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Abstract

Perovskite materials (ABX) reveal a surprisingly large variety of technologically interesting, highly
advanced properties for application in solar cells, spioptoelectronics or magnetic field sensors. In
particular, perovskite-type oxynitrides AB(O,N} are a welkknown class of naterials for visible light-
driven applications and as inorganic pigments. In the last few decades, their range of applicatiang

in solar water splitting (SWS) have been expanded by the discovery of a great number of before
unknown materials. However, he formation of such highapplicable 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 lie anionic site
(X-site) is less explored

In the first part of the cumulative dissertation, the formation processes of LaT4;N and LaT4&ON,
from the respective oxide precursors wereelucidated.Additionally, the desired oxidation state of Tand
the nitrogen content in the compounds was adjusted This opaed 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 synthesizederovskite-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 semiconduting oxynitrides.

In the second part, in addition to the nitrogen content and the oxidation statof Tain LaxYxTavVO:N
(x=0, 0.1, 0.25, 0,&nd 1.0) the cationic ratio between ¥ and L&* (A-site substitution) was modified.
This resulted in controlled physical properties such as an adjustoptical and effective band gap size
and a significant charge carrier transport rate Theseare important features for SWSand the
orthorhombic strain is added to the key descriptors for the band gap sizeniperovskite-type
oxynitrides.

In the third part, instead of anA-site substitution a B-site substitution of Tez* for Co* in LaTa(O,N}
was applied. This led to the previously unknown perovskitdype oxynitrides LaTa;xCa(O,Nkz (X =
0.01, 0.03and 0.05). The material exhibited a ferromagnetic order with a Curie temperature exceeding
600 K. The synthesized material corresponds to the best of & A Bn@wledge 7 to the first diluted
ferromagnetic semiconducting perovskitetype oxynitride. Hence, by substitution of a tiny amount of
magneticB-OEOA AAOQOEI T O S p AOPQ EIT ;fpngskal papé&tesbidhds AEAI
ferromagnetism can be tuned.

In the fourth part, through a targetedB-site substitution in Lap sCa.4CoixFeOs m(x =0, 0.3, 0.5, 0.7, 1)
physical properties such as C@adsorption abilities, oxygen permeability, and electrical conductivity
were tuned. These argg amongst other featuresz important for the application in carbon capture and
utilization . The variation of the Fe/Co ratided to an improvementof the measuredoxygen permeation
flux. Furthermore, conducted DFT calculationepened up the possibility to determire the effect of the
Fe/Co ratio on the oxygen migration behavior and fanation energy of the found oxygen vacancies.

The results shown in this thesis catbe used to synthesizdurther targeted perovskite-type oxynitrides
and oxidesexhibiting advanced physical properties for future applications.







Zusammenfassung

Perowskitmaterialien (ABX) weisen eine Uberraschend grof3e Vielfalt an technologisch interessanten,
hochentwickelten Eigenschaften fir die Anwendung in Solarzellen, in Spptoelektronik oder als
Magnetfeldsensoren auf. Insbesondere perowitartige Oxynitride AB(O,N) sind eine bekannte
Materialklasse fur Anwendungerunter Nutzung vonsichtbarem Licht und als anorganische Pigmente.
In den letzten Jahrzehnten wurde eine Vielzahl an perowskitartigen Materialien mit
vielversprechenden, physikdischen 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 ant vollstandig
geklart. Um die physikalischen Eigenschaften in perowskitartigen Oxynitriden anzupassen, sind
Substitutionen der A- und B-Seiteder Materialien Ublich. Im Gegensatz dazu ist die Substitution der
anionischen Seite X-Seite) deutlich wenigergut untersucht.

Im ersten Teil der kumulativen Dissertation wurden die Bildungsprozesse von LaT&@,N und von
LaTa&’ON: aus den jeweiligen Oxidprékursoren aufgeklart. Zusatzlich wurden der angestrebte
Oxidationszustandvon Ta und der Stickstoffgehalt in den Verbindungen angepasst. Dies eroffnete
neue Perspektiven zum Verstandnis des Ammonolyseprozesses im Allgemeinen, der Bildung von
perowskitartigen Oxynitriden aus Oxidprakursoren verwendet wird. Zusatzlich sind die hier
synthetisierten perowskitartigen Oxynitride vielversprechend fir Anwendungen im sichtbaren Licht
durch ihre gemessene, optische Bandliicke und geringmtisch aktive Defektkonzentration.Zusatzlich
wurde die Listeder potentiell geeigneten Kandidaten unentartete, halbleitende Oxynitride erweitert.

Im zweiten Teil wurde zusétzlich zum Stickstoffgehalt und den Oxidationsstufervon Ta in
LaixYxTavVO:N (x = 0, 0,1, 0,25, 0,3 und 1,0) das kationische Verhaltnis zwischef ¥ind La3* (A-
Seitensubstitution) angepasst. Dies ermdglichte kontrollierte, physikalische Eigenschaften wie der
angepassten  optischen und effektiven Bandlickengrofle und einer signifikanten
Ladungstragertransportrate, welche wichtige Eigenschaften fur die SWS sinHierbei 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 T&*" mit Co#*

in LaTa(O,N} vorgenommen. Dies fiulhrte zu dem zuvor unbekannten perowskitartigen Oxynitrid
LaTaxCa(O,N)k, (x = 0,01, 0,03 und 0,05). Das Material weist eenferromagnetische Ordnung mit
einer Curie-Temperatur auf, die600 K iibersteigt. Das synthetisierte Material entspricht nach bestem
Wissen und Gewissen dem ersten verdinnten, ferromagnetischen, halbleitenden, perowskitartigen
Oxynitrid. Durch Substitution einer winzigen Menge vormagnetischenB-3 AE OAT EAQET 1T Al
reinen, diamagnetischen LaTa(O,N) kénnen daher physikalische Eigenschaften wie der
Ferromagnetismus eingestellt werden.

Im vierten Teil wurden durch eine zielgerichteteB-Satensubstitution in LageCa.4C0o:FeOs m(x =0,
0,3, 05, 07, 1) die physikalischen Eigenschaften wie die GQA\dsorptionseigenschaften, Sauerstoff
Permeabilitat und elektrische Leitfahigkeit modifiziert. Diese Eigenschaften unter vielen anderen sind
wichtig fur die Anwendung bei der C@-Abscheidung und-nutzung. Die Variation desFe/Co
Verhéltnisses fulhrte zu einer Verbesserung der gemessenen Sauerst®ffrmeation. Des Weiteren
erdffneten durchgefiihrte DFFBerechnungen die Mdglichkeit den Effekt des Fe/Cderhaltnisses auf
das Migrationsverhalten des Sauerstoffs und die Bildungsenergie der entdeckten Sauerstoffleerstellen
zu bestimmen.

Die in dieser Arbeit gezeigtenErgebnisse kdnnen genutzt werden, um weitere perowskitartige
Oxynitride und Oxidegezielt zu synthetisieren, diezukunftsweisende, physikalische Eigenschaften fuir
zuklnftige Anwendungen aufweisen.
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4. Introduction

Perovskites(general composition:ABX, where Aand B represent two different cations andXan anion)
are an emerging class of materials that gained great interest the last few decades. Their extraordinary
flexibility in cationic (A- and B-site) and anionic (X-site) substitution leads to a huge number of
different perovskites making them suitabke for many applicationsitl As examples, the application of
hybrid halide perovskites in solar cell#!, perovskite oxides as ferroelectric8l, and magnetic field
sensord4 are named. Recently, the possible application for organinorganic hybrid perovskites in
spin-optoelectronic device$?! was added Additionally, perovskites seem to be a natural choice also for
hydrogen production by solar water splitting asthe well-known structure in close conjunctionto the
huge variety of possible materials opens up a large field of highly interesting applications for
perovskite-type materials. However, if a semiconductor fosolar) light-driven applications where a
bandgap between 1 eV and 3 eV is needed, perovskiige oxides are largely lacking®! This is owed

to the limited bandgap adjustment of perovskitetype oxides by isovalent or heterovalen®- and/or B-
site substitution where the X-site is not taken into accountlf the anionic or X-site substitution is taken
into account an additional pard AOAO OI AAEOOO AOOOEAO OEA AAT ACA
obtained. This can lead to perovskitetype oxynitrides where the oxygen is partially substituted for
nitrogen. By partial X-site substitution not only the electronic bandgap size and bandgsitions can be
tuned, also the crystallite size, structural stability, and the separation and migration of charge carriers
and, hence, the physical propertieBz9 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 chapter5.2.2
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Figure 1. Scheme of band structure in a perovskite -type oxynitride. As example, the band
structure of a typical perovskitetype 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 perovsiipe
oxynitrides (AB(O,N)s), where oxygen is existing besides nitrogen on thésite, are of special scientific
interest. Their physical properties are very promising for future applications in the field of renewable
energies €.g hydrogen production) or as Cefree yellow-red pigments (e.g CazxLacTaOkxN1+x).[8:11214]
Furthermore, perovskite-type oxynitrides can be used as memristors €.9. SrTiOsNy[190), as
thermoelectrics (e.g EUTI(O,N)1€l), as dielectrics €.g SrTaGNi7), and for colossal
magnetoresistance €.9.EUMOz,N,{18] with M = Nb, Ta, W). In the field of renewable energies, their
suitability as photoanodes for solar water splitting (SWS) stands out in particulalé 192241 By optimizing
the parameters for synthesis, adding ceatalysts or by substituting on theA-, B-, and X-site and




fabricating nanocomposites, effective separation and migration of photogenerated carriers rcdbe
achieved(2®l 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 proces with highest efficiencied26l How the bandgap size and band
positions influence the suitability for the water splitting process is desciied further in chapter5.2.2

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 8926 Besides
LaTaONI27, one of the most promising candidates is YTaQ@QR§l. According to Liet all28l, 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, structulgl labile perovskite-type
oxynitrides in order to enhance SWS efficienes.

In chapter 6 it is shown, that by X-site substitution the optically active defect concentration and
oxidation state of theB-site cation in LaT4O,N) can be tuned. The original motivation of this work
was the prediction by Liet all28], It stated the possible existence of not yet ayhesized perovskitetype
oxynitrides such as LaT&O:;N or YTa(O,Ny[28 Chapter 6 describes the microstructure-controlled
synthesis of the theoretically predictedt®! perovskite-type oxynitride LaTavO,N. By tailoring the oxide
DOAAOOOT 006 I EAOT OOOOAOOOA AT A Al AAEOOOAAgeAi i 1T EA
content (X-site substitution) and the oxidation state of Ta (from 5+ to 4+) have been controlled. Hence,
the formation of LaTdvO;N and LaTAON: (topotactic case) from different oxide precursors could be
elucidated. In the past, the formation of peroudte-type oxynitrides by ammonolyzing crystalline
oxide precursors (topotactic case) was mostly clarified?® In contrary, the results shown in this
chapter allowed a general understanding in the formation of perovskitédype oxynitrides from
nanocrystalline/amorphous oxides in particular and provided a deeper insight in understanding the
topotactic case. In additionthe results allow new perspectives in synthesizing further perovskiteype
oxynitrides with promising physical properties such as a low optically active defect concentration and
suitable bandgap size for lightdriven applications.

Until now, often perovskite-type oxynitrides containing transition metal ions on theB-site exhibiting
adoor ad® electronic configuration are identified as suitable candidates for solar water splitting?230z
36] By usinge.g ad! electronic configuration for the transition metal B-site cation in perovskitetype
oxynitrides, donor levels close to the conduction band could be formed. For example, reducéd
species in TAONS37.38] or in LaTa¥ONu[33l were leading to a fast charge carrier recombination rate and
with it to a poor SWS efficiency. However, until now the question remains hogg. a T&+only material
is behaving physically and chemically which exhibits just reduced Ta species accordingtte classical
assumption33l. In chapter7 amongst other materials the in chapter 6 described Ta#+-only material
LaTadvOuxN 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 perovskitetype LaixYxTaVON (x = 0.1, 0.25, and 0.3) and the
respective synthesis. Because of the small ionic radius ¢f)YYTa(O,N3 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 understandhe formability of YTa(O,N} was to begin with a
well-known perovskite-type oxynitride e.g LaT&#ON,, and to start a partialA-site substitution by Y3+
for La3*. This applied gradual substitution allowed indeed a deeper understanding in the formation of
YTa(O,N} and of the perovskitetype oxynitrides LaixYxTavON 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 sizeln literature the influence of (orthorhombic) strain is only seldomly
considered mainly using theoretical methodg®!, 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 Ysubstitution enlarges the charge carrier transport rate, which
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is an important factor for SWS. Moreover, reduce8-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 targetel and A-site substitution, physical properties for lightdriven
applications of LaizxYxTaVO:N (x= 0, 0.1, 0.25, and 0.3) were adjusted.

The large variety of perovskitetype oxynitrides that can be synthesized shows the potential for
expanding the possible applications of such materials beyond already known orffg.19224.40.41], Until
now, in the class of perovskite materials, only perovskite oxides are known as magnetic field sensors
or as magneteoptical data storage device&42 This leads to the question if perovskitetype
oxynitrides can exhibit also the desired physical properties for this kind of applications. Therefore, the
magnetic properties and with it the Curie temperature Tc) have to be modified. A fitting of the
required physical properties can be achieved by adjusting the composition witA-, B-, and X-site
substitution in the perovskite-type materials8.29 In the past, one special theory to adjust th&cwas
reported: Tomasz Dietl and ceworkers predicted the possibility to obtain room temperature (RT)
ferromagnetism (FM) in diluted magnetic semiconductors (DMS)via introduction of a defined
AT 1T AAT OOAOQCETT T &£ 1 Acl1 AOGEA ET 140Thid thebry bpenedup dshéhg ET A
research field in the magnetism community to find a material exhibiting such a desired FAM,
because, RIFM DMS systems promise a greatadvArA E T O D E éldpentl*4EHoweder, kil O
nowz Ol OEA AAOO 1 & nd $izAtBeGoork terhperhtédrd f€rdomagnetism in diluted
magnetic semicondwtors could be realized4s! After revealing for defectridden ZnO a ferromagnetism
deriving from off-stoichiometric grain boundaried46z48] the whole scientific field was fallen into
oblivion.

Since, A- and X-site substitutions in the i AOAOEAT 08 | A Qodb@djuét Be physicahj / h . C
properties for light-driven applications (chapters6z7), B-site substitutions with magnetic ions such as

Co* may adjust its magnetic properties. In chapte8 the perovskite-type oxynitrides LaTa;xCo(O,N),

1 (x=0.01, 0.03, 0.05) were synthesized by applying Gubstitution in LaTa(O,N}. This was leading

to a significant ferromagnetic ordering in the materials with alcexceeding 600KTcl 24 q AT Ah EA
to a detailed structural and magnetic investigation. The synthesized materials correspogdo the best

I £ 11 A8 0O zHdthe first Beticohducting diluted ferromagnetic perovskitetype oxynitrides

and may resurrect the scientific field for DMS which had fallen out of favor. This before unknown

physical property of a perovskitetype oxynitride promises to expand the numberof possble
applications for this materials class in the field of spintronics.

As mentioned above, hydrogen productiorand storageis very important in the field of renewable
energiesl49z1] Because, hydrogen is seen as a key playerdrder to reduce carbon dioxideemission
and climate changéds? It can be used in manifold way®.g as a renewable energy sourcgubstituting
electricity, as fuel, and as production chemical for organic chemistis2.52.531 Additionally, hydrogen
can help toavoid heavily CQ-containing air which is produced by the steel industry24 Currently, the
major disadvantage of hydrogelA AOAA OAAET T 11T CEAO EO OEA DPOAEAOO!/
E UA Ol gaBdording to the German National Hydrogen Strategy from steam reforming which is
accompanied by significant C&emissions®s! To overcome this set of problems and to replacaethane
steam reforming, several electrolysishased technological approaches are in discussidi.515456] The
alkaline water electrolysis is the most mature technologye7-581 However, E Ga@pdication andupscaling
is currently limited, as the demand for the required relatively large quantities of precious metals
(oxides) already exceeds the available resourceresulting in high production costsl57.58 Therefore, the
proton exchange membane-based electrolysis which is running under acidic conditions was moving
in the focus of the scientific community® It also enables higher operdabn pressured®! and thus has
the potential to reduce operating costs for subsequent hydrogen storagélowever, the current issue
by using a precious metal as a catalygthere platinum group or precious metalsz still remains.[59.60]
Further approaches revealed lately the higliemperature solid-state electrolysis of steang basically a
reverse mode operation of a soliestate fuel cellz as the latest technology in the field of electrolysi§il
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Here, the secalled mixed ionic electronic conducting (MIECperovskite-type oxidesmoved closer into
the scientific focuslé2!

In order to reduce CQin the atmosphere oxygertcontaining perovskites suchasLag eCa.4C.sFep 203,
11632651 or SrFe gNboOs 181 were found to be suitable as MIEC oxygen transporting membranes
exhibiting a high oxygen permeation and C0“! tolerance for carbon capture and utilization (CCU3y5!

Z an additional gpplication in the field of energy conversiorreducing CQ in air. To achieve the desired
physical behaviorand with it the functional performance, cationic substitution in perovskite-type
oxides ABOs; has been proven to be useful for selected oxynitride&B(O,N) as well, in particular by a
targeted B-site substitution. As many functional oxide materials contain the critical element Ce.g
LixCoQI¢7 in lithium ion batteries or (Ba,Sr)Co.sFep 20z, [468] in oxygen transporting membranes) a
targeted B-site substitution is interesting not only to improve functional performance, but also
material's sustainability. Hence, welknown perovskite-type oxides such ad.ageCa.4C.sFep 2037, 632
651 could be a promising candidate for &B-site substitution with Fez*. In chapter 9 by a partial
substitution of Co for Fe inLagesCa.4CoxFas;, 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 Lag éCa.4CoxFesy is a promising candidate for hightemperature
oxygenseparation applications.

To conclude, by a targeted\-, B-, andX-site substitution in LaTa(O,N} it is possible to tailor important

physical properties. WhileA- and X-site substitutions lead to an adjustment of the properties for light

driven applications, a specifid®-OE OA OOAOOEOOOEI T xEOE A OET U AilT O1O0
to before unknown and highly interesting ferromagnetic properties. Whereas a targetl B-site

substitution in LapsCa 4CoxFeOsy leads to an adjusted COtolerance and total conductivity as

important parameters in oxygen transporting membranes. Therefore, the in this thesis shown results

can be used to develop further promising perovskitaype oxynitride family members with advanced

physical properties andfor an improvement of already known perovskitetype oxides
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5. Fundamentals

In the following chapter 5, specific fundamentals are treated to grant a dper understanding of the
chapters6z9. For example, the crystal structure, electronic structure, and synthesis of perovskitgpe
oxynitrides z particularly of LaTa(O,N} and of YTa(O,Nj z 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 perovskitetype oxynitrides is described asAB(O,N) where Aand B represent two
different cations on two different crystallographic positions. On the anionic site, nitrogen and oxygen
are sharing the same crystallographic positiongs.69 with the coordination number (CN) of CN= 2. The
cation, which is located on theA-site, normally exhibits a relatively large ionic radius é.g C&*, S,
Ba2t, and L&*)[8.11.26,29,70l with a nominal charge of either 2+ or 3+ and £N= 1211, Typical A-site

cations correspond to the alkali, alkaline earthand rare earth elementsfl ) T AT 1 OOA6t® O 0
AAOGEI T &6 OEA AAOQET 1Bisite@drdsponds @ the iraAshkidnAnktalél. it exBikitd a

smaller ionic radius with a higher charge such as 3+ or 5€(g Tid* and Teb*)[8.9.26.401, TheB-site cation

is 6-fold coordinated by aniors in an octahedral environment?9 In Figure 2 as an example of a crystal

structure of a perovskite-type oxynitride, LaTaON is shown.

Figure 2. Section of crystal structure of a perovskite -type oxynitride. Asexample, the perovskite

type oxynitride LaTaOMN in the orthorhombic space group typelmmall®.71l is shown. The large green

ions represent theA-site cations, here, L& whereas the black ions represent thé&-site cations, here,

T8 4EA DOOPI ATxEEOA EITO OAPOAOGAT O OEA ATEITT O xE
AT A i £ 1 QUCAT j POOPI Aq AAATI OABI C O OEA Al EI T E/

The extraordinary flexibility of the perovskite structure is leading by cationic A- and B-site
substitutions) and/or anionic substitutions (X-site substitutions) to a large variety of different
perovskite-type materials[8.1545.6469.7273] By using these ionic substitutions the crystallographic
strain® AT A T AOGAEAAOAT AEOOI OOEIT AAT AA AEAT CAAh «x
properties. In addition to the octahedral distortion, different symmetries are obtained by dnic
substitutions: Perovskite-type oxynitrides often crystallize e.g in orthorhombic or cubic space group
typesit.8.26] Which symmetry is the most stable one for a certain perovskitéype oxynitride is related

to the structural stability, which is explainedin chapter5.1.3
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5.1.2.Lanthanum tantalates and yttrium tantalates

Lanthanum tantalum oxides (LaTayO,) crystallize in many symmetries such as irorthorhombic or
monoclinic ones Figure 3a). For example, lanthanum tantalate (LaTafp z with the general
composition of ABX z can crystallize in an orthorhombic space group typee.g A2;aml4) or in a
monaoclinic one P21/ 7).

a

orthorhombic

0 20 40 60 80 100

Figure 3. Phasediagram and section of the crystal structure of LaTaO 4 crystallized in A2;am. a,
Ternary phase diagram of lanthanum tantalum oxides. To collect the crystal symmetry and
composition data the ICSD database of the FIZ Karlsrut¥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. Thélack lines represent the unit cell.

In this work, monoclinic LaTaQ (P2i1/ c) was used as oxide precursor to synthesize the perovskitgpe
oxynitride LaTaON (chapter 6). Therefore, in the following the crystal structure of LaTa@is treated
in general. For LaTa®several polymorphs are existing’7z791 These polymorphs are temperature
dependentl?9 At temperatures between ~200 °@4 and 1300 °d5.78 orthorhombic space group types
such asPbcg Cme:[77.79 or A2;aml(74] are favored. Above 1300 °@.78] and below ~200 °Q74 LaTaQ
crystallizes in a monoclinic space group typeRg./ ¢). If crystallizing in the orthorhombic space group
types, theA-site cation (L&) is 8-fold coordinated by oxygen ions X-site ions)I7 In contrary, the B-
site cation (T&*) is 6-fold coordinated by oxygen ions in an octahedral environmentHigure 3b).[801 In
the monoclinic space group type of LaTaf the coordination number of T&* remains equal. The
coordination number of L&* increases from 8 to 9 by conversion into the monoclinic structure
type.[7479 However, both structure types (monoclinic and orthorhombic) can be regarded as derived
from an aristotype phase €.g with space group typeCmcn) through octahedral tilting.[’8! The
octahedra of he orthorhombic phase tilt along thea-axis in-plane, whereas the octahedra of the
monoclinic phase tilt along thec-axis out-of-planel8! In contrast to LaTaQ, yttrium tantalate (YTaQ)
can crystallize in monoclinic structure types such ad2i/a, P21/ a or tetragonal onesi81.82l |n the
monoclinic structure type, ¥+ is 8-fold coordinated by oxygen ions and T& 6-fold coordinated in an
octahedral environment/82l By A-site substitutions in LaTaQ with Y3+ for La3* the crystal structure can
be changed fromP21/ cto P21/ al8l, since, the effective ionic radii of bth ions differ from each other.

14



5.1.3. Structural stability of perovskite -type oxynitrides

The structural instability of perovskites can be described by the tolerance factai#?sl, which is an
A@OAT OETT 1T &£ OEA ' 11 EBOA and givedid €uatvh (1Af@ hé doposEdnA OT O
ABOs as:

5 i

i P

Wherera is the effective ionic radius of theA-site cation,rgis the effective ionic radius of theB-site
cation, androis the effective ionic radius of theoxygen anion. The effective ionic radii can be derived
e.g from Shannori®4 In the case ofABO;N, the tolerance factor can be estimated by the following
equation (2) where the effective ionic radiusry of the nitrogen is coming into account:

The stated equations (2) and (3) are reported in ref28] 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-site andB-site cations and the composition of the anionic site
(O : N ratig. The stability field for perovskite-type oxynitrides is according to literature in the range

I £ nsypsy B nlopynx AU OOET ¢ OEA A AL£A ADH AdvevErtheE A OAA
values and the stability range vary on the applied modéssl In the stated prediction28l several
perovskite-type oxynitride phases are not yet synthesized, but should be synthesizable in general. For
example YTaOR which was predicted to be suitable for onghoton water splitting by Castelliet al.26],
has the tolerance factot = 0.912 and is not yet synthesized. IRigure 4 z as an exampleg the respective
tolerance factors for partialy Y-substituted LaTa(O,N} are shown and reveal the increasing structural
instability as a perovskite phase by increasing yttriuntontent.

0.50

0.48

0.46 YTaONZ* ............ ﬁ |_aTaO|\|2

rg/ry

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 factord (green and purple stars) are calculated as
described in ref.[28]. It is shown, that the structural stability from LaTa(O,Nj is decreasing by

increasing ¥substitution to YTa(O,N}.
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5.2. Physical properties

5.2.1.The electronic structure

In the following, the electronic structure of perovskite oxides ABOs) containing d° transition metal
(M) ions asB-site cations is described. In perovskite oxides the valence band maximum (VBM) is
formed by nortbondingi!l O 2o orbitals (Figure 5).

b

E E

AB(O,N),

Figure 5. Schematic electronic band diagram. Onthe left-hand side the schematic bandgaps &B0s;
and on the righthand side ofAB(O,N) are shown. Additionally, the crystal structure of an ideal cubic
perovskite oxide and the crystal stucture of a perovskitetype oxynitride are shown, where the
octahedra are distorted because of nitrogen substitution.

The O 2 orbitals are non-bonding because they are not hybridized with theal-orbitals of the B-site

cation. In contrast, the conductiorband minimum (CBM) is formed by the emptyt,q orbitals of M (B-

site cation)['.86] These orbitals are antibonding because of thein* interactions with the O 2

orbitals.l1.88] The electronic bandgap I&;) is defined as the energy difference between the VBM and CBM

and is typically large for insulating perovskite oxides such as SrTi@ (Eg= 3.40 e\B1). The electronic

structure can be modified byOOA OOEOOOGETI 1 O 1T £ EITO0 EIT OEA |1 AOAOEAI
distortions (e.g changes in bond lengths and bond angle8jl For example, by substituting aB-site

cation with a more electronagative one, the covalency of thBzO bond increase$td Besides, theBzO

bond length decreases. This leads to an expansion of the electron cloud (nephelauxetic effétiand,

hence, to an increasing width of the conduction band (CB). Additionally, ttROE OA AAOET 1T OEE &C
energetic position closer to the valence band (VB) and near the Fermi lev&l. In cubic perovskite

oxides theBzOzB bond angles with 180° have the strongest orbital overlap! Hence, by chaging the

BzOzB bond angles throughB-site substitutions from 180°, the orbital overlaps between theB-site

cation and oxygen on thex-site are reduced?89z91 A weaker orbital overlap is observed and, therewith,

a narowing of the CB @-states)[89z91]

Additionally, the X-site substitution has an impact on the electronic structure of perovskites. By
substitution of oxygen for nitrogen on theX-site the electronic bandgap narrowsin the resulting
perovskite-type oxynitride AB(O,N) (Figure5). The decrease of the bandgap size can be explained by
the lower electronegativity ? of N (? = 3.04) in comparison to O ¥ = 3.44) leading to a higher covalency
in the BzN bond[*9 Hence, the width of the CB increases and the electronic bandgap size decreases.
Supplementary, the lower electronegativity of N locates the Nporbitals energetically above the O g
orbitals(®8l (Figure 5). This shifts the VBM to higher energies leading to a narrowing of the electrani
bandgap. However, in some perovskitéype materials the band gap size is increasing by substituting
oxygen for nitrogen:e.g from EuTiQ to EuTi(O,N}-, '8l This originates by two effects in the material:
first, the resulting Ew* ion in EuTi(O,N}+ is leading to structural distortions and, second, the #
orbitals in the material are shifting through nitrogen substitution 26! Furthermore, for metallic SrMoQ

a band gap widening by nitrogen substitution to semiconducting SrMo(O,N)is observed(92.93]
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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 theBzXinteractions, the AzX interactions seem to have a
minor impact on the electronic structure of perovskited!.8l 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 ligiitven
applications. Castelliet all26] 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 potentiavith +1.23 eV versus normal
hydrogen electrode (NHE) at pH = 0 is welllefined®4. Therefore, the energetic level potentials of the
electronic bands have to fit in respect to the water redox potentialln 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,O s {E, H,O

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 weltpositioned CBM and VBM in respect tthe 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 rigitand side
neither the bandgap size nor the energetic bangositions are fitting for solar water splitting.

On the lefthand side, the electronic band positions of CBM, VBM, and bandgap size are fitting
energetically for the water splitting process. On the righhand 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 Lohauset al® found existing polaron states shrinking the band gap size from 2.2 eV to 1.75eV 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 efficieg for hydrogen evolution[9]
Another influence to the efficiency of a perovskitdype material for SWS can originate from octahedral
distortion (cf. chapter5.2.1) or octahedral strain8 and O/N orderingi®® which can influence the
bandgap size and the positions of CBM and VBM. In chaptér (and ref. [8]) the decrease of
orthorhombic strain in LaiYxTaON 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 chaptetand ref.[19]) it is shown
that the bandgap size decreases from 1.9 eV to 1.8 eV by increasing nitrogen content from LaRNat©
LaTaON. Further, recombination center$! and defects (as stated above polarons in hemati#) can
influence the bandgap size. The recombination centers are leading to a poor photocatalytic actiéty

for BaNbQNI®8l, BaTaGNE"l, and BaNby; wl aO1s598!.
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5.2.3.Magnetism in perovskite -type materials

The magnetism in perovskites is closely related to localized-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)I8] A typical LT-FM perovskite oxide is YTi@%9, whereas, typical LFAFM
perovskite oxides are LaMn@190, LaVQIoll or LaFeQ199. At high temperatures (HT) the localized
electron spins are normally disordered, resulting in paramagnetism (PM§l The magnetic behavior in

DAOT OOEEOA 1T GEAAO EO i AETT U AAOAOEAAA AU OOOOAOOOAI

ETT 06 |1 OAEOAI b1 Apdeistu@uiaddistortiois chndeadto a symmetry lowering,
besides a crystal field splitting?1021 By a crystal field splitting in an octahedral ligand field, the five
degeneratedd-orbitals of a transition metal ion (e.g Ca@*, d’ configuration) split into a threefold-
degenerated level {2g) and a two-fold degenerated level ;) (Figure 7).[102.103]

dxz—yz d,127y2
dzz dxz, Rt “
A T, dzz dzz
g T, - T —
': - / -
Fpp i S ‘%
Free ion "-._ dyg dyy dey o 1
LS-Co?* (3d7) ke 2ute 2 N dy, ©) dyz dyy
tzg  Tw
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 referenceg$!.102.104.105] |n the middle, the octahedral axial stretching
because of Jahn Teller distortion of a sifold coordinated Jahn Teller ion (LSC&*) in an octahedral
ligand field is shown. On the righthand side the HSC@+* AT T ZECOOAQOET 1T xEOE
electrons is shown.

The degeneratedgandegl AOAT O AAT AA AZ£EI 1T AA Ob xEOQOE nL@RAAOOIT O

In comparison to free ions, the energy levels between the different electronic configurations in
perovskites are not that widely separated!! Consequently, this results in Gulomb interactions, and
accordingly to octahedral distortions such as octahedral axial stretching (filled; orbitals, seeFigure
7) or axial compression (fiIIedAazu; orbitals).[1.102] This effect is called the Jahn Teller effeéfs! In
Figure 7, Cé* in the so-called low spin (LS) configuration is shown. Because, the tetragonal distortion
of the octahedron provides an energy gain for Goz see lowered energy level of the filledy orbital 7
this distortion is favored.['%3 In contrast, in Figure 7 on the right-hand side the HSconfiguration of

Ca*is shown that exhibits three unpaired electrons. Besides the LS configurations, also high spin (HS)

configurations of transition metal ionsexhibiting d4, d7, andd® configurations can exist1%3 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®s Since in LS cmplexes the number of

unpaired electron spins is reduced in comparison to the HS complexes, a reduced magnetic moment is

observed. For example for L&+ 1.73 us/Co2* instead of 3.88us/Co2+ of HSCa* is observed(105.106]
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For perovskite oxides such as LAFM LaMnQa OEA | AAEAT EOI OEAO 1 AAAO
is explained by a superexchang@92l This is an antiferromagnetic coupling between the Mgt ions
through an oxygen ion Figure 8).[102,107]

Mn* (3d%) Mn®* (3d4)
or or
Mn* (38) Mn* (3¢°)

Figure 8. Superexchange.The scheme of a superexchandé2.1971 mechanism in LFAFM LaMnQ.

In contrast, the magnetism in perovskitetype oxynitrides is rarely investigated and not clarified45.108]
This may be due to their limited number and difficulties in synthesi§08.1091 |n comparison to the
colossal magnetoresistance (CMR) at RT in the doulperovskite oxide SeFeMoQ(119 for perovskite-
type oxynitrides mostly limited magnetic propertied!11.112] gre reported. Until now, they revealed
either LT-CMR (LFFM), LT-AFM, or Pauli paramagnetisml72.73.92,111z114]
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5.2.4.Mixed ionic -electronic conductors

Mixed ionic-electronic conductors (MIEC) with perovskitetype structure gained great interest the last
few decades as very efficient separators for oxygen from gas mixtur€&66.115.116] More applications
in which they can be used are as cathode materials in solakide fuel cells, CCU, in the conversion of
hydrocarbons to synthesisgas, and in the production of oxygemnriched air.[64.115.1172120] |n Figure 9
the oxygen enrichment of air or another gas mixture by a perovskiteype MIEC membrane is drafted.
How the oxygen transport is working by using a MIEC membrane is explained in chapteR.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 perovskiteype mixed-ionic
conducting membranedrawn after ref.[117]. At elevated temperatures by setting a differential pressure
the oxygen can be transported through the perovskitéype MIEC membrane fronp: to pz (p1 > p2).
For charge neutrality electrons diffuse in the opposite direction as ®

There are several advantages of perovskites as MIEC membranes: two of them are 100 % selectivity
for molecular oxygen andrequiring a lower pressure difference making them work at elevated
temperatures['l?l However, by using gas mixtures containing.g. CQ another parameter is coming
into account: the CQ tolerancelt4 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 chapté&.

As stated in chapter4 the tuning of physical properties in perovskites is achieve by A-, B-, or X-site

substitutions. According to literaturel2l the A-site substitution (e.g. Ba for La) can have an impact on

the coefficients of oxygen diffusion and surface exchange in MIECs. Where&site substitution has

a little impact on the ratedetermining step and a larger impact on smi-permeation flux
performancesi?22 ( AT AAh OEA 1T @UCAT AEAAOOEIT AT A 1T @UCAT AEEE
surface depend strongly on the nature of thé- and B-site cations|[t212123]
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5.2.5. Oxygen transport

The oxygen transport or oxygen migration through a perovskiteype oxide was found to be influenced
mainly by the oxygen vacancy formatiof4.1241 Further, thetransport of oxygen is controlled by surface

exchange and bulk diffusiori¢3.125] In the following, the oxygen transport is described as in references
[63,124,126,127]:

First, gaseous @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 KrbgeYink notation in
equations (4) and (5)*24 For further information to the Kréger-Vink notation reference is made to the
relevant text book literature.

Bz CE®  (pre-equilibrium) (4)

/ CB,OQ /?CEO (rate-determining step) 5)

In both equations,/ represents the negative charged oxygen ion adsorbed on the surfaéé), iQ the
double positive charged oxygen vacancy,fZj the lattice oxygen, and=s an electron hole3 In equation
(4) the adsorbed oxygen is in equilibrium wih the surface (charge exchange step). Equation (5) is the
next reaction step and determines the rate (rataletermining step = rds) how fast oxygen can be
incorporated as stated in literaturg!24, If the concentration of oxygen vacanciesﬁP) Teaches 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 ( ) into the materials lattice. The overall oxygen incorporation
equationl®3.124] js depicted in equaton (6):

-1 C6% 12CE (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 char§&.The
transfer rate of oxygen can be expressed by the NernaBilanck equatioriés!:

b —nA & )

In equation (7),0 is the permeability flux ofsubstanceij | T 1 22%1) @ik the defect charge number,
concentration of the substancej [ 1 1 3)2andA Is the local velocity of the inert defect marker (cm
D) @3 More exactly how the oxygen transport is working and which factors are influencing and are
important is described in chaptero.
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5.3. Methods for perovskite -type oxynitride preparation

5.3.1.Solid state method for oxide preparation

One method toprepare oxide precursors is by using a solid state reaction (SSR). This method contains

the homogeneous mixing by grinding of several transition metal binary oxides(g LaOs; and TaOs)

with flux (e.g KCI or CaG) prior to thermal treatment.l11122414 EA  OEAOI Al OOAAOQI AT O 1 &4
mixture requires high temperatures leading to wellcrystalline oxided11.128z130] hecause of the high

melting points of the binary oxides.

5.3.2.Soft chemistry methods for oxide preparation
5.3.2.1. Pechini met hod for oxide preparation

Another method to prepare oxide precursors is the Pechini methoé? 131 The Pechini method is sol
gelrelated and leads depending of the calcination temperature to nanocrystalline, nearly amorphous
oxide precursors[19.1312133] |n Figure 10 the first two reaction steps of the Pechini method3ll are

shown.
HO_ O HO--.M..V-OH
HO OH + M ——— HO OH
OH OH

2 HO/\/OH

+ 2H,0

Figure 10. Scheme of the first two reaction steps of the Pechini method. Thefirst two steps of the
reaction mechanism are drawn after refi132l. For better visibility the metal ion Mz (A- or B-site cation)
is marked in blue.

In the beginning, citric acid and metal ion$1z* (A- and B-site cations) are mixed together in armqueous
solution. The citric acid is acting as a complexing agent for the metal io&%1 Normally, two citric acid
molecules are needed to complex one metal i/, However, by a mixture ofA- and B-site cations in
AT ANOGAT OO0 OFATGAREN TATODIIAEAOe AAT AA T ACARSAA8 4EAO/
cation and one B-site cation complexed togethe with three citric acid moleculed!34, After the
complexation ethylene glycol is added. This leads to a polyesterification under a condensation
reaction.1321 Very small colloids consisting of agglomerated short polymers dispersed in an aqueous
medium are obtainedi!3s! This colloidal suspension is called as s&B5 By a subsequent thermal
treatment and evaporating the solvent, the colloids condensate further to a dry thredimensional
network (1361, where the pores are partially collapsed. The resulting threedimensional network is
called as xerogel*34 Xerogels obtained by the Pechini method are black in col6f] By an additional
thermal treatment, the organic residues can be burned away and theire oxide is obtained®.19!

5.3.2.2. The co-precipitation method

The coprecipitation method can be used to synthesize perovskitéype oxide nanoparticles which
should be suitable as MIEC membrand®] These nanoparticles achieved by c@recipitation can also
be used as drug delivery systems and for other applicatiod$71 The coprecipitation method is more
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sol-getrelated than the Pechini method (chapter5.3.2.1). For more information on the common
reaction mechanism of the sebel synthesis, reference is made to specific literatug4.135.137],

5.3.3.The ammonolysis of oxides

After preparation of the oxide precursors thermal ammonolysis can be applied to obtain perovskite

OUPA 1T oul EOOEAAO8 "U OOET ¢ OEAOowind aninbrdal(NH@QEA T GEA
high temperatures leading to a nitridation of the oxidd!38] As an example, the reactio of LaTaxOg(y

with NHz(g) to the respective perovskitetype oxynitride LaTaONyg is shown in reaction equation (1).

The reaction conditions are taken from refit3el,

, M A T. ( U ¢, A4 A7 L @( / P

Ammonia as nitriding agent is used, because neither purex@y nor Na/H 2 mixtures provide the
same efficiency in nitridation[*38] In comparison to the stable N (high dissociation enthalpy of 226

E A A1 -11381)] the decomposition products of ammonia (nitriding specie&l) exhibit a much higher
reactivity. At high temperaturesz e.g above 1000 °& gaseous ammonia decomposes into.fy, and
Ho(g)[1412143] Therefore, ammonia also provides reducing conditios during the nitriding process.
"Al T x pmmm J# EOO8 1 BHDAENG Athers Aokided B De paedeatizoih O
However, the decomposition of ammonia is pressurdependent z e.g starting decomposition at
around 450 °C at 1 Atny and impurity -dependent[142z144] Because the ammonolysis process is algb
gasinterface 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 appliedi® Another way, to get a homogenous product is the usage of flug.g KCI)143l This can
prevent also a high defect concentratio#s! in the material giving a fineOOT ET ¢ 1T &£ OEA 1 |
properties.

In this work, the three different oxide preparation methods, which are tated above 6.3.1and 5.3.2)
are used. InFigure 11 mainly the resulting oxide precursors by Pechini method §.3.2.1) were
ammonolyzedto the respective perovskitetype oxynitrides. The following chapters6z9 give further
explanations to the respective materials synthesis and formation processes.

RechibLNSicd Solid State Method

HO. e}
mw-
= 7 %
HO OH Binary oxide
+

G, o

. M

M ‘0:1 Flux
HQ/\/

/ N\ ‘

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 6z8).
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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 ofsuch 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) containing unusual
Tat 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(OAN)aTa(lV)QN has

a bright red colour, an optical bandgap of 1.8V and a low ¢ptically active) defect concentration.
These unique characteristics make this material suitable for visible lighdriven 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 ind® or d° electronic configurationi8, whereas
alternative materials with B-site cations in e.g.d® configuration such as T&" are largely lacking.
However, the latter could allow access to different electronic band structures, thus, expandithe
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 technige for this material class is the ammonolysis of
oxides*10, This procedure enables tuning of the electronic bandgaga (partial) substitution of oxygen
by nitrogen!. Typically, the bandgap decreases, making the formed perovskitgpe oxynitrides
AB(O,N) interesting for visible light-driven applications4. An important task in order to identify
perovskite-type oxynitrides is the exact determination of the O:N ratio which often causes
difficulties 11.12,

The precursors are often mixtures of crystalline binary oxides (e.g. k@; or TaxOs)34.13 or ternary
oxides (e.g. LaTag)415, which are either prepared by solid state reetions (SSR) orvia a Pechini
method. The latter allows mild reaction conditions providing excellent product homogenei# In the
case of LaTa(V)OWN most studies involve a higitemperature treatment of the oxide precursors prior
to ammonolysis, leading to high crystallinity of the precurso¥3.14.16.17 The formation of several
perovskite-type oxynitrides such as LaTigN and SrTa@GN from crystalline oxide precursors has been
described by a topotactic reaction schem€. In contrast, the reaction behaviour of
amorphous/nanocrystalline oxide precursors is still unclear ad the detailed ammonolysis mechanism
has yet to be clarified. A better understanding and control of essential reaction steps might help to
develap new synthesis strategies. Furthermore, a targetriented electronic configuration of theB-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 situexperimental study, we override the abovementioned strong topotactic
relation between oxide precursor and resulting LaTa(O,N)formation through a considered selection
of well-characterised oxide precursors with different microstructures and an djusted ammonia
concentration. Furthermore, we demonstrate the formation of the LaTa(lV)IN utilising
nanocrystalline lanthanum tantalum oxide (rLTO), which exhibits smaller primary particles (nm
range) and a higher specific surface area than microcrystae LaTaQ (m-LaTaQ). This adjusted
precursor microstructure leads to a favoured Ta reduction in fLTO. In contrast, ammonolysis of larger
primary particles in the um-range (m-LaTaQ) results in conventional LaTa(V)OM. Hence, we expand
the experimental toolbox by an additional method to access further requested perovskitgype
oxynitride family members.

6.2. Results

6.2.1.In situ ammonolysis of lanthanum tantalum oxides

First, the reaction steps of the LaTafl (Fig. 1) synthesis were investigated byn situ ammonolysis
(10 vol% Ar in NHs) using thermogravimetric analysis (TGA). For a better comparability, similar
measurement conditions were selected for bothin situ and ex situ ammonolysis (see below).
Nanocrystalline lanthanum tantalum oxide (nLTO) and microcrystalline LaTa®@ (m-LaTaQ) were
synthesised as precursors in order to investigate the effect of the microstructure on the reaction
behaviour (synthesis and characterisation details in Supplementary Not&, Supplementary Fig. 45
and Supplementary Tables 4).
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Calcination
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Pechini n-LTO LaTa(IV)ON

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

The TGA curve of fLTO duringin situ ammonolysis (Fig. 2) reveals several mass changes, the origin
of which were determined by termination experiments. The initial mass change e0.7 % in the range

of 25°C to 588°C (region 1) can be assigned to the desorption of residuavater or organic
contaminants, which is why the precursor remains white (Fig. 2). The subsequent larger mass change
of -2.9% (region 1) is accompanied by a local mass minimum at 844. At this temperature, the
powder is black and the powder Xray 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 (1&0l% Ar in NHs) of n-LTO, including respective powder Xay diffraction
(PXRD) patterns and anionic compositions determinedia hot gas extraction (HGE) after selected
termination experiments. The illustrative coloured powders at specific temperatures complement the
analysis. The reduction of tantalum at 844C is highlighted with a red frame. Additionally, the first four
mass changes (regionz IV) during in situammonolysis of rRLTO are magnified in the inset. Thin situ
ammonolysis results of the microcrystalline LaTa®@(cyan curve (micro) in the same inset) can be
found below.
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In addition, hot gas extraction (HGE) reveals a composition b&TaQ 444)No.s12) 0.14¢6) (Product of the
termination experiment at 844 °C) with an assumed ratio of La:Ta:O = 1:1:4 (HGE resudt® listed in
Supplementary Table 5). Therefore, region Il (between 588C and 844°C) is characterised by an
oxygen vacancy formation with simultaneous nitrogen incorporation. According to literaturé®,
LaTaQ crystallises in space groupA2;am up to around 800°Cand 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 4 region and point charge model. a, XPS spectra in the Tef degion
of the intermediates obtained by termination of thein situ ammonolysis at 844°C and 891°C, as well
as of nLTO and mLaTaQ (measurement data: open black circles and solid black lineverall fit). The
Ta 47, peaks are marked with their respective fitted binding energy and, in case of-oraTaQ,
additionally with the respective space group of the polymorph (cf. Sip, Applied point charge
model0.21in the Ta 4 region of LaTaQ 4s4)No.s12) 0.14¢) (in situ), LaTaGN (ex sity and LaTaON (ex
situ). The Ta(VxO binding character of mLaTaQ (P21/ c) was used as reference for Fa The black
dots represent thereference binding energies of Ta(032 and Ta(V) (measured) connected by the black
dashed line. The grey dashed line represents the shifted SFdbinding energy (from 25.3 eV to 25.@V
because of N substitution) of LaTaON(ex sity. ¢, XPS spectra in thda 4f region of LaTa@GN 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 4 orbitals.

At the same time, the colouichange of the powder from white to black indicates a reduction of the
contained Ta. As can be shown by-féy photoelectron spectroscopy (XPS) (Fig.3), heating to 84€ in
ammonia atmosphere causes the two ésting Ta(V)zO binding characters in ALTO (Fig. 3a, fLTO) to
change their character. The evaluation of the Ta(¥{ binding characters in ALTO and mLaTaQ is
described in the Supplementary Note 4. The two new binding energies of the T&, 4 orbitals in
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LaTaQ.aa4)No.s12) o146 Of Eg (Ta 4f72) = 25.2eV andEg(Ta 4f7,) = 24.4eV, respectively, can be
derived from the applied peak fittings (Fig. 3a, L TO, NH/ 844 °C).

Calculations using the equations estimated by Nordlir?g (Supplementary Note 5) suggest that
substitution of oxygen with nitrogen at persisting T&* causes a chemical shift of 0.8V to lower

binding energies. Then situobserved conversion of ALTO toLaTaQ 444)No.412) 0.14(6) between 588°C

and 844°C isaccompanied by a Ta %, binding energy shift from 25.5eV to 25.2eV for Ta(VxO by

nitrogen incorporation. Therefore, the binding energyEs(Ta 4f72) = 25.2eV can be allocated to a
Ta(V)z(O,N) binding character since the original binding energy lowerd U OE A AE@H0BAOAA VY
The other Ta 47, binding energy of Ta(VxO, however, shifts from 26.2V in nLTO to 24.4eV in
LaTaQuNosi2) o1aeh OEA AEAEAOAT AA AR=DI3¢V. Thi®Right bE &xgdnddd OE A
by a change of the Taxidation state in addition to nitrogen substitution. Therefore, the binding energy

at Eg(Ta 4f7;2) = 24.4eV can be assigned to a Ta(I¥O,N) binding character. The Ta(I\§(O,N) binding
character can be determined by applying the point charge mod&k!l assuming that the atomic
potential of Ta remains unaffected by a change of the oxidation state. Ta(O)E(Ta 4f72) = 21.9e\V22

and Ta(V) atEs(Ta 4f72) = 25.3eV in mLaTaQ (P21/ c) (instead of Es(Ta 4f72) = 25.9eV in mLaTaQ

(Cme,)) 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 [T@]7- octahedron together with the

amount of neighbouring ions of Ta compared to the respective oxynitride ([Ta(O,b 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 44d{ electronic configuration) at Eg(Ta 4f;2) = 24.4eV was
determined (Fig. 3b).

A further mass chage of +1.0% occurs in the temperature range of 844C to 891°C (region lll).
Simultaneously, the colour of the powder changes from black to ochre. The weight fractions at 8€1
determined by HGE amount to 13.7 wt% O and 6.7 wt% N (compared to 14.4 wtQoand 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
ET O.0M AET AA rixwdightGrhctibA subsiarntidlly exceeds the calculated maximum value
of16.7x Ob &l 0,60} 8HAPIT Al AT OAOU 4AAT A vqgs %wOAI OAGETT 1
that the ochre-coloured phase is not fully crystallised (Supplementary Note 6 and Spementary Fig.

6) suggesting the formation of a nitrogerrich intermediate (proposed composition:

, A4 A} I:fN2)h Su@h intermediates are welknown from reoxidation experiments of several
other oxynitrides including LaTiO:N23. The XPS measurement (Fig. 3a;L70O, NH/ 891 °C) again
reveals a chemical shift of the Taf4, binding energy from 24.4eV (Ta(IV}(O,N)) to 24.0eV (Ta(IVk

N). This indicates an increased nitrogen content in the chemical environment of Ta and, hence, in the
whole sample. The other Ta(M)(O,N) binding character ates(Ta 4f7;2) = 25.1eV (previously 25.2eV)
remains unchanged. A further temperature increase to 950C (region IV) leads to an abrupt mass
change 0f-6.9%. During the following 10h ammonolysis prior to cooling to 25°C the mass remains
near-constant. The respective termination experiment indicates @&olour change from ochre to red
after the 10h ammonolysis. HGE of the red phase reveals a composition of LaT&)N1.63¢9). This
phase is further transformed to red LaTa®@.s9)N1.8314) by a second heating cycle under ammonia at
1000 °C for 14h. Such intermediate compositions during the synthesis of LaTa(ONare often
reported in literature when large amounts of oxide precursors are used or the applied precursor has
been crystallisedat around 1000°C before the ammonolysi&. 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.g2®land/or NHs). The nitrogen content of both red phases falls
short of that of LaTaOMN, revealing that rLTO is susceptible to the reduction of tantalum (Tato Ta).

The usage of rLaTaQ as a precursor forin stu ammonolysis results in LaTaOB neither involving
intermediate phases nor reduction of Ta(V) to Ta(lV) (no black powder indicating a reduction).
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Instead, the initial formation of oxygen vacancies (yellow LaTafa;7y o.123)) is followed by a onestep
mass change of5.5% (onset at 820°C) indicating the conversion to LaTaONFig. 4).
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Figure 4. In situ TGA ammonolysis of m-LaTaOs. In situ ammonolysis (10vol% Ar in NHs) of m-
LaTaQ. The insets show PXRD patterns at selected terminatigoints 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 mLaTaQ and LaTaON is represented by the respectively orientated sections of the
crystal structures.

To be more precise, thén situ ammonolysis of mLaTaQ starts with a mass change af0.5% between

25 °C and 820°C (Fig.4). According to the PXRD results of terndtion products, the crystal structure

of m-LaTaQ 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 confrmed 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 gharfamcac.
=-5.2 % calculated for the formation of LaTaOnfrom LaTaQ. Termination experiments at 820°C and

at 950 °C together with hot gas extraction measurements revealed the conversion of microcrystalline
LaTaQ to LaTaON above 820°C by nitrogen incorporation. An isothermal step with a neaconstant
mass was followed by a second ammonolysis cycle at 1000 for 14h. The PXRD pattern of the final
product clearly showed the presence of a perovskiteype phase (insets, Figl). 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-hTO. We assume that a strong
topotactical relation between crystalline ABOs and crystalline ABON, often described in literature?s
also applies to the transformation of mLaTaQ to LaTaON. Based on this assumption, the octahedron
chains of defective m, A 4 A j, kHowndn Figure 4 are supposd to create a pattern similar to
LaTaON by rotating around the c-axis. During oxygen vacancy formation and subsequent nitrogen
ET AT OPT OAOQET 1
microstructure of n-, 4 /
oxynitride along the interspace of the octahedron chains (Fig.1) inducing a faster reduction of Ta(V)
Oi 4Aj)e6qs | £OAOx AORGR OET IOOKk EOQE
connection!8 enables the afore mentioned filling of oxygen vacancies by nitrogen.

34 C. Bubeclet al. Commun. Chem2019, 134, 2, Copyright © 2019 bythe Author(s), CC BY 4.0 License

OEAU ATT1TAAO O -ODAR T BEADHEARIOOOET C

E
A

A

|
.

A1 sEmBIOOEAAAMT ATR AOWI



The lower nitrogen content of LaTa(O,Ny)in comparison to LaTaOMN when using nLTO br 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 ofltilrO isSer= 7m?3/g (primary
particle size: nmrange) and that of mLaTaQ: Sser= 2m?/g (primary particle size: pum-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 rhaTaQ makes it
more susceptible to Ta reduction, since the diffusion of reducing agents is simplified (at higher
temperatures NH; decomposes into nitrogen and hydrogencontaining species and molecular
hydrogen®. A detailed explanation of the interaction of the reducing species withrbiTO can be found

in the Supplementary Note 7: Reduction of Ta. This is confirméy the finding thatin situammonolysis

of n-LTO that has been previously converted to rhaTaQ also leads to LaTaON (Fig. 5and
Supplementary Note 2).
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Figure5. Conversion of n-LTO to m-LaTaOs and subsequent in situ TGA ammonolysis to

LaTaONe. Thefirst mass change 0£1.8% is caused by desorption of water. The second negative mass
change between 803C and 923°C is due to pyrolysis of organic residues from the preceded soft
chemistry synthesis. Thermogravimetric measurements coupled with mass spgometry (TGA-MS)
revealed the release of C£) NQ 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 amronolysis step.

Moreover, scanning electron microscopy (SEM) images of the termination products of the annealing
process of ALTO in air prior toin situammonolysis (Fig. 6a) show a continuous microstructural change
with increasing temperature leading to a morphology vey similar to m-LaTaQ (Fig. 6¢). In parallel,
the onset temperature of the ammonolysis reaction steadily increases from 58& to 820°C with
increasing primary particle size and crystallinity (nLTO to mLaTaQ, Fig.2, Fig. 5and Fig.6). Hence, a
well-designed microstructure allows to enable or supress significant Ta reduction.
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Figure6 . SEM images of the termination products of all in situ ammonolysis studies. a, Precursor
conversion from nLTO to mLaTaQ in synthetic (syn.) air prior to ammonolysis.b, SEM images of the
termination products of in situ ammonolysis of rLTO andc, SEM images of thm situ ammonolysis of
m-LaTaQ. The temperatures mark the termination temperature at which the products were observed.
Scalebar of the SEM images: 1 pum.

6.2.2.Ex stu ammonolysis of lanthanum tantalum oxides

Eventually,in situammonolysis of rLTO did not deliver LaTa@N which might be attributed to the less
reductive atmosphere caused by the 1001% Ar in NHs; needed to protect the device. The application
of nearly 100vol% instead of 90vol% NH;z in a classical thermal gas flow ammonolysis setup turned
the in situ into an ex situammonolysis. Theex situammonolysis only slightly differs from thein situ
setup with respect to the sample environment. Using the same temperature profile as in thie situ
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ammonolysis and an NH flow rate of 300mL/min we finally converted n-LTO into bright red
LaTaQ sg7)No.oss) (Sser= 25m?/g) after 10 h at 950°Cvia ex situammonolysis (anionic composition
obtained by HGE, Supplementary Table 6). However, when using the microcrystalline instead of the
nanocrystalline precursor for ex situammonolysis with the same temperature profile and ammonia
flow as inin situ ammonolysis, purple-coloured LaTaQ.os3)N2.02(3) is obtained (very similar to thein
situ ammonolysis product). This indicates a very similar parameter selection iex situand in situ
ammonolysis. Considering the results of aih situ and ex situammonolysis experinents, 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)

The aforementioned red LaTa@os7)No.ggs) and the purple LaTaQos3)N2.023) phases prepared byex
situ ammonolysis are subjected to a seconek situammonolysis cycle (same temperature profile as in
in situ ammonolysis) with KCI flux addition in order to heal possible defects. After the second cycle
the compasitions slightly change to a bright red LaTa®73)N1.o2s) (Seer = 8m2/g) and to purple
LaTa®.991)N2.00(9) (SeeT = 3 m?2/g), respectively. LaTaQ 973N1.025) (LaTaQN) reveals less vacancies
compared to LaTaQ@ugs7)No.og(s) (Obtained from first cycle) indicating a defect healing effectia KClI flux.
Additionally, a reoxidation study (Supplementary Note 8, Supplementary Fig. 7 and Supplementary
Table 7) validated the formation of LaTa@N.

XPS measurements of LaTa@3)N1.02¢s) and LaTa@.99(1)N2.00(9) Obtained by ex situammonolysis (Fig.
3c, 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@{p,N) binding character with

a certainamount of Ta(lll)z(O,N) in LaTaQg73)N1.025) and a Ta(V¥(O,N) and a Ta(lllx(O,N) binding
character in LaTaQ.991)N2.00¢9) (Fig. 3b and Supplementary Table 8). Since the binding energyt{(Ta
Af7;2) = 24.4eV in LaTaQg73)N1.02(5) corresponds tothat in LaTaQ 444)No.s12) 0.14(6), the same binding
character due to a similar chemical environment ([Ta(O,N)# octahedron) can be assumed. However,
the fitted binding energy Es(Ta 4f72) = 25.0eV in LaTaQuos1)N2.00¢9) reveals a Ta(Vg(O,N) binding
character which can be explained by a simple chemical shift of ¥ to lower binding energies due to
nitrogen substitution (m-LaTaQ, Eg(Ta 4f72) = 25.3eV P21/ ¢)). The Ta(ll)z(O,N) binding character

is the result of the reducing conditionsduring ammonolysis favouring the reduction of Ta on the
surface compared to the bulk. XPS is highly surfasensitive owing to the small mean free path of
photo-emitted electrons?26 Therefore, the concentrations of Ta(IVg(ON) and Ta(Vk(O,N) in the bulk
are assumed to be higher than on the surface. The Ta(iN binding character in LaTa®@gg(1)N2.00(9) at
Es(Ta 4f72) = 22.9eV is attributed to the secondary phase TaN since the reference binding energy of
this nitride is Eg(Ta 4f72) = 23.0eV27. Additionally, XPS meas@ments of LaTa@N (LaTaQ 97(3)N1.02(5))
also confirmed the absence of Fa (observed, however, in LaTaON(LaTa(.99(1)N2.00(9)) eliminating
the possibility of a 1:1 mixture of T&* and Ta&*in LaTaQN.

Investigations of the magnetic properties ofLaTaQN and LaTaOMN by superconducting quantum
interference device (SQUID) measurements were carried out in order to confirm the presence offTa
although challenging due to the presence of magnetic impurities such as3Tas observed from XPS
analysis (Hgure 3) and the in general limited knowledge about the magnetism ofdiransition metal
compounds (compared to their 3 counterparts)28.29, The respective zerdield cooled (ZFC) curves at
500 Oe down to 2K are shown in Supplementary Note 10 and Supplementary Fig. 9. The low
temperature regions (below ~70K) can be described by a paramagnetic CurM/eisslike behaviour
with very small effective moments (1.91024 pg/Ta at 2 K for the LaTa@N sample and 9.810% pyg/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 thanpk/Ta as expected
from the simplest paramagnetic model. The small magnetic moment and the fact that Ta ilefement
suggests that the largely extendeddorbitals in LaTaQN are strongly hybridised and overlapping with
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the O/N 2p orbitals30 leading to weakly localised electrons hampering the upuilt of a significant
magnetisation. It is welkknown for 3d transition metal containing perovskitesABO; and ABFR; that with
decreasing electronegativity of the anion the hybridisation (or in other words the covalency of thgz
Xbond) is enhanced resulting in the aforementioned stronger delocalisation of the electrona@hence
the spin3%, We believe the same is valid forcbtransition metal containing perovskites. Besides, two
further factors could contribute diminishing the effective magnetic moment: i) the spirorbit coupling
being expected to be much stronger in dthan 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 toy levels. This spliting leads to the formation of fourfold
degenerated %lx, and 5dy, states lower in energy than the initial state only occupied by one electron,
making it difficult to develop magnetic ordering?.

Phase purity of LaTa@N is proven by high resolution (HR)PXRD. LaTaOMas already been reported
in the space groupdmma and C2/ m17:3132 and both are consideed for LaTaQN as well. Since we have
observed no clear evidence for a monoclinic distortion and thienmaspace group gives a slightly lower
92 residual than C2/m, we proposelmma as space group for LaTagDl. The same applies to LaTaQN
(Supplementary Fig.10 and Supplementary Table 9 for complete crystal structure analysis). The unit
cell volumes of LaTa@N (Veen = 264.78(3) A%) and LaTaON (Veel = 264.68(2) A3) are very similar. The
slightly larger unit cell of LaTaQN can be explained by the increase tifie effective ionic radius of Ta
from 0.64 A (T&*)34 to 0.68A (Tat+)34 after ammonolysis. This expansion is mostly compensated by
the different O:N ratio. The partial r@lacement of the larger nitrogen (1.468)34 by the smaller oxygen
(1.40 A)34 leads to a contraction of the unit cell. Furthermore, LaTa® is phase pure, while in LaTaON
a small amount of TaNs (Cmcn) was detected through HRPXRD (Supplementary Fig. 10b and
Supplementary Table 9d). Since XPS reveals TaN the surface and HRPXRD TaNs in the bulk, a
nitrogen gradient combined with a decreased susceptibility for the reduction of Ta (from Pato Ta3*)
can be assumed. However, TaN can also be amorphous or the amount below theRXRD detection
limit.

Scanning electron microscopy gives insight into the morphology of the oxynitrides synthesised hax
situ ammonolysis. LaTa@N shows primary particles in the nmrange, while LaTaOMNexhibits porous
and sintered particles in the pmrange (Fig. 7a).

LaTaO,N
LaTaON,

T T

2!2 24 2.6 2.8
E (eV)

Figure7. SEM images and KubelkaMunk curves of ex situ-prepared LaTaO >N and LaTaON. a,
SEM images of LaTa® and LaTaOW show the different morphologies of the materials in the um
range. Scalebar of the SEM images: 1 pm KubelkaMunk curves of LaTa@N and LaTaON together
with the respective powder images. The bright red colour indicates a much lower optically active
defect concentration compared to LaTaON
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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 rLTO, whereas using nLaTaQ the particle size remans 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 dataonverted to KubelkaMunk3s curves (Fig. 7b) show
A AE ££A GAT0AdV bétwEendhe optical bandgaps of the LaTal® (1.9eV) and LaTaOMW
(1.8 eV). Detailed investigation shows that the Kubelk&lunk curve of LaTa@N converges to zero in
contrast to that of LaTaON, indicating a much lower optically active defect concentration. In addition,
after the optical bandgap oEy= 1.8eV an intensty increase as observed for LaTigéN36, which exhibited
undesired defects was not detected for LaTa@®. LaTaGN possess an unusual ¢our (bright red),
which has been expected to be darker (bluisti) due to the reduction of T&*to Ta#*. Additionally, the
larger optical bandgap of LaTa(lV)eN compared to LaTa(V)OM is noticeable. Based on both
observations, we assume a larger crystal field spiing for LaTaQ:N caused by thal! state of Td+, since
Tais coordinated in a distorted octahedral environment (JahiTeller effec®?) indicated by bond length
analysis via Rietveld refinements. Specific visible lighidriven applications require materials with
appropriate defect concentration$8z40 and suitable bandgap$i:43. Therefore, LaTa@N could be an
interesting candidate for further investigationsin this application field.

6.3. Discussion

In this in situ and ex situammonolysis study the key parameters to tailor the oxidation state and to
synthesise a perovskite family member LaTa(lV)éN containing unusual Ta* were identified. The

oxynitride has an optical bandgap of 1.8V, a bright red colour, and a low opticallactive defect
concentration providing promising physical properties for light-driven applications. The formation of
LaTa(V). EO AT 1T OOAA AU OEA 1 @eEAA POAAOOOI 060 1T EAOT O
area and crystallinity) and the ammamia 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 perovskitaype oxynitrides.

6.4. Methods

6.4.1.Synthesis of LaTaO:N and LaTaON

The oxynitrides LaTaQN and LaTaON were prepared from the respective nanocrystalline and
microcrystalline oxide precursors (cf. Supplementary Methodsyia thermal ammonolysis (synthesis

of the respective oxides is described in the Sl). The precursor oxides (20@) were transferred to an

alumina boat and ammonolysed at 950C for 10h with a NH:gas flow rate of 300mL/min (Westfalen
AG,>999%q8 ! OAATTA AiTTTTTUOGEO OOA®m POE@AAECAIMRd x EOE
out in a 1:1 weight ratio of sample and flux &1000 °C for 14h.
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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 powderay
diffractometer using CuK  radiation. To avoid a contribution of CuK; radiation a thin nickel foil as
filter was used (efficiency is approx. 9®). The continuous scan covered an angular range of
10° S2[ S90° 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 evaluatedvia Rietveld refinements*445 using FullProf. 2k46. A pseude
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 accordng to the respective compositions determined by HGE because the
virtually equal form factors make it impossible to discriminate between @ and N> by means of Xrays.

O and N were statistically assigned to the two independent crystallographic sites.

The chemical composition of the produced samples was investigatada inductively coupled plasma
optical emission spectroscopyICP-OES) using a Spectro Ciros CCD 10ES instrument for cations and
hot gas extraction technique (HGE) using an EItt@NH-2000 analyser for the anions.

The investigation of oxynitride formation from nanocrystalline and microcrystalline oxides and the
reverse reaction of LaTa@N to the corresponding oxide was performed by thermogravimetric analysis
(TGA) using a Netzsch S¥449 F3 Jupiterln 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 performedli@ vol%

Ar in NHs. A fast cooling rate of 40C/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 (20.5vol% O in No, Westfalen AG, 5énL/min) to study the
anionic composition of LaTa@N. The sample was first heated up to 200C 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 10C/min. The temperature was maintained for 2h in order to achieve
full conversion of oxynitride to respective singlephase oxide. TGMMS to determine possible organic
residues in nLTO was carried out with a Netzsch STA 449C BBpiter coupled with a GAM 200
(InProcess Instruments) mass spectrometer. The oxide was heated to 1200 at a rate of 10C/min

in a crucible under syn. air (20.5/01% O in N2, Westfalen AG, 5nL/min) and then cooled down to
25°C.

X-ray photoelectron spectroscopy (XPS) on LaTa®, LaTaON, nLTO, mLaTaQ 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 anticro-focused

Al K, radiation and a spot size of 40(um. The powders were fixed on a carbon tape and a flood gun
was used to avoid charging effects. For background subtraction a Shirdggpe inelastic background
was utilised and the zereshift correction was done by normalizing the measured Cspeak to 284.5eV.
The peak fitting was implemented by carefully considering quantum mechanical requirements for the

width at half maximum (FWHM) for both orbital contributions.

The morphology of the produced oxynitrides and oxides was analysedia scanning electron
microscopy (SEM) (ZEISS GeminiSEM 500\8). The inlens detector was used for imagig.
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UV-visible diffuse reflectance spectra (DRS) were obtained using a Carry 5000 2WS NIR

spectrophotometer. The baseline was measured with BagOrhe spectra were recorded in the range
of 200 nm to 800 nm. The KubelkaMunk35 conversion was applied to the btained reflectance spectra

and the optical bandgap was estimated by extrapolating the onset of absorption to the abscissa.

The specific surface area was obtaineda nitrogen sorption, first annealing the samples at 120C to
remove adsorbed water. Adsorgon and desorption isotherms were collected at liquid nitrogen
temperature using an Autosorb-1-MP (Detection limit: Sger > 1m2/g) from Quantachrome
Instruments. The specific surface area was determinedia the Brunauer-EmmetTeller4” (BET)
method.

SQUID measurements to investigate the magnetic behaviour of Ta in LalCand LaTaOM were
carried out with a commercial VSM MPMS3 Superconducting Quantum Interference Devi§&QUID)
from Quantum Design. For zero field cooling (ZFC) measurements the magnetic field was set to 6@0

6.5. Data Availability

The authors declare that all other ded supporting the findings of this study are available within the
paper and its Supplementary Information. Reprints and permissions information is available online at
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6.10. Supplementary Information

6.10.1. Supplementary Methods
6.10.1.1. Synthesis of microcrystalline LaTaO 4 (m-LaTaOs)

The microcrystalline LaTaQ (m-LaTaQ) was synthesised via soliestate reaction (SSR)
(Supplementary Fig. 1). 0.0025 mol T4 (Alfa Aesar, 99.9 %), 0.0025 mol L.&®s; (REacton®, 99.9 %)

AT A n8mp 111 +#1 21 0Eh | ww bh aEWHO@drewAsOA [ E
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 ;7
1,400 °C, 5 h

Ta,04
La,0, KCI |

m-LaTa(V)O, ~ LaTa(V)ON,

Supplementary Figure 1.Schematic synthesis path to La(V)TaON . The production of LaTa(V)ON
comprises the synthesis of rLaTaQ by solid state reaction (SSR) and the subsequent ammonolysis to
LaTa(V)ON. The ammonolysis temperature program was adopted from the LaTa(IV)}® synthesis.
Scalebar of the SEM images: 2 pum.

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

0.01 mol TaC} (Alfa Aesar,99.99 %) was loaded into a Schlenk flask under argon atmosphere to avoid
hydrolysis of the Tacompound. 50mL of dried ethanol was added. A similar way to dissolve Tallas
been already reported for the precursors synthesis of BdasO14N and LaBaTasOi13N2! as well as for
many other Tacontaining compoundsz4. Wate-rEOAA AEOOEA AAE A %jwaEagded ! 1 A
in a 3-fold molar excess. A stoichiometric amount of La(N{k-6H.O (Sigma Aldrich, 99.9%6) was
weighed into a second Schlenk flask and citric acid was added Imetsame molar ratio as for the Ta
compound. The mixture was dissolved in 1L 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 (MerciEMPLURA®)
The dispersion was transferred to a crystallising dish and heated for 19 at 120°C followed by a
thermal treatment at 300 °C for 5h. The resulting black xerogel was calcined in amlumina 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-LaTaOs

The powder Xray diffraction (PXRD) patterns in $ipplementary Figure 2a,b verified the expected level
of crystallinity after synthesis in both cases. Since the nanocrystalline nature oflTO 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, fhaTaQ revealed two
polymorphs (P2:/ c and Cm@;) via Rietveld refinements (Supplementary Fig. 2b and Supplementary
Table 1lac).

a b [-=cuk, m-LaTaO,

1 (P2 /cand Cmc2))

3 =
9 ©
= £ |
@ % J
® ®© |
T rm mw llll . Ill ll. '-
I I ] W o rr R PR N ORI N N
| e “.‘.—-L‘L 'lv_L" .._.n.:vL..;v‘. nlr_d _*_"_Y.L_"_'_
4= 1.54050 A u ik 7= 1.54059 A
10 20 30 40 50 60 70 8 9 10 20 30 40 50 60 70 80 90
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d 3.0
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E(eV)

Supplementary Figure 2. XRD patterns, SEM images and DRS curves of aprepared oxides. a,
PXRD pattern of ALTO synthesised by a soft chemistry route anlg, Rietveld refinements of mLaTaQ
synthesised by SSR. Both polymorphs are labelled with tick®41/ ¢ (grey colour) and Cm@; (blue
colour)). ¢, SEM images of4hTO and mLaTaQ. Scalebar ofie SEM images: 2 pnal, KubelkaMunk
plot of n-LTO calcined at 650C and of mLaTaQ synthesised by SSR.

The weight fractions of La, Ta and O obtained via inductively coupled plasma optical emission
spectroscopy (ICPOES) and hot gas extraction (HGE) weilie@ good accordance with the expected
values for LaTaQ@for both oxides (Supplementary Table 2). The scanning electron microscopy (SEM)
image of rLTO indicated very small particles in the nirange (Supplementary Fig. 2c and Fig. 1). In
comparison to nLTO, mLaTaQ exhibited sintered and much larger particles in the pnrange
(Supplementary Fig. 2c¢). The optical bandgap ofIoTO and mLaTaQ was investigated by diffuse
reflectance spectroscopy (DRS) (Supplementary Fig. 2d). The optical bandgap ofeM4for white n-
LTO determined by the tangent method was in good agreement with the white colour and literature
datas In contrast, the yellowish white mLaTaQ revealed a higher optical bandgap of 4.8V 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 vacanciesin the microcrystalline
oxide. This is supported by the results of the hotag extraction yielding an oxygen content of 16.%
0.2wt% instead of the desired 16.9n% (Supplementary Table 2).

Supplementary Table 1 a.Refinedunit cell parameters of both polymorphs of mLaTaQ synthesised
via SSR.

Unit Cell Parameter P21/ c Cmes
a(A) 7.629(4) 3.9271(4)
b (A) 5.574(3) 14.8095(2)
c(A) 7.818(4) 5.6118(6)
r j KqQ 101.46(5) 90
Vo (A3) 325.8(3) 326.37(6)
Phase fraction (wt. -%) 14(1) 86(2)
Ro (%) 9.23

Rup (%) 11.6

22 1.94

Reragg (%) 44.0 12.9

Supplementary Table 1 b.Refined atom positions of mLaTaQ (via SSR) in space group typB2./ c.

Atom Wyck. Symb. X y z Biso (A2) soft
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
o) 4e 0.161152 0.152852 0.042892 0.62 1
0(2) 4e 0.062832 0.585012 0.216492 0.52 1
0(3) 4e 0.377432 0.469252 0.333892 0.52 1
0@4) 4e 0.343672 0.008392 0.359122 1.22 1

1site occupancy factor, &dopted from ref’?

Supplementary Table 1 c . Refined atom positions of mLaTaQ (via SSR) in space group typ€mda;.

Atom Wyck. Symb. X y z Biso (A2) soft
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 0.30400? 0.40800? 0.64? 1
0(2) 4a 0 0.3310(%? 0.8710(? 0.642 1
0(3) 4a 0 0.4700C? 0.5320? 0.64? 1
0(4) 4a 0 0.91500%? 0.252 0.64? 1

1site occupancy factor, &dopted fromref.8
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Supplementary Table 2 . Composition of asprepared n-LTOand m-LaTaQ determined via ICROES
and HGE. According to the formula LaTa®he desired elemental weight fractions are: La 36.@t%, Ta
47.1wt% and O 16.9wt%.

Elements Lal Tal 0?2
Composition of rLTO 1.00£0.01 1.00 £ 0.01 411 +0.02
Weight fraction in n-LTO (wt.%) 359104 46.8+0.5 17.0+0.2
Composition of mLaTaQ, 1.00 £ 0.01 1.00 £ 0.01 3.95+0.05
Weight fraction in m-LaTag, (wt.%) 36.1+0.4 47.1+05 16.5+ 0.2

1 ICROES? HGE, 3 Contains most probably residual carbonate and nitrate analogues according
the TGAMS measurement (Supplementary Fig. 4)

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

Annealing at 1400°C transformed nLTO into amicrocrystalline LaTaQ. Two polymorphs (space
group types: P21/ ¢ and Cme@3) were identified by Rietveld refinements of the highresolution (HR)
synchrotron PXRD data (Supplementary Fig. 3 and Supplementary Table@a

i LaTaO, (P2,/c and Cmc2,)

abs. int. (a.u.)

A=0.35428 A
T T T T T T T T T T T r
5 10 15 20 25 30 35 40

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 ticknarks (P21/ ¢ (grey colour) and Cme; (blue colour)) the
expected Bragg reflections. Scalebar of the SEM image: 2 um.

It is well-known that LaTaQ easily forms two polymorphs in the space groupm@; and P2/ c,

respectively?. Since the interatomic TaO distances in LaTagN and LaTaOMN (Supplementary Table

9e) determined by Rietveld refinements are closer to those in fhaTaQ (P2:/ ¢) rather than in m-

LaTaQ (Cmei) (Supplementary Table 3d), the rLaTaQ polymorph in space groupP2:/ c was taken

as Ta+*-containing reference material for the later XPS investigations. The SEM image depicted a
morphology very similar to that of mLaTaQ obtained via SSR (Supplementary Fig. 2c, Supplementary

Fig. 3). Thein situ ammonolysis of both, the ALTO-derived m-LaTaQ and the mLaTaQ obtained by

332h EO ATl i bAinGikdmmbriolysB AfAITE bnd mi@TaQ6 ET OEA 1 AET OA@O08
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Supplementary Table 3 a. Refinedunit cell parameters of bothn-LTO-derived m-LaTaQ polymorphs.

Unit Cell Parameter P2.1/c Cmae;
a(A) 7.6334(4) 3.9321(3)
b (A) 5.5826(3) 14.8070(1)
c(R) 7.8265(4) 5.6184(5)
r (°) 101.57(3) 90
Vear (A9 326.75(3) 327.11(5)
Phase fraction (wt. -%) 59(2) 41(2)
Rp (%) 9.12

Rwp (%) 12.6

02 7.91

Reragg (%) 5.26 6.41

Supplementary Table 3 b . Refined atom positions of ALTO-derived m-LaTaQ in space group type

P21/ C.

Atom Wyck. Symb. X y z Biso (A2) soft
La de 0.34132(2)  0.77245(4)  0.09567(1)  0.39(3) 1.00(1)
Ta 4e 0.16836(1)  0.26501(3)  0.30058(1) 0.14(2) 1.03(1)
0(1) 4e 0.16970(2)  0.16334(3)  0.04686(2)  0.7(1)2 1
0(Q) 4e 0.05918(2)  0.59019(3)  0.21127(2)  0.7(1)? 1
0(@3) de 0.38449(2)  0.47106(3)  0.32807(2)  0.7(1) 1
0(4) 4e 0.33335(2)  0.00577(3)  0.36234(2)  0.7(1)2 1

1site occupancy factorz2constrained

Supplementary Table 3 ¢ . Refined atom positions of ALTO-derived m-LaTaQ in space group type
Cma;.

Atom Wyck. Symb. X y z Biso (A2) soft
La 4a 0 0.1696(2) 0.170(5) 1.20(6) 1.00(2)
Ta 4a 0 0.4151(1) 0.203(5)  0.15(2) 1.02(2)
o(1) 4a 0 0.296(2) 0.407(7) 0.7(1)2 1
0(@) 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

1site occupancy factor2constrained

Supplementary Table 3 d . Ta-O distances in the [Tag}”- octahedron of nLTO-derived m-LaTaQ
(space group typesCme; and P24/ ¢) determined via Rietveld refinements of the HRPXRD data.

Compound m-LaTaQ (P21/c) m-LaTaQ (Cmay)
draoq (A) 2.067(2) 2.2(8)
drao) (A) 1.968(2) 1.6(1)
draoe) (A) 2.061(2) 1.9(1)
drao@ (A) 1.978(2) 1.9(9)
draoe) (A) 1.984(2) 2.0(4)
draoe) (A) 1.913(2) 2.0(4)
dra0, average(A) 1.99(5) 1.97(8)
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6.10.2.3. Supplementary Note 3: Thermogravimetric Analysis coupled with Mass Spectrometry
(TGA-MS)

The TGAMS study of the conversion of LTO to mLaTaQ in syn. air revealed the release of #D and
hydroxyl groups in the first negative mass change up around 70, since only MSignals for OH tm/ z

= 17) and BO* (m/ z= 18) were detected. By further heating, fragments of GQmM/z=12 (G}, m/z=
16 (CE¥, m/z = 44 (CQ*), andm/z = 45 (13CQ*)) and NG (m/z = 46 (NQ*)) and additional CH
fragments (m/z = 13 (CH ¥ were detectedaround the inflection point of the second negative mass
AEAT CA=-4.280 a870°C. This result points to the decomposition of carbonates (most probably
partial formation of Lax(CQ)s or LaxO,CQ due to the basic character of L#s; z typically
decomposition around 960°C even in C@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 mairtain a suitable microstructure for the
formation of LaTaQN.
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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 tinvestigate the released gaseous species during the
conversion of nLTO to mLaTaQ.
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6.10.2.4. Supplementary Note 4: Oxidation state of Tain n -LTO and m-LaTaOs

XPS measurements were performed on thaTaQ originally prepared by thermal treatment of nLTO
at 1400 °C (Supplementary Fig. 5) because the atomic distances inLiaTaQ (P21/ c) were similar to
LaTaON and LaTaOM

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

) Ta 4f

Counts (s™)

Supplementary Figure 5.XPS spectrum of the Ta 4f region of m -LaTaO, formed from n -LTO.The
two polymorphs Cm@; and P24/ c obtained by Rietveld refinements of HRPXRD 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 #orbitals.

Additionally, the presence of both mLaTaQ polymorphs was confirmed via Ta 4 XPS data
(Supplementary Fig. 5). The XPS spectrum of the Tardgion was successfully fitted with two binding
states. The first binding state at lower binding energies of the Tad# orbitals was fitted to 25.3eV.
The second binding energy at higher values of the Tdz4 orbitals was fitted to a local maximum of
25.9eV. These binding energies were in good agreement to literature values of5Taontaining
compounds, e.g. KTaf)(Ta 4f;», = 26.1eV)! or RhTaQ (Ta 4fz» = 25.8eV)2. This leads to the
conclusion that all local Ta &, binding energy maxima of mLaTaQ can be assigned to a Ta(¢P
binding character. The weight fractions of the two polymaphs (Cm@i: 40wt% P21/ c. 60 wt%) were
obtained from the Ta 4 peak areas of both Ta(M)O binding characters. They were in accordance with
the results of the Rietveld refinements Cm@i: 41(2) wt% P21/ c: 59(2) wt%, Supplementary Table
3a). Therefore, the plymorph with space group P2i/c shows lower binding energies than the
polymorph with space groupCme@;. The binding energies of the Taf4, and the respective Ta &,
orbitals are listed in Supplementary Table 4. The fitted binding energies forbTO were not assignable
to a certain phase since phase identification via PXRD was not possible (Supplementary Fig. 2a). The
XPS spectrum of the Taf4egion of n-LTO is shownin Figure 3a in the main text.

Supplementary Table 4 . Binding energies of theTa 4f;» orbitals and the respective Ta & orbitals
of m-LaTaQ and n-LTO.

Compound space group type  Egra472 (€V) Esra 452 (€V) Binding Character
P2:/c 25.3 27.2 Ta(V)z(0)
m-LaTao cme; 25.9 27.8 Ta(V)z(0)
] Z 25.5 27.4 Ta(V)z(0)
n-LTO z 26.7 28.6 Ta(V)z(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 were used to deermine the chemical
shift due to a nitrogen substitution in LaTa@. The Pauling electron negativities for Ta, O and N were
used.

) E A8 ow 30pDI Al Al OAOU %NOAOE

e a ) i 30pbI Al AT OAOU %NOAODI

With: O lonic amount of bond
Electronegativity of ion A
Electronegativity of ionB

n Charge

U] Formal charge

‘O Contribution of ionic character
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6.10.2.6. Supplementary Note 6: In situ ammonolysis of m -LaTaO, and n-LTO
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Supplementary Figure 6.PXRD patterns of the products obtained via termination experiments.
PXRD diffractograms of the duringin situ ammonolysis obtained termination products of
nanocrystalline LTO (rLTO) (left) and microcrystalline LaTaQ (m-LaTaQ) (right). The colour of the

PXRD patterns reflects the colour of the respective powder. The pefly 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 then situ ammonolysis termination experiments.

Compound O N Vacancies

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

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

m-LaTaQ; 1000°C / NHs 1.04(7)2 2.45(9)2 -

m-LaTaQ; 1400°C / syn. air 3.88(1) - 0.12(2)

1perovskite-type phase 2perovskite-type phase with Ncontaining impurity

Supplementary Table 6 . Composition of LaTa@N and LaTaOMafter the secondex situammonolysis
cycle determined by ICPOES and hot gas extraction.

Compound Lal Tat 02 N2
LaTaO,N 1.00 + 0.aL 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

1ICROESZHGE

6.10.2.7. Supplementary Note 7: Reduction of Ta

The oxide anions surrounding T&inn-, 4/ xAOA 1100 POI AAAT U AOOAAEAA AU
atmosphere leading to the formation of TaO-H groups. This results already in a reduction of Ta. These

groups can be further exchanged in a nucleophile attack of the BH OAAEAAI Ghel AAAET C
incorporation of N into the material and after internal H atom transfer to the release of #0 to the

flowing gas atmosphere.
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6.10.2.8. Supplementary Note 8: Reoxidation of LaTaO 2N to LaTaOs

108

LaTaO,N

600 800 1000 1200 1400 1,600

T(K)
Supplementary Figure 7. TGA of the reoxidation of LaTaO 2N 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:l. chemisorption of oxygen. 2. continued
physisorption of oxygen. 3. intermediate formation as with the reoxidation of BaTa®!s. 4. full

conversion to microcrystalline LaTaQ. The expected mss change for the reoxidation of LaTa to
LaTaQ is 3Mcaic.= 4.92%.

Supplementary Table 7 . Results of the reoxidation of LaTaéN. The mass changes fall into four
sections.

LaTaQNE LaTaQ

Temperature Ymrca (%) Step
372°Cz503°C 0.8 1
503°Cz710°C 6.8 2
710°Cz828°C -0.3 3
828°Cz891°C -2.5 4
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6.10.2.9. Supplementary Note 9: XPS measurements of novel LaTaO 2N, LaTaON and m-LaTaOs
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Supplementary Figure 8. XPS survey spectra. Survey spectra of aprepared m-LaTaQ (black), ex
situ-synthesised LaTaGN (grey) and LaTaOR(blue).

Supplementary Table 8 . Fitted binding energies of Ta #orbitals for ex situsynthesised LaTa@N and
LaTaON. The binding characters were determinediia the point charge model and assigned to the
compound region where they can occur. Since XPS is surfasmsitive a nitrogen concentration
gradient associated with an oxidation state concentration gradient of T& inot excluded.

Compound Es (Ta 4f72) (eV) Es(Ta 4fs) (eV) C?]Iar:ggtger Compound region

LaTaOz.05 N1.os) 24.4 26.3 Ta(lV)z(O,N) Bulk of LaTaGN
23.4 25.3 Ta(lll)z(O,N)  Surface of LaTaeN
25.0 26.9 Ta(V)z(O,N) Bulk of LaTaON

LaTaOo.9¢9) N2.o1) 23.7 25.7 Ta(ll)z(O,N)  Surface of LaTaON
22.9 24.8 Ta(lll)zZ(N) TaN6 (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 ofx situprepared LaTaQN and LaTaOMwere measured.

Zero field cooled curves aremeasured at a magnetic field of 50@e. The resulting curves were
corrected by subtracting the present diamagnetism (LaTa(lV)IN: ?ga = z0.35emu-mok! and
LaTa(V)ON 245ia=20.10emu-mok?). To determine the effective magnetic moments of the LaTaand
LaTaON samples supplementary equations (3) and (4) were uséd. The increase of the magnetisation
at very low (TM  &K)tand high temperature 320 K) is mog probably caused by the activation of
pinned impurity states. The hump at about 7K seems to stem from physisorbed £5.
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6.10.2.11. Supplementary Note 11: Rietveld refinements of LaTaO ;N and LaTaON

During the Rietveld refinements of the crystal structures of the oxynitrides LaTa@ and LaTaOMthe
anionic compositions were fixed according to the respective compositions determined before, since
the virtually equal form factors make it impossible to discriminate between @ and N5- by means of X
rays. The anions were statistically assigned to thsvo independent crystallographic sites.
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Ta,N, (Cmcm)

1
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Supplementary Figure 10. Rietveld refinements of HR -PXRD data of novel LaTaG:N and
LaTaON:. a, Rietveld refinements of LaTaeN (Imma) and b, LaTaON in space grouplmma (grey
colour). The blue coloured ticks indicate the impurity phase (TsNs (Cmcn)).

Supplementary Table 9 a . Refined atom positions of LaTagN in space group typdmma.

Atom Wyck. Symb. X y z Biso (A2) soft
La 4e 0 Ys v 0.738(2) 1
Ta 4a 0 0 0 0.682(1) 1
o) 4e 0 Vs 0.088(2) 0.5

N(L) 4e 0 Ys 0.088(2) 05

0@©) 89 Y, 0.967(3) Y, 05

N(2) 8g Yy 0.967(3) v, 0.5

1site occupancy factor

Supplementary Table 9 b . Refined atom positions of LaTaONn space group typdmma.

Atom Wyck. Symb. X y z Biso (A2) soft
La 4e 0 Ya Y 0.84(5) 1
Ta 4a 0 0 0 0.99(6) 1
N(L) de 0 Ya 0.129(7) 0.5

o(1) de 0 s 0.129(7) 0.5

N(2) 89 Ya 0.975(7) Ya 0.5

o) 8g Ya 0.975(7) Ys 0.5

1site occupancy factor
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Supplementary Table 9 ¢ . Atomic coordinates of TaNs in space group typeCmcmadopted from Brese
et alls.

Atom Wyck. Symb. X y z Biso (A2) occ
Ta 4c 0 0.19710 Ya 1 Ya
Ta 8f 0 0.13455 0.55906 1 Y
N(1) 4c 0 0.76322 Ya 1 Ya
N(2) 8f 0 0.04701 0.11949 1 Y
N(3) 8f 0 0.30862 0.07378 1 Ys
loccupancy

Supplementary Table 9 d . Unit cell parameters of single phase LaTa®, LaTaONand the impurity
TasNs.

Unit Cell Parameter LaTaQN LaTaON TasNs (Cmcn)
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)
Vel (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

Rwp (%) 12.8 10.3

92 4.78 4.13

Raragg (%0) 7.12 4.79 33.0

Supplementary Table 9 e . Distances in the [Ta(O,Njz octahedron ofex situsynthesised LaTa@N
and LaTaON determined via Rietveld refinements of the respective HRRXRD data.

Compound LaTaGN LaTaON
draon (A) 2.0428(2) 2.044(2)
draonz(B) 2.0428(2) 2.044(2)
draon(B) 2.0428(2) 2.044(2)
draonye (A) 2.0428(2) 2.044(2)
draons (B) 2.0799(7) 2.0806(9)
dra(ons (B) 2.0799(7) 2.0806(9)
dTa—(O,N),average(A) 2. 05(5) 2. 05(6)

Supplementary Table 10. Specific surface areaSpecific surface areasser determined by the BET
method.

Compound Ser(m?/g)
n-LTO 6.8
m-LaTa0, (650 J # p T°A)TT <1
LaTaO:N (1 Cycle,ex situ) 25.0
LaTaO:N (2 Cycles,ex situ) 8.0
m-LaTaO, (SSR) 2
LaTaON; (2 Cycles, ex situ) 3.2

C. Bubeclet al. Commun. Chem2019, 134, 2, Copyright © 2019 by the Author(s), CC BY 4.0 License 59



6.11. Supplementary References

1. Anke, B., Bredow, T., Pilarski, M., Wark, M. & Lerch, M. FrorsTBeOwsN to LaBaTasO13N2: Decreasing
the optical band gap of a photocatalystl. Solid State Che246, 75280 (2017).

2. Motohashi, T., Hamade, Y., Masubuchi, Y. & Takeda, T. Structural phase transition in the perovskite
type tantalum oxynitrides, CaxEuxTa(O,N}. Mater. Res. Blu 44, 189971905 (2009).

3. Shen, Y., Leckie, R. M., Levi, C. G. & Clarke, D. R. Low thermal conductivity without oxygen vacancies in
equimolar YO s+ TaQ.s and YbQs+ TaQs-stabilized tetragonal zirconia ceramics Acta Mater.58,
442474431 (2010).

4. Shian, Set al. The tetragonatmonoclinic, ferroelastic transformation in yttrium tantalate and effect of
zirconia alloying. Acta Mater.69, 1967202 (2014).

5. Park, N. Y. & Kim, Y. Il. Morphology and band gap variations of oxynitride LaTa@Npending o the
ammonolysis temperature and precursorJ. Mater. Scit7, 53335340 (2012).

6. EstradaUrbina, J., CruAlonso, A., SantandeGonzélez, M., Méndealbores, A. & VazqueDuréan, A.
Nanoscale zinc oxide particles for improving the physiological and sanitary quality of a mexican
landrace of red maizeNanomaterials8, 247 (2018).

7. Kurova, T. A. & Aleksandrov, V. B. The crystal structure of LakalDokl. Akad. Nauk SSSR1, 1095
1098 (1971).

8. Titov, Y. Oet al.Crystal structure of the orthorhombic modification of LaTa@.$ 1 BT OEAE . AOOEIT 1 Al
Akad. Nauk Ukr3, 1407145 (2003).

9. Cordrey, K. J.et al. Structural and dielectric studies of the phase behaviour of the topological
ferroelectric Lap, M¥dxTaQu. Dalt. Trans44, 10673710680 (2015).

10. Bakiz, Bet al.Carbonatation and decarbonatation kinetics in the L#Ds-La,0,CQ system under CQ gas
flow. Adv. Mater. Sci. Eng010, (2010).

11. Bajorowicz, B.et al. Perovskite-type KTaQ z reduced graphene oxide hybrid with improved visible
light photocatalytic activity. RSC Adv, 91315791325 (2015).

12. Moulder, J. F., Stickle, W. F., Sobol, P. E. & Bomben, Haralbook of Xay photoelectron spectroscopy
(Perkin-Elmer Corporation Physical Electronics Division, 1992).

13. . 1T OAT ET ¢Ch #8 o&pekitoskdpie %ai dhénische ArklyseAngew. Chemiet, 1447153
(1972).

14. Pauling, L. & Pitzer, K. S. The nature of the chemical bond and the structure of molecules and crystals:
an introduction to modern structural chemistry.J. Am. Chem. S&2, 4121 (1960).

15. Hellwig, A. & Hendry, A. Formation of bariurtantalum oxynitrides. J. Mater. Sc29, 468674693 (1994).

16. Zaman, A. & Meletis, E. Microstructure and mechanical properties of TaN thin films prepared by
reactive magetron sputtering. Coatings7, 209, 16 (2017).

17. Cullity, B. D. & Graham, C. D. Diamagnetism and Paramagnetisnmtioduction to Magnetic Materials
877114 (2003).

18. $OAOT AAh 48h (
OAOT T AT AR ODBPAA
74, 026403 (2006).

19. " OAOGAh .8 %w8h /38+AAZEEARh - 8h RAAABIK by tirdedi-flight eEr@nAl OT h &8
diffraction. Acta Crystallogr. Sect. C Cryst. Struct. Commun.229172294 (1991).

=

AAER
A E

(Oi T Al h 28 #iurelothiagmetit T 051 OO0
E A Rhyg Rév.@BOdhdensAMatieOMakei. BnysC CAAT 1 E

—_) *

8 Q
I @

(@}
O >

60 C. Bubeclet al. Commun. Chem2019, 134, 2, Copyright © 2019 bythe Author(s), CC BY 4.0 License



7.Bandgap-Adjustment and Enhanced Surface Photovoltage in Y -
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Abstract

Perovskite-type oxynitrides AB(O,N) 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, wetackle the challenging YTa(O,N)synthesis by ¥substitution in
LaTavYO:N resulting in phasepure LaoYo1TaVO:N, La.75Y0.25TaVON, and La 7YosTavVO:N. By using
microcrystalline YTaQ together with an unconventional ammonolysis protocol we synthesiza the
highest reported weight fraction (82(2) wt%) of perovskite-type YTa(O,N3. T&+in Lay mYxTaVO:N was
verified by X-ray photoelectron spectroscopy (XPS) and-Kay near edge absorption structure (XANES)
analysis. Density functional theory (DFT) calcaitions revealed a transparent conductoiflike behavior
explaining the unusual red/orange color of the T&-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 Hex=03 H Ecx=0 < Ecx=0.1 < Esx=025). Surface
photovoltage spectroscopy (SPS) of particulate kayYxTaVON (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
OUPA OAI EATT AOAOI OO xEOE AZEZZAAOEOA AAT ACADPO
photovoltage values increasedwith 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 ressjtwe suggest

a significantly weaker as classically assumed impact of reduc&isite metal cations such as P& on
the photovoltage and charge carrier recombination rate.
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7.1. Introduction

Among other materials, perovskitetype oxynitrides AB(O,Nk have attracted much attention
particularly as photocatalysts for direct solar water spliting (SWS}:10 Their perovskite-type
structure is of great scientific and technological interest because it combines distinctive resistance
with a large compositional flexibility allowing a controlled variation of the electronic properties. Owing
to their SWSsuited optical bandgaps o, ¢ A6 h OEA 11 00 OEI Ol &peEl U ET OA«
oxynitrides contain La" on the A-site and TiV (ref. 11) or Tav (ref. 12z19) on the B-site. In former
reports, often reduced transition metal (TM) ions such as reduced Ta species inVOAO.21 or in
LaTa"ON; (ref. 22) were the origin of a fast charge carrier recabination 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 acti¥ityand
slowed down the charge carrier recombination. However, a still remaining question is how a material
and the respective electronic band structure €.g.non-degeneratedvs.degenerated semiconductor)
behave, if only reduced TM ions €.g. Ta*) as B-site cations are present. In accordance with
experimental reports122%25 LaTaON, was identified as a promising candidate for SWS also by
computational analysis of the bandgapf?® However, DFTFbased electronic band structure
calculations stowed that the energetic position of the conduction band minimum (CBM) of LaTa@N
does not ideally fit to the redox potential of the water reduction reactior?’ Instead, the perovskite
type oxynitride YTaONh xEEAE O1T OEA AAOO 1T &£ T1TA80 ET1x1 AACA E
phase yet, seems to be wefuited.2” In contrast to LaTaON, its CBM is predicted to be appropriate for
the overall water splitting reaction 27 Y-containing perovskite-type materials are only rarely studied%z

31 due to the presumable instability as reflected by the low tolerance factdras cefined by Liet al32,
e.g. t= 0.912 for YTaON and t = 0.898 for YTa@GN. Geometric considerations (extension of
Goldschmidt's tolerance factor) locate YTaOMNon the border of the existence field of perovskiteaype
oxynitrides, whereas YTa@N is located more or less outside of the existence field.This higher
instability, as expressed by the slightly positive heat of formatiod] combined with the favorable band
edge position is supposed to result in an enhanced reactivity as found for other catalytic systepad?
Additionally, the low tolerance factors of YTagN and YTaOR (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 canduction band?#7:35 This allows the adjustment of the CBM to the requirements of the water
splitting reaction as theoretically demonstrated for YTaOMN2?” The predicted metastability with
respect to binary oxides and nitride$” makes it very challenging to synthesize perovskitéype
YTa(O,N), since typically a defecfluorite-OUBD A B E A O A, s@inétings/abconipani@d by small
amounts of perovskite-type phase was observedsz3?

We have recently reported on the controlled formation of perovskiteype oxynitrides LaTavO;N and
LaTa’ONe by a precursor microstructure controlled ammonolysis4 A similar concept can also be
applied to the synthesis of yttrium tantalum oxynitrides. In the literature, the usage of a
nanocrystalline oxide precursor (nYTO) resulted in the formation of a defeefluorite -type phaseso.3¢
with a suitable optical bandgapEc® ¢8¢ A6q AOO xEOQOET OO0 BEheusadeA OAT UOEA
of microcrystalline YTaQ (m-YTaQ) allowed the formation of a low crystallized perovskitetype main
phase together with a defecfluorite -type phase and TalNs impurities.30 Attempts to enhance the
crystallinity by raising the ammonolysis temperature resulted in transformation into a defecffluorite -

type main phases For potential photocatalysts for water splitting and photoanode materials for weer
oxidation under visible light not only bandgap sizes and band edge positiof#s*2 are important, but
also the efficiency of charge carrier separation plays an essential role. As one of the advanced analytical
tools, surface otovoltage spectroscopy (SPS) is typically applied to investigate the pheboduced
charge carrier separation in a materiat34> This method provides information about the majority
charge carrier type (electron or hole), effective bandgaps, charge transfer timescales, and
reversibility. 4647
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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,¥)This produced the

before unknown perovskite-type oxynitride family members Lg xYxTaQN (x =0.1, 0.25, 0.3) and, for

x = 1.0, a mixture of a perovskiteype main phase { = 82(2) wt%) and defectfluorite -type secondary

phase (v = 18(2) wt%). The expected increasing distortion of the octahedral network induced by
increasing Y contentxS m8ocq xAO AT 1 EFEOI AA A Uredl@idn®palldr XrayO A £E T A
diffraction (HR-PXRD) patterns. However, diffuse reflectance spectroscopy (DRS) revealed a widening

of the optical bandgap only up tox = 0.25 indicating that for La nvxTaQN xS m8cq OEA AEOO
the octahedral network is an insufficient descriptor for the bandgap size. Instead it seems that the level

of orthorhombic strain Rris crucial for the resulting bandgap. In all synthesized lLaaxTaVO:N (x=0.1,

0.25, 0.3) compainds the presence of T& as the main oxidation state was confirmedvia X-ray
photoelectron spectroscopy (XPS) and -¥ay near edge absorption structure (XANES) analysis,
respectively. Superconducting quantum interference device (SQUID) measurements wereedsto
characterize the magnetic properties. Density functional theory (DFT) calculations revealed a different

band structure for Lg, sYxTa@VO:N in comparison to LaTdON; pointing to a transparent conductorlike

behavior with a bandgap in the first case. Tdexperimentally determined optical bandgaps of around

1.9 eV and low optically active defect concentrations of La¥&,N4 and La, nYxTavO,N make these &

materials interesting as potential photocatalysts and as model systems to study the influence of
reduced B-site cations on the photeinduced charge carrier separation processes. SPS measurements
revealed a ntype semiconducting behavior of LaxYxTaG:N 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

I £ 0bp O Mp 6 *ATAONKSAaBAKQhEIAA] AT OOOAOEIved OEA ¢

AEAOGCA AAGOEADOGC EAOBDEAT O £ O OEA EEOOO OEI A8
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7.2. Results and Discussion

Ex situammonolysis of ¥substituted nanocrystalline lanthanum tantalum oxide (RLTO) (10 mol% Y,
25 mol% Y, and 30 mol% Y) with KCI flux addition leads to red b.gYo.1TaQ®:N, orange La7sYo.2sTal:N,
and orange La7YosTaG:N after several cycles Fig. 1).

Pechini
Solid State
HO. (0]
Ty
HO o 3‘OH Y203
Ta?;q» Yoo Ta,O; KCI
Ho/\/OH
_AT
Y-subst. n-LTO n-YTO m-YTaO,
T | I
Z\|o Z|o z (x)
=X l\— X ~
< < <
La,,Y,Ta"O,N YTa(O,N),, YTa(O,N),+ YTa(O,N),,

Fig. 1. Schematic synthesis paths from “ubstituted nanocrystalline lanthanum tantalum
oxide (Y-subst. nLTO), nanocrystalline yttrium tantalum oxide (nYTO), and microcrystalline
yttrium tantalate (m-YTaQ) to the respective oxynitrides.

The characterization of the oxide precursors is described in the ESI (FigzS4 and Tables $1S4). The
compositions of the oxynitrides were confirmedvia inductively coupled plasma emission spectroscopy
(ICP-OES) and hot gas extréion (HGE). Similar anionic ratios were previously reported for
LaTaQN24 )T AAAEOQOET T h O DOI OA OEA 1 AOAGiukxperiddntST T EA
in Y-substituted LaTaQN in situ ammonolysis with selected termination experiments and a
subsequent reoxidation experiment by TGA were performed. The mass changes associated witsitu
ammonolysis of 10 mol% Ysubstituted n-LTO were similarto those previously reported for pure n

LTO" (Fig. S5, ESJ). However, the specific surface area of 9g™efor 10 mol% Y-substituted n-LTO

OAC

comparedto 7 nigMeforn-LTO4x AO ADPDAOAT O1 U EECE AT 1 OCE OF AAEEAOA

This was confirmedvia HGE measurements. Hence, the earlier assumption that ammonolysis of oxide
precursors exhibiting a higher specific surface areaads to oxynitrides with a higher oxygen conterit

could also be demonstrated for 10 mol% ubstituted LaTaQ. 8 ! AAEOEI T Ai i uh OEA AO

topotactic reaction!4 via an intermediate in the space grougCme; (alternative description A2;am)

which was suggested for LaTaéN could be observed for LagYo1TaQN. By chemical analysis and

PXRD the black colored intermediate at 1187 K in the space gropm@; was identified as
LaooYo.1TaOr 76)No.asr) 0.759) (Fig. S5, S6, and Table S5, BSAfter in situammonolysis at 1223 K for

10 h and at 1273 K for 14 hiespectively, subsequent reoxidation of LegYo.1TaGN to LayoYo. 1 Taly was

carried out under synthetic air. The observed mass change of +4.94% was close to the calculated value

of 3Mcaic = +5.0% (reoxidation of LagYo1TaQ:N to LayoYoiTaQy) confirming AT  / ¢ . OAOQEI
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during in situ experiments. For higher Ysubstituted n-LTO (25 mol% Y and 30 mol% Y), it was found
that repeated ammonolysis cycles at 1273 K for 14 h with KCI flux additiofrig. 1) were required to
achieve single phase oxynitridesln situ ammonolysis studies were not performed in these cases for
the protection of the TGA device.

The HRPXRD patterns of LanYxTaQ:N (x = 0.1, 0.25, 0.3) revealed that all three compounds were
phasepure and adopted the space groupnma (Fig. S7(ax(c) and Table S6, EF). LaTaQN has already
been reported to have the same space grodpln addition to HR-PXRD, LagYo1TaO:N was alscstudied
by neutron diffraction (ND) in order to receive additional information about the space group and a
potential anionic longrange order (Fig. S8 and Table S7, Efpl The refined ND data could give no
indications of an anionic longrange order. The aBence of longrange ordering is in agreement with
crystal structure data reported in the literature 48 The analysis of the unit cell parameters and unit cell
volume obtained by Rietveld refinements of the HFPXRD data showed that increasing Y substitution
has two dear effects: a continuous decrease of the unit cell volum&gble 1) and a higher level of tilting
in the octahedral network (Tablke S8(a), E®]) due to the smaller ionic radiug249 of Y3+,

Table 1. Unit cell parameters, volumes, and orthorhombic strairr of Lg, nYxTaG. { S Sm8
the space groupmma

Unit Cell Parameter LaTaO:N4 LaosYoa1TaOz2N Lao.75Yo.2sTaO2N Lao7YosTaOz2N
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)
Veell (A3) 264.78(3) 263.66(1) 262.18(4) 261.73(2)
R(-) 0.0025(1) 0.0020(1) 0.0008(1) 0.0029(1)

The enhanced tilting of the [Ta(O,Njjz"octahedron due to partial ¥+ substitution is well known for

[B(O,N)]?™(B = Ti, Zrpt and can be visualized as a continuous reduction of the averagez{@/N)zTa
angles in La wnYxTaO:N (x = 0.1, 0.25, 0.3) (Table S8(a), Efl Moreover, the Tg(O/N) bond lengths in

the axial direction (b-axis) increase with increasing Y content leading to raelongation of the
octahedron (Fig. S9 and Table S8(b), Efpl At the same time, the TZO/N) bond lengths in the
equatorial direction (c-axis) decrease with increasing ¥ content (Table S8(b), EQJ). The effects of
elongation and distortion can be desdbed by different amplitudes of the 2, mode allowing a
distortion of an initially cubic perovskite (Pmom) along [111] leading directly to the observed
symmetry lowering to Imma. Even though there is already a significant tilting level reached, thdR-

PXRD data suggest that the solubility limit of 3 is not yet surpassed up toc= 0.3 in Lg aYxTaQN (Fig.

2(a)).

For LaTavO:N and LaT&ON; (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 reports30.36.37 it was not
possible to prepare perovskitetype YTa(O,N3 by using nYTO as the precursor. Even by using an
expanded tested parameter array for the ammuolysis temperature (from 973 K to 1373 K) in
combination with n-YTO as the precursor, only the formation of a defeéiuorite -type oxynitride phase
was possible. In Fig. S10(b), E§lthe yellowish, defectfluorite -type Yo.96(2) Tar.05(2)00.851)N1.38(2) 1.82(3)
synthesized at 1023 K containing highly reduced Taz 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 (Siet al30) the onset of the applied ammonolysis reaction lowered at least by 50 K. In contrast, by
using a microcrystalline yttrium tantalum oxide (mYTaQ) (Fig. S10(c), ESJ), it was possible to
synthesize a wellcrystalline perovskite-type main phase YTa(O,N)in the space groupPnma (w =

C. Bubeclet al. J. Mater. Chem. A., 202),11837711848, Copyright © 2020 by the Royal Society of Chemistry 65
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T Ad@v=08(2) at%d)Aitdolt XRD-d€lectable traces of binary nitrides
such as TaNs (Fig. S10(d), ES)). 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 K and a larger
ammonia gas flow as in ref30 allowed the perovskitetype phase formation. In agreement with the
predictions based on the tolerance factot (ref. 32) mentioned above YTa(O,N)crystallized as an
orthorhombic perovskite phase but in contrast to La xYxTaG:N in the space groudPnma This might

AEOEAO OEA OTETT x1

/

d

s+Ooinfeietl to La® OE A

Regarding the dual phase nature ofhis 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 Xay scattering contrast between @ "and N Ms too low and rot enough
material was available for ND measurements.

An increase of the specific surface areddgt) was observed for La mYxTaQN (x = 0.1, 0.25, 0.3) by
comparing the synthesized oxide precursors (814 m2 gMj with the respective oxynitrides (18228 m2
g™"9. SEM imagesKig. 2(b)) depicted morphologies similar to that of LaTa@N4 with visibly larger

primary particle sizes compared to the respective oxides (Fig. S2x), ESH).
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Fig. 2.(a) Vegard's plot of the refined unit cell volume of LaxYxTaG:N (x= 0.1, 0.25, 0.3); fox = 0 the
unit cell volume of LaTa@N!4 was used as the reference. (b) SEM images of kiTaGN (x= 0.1, 0.25,
0.3). (c) DRS spectra of LaaxTaON (x = 0, 0.1, 0.25, 0.3) plotted as Kubelkdunk curves together
with photographs of the received powders. (d) LasYxTaQ:N unit cell edges and selected [T{O,N)]#
octahedra with indicated TagX: 2z Ta angles (withX= O/N) anddron) 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 orangeFg. 2(c)) indicated a widening of the
bandgap. DRS measurements and applying the Kubetitdunk conversiorfo showed a slight change of
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the optical bandgap from 1.90 eV (LaTa@) to 1.96 eV (LasYozsTaQ®N) with increasing Y
substitution. In contrast Lay 7Yo3TaG:N (Ec= 1.88 eV) did not follow this trend even though the average
Taz(O/N)zTa angle was further decreased (Table S8(a), Efpl The samples LagYo1TaON (Ec= 1.92
eV) and La.7sYo2sTaGN (Ec= 1.96 eV) showed the same high color brilliance as LaTa0" In contrast,
Lao.7Yo3TaQ:N has a brownish tone originating from optically active defects. The obtained behavior of
the bandgap size upon partial ¥ substitution is more complex than initially expectedand cannot be
simply explained by one effect. In LaxYxTaG:N (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 T40O/N)zTa angles (
Fig. 2(d)and Table S8(a), Ef)) typically related to a widening of the bandgap and (ii) the @ngation

of the octahedra (increasing Ta(O,N) bond lengths in the axial direction, Table S8(b), Elleading to

a smaller bandgap. These counteracting effects can be seen in the unexpected tregdos HEgx=0 <
Ecx=0.1 < Ecx=0.25 Of the optical bardgap. The above mentioned?, mode is able to simultaneously
describe both structural effects in La mYxTaQN (x =0, 0.1, 0.25, 0.3). Based on DFT calculations using
a fixed, experimentally determined orthorhombic strain only a slight variation of theZ2, mode
amplitude by about 10% upon partial ¥+-substitution was observed. This is in accordance with the
determined alteration of the unit cell parameters, bond angles and lengths of the material§ables 1
and S8, E3)), 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 withlthe Y contentx together with the
different ionic radii of the A-site cations { (La3*) and r(Y3+)) resulted in an irregular variation of the
orthorhombic strain rRz as defined inegn (1)1 z of the oxynitrides Lg wYxTaQ:N (xS 11 Babl€ D).

- 2 (1)

For Lg wxTaQN (xS m8ocq OEA AZE£ZEZAAO T £ OEA OOOAET 11 OEA
the effects (distortion and elongation) resulting from a change in the amplitude of th2, mode. A clear
correlation between rR and Eg can be obtained in the following way were a larger strain leads to a
smaller band gap andvice versa Consequently, LarYosTaO:N has the smallest band gap within the
series because it has the largest strain, while for baYo2sTaG:N the smallest strain but the largest
bandgap is observed. In comparison to perovskiteype oxidesABOs; the effect of strain on the resulting
bandgap in perovskitetype oxynitrides AB(O,N) is much more complex and experimentally far less
investigated. DFTcalculations 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 eVigf(for
SITiO; (ref. 53) in comparison just 0.1 eV). FOABO; the application of both compressive and tensile
stress results in a reduction of tle bandgap?2 For the oxynitrides such as LaTieN, CaTagN, SrTaGN,
and BaTaGN 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 blueshift 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 (3dvs.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 orderingc{s vs. tran} and (V) the
level of octahedral rotation and the inversely correlated ferroelectric displacement®54 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 sizalso the band edge positions must match with
the redox potentials of RO for potential SWS catalysts. The conducted electrochemical experiments
and calculations (Table S9, E&) did not provide a conclusive answer so far to the question whether
the band alge positions of La nYxTaVO:N are suitable for SWS. The detailed analysis results can be
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found in Table S9, ES|.Therefore, in the following we focus on the charge carrier separation behavior
and the effects of T& on it.

Like the samples La xYxTaQ:N () the defectfluorite-OUD A 1T @gUT EOQBE4bk SARjalsh . h q
showed a different coloration than expected from the presence of Ta ions below the 5+ state.
Nonetheless, the determined optical band gap &= 2.2 eV (Fig. S11, E§lwas still in agreement with

literature reports.26:30 At lower energies than the optical bandgap no increasing background was
observed pointing to a low optically active defect concentration as observed for the dcantaining
perovskites. In contrast, the color of the mixture of the perovskiteype YTa(O,N) phase (greenish

black) indicated a high concentration of optically active defects besides an optical bandgap of around

2eV.

The composition of La mYxTaG:N (x = 0.1, 0.25, 0.3) provides two possibilities for the oxidation state
of Ta (Fig. 3(ax(c)).
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Fig. 3 (azc) XPS spectra of the Ta 4f region of LaYxTaON (x = 0.1, 0.25, 0.3). Microcrystalline
LanoYo.1TaQy was used as a reference for Paand to determine the chemical shift after ammonolysis.
(d) The point charge modet>56 was applied to the spetra as described in Bubecket all4 (e)
Normalized Xray absorption at the TalL-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
Tad 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 wenalyzed the Ta 4f regions of the XPS spectra. The binding
energies of the Ta 4f, and Ta 4§, orbitals (Table 2) obtained from the spectra (survey spectra in Fig.
3pch %3)dq xAOA Al T OEOOAT O ~»Edngourd EaXaapmii AQkeentya A OA OI ET /
reported for LaTaQN!4 by applying the point charge model#55.56 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 mYxTaG:N (x = 0.1, 0.25, 0.3) are consistent with either a Tg(O,N) or a Td'z
(O,N) binding character Table 2. The Ta 44, binding energies for the T&zO binding character of
microcrystalline LagoYoiTaQw (Esta a2 = 25.3 eV), LarsYoosTaQw (Esta 472 = 25.2 eV) and
Lao.7Yo.3TaOy (Es,ta 472 = 25.3 eV) were used as Fareferences, respectively Fig. 3(ax(c)). In contrast

to recent literature reports on LaTaON (ref. 12 and 14) and PrTaQN 2 our data did not provide any
evidence of the presence of Fain La, mYxTaON (x = 0.1, 0.25, 0.3). Th&g Ta(v) 41712 Values reported
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there (e.g.28.03 eV1227.46 eV!2 and 25.0 eV fef. 14)) significantly exceed our measurement results.
A massive peak broadening or significant double peak splitting described for the abowgentioned
compoundst2 was not observed eibher in our measurement data. Thus, the observed anionic
composition of Lg wnYxTaGN can be explained by the presence of Fa(d! state). The slightly lower
binding energy of the T&z(O,N) binding character in LarYo3sTaQ:N can be attributed to the higher
number of ammonolysis cycles required at 1273 K leading to an enhanced reduction to3Tat the
surface and nitrogen enrichmeni# in the chemical environment of the [T&(O,N)]#octahedron.

Table 2. Binding energies of the Ta 4f region of LaaxTaQN (X = 0.1, 0.25, 0.3) with the respective
binding characters determinedvia the point charge model

Compound Eg1a 472 (V) Estaas2 (V) Binding Character
Lao.oYo.1TaGN 23.4 25.4 Talz(O,N)
24.5 26.4 Tavz(O,N)
Lao.75Y0.25TaG:N 23.6 255 Taz(O,N)
24.7 26.6 Tavz(O,N)
Lao.7Yo.sTaGN 23.2 25.1 Ta'z(O,N)
24.3 26.2 Tavz(O,N)

Additionally, the N and O weight fractions were calculated from the peak areastbe respective fitted
orbitals. O/N ratios of 2, 1.92, and 1.79 were determined for 10, 25 and 30 mol%s¥bstitution in
La, mYxTaQ®N, respectively. This matches quite well with the anionic compositions determinedia
reoxidation and HGE measurements (Table S11, E5IThe determined O/N ratios support the above
given interpretation of the shifted binding energy by nitrogen enrichmentin 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 photemitted electrons (normally between 1 and 10 nm (ref.
57)) XPS is a surfacsensitive method. Therefore, the assumed change of the oxidation state fronfTa
to Ta#* during ammonolysis of the oxide precursors was additionally studied in théulk via XANES at
the TaLy edge Fig. 3. As reference materials, welbefined Ta oxidation states of Ta metal, TaN,
BaTaisOs2, TaNs, LagYoiTalw, and TaOs were used for the XANES data analysis. The samples
Lap.oYo.1TaG:N (ammonolyzed once at 1223 K) antlag9Yo.1 TaQ:N (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 TaLy absorption edges of both LagYo 1 Tal:N samples are
located in-between the TaLy absorption edges of the T& and Té&* reference materials and close to
the TaLy absorption edge of BaTa V15032, which have been synthesized according to Siegrist al 8

As expected, the absorption edge shifted to higher energies with increasing oxidation state of5¥a.
According to Hendersonet al57 a shift of thelL-edges by about 1.5 eV peralence is expected. For Si
even a shift of 2.2 eV per valenééwas observed. In our case, a shift of Z2.2 eV with respect to the
Taod reference was determined for LagYo.1TaQ:N (1 and 2 cycles). Since the oxidation state or valence
state, respectively, is linearly correlated with the energy shift? an oxidation state between +3.8 and
+3.9, close to the expected +4, was obtained in the bulkig. 3(f)). Hence, a uniform oxidatn state
could be demonstrated for the bulk and the surface region. This finding is in good accordance with the
AT ETTEA OAOCET T &£/ ¢ . E ¢ d p TAOAET AA EOI I AEAI
curve shapes of LagYo.1TaQ:N, BaTaisOs2, and LagYoaTaQy, 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 efious 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 (ref60) and even 5.56 eV (ref.61) were reported for
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Ta>* in KTaG and Tasubstituted TiO, solid solutions, respectively. For both LagYo.1TaO:N 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
models57 Since the effective ionic radius of T (res(Ta?*) = 0.68 A (ref27)) is larger than that of T&*
(ref(Tas*) = 0.64 A (ref.27)) and the effective radius of K (res(K*) = 1.64 A (ref.27)) is larger than
those of L&* and Y3+, the distortion in both LayoYo.1TaO:N samples is expected to be lower than that in
KTaQ. This is consistent with our measurements and the fact thaitw(Ta*) > res(Tas) also explains
the different peak 9litting values of LayoYo1TaG:N (2.5 eV) and LasYo1TaQy (2.8 eV).

The 5d electronic configuration of tantalum (T&+) was further analyzedvia SQUID measurements
(Fig. S13(a) and (b), E®). The obtainedM(H) curves reveal differentsaturation magnetizations of
3.46 x 10""emu (x = 0.1) and of 9.19 x 10'emu (x = 0.25) which are equivalent to effective magnetic
moments of 0.0011tg/Ta (x = 0.1) and 0.0031f s/Ta (x = 0.25), respectively. Additionally, to the
paramagnetism, La.7sYo25TaVON showed a very small ferromagnetidike contribution. To separate
the observed ferromagnetic (FM) contribution, it was subtracted from the low temperature hysteresis
of the sample. Similar FMike contributions were also observed in other bulk noamagnetic materials,
with nominal d° contribution, which were identified as nonstoichiometric surface states?:64 By
applying a Brillouin function®s fit (shown in the insets of Fig. S13(ax(c), ESt]) to investigate the
paramagnetism a magnetic moment of 2.{ls for both samples was estimated. This is in contrast to the
calculated smallt g/Ta values for both samples, showing that just a tiny fraction of the Ta ions show
paramagnetism with a moment of 2.1t s. The determined 2.1; g for both samples is consistent with
surface related T&+impurity ions (5d 2 with assumed 2t s/magnetic ion), which were detected by XPS
(Fig. 3(ax(c)). If we assume a 50% presence of Fan the first 0.1 nm of each nanoparticle, we can
calculate the surface to volume ratio with which the same reduced totak/Ta is obtained. This results
in typical particle sizes in the range of 109300 nm, consistent with the obtained SEM results ifig.
2(b). By calculating the quantitative amount of T& and T&* for x = 0.1 one T&" per 1914 T&* ions
and forx=0.25 one T&" per 670 T&** ions are obtained, respectively. This confirms the small amount
of T&*AT A BT ET 00 Oi +0dHA 60 dCAOMOIERAs 05t4b8htédd oDtReAs@mplési
surface. A similar nearly normagnetic behavior was already observed for LaTéO;N and LaT&ON
(ref. 14) and, hence, a similar orbital hybridization for LgxYxTaQ:N is assumed. Fixed magnetic
calculations at 0 K (Fig. S13(d), E®I showed for LaT&ON, LaTa"O:N, and La7sYo25TavVON a
positive energy upon addition of a magnetic moment pointing to a nemagnetic behavior of the
respective oxynitrides.

The simultaneous presence of reduceB-site cations with d electron configuration and a significant
optical band gap is quite unusuband might point to a transparent conductorlike 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, Efpl Such behavior is well known from heaVw doped
degenerated semiconductors such as transparent conducting fluorirgdoped tin oxide (FTO¥¢ and
indium-doped tin oxide (ITO)%” Another even closer related example is the red metallic photocatalyst
Srp WNbO; (Nb4+) with an optical band gap of 1.9 eV showing\aery similar electronic band structuresé

to La, mYxTaG:N. A detailed discussion of thelectronic band structure can be found in the ESI, section
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 LaT9@N; as expected no absorption was obtained at energies lower than
the bandgap in the calculated optical conductivity due to th5d° electronic configuration of Ta* (Fig.

4(a)).
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Fig. 4 (a) Calculated optical conductivity of LgsYxTaQ:N (x= 0, 0.125, 0.25, 0.375) and LaTa@Nb)

Surface photovoltage spectra (SPS) of all {gYxTaG:N sample films on FTG-CPD denoted the contact

potential difference change under illumination,i.e.the photovoltage. (c) Chopped light scans of all

Lap, i¥xTa®. OAT D1 AO O1T AAO 1111 AEOT I ACEKRoENRTI ONEZA9¢EEE T D 1
S). (d) Energy diagram of the LanYxTaO:N/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 890500 nm thick particulate films on fluorine doped

tin oxide (FTO) substrates. The SPS data are presentedFig. 4(b) and (c)(for numerical data and
photos of the films see Table S12 and Fig. S15, SIAll Lg, mYxTaG:N films produced negative
PDET O1 011 OACA OAT CEiI C A&£0iIi ™Mm8tt 6 Ol Mp8mnpig6 AOA
4(d)). This indicatesthat all samples are Atype semiconductors. As can be seen from the exemplary
calculated electronic band structure of LaTéON: (Fig. S14(a), ESJ), a direct bandgap was obtained.
This is beneficial for lightdriven applications and lightabsorption. In contrast, the band structures of
LaTadvO:N and Las7sYo.125TaVO:N (Fig. S14(b) and (c), Ef) 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 Xelamp (Fig. S16, E¥). The photovoltage value
increases in the order LaTa@N, LaoYoiTaON < LarsYosTaON < LarYoszTaON, suggesting
improved charge carrier separation for the more heavily Yubstituted samples. Baed 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 bandgapscdb p 8 w A6 /]
La, sYxTaQ®:N (x=0, 0.1, 0.25, 0.3). The difference indicates a small concentration of visible ligtative
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 absorptn 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 gparation in each material Fig. 4(c). The time constants,z, in Table S12 (ES))
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correspond to the amount of time required to abieve 63.21% of the final photovoltage after turning
the light on or off. The sample LawYo1TaG:N (x = 0.1) had the fastest photovoltage generation/decay
(Zon = 7.62 sZuir = 73 s) compared toe.g.the Y-free sample @on = 22 s;Z0r = 89 S), suggestinghat the
introduction of a small amount of Y improves the charge carrier transport rate. The, and ze 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 bysWbstitution, other
reasons for the increasedzn, times could be anincrease in the particle packing density in the films,
resulting from a change in the particle morphology upon substitution with ¥+, or a change in the
concentration of the hole traps at the particle surfaces, allowing faster trapping of photogenerated
holes in the ¥substitution materials. A strong surface statedependent photovoltage formation due to
hole trapping has been observed before.gfor Fe;Os 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-site metal cations such as Ti(ref. 70and71) or TaV (ref. 72)

can cause fast recombination ophotogenerated electrons and holes significantly decreasing the
photovoltage. However, based on the SPS dataFig. 4(b), the T&*-only materials Lg wYxTaVON (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 [TaY(O,NX]#" octahedra as well asthe altered electronic band structure
overcompensating the traditionally assumed detrimental effect of T4.

7.3. Conclusion

In conclusion, perovskitetype d! materials LayoYo.1TaVO:N, La.75Y0.25TaVON, La.7YosTavVO:N were

producedvia ex situtammonolysis of 10 mol%, 25 mol%, and 30 mol%-¥ubstituted n-LTOZz achieved

via the Pechini methodz successfully expanding the applicability of our recently published precursor

microstructure controlled ammonolysis. Using RYTO and mYTaQ as precursors allowed

synthesizing either a defectfluorite-OUDA DEAOA, 09 thé highést Wweigh fraction of

perovskite-type YTaO,NJET 1 x1T O Z£AO 1T A@d O1 @Fohvisible lightdriigh 0O 1 £ 94
energy conversion processes the bandgap size is aucial material parameter. In this context, a

mixture of YTa(O,N} and a defectfluorite phase showed a greenish black color with an optical band

gap of around 2 eV and broad range absorption. In contrast, the pure defect fluoriphase showed a

yellowish color with a well-defined optical bandgap of 2.2 eV. In LaxTaVON (xS m8cq ET AOAAOEIT
substitution revealed an unexpected trend of the optical bandgapEy=0.3 TEcx=0 < Ecx=0.1 < Ecx=0.25)

with unusual colors ranging from red to orange. XP&hd XANES data revealed that the oxidation state

of Ta in Lg nYxTaON 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 lighiven charge

carrier separation even in the presence of reduceB-site cations, namely T& and T&*. The increasing

partial substitution of Y3+ for La3*in La, mYxTaVO:N (x= 0, 0.1, 0.25, 0.3) indicated an improved charge
AAOOEAO CAT AOAOQETT A%Al IOCAPALBDOGBEAT GEl IO OGRA OAAGEO |
values. These results confirm the possibility of photophysical charge separation in degenerate
semiconductors with large free carrier concentrations (from Té&* states).
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7.4. Experimental

7.4.1.Synthesis of Y-substituted n -LTO and LaizxYxTaO2N

Nanocrystalline Y:substituted n-LTO (v = 10 mol%, 25 mol%, and 30 mol%) and +YTO precursors
were prepared by the same salgelrelated method as described previously4 Y substitution was
accomplished by providing an appropriate amount 6Y(NQ)s-6H.0 (Alfa Aesar, 99.9%) according to
the mol% fraction (x=0, 0.1, 0.25, 0.3, 1.0) in addition to La(NR-6H.O (Sigma Aldrich, 99.99%) in a
second Schlenk flask. Further details about the oxide precursors are summarized in the §Slhe
oxynitrides La, wxTaQN (x S 18 o (Qprepafe® kom the respective nanocrystalline oxide
precursors via thermal gas flow x sit) ammonolysis as previously reported in detait4 200 mg of the
oxides were transferred into an A0z boat and ammonolyzed once at 1223 K for 10 h under flowing
NHsz (300 mL minMe Westfalen AG, >99.98%). This was followed by repeatex situammonolysis
AUAT AO xEOE +#1 &1 0@ AAAEOEIT jxAECEO OAOET op
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 mYTaQ were used. mYTaQ was prepared
by a solid state reaction similar to that in Bubeclet al14 For n-YTO the ammonolysis temperature was
varied from 973 K to 1373 K keeping the reaction time constant at 14 h.-¥TaQ was ammonolyzed
first at 1373 K for 10 h, and then for 14 h at 1273 K wit KCI flux addition using several repetitions.
The ammonia flow rate was in both cases the same as that for,LtxTaGN (300 mL min™j.

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 La1zxYxTaOz2N for Surface Photovoltage Spectroscopy

Fluorine-doped tin oxide (FTO) substrates (1214 m sg“e MTI Corporation) were cleaned by
sonication in acetone, methanol, isopropanol, and water (purified to about 18 fgicm resistivity with

a Nanopure filtration system) for 10 min each, and dried in air. Separate suspensions of the
La, nYxTaQ®:N powders in water with a concentration of 0.5 mg mt'ewere prepared. After sonication
for 15 minutes, 0.05 mL of each suspensionas 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 ESd, The films were between 800 nm and 1500 nm thick as determined with
a stylustype Veeco Dektak profilometer.

7.4.3.Density Functional Theory (DFT) Calculations

The DFT calculations were performed using the full potential locadrbital minimum-basis method as
implemented in the FPLO codé& 74 The exchangecorrelation 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 coparison. A 16 x 16 x 1&-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
Lag.g7sYo.125TaON, La7sYo25TaON, and LasxsYosrsTaON as representatives of LewYo.1TaON,
Lao.75Yo.2sTaQN, and La7YosTaQN, respectively. Virtual crystal approximation was applied to model
the experimentally observed disordered mixture of O and N atoms in the oxynitfes. 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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ESId The band structures for the supercds are unfolded into the Brillouin zone of the primitive cell
(Fig. S14, ESJ), 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 coributions.

7.4.4.Characterization

Powder XRay Diffraction (PXRD) measurements were carried out on a Rigaku Smartlab powdera¥
diffractometer using Nifiltered Cu-K, , fradiation in order to examine the phase purity and crystal
structure of the oxides and oxynitrides. Higkresolution (HR) synchrotron radiation PXRD
measurements of selected oxide and oxynitride samples were performed at the beamline ID22 of the
European §nchrotron Radiation Facility (ESRF) in Grenoble, France. The diffraction data were
analyzed by Rietveld refinement%.77 using FullProf. 2k78

A potential long-range order of O and N in the LaYoi:TaO:N sample was investigatedvia high
resolution neutron diffraction at ambient temperature on SPODI at the Research Neutron Source Heinz
Maier-Leibnitz (FRM 1) 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 of1 = 1.54818(2) A using a takeoff angle of 155°0f the (551) atomic plane of the Ge
monochromator.

The cationic composition of the samples was studied by inductively coupled plasma emission
spectroscopy (ICPOES) on a Spectro Ciros CCD OES instrument. The anionic composition was
determined by hotgas extraction (HGE) using an Eltra ONBOO0O analyzer. Each sample was measured
at least three times.

In situ ammonolysis under flowing NH (80 mL min™MPNH; + 8 mL minerAr) was carried out via
thermogravimetric analysis (TGA) on a Netzsch STA 449F3 Jupiter with a Persamipled Bruker
FTIR spectrometer (Alpha). The subsequent reoxidation of baYo1TaG:N was done under synthetic
air (50 mL minMesyn. air + 20 mL mirPAr).

To determine the idation state of Ta in La nYxTaQ:N and ¥substituted n-LTO, Xray photoelectron
spectroscopy (XPS) was performed with a Thermo VG Theta Probe 300 XPS system (Thermo Fisher
SAEAT OEAEAQ8 4EA ET AEAAT O AAAI EAA AhQ&dfausélE UA
Al-K, radiation. A carbon tape was used as the sample holder and a flood gun was used to avoid
undesirable charging effects. A Shirleyype inelastic background was chosen for background
subtraction. The XPS spectra were analyzed as des@&tbpreviously 14

The morphology of the produced oxides and oxynitrides was investigatedia scanning electron
microscopy (SEM) (ZEISS GeminiSEM 500, 5 kV) using affeins detector.

UV-visible diffuse reflectance spectroscopy (DRS) was performed with a Carry 5000 WS NIR
spectrophotometer. The baseline was measured with Bag@s the reference. The optical bandgap was
estimated by using the KubelkaMunk conversiorfo and applying the tangential method#32

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 Autosorb1-MP (detection
limit: Sser> 1 n? g™ from Quantachrome Instruments. The specific surface areas were determined by
the BrunauezEmmettz Tellerg® (BET) method.

X-ray absorption nearedge structure (XANES) characterization was carried out at the Spanish
beamline BM25A SplLin& at ESRF. The measurements were performed in transmission mode using
three high precision ionization chambers and an ethanetooled (203 K) double Si(111) crystal

i TTTAEOIT AOT O xEOE ATHEANA © U The Aatplds Wérd pelletizdd ARith 3
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cellulose for transmission measurements. The concentration of the samples was calculated to obtain
AT AAOT OPOEdi D & OA @y -&gel(B881keV). XANES data were normalized using the
Athena software packagé?

Magnetometer surveys were carried out with a commercial VSMIPMS3 Superconducting Quantum
Interference Device (SQUID) from Quantum Design. This system allows both conventional DC and
VSMtype measurements. The hysteresis loops were measured at 2 K while the field was switched from
Mt 4 O 1 48 &b purptsdsQ@ie magieA wad quénched t& minimize the residual
magnetic field. Depending on the sample and measurement type the effective sensitivity was in the
range of 10"%o 10M«emu.

Surface photovoltage spectroscopy (SPS) measurements wgerformed 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 homebuilt vacuum chamber p B prmbar with a Pfeiffer HiCube 80 Eco turbo
pump station). Monochramatic radiation was provided by a 150 W Xe lamp using an Oriel Cornerstone
130 monochromator o p | ™. ItAvhs not compensated for the variable light intensity of the
Xe lamp. A signal drift in the spectra was corrected by subtracting a dark backgral 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 reveibility was examined with light on/off scans under 2.48 eV
monochromatic illumination.
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7.9. Supplementary Information

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

After synthesis and calcination at 92X the oxide precursors (10mol% Y, 25mol% Y, 30mol% Y)
were nanocrystalline (Fig. S1 a)) and white as reported for-h TOL

a) 30 mol% Y-subst. n-LTO b) Cl %2
— 30 mol% Y-subst. n-| g synthesized at 1673 K
25 mol% Y-subst. n-LTO i Lag oY 1Ta0, (P2,/c) 3274

/ ’k' —— 10 mol% Y-subst. n-LTO 326 ™
3254 .
o~ 324 e,

i ’MM L -

r‘el. im.‘ (a.u.)
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Ny }
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1 320 e
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1.5408 5
r T T 1 T 1 r T T v 1 r v 318 - - T r T
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d) 7o La, Y, ,Ta0,, 1673 K (Fit —) Ta 4f e) O 25mol% Y-subst. m-LaTaOy, 1673 K (Fit——) Ta 4f] f) [0 30 mol% Y-subst mLeTa0, 1673 K (Fit —) Ta 4f
| Ta 4f, /Ta 4f , (Ta(V)-0) R 4 Ta 4fy,/Ta 4f,, (Ta'-0) wvieees Ta dfglTa 4fy, (Ta'-0)
p - ==-Ta 4f,,/Ta 4f,, (Ta"-0) > === -Tadf,/Ta 4fy, (Ta'-0) )
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Fig. S1.a) PXRD patterns of ubstituted nanocrystalline lanthanum tantalum oxide (RLTO)

(20 mol% Y, 25mol% Y, 30mol% Y) precursors. b) Rietveld refinements of the crystal structure of
microcrystalline LagoYo.1TaQuin space groupP2:/ cfrom HR-PXRDdata. 3 ACAOAS6 O P11 O 1T £
volumes of microcrystalline oxide precursors (10mol% Y, 25mol% Y, 30mol% Y). The open circles

represent the expected unit cell volume and the closed circles the determined unit cell volume-f}i)

XPS spectra of the Tafdegion of ¥substituted microcrystalline LaTaQ (m-LaTaQ) (10 mol% Y,

25 mol% Y, 30mol% Y) samples treated at 1673. The solid line stands for the overall fit, the open

circles represent the measurement data and the scattered lines are the fittimgsults of the Ta 4

orbitals.

The synthesized Ysubstituted n-LTO powders had specific surface areas betweem®/g and 14 m3/g
which were slightly larger than that of nLTOL. The morphologies of Ysubstituted n-LTO (10mol% Y,

25 mol% Y, 30mol% Y) were similar to each other and had very small primary particles in the nm
range (Fig. S2 af)). In contrast to mLaTaQ! and heavily ¥substituted m-LaTaQ: (25 mol% Y and

30 mol% Y), 10mol% Y-substituted m-LaTaQ (LagoYo1TaQu, Fig. S1 b)) was reproducibly single
phase after crystallization and could be refined in the monoclinic space groug2i/c (Fig. S1 b)).
Synthesis of the two other Ysubstituted m-LaTaQ (25 mol% Y, 30mol% Y) samples resulted in two
polymorphs which could be refined in the space group€ma; and P24/ 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 XPSspectra of the Ta &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 surfasensitivity of the XPS method resulting
from the small meanfree path (normally between 1 and 10 nr) of the photo-emitted electrons. The
third phase was identified as YTagxrefined in the space groupP2/a.4 EA 6 ACAOASO PI 1T 0O OE
S1 ¢) indicates a solubility limit of ¥*in LaTaQ of approximately 10mol% since the unit cell volumes

of the samples with a nominal Y content of 2B0l% and 30mol% did not differ much from that of the
sample with 10mol% Y. A similar solubility of Y has been previously observed in Ga/yZrOs+o.5¢3
Chemical analysis showed that the Y solubility of the oxynitrides LaYxTaOQN (Fig. 2 a) exceeds
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10 mol% Y which was achieved for the 25 mol% and 30 mol%-&ubstituted m-La;xYxTaQ, (Tab. S2
a), b) and S3 a), b)). XPS measurements of the Taeyion of Y-substituted m-LaTaQ (10 mol% Y,
25mol% Y, 30mol% Y) were performed after treatment at 1673K in order to have a Ta reference.
The XPS Tafspectra of 25mol% Y and 30mol% Y were fitted with two binding states, while only one
binding state was sulfficient for Lay.oYo.1TaQs (Fig. S1 djf)). Hence, the presence of the two phases with
space groupsCme@; and P2,/ cmentioned above was confirmedriathe Ta 4 XPS data. The determined
binding energies of the Ta #/, orbitals of all samples were in good agreement with already reported
data of Ta(VxO binding characters.45 Since two binding states were sufficient to fit the data of the
samples with Y contents of 25n01% and 30mol% despite the evidence of a third phase in the HR
PXRD patterns, the binding energy aggment was not entirely possible. The binding energies of the
Ta 4fs» and the Ta 472 orbitals are listed in Table S4. Application of the Kubelk&unk® function on
the DRS measurement data revealed optical band gapskf= 4.5+ 0.1eV for ¥-substituted n-LTO
(10 mol% Y, 25mol% Y, 30mol% Y) (Fig. S4). These were good in agreement with the optical band
gap of nLTO and m-LaTaQ!.

& \ e ;
L 2 R 2 um
X ) -

Fig. S2.SEM images of the white nanocrystalline-gubstituted n-LTO oxide precursors. a) 1Gnol% Y.
b) 25mol% Y and c) 30mol% Y.

Tab. S1.a) Unit cell parameters of mLagoYo1TaQu.

Unit Cell Parameter Lap.oYo.sTaly
a(h) 7.63033(8)
b (A) 5.55665(6)
c(A) 7.79671(8)
r i KQ 101.2852(6)
Veer (A3) 324.181(6)
Space group P21/ c
Phase fraction (wt. -%) 100
Ro (%) 11.2
Rup (%) 14.9
22 10.6
RBragg (%) 8.81
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