pointing to a very tiny paramagnetic contribution at
very low temperatures (1.8 K). The insets show the pure 1.8 K paramagnetic contribution, where the
room temperature curves have been subtracted, to remove visible but small room temperature
ferromagnetic behavior. c) Brillouin fits of LaooY0.1TaO2N and Lao.7sY025Ta02N. d) Total energies as a
function of the magnetic moment pp for LaTaON, LaTaO2N, and Lao.75Y0.25TaO2N.
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7.9.14. Electronic band structure
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Fig. S14. Electronic band structure of a) LaTaON, b) LaTaO2N and c) Laos75Y0.125Ta02N showing the
metallic nature of the Ta 5d levels of La1—xYxTaO2N and the direct bandgap of LaTaONx.

A change of the charge carrier excitation behavior between LaTaVON; and La;-xYxTaVO2N is implied by
the electronic band structures shown in Fig. S14. A classical semiconductor-like band structure is
observed for LaTaON; (Fig. S14 b)) showing an electronic excitation from the valence band (VB)
formed by O/N 2p states across the bandgap to the empty Ta 5d states in the conduction band (CB).
The calculated bandgap is about 1.1 eV showing the typical underestimation of DFT calculations in
comparison to the experimental optical bandgap of 1.8 eV.! For La;1-xYxTaO2N (Fig. S14 a) and c)) the
assignment of VB and CB and transition of electrons during excitation is due to its metallic character
not straightforward anymore because the highest occupied state is no longer located in the VB. Based
on the determined optical bandgaps and the calculated electronic band structure of La;xYxTaO2N the
excitation is not occurring from O/N 2p states (as in LaTaONy) to the empty states in the CB. The
calculated energetic difference is with ca. 2.5 eV (I-point) clearly larger than the experimental
bandgap. Additionally, the fact that most DFT calculations underestimate bandgaps must be recalled.
Therefore, an excitation from the partly occupied Ta 5d states to energetically higher empty levels
seems to be responsible for the visible-light absorption. This transition shows a very similar offset
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between calculated (ca. 1.4 eV) and experimental (1.88eV - 1.96 eV) bandgap as observed for
LaTaON3. A similar behavior was previously described for the red metallic oxide photocatalyst Sri-

xNb03.18

7.9.15. Surface photovoltage spectroscopy
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Fig. $15. La1-xYxTaO2N (x = 0.1, 0.25, 0.3) films for SPS measurements.
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Fig. $16. SPS data for La;-xYxTaO2N powder samples on FTO overlaid with the emission spectrum of

the xenon lamp used for the measurements.

Tab. S12. Summary of SPS photo-onsets, estimated effective bandgaps, maximum photovoltage values,
surface area by BET method, film thicknesses, and times for photovoltage formation and decay. Time
constants Ton and o Show the time required to reach 63.21% of the final photovoltage after turning

the light on or off.

Photo

Max

Avg. Film

Material onset ggffic(t:a‘\/g ACPD (rflij;) Thickness E;S‘ Toff (S)
(eV) * V) (nm)
LaTaO:N 1.58 1.65 -0.44 8.0 879 £ 167 2191 89.46
LaooYo.1TaO2N 1.68 1.74 -0.45 20.4 1315 + 227 7.62  73.39
Lao.75Y025Ta02N 1.68 1.78 -0.69 211 1210 + 190 10.65 205.96
Lao.7Yo.3Ta02N 1.64 1.78 -1.01 27.9 1526 £ 378 20.71 242.66
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8.0Observation of a possible diluted ferromagnetism above room
temperature in cobalt-substituted LaTa(O,N)3-s

Copyright © 2022 by the Author(s)
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Widenmeyer, Ulrich Starke, Clemens Ritter, Gabriel J. Cuello, Peter Nagel, Michael Merz, Stefan
Schuppler, Gisela Schiitz & Anke Weidenkaff

Abstract

Since 2000, the intensive effort in materials research to develop a diluted magnetic semiconductor
exhibiting high-temperature (HT) ferromagnetism above room temperature was not successful. Here,
the possible first bulk diluted HT-ferromagnetic non-metallic materials, based on the perovskite-type
oxynitrides LaTai-xCox(O,N)3-s (x = 0.01, 0.03, 0.05) are realized. The Curie temperature of the
synthesized powders exceeds 600 K and the sample magnetizations are large enough to be directly
attracted by permanent magnets. Cobalt clusters as a possible source for the observed HT-
ferromagnetism can be excluded, since all applied characterization methods verify phase purity.
Applied conventional and element-specific magnetometry imply ferromagnetic intermediate spin (IS)
Co3* which is included in a ferromagnetic host matrix. This indicates a complex magnetic interplay
between the existing crystal structure, the observed anionic vacancies, and the introduced cobalt ions.
These results lay the foundation for the experimental investigation and design of further diluted HT-
ferromagnetic semiconductors.
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8.1. Introduction

Diluted magnetic semiconductors (DMS) such as ferromagnetic p-type Ga;-xMn,As are very promising
for applications in spintronics [1-4]. However, until now ferromagnetism at room temperature for
DMS has not been observed. This desired property would open up big advances in developing
multifunctional ferromagnetic devices for spintronics. In the year 2000 Dietl and co-workers predicted
the possibility to obtain high-temperature (HT) ferromagnetism above room temperature via 3d
transition metal doping in semiconductors and insulators (e.g. in ZnO or GaN) [1,2]. Dietl et al. expected
that p-type materials containing a critical concentration of holes and magnetic ions leading to DMS
should exhibit an even higher Curie temperature (T¢) than room temperature [1].

The stated prediction is very counterintuitive, because it is well-known that a strong prerequisite for
room temperature ferromagnetism is a strong exchange interaction. This is not expected for large ionic
distances between magnetic ions and/or holes existing in DMS [5]. Therefore - and despite many
investigations during the last two decades - this is one of the most controversial research topics in
materials science and condensed-matter physics [2,6].

Until now, it has been observed that homogeneously dissolved 3d transition metal ions in a non-
magnetic semiconductor showed paramagnetism [7]. In other cases, secondary phases - such as
simple metallic transition metal clusters - contributed to the ferromagnetic-like behavior [6,8]. In this
context, new interesting magnetic phenomena such as the “d%-magnetism” were found [9-11]. Even
materials which were not doped with transition metals, such as pristine ZnO, revealed
ferromagnetism [12]. The origin of this unexpected ferromagnetism is attributed to defect states,
which are predominantly located at grain boundary sites [12-15]. Several other attempts to obtain
HT-ferromagnetism above room temperature by 3d transition metal ion doping in non-magnetic
semiconductors failed[2]. In particular, the attempt to realize HT-ferromagnetic thin films ended up in
measuring magnetometer artefacts, contaminations, and ferromagnetic secondary phases [6]. Until
now, the observed ferromagnetism in DMS was far below room temperature. Even for Gai-xMn,As or
Ge1xMn,Te the DMS ferromagnetic behavior is only observed below 200 K [2,16], therefore, a room
temperature ferromagnetic DMS has not been realized.

To tailor many of the magnetic properties (e.g. magnetization, magnetocrystalline anisotropy, etc.) the
doping by ions or substitution of ions in a materials’ matrix is a powerful tool. Perovskite-type
oxynitrides AB(O,N)3 are normally considered to be suitable for visible light-driven applications or as
cadmium-free inorganic pigments [17-20]. This is because they exhibit an extraordinary flexibility in
A- and B-site substitution, with which the physical properties can be tuned [17,21]. We showed
previously that LaTa(O,N)z has a clear non-magnetic semiconducting behavior with very small
magnetic moments and diamagnetism at room temperature [17]. Therefore, it seems to be a promising
non-magnetic matrix material for B-site substitution with tiny amounts of magnetic ions such as Co?*.

Here, we show the realization of a HT-ferromagnetic bulk DMS by applying Co-substitution in
LaTa(O,N)3. We synthesized red perovskite-type oxynitrides LaTai-,Cox(O,N)3-s (LTCON) with three
different Co ion concentrations, namely 0.2 at% (x=0.01), 0.6 at% (x = 0.03), and 1 at% (x = 0.05),
which all exhibit ferromagnetism far above room temperature. By chemical analysis, advanced
nanostructural characterization (eg. state-of-the-art high-resolution transmission electron
microscopy (HR-TEM)), and by synthesizing a reference sample containing a non-stoichiometric
higher Co ion concentration (hereafter called Co-rich), we can rule out metallic (elemental) Co and Co-
rich phases as the source for the observed HT-ferromagnetism. SQUID-based magnetometry and high-
quality transmission (TR) mode X-ray magnetic circular dichroism (XMCD) proved significant non-
metallic Co-related ferromagnetism and intermediate spin (IS) Co3* down to 0.2 at% Co ions. The
obtained single-phase HT-ferromagnetic LTCON powders have an optical bandgap E; between 1.7 eV
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and 1.9 eV and can be described as DMS because of the tiny Co ion concentrations and anionic
vacancies inside.

8.2. Single-phase perovskite-type LTCON - Synthesizable or not?

The main question in many studies [2] is the solubility limit of ferromagnetic ions such as Coz*, Fez+, or
Niz* in the materials matrix. This is a crucial point, because if the majority of the Co ions are solved in
the material the total magnetization (HT-ferromagnetism) cannot be related to the small remaining
amounts of Co-rich secondary phases. Normally, materials containing such ions - especially
oxynitrides - are difficult to synthesize [22]. Hence, an evaluation of the possibility for synthesis of
LTCON by calculating the structural stability according to Li et al [23] was done. According to the
calculations the determined tolerance factor ¢ [23] of LTCON is 0.934(5) < t < 0.936(9). Therefore, the
samples should be synthesizable in the perovskite structure and should be single-phase. Additionally,
Ta ions and Co ions exhibit similar effective ionic radii [24] making them suitable for a substitution
with each other. Hence, by a careful evaluation of the synthesis parameters, single-phase LTCON
samples with all three different Co ion concentrations should be possible.

Therefore, we used an appropriate synthesis protocol to produce LTCON: first, the bluish oxide
precursors LaTa1-xCox04-s (LTCO) were prepared via a sol-gel-related method (Pechini method) (Fig.
1). Afterwards, the LTCO powders were ammonolyzed (heating under flowing NH3 gas) in order to
obtain LTCON. A more detailed chemical analysis of the LTCO precursors and formation of LTCON is
described in the Supplemental Material Sec. I-1I, Fig. S1-S12 and Tabs. S1-S4. After the synthesis of
LTCON, we have chosen a series of complementary investigation techniques in order to give a complete
picture of the single-phase nature of the materials and their ferromagnetic behavior. This is described
in the following sections.

LTCO

FIG. 1. Reaction path to LTCON. Reaction path from LTCO to LTCON, which can be attracted or moved
by permanent magnets (Movie S1 and S2). Respective scanning electron microscopy (SEM) images
(Scale bars: 500 nm) and sample photos are shown. In the depicted crystal structure, the purple ions
represent La3+. The Ta/Co ions (black/cyan) are 6-fold coordinated by N3- and 02- (white/orange) in
an octahedral environment.

8.3. Structural and compositional investigations of LTCON

Scanning electron microscopy (SEM) shows that the synthesized LTCON particles exhibit an average
size of 300 nm (Figs. 1, S1). However, high-resolution transmission electron microscopy (HR-TEM)
reveal many smaller particles (average size 50 nm) which are agglomerated (Fig. 2a).
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FIG. 2. HR-TEM investigations of LTCON-5. (a) Zoomed HAADF image of single-phase LTCON-5
nanoparticles and long-time measured EDX maps of (b) Co, (c) Ta, and (d) La. The different colors
represent the concentration. By long-time measurements, the homogeneous distribution of the Co ions
is obvious. Scale bars: 50 nm.

For imaging we used high-angle annular dark-field imaging (HAADF) and for further solubility
investigations energy-dispersive X-ray spectroscopy (EDX). By conducting a long-time EDX
measurement, the homogeneous distribution of all three elements (Ta, La, and Co) was verified.
Especially, Co revealed a very homogeneous distribution in the material (Fig. 2b) without showing any
sign of a secondary Co-rich phase in LTCON-5. For further information of the conducted electron
microscopy experiments cf. Supplemental Material Sec. I1I.

The exact concentration of the cations (La, Ta, and Co ions) is investigated by inductively coupled
plasma optical emission spectroscopy (ICP-OES) and reveals the expected compositions, which are
implemented in Tab. S4. Furthermore, hot gas extraction (HGE) - determination of O and N contents -
revealed anionic vacancies (6) for LTCON. We will further discuss the importance of anionic vacancies
in Sec. VIL

Crystal structure analysis (Powder X-Ray diffraction combined with Rietveld refinements) revealed
the space group type Imma (Tabs. S5-522) for all LTCON samples. This is a perovskite-type phase
where the Ta/Co ions are coordinated in an octahedral environment by six anions. The same space
group type is already reported for the non-magnetic perovskite-type oxynitrides LaTaO;N and
LaTaONj3 [17]. Therefore, a change in the space group type is not expected, because we used very small
concentrations of Co ions for B-site substitution in LaTa(O,N)3 which should not affect the crystal
structure by itself.

The colors of the LTCON powders range from red for x = 0.01 (LTCON-1) via dark red for x = 0.03
(LTCON-3) to avery dark red for x =0.05 (LTCON-5) (Fig. 1 and Fig. S1). The obtained optical bandgap
E; of the oxynitrides determined by diffuse reflectance spectroscopy (1.7 eV < E; < 1.9 eV) reflects the
red color and points to a semiconductor (Fig. S8): metallic nanoparticles are typically black in color.
Similar results in color and bandgap were obtained for pristine LaTa(O,N)3 [17].
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8.4. The importance of stoichiometry in LTCON

As stated above, secondary phases containing magnetic Co, Fe or Ni ions can produce HT-
ferromagnetism. Therefore, the main question in many studies is the solubility limit of such
ferromagnetic ions in the materials matrix [2]. In principle, possible ferromagnetic secondary phases
in our samples could be either Co-rich particles or elemental Co clusters/particles.

In order to investigate if elemental Co as secondary phase is possible in our case, we deliberately
produced one reference sample of LTCON-5 containing a non-stoichiometric amount of Co ions (Coz*
excess of 3.4 %)(cf. Supplemental Material Sec. III). In Figs. 3a-f, both samples - the stoichiometric and
the Co-rich (non-stoichiometric) LTCON-5 - are presented and compared with each other.

stoichiomeric Co-rich

' (f) 0.035{—Co-rich (non-stoichiometric) Cu-K
—stoichiometric
LTCON-5 simulated
=—Co (hcp) simulated
ry- 0.5 wt% Co(O,N)

AN

rel. int. (arb. u.)

0.015 /L

3 38 40 42
26 (°)

stoichiometric Co-rich

FIG. 3. HAADF/EDX and PXRD investigations of LTCON-5. (a)-(b) HAADF image (dark-field) and EDX
map of single-phase (stoichiometric) LTCON-5 nanoparticles showing the homogeneous distribution
of Co ions in the particles. Scale bars: 500 nm. (c) HAADF image of Co-rich LTCON-5 nanoparticles
containing Co(O,N) nanoparticles. Scale bar: 250 nm. (d)-(e) EDX maps of Co-rich LTCON-5
nanoparticles containing Co(O,N) nanoparticles. Scale bars of (d): 250 nm and (e): 50 nm. In Fig. 3e, La
and Ta are not measured. (f) PXRD data of the stoichiometric and Co-rich LTCON-5 samples.

We used HAADF, EDX, and powder X-ray diffraction (PXRD) for thorough characterization of both
samples (Figs. 3a-f). The contrast variation of the nanoparticles observed by the HAADF imaging in
Figs. 3a,c.e can be attributed to different crystal orientations of the particles proven by electron
diffraction (Fig. S14). EDX allows the investigation of the homogeneous distribution of elements in a
material. First, we investigated the non-stoichiometric sample: in combination with EDX, HAADF and
PXRD only Co(O,N) nanoparticles with 0.5 wt% as a secondary phase exhibiting a diameter of 40 nm <
d < 80 nm in the Co-rich LTCON-5 were found. Other elements such as La, Ta, O, and N, which were
recorded, show a homogeneous distribution (Fig. S15 and Tab. S23). In Fig. 3f only PXRD reflections of
the Co(O,N) phase in the Co-rich sample were found and no reflections of an elemental Co phase (Co-
hcp or Co-fcc). This can be explained by the applied high temperatures and long ammonolysis
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periods [25] which do not allow the formation of elemental (metallic) phases. Therefore, elemental Co
in the Co-rich LTCON-5 can be excluded.

Instead, by using the exact stoichiometric amount of Co ions for the synthesis neither Co(O,N) particles
nor elemental Co particles as secondary phases are found (Figs. 3b and f). Hence, the possibility to
obtain Co-containing secondary phases in a stoichiometric weighed sample by using the applied
synthesis procedure is very unlikely. This demonstrates that we synthesized single-phase LTCON
powders where the Co ions are completely included in the materials matrix.

8.5. HT-ferromagnetism in single-phase perovskite-type LTCON

Next, we investigated the magnetic properties of LTCON-1, LTCON-3, and LTCON-5 via
superconducting quantum interference device (SQUID) measurements (Figs. 4a-c).
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FIG. 4. Magnetic investigation of LTCON. (a)-(c) Magnetization curves of LTCON-1, LTCON-3, and
LTCON-5. (d) Field-dependent magnetization curves at 300 K of the stoichiometric and Co-rich LTCON-
5. The purple arrows indicate the almost constant difference between both. The difference has a much
steeper slope at fields below 0.1 T. The difference signal could be related to the Co(O,N) particles
identified in Fig. 3. For a better comparison, all curves were normalized. (¢) Normalized magnetization
versus temperature curves of single-phase LTCON-5 and a pure Co metal sphere.

At room temperature (300 K) a clear saturating behavior is observed, with 90 % of the saturation
magnetization M; at fields of about 0.3 T. The insets in Figs. 4a-c reveal a clear hysteretic behavior
(hysteresis loops) with coercive fields (Tab. S24) indicating ferromagnetism. At 300 K, M, increases
with the amount of Co ions from LTCON-1 to LTCON-5 from 0.088 emu g-1to 1.179 emu g-1 (Table I).
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TABLE 1. SQUID-based magnetic parameters at 300 K. The extracted magnetic parameters are the
saturation magnetization (Ms), and the magnetic moment (mco ion) per Co ion for each Co ion
concentration (x).

Compound b M;s (emu g1) Mcoion (B/Co ioN)
LTCON-1 0.01 0.088 0.60
LTCON-3 0.03 0.543 1.28
LTCON-5 0.05 1.179 1.53

In contrast to the observed clear HT-ferromagnetism of LTCON, the LTCO precursor exhibits just
simple paramagnetism (Fig. S16) and pristine LaTa(O,N); revealed at 300 K a diamagnetic
behavior [17] in former studies. The processing of the raw SQUID data of LTCON is shown in Fig. S17.
The observed strength of the ferromagnetic signal is orders of magnitude larger in contrast to former
studies [6] (Supplemental Material Sec. 1V), excluding measured SQUID artefacts and contaminants.

Additionally, all LTCON samples show an increase of a paramagnetic-like behavior with a similar
absolute value at low temperatures. Because of the strong increase of the total sample magnetization
with increasing Co ion concentration, the relative paramagnetic contribution is reduced for higher Co
ion concentrations. This can be seen in the 2 K curves from LTCON-1 to LTCON-5 (Figs. 4a-c). The
observed paramagnetism (Brillouin function shape) with respect to the ferromagnetism has a relative
contribution of 60 % in LTCON-1. In comparison, for LTCON-5 the contribution difference is only 4 %.
However, the absolute paramagnetic contribution is almost similar in strength for all three oxynitride
samples.

In addition, a clear increase in the magnetic moment per Co ion is observed. If we attribute the whole
sample magnetization completely to the given amount of Co ions, we can calculate a magnetic moment
per Co ion. This is increasing from 0.6 up/Co ion to 1.53 up/Co ion. The observed unexpected high
sample magnetizations lead to macroscopic attracting forces by conventional permanent magnets. Fig.
1 shows the mechanical movement of the whole LTCON-5 powder by permanent magnets (Movie S1
and S2). Of course, such magnetic force-related effects are always present for samples exhibiting the
same magnetization. However - because the entire powder is moved - it demonstrates a homogeneous
magnetic behavior combined with a homogeneous material composition.

In former reports undesired elemental transition metal clusters were responsible at least for some
parts of the measured magnetization curves [8,26]. We already excluded particulate Co-rich secondary
phases such as Co(O,N) and particulate elemental Co by chemical analysis. Now, we exclude elemental
Co clusters by magnetic investigations because of their tiny size: small clusters of elemental Co would
reveal a superparamagnetic behavior [27]. Therefore, we compared calculated magnetization curves
of elemental Co clusters at different temperatures (10 K to 350 K) with the measured magnetization
curve of LTCON-5 at 300 K (Fig. S18). The calculated magnetization curves for elemental Co clusters
reveal a very strong temperature dependence indicating superparamagnetism (Supplemental Material
Sec. V). Superparamagnetic materials also reveal a strong increase of the coercive fields at low
temperatures, which remarkably decrease at room temperature [28,29]. Even larger elemental Co
clusters [30] and elemental Co particles reveal observable temperature dependencies in saturation
magnetization, shape, and coercive fields between 10 K and room temperature. All this cluster-like
behavior is absolutely not observed for our samples (Figs. 4a-c): our obtained coercive fields and curve
shapes are almost temperature-independent. Therefore, this by itself is a clear proof for the absence
of superparamagnetic elemental Co clusters in LTCON.

Not only the absence of temperature dependence, also the relative high saturation field is an additional
proof for the absence of Co clusters. LTCON contains a very low Co ion concentration. Therefore, the
average distance of potential tiny elemental Co clusters would be quite large. In comparison to Li et
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al. [29], the saturation field of Co clusters of 6 nm size with an elemental Co concentration of 43 + 5
at% in the whole sample is at 0.15 T at room temperature. Since we have a Co ion concentration below
1 at%, we clearly can exclude dipole-dipole interactions between tiny Co clusters as a possible source
for the wide hysteresis loops observed in LTCON.

Additionally, we compared the 300 K magnetization curves of the single-phase LTCON-5 and the Co-
rich LTCON-5 (Fig. 4d). A clear difference is observed, that we attribute to the existing Co(O,N)
nanoparticles in the Co-rich LTCON-5. We can estimate from the difference that the Co(O,N) particles
have just a 7 % magnetic contribution to the total sample magnetization of the Co-rich sample.
Furthermore, we performed SQUID measurements up to 950 K (Fig. 4e) in vacuum. The measurements
show that the temperature dependence is quite different between LTCON-5 and elemental Co. The
increase of the magnetization at 600 K indicates a partial decomposition by nitrogen loss and further
vacancy formation rather than a complete decomposition of the material. It is worth to mention that
this partial decomposition results in a 12 % increase in saturation magnetization, already indicating a
correlation between ferromagnetism and vacancies. Since the T¢ seems to be higher than the observed
partial decomposition temperature of the material and the crystal structure is thermodynamically
stable over the measured temperature range in vacuum (Supplemental Material Sec. VI, Fig. S19), the
Tc cannot be determined with our SQUID system. In addition, the measured pure Co metal sphere
shows the expected hysteretic hcp—-fcc phase transition (local maximum), which is not visible in
LTCON-5.

In order to identify possible different magnetic contributions of the Co ions to the sample
magnetizations, we performed X-ray absorption spectroscopy (XAS) / XMCD at the Co-L;3 edges (Fig.
5). In Figs. 5a—c the bulk-sensitive transmission (TR) mode spectra of LTCON-1, LTCON-3, and LTCON-
5 are presented. The measurements were performed at 300 K or at 77 K for LTCON-1. The 77 K
spectrum of LTCON-1 is presented because of a more detailed peak structure originating from reduced
Franck-Condon broadening [31]. By measuring LTCON-1 at 300 K (Fig 5d) the spectral shape
resembles LTCON-3 and LTCON-5 at 300 K. In Figs. 5a-c, all three TR spectra reveal a significant XMCD
signal and show similar multiplet-like peak structures giving the proof of oxidized Co species such as
Co3+/Co?+ [32-34]. For other perovskite-type Co-containing oxides with Co3* or Co2* in octahedral
coordination (eg. LaCoOs) also Co-L;3 edge spectra with very similar spectral shape were
observed [32,35,36].

By comparing the TR spectra of LTCON with a Co metal reference sample (Fig. 5d), possible existing
elemental (metallic) Co cluster and/or Co particles as the origin of the observed HT-ferromagnetism
can be excluded, finally: The reference Co metal TR spectra are measured with the same measurement
parameters (e.g. exactly the same energy resolution) at the same beamtime. This allows a direct and
precise comparison of energy shifts and line shapes between all measured samples. All LTCON XAS
spectra and especially LTCON-5 show a clear non-metallic broad multiplet-like peak structure with a
distinct shoulder before and after the main peak. This is very different to the shape of the Co metal
spectrum. More important is the fact that the obtained XMCD signal e.g. of LTCON-5 is much broader
in shape and significantly shifted to lower photon energies compared to the Co metal XMCD spectrum
(Fig. 5e). If we assume that the Co ions in LTCON-5 would be partially segregated to a secondary
metallic phase like Co clusters or particles, and this phase would be only related to the observed
ferromagnetism, one would expect almost exactly the same XMCD signal in position, shape, and width
as the XMCD signal determined from the reference Co spectrum. This is not the case. Hence, the shape
of the measured TR spectra of LTCON and the different XMCD signal to the XMCD signal of Co metal
are directly proving the intrinsic ferromagnetism of LTCON. If we now assume that the solubility limit
of Co would be below 5% at the Ta-site, the spectral shape should be quite different between LTCON-
1 and LTCON-5, because the relative amount of Co metal-like spectra must increase for LTCON-5.
However, all spectra look identically, proving that the solubility is higher.
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FIG. 5. XAS/XMCD measurements of LTCON. (a) TR spectrum of LTCON-1 measured at 77 K. (b) TR
spectrum of LTCON-3 measured at 300 K. (c¢) Corresponding XAS/XMCD TR mode for LTCON-5
measured at 300 K. (d) Non-magnetic TR-mode XAS spectra of LTCON-1, LTCON-3, LTCON-5, and a
pure metal Co TR spectrum measured at 300 K. In addition, a low temperature (77 K) TR spectrum of
LTCON-1 containing more spectral details is presented. (e¢) TR-mode XMCD/XAS spectra of LTCON-5
and the Co metal reference sample. The XMCD signals were both scaled up to 1 in order to better
compare the shape of both.

By applying sum rules [37,38] on the TR spectrum of LTCON-5 with the “upper limit” (see below) of
holes of ny = 4 (Co3*), a spin moment of 1.14 + 0.06 uz/Co3* and a vanishing orbital moment of -0.01
+ 0.01 up/Co3* for LTCON-5 can be calculated. For LTCON-1 and LTCON-3, the determined moments
are listed in Table II.

TABLE II. Orbital moments and spin moments of LTCON. The moments were determined via the
measured XMCD/XAS spectra.

Compound X Morb.(1B/Co3*) Mspin (18/C03+)
LTCON-1 0.01 -0.001 £0.01 0.44 £ 0.02
LTCON-3 0.03 -0.002 £0.01 1.0 £ 0.05
LTCON-5 0.05 -0.01+0.01 1.14 £ 0.06

Additionally, by applying sum rules on the reference Co metal spectrum, a spin moment of m; = 1.64 *
0.08 ug/Co? and an orbital moment of m;= 0.16 + 0.008 ug/Co® are determined. These values are
perfectly in agreement with the moments observed in well-known literature such as Chen et al. [39]
and prove the accuracy of the determined sum rule results for LTCON in Table II. The XMCD-based
magnetic moments for all LTCON powders are 25 % below the SQUID-based magnetic moments per
Co ion. The measured TR spectra point to IS-Co3* consistent to the obtained 25 % reduced magnetic
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moments in comparison to the SQUID results [36]. However, other oxidation state contributions such
as Co?* cannot be excluded. Therefore, ny (e.g. by using ny = 3 for Co?+) will be below 4 on average for
all Coions and, hence, the sum rule results further decrease. Because of the observed difference to the
SQUID-based values, the obtained XMCD results proof that besides the ferromagnetic Co ions in LTCON
the host matrix has to be magnetically polarized. This can also explain the ferromagnetic long-range
ordering which is observed in LTCON.

If we still would try to attribute the sample magnetizations to a non-observed secondary phase, by
questioning the observed spectral shapes and the energy shifts between Co metal and LTCON XMCD
spectra, the total magnetization must then be related to this secondary phase. As we have
demonstrated above for the non-stoichiometric sample we can easily observe a secondary phase with
a Co#* excess of 3.4 %. Thus, we can start a thought experiment: We imagine a two-phase sample with
10 % from a ferromagnetic Co-containing phase and 90 % from a non-ferromagnetic LTCON phase
(Tab. S27). In this case the Co magnetic moment would belong completely to the ferromagnetic
secondary phase. If we now take the result of the Co magnetic moment for the whole LTCON-5 sample
(1.14 + 0.06 up/Co3*) we have to multiply by 10 the magnetic moment of Co3* to get the magnetic
moment for just 10 % of a ferromagnetic Co-containing secondary phase because of linear correlation.
This means a Co spin moment of 11.4 uz/Co3* would be present in the 10 % ferromagnetic secondary
phase, whereas 0 pp/Co3* would be in the 90 % of non-magnetic LTCON-5. The result of 11.4 pg/Co3*
is not possible.

To conclude, by having a close look at all results, even if a very small Co metal-like phase would be
present it cannot explain the existing XAS/XMCD results and electron microscopy studies. All results
tend to an intrinsic ferromagnetism of LTCON originating from diluted Co ions in the material.

8.6. Comparison to a similar system

For comparison we synthesized a similar system, namely LaTag.95Nig.05(0,N)3-5 (LTNON). The Ni-based
material exhibited the same space group type (Imma) and red color as LTCON (Supplemental Material
Sec. VII, Fig. S20 and Tabs. S25, S26). However, by applying crystal structure analysis we found a very
low solubility limit for Ni ions in the material (< 0.6 at%) revealing secondary phases such as Ni3N, also
easily observable as Ni-rich regions in the EDX measurement (Fig. S21). Additionally, the not-single-
phase LTNON exhibited a small ferromagnetic contribution in combination with a large temperature-
dependent paramagnetic contribution (Fig. S22) underlining the results that Ni#* was not completely
included into the crystal matrix (secondary phase visible). Since the chemical behavior of Niz+ differs
from that of Co* we want to emphasize that every other ion exhibits chemically different behaviors to
Coz* leading to different compositions and solubility limits. Therefore, our conclusion is that Coz* is
currently the only ion to get our observed results.

Hence, we demonstrated that it requires a careful evaluation of the synthesis parameters such as
cationic stoichiometry and the choice of the right magnetic ion (Co?*) for the synthesis to obtain a
ferromagnetic behavior above RT in a DMS material.
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8.7. Discussion of the HT-ferromagnetism in LTCON

As the presence of HT-ferromagnetism in LTCON is highly unexpected we try to provide a preliminary
discussion of this phenomenon in comparison to the previous explanations given for the room
temperature ferromagnetism found in pristine ZnO. For this compound, surface-related vacancies
were identified to explain ferromagnetic coupling and the magnetic volume fraction was shown to be
related to the amount of non-stoichiometric grain boundaries [12,14,15]. This is also consistent to
recent studies on highly defective 2D ZnO nanosheets [40]. Since LTCON contains a significant amount
of anion vacancies (Tab. S4), one could suggest that the effect observed in LTCON even in the bulk
could be similar to the vacancy dominated ferromagnetic foam as discussed in other d° ferromagnetic
materials [12,14,15]. Additionally, the introduced nitrogen ion can play a significant role by varying
the ionic and covalent character of the B-X bonding [22], which might support the vacancy introduced
changes in the electronic structure. Considering this, the mechanism of the observed HT-
ferromagnetism in LTCON seems to be more complicated than that of defect-ridden ZnO.

The magnetization increases by a factor of about 13, whereas the Co ion concentration is increased by
a factor of 5 (Table I and II): this is directly related to the XMCD-based change in Co3* magnetic
moments. This suggests that the Co ion is also mediating ferromagnetism and demonstrates a clear key
ingredient. Since the calculated magnetic moments per Co ion determined from the XMCD
measurements are at least 25 % lower than the by SQUID-determined values, we conclude that all of
the existing Co ions are not sufficient to explain the observed magnetic behavior. This again supports
the presence of a bulk-like ferromagnetism, whereas besides the Co ions extra magnetic moments must
exist.

One also might think about a thread-like 3D single Co ion percolation network. If this network would
be present, due to statistical Ta-site occupation a significant fraction of Co ions should not contribute
to the percolation network, and a larger fraction of paramagnetic ions should exist in the bulk, which
is also not observed in LTCON.

Hence, after two decades of intensive research in the magnetism community, our study demonstrates
the realization of a HT-ferromagnetic DMS by partially substituting Ta with Co ions in a LaTa(O,N)3
matrix. This highly reproducible result lays the foundation for a new research field investigating and
developing same or similar DMS systems. Furthermore, it can resurrect the general research field of
DMS, which had fallen out of favor over the last few years due to the lack of success. We expect that
future investigations will focus on discovering new material matrices, which exhibit room temperature
DMS, and understanding the underlying origin of the dilute ferromagnetic ordering.
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8.9. Appendix

8.9.1.Methods
8.9.1.1. Synthesis of LTCO

The oxides were prepared via a Pechini method which is based on the one already reported for n-
LTO [17]. First, TaCls (Alfa Aesar, 99.99 %) and Co(NO3)2:-6H20 (Merck, EMSURE®) were loaded in an
exact stoichiometric amount into a Schlenk flask under argon and 50 mL of dried methanol was added.
The amount of substance of the B-site cations Ta and Co was calculated to be 0.01 mol in total. For the
Co-rich sample an additional amount (4 %) of Co(NO3)2-6H20 was added. Afterwards, 0.03 mol water-
free citric acid (Sigma Aldrich, = 99.0 %) for all samples was added. 0.01 mol La(NO3)3-6H20 (Sigma
Aldrich, 99.99 %) was weighed into a second Schlenk flask and citric acid was added in the same molar
ratio as for the B-site cations. The mixture was dissolved in 10 mL of dried methanol and the solutions
of both Schlenk flasks were combined in one Schlenk flask and stirred under reflux for 2 h at 353 K
with addition of a 15-fold molar excess of ethylene glycol (Merck, EMPLURA®). The dispersion was
transferred to a crystallizing dish and heated for 10 h at 393 K followed by a thermal treatment at
573 K for 5 h as reported before [17]. The resulting black xerogel was calcined in an alumina crucible
for 16 h at 923 K to obtain the nanocrystalline LaTa1-xC0x04-s (LTCO) with x = 0.01 (LTCO-1), x=0.03
(LTCO-3), x=0.05 (LTCO-5).

8.9.1.2. Synthesis of LTCON

The synthesis of LaTai-xCox(0,N)3-s (LTCON) with x = 0.01 (LTCON-1), x = 0.03 (LTCON-3), x = 0.05
(LTCON-5) is described in the following: 350 mg of LTCO was loaded into an alumina boat and placed
into a conventional thermal gas flow ammonolysis setup. Ammonolysis was carried out for 10 h at
1,223 K with two subsequent ammonolysis cycles for 14 h at 1,273 K and KCI flux addition (1:1 weight
ratio). The applied ammonia flow for all cycles was 300 mL-min-! NH3 (Westfalen AG, > 99.98 %). The
same conditions were used to prepare the Co-rich LTCON-5 sample.

8.9.2.Sample Characterization
8.9.2.1. Crystal Structure

Powder X-ray diffraction (PXRD) measurements at room temperature were carried out on a Bruker
D8-Advance powder X-ray diffractometer using Cu-K, radiation (Ge(111) monochromator), Bragg
Brentano geometry, and a Lynx-Eye detector. Additionally, a Rigaku Smartlab powder X-ray
diffractometer (Cu-Ka, ;) was used. The continuous scans covered an angular range of 5° <26 <90°
with an angular step interval of 0.007°. The collected diffraction data were evaluated via Rietveld
refinements using FullProf. 2k [41-43]. Pseudo-Voigt functions were selected to describe the reflection
profile and the background was linearly interpolated between a set of background points with
refinable heights.

8.9.2.2. Chemical Composition

The chemical composition of the produced samples was investigated via inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Spectro Ciros CCD ICP-OES instrument for cations and
hot gas extraction technique (HGE) using an Eltra ONH-2000 analyzer for the anions.

8.9.2.3. In Situ Experiments - Formation

In situ ammonolysis [17] was performed by thermogravimetric analysis (TGA) using a Netzsch STA
449 F3 Jupiter. The measurements were carried out under flowing NH3 (80 mL-min-! NH3 + 8 mL-min-
1 Ar) with a heating rate of 10 K-min-1 up to 1,273 K.
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8.9.2.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis Ultra system with a
monochromatized Al- K, source (1,486.6 eV) holding a base pressure in the lower 10-10 mbar range.
The powders were fixed on an indium foil and a flood gun was used in order to avoid charging effects.
The binding energy was calibrated by setting the C 1s of adventitious carbon to 284.5 eV [44] with
respect to the Fermi level. Analysis of the XPS data was performed with Casa XPS software. The energy
separation and peak area of the Ta 4f7, and Ta 4fs,> orbitals were constrained according to
literature [44]. The low signal to noise ratio together with a non-flat background did not allow for any
reasonable fitting of the Co 2p region.

8.9.2.5. Electron Microscopy Investigations

The particle morphology of the produced LTCON and LTCO was analyzed via scanning electron
microscopy (SEM) (ZEISS GeminiSEM 500, 2 kV) and the in-lens detector was used for imaging. For
energy-dispersive X-ray spectroscopy (EDX) a window-containing XFlash® 6|60 (Bruker) detector
was used. The accelerating voltage for EDX measurements was 15 kV.

For transmission electron microscopy (TEM) investigations the particles of LTCON were dispersed in
ethanol and drop-cast on a Cu grid covered with an amorphous carbon foil and with a mesh size of 200
um provided by Plano. Small accumulations of oxynitride and oxide particles, respectively, were
investigated on a Philips CM-200 FEG TEM operated at 200 kV, applying bright- and dark-field imaging.
In order to verify the space group determined by Rietveld refinements of the PXRD and neutron
diffraction (ND) data, selected-area diffraction patterns were recorded. The recorded polycrystalline
diffraction patterns were analyzed by using the JEMS software package [45]. Colored grain orientation
maps were constructed by the overlay of five dark-field images recorded with varying beam tilt. The
composition and homogeneity of selected particles were analyzed with an EDX system from EDAX.
Elemental mappings were collected with a probe size of 3 nm, a step size of ~2 nm, and a dwell time
of 15 ms per pixel. The objective polepiece of the device contains only iron.

High-resolution transmission electron microscopy (HR-TEM) was performed by using the state-of-the-
art JEOL ARM200F TEM coupled with an EDX system from JEOL (plus Bruker) at the “Stuttgart Center
for Electron Microscopy (StEM)” in Stuttgart. The microscope was operated at 200 kV. The LTCON-5
particles were prepared as described above for the Philips CM-200 FEG TEM. To discriminate the
measured cobalt concentration from the cobalt in the polepiece, Co-free LaTaON; (synthesized after
ref. [17]) was measured as reference.

8.9.2.6. Diffuse Reflectance Spectroscopy

UV-visible diffuse reflectance spectra (DRS) were recorded by using a Carry 5000 UV-VIS NIR
spectrophotometer. The spectra were measured in the range of 200 nm to 800 nm and the Kubelka-
Munk [46] conversion was applied to the recorded reflectance spectra. The optical bandgaps were
estimated by extrapolating the onset of absorption to the abscissa.

8.9.2.7. SQUID

Magnetometer surveys were carried out with a commercial VSM MPMS3 superconducting quantum
interference device (SQUID) from Quantum Design. This system allows both conventional DC and VSM-
type measurements. The temperature ranged from 1.8 Kup to 350 K (oven option: T< 1,000 K, p <150
mTorr), while the field was switched up to 4 T. For zero field cooling purposes the magnet was
quenched to minimize the residual magnetic field. Depending on the sample and the measurement
type the effective sensitivity is in the range of 108 - 10-° emu. The pressed powder anisotropy
measurements for in- and out-of-plane measurements were performed with a Quantum Design MPMS
7 system, because the detection system is less sensitive for variations in the filling factor, providing
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better precision and comparability for anisotropic sample geometries. The weight of the measured
pure Co metal sphere was 4.3 mg. The diamagnetic background originating from the sample holder
was subtracted from a finite linear slope determined from the negative slope of the raw SQUID data
(Fig. S17). Since perovskite-type oxynitride powders exhibit a very bad sinter ability (therefore high
grain-boundary resistivity) and the particles are in the nm-range, carrier-mediated magnetic
measurements were not performed.

8.9.2.8. XAS / XMCD

X-ray magnetic circular dichroism (XMCD) and X-ray absorption spectroscopy (XAS) experiments
were performed at the synchrotron ANKA/KARA at KIT, Karlsruhe, in order to measure local atomic
magnetic moments. All XMCD and XAS spectra were recorded at the WERA beamline with an energy
resolution of about AE/E = 2-10-%. At the Co-L23 edge the degree of circular polarization was 82 %,
which was used for sum rule corrections. We have used our own superconducting magnet end station
providing ultra-fast field switching with ramping rates up to 1.5 T-s-1. All spectra were measured in an
applied magnetic field up to 4 T. Each XMCD spectrum was measured as a function of energy with fixed
light helicity and field. The energy was swiped uniformly with a rate (monochromator speed) of
0.2 eV-s-1 measured for each spectrum while simultaneously reading out the transmission data (TR)
and incident X-ray (Au grid for Ip) current with about one data point every 0.03 eV. In order to get the
XMCD data the circular light helicity was chosen (R = right, L = left), then two measurements were
performed with reversed magnetic field (N = north; S = south). The sequence for a single full step run
was RN>RS>LN->LS>LN->LS->RN->RS. This sequence minimized the effects of drift and further
possible systematic errors. For better statistics, final spectra were averaged over consecutive spectra
(in both helicities). TR and /o were measured using Keithley 6517A electrometers. The ramping rate
(0.2 eV-s71) was carefully chosen that no observable energy broadening could be detected. Each single
XAS spectrum took about 3-5 minutes. No noticeable energy drift was observed between consecutive
single spectra. Non-magnetic XAS spectra were obtained by averaging the magnetic XAS spectra for
parallel and antiparallel aligned light helicity vs. magnetization direction. For the XMCD
measurements, the sample powders (35 mg) were dispersed in 150 pL of ethanol (299.5 %, Ph. Eur.)
and 50 pL of a terpineol (Aldrich, water-free) / ethyl cellulose (#46070, Fluka) / ethyl cellulose
(#46080, Fluka) / ethanol (299.5 %, Ph. Eur.) mixture. The mixtures (“glue”) were prepared as follows:
first, a 10 wt% solution in ethanol (299.5 %, Ph. Eur.) of both ethyl cellulose batches was prepared.
Afterwards, both 10 wt% ethyl cellulose solutions (#46070, and #46080), terpineol, and ethanol were
mixed togetherina 2.2:2.8:2.1: 1.5 weight ratio. The dispersion of particles, ethanol, and “glue” was
drop-casted on a 5 x 5 mm “SiN” membrane (thickness of 100 nm) which was sputtered with a 5 nm
Cr thin film for better adhesion and electrical conductivity. As a detector for the transmitted light an
almost magnetic field-independent Hamamatsu GaAsP diode (G1116 type) was used.

8.9.2.9. Neutron Diffraction

Neutron diffraction was carried out on the high-resolution D2B diffractometer (A = 1.59417(2) A) of
the Institut Laue Langevin (ILL). The diffractograms of LTCON were recorded at 10 K and 300 K. The
ND data (DOI: 10.5291/ILL-DATA.EASY-471, 10.5291/ILL-DATA.EASY-472, 10.5291/ILL-DATA.6-06-
482) was refined using the FullProf 2k [43] and a pseudo-Voigt function was chosen to generate the
line shape of the reflections. No magnetic refinements of the data were possible as due to the low
amount of Co present in the samples (Ta was assumed to be non-magnetic) any magnetic contribution
to the scattering falls short of the detection limit of neutrons.

8.9.2.10. Nitrogen Sorption

In order to investigate the specific surface area of the oxide precursors nitrogen sorption was carried
out using an Autosorb-1-MP (Detection limit: Sger > 1 m*-g-1) from Quantachrome Instruments. First,
the samples were annealed at 393 K in order to remove adsorbed water. Adsorption and desorption
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isotherms were collected at 77 K. To determine the specific surface area the Brunauer-Emmett-
Teller [47] (BET) method was used.

8.9.2.11. TGA-MS

To determine possible adsorbed water and organic residues on the oxide precursors surface TGA
coupled with mass spectrometry (MS) was carried out on a Netzsch STA 449 C Jupiter coupled with a
QMS 403C Aeolos® mass spectrometer. The oxide was heated to 1,473 K at a rate of 5 K-min-! under
synthetic air and then cooled to room temperature.
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8.11. Supplemental Material

Supplemental Material - Discussion

Fig. S1. SEM images, and sample photos of the oxides and oxynitrides. Respective SEM images of (a)-
(c) all LTCO and (d)-(f) all LTCON powders showing primary particles in the nm-range with the
respective sample photos showing the colored powders. Scale bars: 1 um.

8.11.1. Supplemental Material Sec. I: Chemical analysis of LTCO

Powder X-ray diffraction (PXRD) reveals nanocrystalline oxide precursors for all three Co ion
concentrations (Fig. S2). Similar PXRD patterns were already obtained for the synthesized and used
nanocrystalline oxide precursors in ref. [1]. Because of the nanocrystallinity of the oxides, the
determination of phase purity was not possible by PXRD. Therefore, the oxides were investigated by
transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) (Fig. S3).
The obtained TEM images show tiny primary particles in the nm-range, which were agglomerated to
porous secondary particles pointing to the nanocrystallinity of the powders. By recording selected area
electron diffraction (SAED) patterns no rings were visible. The recorded EDX maps reveal for all three
Coion concentrations a homogeneous distribution of Co and Ta and give no hint for secondary phases.
The resolution was 10 nm per single Co photon count. Hence, we assume because of the EDX and SAED
results the oxides to be phase pure.

To determine the anionic and cationic compositions of the single-phase oxides hot-gas extraction
(HGE) (Tab. S1) and inductively coupled plasma optical emission spectroscopy (ICP-OES) were used,
respectively. The lower obtained oxygen weight fractions for the oxides in comparison to the expected
ones with a ratio of La:(Ta,C0):0 = 1:1:4 (x = 0.01: 16.73 wt% O, x = 0.03: 16.83 wt% O, x = 0.05:
17.31 wt% O) were pointing to oxygen vacancies in the samples (Tab. S1). The expected oxygen weight
fractions for the oxides were derived from the very similar assumed ratio for n-LTO (nanocrystalline
“LaTa04") which was obtained at the same temperature with the same synthesis method. [1] By
calcinating LTCO-1 (LaTao.99C00.010399()) at 1273 K to form crystalline LTCO-1 HGE measurements
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revealed a composition of LaTa.99C00.0103.93(9). The found amount of oxygen vacancies in crystalline
LTCO-1 (c-LaTap.99C00.010393(9)) seems plausible from the fact that Co as B-site cation has a lower
valence state than Ta which has normally 5+ [1] resulting in a higher concentration of anionic
vacancies because of charge compensation. In order to verify the phase purity of crystalline LTCO-1 a
PXRD pattern was recorded (Fig. S4). The recorded pattern was refined in the space group type Cmc21
revealing a single-phase oxide because no additional reflections were observed (Tabs. S2-S3).

Cu-Ken LaTa,_Co,0,_, ——LTCO-5
1 ——LTCO-3
- ——LTCO-1
’:?: ]
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Fig. S2. Powder X-ray diffraction (PXRD) patterns of nanocrystalline LTCO. The patterns show

nanocrystalline, nearly amorphous LaTa;-xC0x04-5s (LTCO) obtained after the used soft chemistry
procedure. The anionic compositions were determined by HGE (Tab. S1).
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Fig. S3. TEM images and EDX mappings of LTCO. (a)-(c) TEM images of particles of the oxides and (d)-
(f) EDX maps of the LTCO powders showing the homogeneous distribution of Co (pink) and Ta (blue)
in the particles. The pixels were averaged with 3 x 3 pixels showing a pixel size of d = 10 nm. This
means that one Co ion is present in a region of 10 x 10 nm? because of the low number of single counts.
Scale bars of all images: 100 nm.
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Cu-Km;2
10 20 30 40 50 60 70 80 90
29 (%)
Fig. S4. Rietveld refinements of crystalline LTCO-1. The refinements reveal space group type Cmc2¢
for crystalline LTCO-1 (c-LaTa0.99C00.0103.93(9))-

C. Bubeck and E. Goering et al.,, 2022, arXiv:2003.14259, http://arxiv.org/licenses/nonexclusive-distrib/1.0/ 121



Tab. S1. Compositions of the oxide precursors. Oxygen content of LTCO and crystalline LTCO-1
(calcined at 1273 K) determined by hot gas extraction (HGE).

Compound W (Oexpected) (Wt%) w(0) (wt%) 0

LTCO-1 16.73 16.7+0.3 3.99(6)
LTCO-3 16.83 16.7+0.3 3.97(1)
LTCO-5 16.94 16.6 £ 0.4 3.91(9)
crystalline LTCO-1 16.73 16.5+£0.3 3.93(9)

Tab. S2. Unit cell parameters of crystalline LTCO-1 (c-LaTao.99C00.0103.93(9))- They were determined by
Rietveld refinements.

Unit Cell Parameter crystalline LTCO-1
Space group type Cmc2q
a(h) 3.9304(4)
b (&) 14.7690(1)
c(d) 5.6286(5)
Veen (A%) 326.73(5)
p (g:cm3) 7.785
Phase fraction (wt%) 100

Ry (%) 7.45
Rwp (%) 9.50

X? 2.26
Reragg (%) 451

Tab. S3. Refined atom positions of crystalline LTCO-1 (c-LaTa0.99C00.0103.93(9)). The determined space
group type is Cmc21.

Atom Wyck. Symb. X y z Biso (A%) sof!
La 4a 0 0.1699(2) 0.019562 1.6(8) 12
Ta 4a 0 0.4146(2) 0.058822 2.1(4) 0.99?
Co 4a 0 0.4146(2) 0.058822 2.1(4) 0.012
o) 4a 0 0.281(2) 0.259822 0.5 12
0(2) 4a 0 0.350(2) 0.814042 0.5 12
0(3) 4a 0 0.513(3) 0.408982 0.5 12
04) 4a 0 0.888(2) 0.136442 0.5 12

lsite occupancy factor, 2fixed
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8.11.2. Supplemental Material Sec. II: Chemical analysis and formation of LTCON

The cationic and anionic compositions of the oxynitrides were determined by HGE and ICP-OES (Tab.
S4). The results revealed anionic vacancies for all three Co ion concentrations and, hence, were leading
to the following anionic compositions: LaTa.99C00.0100.96(3)N1.982y0do.05;5) (LTCON-1),
LaTa097€00.0300.991)N1.97(3)00.034y (LTCON-3), LaTao.95C00.0501.12(6)N1.84(1)0.033) (LTCON-5). The
square (O) represents the vacancies.

The crystal structures of the obtained oxynitrides were proven by neutron diffraction (ND) and
powder X-ray diffraction (PXRD). Rietveld refinements of the PXRD and ND data reveal the space group
type Imma for all oxynitrides (Figs. S5-S6, and Supplementary Tables 4-22) which was already
observed for the perovskite-type oxynitrides LaTaON; and LaTaO2N. [1] The contributions of the
vanadium can (V) and cryo furnace (CF) (at 10 K) were considered in the refinements of the ND data
at 10 Kand 300 K since, small sample amounts of ca. 600 mg were used for measurements. Due to the
small Co ion concentrations in the samples’ magnetic contributions in the ND data was neither found
at 10 Knor at 300 K.

To investigate the oxidation states of Ta in LTCON X-ray photoelectron spectroscopy (XPS)
measurements were carried out and revealed two binding characters: Tall-(O,N) and TaV-(O,N) (Fig.
S7). The XPS investigation and determination of the binding characters of the oxynitrides was done
according to ref. [1]. The value of the binding energy Egras4s7/2 = 23.7 eV which refers to Talll-(O,N)
according to the applied point charge model [1,2] was also found during in situ ammonolysis of n-
LTO [1]. XPS is a very surface-sensitive method because of the very small mean free paths of the
electrons [3]. Therefore, the concentrations of the Ta oxidation states reflects the first few nanometers
and, hence, not the whole sample. [1] Consequently, Ta3* is just present at the surface whereas Ta>+ is
the main oxidation state. This was already observed for LaTaYON; [1]. The chemical environment of
Ta in LTCON was supposed to be similar to LaTa(O,N)3 [1]. This can be better understood by thinking
about the potential Co ion concentration per unit cell in LTCON. For example, in one unit cell of LTCON-
5 (formula unit FU = 4) just 0.2 Co ions on average are present leading to a similar chemical
environment of Ta ions in LTCON-5 as in LaTa(O,N)s. The determined Ta oxidation states indicated to
oxidized Co including several possible oxidation states such as Co?* and Co3*. In order to get an
additional information about the oxidation state of the Co ions in the samples we performed XPS
measurements. However, the amount of Coions (< 1 at%) is too low for detection. XPS is a very surface-
sensitive method, and hence, the amount of possible detected Co ions is even lower. Therefore,
additional information of the Co oxidation states in the samples cannot be obtained. Therefore, the
only indication of the Co oxidation states can be obtained by X-ray absorption spectroscopy (XAS),
where e.g. Co?* and Co3* with similar spectral shape as reported in ref. [4] can be found.

For LTCON-1 the red color is very similar to the previously reported color of LaTaO2N [1] indicating a
low optically active defect concentration [1]. However, diffuse reflectance spectroscopy (DRS)
measurements reveal an increasing reflectance (R) beyond the optical bandgap to higher wavelengths
by increasing Co ion concentration (Fig. S8a). The optical bandgaps of LTCON were determined by
applying the tangent method on the to Kubelka-Munk [5] plots converted curves as for LaTa(O,N)3 [1]
(Fig. S8b). The values of the optical bandgaps are: 1.9 eV (LTCON-1), 1.8 eV (LTCON-3), and 1.7 eV
(LTCON-5). The measured DRS revealed the characteristic shape and behavior of a typical pure
semiconductor absorption edge, for example in ZnO [6,7] or TiO; [8], while the spectra of metallic
precipitates are quite different, even for very small metal bulk contributions [9,10].

The formation of LTCON was exemplarily investigated by in situ ammonolysis of LTCO-1 (Fig. S9a).
From 298 K to 738 K a first mass change of -0.5 % can be derived from the desorption of organic
residues and adsorbed water from the sample which was reported before for in situ ammonolysis of
nanocrystalline lanthanum tantalum oxide (n-LTO) [1]. To confirm this, a thermogravimetric analysis
coupled with mass spectrometry (TGA-MS) (Fig. S10) in synthetic air was carried out and revealed
besides the measured mass change (-0.5 %) weak MS signals for m/z = 17 (OH*), 18 (H20%), 44 (CO3%).
At T > 1120 K a second mass change of -3 % was observed caused by a further release of CO; (m/z =
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12 (C*), 22 (CO3™), 44 (COY), 45 (13C0¥)) and some NO2 (m/z = 46 (NO¥)) remaining from the used
nitrate starting materials. This confirms the before stated assumption. Since during in situ
ammonolysis ammonia as reducing atmosphere was present, a further formation of oxygen vacancies
in LTCO-1 can take place besides the release of H>0, CO>, and nitrous gases. The formation of oxygen
vacancies during ammonolysis of oxide precursors was already observed for LaTa04 [1]. According to
ref. [1] the following negative mass change, which occurs at 878 K (-1.6 %) in the sample is the starting
point of nitrogen incorporation. Our LTCO-1 precursor already contains oxygen vacancies like the
termination product of microcrystalline LaTaOs during in situ ammonolysis before nitrogen
incorporation [1]. Additionally, it has a similar microstructure as the reported n-LTO [1] - tiny particle
size of several nm, nanocrystalline, high specific surface area (Sger) of 31.3 m?/g. Therefore, we assume
a product between LaTaON; [1] (obtained from LaTa04) and LaTaO2N [1] (obtained from n-LTO). This
can also be verified by the “intermediate” reaction progression of LTCON in Fig. S11 (inset). After 10 h
at 1223 K an overall negative mass change of -5.0 % was achieved. This is smaller than calculated for
a full conversion to the expected product LaTap.99C00.010N2 (expected mass change: Amcac. = -5.2 %)
meaning the conversion was not completed after the first cycle. During cooling as for n-LTO [1] an
absorption and desorption of gaseous species was observed. In order to identify the received product
after the first ammonolysis cycles the formation of LTCON-1and LTCON-3 were investigated by ex situ
ammonolysis. After the first ex situ ammonolysis cycle at 1223 K / 10 h both products of LTCON-1 and
LTCON-3 in comparison to the products of n-LTO and m-LaTaO4 (LaTaO2N and LaTaONy) [1] and in
agreement with the observed progression of the in situ ammonolysis of LTCO-1 are not phase pure
(Figs. S9b,c). Instead, a secondary phase in both compounds (shoulders at the reflections for LTCON-1
and a clear crystalline secondary phase for LTCON-3) was observed. The secondary phase for LTCON-
3 shows a similar pattern as the crystalline LTCO-1 in Fig. S4, which can be one factor for the
intermediate reaction progression. Additionally, the continuing mass decrease observed during the
first (-5 %) and second cycle (-1.4 %) of in situ ammonolysis along with the total mass change of -
6.4 % confirms the formation of a perovskite-type phase, keeping in mind the observed release of
organic residues. The obtained reaction behavior of Co-substituted samples clearly deviated from the
reported behavior of n-LTO [1]. On the one hand, a crystalline oxide precursor (LaTa04) with particles
in the um-range and low specific surface area (Sger) leads to the O : N ratio of 1 : 2. On the other hand,
a nanocrystalline oxide precursor (n-LTO) with particles in the nm-range and higher Sgrr leads to O :
N =2 :1[1]. In our case, we obtained “LaTa1-xCoxON;” as a product in-between containing particles
with a size in the nm-range instead of pm-range but the absence of Ta**. We assume, that the oxygen
vacancies present in our oxide LTCO precursors are the driving force for this. Also, the present Co ions
can support the enhanced vacancy formation. In that case, the already present anionic vacancies can
force an enhanced vacancy formation and nitrogen incorporation leading to a higher nitrogen content
and with it to a ratio of O : N = 1 : 2. Additionally, the present oxygen vacancies can hamper the Ta
reduction since by X-ray photoelectron spectroscopy (XPS) measurements a Ta'-(O,N) and a TaV-
(O,N) binding character (instead of a Ta!V-(O,N) binding character) was determined for all three
oxynitrides (Fig. S7). This can be understood by the higher nitrogen content forcing the Ta to stay in
the 5+ state for charge compensation. Therefore, we can add besides the recent reported
microstructure of the oxide precursor [1] the presence of oxygen vacancies in the oxide precursor as
parameter to tailor the oxidation state of B-site cations in oxynitride phases.
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Fig. S5. Rietveld refinements of the PXRD data of the oxynitrides. (a)-(c) Rietveld refinements of PXRD
data of single-phase LTCON-1, LTCON-3, and LTCON-5 at 300 Kin space group type Imma. (d) Rietveld
refinements of LTCON-5 containing Co(O,N) as secondary phase.
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Fig. S7. XPS measurements of the Ta 4fregions of the oxynitrides. (a) Ta 4f spectra of LTCON and (b)
the applied point charge model [1,2]. The binding energy of the Ta>* reference as reported in ref. [1]
was used.

E(eV)
6 5 4 3 2
(a)ao L 1 1 1 1 (b)
~——LTCON-5
——LTCON-3 354
71 ——LTCON-1
3.04
254
Z20
w
1.54
1.04
0.54
T T T T T T 00 T T T T T T T T T
200 300 400 500 600 700 800 20 25 30 35 40 45 50 55 60
Wavelength (nm) E (eV)

Fig. $8. DRS measurements of LTCON. (a) Measured reflectance spectra of LTCON and (b) Kubelka-
Munk converted curves of the measured reflectance spectra for LTCON.
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ammonolysis of LTCO-1. For a better visibility of the oxygen vacancies the compound LTCO-1 is written
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according to PXRD not phase pure. The curve colors are reflecting the colors of the samples. (b)-(c)
Powder diffraction patterns of the products of LTCON from the ex situ ammonolysis of the oxides (blue)

to the oxynitrides.
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Fig. S11. In situ ammonolysis of the oxides. In situ ammonolysis (10 vol% Ar in NH3) of LTCO. The
reaction steps are similar to those of LaTalVO2N [1] on the first view. However, some differences were
observed by the use of LTCO: The present oxygen vacancies lead to a continuous flattening of the local
maximum between 1050 K and 1223 K (inset) and to an anionic ratio of nearly O : N = 1:2 in LTCON.
The obtained curve progressions (black (LTCO-1), red (LTCO-3), and blue (LTCO-5)) lay in between
the curve progressions of the unsubstituted nanocrystalline lanthanum tantalum oxide n-LTO (green)
and microcrystalline LaTaO4 (orange). The shown reference samples n-LTO and LaTaOs were
synthesized according to ref. [1]. The dashed line represents the temperature.
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Fig. S12. Selected-area diffraction pattern of LTCON-5. Selected-area electron diffraction pattern and
the ring annotations according to the Imma space group. Scale bar: 5 nm-1.

Tab. S4. Compositions of LTCON after the third ammonolysis cycle. The compositions were
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) and hot gas

extraction (HGE).

Compound Lal Tal Co? 02 N2 o3
LTCON-1 (wt%) 39.3+0.4 488+0.5 0.20 £ 0.01 43+0.1 7.65 + 0.09

LTCON-1 1.04 £ 0.01 0.98 % 0.01 0.012 £ 0.007 0.96 + 0.03 1.98 + 0.02 0.05(5)
LTCON-3 (wt%) 39+ 0.4 47.9+0.5 0.47 +0.03 4.38+0.05 7.7+0.1

LTCON-3 1.03 £ 0.02 0.96 % 0.01 0.029 + 0.002 0.99 +0.01 1.97 +0.03 0.03(4)
LTCON-5 (wt%) 39.4 + 0.4 47505 0.80 + 0.02 5.03 + 0.06 7.21+0.08

LTCON-5 1.01+0.01 0.94 +0.01 0.049  0.001 1.13 £ 0.05 1.84 +0.02 0.03(3)

1ICP-OES, 2 HGE, 3 Calculated vacancies obtained from HGE measurements

Tab. S5. Unit cell parameters of the oxynitrides. Unit cell parameters of single phase LTCON-1, LTCON-
3, and LTCON-5 at 300 K from refinements of the PXRD data.

Unit Cell Parameter LTCON-1 LTCON-3 LTCON-5
Space group type Imma Imma Imma
a(d) 5.7145(5) 5.7147(2) 5.7140(1)
b (&) 8.0642(3) 8.0647(1) 8.0665(4)
c(d) 5.7442(7) 5.7447(4) 5.7423(3)
Veen (A%) 264.71(6) 264.76(1) 264.67(8)
p (g'em3) 9.106 9.033 8.973
Phase fraction (wt%) 100 100 100

Ry (%) 2.30 2.29 212
Ruwp (%) 3.13 3.17 2.94

X2 5.65 4.96 7.17
Rpragg (%) 1.06 2.40 1.48
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Tab. S6. Refined atom positions of LTCON. The space group type Imma was determined by refinements
of the PXRD data.

Compound Atom Wyck. Symb. X y z Biso (A7) sof!
La 4e 0 Ya 0.54 1.74(1) 12
Ta 4a 0 0 0 1.49(7) 0.992
Co 4a 0 0 0 1.49(7) 0.012
LTCON-1 0(1) 4e 0 Y% 0.1021(2) 0.52 0.325643
N(1) 4e 0 Ya 0.1021(2) 0.52 0.681793
0(2) 8g Ya 0.9659(7) Ya 0.52 0.325643
N(2) 8g Ya 0.9659(7) Ya 0.52 0.681793
La 4e 0 Ya 0.54 1.13(8) 12
Ta 4a 0 0 0 0.71(8) 0.972
Co 4a 0 0 0 0.71(8) 0.032
LTCON-3 0o(1) 4e 0 Ya 0.0952(2) 0.52 0.339203
N(1) 4e 0 Ya 0.0952(2) 0.52 0.656613
0(2) 8g Ya 0.9659(8) Ya 0.52 0.339203
N(2) 8g Ya 0.9659(8) Ya 0.52 0.656613
La 4e 0 Ya 0.5¢ 1.30(6) 12
Ta 4a 0 0 0 0.75(2) 0.952
Co 4a 0 0 0 0.75(2) 0.052
LTCON-5 0(1) 4e 0 Ya 0.0962(2) 0.52 0.375243
N(1) 4e 0 Ya 0.0962(2) 0.52 0.613803
0(2) 8g Ya 0.9682(8) Ya 0.52 0.375243
N(2) 8g Ya 0.9682(8) Ya 0.52 0.613803

Isite occupancy factor, 2fixed, 3fixed according to HGE results, 4fixed according to Porter et al. [11]

Tab. S7. Distances in the [(Ta,Co)(0,N)s]# octahedra of LTCON. They were determined via Rietveld
refinements of the respective PXRD data.

Compound LTCON-1 LTCON-3 LTCON-5
dracoron: (A) 2.047(2) 2.040(3) 2.0414(8)
dracor-onz (A) 2.047(2) 2.040(3) 2.0414(8)
dracor-ons (A) 2.047(2) 2.040(3) 2.0414(8)
d(taco)-oma (A) 2.047(2) 2.040(3) 2.0414(8)
draco-oms (A) 2.057(3) 2.076(8) 2.091(2)
d(racerone (A) 2.057(3) 2.076(8) 2.091(2)
d(taco)-(0N)average (A) 2.050(6) 2.052(5) 2.058(1)

Tab. S8. Angles in the [(Ta,Co)(O,N)e]?- octahedra of LTCON. They were determined via Rietveld
refinements of the respective PXRD data.

Compound LTCON-1 LTCON-3 LTCON-5
4(Ta,Co)-X(1)-(TaCo) () 156.81(1) 151.8(3) 149.36(9)
4 (Ta,Co)-X(2)-(TaCo) (°) 163.11(6) 165.49(1) 165.56(3)
Kaverage (%) 159.96(4) 158.7(2) 157.4(7)

C. Bubeck and E. Goering et al.,, 2022, arXiv:2003.14259, http://arxiv.org/licenses/nonexclusive-distrib/1.0/ 131



Tab. S$9. Unit cell parameters of LTCON-5 containing Co(O,N). Unit cell parameters
LaTap.95C00.05(0,N)3-5s and Co(O,N) at 300 K from refinements of the PXRD data.

of

Unit Cell Parameter LTCON-5 Co(O,N)

Space group type Imma F43m

a(d) 5.7137(6) 4124781

b (&) 8.0625(6)

c(A) 5.7433(9)

Vear (A3) 264.58(4) 70.1784

p (g-cm3) 8.976 6.998

Phase fraction (wt%) 99.4(8) 0.5(2)

Ry (%) 2.15

Rup (%) 3.85

X2 3.70

Reragg (%) 2.33 16.5
Ifixed

Tab. $10. Atom positions of Co(O,N). The space group type F43m was determined by refinements of
the PXRD data. The atom positions were taken from Suzuki et al. [12], whereas the concentrations of

Co, N, and O were determined by EDX.

Atom Wyck. Symb. X y z Biso (A%) sof!
Co 4a 0 0 0 12 12

0 4c Ya Ya Ya 0.52 0.52
N 4c Ya Ya Ya 0.52 0.52

Isite occupancy factor, 2fixed

132 C. Bubeck and E. Goering et al., 2022, arXiv:2003.14259, http://arxiv.org/licenses/nonexclusive-distrib/1.0/



Tab. S11. Unit cell parameters of single-phase LTCON-1 (from ND data). The V originates from the
sample container.

Temperature Unit Cell Parameter LTCON-1 \
Space group type Imma Im3m
a(d) 5.7112(4) 3.0218(1)
b (&) 8.0574(5) 3.0218(1)
c(d) 5.7458(4) 3.0218(1)
Veen (A%) 264.41(3) 27.594(2)
300K p (g-cm3) 9.117 6.132
Phase fraction (wt%) 24.66(2) 75.34(8)
Ry (%) 2.87
Ruwp (%) 3.65
X2 131
Rpragg (%) 3.07 8.23
Space group type Imma Im3m
a(d) 5.7019(4) 3.014(3)
b (&) 8.0471(6) 3.014(3)
c(A) 5.7394(5) 3.014(3)
Veen (A%) 263.35(3) 27.39(3)
10K p (g:cm3) 9.154 6.178
Phase fraction (wt%) 26.76(3) 73.24(1)
Ry (%) 3.24
Ruwp (%) 4.37
e 1.65
Rbrage (%) 4.16 10.1

Tab. S12. Refined atom positions of LTCON-1 obtained from ND data. The space group type Imma was
determined by refinements of the ND data.

Temperature Atom Wyck. Symb. X y z Biso (A%) sof!
La 4e 0 Ya 0.5¢ 0.62 12
Ta 4a 0 0 0 0.32 0.992
Co 4a 0 0 0 0.32 0.012
300K 0(1) 4e 0 Y% 0.0686(4) 0.771(6) 0.325643
N(1) 4e 0 1 0.0686(4) 0.771(6) 0.681793
0(2) 8g Y 0.9633(5) Y, 1.595(4) 032564
N(2) 8g Y 0.9633(5) Y, 1.595(4) 0.68179
La 4e 0 Va 0.5¢ 0.62 12
Ta 4a 0 0 0 0.32 0.992
Co 4a 0 0 0 0.32 0.012
10K 0(1) 4e 0 N 0.0691(6) 0.873(8) 0.325643
N(1) 4e 0 Y 0.0691(6) 0.873(8) 0.681793
0(2) 8g Y 0.9622(3) Y, 1.595(5) 032564
N(2) 8g Y 0.9622(3) Y 1.595(5) 0.681793

Isite occupancy factor, %fixed, 3fixed according to HGE results, “fixed according to Porter et al. [11]
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Tab. S13. Distances in the [(Ta,Co)(O,N)s]> octahedron of LTCON-1. They were determined via
Rietveld refinements of the respective ND data.

Compound LTCON-1 (300 K) LTCON-1 (10 K)
draco-on (A) 2.0468(3) 2.0453(4)
d(racer-onz (&) 2.0468(3) 2.0453(4)
dracor-on3 (A) 2.0468(3) 2.0453(4)
d(raco)-ons (A) 2.0468(3) 2.0453(4)
d(raco-ons (A) 2.0526(6) 2.0505(7)
d(raco-oms (&) 2.0526(6) 2.0505(7)
d(raco)-(onaverage (A) 2.0487(5) 2.0470(8)

Tab. S14. Angles in the [(Ta,Co)(O,N)s]7 octahedron of LTCON-1. They were determined via Rietveld
refinements of the respective ND data.

Compound LTCON-1 (300 K) LTCON-1 (10 K)
& (Ta,Co)-X(1)-(TaCo) (°) 157.86(3) 157.70(3)
4 (Ta,Co)-X(2)-(Ta,Co) (°) 163.39(2) 162.89(4)
Zaverage (°) 160.62(7) 160.29(8)

Tab. S$15. Unit cell parameters of single-phase LTCON-3 (from ND data). The V originates from the
sample container.

Temperature Unit Cell Parameter LTCON-3 \"
Space group type Imma Im3m
a(h) 5.7134(4) 3.026(1)
b (A) 8.0609(5) 3.026(1)
c(d) 5.7484(4) 3.026(1)
Veen (A%) 264.74(3) 27.71(2)
300K p (g-em3) 9.034 6.106
Phase fraction (wt%) 25.05(2) 74.95(8)
Ry (%) 2.81
Rwp (%) 3.57
X2 1.27
Reragg (%) 2.80 10.9
Space group type Imma Im3m
a(h) 5.7057(5) 3.020(2)
b (&) 8.0519(7) 3.020(2)
cd) 5.7409(5) 3.020(2)
Veen (A%) 263.75(4) 27.53(3)
10K p (g-cm3) 9.007 6.143
Phase fraction (wt%) 25.03(2) 74.97(1)
Ry (%) 3.21
Rup (%) 4.33
2 1.58
Rpragg (%) 3.37 8.11
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Tab. $16. Refined atom positions of LTCON-3 obtained from ND data. The space group type Imma is
determined by refinements of the ND data.

Temperature Atom Wyck. Symb. X y z Biso (A7) sof!
La 4e 0 Ya 0.54 0.62 12
Ta 4a 0 0 0 0.32 0.972
Co 4a 0 0 0 0.32 0.032
300 K 0(1) 4e 0 Ya 0.0690(4) 0.613(6) 0.339203
N(1) 4e 0 Ya 0.0690(4) 0.613(6) 0.656613
0(2) 8g Ya 0.9637(2) Ya 1.670(4) 0.339203
N(2) 8g Ya 0.9637(2) Ya 1.670(4) 0.656613
La 4e 0 Ya 0.54 0.62 12
Ta 4a 0 0 0 0.32 0.972
Co 4a 0 0 0 0.32 0.032
10K 0o(1) 4e 0 Ya 0.0703(5) 0.570(7) 0.339203
N(1) 4e 0 Ya 0.0703(5) 0.570(7) 0.656613
0(2) 8g Ya 0.9626(3) Ya 1.738(6) 0.339203
N(2) 8g Ya 0.9626(3) Ya 1.738(6) 0.656613

Isite occupancy factor, 2fixed, 3fixed according to HGE results, fixed according to Porter et al. [11]

Tab. S17. Distances in the [(Ta,Co)(O,N)e]? octahedron of LTCON-3. They were determined via
Rietveld refinements of the respective ND data.

Compound

LTCON-3 (300 K)

LTCON-3 (10 K)

d(TaCo)-(ON)1 (A)
draco)-onz (A)
d(tace)-oms (A)
d(raco-oms (A)
draco)-ons ()
draco)-ons (A)

d[Ta,Co]-(O,N],average (A)

2.0472(3)
2.0472(3)
2.0472(3)
2.0472(3)
2.0539(5)
2.0539(5)
2.0494(7)

2.0458(4)
2.0458(4)
2.0458(4)
2.0458(4)
2.0530(6)
2.0530(6)
2.0482(5)

Tab. S18. Angles in the [(Ta,Co)(O,N)s]# octahedron of LTCON-3. They were determined via Rietveld

refinements of the respective ND data.

Compound

LTCON-3 (300 K)

LTCON-3 (10 K)

4 (Ta,Co)-X(1)-(Ta,Co) (°)
4 (Ta,Co)-X(2)-(TaCo) (°)
Zaverage (o)

157.73(2)
163.57(2)
160.65(2)

157.33(3)
163.07(2)
160.20(3)
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Tab. $19. Unit cell parameters of single-phase LTCON-5 (from ND data). The V originates from the
sample container.

Temperature Unit Cell Parameter LTCON-5 \"
Space group type Imma Im3m
ad) 5.7108(3) 3.022(1)
b (&) 8.0565(5) 3.022(1)
c(d) 5.7465(4) 3.022(1)
Veen (A%) 264.39(3) 27.58(3)
300K p (g-cm3) 8.988 6.133
Phase fraction (wt%) 25.45(2) 74.55(8)
Ry (%) 2.89
Rwp (%) 3.74
X2 1.36
Reragg (%) 3.04 10.6
Space group type Imma Im3m
a(h) 5.7017(5) 3.017(3)
b(4) 8.0460(7) 3.017(3)
c(A) 5.7390(6) 3.017(3)
Veen (A%) 263.28(4) 27.45(5)
10K p (g-cm3) 9.027 6.167
Phase fraction (wt%) 33.2(7) 66.7(3)
Ry (%) 3.90
Ruwy (%) 5.38
» 2.15
Riragg (%) 9.55 24.2

Tab. $20. Refined atom positions of LTCON-5 obtained from ND data. The space group type Imma is
determined by refinements of the ND data.

Temperature Atom Wyck. Symb. X y z Biso (A%) sof!
La 4e 0 Ya 0.5¢ 0.62 12
Ta 4a 0 0 0 0.32 0.952
Co 4a 0 0 0 0.32 0.052
300K 0(1) 4e 0 Ya 0.0705(5) 0.539(6) 0.375243
N(1) 4e 0 1 0.0705(5) 0.539(6) 0.613803
0(2) 8g % 0.9633(2) Y 1.451(5) 037524
N(2) 8g Y 0.9633(2) Y 1.451(5) 0.613803
La 4e 0 Ya 0.5¢ 0.62 12
Ta 4a 0 0 0 0.32 0.952
Co 4a 0 0 0 0.32 0.052
10K o) 4e 0 % 0.0696(8) 1.044(9) 0.375243
N(1) 4e 0 Y 0.0696(8) 1.044(9) 0.613803
0(2) 8g Y 0.9620(4) Y 1.688(7) 037524
N(2) 8g % 0.9620(4) Y% 1.688(7) 0.61380°

lsite occupancy factor, %fixed, 3fixed according to HGE results, 4fixed according to Porter et al. [11]
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Tab. S21. Distances in the [(Ta,Co)(O,N)e]? octahedron of LTCON-5. They were determined via
Rietveld refinements of the respective ND data.

Compound LTCON-5 (300 K) LTCON-5 (10 K)
d(racoron1 (A) 2.0469(2) 2.0455(5)
draco-comz (A) 2.0469(2) 2.0455(5)
dracoron3 (A) 2.0469(2) 2.0455(5)
draco)-ons (A) 2.0469(2) 2.0455(5)
d(racerons (A) 2.0545(6) 2.0509(8)
draco-ome (A) 2.0545(6) 2.0509(8)
d(raco)-(oNyaverage (A) 2.0494(7) 2.0473(6)

Tab. S22. Angles in the [(Ta,Co)(0,N)s]# octahedron of LTCON-5. They were determined via Rietveld
refinements of the respective ND data.

Compound LTCON-5 (300 K) LTCON-5 (10 K)
4(Ta,Co)-X1-(TaCo) (°) 157.25(3) 157.54(4)
A (Ta,Co)-X2-(TaCo) (°) 163.38(9) 162.71(3)
average (%) 160.32(6) 160.12(9)

8.11.3. Supplemental Material Sec. III: Critical assessment of the Co ion concentration

We found that parameters such as the exact stoichiometric weighed ratio of the cations, and the
amount of weighed oxide precursors prior to ammonolysis are crucial to get single-phase oxynitrides.
By weighing 350 mg of LTCO containing the exact cationic stoichiometric amount single phase LTCON
can be synthesized. The homogeneous distribution of the Co ions can be seen via transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) studies (Figs. S13-S15). In contrast, by
weighing 350 mg of LTCO-5 with a slightly higher Co concentration (x = 0.0517), Co-rich nanoparticles
with a diameter of 40 nm < d < 80 nm (HR-TEM investigations, Figs. 2 and 3) can be obtained. This is
because of the non-stoichiometric weighed amount of the cations in the samples (too much Co in
comparison to La and Ta). The composition of the Co-rich nanoparticles determined by EDX is Co(O,N)
(Co:0:N=50at%: 25 at% : 25 at%). A phase with a similar composition (Co0¢.74No24) was already
synthesized elsewhere [13].

Both observations - single-phase oxynitrides and an oxynitride containing a Co-rich phase - were
investigated further by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and high-resolution transmission electron microscopy (HR-TEM) (Figs. 2, 3 and Figs. S13-515). All
three techniques were coupled with energy-dispersive X-ray spectroscopy (EDX). Because objective
polepieces can contain cobalt a false Co concentration in the particles can be detected. Therefore, two
different TEM devices - JEOL ARM200F and a Philips CM-200 FEG - were selected. The latter device
contains a pure iron polepiece, whereas the polepiece of the JEOL ARM200F contains Co. By measuring
a Co-free reference sample (LaTaON3z), using the JEOL ARMZ200F, the Co : Fe ratio was determined to
Co : Fe = 0.7 (Tab. S23). This factor was used to discriminate the Co in the specimen from the Co in the
polepiece using Supplementary Equation 1:

ICO ICO, polepiece * ICo, sample ICo, polepiece ICo, sample ICo, sample
—= = + = +0.7 (1)

IFe IFe, polepiece IFe, polepiece IFe, polepiece IFe, polepiece

This ratio is considered by determining the Co ion concentration in the Co-containing LTCON samples.
The obtained results of the Co ion concentrations are fitting well with the expected values (Tab. S23)
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Fig. $13. SEM image and Co-K EDX map of LTCON-5 particles. (a) SEM image and (b) EDX map of
agglomerated LTCON-5 nanoparticles showing the homogeneous distribution of Co ions in the
particles. Scale bars: 200 nm.

(c)

LTCON-1 LTCON-5

LTCON-3 LTCON-5

L
"‘-. I3

LTCON-5

Fig. S14. TEM investigation of LTCON. (a)-(c) TEM images of particles of LTCON-1, LTCON-3, and
LTCON-5 and (d)-(f) EDX maps of LTCON-1, LTCON-3, and LTCON-5 showing the homogeneous
distribution of Co (yellow) and Ta (pink) in the particles. Elemental Co clusters or Co-rich secondary
particles with a size larger than d = 4 nm can be excluded because of the pixel size. (g)-(i) The dark-
field TEM images show in different colors the different crystal orientations of the particles. All scale
bars: 100 nm.
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stoichiometric Co-rich

stoichiometric Co-rich

stoichiometric: Co-rich

stoichiometric

Fig. S15. HAADF/EDX investigation of LTCON-5. (a)-(e) Respective high-angle annular dark-field
(HAADF) image and EDX maps of Ta, La, O, and N of single-phase (stoichiometric) LTCON-5
nanoparticles showing the homogeneous distribution of the elements. Scale bars: 500 nm. (f)-(j)
Respective HAADF image and EDX maps of Ta, La, O, and N of LTCON-5 nanoparticles containing
Co(O,N) nanoparticles showing the homogeneous distribution of Ta, La, O, and N. Scale bars: 250 nm.
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Tab. S23. Measured Co and Fe intensities and determination of the Co concentration. The
determination of the Co concentration is determined as described in the supplementary text for the
HR-TEM JEOL microscope with a Co/Fe polepiece (cf. Supplementary Equation 1). Different lines
represent measurements performed at different particles. The intensities are given in netcounts.

Sample Co Fe Co: Fe Co:Fe Cco CCo,corrected CCo, expected CCo, determined
P (counts) (counts) ) (corrected) (at%) (at%) (at%) (at%)
3468 1780 1.95 1.25 0.76 0.53
3121 1362 2.29 1.59 0.9 0.63
LTCON-3 6023 1914 3.15 2.45 0.78 0.54 0.6 0.55
21921 7037 3.12 2.42 0.82 0.57
6963 2598 2.68 1.98 0.69 0.48
1289 1570 0.82 0.12 1.26 0.88
1547 1428 1.08 0.38 1.48 1.03
1332 629 2.12 1.42 1.19 0.83
LTCON-5 1508 607 2.48 1.79 1.24 0.87 1 0.83
6864 2872 2.39 1.69 1.1 0.77
2368 961 2.46 1.77 1.29 0.90
2047 720 2.84 2.14 1.12 0.78
2054 2756
1790 2177
LaTaON: 0.7 0 0
1483 1941
131 283
(a)15{7cos J2 (b) 0.05{ 7cos
1.2 = ZFC at 500 Oe
0.9/ 0.04 ——FC at 500 Oe
11
—~. 0.64 P
= c -
o 0.3 L @003
= o 3
2 i ~ &
-0.31 —— 10K 2 0.02
= 0.6 50 K =
0] —100k |
' 200 K 0.1
-1.21 —300K
-1.51 — 360K -2 0
-4 -2 0 2 0 50 100 150 200 250 300 350
B(T) T (K)

Fig. S16. SQUID-based magnetic measurements of LTCO-5. (a) Field-dependent magnetic
measurement of LTCO-5. (b) Temperature-dependent magnetic measurement of LTCO-5. Both
measurements reveal for the precursors simple paramagnetism over the entire measurement range.
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8.11.4. Supplemental Material Sec. IV: Comparison between raw and processed SQUID data

In comparison to many earlier studies [14], in particular on Co-doped ZnO, the observed SQUID signal
for LTCON is not dominated by a large diamagnetic background and a small ferromagnetic-like
superimposed signal. For demonstration, we present in Fig. S17 a direct comparison between the raw
(measured) and processed SQUID data of all LTCON samples. It is obvious that the relative amount of
diamagnetic background increases with decreasing Co ion concentrations. Since for LTCON-3 (0.6 at%
Co) almost no diamagnetism is present, the diamagnetic background for LTCON-1 (0.2 at% Co) is more
prominent because of the lower Co ion concentration and with it the smaller ferromagnetic
contribution. Nevertheless, in contrast to many other studies published on diluted magnetic
semiconductors (DMS) (see referenced in the main text) the ferromagnetic contribution is quite large
with 3-5 orders of magnitude above the detection limit of the SQUID device.

(a) 0.0004 (b) (C)0'010
1.0E-3 o coug 0,002, nD.OOS
o 000218 o E o
0.3 0.
5.0E-4 B(T) =0:002 Lol 0,005 ——300 K (raw)
. = 03 N 03 _ 02 - 02 || —— 300K (final)
3 > 3
§ o § o § o
= subtragting diamag. = s -0.0075
——300 K (raw) LTCON-5 -
-5.0E-4 subtracting diamag. || —— 300 K (final) -0.005 §-0.0080
-0.002 subtracting diamag = o
—— 300K (raw pea z-
-1.0E-3] 300K e | LTCON-1 LTCON-3 8
. . v i -0.010
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
B(T) B(T) B(T)

Fig. S17. Raw and diamagnetic background-corrected SQUID data of LTCON. (a)-(c) SQUID data (raw
and processed) for all Co ion concentrations. The diamagnetic background was determined as the
negative slope of the raw data.

8.11.5. Supplemental Material Sec. V: Exclusion of elemental Co clusters and secondary Co-rich
phases

To compare the effect of Co-rich nanoparticles in LTCON-5 and single-phase LTCON-5 SQUID-based
magnetometry was applied (Fig. 4d). This was done in order to identify possible Co-rich phases and to
further proof if the high-temperature ferromagnetism is truly originating from LTCON. In Fig. 4d,
normalized 300 K magnetization curves of the stoichiometric and the Co-rich (non-stoichiometric)
samples are presented. In Fig. 4d both curves look quite similar in shape. By magnifying the low-field
region - as shown in Fig. 4d - a small difference is observable where the Co-rich sample reveals an
additional contribution, with a higher initial slope, as indicated by the blue curve. The purple arrows
indicate a difference of about 7 % of the saturation value. By plotting the difference between both
samples and normalize their saturation to unity, the additional phase as shown in by the orange curve
can be identified. This contribution has a much higher slope compared to the main curves, which we
interpret as a part of Co(O,N). Nevertheless, it is obvious that even for the Co-rich sample the
dominating part is related to the main-phase magnetism, also consistent to our very rough bulk
estimates as discussed above. Those larger nanoparticles reveal a much steeper hysteresis curve at
300 K as expected.

In Fig. S18a) calculated superparamagnetic Langevin-Function curves for an approximate 4 nm sized
elemental Co cluster together with the measured room temperature (300 K) M(H) curve of the LTCON-
5 are presented (open circles). 3047 Co atoms per 4 nm cluster were assumed. We have chosen the
size of 4 nm, because the 300 K behavior is most similar to our experimental results and the lowest
resolution which was used for TEM experiments (Fig. S14) was 4 nm. As no temperature-dependent
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significant shape variations were observed for LTCON-5, only the 300 K magnetization curve (Fig. 4c)
was used for comparison. The shape of the measured 300 K M(H) curve of LTCON-5 is by any means
not consistent with all of the calculated temperature-dependent Langevin-functions [15]. In
contradiction to the superparamagnetic model, the LTCON samples do not reveal any significant shape
variations from 2 K up to 350 K. For example, Co-hcp as secondary phase in Co-doped ZnO shows these
shape variations [14,16]. Therefore, the presence of superparamagnetic clusters made of any
ferromagnetic material can be excluded as an explanation to our high-temperature ferromagnetism
above room temperature. Especially, smaller clusters reveal an even stronger temperature
dependence [17]. This can be seen nicely in Fig. S18b, where the size-dependence is presented at 300
K. Again, no simulated curve shape is consistent with our experimental data. The only roughly
matching 300 K curve is related to simulated superparamagnetic elemental Co clusters with d =4 nm.
Therefore, much steeper curves should be visible at lower temperatures. To get an almost
temperature-independent behavior in the range of 0.1 T < B < 1.0 T, considerably larger (e.g. d = 20
nm) elemental Co particles have to be present. However, the initial slope of those single-domain
nanoparticles has to be very steep as it is shown in Fig. S18b in this case [18-20]. For a magnetization
behavior as observed in our case, almost bulk-like, or multi-domain behavior is mandatory, where
demagnetizing fields help to provide less steep susceptibilities. In the case of Co metal the single
domain size of perfectly spherical elemental Co particles is at least 50 nm, and it is strongly increasing
for even slight variations of the spherical shape [21,22]. To obtain similar hysteresis curves as
measured for our samples, elemental Co particles in the range of 80-200 nm or larger agglomerates of
small Co particles are necessary. In contrast, no hints of small and large ferromagnetic Co clusters were
observed in the high-resolution transmission electron microscopy (HR-TEM) investigations (Figs. 3a
- e, Figs. S13-15). In addition, due to the small Co ion concentration, dipole-dipole interactions
between possible present elemental Co particles are too small to explain the hysteretic behavior as
observed for LTCON. Even for more than one order of magnitude higher Co ion concentration, it was
not observed experimentally [19]. The combination of measured almost temperature-independent
M(H) curves, the calculated Langevin-plots, and the performed (HR-)TEM studies clearly exclude
superparamagnetic Co clusters and large multi-domain elemental Co particles as a possible source for
the HT-ferromagnetism in LTCON.

(a) 1.09 Co cluster (b) 1.017=300 K
(d=4nm)
0.5
o o
8 &
Lo E
5 LTCON-5 5 1 LTCON-5
§: — 10K §: 4 ——d=2nm
50 K d=4nm
0.5 ——100K ——d=6nm
— 200 K ——d=8nm
—_—300 K ——d=10nm
1.0 — 350 K - ——d =20 nm
-2 -1 0 1 2 -2 -1 0 1 2
B(T) B(T)

Fig. $18. Temperature- and size-dependent calculated M(H) curves. The smallest size for possible Co
clusters in the oxynitride samples is according to TEM/EDX investigations d = 4 nm. (a) The calculated
curves of the 4 nm Co clusters were compared with the measured room temperature M(H) curve at
300 K of LTCON-5. The curve shapes of the Co cluster 4 nm magnetization curves at different
temperatures in comparison to those of LTCON-5 are totally different. (b) Similar comparison of the
measured 300 K M(H) curve at 300 K of LTCON-5 (open circles) with elemental Co cluster calculations
for different cluster diameters.
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Tab. S24. Determined coercive fields H; of LTCON.

The specific Co ion concentrations x are listed

additionally.
Compound X H. (Oe)
188 (10 K)
LTCON-1 0.01 144 (300 K)
243 (10 K)
LTCON-3 0.03 183 (300 K)
245 (10 K)
LTCON-5 0.05
148 (300 K)
8.11.6. Supplemental Material Sec. VI: Miscellaneous
(a)‘CU'Km (b) 1_2_’___05
— LTCON-5 (Imma) after heating (AT) agle
LTCON-5 (Imma) before heating (BT) “IE o
= o 061505
s ] 02 0 02
2 g > 5
£ 9 0.0
° = -0.31
L -0.6
) -0.91 ——300K (BT)
- | . ;". I | A R 1.2 ——300 K (AT)
20 30 40 50 60 70 80 90 -4 -2 0 2 4
26 (%) B(T)

Fig. S19. Further high-temperature investigations of LTCON-5. (a) Complete diffractograms of LTCON-
5 before the heating step (BT) and after the heating step (AT) in the SQUID furnace. (b) Hysteresis
curves of LTCON-5 before the furnace measurement (BT) and afterwards (AT).

8.11.7. Supplemental Material Sec. VII: LTNON

abs.int. (a.u.)

Cu-K_,

LaTag gsMig 45(Q.N); , (Imma)
Ni;N (P6,22)

Fig. S20. Rietveld refinements of the PXRD data of LTNON. Secondary phase is NizN. LTNON shows the
same color as LTCON (see Foto).
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Tab. $25. Unit cell parameters of LTNON (from PXRD data).

x,, (mol) 0.0498 (X, vectea = 0-05)

Unit Cell Parameter LaTa  Ni (ON), , Ni,N
Space group type Imma P6,22
a(Ad) 5.7157(1) 4.6271(7)
b(A) 8.0689(8) 4.6271(7)
c(Ad) 5.7422(5) 4.3079(1)
r©® 90 120
v, (3% 264.83(2) 79.87(3)
p (g/cm?) 8.983 7.904
Phase fraction (wt.-%) 98.1(5) 1.8(5)
R, (%) 1.92

R, (%) 2.59

Pa 5.53

Ry e (%0) 1.20 8.89

Tab. $26. Refined atom positions of crystalline LTNON which revealed the maximum solubility of Ni
in LTNON with x = 0.023(2) ((< 0.6 at% Ni). Therefore, the real composition is determined as:

LaTao.977(2)Nio.023¢2)(0,N)s.

Atom Wyck. Symb. x y z B, 9] soft
La 4e 0 Ya 0.54 1.3(6) 12
Ta 4a 0 0 0 1.1(9) 0.977(2)
Ni 4a 0 0 0 1.1(9) 0.023(2)
0(1) 4e 0 Ya 0.1071(2) 0.52 0.4023
N(1) 4e 0 % 0.1071(2) 0.52 0.5973
0(2) 8g Ya 0.9698(7) Ya 0.52 0.4023
N(2) 8g Ya 0.9698(7) Ya 0.52 0.5973

Isite occupancy factor, 2fixed, 3fixed according to HGE results, “fixed according to Porter et al. [11]

Tab. S27. Thought experiment. It shows the plausibility of the XMCD results for a 100 % ferromagnetic

LTCON-5 sample.

Origin

Percent of phase

Mspin (18/C03*)

XMCD result
Thought experiment
Thought experiment

Thought experiment

100 % ferromagnetic LTCON-5
90 % non-magnetic LTCON-5

10 % ferromagnetic Co-containing phase

90 % non-magnetic LTCON-5 + 10 % ferromagnetic Co-containing phase

1.14 £ 0.06
0
10-1.14~11.4
09:0+01-11.4=1.14
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Fig. S21. SEM/EDX measurements of LTNON. (a) SEM image of LTNON and (b)-(f) the respective EDX
measurements of Ni, La, Ta, O, and N. Scale bar: 500 nm
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Fig. S22. SQUID-based magnetic measurements of LTNON.
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Abstract

Most of the currently used perovskite-based oxygen-transporting membranes have insufficient
resistance towards COzand high material costs that potentially limit their commercial applications. In
the present work, a highly CO»-tolerant oxygen permeation membrane based on LaosCao4Co1-xFex03-5
(x =0, 0.3, 0.5, 0.7, 1) was designed and prepared by a scalable reverse co-precipitation method. The
oxygen permeation flux through the dense membranes was evaluated and found to be highly
dependent on the Co/Fe ratio. LaosCao4Coo3Feo703-5 possessed the highest permeation flux among the
investigated samples, achieving 0.76 ml min-1 cm=2 under an Air/He gradient and 0.5 ml min-! cm~2
under an Air/CO; gradient at 1173 K for a 1 mm thick membrane. A combination study of first
principles calculations and experimental measurements was conducted to advance the understanding
of Co/Fe ratio effects on the oxygen migration behavior in LagsCao.4Co1-xFexO3-5. The observed oxygen
permeability is three times higher than that reported in literature under similar conditions. The
presented results demonstrate that this highly CO»-tolerant membrane is a promising candidate for
high temperature oxygen separation applications.
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9.1. Introduction

Carbon capture and utilization (CCU) is one of the most promising solutions to limit the amount of CO,
emissions to the atmosphere. Different techniques for the conversion of CO2into value-added chemical
compounds or fuels activated by heat or electricity have been developed and studied, namely
thermolysis, photocatalysis, plasma, and electrochemical methods [1-9]. As the first step of the
recycling process, CO2 molecules are captured either from industrial or conventional power plant
exhaust gases via oxy-fuel combustion capture. Mixed ionic electronic conducting (MIEC) membranes
have been attracting great attention because of their high selectivity towards oxygen at high
temperature, which can be used to produce cost effective oxygen from air for oxy-fuel combustion.
Regarding the constant presence of CO; in these processes, high oxygen permeability and excellent
structural stability are among the fundamental requirements for a successful oxygen-transporting
membrane material.

Different MIEC ceramic membrane materials were developed and evaluated for their CO;-stability
including single-phase perovskite-type oxide materials and dual-phase membrane materials [10-59].
The state-of-the-art oxygen transport materials are mainly single-phase perovskite oxide materials
containing Ba and/or Sr on the A-site possessing high oxygen permeation fluxes because of the large
ionic radii and hence larger free volume of oxygen vacancies. Unfortunately, these perovskite-type
materials suffer from irreversible performance losses in the presence of reactive (acidic) gases (such
as COzand SO2) [11-14]. The oxygen permeation fluxes of these membranes normally reach 1 ml min-1
cm-2ataround 1173 K and can even exceed 10 ml min-!cm-2at higher temperatures [13,14]. However,
as little as 300 ppm of COy, less than the content in air, is sufficient to stop the oxygen permeation flux
due to a membrane decomposition into carbonates and binary metal membranes was improved by the
use of dual-phase materials with good structural stability and stable oxygen permeation flux [25-
36,58,59], such as Pr0,6Sro_4Fe03_5 - Ceo,9Pr0,102_5, NiF6204 - Ceo,sTb(),zoz_a, Ceo,sGdo,zoz_s -
Bap.osLao.osFe1-xNbxO3-s5, Ceo9Gdo102-5 — BagsSrosCoosFep203-5, or CepsSmo202-5 — LagoSroi1Fe0s-s.
Unfortunately, the oxygen permeation is still far away from the general requirements (1 ml min-1cm-2)
of a low cost application. Other drawbacks are the use of expensive raw materials and complex phase
compositions.

Developing Ba-free MIEC membranes is another more promising way to improve the CO; resistance
[37-54,56]. The relatively small ionic radius of 135 pm of the Ca?* cation, as compared with Ba2+ (r =
160 pm) and Sr2+ (r = 144 pm) cations [60], leads to a promising candidate. The smaller ionic radius
leads to a decline of the crystal lattice energy of the corresponding carbonate and can be considered a
reason for the lower stability of CaCOs3, which is confirmed by the Ellingham diagram [51]. Ca-
containing perovskites have already shown to be promising candidates for electrode materials [61,62],
while they gained less attention as MIEC materials [50-54]. Teraoka et al. reported a very high oxygen
permeation flux (1.8 ml min-1 cm-2at 1143 K in an air/He gradient) through a LagsCa.4C00.8Feq.203-5
membrane (1.5 mm in thickness) already in 1988 [50], while the best results of this earlier work have
not been reproduced yet. Recently, Efimov et al. investigated La;—xCacFeOs-s (x = 0.4-0.6) and Lai-
xCaxCoosFep203-5 (x = 0.4-0.6) perovskite systems with respect to their oxygen ion conducting
properties and their chemical stability [51]. It was shown that only the first members of the these
systems with x = 0.4 were almost single-phase perovskites, while a higher Ca content caused the
formation of significant amounts of additional phases such as CaFe;0s, CazCoz-.Fe,0¢, and Co304. The
bulk LagsCag4Coo.sFeo203-s membrane exhibited an oxygen permeation flux of 0.43 ml min-1 cm-2and
a high stability in CO». Stevenson et al. and Diethelm et al. also found these secondary phases for the
Lao4Cag.6Co1-xFexO3-s material with introducing more Ca2+[52,53]. The measured oxygen permeation
fluxes (0.03-0.09 ml min-! cm-2) were much lower. The formation of impurity phases during
preparation and operation of perovskite membranes may be one reason for the lacking interest in Ca-
containing materials. Co and Fe are mostly chosen as B-site cations, while ferrates generally reveal a
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better tolerance towards CO2 [57]. In most studies, Co/Fe ratios of either 4 or % and an EDTA-citrate
sol-gel method are applied. Systematic studies of different Co/Fe ratios and other preparation methods
have received less attention.

In this work, Lag.sCaop4Co1-xFex03-5 (x = 0, 0.3, 0.5, 0.7, 1) powders and pellets were prepared as novel
materials using a reverse coprecipitation method for CO,-tolerant oxygen permeation membranes. The
influence of different Co/Fe ratios on the crystal structure, COadsorption ability, morphology, oxygen
permeability, electrical conductivity, structural stability as well as their relationship are studied. In
addition, first principles calculations were used to investigate the effect of different Co/Fe ratios on the
formation energy of oxygen vacancies and oxygen migration behavior.

9.2. Experimental section

9.2.1.Preparation of LCCF powder and membrane

Perovskite-type LapsCaosCo1-xFex03-5(x =0, 0.3, 0.5, 0.7, 1) powders were synthesized by a reverse co-
precipitation method. La(NO3)3:-6H20 (Alfa Aesar, 99.9%), Ca(NO3)2-4H20 (SIGMA-ALDRICH, > 99%),
Co(NO3)2-6H20 (SIGMA-ALDRICH, > 98%), and Fe (NO3)3-9H20 (SIGMA-ALDRICH, > 98%) were used
as sources of La, Ca, Co, and Fe, respectively. A mixed solution of weighed quantities of metal nitrates
were added to a solution of ammonium carbonate at a rate of 3-4 ml min-! under vigorous stirring at
343 K. The pH value was adjusted to 8.5-9 with ammonium carbonate (Alfa Aesar, (NH4)2CO3, 30.0%
NH3) to produce a precipitate suspension. The precipitates were aged at 343 K for 1 h under stirring
and then filtered and washed with hot demineralized water several times to remove excess ions,
followed by drying at 383 K for 12 h. The dried material was crushed and calcined in air at 1273 K for
5 h yielding the final LagsCao4Co1-xFexO3-5 powders. The powders were uniaxially pressed into disc-
shaped membranes in a stainless steel mold (16 mm diameter) with a force of approximately 30 kN.
These green disc-shaped membranes (~1 mm in thickness) were sintered in a muffle furnace at 1323
K for 20 h under stagnant air at a heating/cooling rate of 3 K min-1. The sintered membranes/pellets
had a relative density of around 90%, measured by the Archimedes' liquid displacement technique
using demineralized water as medium.

9.2.2.Characterization of materials

Powder X-ray diffraction (PXRD) data of all samples before and after oxygen permeation tests were
collected with a Rigaku Smartlab X-ray diffractometer using Cu-Ka1,» radiation. Cu-Kj radiation was
suppressed using a thin nickel foil with approximately 90% efficiency. The diffraction patterns were
recorded from 10° to 80° (2 theta) by continuous scanning at a scanning rate of 1°/min. Electrical
resistivity and thermopower were measured by a ZEM-3 (ULVAC-RIKO®) in helium atmosphere from
323 K to 1023 K. The measurement uncertainty of both the electrical conductivity and the
thermopower is + 7%. Thermogravimetric analysis (TGA) was carried out with a NETZSCH STA 409C.
Around 30 mg powdery sample was heated in an alumina crucible in pure CO; atmosphere at a flow
rate of 50 ml min-1and a heating rate of 10 K min-1 from room temperature to 1473 K. TGA in Ar ata
flow rate of 50 mL min-!and a heating rate of 10 K min-1from room temperature to 1473 Kwas carried
out on a NETZSCH STA 449. Surface morphology of the samples was examined by a Zeiss Gemini 500
scanning electron microscope (SEM) equipped with a Bruker XFlash 6 | 60 EDXS system at an
acceleration voltage of 10.0 kV.
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9.2.3.Measurements of oxygen permeation

The oxygen permeation was measured with a self-made high-temperature permeation cell. The
membrane was tightly attached with CERAMABOND M-835 (T-E-Klebetechnik) to an aluminum oxide
tube (16 mm). Another quartz glass tube (24 mm) served as the air side of the permeator. A more
detailed description of the oxygen permeation set-up can be found elsewhere [63]. Synthetic air was
fed at a rate of 150 ml min-1to the feed side; He or CO2 (29.0 ml min-1) and Ne (1.0 ml min-1) gases
were fed to the sweep side. The temperature was 1023 K when changing the sweep gas from He to CO;
prior to the oxygen permeation measurements. The effluents were analyzed by gas chromatography
on an Agilent 6890 instrument equipped with a Carbon 1000 column. The gas concentrations in the
effluent stream were calculated by a prerecorded calibration curve. The absolute flux rate of the
effluents was determined by using neon as an internal standard. The relative leakage of O, was
evaluated by measuring the amount of N; in the effluent stream and subtracted from the measured
data.

9.2.4.First-principle calculations

The effect of Fe substitution on the formation energy of oxygen vacancies in the LagsCao.4Co1-xFexO3-s
(LCCF) membranes was also evaluated by first principles calculations. Our calculations are based on
the density functional theory (DFT) as implemented in VASP (The Vienna Ab initio Simulation Package)
[64], which employs a planewave basis set and the projector augmented-wave method [65]. For the
description of the exchange-correlation we have used the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE-GGA) [66] and the norm-conserving Troullier-Martins
pseudopotentials [67]. The cut-off energy of the plane-wave set was set at 520 eVand a 2 x 2 x 2
supercell was adopted to minimize the energy corresponding to the atomic positions. The tolerance
for the self-consistent cycle was setat 1 x 10->eV per atom for the total energy. A simplified model and
the following valence electronic configurations were chosen for the ground state electronic structure
calculations: La 5s25p65d16s2, Fe 3d%4s?, O 2s22p*, Ca 4s2, Co 3d74s2. The structure model is based on
an ordered distribution of Ca and La as well as Co and Fe in contrast to the experimentally determined
random distribution. In this study, we have chosen a 2 x 2 x 2 supercell with a size of approximately
15 A x 15 A x 15 A, which is reasonable and commonly used. Based on a linear relationship of the lattice
parameters in the same space group, we have adopted a La/Ca ratio of 6/2 for single oxygen vacancy
generation in order to compensate for the charge in our simulation setup. This La/Ca ratio was taken
as basis for all calculations of the oxygen vacancy formation energy and the energy barrier of the
oxygen migration. Regarding the Co/Fe ratio, our measurements reveal a better membrane
performance with a lower Co/Fe ratio (0.3/0.7). The experiments show that higher Co contents lead
to a phase transition from orthorhombic to tetragonal. In order to avoid the phase transition and
maintain the orthorhombic symmetry, we investigated Co/Fe ratios up to 0.5/0.5. The presence of one
oxygen vacancy per 2 x 2 x 2 supercell was approximated, leading to a composition of LasCazCo4-
xFeax02301 (x =0, 1, 2, 3, 4) to model a variation in the Co/Fe ratio. The cobalt-free composition with x
= 4, was selected as parent structure. Spin-polarized simulations were performed for all structures.
The Brillouin zone was determined usinga 2 x 2 x 2 k-point grid for geometry optimization, while a 5
x 5 x 5 k-point grid was adopted for calculating the formation energy of the oxygen vacancies.

To simulate the structures, we started from the parent atomic arrangement mentioned above. At step
1, cobalt atoms were gradually added to change the Co/Fe ratio. At step 2, the oxygen vacancy site was
varied and an additional relaxation was carried out. Geometry optimization and calculation of the
lattice parameters were performed by fitting the energy-volume curves for the respective perovskite
structures. Based on the obtained lattice parameters, an oxygen vacancy was formed at different sites
in the crystal structure and the formation energy was calculated. For these calculations, the volume of
the unit cell was kept constant, while the atoms were allowed to relax. Since the formation energy
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represents the ease of oxygen vacancy formation, it is expected to give an insight into the pathways of
oxygen permeation and further into the ion conductivity. The formation energy E[V;] of an oxygen
vacancy was calculated with the following equation:

Ef[Vo"] = Eroe[Vs] — Xinil; — Egoe[bulk] (1)

Where E;,.[V;] is the total energy derived from a supercell calculation containing the defect oxygen
vacancy, Eq:[bulk] is the total energy of the ideal bulk crystal without a vacancy, n;is a negative number
denoting the removed O atoms, and y; corresponds to a chemical potential representing the energy of
a reservoir of O atoms, which are being exchanged. Two types of geometry relaxations were
performed: (a) the symmetry of the lattice was allowed to vary at step 1 and was then maintained

during the second relaxation step. (b) The symmetry of the lattice was fixed at both steps. The

formation energies are denoted E;

Y and E;b), respectively.

The nudged elastic band method (NEB) [68,69] was used to find potential diffusion pathways and
energy barriers of the oxygen transport. Assuming that the local motion of an oxygen ion is not
perturbing the shape and volume of the structure, the lattice parameters and shape were set to those
of the geometry relaxation used for calculating the oxygen vacancy formation energies. The LCCF
crystals were optimized by fully relaxing the atomic positions until the residual Hellmann-Feynman
forces acting on each atom were lower than 0.01 eV/A. The NEB calculations were performed for 2 x
2 x 2 supercells containing 39 atoms and a single oxygen vacancy. In this way, interactions between
the images due to periodic boundary conditions were avoided. At a first approximation, we have only
considered ion jumps to nearest (N) neighbor sites. Accordingly, five images were interpolated
between pair positions through the NEB method and all atoms were relaxed (AF < 0.01 eV/A). The NEB
calculations confirmed the existence of only saddle points along each migration path leading to the
potential hopping pathways related to the minimum energy. The barrier energy of oxygen ions
jumping to next neighbor sites is defined as the energy difference between transition states (TS) and
initial states.

9.3. Results and discussion

9.3.1.Phase structure and morphology

Fig. 1 presents the XRD pattern of LagsCao4Co1-xFexO3-5(x =0, 0.3, 0.5, 0.7, 1) powders prepared by the
reverse co-precipitation method. The XRD reflections revealing a full crystallization were indexed
using a perovskite-type structure model. They indicate that changing the Co/Fe ratio does not induce
major changes in the crystal structure. The indexing was based on a pseudo-cubic perovskite-type cell.
The broadening and shape of the 211 reflection points to a lower symmetry, most likely an
orthorhombic unit cell. With increasing Fe content, the position of the 111 reflection is shifted to a
lower angle. This trend is observed because iron (r(Fe3+) = 0.645 A) [60] has a larger ionic radius than
cobalt (r(Co3*) = 0.61 A) [60] at the same oxidation state and coordination number, causing an
expansion of the unit cell. The synthesis of LagsCao4Coo.s5Feo503-s powder was successfully up-scaled
to 50 g per batch. According to the XRD pattern, a single-phase perovskite-type structure was obtained
(Fig. S1). Fig. 2 presents SEM micrographs of the freshly prepared LaosCao4Co1-xFe 035 (x = 0.3, 0.5,
0.7) membranes. The surfaces of the investigated membranes with a relative density of around 90%
are compact without any cracks. The substitution of Fe for Co results in a slight increase of the average
grain size. EDXS analysis reveals that the elements including La, Ca, Co, Fe, O are distributed uniformly
on the membrane surface (Fig. S2).
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Fig. 1. XRD patterns of LagsCap4Co1-xFex03-5(x = 0, 0.3, 0.5, 0.7, 1) powders (a) x = 0; (b) x =0.3; (c) x
=0.5; (d)x=0.7; (e)x=1.
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Fig. 2. SEM micrographs of fresh LCCF membranes (a) LaosCaosCo07Fe0303-5 (b)
LagsCaps4CogsFeps03-s and (C) LagsCap4Coo3Fep703-s.

9.3.2.0xygen permeation behavior of membranes swept by He or CO2

The oxygen permeation flux through the membranes was measured in 50 K steps in the temperature
range of 1023 K and 1223 K in Air/He and Air/CO; gradients, respectively, as shown in Fig. 3. As
expected, the oxygen permeation fluxes of all membranes increased with increasing temperature,
since higher temperatures facilitate both surface exchanges and oxygen bulk diffusion. The oxygen
permeation fluxes increased in the following order: LagsCao.4C003Feq.703-5> LagsCao.sCoo5Feqs03-5 >
LagsCaopsFe03-5 > LaosCaosCo07Fe0303-5 > LagsCapsCo03-s This is also in good agreement with the
trend of the activation energies of oxygen ion migration presented in Fig. S4. The highest oxygen
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permeation flux of 0.8 ml min-1cm-2was obtained at 1223 K for the Lao.sCao.4Coo3Feo703-s membrane
in Air/He. Changing the sweep gas from He to CO, the oxygen permeation fluxes of all membranes
decreased but to a different extend. For example, the oxygen permeation flux of LagsCao4+Co03Feo.703-s
decreased from 0.76 ml min-? cm=2to 0.5 ml min-*cm-2at 1173 K. These declines can be attributed to
chemically adsorbed CO; at the oxygen vacancy sites of the membrane suppressing the surface-
exchange reaction. It is striking that the decrease of oxygen permeation flux of Lao.cCao.4CoosFeo503-5
is much smaller than that of other membranes. The oxygen flux was constant within the error margin
for more than 6 h in pure CO, atmosphere, indicating a weaker CO; poisoning effect for this

composition.
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Fig. 3. Oxygen permeation fluxes of LagsCaop4Co1-xFe,03-5(x =0, 0.3, 0.5, 0.7, 1) in Air/He and Air/COx.
Conditions: sweeping gas flow rate He or COz =29 ml min-1, Ne= 1ml min-1; feeding gas flow rate
synthetic air =150 ml min-1 (80 vol.% Nz, 20 vol.% O2); membrane thickness: 1 mm; (1) 1023 K; (2)
1073 K; (3) 1123 K; (4) 1173 K; (5) 1223 K; (a) x=0; (b) x=0.3; (c)x=0.5; (d) x=0.7; (e) x= 1.

DFT was used to understand the impact of Fe substitution on the LCCF transport properties. In order
to avoid phase transitions and keep the same orthorhombic symmetry in our simulations we have used
lower Co/Fe ratios than in the experiments. The calculated lattice parameters and the closely related
experimental values derived from the XRD patterns (cf. Fig. 1) are in very good agreement (deviation
< 2.1%) and summarized in Table 1. This agreement allows us to further elucidate the trend of the
oxygen vacancy formation energies. However, the fact that simulations and experiments were
performed at different temperatures will result in deviations. Both methods reveal a slight overall
increase of the lattice parameters when substituting Co with Fe (c.f. Table 1). The results suggest that
Fe substitution may reduce the electrical conductivity due to a reduced orbital overlap, which is
supported by the experimental findings displayed in Fig. 4. Accordingly, even our simulation results
based on a simplistic LasCa2Cos-xFe4:x02301 model are useable for further investigations of the LCCF
systems.
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Table 1 Calculated and experimental lattice parameters of the LCCF perovskites.

Co/Feratio Formula a(h) b(A) c(h)
Simulations

0.500:0.500 LagCazCo4Fes023 3.842 3.733 3.805
0.375:0.625 LagCazCozFes023 3.852 3.863 3.822
0.250:0.750 L35C32C02Fe6023 3.864 3.864 3.817
0.125:0.875 LagCazCo1Fe7023 3.865 3.865 3.823
0.000:1.000 LasCazFeg023 3.874 3.874 3.820
Experiments

0.700:0.300 Lao.sCao.4sCo0.7Fe0303-5 3.827 3.827 3.827
0.500:0.500 LaosCao.sCoosFens03-5 3.831 3.831 3.789
0.300:0.700 Lao.sCao.sCoo3Feo.703-5 3.844 3.863 3.799
0.000: 1.000 Lao.sCaopsFeO3_s 3.897 3.901 3.900

9.3.3.Conductivity of Lao.cCao.4Co1-xFex03-s membranes

The temperature dependent total conductivityof LagsCao4Co1-xFex03-5(x =0, 0.3, 0.5, 0.7, 1) in He is
shown in Fig. 4.
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Fig. 4. Temperature dependence of the total conductivity of LagsCao.4Co1-xFexO3-5 (x = 0, 0.3, 0.5, 0.7,
1) membranes. (a) x =0; (b) x=0.3; (c)x=0.5; (d)x=0.7; (e) x = 1.

In general, the electronic component of the total conductivity is 100-1000 times higher than the ionic
conductivity of mixed oxygen-ion and electronic ceramic materials [40]. Thus, the measured total
electrical conductivity approximately equates to the electronic conductivity. As shown in Fig. 4, the
conductivity increases with increasing temperature for all samples. Fig. S3 shows the temperature
dependence of the Seebeck coefficient of LagsCapsCo1-xFexO3-5. Over the entire investigated
temperature range, the Seebeck coefficient is positive, indicating that the major mobile charge carriers
are holes. LagsCag4+Co03-soxides demonstrate a high conductivity of 650 S cm-1 similar to metals. With
increasing Fe concentration the electronic conductivity decreases. This can be linked to the increased
hopping distance between neighboring octahedral sites with increasing Fe content. The oxygen ionic
conductivity is often less than 1 S cm-1[40]. It reasonably assumes that the electronic conductivity had
a negligible effect on the oxygen permeability of the different investigated samples since the electronic
conductivity still overwhelmed the oxygen ionic conductivity in this study, which agrees well with
others' work [40]. LagsCao4Coo3Feo703-5 possesses a higher oxygen permeation than LasCao4C003-s
probably due to its higher oxygen ionic conductivity, although the total conductivity of LagsCa.4C003-s
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is much larger than that of LaosCao4Coo3Feo703-5. Overall, the transport of oxygen ions through
membranes with low or negligible ionic conductivity can be significantly hindered. A balance between
ionic and electronic conductivities is important for high oxygen permeation.

9.3.4.Formation energy of oxygen vacancies

In order to further understand the oxygen ion migration in the LCCF LasCazC04-xFe4.+x02301 system,
which is mainly promoted through oxygen vacancies, the oxygen vacancy formation energies were
calculated by DFT. The resultsare based on the simplistic structure model LasCazCos-xFes.+x02301 and
the definition given in Eq. (1). The obtained values for both relaxation types (a) and (b) mentioned in
the experimental section are summarized in Table 2.

Table 2 Calculated formation energies for both relaxation types (a) and (b) (see Experimental Section)
of one oxygen vacancy in the LagCa>Cos-xFes:x02301 system. The vacancy sites are sketched in Fig. 5.

Co/Feratio Systems Oxygen vacancy site Formation energy
£ (59) @
0.500:0.500 LasCazCo4Fe402301 Fe-O-Fe 2.78 (2.89)
Fe-0O-Fe 2.80 (2.88)
Fe-0-Co 2.89 (2.85)
Fe-0-Co 2.55 (2.63)
Fe-0-Co 2.71 (2.83)
Fe-0-Co 2.55 (2.65)
Fe-0-Co 2.65 (2.83)
Fe-0-Co 2.81(2.68)
Fe-0-Co 2.82 (2.87)
Fe-0-Co 2.80 (2.72)
Co-0-Co 2.83(2.92)
Co-0-Co 2.74 (2.68)
0.375:0.625 LasCazCoszFes02301 Fe-O-Fe 2.84 (2.82)
Fe-0O-Fe 2.89 (2.90)
Fe-0-Co 2.92 (2.94)
Fe-0-Co 2.77 (2.78)
Fe-0-Co 2.67 (2.76)
Fe-0-Co 2.59 (2.73)
Fe-0-Co 2.65 (2.79)
Fe-0-Co 2.89 (2.87)
Fe-0-Co 2.94 (2.98)
Co-0-Co 2.96 (2.98)
0.250:0.750 La6Ca2C02Fe6023|:|1 Fe-0-Fe 2.99 (295)
Fe-0-Co 2.90 (2.80)
0.125:0.825 LagCazCo1Fe;02301 Fe-O-Fe 2.98 (2.95)
Fe-0-Co 2.94 (2.95)
0.000:1.000 LaeCazFeg02301 Fe-0O-Fe 3.01 (3.05)
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For the calculation of the formation energies of oxygen vacancies, different oxygen vacancy sites were
investigated as depicted in Fig. 5.

Fig. 5. Simplified lattice models for the LagCazFeg02301 and LagCazCos-xFes+x02301 (x = 0, 1, 2) systems
with the oxygen vacancy formed in the Fe-O-Fe, Fe-0-Co and Co-0-Co bonds. The possible oxygen
vacancy sites with different chemical environment are colored in yellow. The different panels
correspond to (a) LaeCazFegOz301, (b) LasCazCoi1Fe;02301, (c) LagCazCozFesO2301, (d)
LaeCazCosFes02301, and (e) LasCazCosFes02301. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Accordingly, each vacancy is placed in a different atomic environment. Table 2 reveals that the two
types of relaxations eventually lead to similar trends. As shown in Table 2, the oxygen vacancy
formation energies of LagCazCos~Fesx02301 (x = 0, 1, 2, 3, 4) are calculated with values of 2.55-3.05
eV. Such values are similar with other reported Lai-,SrxCoosFeo.203-5 based materials [70,71], which
demonstrates that our simulation results based on a simplistic LasCazCo4-xFesx02301 model are
reliable. It is important to mention that the simplified models in this study are only expected to supply
trends about the influence of the B-site cation on the oxygen vacancy formation energy. Increasing the
Fe content leads to a larger formation energy, implying that the formation of an oxygen vacancy
becomes more favorable with increasing Co/Fe ratio. Comparing the various vacancy sites, the lowest
formation energies are found on Fe-0-Co sites. Accordingly, the formation of an oxygen vacancy in
LaeCazCosFes02301 is energetically more favorable on these sites. The highest formation energies,
denoting less favorable vacancy sites, are found on Fe-O-Fe sites and for the lowest Co/Fe ratio.
Regarding the most favorable vacancy site for a given Co content, no clear trend could be found. For a
Co/Fe ratio up to 0.750 : 0.250, the formation energy decreases from a Fe-0-Fe to a Fe-0-Co to a Co-
0-Co site, but this trend is reversed when further increasing the cobalt content. It seems that a balance
between structural disorder (Co vs. Fe) and the redoxactivity of the B-site cations is required to
minimize the oxygen vacancy formation energy. In general, a lower oxygen vacancy formation energy
next to Co would be expected, since Co favors a lower oxidation state in comparison to Fe (Co?* vs.
Fe3+).
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Besides the formation of oxygen vacancies, the analysis of the mobility of oxygen vacancies via
different pathways is crucial to advance the understanding of the oxygen permeability of LCCF
depending on the Co/Fe ratio. Five different possible migration pathways were modelled and analyzed
in the LagCazFeg02301 and LasCazCozFes02301 simplified systems. The different locations accessible to
the oxygen vacancy can be seen in Fig. S5. The resulting specific energy barriers are summarized in
Table 3.

Table 3 Energy barriers for the possible oxygen ion migration pathways.

System Transport route Energy barrier (eV)
La6CazFe8023|:|1 Vo1 — Vos 0.76

Vo1 = Vo3 0.52
LagCazCoz2Feg02301 Vo1 = Vos 0.81

Vo1 = Vs 0.77

Vol - VoZ 0.61

Vo1 = Vo3 0.62

VoZ - V03 0.80

These are energetic differences between two states, the initial and the transition states (TS). The
energy barrier for the jump of the oxygen ions in the LasCa2Co2Fes02301 system is higher than that in
LacCazFeg02304, indicating that Co-substitution makes the oxygen ion migration difficult. Together
with the oxygen formation energies as shown in Table 2, these calculations show that partial Co
substitution can promote the formation of oxygen vacancies while at the same time limiting the
migration ability of the oxygen anions. Therefore, a suitable Co/Fe ratio can balance the formation of
oxygen vacancies and migration ability of the oxygen ions. From a geometry point of view, there are
five possible unique oxygen migration paths between the different oxygen vacancy sites and
neighboring oxygen atoms, as shown in Fig. 6.

Energy (eV)

Different oxygen ion transport path

Fig. 6. Potential energy diagram for the oxygen ion migration via different paths in the
LasCaCoz2Fes02301 system. TS: Transition state
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Since an influence of the Co/Fe ratio on the oxide ion migration was expected, the geometry of the BOs
octahedra in LagCazCo4-xFe4:x02301 was also studied. The results are given in Table S1 and Fig. Sé.
Increasing the Co content leads to the decrease of La-0 and Ca-0 bond lengths. These results indicate
a higher stability of the La0O12 and CaO12 polyhedra at higher Co contents. Accordingly, the oxygen ion
cannot easily leave the Ca-0 or La-O bond. A higher Co content decreases the oxygen vacancy
formation energy, while it simultaneously hinders the migration ability of the oxygen anions. This
leads to an increased energy barrier of the oxygen ion in the lattice with Co-substitution as shown in
Table 3. These findings are in good agreement with previous experimental and theoretical studies [21]
and support the above stated experimental data (Fig. 3) of the oxygen permeability. Further ongoing
theoretical studies are expected to lead to a better understanding of the oxygen transport process in
(La,Ca)(Co,Fe)03-ssystems. In addition, since Fe and Co can exist in different valence states (+4, +3, or
+2), charge compensation can occur by oxygen vacancy formation in the (La,Ca)(Co,Fe)03-sperovskite-
type structure. This is expected to be beneficial to the oxygen permeation process. This behavior,
expressed by Egs. (2) and (3) for (La,Sr)(Co,Fe)03-sperovskites, was already shown by Oishi et al. [72].

~0; +V; +2 > 0F + 2Feg, )
~0; + Vs + 2Feg, - OF + 2Fef, (3)

where Fel, refers to Fe3+ on Fe3* sites, Fey, refers to Fe** on Fe3* sites, Fe, refers to Fe2* on Fe3* sites,
07 refers to an oxygen ion on oxygen vacancy sites, and V; refers to an oxygen vacancy with two
positive charges.

9.3.5.Characterizations and analysis

The formation of carbonates has been considered to be responsible for the inactivation of barium- or
strontium-containing perovskite-type membranes such as (Ba,Sr)(Co,Fe)Oz-s and Sr(Co,Fe)03_s [12-
14]. The surfaces of the LCCF membranes were investigated to study the reason for the reduction of
the oxygen permeation flux of LagsCaosCo1-xFex03-5(x = 0.3, 0.5, 0.7). Fig. 7 shows the XRD patterns of
the air feed side and the CO; sweep side of the three membranes after about 11 h operation.
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Fig. 7. XRD patterns of the feed side (air) and the sweep side (pure COz) of the membranes after O
permeation measurements: (a) LaosCaosCoo7Feo3035 (b) LaoeCaosCoosFeosO3-s  (c)
Lag6Cap4Coo3Fe703-s.

It was found that most of the membranes retained their perovskite-type structure. No formation of
carbonates on any of the membranes was observed by XRD. These results are in a good agreement
with other studies on (La,Ca)(Co,Fe) O3-sand (La,Sr)(Co,Fe)03-s membranes [37,41,51]. The stability
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of metal oxides in a CO2-containing atmosphere was estimated using Ellingham diagrams [51]. These
diagrams demonstrate that lanthanum, cobalt, calcium, and iron carbonate formation is not preferred.
On the other hand, barium and strontium carbonate may easily form above 1073 K dependent on
temperature, CO; partial pressure, and chemical potential. Accordingly, the absence of barium and
strontium in the LCCF membranes may account for the good CO; resistance. However, a few weak
Co203 and Lay03 reflections can be observed on both the air feed side and the CO, sweep side of the
tested LaosCao4Coo.7Feq303-s membrane. This can be attributed to the fact that a perovskite-type MIEC
material with a higher Co content usually shows only poor structural stability owing to the easy
(partial) reduction of the Co cations [10,11].

Surface morphologies and elemental distributions of the feed side (air) and the sweep side (COz) of the
tested LagsCao.4CoosFeqs03-s membrane are presented in Fig. 8.

0O Fe (0]
Fig. 8. SEM images and EDXS elemental distribution of the LaosCaop4CoosFeo503-s membrane after 11
h operation. The panels depict (a) the feed side (air) and (b) the sweep side (CO3).

No carbonate particles were found, which is well in agreement with the XRD results. EDXS analysis
reveals that the elements La, Ca, Co, Fe, and O are distributed uniformly on both sides of membrane
surface after 11 h oxygen permeation experiment. The microstructure and uniform elemental
distribution were also observed for Lao.sCao.4Co0.7Fe0303-5 and LaosCao.sCoo3Feo.703-s membranes as
shown in Figs. S7 and S8.

The oxygen vacancies on the membrane surface play a crucial role for the oxygen capture [73,74]. The
concentration of oxygen vacancies depends largely on the temperature and oxygen partial pressure
p(02) of the surrounding atmosphere. The higher the temperature and the lower p(02), the more
oxygen vacancies are formed. Theoretical and experimental studies consistently show that the CO;
adsorption, activation, and dissociation processes were significantly enhanced by the presence of
oxygen vacancies [75-78]. Therefore, CO2 can be chemically bond to an oxygen vacancy site of the
membrane surface when used as a sweep gas. As a result, the surface-exchange reaction on interface
between V,-and lattice oxygen is suppressed due to the occupation of the oxygen vacancy site by CO»
[37]. Thus, the CO; affinity of the membrane is an important factor influencing oxygen permeation.
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TGA in flowing Ar and CO; was carried out to investigate oxygen vacancy formation, potential
carbonate formation as well as adsorption of CO; to LCCF powders. The results are shown in Fig. 9.
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Fig. 9. TG-curves of LCCF fresh powders at 10 K min-! under flowing Ar (a) and CO; (b) atmospheres.
CO; flow rate is 50 ml min-1. Light cyan area: investigated temperature range for oxygen permeation.

In Ar, the weight loss of the samples gradually set in above 651 K. This weight loss was attributed to
the beginning formation of additional oxygen vacancies by thermal reduction. Above 873 K, the
reduction process accelerated noticeably. As expected from the Co/Fe ratio and the accompanying
oxidation state of the B-site cations, LagsCao4C003Feo703-s and LaosCao4Coo.7Fe0303-s showed the
smallest and the largest weight loss at high temperatures, respectively. The values of
LagsCag4CoosFeo503-slay in-between (Fig. 9(a)). In CO2 (Fig. 9(b)), no sharp and significant mass gain
was observed in the entire investigated temperature range (up to 1473 K), corroborating the results
from the Ellingham diagrams [51] and the XRD measurements. This manifests the superior CO-
tolerance of the LCCF membranes with respect to the typically observed damage by alkaline earth
metal carbonate (e.g. CaCO3) formation. A mass loss due to a release of surface adsorbed species such
as H,0 was observed up to about 673 K for all investigated powder samples. This mass loss was more
pronounced in the case of LagsCao4C00.7Fe0303-5s (Am = -1.0%) and LaosCao4Coos5Feqs03-5 (Am =
-1.5%) than for LagsCao.4Coo3Feq703-5(Am = -0.2%). Above 723 Ka more or less significant mass gain
was obtained for all samples. This can be mainly attributed to chemisorption of CO; on the LCCF surface
as previously reported [54]. The observed mass gain increased in the following order:
LaoeCap4CoosFeps03-5 (Am = 0.13%), Lao.sCao.4Co0.7Fe303-s (Am = 0.3%), and LagsCap4Coo3Feo703-5
(Am = 0.9%).

LageCao4CoosFens03-s showed the smallest mass gain of all three samples. This indicates a very weak
chemisorption of COz also reflected by the fact that at 873 K the weight has reverted to the level before
chemisorption, i.e. nearly all CO; has been released from the material. However, a contribution of
oxygen vacancy formation to the weight change cannot be completely excluded, although in stronger
reductive Ar atmosphere significant thermal reduction was only observed above 873 K. At higher
temperatures, the weight loss can be attributed mainly to thermal reduction. These observations are
in agreement with the only slight decrease of the oxygen permeation flux when switching the sweep
gas from He to CO2. In contrast, LapsCao4Co0.7Fe0303-5 and LagsCao4Coo3Fen703-5 showed a much
stronger decline of the oxygen permeation flux of almost 40% (c.f. Fig. 3) suggesting a stronger
blocking of oxygen vacancy sites by COz [37]. Indeed, both samples showed a significantly higher mass
gain during the thermal treatment in CO; pointing to a stronger chemisorption of CO; to these
materials. Another indicator for a stronger chemisorption was the higher temperatures needed to
reach the same weight as before the CO; chemisorption. For both samples, Lao.sCao.4C00.7Fe0303-5 (T =
1223 K) and Lag.sCao.4Coo3Feo703-5 (T = 1173 K), these temperatures were in the range used for oxygen
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permeation measurements. Therefore, referring the performance loss of these membrane materials to
COz-blocked oxygen vacancies seems plausible.

9.3.6.Long-term CO:z resistance and comparison

Fig. 10 shows the XRD patterns of Lag.cCao4CoosFeos03-s powder (a) before and (b) after exposure to
pure COzfor 260 h at 1173 K. The results show that the perovskite structure remains intact. After the
CO;treatment, all reflection intensities were substantially reduced. This was also observed with other
ceramic membranes exposed to a reducing atmosphere [37,54], which implies that the initial
coherence of the crystallites was deteriorated by the test. No carbonate formation was observed by
the XRD measurements. Therefore, the LagsCao4+CoosFeo503-s membrane appears to be a promising
candidate for oxygen separation applications owing to its high CO; resistance and structural stability
together with a relatively high oxygen permeation flux.

Intensity (a.u.)

20 30 40 50 60 70 80
2-theta (degree)

Fig. 10. XRD patterns of LaosCao4Coos5Fens03-s powder (from 50 g batch) (a) before and (b) after
exposure to pure COz for 260 h at 1173 K. The CO; flow rate was 30 ml min-1.

Table 4 compares the oxygen permeation flux values of this work to literature data of several types of
membranes. It is well known that oxygen permeation is significantly influenced by the membrane
thickness. Several microscopic measures can be adopted to improve the oxygen permeation flux such
as constructing hollow fibers and coating of porous supports. Thus, the permeability is considered as
a differentiating parameter for a reasonable comparison. At 1173 K, the LCCF membranes studied in
this work possess a three times higher oxygen permeability than other published CO;-tolerant
membranes under similar conditions. In addition, the potentially low material costs and the scalable
preparation method are conducive to a future commerecialization.
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Table 4 Summary of oxygen permeation parameters of various membranes swept by pure COzat 1173
K.

Feed side Sweep side J(02) (ml Permeability
Sample  (Air) (ml (CO2) (ml min-? d(mm) (mlmin-! Method Configurations Ref
min-1cm-2) min-! cm-2) cm-2) cm-2 mm)

LCCF 150 29 0.155 1 0.16 sol-gel Dense disk 51
LSCFN unknown 100 0.14 0.9 0.13 sol-gel Dense disk 42
ilS)P(‘:- unknown 40 0.14 1.1 0.15 sol-gel Dense disk 33
PSCF 150 50 0.65 0.6 0.39 sol-gel Dense disk 45
E((I;IS 100 30 0.44 0.5 0.22 sol-gel  Densedisk 27
LCCF 150 29 0.5 1 0.5 Ccp Dense disk  **
SFT 120 60 1.15 ~0.25 0.29 SSR MHF 48
SFT 120 60 0.85 ~0.21 0.18 SSR MHF 48
LCF 100 100 0.23 0.25 0.06 sol-gel  Hollow fiber 41
LSCG 100 100 2.22 ~0.15 0.33 sol-gel  Hollow fiber 44
LSCF 200 150 0.26 0.32 0.08 sol-gel  Hollow fiber 37

LCCF: Lao.sCao.4Co0.8Fe0.203-5

LSCFN: Lao.6Sro.4Co0.2Feo.sNbo.203-5

SDC-LSF: Ce0.8Smo.202-5 - Lao.9Sro.103-s

PSCF: Pro.6Sro.4Co0.2Feo803-s.

CGC-LCF: Ceo.85Gdo.1Cu0.0502-5 - Lao.sCao.4Fe03-s
LCCF: Lao.sCao0.4Coo.5Fe0503-s

SFT: SrFeo.9Ta0.103-5

LCF: (LaogCao.2)1.01Fe03-s

SFT: SrFeo.9Tao103-s

LSCG: Lao.6Sr0.4C00.8Gao.203-s

LSCF: Lao.6Sro.4Co0.8Fe0.203-5

d: Thickness; CP: Co-precipitation; SSR: Solid-state reaction; MHF: Multichannel Hollow fiber; **: This work.

9.4. Conclusion

LaosCaosCo1-xFey03-6 (x = 0, 0.3, 0.5, 0.7, 1) membranes were prepared using a scalable reverse co-
precipitation method. The experimental and simulation results show that the Co/Fe ratio has a
significant effect on the phase stability under CO; atmosphere, morphology, electrical conductivity, and
CO; affinity. All these properties strongly influence the oxygen permeability of the membrane.
Increasing the Fe content leads to a decrease in the electrical conductivity, which is non-critical since
it still remains much higher than the ionic conductivity. With increasing Co content, a decrease of the
oxygen vacancy formation energy corresponding to a rising tendency to form these vacancies was
found. However, the actual migration ability of the oxygen anions is decreased in Co-rich compounds
probably due to the stronger binding between Co and O. The oxygen permeation flux of the membranes
initially increases and then decreases with increasing of the Fe content. The LagsCag4Coo3Feo703-5
membrane possesses the highest permeation flux, achieving 0.76 ml min-! cm-2 under an Air/ He
gradient at 1173 K, while the LagsCao4CoosFeos503-s membrane showed the highest CO; tolerance,
reaching about 0.4 ml min-1cm-2at 1023 Kand 0.5 ml min-1cm-2at 1173 K under an Air/CO; gradient.
The CO; affinity of the membrane can be an important factor influencing the oxygen permeation. The
poisoning of LCCF by CO; is mainly attributed to the strong chemical adsorption of CO; to the
membrane surface, especially to the active oxygen vacancy sites, and not to the decomposition of the
membrane materials by alkaline earth metal carbonate formation, as often observed. It is not one of
the abovementioned factors alone (morphology, electrical conductivity, oxygen vacancy
concentration), but the combined effect of these factors that determines the convincing oxygen
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permeability of the LCCF membranes. Based on our findings, this LCCF material appears to be a
promising candidate for high temperature oxygen separation applications owing to its structural
stability in a CO2 atmosphere together with a relatively high oxygen permeation flux.
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9.8. Supplementary Information
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Figure S1. Comparison of XRD patterns of Lao.cCao4CoosFeo503-5 powder synthesized in small or large
amount.
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400 nm

Figure S2. SEM images and EDS elemental distributions of fresh LCCF membranes (a)
Lao,ecao,4C00,7F60,303-5 , (b) Lao,acao_4C00,5Feo,503_5 and (C) Lao,ecao,4C00,3Feo,703-5.
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Figure S3. Temperature dependence of the Seebeck coefficient S of sintered bulk LagsCao.4Co1-xFex03-s
(x=0,0.3,0.5,0.7, 1) samples: (a) x=0; (b) x=0.3; (c) x=0.5; (d) x=0.7; (e) x= 1.
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Figure S4. Temperature dependence of oxygen permeation fluxes through Lag¢Cao4Co1-xFex03-5 (x =0,
0.3,0.5,0.7, 1) membranes: (a) x=0; (b) x=0.3; (c) x=0.5; (d) x=0.7; (e) x=1.
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(a) (b)

Figure S5. First principles calculation model of LagCazFeg0O2301 (a) and LagCazCo2Fes02301 (b). The Vo1,
Vo2, Vo3, Vo4, and Vg5 are denoted as different possible sites for oxygen occupation.

Table S1. Calculated bond lengths in the LagCazCos-xFes+x02301 system.

Co/Fe ratio 0.000: 0.125: 0.250: 0.375: 0.500 :
Bond length (A) 1.000 0.825 0.750 0.625 0.500
La-0 (1) 2.83 2.82 2.83 2.73 2.28
La-0 (2) - 2.65 2.67 2.57 2.70
La-0 (3) - - - 2.66 2.31
La-0 (4) - - - 2.37 -
Ca-0 (1) 2.67 2.65 2.65 2.61 2.48
Ca-0 (2) - 2.66 2.68 2.55 -
Ca-0 (3) 2.77 2.77 2.77 245 2.41
Ca-0 (4) - - - 2.44 2.58
Ca-0 (5) - - - 2.55 2.45
Ca-0 (6) - - - - 2.62
Fe-0 (1) 1.87 1.88 1.87 1.89 191
Fe-0 (2) 1.99 1.88 1.87 1.88 1.88
Fe-0 (3) - - - 1.90 1.89
Fe-0 (4) - - - 1.87 1.92
Co-0 (1) - 1.89 1.90 1.92 1.87
Co-0 (2) - 1.89 1.90 1.94 1.97
Co-0 (3) - - - 1.96 1.98
Co-0 (4) - - - 1.91 1.86
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Figure S6. Calculated bond lengths at different sites in the simplified LasCazCo4-xFes+x02301 model. The
different panels correspond to (a) LasCazFeg02301, (b) LagCazCo1Fes02301,
(C) LagCa2Co2Feq02301, (d) LagCazCosFes0,301, and (e) LagCazCo4Fes0,301.
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Figure S7. SEM images and EDS elemental distributions of used Lao.¢Cao.4Coo.7Feo303-s membrane after
6 h experiment using pure CO; as sweep gas. (a) Feed side; (b) Sweep side.
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Figure S8. SEM images and EDS elemental distributions of used Lao.¢Cao.4C00.3Feo703-s membrane after
6 h experiment using pure CO; as sweep gas. (a) Feed side; (b) Sweep side.
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10. Summary

This work was dedicated to develop before unknown perovskite-type oxynitrides with promising
physical properties and the advance of understanding their formation. Concerning this, future desired
physical properties of perovskite-type oxynitrides can be precisely adjusted. The study yielded a
targeted A-, B-, and X-site substitution in LaTa(O,N)3 leading to the before unknown perovskite-type
oxynitrides LaTalVO2N, La1 Y, TalVO2N (x = 0.1, 0.25, 0.3), and LaTa1-xCox(O,N)3-s (x = 0.01, 0.03, 0.05)
exhibiting bright powder colors from dark red (E¢ = 1.7 eV) via red (E¢ = 1.8 eV) to orange (E¢ = 2.0
eV). Additionally, the highest so far reported weight fraction of the very labile YTa(O,N)3 (82(2) wt%)
could be synthesized. To understand the formation of the synthesized perovskite-type oxynitrides,
parameters for an in situ ammonolysis via TGA were developed. By performing in situ ammonolysis
the formation of an unusual oxidation state (Ta!V) and a before unknown O : N ratio of 2 : 1 in
LaiY:Ta(O,N)3 (x = 0, 0.1, 0.25, 0.3) was elucidated. It could be shown that the precursors’
microstructure - crystallinity, particle size, and specific surface area - besides the ammonia
concentration, is a very important parameter to modify the product composition, oxidation states, and
physical properties. In the synthesis of LaTa1-xCox(O,N)3-s (x = 0.01, 0.03, 0.05) anionic vacancies in the
oxide precursor play an additional role in adjusting the O : N ratio and the oxidation state of Ta. All
synthesized materials were investigated by PXRD, TGA, HGE, ICP-OES, DRS, and SEM. More specific
characterization techniques to investigate the individual physical properties of the materials were
chosen. The materials’ specific achieved results are listed in the following:

[) LaTavO2N and La;—xYxTalvO2N (x = 0.1, 0.25, 0.3): XANES revealed additional to XPS the existence
of TalV of the bulk in LaogYo.1TalvO2N. Hence, it is also assumed for La;—xYTalvO2N (x =0, 0.25, 0.3).
Conducted DRS measurements showed an unexpected trend for the optical bandgap (Ecx-03 = Ecx=0
< Egx=01 < Egx=025). By performing DFT calculations, the orthorhombic strain as main descriptor
was clarified. Because, TalV-containing materials were assumed to be black or bluish in color the
bright red (E¢ = 1.8 eV) or orange (E¢ = 2.0 eV) colors of the materials were rather unexpected.
Additional DFT calculations revealed a transparent conductor-like behavior (“degenerate
semiconductor”) of the materials that can explain the observed colors. SPS measurements revealed
a n-type semiconducting behavior of the materials with effective bandgaps of ~1.75 eV
irrespective of the Y3+ content. By increasing the Y3* content the photovoltage values increased
suggesting an improved charge carrier generation and separation, whereas the timescales for
charge carrier generation/decay slowed down. This suggests also trap states in the materials.
Based on the obtained results, reduced B-site cations such as TalV have a significantly weaker
impact than classically assumed and the synthesized materials seem to have promising physical
properties for light-driven applications such as SWS.

[I) LaTai_xCox(O,N)3-s (x = 0.01, 0.03, 0.05): Structural and magnetic investigations (SQUID,
XAS/XMCD) revealed the first observation of a significant bulk HT-FM with T¢ ~ 600 K in a DMS
system. Hence, LaTa;—xCox(O,N)s-s (x = 0.01, 0.03, 0.05) is - to the best of one’s knowledge - the
first diluted ferromagnetic semiconducting perovskite-type oxynitride. The powder colors (from
bright red via red to dark red) suggested also a semiconducting behavior (E; = 1.7 eV - 1.9 eV).
The sample magnetizations were even large enough to observe direct attracting forces by
conventional permanent magnets. The observed physical properties are promising for the
application in spintronics.

To conclude the part for the oxynitrides, the here gained achievements can help to develop further
before unknown perovskite-type oxynitride family members with desired physical properties for
future applications.
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Furthermore, perovskite-type oxides were synthesized and their physical properties were
investigated in combination with a targeted B-site substitution. It was found that the Co/Fe ratio has a
strong impact on the phase stability, morphology, electrical conductivity, and CO; affinity. Additionally,
all these properties affect the oxygen permeability in a significant way. A higher iron content made the
oxygen transport membrane material (La,Ca)Co1-xFexO3-s more sustainable by reducing the use of the
critical elemental cobalt. Simultaneously the electrical conductivity decreased. However, this is non-
critical for the oxygen permeation, since it still remained significantly higher than the ionic
conductivity. In contrast, if the Co content was increasing, the oxygen vacancy formation energy was
decreasing but expectedly the actual migration ability of the oxide ions decreased due to the induced
structural relaxations and potential small polaron formation. In contrast, the oxygen permeation flux
of the membranes was initially increasing whereas by higher Fe content the flux was decreasing.

Hence, for the perovskite-type oxides also physical properties such as the electrical conductivity can
be tuned by a targeted B-site substitution. The observed results in this part can be used to improve the
performance of this class of materials for future applications such as CCU.
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11. Outlook/future work

A future task before bringing the herein presented materials into application is a dedicated evaluation
of their environmental impact by standardized scientific methods such as life cycle assessment. This is
needed to ensure that the intended energy conversion process and the used materials for it are
sustainable. Typically, the sustainability of a material can be improved via three main parameters: i) a
more-energy efficient production route (e.g. microwave-heated processes), ii) using secondary raw
materials from recycling processes as starting materials of the chemical reactions, and iii) reducing as
much as possible the content of critical elements, while ideally improving the functional performance.
The latter has been indicated by the partial replacement of Ca and La by Fe and Ca in (La,Ca)co1-xFex03-
s. A similar idea might be applicable for LaTa(0,N)3 by considering (La,Ca)(Ta,Ti)(O,N)s.
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