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ABSTRACT: We present how the introduction of anion vacancies
in oxyhydrides enables a route to access new oxynitrides, by
conducting ammonolysis of perovskite oxyhydride EuTiO;_H, (x ~
0.18). At 400 °C, similar to our studies on BaTiO;_,H,, hydride
lability enables a low temperature direct ammonolysis of
EuTi**"0,,H, s leading to the N*7/H -exchanged product

EuTiOygoHo 18

EuTiO, g5Np 120006

EuTiO,N

EuTi*™0,4,Ng o[ Jooss When the ammonolysis temperature was

increased up to 800 °C, we observed a further nitridation involving N*~/O>~ exchange, yielding a fully oxidized Eu**Ti**O,N
with the GdFeOs-type distortion (Pnma) as a metastable phase, instead of pyrochlore structure. Interestingly, the same reactions
using the oxide EuTiO; proceeded through a 1:1 exchange of N*~ with O*~ only above 600 °C and resulted in incomplete
nitridation to EuTiO, ;5N s, indicating that anion vacancies created during the initial nitridation process of EuTiO,g,H 5 play a
crucial role in promoting anion (N*7/O%7) exchange at high temperatures. Hence, by using (hydride-induced) anion-deficient
precursors, we should be able to expand the accessible anion composition of perovskite oxynitrides.

B INTRODUCTION

Perovskite oxynitrides, ABO,N and ABON,, have received
considerable attention owing to their novel properties that are
unattainable in simple oxides, including visible-light photo-
catalysis in LaTiO,N,"” dielectric properties in ATaO,N (A =
Ba, Sr),3’4 and colossal magnetoresistivity in EuNbO,N and
EuWON,.”® Most of these oxynitrides have been prepared
through annealing under flowing ammonia gas (ammonolysis).
In general, nontopochemical ammonolysis reactions require
high temperatures (800—1500 °C) to allow diffusion of
constituent cations of starting reagents (e.g, oxides and
carbonates),” as in the case of oxides. For example, BaTaO,N
is synthesized by ammonolysis of a stoichiometric mixture of
BaCOj; and Ta,Og at 950—1000 °C.” However, the severity of
high temperature ammonolysis considerably limits the
compositional variation of oxynitrides. For example, the B
site is mostly occupied by early transition metals (e.g, Ti",
Nb**, Ta>*, W*/>*) that are robust against the highly reducing
atmosphere.”
europium in perovskite oxynitrides is known to adopt a
divalent state (EuTaO,N and EuNbO,N),> except for
EuWO,,,N,_, (=0.16 < x < 046, Eu®>19*)° putting a
significant constraint on chemical and physical properties.

Due to this highly reducing environment,
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Another notable feature in perovskite oxynitrides is the fact
that the total anion content is (almost) 3. For example, the
cation choices of (A, B) = (Sr, Nb), (La, Nb), and (La, Ti)
simply give STNbO,N, LaNbON,, and LaTiO,N, respectively,
apart from a small deviation from stoichiometry for the anion.”
This is in stark contrast to most oxide perovskites (ABO;),
whose anion content can be widely varied (depending on the A
and B cations), often yielding anion vacancy-ordered structures
such as the brownmillerite structure ABO, s or the infinite layer
structure ABO,.” It is not clear why oxynitrides with a
significant amount of anion vacancies are absent, but this fact,
together with a theoretically suggested lower N*~ diffusion (vs
0%7),"” may introduce a kinetic issue during ammonolysis even
at high temperatures. Also, the fact that most of the B-cations
constituting oxynitrides (such as Ti*, Nb®*, and Ta’")
demonstrate strong affinity toward octahedral anion coordina-
tion may play a certain role in the negligibly small anion
deficiency.

We have recently demonstrated a new topochemical route to
access an oxynitride at rather low temperatures using an
oxyhydride instead of a pristine oxide.'"'* Here, the lability of
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H™ anion in BaTi*®*0, H, (x < 0.6) enables N> /H~
exchange at 375—550 °C, yielding the ferroelectric oxynitride
BaTi**O;_,N,,/s[],/3- In this study, we have applied this
strategy to EuTiO;_H,, prepared by a CaH, reduction of

EuTiO,."” As shown in the lower portion of Scheme 1,

Scheme 1. Ammonolysis of EuTiO,4,H, s and EuTiO;"
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“The cubic oxyhydride EuTiO, 4,H, ;5 changes to EuTiO, gNj 15[ Jo.0s
by ammonolysis at 400 °C, followed by conversion to Eu-
TiO, 3sNg4s[Jo.14 With an increased anion vacancy at 600 °C, and
finally to fully oxidized EuTiO,N with the GdFeOj-type structure at
800 °C. On the other hand, the ammonolysis of EuTiO; at 600 and
800 °C, respectively, resulted in no reaction and lower N content,
EuTiO,,5Nys. Yellow, gray, red, blue, and green spheres represent Eu,
Ti, O, H, and N.

ammonolysis at 400 °C successfully converts EuTiO, g,H; 4 to
Eu®*Ti*™ 0, ,Ny 15[ Jo.s- However, unexpectedly, when the
ammonolysis temperature is increased up to 800 °C, further
oxidative nitridation involving an N3~/0*~ exchange proceeds
and yields Eu**Ti*"O,N as a thermodynamically metastable
phase. We investigate compositions and crystal structures of
EuTiO, ,Hj s as well as EuTiOj;-ammonolyzed phases at
various temperatures (400—800 °C) and discuss how the
unprecedented high temperature topochemical reactions
proceed, in particular, shedding light on the role of anion
vacancies in directing the reaction toward the terminal
metastable phase.

B EXPERIMENTAL SECTION

EuTiO;_,H,, EuTiO; and Eu,Ti,O, were used as precursors for
nitridation. Eu,Ti,0, and EuTiO; with pyrochlore and perovskite
structures, respectively, were prepared by the polymerized complex
method using Ti(O'Pr), (97%, Sigma-Aldrich) and Eu(NO;);-nH,0
(99.9%, Rare Metallic Co. Ltd.) as described in the literature."?
EuTiO;_H, (x ~ 0.18) was prepared by reducing Eu,Ti,0, with a 2.5
molar excess of CaH, (99.99%, Sigma-Aldrich) in a sealed, evacuated
Pyrex tube at 600 °C for 2 days. The residual CaH, and the byproduct
CaO were removed by washing with a 0.1 mol/L NH,CI solution in
methanol under vigorous and continuous stirring for 3 h.

The obtained powder (EuTiO,g,H,s EuTiO,, Eu,Ti,0,) was
placed in a platinum boat in a tubular furnace for ammonolysis
reactions. The tube was initially purged with dry N, gas and then with
dry NH; gas at ambient temperature to expel oxygen and moisture
before heating. Under ammonia gas flowing at 300 mL/min, the
sample was heated to various temperatures Ty (400 °C < Ty < 1000
°C) at 4.5 °C/min, held for 12 h, and cooled to 30 °C at 7 °C/min.
EuTiO, 4,H, 5 and EuTiO; after ammonolysis at T will be hereafter
abbreviated, respectively, as ETOH-Ty and ETO-Ty (e.g, ETOH-800
and ETO-800 when Ty = 800 °C).

We characterized the purity and crystal structures of the samples by
powder X-ray diffraction (XRD) measurements using a D8
ADVANCE diffractometer (Bruker AXS) with Cu-K, radiation.
High resolution synchrotron powder XRD experiments (SXRD)
were also performed at room temperature using a Debye—Scherrer
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camera with an imaging plate as a detector, installed at SPring-8
BLO2B2 of the Japan Synchrotron Radiation Research Institute
(JASRI). Incident beams from a bending magnet were monochrom-
atized to 4 = 0.420671 A, 0.420887 A or 0.419795 A. Sieved powder
samples (<32 ym) were loaded into Pyrex capillaries with an i.d. of 0.2
mm. The sealed capillary was rotated during measurements to reduce
the effect of preferred orientation. The collected SXRD patterns were
analyzed by the Rietveld method using the RIETAN-FP program.'*

To estimate the oxygen content of EuTiO;_H,, we conducted a
thermogravimetry (TG) measurement with a Bruker AXS TG-DTA
20008 under flowing O, at 300 mL/min up to 700 °C. A platinum pan
was used as a sample holder and Al,O; as a reference. Hydrogen
release upon heating was monitored under flowing Ar at 300 mL/min
by a Bruker MS9610 quadrupole mass spectrometer connected to the
TG instrument.

To determine the anion composition of ETOH-800, neutron
diffraction (ND) data were collected at room temperature using the
high resolution powder diffractometer BT-1 at the NIST Center for
Neutron Research (NCNR) and processed by Rietveld refinement. To
reduce absorption effects from Eu, the sample was thinly spread on
aluminum foil, wrapped to form an annulus, and placed inside a
vanadium cylinder (diameter 12.4 mm, height SO mm). We employed
a vertical-focused Cu(311) monochromator and a premonochromator
collimation of 60", resulting in the maximum obtainable flux and a
wavelength of 1.54060 A.

Electron diffraction (ED) patterns of ETOH-800 were recorded
using a FEI Tecnai G2 transmission electron microscope operated at
200 kV. The specimen for ED was prepared by grinding the powder
sample under ethanol and depositing a drop of the suspension onto a
copper grid covered with a holey carbon film. The sample consists of
nanoparticles about 50—200 nm in diameter. Most of them form
aggregates up to a micron. Zone axis ED patterns were acquired on
individual particles.

The presence/absence of nitrogen in the samples was examined by
the combustion method (elemental analysis) at Analytical Services,
School of Pharmacy, Kyoto University. Approximately 2 mg of a
sample was used each time, and three data sets were averaged.
Magnetic susceptibilities were measured on a Quantum Design
MPMS-XL SQUID magnetometer, with an applied magnetic field of
0.05 T from 2 to 300 K. '*'Eu Mdssbauer spectra of ETOH-800 and
ETO-800 were collected at room temperature in transmission
geometry using a '*'Sm,0; y-ray source. The source velocity was
calibrated by EuF; as a standard.

B RESULTS AND DISCUSSION

XRD patterns of EuTiO;_H, and EuTiO; were characterized
by the cubic perovskite structure (Pm3m) with a = 3.9143(1) A
and a = 3.90402(4) A, respectively, while those of Eu,Ti,0,
were indexed by the pyrochlore structure (Fd3m) with a
10.2071(1) A (Figure S1), all in agreement with previous
studies.'”">'® All of the precursors were single phases. Rietveld
refinement of SXRD data of EuTiO;_,H, (Figure S2 and Table
S1) gave an oxygen content of 2.85(2), in reasonable
agreement with 2.82 obtained from TG (Figure S3). As a
result of electron doping, EuTi****O,q,H,,3 undergoes a
ferromagnetic transition at T = 12 K (Figure la and Figure
S4) due to the Ruderman— Kittel —Kasuya—Yosida (RKKY)
interaction, as shown previously."

Our recent study on BaTi* ")+O H, (x < 06)" has
demonstrated that hydride lability enables N*7/H~ exchange
with low temperature ammonolysis at 375—550 °C, yielding
the fully oxidized BaTi*"O;_,N,, 3[],/5 Hence, one can expect
that such a low temperature ammonolysis for
Eu*Ti*¥*0,_H, will yield Eu**Ti*0,_ Noy3[ /3. This is
indeed what has happened for EuTiO, g,Hg 5 (1 in Scheme 1);
the Rietveld refinement of the SXRD data for ETOH-400
converged adequately, yielding the composition EuTiO, ()
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Figure 1. (a) Temperature dependence of the magnetic susceptibilities
of EuTiO,g,Hy s and the nitridized samples prepared at Ty = 400,
600, 700, and 800 °C, measured at 0.05 T. (b) An enlarged plot for
ETOH-800 (EuTiO,N). Solid lines are theoretical curves for Eu®*,
Eu*®*, Eu>”**, and Eu®** based on Van Vleck theory (details described
in Supporting Information). ETO-800 (EuTiO,,5Nys) is also plotted.

(ie., EuTi(O,N)wO(Z)). Here, an oxygen-deficient EuTiO; 4
was assumed because of the negligible difference in X-ray
scattering power of O and N. All the SXRD peaks of ETOH-
400 (EuTiO,gHy ;s after ammonolysis at T = 400 °C) were
readily indexed by a cubic unit cell (a = 3.9103(1) A), and its
structure was refined using the ideal perovskite structure
(Figure 2a and Table 1). ETOH-400 exhibits an antiferroma-
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Figure 2. Observed and refined SXRD patterns for (a) ETOH-400
(EuTiO, 4,Ng1,0y06) and (b) ETOH-600 (EuTiO, 35N 45y.14)- Both
structures were refined using the ideal perovskite structure (Pm3m).
Refined parameters are shown in Table 1. Red crosses, green solid line,
and blue solid line represent observed, calculated, and difference
intensities, respectively, while green ticks indicate the peak positions.

gentic transition at ~5 K (Figure 1a and Figure S4) as observed
in EuTiO; and discussed in ref 13, indicating a complete loss of
3d electrons'” (and thus a loss of hydrogen) by the oxidative
nitridation. Furthermore, elemental analysis gave a nitrogen
content of 0.67 wt %. From these results, we concluded that the
chemical composition of ETOH-400 is Eu**Ti** 0, ,N¢ 15[ o .06-

Surprisingly, a drastic change in the diffraction profiles is
recognized when the ammonolysis temperature of Eu-
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Table 1. Structural Parameters of ETOH-400
(EuTiO, 5Ny 1), ETOH-600 (EuTiO, ;N 4s), and ETOH-
800 (EuTiO,N) from Rietveld Refinement of SXRD Data”

atom Wyckoff site gb B, (A%)
ETOH-400 (EuTiO,,Np 1)°

Eu 1b, (05, 0.5, 0.5) 1 0.508(7)
Ti 1a, (0, 0, 0) 1 0.34(2)
0 3d, (0.5, 0, 0) 0970(9)  0.73(6)
ETOH-600 (EuTiO, ;4Ng.5)"

Eu  1b, (0.5, 0.5, 0.5) 1 0.73(1)
Ti 1a, (0, 0, 0) 1 0.24(2)
o 3d, (0.5, 0, 0) 0934(8)  1.82(9)
ETOH-800 (EuTiO,N)*

Eu  8d, (0.0440(1), 0.2496(1), 0.9908(1)) 1 0.36(1)
Ti 4b, (0, 0, 0.5) 1 0.47(2)
O1 4, (0.470(1), 0.25, 0.090(1)) 1.00(1) 1.1(1)
02 8d, (0.2920(9), 0.0442(7), 0.711(1)) 1001y 11(1)¢

“Values in parentheses for refined parameters indicate one standard
deviation. bg represents the occupancy of each site. “Space group:
Pm3m (no. 221), a = 3.9103(1) A, R, = 10.1%, R, = 7.7%, =59
9Space group: Pm3m (no. 221), a = 3.9038(1) A, R, = 7.5%, R,
5.0%, y* = 2.2. “Space group: Pnma (no. 62), a = 5.5554(1) Ab=
7.7470(2) A, ¢ = 5.4548(1) A, R,,, = 6.6%, R, = 4.9%, 1* = 2.2.'Linear
constraint: g(02) = g(O1). £Linear constraint: B;,(02) = B;,(O1).

Ti0,,Hg s is increased. With increasing Ty to 600—800 °C,
the obtained XRD peaks are largely shifted to higher angles,
meaning a significant contraction of the cell volume. Addition-
ally, we observed, for TR = 700 and 800 °C, a cubic-to-
orthorhombic transition accompanied by the appearance of
superstructure reflections, where the enlarged cell is related to
the primitive perovskite cell by \/ 2a, X 2b, X \/ 2¢, (see Figure
3 and Figure SS). These observations suggest a continuous and
substantial oxidization of Eu’* to Eu’" with increasing Tj,
despite the highly reducing atmosphere of ammonolysis.

Magnetic measurements of ETOH-800 (Tp = 800 °C)
revealed that the Eu ion is oxidized completely to +3, strongly
suggesting a composition of Eu**Ti*'O,N. As shown in Figure
la, nonmagnetic behavior in the temperature dependence of
magnetic susceptibility indicates the fully trivalent state in Eu
with 4f° (S = 3 and L = 3, thus J = 0). Note that the slight
increase in the susceptibility below 15 K (see Figure 1b) is
reproduced by a fit based on the Van Vleck theory involving the
contribution of the excited states of Eu*"."® Details of the Van
Vleck theory are described in Supporting Information. The
S'Eu Méssbauer spectrum for ETOH-800 at room temperature
(Figure 4a) consists only of a single peak with the isomer shift
of 0.30(2) mm/s, which is attributed to the resonance
absorption of Eu** nuclei (3 in Scheme 1).

The occupation of the A-site by Eu®*, which has an ionic
radius smaller than that of Eu** (1.07 A vs 1.25 A), leads to a
smaller Goldschmidt tolerance factor t.'? Using tabulated
data,”® we obtained ¢ = 0.89 for Eu**TiO,N, which is much
smaller than t = 0.95 for Eu**TiO;. Furthermore, the reduced
(normalized) volume of 58.690(2) A® in EuTiO,N (or ETOH-
800) relative to EuTiO; (59.5026 A3) as well as the lowered
symmetry with the aforementioned superlattice indicates the
presence of cooperative TiO,N, octahedral rotations in
EuTiO,N.

Given the orthorhombic \/ 2a, X 2b, X \/ 2¢, cell and small ¢,
it would be quite natural to build a structural model on the
basis of the GdFeOj-type structure (space group: Pnma),”’
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Figure 3. Observed and refined (a) SXRD (4 = 0.420671 A) and (b)
ND (4 = 1.54060 A) patterns for ETOH-800 (EuTiO,N). Shown in
the inset of panel a is the crystal structure of EuTiO,N with the
GdFeOj;-type structure (Pnma). Red crosses and green and blue solid
lines represent observed, calculated, and difference intensities,
respectively. The first and the second rows of green ticks indicate
the positions of EuTiO,N and Eu,0; (3.05 wt %) peaks, respectively.
The third rows in panel b indicate the peaks of elemental V coming
from the cylinder sample holder. Aluminum foil peaks are removed
from the data and fitting. Refined parameters for SXRD are shown in
Table 1, while those for ND are as follows: =3.2%, R, = 2.5%, 7=
1.06, EuTiO,01(6)Nogo(s) Bio(Eu) = 0.7(1), B;i,(Ti) = 0.8(2).
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Figure 4. "*'Eu Mossbauer spectra of (a) ETOH-800 (EuTiO,N) and
(b) ETO-800 (EuTiO,,sNy,s) at room temperature. The former
spectrum was fitted by a single Lorentzian with an isomer shift of
0.30(4) mm/s and a full width at half-maximum (fwhm) of 2.75(4)
mm/s corresponding to Eu®*, while the latter spectrum was fitted by a
double Lorentzian with isomer shifts of 0.36(3) mm/s and —12.9(3)
mm/s, corresponding to Eu** and Eu®, respectively.

with a~b*a” octahedral tilting in Glazer notation.”* Rietveld
refinement of the SXRD data of ETOH-800 (Figure 3a) was
conducted with the GdFeOj;-type structure placing Eu atoms at
the 8d site, Ti atoms at 4b, and O(N) atoms at 4c and 8d. A
small amount of impurity Eu,05 (3.05 wt %) was included in
the refinement as a secondary phase. The refined parameters
are shown in Table 1. When the occupancy of the anion site is
allowed to vary, a fully occupied value, EuTi(O,N); o) is
obtained. The orthorhombicity (2.38) of EuTiO,N was
calculated using the obtained lattice parameters.”” This is
remarkably larger than those for known oxynitrides obtained by
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typical ammonolysis (<1.5), which revealed high distortion of
this material.

As shown in Figure 5, the ED patterns of ETOH-800
(EuTiO,N) are fully consistent with the crystallographic data

Figure S. Electron diffraction patterns for ETOH-800 (EuTiO,N),
which are indexed consistently with Pnma space group. Reflections
violating the h00: h = 2n; 0kO: k = 2n; 00I: | = 2n and hkO: h = 2n (in
the [010], [001], [101], [110], and [011] ED patterns) reflection
conditions imposed by Pnma symmetry appear because of multiple
diffraction.

(Pnma) from SXRD refinement. They also rule out the P2,/m
space group that could be derived from the cis-type anion-
ordered structure in StrNbO,N and SrTaO,N with the d°
configuration of the B cations.”*** Furthermore, the absence
of second harmonic generation (SHG) response in EuTiO,N
excludes the acentric subgroups and hence confirms the centric
Pnma space group. Because the sample contains a small amount
of Eu,O; impurity, whose crystals look very similar to those of
the target material, each analyzed particle was first tested with
energy-dispersive X-ray spectroscopy (EDX) to ensure the
presence of Ti.

The large contrast between the neutron scattering lengths of
O and N allowed us to determine the anion composition of
ETOH-800. The atomic positions were fixed to those
determined from the SXRD refinement because of the relatively
weak intensity of the ND pattern. A small impurity of Eu,O;
was also observed along with elemental V and Al coming,
respectively, from the vanadium cylinder sample holder and the
aluminum foil. Eu,0; and V were included in the refinement,
but Al was excluded due to its strong preferred orientation.
Applying the constraint g(O1) + g(N1) = 1, g(02) + g(N2) =
1) g(OI) = g(oz)) and Biso(OI) = Biso(oz) = Biso(Nl) =
B,(N2) = 1 on the O/N occupancy factors, the ND profile
was refined and we obtained the almost fully stoichiometric
composition EuTiO, ;6 Nog9(s) (see Figure 3b and Table S2).
We note that the refinement without the constraint g(O1) =
g(02) did not converge reasonably. Elemental analysis for
ETOH-800 gave a nitrogen content of 5.59 wt %, in excellent
agreement with the theoretical value of 5.6 wt % for EuTiO,N.

The ammonolysis reaction of the pyrochlore Eu,Ti,O; at 800
°C resulted in decomposition into Eu,0; and unknown phases
(Figure S6). This dependence on precursor strongly indicates
that EuTiO,N is a thermodynamically metastable phase only
accessible by a topochemical route. It is remarkable that the
synthesis of EuTiO,N requires a rather high temperature (800
°C) in comparison with conventional topochemical reactions to
prepare reduced oxides, oxyhalides, and oxyhydrides.”*~* The
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requirement of such a high temperature for the topochemical
ammonolysis is related to the less mobile nature of N*~, due to
its higher valence, as theoretically demonstrated for the fluorite-
type oxynitride Feg,sTa,-50075Ng,s, where activation barriers
for N>~ and O~ migration are 5.98 and 1.87 €V, respectively.'’

Figure 6 illustrates the relationship between the structures of
Ln-Ti*-O-N and the ionic radii of Ln*" (Ln = rare earths). For

La® ce’'pr® N sm¥Eu Dy*2y*
? * + T + T * * T T + ?
Perovskite Pyrochlore
1.I16 1.I14 1.|12 1.I10 1.68 1.66 1.64 1.62

Ln>* Radius (A)

Figure 6. Relationship between the ion radius of the trivalent cation
(Ln*) and the structural types in Ln-Ti**-O-N systems. Perovskite
LnTiO,N is in red, and pyrochlore Ln,Ti,(O,N),_s is in blue. The
superscript represents the reference number.

larger Ln** (La, Ce, Pr, and Nd), perovskite LnTiO,N is
formed,””*" while pyrochlore Ln,Ti,(O,N),_s is stabilized for
smaller Ln**.>*** Gurlo et al.’* examined existing perovskite
oxynitrides, ABO,N and ABON,, and empirically demonstrated
that the stability of the perovskite structure is mainly governed
by the tolerance factor t and an octahedral factor d, which is
defined by d = rg/rx, where rg and ry denote the ionic radii of
the B and X site in ABX;, respectively (see eq 6 in ref 34). In
the case of LnTiO,N (with d = 0.422), the perovskite structure
is stable when 0.931 < t < 1.038, implying that the octahedral
tilting is considerably suppressed in oxynitrides, compared with
oxides where the perovskite structure exists down to t ~ 0.75.%
The value of t for EuTiO,N is smaller than the lower limit
(0.931), providing a justification that EuTiO,N is not
thermodynamically stable but is metastable at given conditions
(in NH; atmosphere) and is formed through the topochemical
route. In perovskite oxides, covalency is known to stabilize the
GdFeOj-type structure with the a”b*a” tilting system
compared with other tilting-type structures.”® Because the N-
for-O substitution is expected to enhance the covalency, the
observation of the a”b'a” tilting in EuTiO,N should be
reasonable. Such a stable structure of EuTiO,N as well as the
valence variability of Eu ions may be reasons for the
introduction of more nitrogen than expected from our studies
on BaTiO;_,H,. From these results, high temperature top-
ochemical ammonolysis allows the formation of metastable
perovskite oxynitride phases with extensive distortion, which
may bring novel magnetic, transport, and optical properties.
To obtain more insight into the reaction mechanism, we
performed ammonolysis reactions in a similar fashion but using
EuTiO; and observed distinct results. XRD patterns of ETO-
800 are indexed with an orthorhombic \/ 2a, X 2b, X \/ 2,
unit cell, as observed in EuTiO,N. However, as shown in
Figure 7b, its cell volume is much larger than that of ETOH-
800 (EuTiO,N), implying an incomplete nitridation for ETO-
800. SXRD refinement assuming the GdFeOj-type structure
gave a nearly stoichiometric anion content of 2.97(3) (Figure
S7b and Table S3), while elemental analysis gave a nitrogen
content of 4.24 wt %, corresponding to Eu*7**Ti0,,sNj 5 (5 in
Scheme 1, and Figure 7a). This composition is further
supported by a magnetic measurement, yielding a mean valence
of Eu?”** (Figure 1b). The '*'Eu Mdssbauer spectrum, shown
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Figure 7. T dependence of (a) nitrogen content (from elemental
analysis), (b) normalized volume (from Le Bail analysis of XRD), (c)
valence state of Eu (from inverse susceptibility) and (d) amount of
anion vacancies of EuTiO,g,H,s-derived (red) and EuTiO;-derived
oxynitrides (blue). In panel d, amount of anion vacancies is shown by
[y/(x + y)] x 100 in EuTi(O,N),0J,.

in Figure 4b, is composed of two peaks centered at —12.9(3)
mm/s and 0.36(3) mm/s, assigned, respectively, to Eu’*" and
Eu®". From the area ratio of the two absorption peaks, the Eu
valence was estimated to be 2.94, a little larger than that
obtained above. However, this apparent discrepancy can be
attributed to the difference in the Debye—Waller factors for
Eu® and Eu®', as observed in other Eu-containing com-
pounds.”’ ™

All attempts to synthesize the full stoichiometric phase of
EuTiO,N from EuTiOj; by changing the reaction temperature
and/or time were unsuccessful. For longer reaction time at 800
°C, the amount of unidentified impurities increased prom-
inently while the nitrogen content only slightly increased. We
observed that raising Ty beyond 900 °C resulted in a drastic
reduction in the nitrogen content, which is consistent with
results of Weidenkaff et al. who synthesized
Eu***Ti*0,4¢Ngos by the ammonolysis of EuTiO; at 950
°C.* The significant reduction of Eu here in the perovskite is
due to the highly reductive atmosphere at higher Tj. At Ty =
1000 °C, EuTiO; decomposed into Eu,0; and other unknown
phases (Figure S8).

Why was the stoichiometric EuTiO,N obtained only from
EuTiO, ,Hjs and not from EuTiO;2 To clarify this, we
investigated ammonolyzed samples of EuTiO,g,H, ;s and
EuTiO; at intermediate temperatures of 400 °C < Ty < 800
°C (2 and 4 in Scheme 1). Figures 1a and 7b show that Eu** in
ETOH-600 is only partially oxidized, and the sample
composition was determined to be Eu?**TiO, 35N .5 lo.14
from elemental analysis, giving the nitrogen content of 2.7 wt
%. The Curie—Weiss fitting of the magnetic susceptibility gives
a Curie constant C of 6.34(2) emu K mol™" (corresponding to
Eu*?*) (Figure 7a, Figure 7c, Figure S9, and Table S4). This
composition agrees well with EuTi(O,N),go)[Joso derived
from the Rietveld analysis of SXRD pattern (Figure 2b and
Table 1). Obviously, ETOH-600 has more anion vacancies than
ETOH-400 (EuTiO,g,Ny ,[Joos). Here, the loss of O*~
exceeds the uptake of N°~. More anion vacancies appear at
Tr = 700 °C, with an approximate composition of
Eu”**Ti0, 40Ny g Jo1s (Figure 7a, Figure 7d, Figure S9, and
Table S4). In contrast, ETO-600 has nearly the same lattice
parameter as EuTiO3, and its nitrogen content is only 0.34 wt
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%, which is much smaller than 2.70 wt %, observed for ETOH-
600. The absence of a recognizable amount of anion vacancies
is found from Rietveld SXRD refinements for ETO-600 and
ETO-800 (Figure S7 and Table S3). Thus, the oxidative
nitridation of EuTiO; probably proceeds through a (nearly) 1:1
exchange of N*~ with O".

Furthermore, let us consider the origin of the remarkable
difference in composition of ammonolyzed specimens (at
various Ty’s) between EuTiO;-derived and EuTiO,g,H, s-
derived systems. Because hydride ions in EuTiO,g,H, s are
already lost by the ammonolysis at 400 °C (yielding
EuTiO, 4Ny 15[ Jogs), the hydride lability, which has been
underlined for BaTiO;_H,* is clearly not responsible for the
drastic N°~/O”” exchange at higher Ty. Instead, the presence of
anion vacancies, even with 2 at. % concentration for
EuTiO, 8N 15[ Joge for higher, as more vacancies are created
in situ as the sample is heated toward 800 °C, would be
therefore of crucial importance for the synthesis of stoichio-
metric EuTiO,N.

For the EuTiO;-derived system, we do not observe notable
concentrations of anion vacancies, but the N>~ /0%~ exchange
or diffusion through the lattice is possible with a help of a finite
but very small amount of anion vacancies created during
ammonolysis. In such a circumstance with a negligibly small
anion vacancy concentration, the energy required for anion (O,
N) diffusion would be substantially high, making anion
diffusion and exchange possible only above 600 °C (see Figure
7a). In addition, because of the less mobile nature of N*~ (vs
0%7)," the kinetic barriers will be even higher as the N-for-O
substitution takes place. These factors could be the reason why
the nitridation did not proceed beyond EuTiO,,sN,,s when
EuTiO; was used as a starting compound. On the other hand,
the anion exchange (diffusion) in EuTiO, g Ny 5[ Joos With 2 at.
% anion deficiency is significantly promoted at low temperature
(>400 °C) due to a reduced kinetic barrier for anion diffusion,
which allows the facile exchange of N37/0?" anions, leading
finally to the stoichiometric (terminal) phase of EuTiO,N. In
oxide ion conductors, it has been well established that the
creation of oxygen vacancies is a key parameter to encourage
oxygen diffusion, as seen in Zr; ,Y,0, os.[Jos, and
LaO.QSrO'lGao_SMgo_zoz.ssD0_15.42_44 The present study under-
lines the importance of the creation of anion vacancies for the
topochemical synthesis of oxynitrides and possibly other mixed
anion compounds. In other words, by mimicking strategies
used in oxide ion conductivity, we are able to achieve precise
and versatile control of the anion composition of oxynitrides.

Other than the present result on archetypal perovskite, there
are only a few examples of topochemically prepared oxynitrides
with a sizable (yet nonstoichiometric) nitrogen content. The
pyrochlore oxynitride Eu,Mo0,05_N,,. s (x < 1) with a sizable
anion vacancy concentration (6/x = 0.15—0.20) is topochemi-
cally synthesized by ammonolysis of Eu,Mo0,0, at 600—650
°C.* The other two examples are concerned with Dion—
Jacobson (DJ) layered perovskite oxides, LiLaTa,O, and
RbCa,Nb;0,,, topochemically transformed to LiLa-
Ta,0;_3,N,, (x = 0.29) and Rb,,,Ca,Nb;0,,_N,-yH,0 (x =
0.7—0.8),""” which is understandable given an excellent ion-
exchangeability of DJ phases."* > This study demonstrates a
unique example of topochemically prepared stoichiometric
perovskite oxynitride. We believe that this strategy could be
used to convert other titanium perovskite oxides Ln**Ti**O4
(Ln = Sm, Gd—Lu and Y) to LnTi**O,N. This synthetic
strategy could be also extended to prepare other transition
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metal perovskite oxynitrides. While LnV*O,N is known to
exist only for larger Ln®* cations (La, Pr, and Nd),”' LnV*O,N
with smaller Ln®* cations (Sm—Lu and Y) may be yielded
through multistep reactions starting from LnV>*Os,

B CONCLUSION

We have demonstrated the topochemical synthesis of a heavily
nitridized perovskite EuTiO; via ammonolysis of the pristine
oxide and its hydridized form. Interestingly, the stoichiometric
and completely oxidized oxynitride phase of EuTiO,N is only
accessible from the oxyhydride (EuTiO,g,H,s), which is
attributable to the presence of a small amount of anion vacancy
created in situ during the initial nitridation process. In contrast
to the conventional topochemical reactions to synthesize highly
reduced oxides and other mixed anion compounds,”®™** the
present reaction proceeds at rather high temperatures (~800
°C) that could be related to the difficulty in the nitride anion
migration through the oxide lattice. So far, perovskite
oxynitrides have been mostly prepared by high temperature
ammonolysis using starting reagents such as oxides and
carbonates but perhaps without deeper consideration of kinetic
aspects that include the diffusion pathway of N*/O*” anions,
the stability of the precursor phase, and the formation of
intermediate phases. We thus believe that a number of new
oxynitride perovskites (or other structural types) will be
discovered through the high temperature topochemical
approach, offering a versatile control of composition and
structure (octahedral distortion), and hence the properties, of
the resulting oxynitrides.
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