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ABSTRACT: Doped lanthanum gallate perovskites (LaGaO3) con-
stitute some of the most promising electrolyte materials for solid oxide
fuel cells operating in the intermediate temperature regime. Here,
an approach combining experimental multinuclear NMR spectros-
copy with density functional theory total energy and GIPAW NMR
calculations yields a comprehensive understanding of the struc-
tural and defect chemistries of Sr- and Mg-doped LaGaOj; anionic
conductors. The DFT energetics demonstrate that Ga—Vo—Ga
(Vo = oxygen vacancy) environments are favored (vs Ga—Vp—Mg,
Mg—Vo—Mgand Mg—O—Mg—Vo— Ga) across a range y = 0.062S,
0.125, and 0.25 of fractional Mg contents in LaGa;_,Mg,05_,,.
The results are interpreted in terms of doping and mean phase
formation energies (relative to binary oxides) and are compared
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with previous calculations and experimental calorimetry data. Experimental multinuclear NMR data reveal that while Mg sites
remain six-fold coordinated across the range of phase stoichiometries, albeit with significant structural disorder, a stoichiometry—
dependent minority of the Ga sites resonate at a shift consistent with Ga' coordination, demonstrating that O vacancies
preferentially locate in the first anion coordination shell of Ga. The strong Mg—V binding inferred by previous studies is not
observed here. The '’O NMR spectra reveal distinct resonances that can be assigned by using the GIPAW NMR calculations to
anions occupying equatorial and axial positions with respect to the Ga”—V/, axis. The disparate shifts displayed by these sites are due

to the nature and extent of the structural distortions caused by the O vacancies.

1. INTRODUCTION

Anionic conductors find widespread use in a range of im-
portant electrochemical technologies such as oxygen sensors, oxy-
gen separation membranes, and solid oxide fuel cells (SOFCs).
While materials displaying high anionic conductivity, such as yttria-
stabilized zirconia (YSZ) and substituted CeO,, have found use in
high temperature (800—1000 °C) SOFC applications, there is
considerable interest in developing stable electrolytes suitable for
deployment at lower temperatures in the so-called intermediate
regime (T < 800 °C). Perovskite-type oxides (ABO3), wherein the
12-fold coordinated A*" cations occupy the centers of cubes
composed of octahedrally coordinated B"' cations, are often
proposed as candidate materials, due to their high tolerance for
substitutional doping upon both the A and B sublattices. This is an
important characteristic, given that divalent and trivalent substitu-
tion of majority trivalent and tetravalent cations, respectively, are
typically compensated by an increase in the concentration of charge-
carrying O vacancies (denoted as V hereafter), with concomitant
improvement in anionic conductivity (at least for low doping levels).
A range of perovskite-type oxides have been considered for
such applications, including doped LaMO; (M = Ga, Al, Sc, In,
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and Ln),"” but the promisingly high conductivities obtained for
doped LaGaO; phases (Figure 1) have been and continue to be of
particular interest. A variety of doping schemes have been investi-
gated, including substitution of Ca**, Sr**, and Ba** for La>" and
AP*, In**, and Mngr for Ga>*, the dopants often beinég simul-
taneously introduced on both cation sublattices.' *'® Sys-
tematic studies indicate that Sr- and Mg-doped LaGaOj;, the
material studied in detail here, constitute one of the most highly
anion conductive family of compounds,"” both dopant species
introducing O vacancies.

While conventional diffraction-based techniques are routinely
applied to the structural characterization of materials, they provide
little insight into the local environments experienced by defect
species. The mobility of constituent species may be inferred, for
example, from variations in thermal parameters or from spread
in the electron or nuclear density distribution, but it is clear that
this represents a lattice average and does not necessarily reflect
the mobility in a region close to a specific defect or dopant.
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Figure 1. (a) Orthorhombic structure of pure LaGaO3 showing the degree
of GaOg octahedral tilting (red, purple, and green spheres denote O, Ga, and
Lasites, respectively). (b) Schematic of an oxygen vacancy, Vo, (black sphere)
in LaGaO;, forming two neighboring square pyramidal GaOj environments.

. 11-16 .
However, recent work in our group and by other inves-

tigators'’~*° demonstrates that local environments and dynamics
in oxygen-conducting phases may be readily obtained from an
approach combining solid-state nuclear magnetic resonance
(NMR) spectroscopy with first principles quantum mechanical
simulations.”*” NMR offers the key advantage in that it affords
multiple perspectives into the environments and processes
(e.g, mobility) of interest, via experiments targeting a range of
nuclei. However, the interpretation of the spectra obtained is often
difficult, particularly within complex phases for which representative
model compounds may not be available. Solid-state calculations of
NMR parameters within the gauge, including the projector aug-
mented wave (GIPAW) approach,”** are of great assistance in this
regard,"*'>*73% providing shielding and electric field gradient
tensors for sites of interest. Here we use this approach, and report
a combined experimental and theoretical study of the defect
chemistry of Sr- and Mg-doped LaGaO; on the basis of multinuclear
NMR of "'Ga, Mg, and 'O sites,"> which supports a very
recent detailed experimental study carried out on these systems
based upon a static multinuclear NMR approach.*” We focus in
particular on La;_,Sr,Ga; ,Mg,03_(xiy)2 (experimental x, y <
0.2; theory x = 0, y < 0.25) stoichiometries, motivated by the
promising performance of these phases as SOFC electrolytes
operating above 700 °C.">**

Direct comprehensive NMR studies of defects in inorganic
phases are generally challenging,l1’14’16’4’0743 often due to the
fact that the substituents and charge balancing species are
present at low concentrations, occasionally falling below the
level of native defects and impurities. The assignment diffi-
culties mentioned above become even more acute in defective
and doped phases bearing atypical local environments and
coordinations. Here, however, we demonstrate that an ap-
proach combining previously determined experimental corre-
lations linking isotropic chemical shifts with coordination
number’"**~* and DFT-based total energy and NMR calcu-
lations overcomes these difficulties. We show that the com-
pensatory O vacancies in Sr- and Mg-doped LaGaO; pre-
ferentially locate between Ga>" ions, helping to resolve the
debate in the literature concerning the location of the
defects.>****73% Qur observations contradict previous find-
ings and interpretations obtained on the basis of conductivity mea-
surements™>° and interatomic potentials calculations*** but are in
agreement with recently reported NMR studies.* Moreover, the
DFT calculations allow new features observed in the '"O spectra of
the doped phases to be assigned, demonstrating for the first time the
high sensitivity of anion NMR to local lattice distortions introduced
by nearby vacancies.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Synthesis. Undoped and Sr- and Mg-doped LaGaO; samples
were prepared via the solid-state reaction route described previously.>*"
Calculated amounts of La,O; (Aldrich, 99.99%, heated overnight at
1000 °C under air), Ga,05 (Aldrich, 99.99%, used as received), SrCO4
(Aldrich, 99.99%, used as received), and MgO (Aldrich, 99.99%, heated
overnight at 1000 °C) were mixed in a mortar and pestle, pressed
isostatically into a disk, and then sintered at 1500 °C for 6—12 h. The
powders were then ground, repressed, and resintered at 1500 °C for 6 h.

Magnesium **Mg enrichments followed the same synthesis route
described above, using 98% **Mg-enriched MgO (Cambridge Isotope
Laboratories, heated overnight at 1000 °C). Oxygen 7O enrichment
was performed by heating the samples twice in a flame-sealed Pyrex tube
under 50% '7O-enriched 170, gas (Isotec, used as received) at 600 °C in
a tube furnace for 24 h. The phases present in all the enriched and
nonenriched samples were identified by Cr Ka powder X-ray diffraction
measurements using a Rigaku X-ray diffractometer (Figure S1).

2.2. Solid-State NMR Spectroscopy. Static "'Ga NMR experi-
ments were performed on a 8.5 T Varian Chemagnetics Infinity Plus
360 MHz spectrometer using a Chemagnetics 4 mm HX probe, a 9.4 T
Bruker Avance 400 MHz spectrometer using a Bruker 4 mm HX probe, a
14.1 T Bruker Avance 600 MHz spectrometer using a Bruker triple
resonance 4 mm HXY probe (in double resonance mode), and finally a
20 T Bruker Avance III 850 MHz spectrometer using a Bruker triple
resonance 3.2 mm HXY (in double resonance mode). Spectra were
recorded using a static full echo sequence with a selective 77/2 pulse
length of 1.25 us at a radio frequency (rf) field amplitude of 100 kHz at
8.45,9.4,and 14.1 T, and of 1.0 us at a rf field amplitude of 125 kHz at
20 T. A recycle delay of 0.2 s, sufficient to obtain quantitative data, was
used for all static 7' Ga experiments.

Low-field MAS **Mg NMR experiments were carried out on an 11.7 T
Varian Infinity Plus 500 MHz spectrometer equipped with a Chemagnetics
4 mm HX probe. Rotor synchronized Hahn echo experiments were carried
out with one rotor period of evolution/refocusing to avoid probe ring down.
A selective short pulse length 77/6 = 0.8 us at a rf field of 35 kHz was used at
arecycle delay of 0.5 s. High-field MAS **Mg NMR spectra were obtained at
19.6 T on a Bruker DRX 830 MHz spectrometer at the National High
Magnetic Field Laboratory, Tallahassee, Florida, USA, using a home-built
4 mm single channel probe. Single-pulse experiments were performed with
a selective 7/2 pulse of 1.0 s at a rf field of 90 kHz. Two-dimensional (2D)
triple-quantum MAS experiments were performed using a shifted echo
pulse sequence and the soft-pulse-added-mixing (SPAM).>> >* Twenty
t; increments of 10200 scans were co-added. Hard and soft pulses were
performed at rf fields of 90 and 20 kHz, respectively. Fully relaxed spectra
were recorded with a recycle delay set to 0.3 s. All experiments were
performed under MAS of 10 kHz.

Low-field MAS 7O NMR experiments were carried out on the 11.7 T
Infinity Plus spectrometer, now with a Chemagnetics 4 mm HXY probe, the
Y channel being tuned to '’O. The samples were center packed in a 4 mm
rotor and rotor synchronized Hahn echo experiments carried out with one
rotor period. A short pulse length 77/6 = 0.55 us at a rf field of 50 kHz, a
recycle delay of 0.5 s, and a spinning frequency, w,, of 15 kHz were used.
High-field MAS 7O NMR were obtained on the 19.6 T Bruker DRX
spectrometer again with a home-built 4 mm single channel probe. Single
pulse experiments were performed with a pulse length 77/2 = 1.0 us at a rf
field of 120 kHz. Two-dimensional triple-quantum MAS experiments were
performed using a shifted echo pulse sequence and the soft-pulse-added-
mixing (SPAM) technique.>>”>* Sixteen t, increments of 5000 scans were
co-added. Hard and soft pulses were performed at rf fields of 120 and
20 kHz, respectively. Recycle delays of 0.3 s and w, of 10 kHz were used.

The 10O, 25Mg, and "' Ga chemical shifts were externally referenced to
water, to a 1 M solution of MgCl, (or Mg(NO3),) in water, andtoa 1M
solution of Ga(NO3); in water, respectively, all at 0.0 ppm.
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NMR data were processed using the MatNMR package®® implemen-
ted within MatLab. Simulations were performed using MatNMR>® and/
or SIMPSON>* using standard numerical techniques.>” Simulations of
the distribution of **Mg quadrupolar interactions were performed using
a general Gaussian isotropic model** % (originally derived from the
Czjzek distribution,® see Supporting Information for more details) as
implemented in commercial software.®>*

2.3. Electronic Structure Calculations. First principles, periodic
solid-state DFT calculations were performed within the CASTEP code,
providing total energies, optimized structures and NMR parameters for all
configurations considered. The magnetic shielding tensor (o) at each site in
the cell was obtained within the GIPAW approach. The reference shielding
(Oep), required to convert from the absolute shielding provided by the code
to the isotropic chemical shift (Jj,) relevant to experiment, is obtained via
an expression of the general form Oy, = Opef + MyefOio, Where my ¢ is a
gradient normally lying close to or assumed equal to —1. The shielding
reference data for O (Orer = 223.70 ppm, my¢ = —0.888, rms error =12.1
ppm) and "1Ga sites (Ores = 1502.63 ppm, e = —0.867, rms error = 7.3
ppm) were taken from our recent study of a wide range of perovskites and
Ga-bearing pha.ses,15 and, for 25Mg sites (Oper = 538.83 ppm, mye= —0.953,
standard deviation = 11.9 ppm), from the study of a wide range of Mg
oxyanions by Cahill et al>” The isotropic shielding is defined as 0y, = 1/
3( Gxx+aw+0zz), where 0, 0,,, and 0, are the principal components of the
shielding tensor at each nuclear position, oriented such that |Gzz—aiso| >
|0x—0iso| = |0y~ 0iso|- Shielding anisotropies and asymmetries are
defined as Oyyigo = 0..—1/2(0,4+0,,), and 1 = (0,,—0,.)/ (0.~ 0io),
respectively. The quadrupolar coupling constants, Cq = eQV,./h, and
asymmetry parameters, 7/q = (Vi—V,,)/ V.., are obtained directly from the
principal components |V,.| = |V,,| = |V,,| of the electric field gradient
tensor computed at each site®> where Q is the appropriate nuclear
quadrupole moment provided by Pyykkd.%

In validation of the methods outlined above, we note that our
previous calculations included a range of bridging oxygen environments,
together with Ga"", Ga'" sites and the rare Ga" environment occurring
in the LaGaGe, O phase, the computed shifts of all of which were found
to be in good agreement with experiment.'**¢

The thermodynamics of O vacancy-compensated Mg-doping were
assessed for a range of Mg/V configurations in supercell stoichiome-
tries Laz,GazoMg,Ogs (159 atoms, y = 0.062S, nine configurations con-
sidered: four Ga—Vo—Ga, four Mg—Vo—Ga, and one Mg—Vo—Mg),
La;sGa;4Mg,047 (79 atoms, y = 0.12, sixteen configurations consid-
ered: eight Ga—Vo—Ga, seven Mg—Vo—Ga, and one Mg—Vo—Mg)
and LagGagMg, 0,3 (39 atoms, y = 0.25, nine configurations considered:
four Ga—Vo—Ga, four Mg—Vo—Ga, and one Mg—Vo—Mg). All
configurations were fully geometry optimized (both cell and atomic
positions) without symmetry constraints, employing a plane wave
kinetic energy cutoff of Ec = 40 Ry, Monkhorst—Pack (MP) k-space
sampling meshes with dimensions 2x2x2 (159 atom supercells),
2%x2x2 (79 atom supercells), and 4x4x4 (39 atom supercells), and
total energy, force, displacement, and stress convergence tolerances of
1x10°%eV,5x 10 °eVA 1 1x 10 *Aand S x 10> GPa, respec-
tively. Electron exchange and correlation were treated within the Perdew,
Burke, and Emnzerhof (PBE) GGA-type functional ™ Given the high
computational effort involved, NMR calculations were pursued only for the
sixteen La;Ga;4Mg,Oy; configurations using the respective optimized geo-
metries, a 2X2x2 MP mesh and an increased cutoff Ec = 50 Ry. The
numerical conditions adopted yield convergence in computed isotropic
shieldings to better than 1 ppm for all species. Calculations of the various
thermodynamic parameters take as reference the total energies of face-
centered cubic MgO, hexagonal La, O3, monoclinic 3-Ga,Oj, orthorhombic
LaGaOs, and spinel MgGa, Oy, all of which were obtained from full geometry
optimizations using convergence tolerances identical to those above, with
cutoff Ec = 40 Ry and well-converged MP meshes 14X 14x 14, 10X 10X 6,
12X12X6, 7X7x5, and 7X7X7, respectively.
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Figure 2. Total energies of the LaGa, ,MgO3 (/) supercells
(kJ-mol ") for all configurations considered. The energy E, of each
configuration relative to the total energy of the most stable configuration
at each fractional Mg content y is plotted. The configurations are split
into three classes, depending upon the cations neighboring the O
vacancy (Vo) center.

3. RESULTS AND DISCUSSION

3.1. DFT Energetics. Prior to calculations of NMR parameters,
the phase energetics of Mg-doped LaGaQOj are examined. The 34
configurations described above for y = 0.0625, 0.125, and 0.25
(classed as Ga—Vo—Ga, Mg—Vo—Ga, or Mg—Vo—Mg type,
depending upon the cation species immediately adjacent to the
O vacancy) were fully geometry optimized and ranked in terms of
calculated total energies. The supercells of the LaGaOj structure
used in the calculations contained between 39 and 159 atoms, the
larger sizes being required to investigate the lower substitution
levels. As an important preliminary, we tested for the need to
include spin polarization, by obtaining the total energies of
electronic states bearing one and two unpaired electrons for the
lowest energy y = 0.125 Ga—Vo—Ga and Mg—V—Ga config-
urations found above. The magnetic solutions emerge at energies
ranging from 301 to 332 kJ-mol ' above the respective diamag-
netic ground states, sufficiently high that spin polarization may
reasonably be neglected in all subsequent calculations.

The supercell total energies are plotted relative to the most
stable configuration found for each fractional Mg content in
Figure 2. It is clear that Ga—V—Ga geometries are energetically
favored across the range of fractional Mg contents. This is an
interesting finding, given that previous interatomic potentials
calculations*” have suggested a strong preference for vacancies to
occupy sites immediately neighboring Mgg, dopants, with
substantial associated binding energies of —87 kJ-mol '~
defect ' for Mg—Vy, pairs, and —118 kJ-mol ' defect " for
Mg—V—Mg trimers. An earlier study, again using interatomic
potentials, reported a near identical Mg—V s pair binding energy
of —85 kJ+mol '+ defect '.** Subsequent variable temperature
(T) conductivity measurements have been interpreted on this
basis, the non-Arrhenius behavior evident in log o(T) vs 1/T
plots being attributed to nearly complete trapping of vacancies at
low temperature and nearly completely unbound vacancies at
high temperature, the anion motion in the latter case being
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Table 1. Variation in Computed Thermodynamic Parameters of the LaGa;_,Mg,03_(,/») Phases with Fractional Mg Content, y*

y Efefect / XJ-mol Efetect / K] -mol EGefect / XJ-mol Eform / k] -mol
0 —27
0.0625 86 73 111 —22
(0,a=5.38) (0,a=5.8) (04q=5.8) (0,4 =0.34)
0.1250 85 72 109 —16
(04q = 4.8) (04q = 4.8) (0s4 = 48) (04q = 0.57)
0.2500 88 75 112 -6
(0q = 11.6) (0a=11.6) (0q=11.6) (0q=2.94)
Previous studies ~580,* ~100% ~135% y=0: —19.3%
~—53,% —50.86,”°
~190% -327

y =0.09: —40.4,”
y=0.18: —27.77

“The mean defect (A, B, and C) and phase formation energies (kJ-mol ") are as defined in the text, where mean values and standard deviations (04)

have been computed over all configurations at a given y value.

hindered only by the normal diffusion barriers.>® However, the
present DFT results do not support this, finding no tendency
toward the formation of Mg—V, bound pairs (for either first or
second nearest neighbor Mg—V pairs) at fractional Mg con-
tents relevant to electrolyte applications. We suggest that the
non-Arrhenius character of the log o vs 1/T plot, in LaGaOs-
derived phases at least, must instead be related to temperature-
induced variations in the crystal structure, and possibly to the
progressive increase in the mean area of the O diffusion AAB-
bottleneck with both temperature and dopant concentration
observedina recent neutron diffraction study of a range of doped
LaGaOj phases.®®

Examining the data for the more numerous y = 0.125 configura-
tions in detail, it is found that the relative total energies for the eight
Ga—Vp—Ga conﬁgurations considered fall in the range 0 (ground
state) to +11 kJ- mol ; the seven Mg—Vo—Ga configurations,
+10 to +16 kJ-mol a.nd the Mg-clustered Mg—V—Mg and
Mg—O—Mg—Vo—Ga (i.e, a vacancy adjacent to a Mg—O—Mg
linkage), at +23 and +35 kJ-mol ™', respectively. We have not
examined all possible Mg/V arrangements in the 79-atom super-
cell and therefore cannot comment on the configurational entropies
of the lowest-energy states. However, the thermal energy ksT at a
typical synthesis temperature of 1800 K amounts to 15 kJ-mol ",
rendering it likely that a significant fraction of higher-energy
Mg—Vo—Ga environments will be present in the as-synthesized
y=0.125 phase. This is likely also true in the y = 0.0625 phase, where
the energy gap separating the most stable Ga—Vo—Ga and
Mg—Vo—Ga configurations amounts to only 15 kJ-mol ™ ". The
corresponding energy gap at y = 0.25 is, however, significantly
broader at 28 kJ - mol . Again, we emphasize that this analysis must
be regarded as tentative, given the lack of a full determination of the
energies of all possible Mg/V arrangements in each supercell.

As a further test of the present approach, we compute the
energy of formation of the Mgg,'+ 1/2 V{5 defect with respect
to thermodynamical phase equilibria A = (LaGaO3;—MgO—
B-Ga,03), B = (LaGaO3—MgO—MgGa,0,), and C = (LaGaO3—
B-Ga,03—MgGa,0,), with energies defined as

1 1
Elpeay) = 5 B(Lax, Mg, Gaay)2O0(ey)-1) + 5 E (B~ Ga:0s)

1
(Mgo) (LaZ/yGaZ/yoé/y) (1)

1
Eaea(y) = 3 E (Laz,M8,Gaayy)20(s/)1) + 5 E (MgGa, 04)

3
— 5 E(MgO) = E (Lay, Gaz/, ) )

1 3
ESeay) = EE (Lay/,Mg,Gaz/)-20(6/)-1) + EE (B — Ga,03)

— E(MgGa,04) — (Laz/yGaz/yoé/y) (3)

The equilibria were chosen to permit comparisons with the defect
energies derived by the previous theoretical studies.**** We
also obtain the energies of formation of the LaGa; ,Mg,O3 ;)
(0 < y < 0.25) phases relative to the La,O3 and Ga, O sesquioxides
and MgO monoxide, the energy being defined as

Efom(y) = E(LaGal,yngO3,(y/2)) ——E (La203)

1
—3 (1—y)E(B— Gay0;3)
where, again, we seek to make contact with previous theoretical ©
and experimental studies.”” "> The computed thermodynamic
parameters, standard deviations, and comparable previous experi-
mental and theoretical values are presented in Table 1.

Seek1n§ contact with previous 1nteratom1c potential simula-
tions, we examine the mean Ej.q.c (y) (defect formation
in equilibrium with LaGaO3, MgO, and 3-Ga,0;) energies.
A consistent mean value of approximately 86 kJ-mol '
emerges across the range of stoichiometries, lying significantly
below the values of approximately $80** and 190 kJ-mol ' **
obtained from the interatomic potential calculations. While
the earlier calculations derived formation energies for formally
isolated MgGa and V{5 centers, the apparent insensitivity of
the present Ejugee (y) values (in comparison to the large spread
of energies for the different configurations) to fractional Mg
content, over the range investigated, suggests that the present
and previous values may be directly compared. The large differ-
ences in formation energy must therefore come from the dis-
parate total energy methods used, the DFT-based approach
pursued here including dopant-induced variations in electronic
structure and elastic effects commensurate with the supercell
sizes used.

—yEMgO)  (4)
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Figure 3. Mean formation energies (kJ-mol ') of the LaGa,
Mg,0;_,/2) phases relative to the MgO, La,0;, and 3-Ga,05 oxides,
plotted as a function of the oxygen deficiency. Error bars are obtained
from the standard deviations computed across all configurations at a
given y value. The solid line denotes a linear fit with gradient 84.3 &
0.3 kJ-mol ™" and intercept —26.93 % 0.04 kJ -mol .

Contact with an earlier DFT study® of Mg-doping comes via
an examination of the mean Eg.q (y) (defect formation in
equilibrium with LaGaOs, MgO, and MgGa,0,) and Ef.gece (¥)
(defect formation in equilibrium with LaGaOs3, 3-Ga,05, and
MgGa,0,) energies. We again observe a high degree of insensi-
tivity to fractional Mg content, yielding mean values across all
stoichiometries of 74 and 111 kJ-mol ', respectively. The
previous DFT calculations provided values of approximately
100 and 135 kJ-mol ', respectively, in satisfactory agreement
with the present results when it is considered that the previous
study considered isolated Mgg, and V5 centers in char-
ge—neutralized supercells (including associated estimated cor-
rections of formation energies) and limited structural relaxation
to a spherical volume of radius 3.2 A centered on the defect site.””

Finally, the mean formation energies of LaGa;_,Mg,0;3_(,/2)
relative to the oxides are presented in Table 1 and shown
graphically in Figure 3. First, the computed formation energy
of the pure phase at —27 kJ -mol " is relatively close to the value
—19k]J-mol " obtained from the DFT calculations of Kuwabara
and Tanaka® and lies 5 to 26 kJ-mol ' higher than the
comparable experimental values. Our accuracy here is comparable
to a recent DFT study of a broader range of perovskite-related
phases, wherein the computed formation energies from binary
oxides yielded a mean absolute error of 14 kJ-mol ' relative to
experimental values.”* The calculated progressive destabilization of
the doped lattice with increasing oxygen deficiency is in broad
agreement with the calorimetry results of Cheng and Navrotsky
(Figure 2),”* albeit that the enthalpy of vacancy formation obtained
in the experimental study as dAHpm/dy =138 & 19 kJ-mol "
(298 K) is significantly underestimated here at 84 £ 1 kJ-mol .
In addition to the inherent limitations of DFT-based thermody-
namics in perovskites discussed by Calle—Vallejo et al.” and
referenced above, some of this discrepancy is likely due to the
neglect of both zero point and finite temperature vibrational
contributions in the present approach.

Summarizing the theoretical energetics, our key finding is
that the strong Mg—V binding observed within the previous

Mg Isotropic Dimension F, (ppm)

100 50 0 -50 -100
#Mg Single Quantum Dimension F, (ppm)

Figure 4. 25Mg MAS and MQMAS spectra of 25Mg—enriched LaggSrg 5.
GapsMgp,0,5. (a) 25Mg MAS spectrum at 19.6 T. The best-fit
simulations (dashed lines) corresponding to the PDF of the quadrupolar
parameters derived from a Gaussian isotropic model are shown below
the experimental spectra (Tables 2 and S1). (b) Two-dimensional
sheared **Mg 3Q MAS spectrum at 19.6 T. (c) Simulation of the
**Mg 3Q MAS spectrum at 19.6 T using the parameters given in Tables 2
and S1. The diagonal line represents the isotropic correlation line.

interatomic potentials simulations*®* is not supported by the
present DFT calculations. Instead, a weak energetic preference for
Ga—Vo—Ga configurations is found across the range of stoichio-
metries. The higher-energy Mg—Vo—Ga configurations in the y =
0.0625 and 0.125 phases are, however, likely to be accessible at the
temperatures used to synthesize these materials. The computed
Mg, + '/,Vg defect formation energies within a range of phase
equilibria are in reasonable agreement with previous DFT results®
but significantly underestimate the values obtained from earlier
interatomic potentials calculations.**** Finally, the computed pro-
gressive destabilization of LaGa,_,Mg,0;_,/, with respect to
increasing Mg content is in broad qualitative agreement with earlier
calorimetric measurements,”” albeit that the DFT results signifi-
cantly underestimate the enthalpy of vacancy formation.

3.2. Nuclear Magnetic Resonance. 3.2.1. ’Mg. Representative
25Mg NMR spectra of 25Mg-enriched LaggSr02Gag sMgo2028
obtained at magnetic field strength of 19.6 T is shown in
Figure 4a, while similar spectra, collected at various fields, for the
series La;_,Sr,Ga;_,Mg,05_(y4y)/2 (%y = 0.1—0.2) are shown in
Figures S4—S7. All samples give rise to an asymmetrically broad-
ened peak at around 24—20 ppm with a tail to low frequency due
to Mg ions substituted on the perovskite B-site sublattice.”” The
broadening arises from the second-order quadrupolar interaction,
which, for deviations in the site symmetry from either cubic,
octahedral or tetrahedral symmetry, gives rises to distinctive spectral
lineshapes. The ‘tail’ is caused by a distribution of quadrupolar
couplings,”* and is therefore a strong indicator of the presence of
significant structural disorder (see below). A weaker sharp reso-
nance is also observed at 26 ppm, which corresponds to Mg”* ions
located on the octahedral sites of unreacted **MgO starting material
(not observed by XRD, Figure S2). The residual second-order
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Table 2. Experimental (x,y = 0.1—0.2) and Calculated (y = 0.125) **Mg, "'Ga, and 'O NMR Parameters for

La,_,Sr,Ga,;_,Mg,03_(..y)/> Phases”

site coordination Oio / ppm
Mg VI 21(2")
16(0yq = 2)
\%
38(0q=1)
Ga VI 58(4)
55(0eq = 8)
\% 72(22)
150(0gq = 8)
o/ MY'—0,—MY 182(9)
186(04q = 15)
M'—o-m" 223(3)
221(0q=7)
M"-0,,—M" 244(20)
247(044 = 8)

Cq / MHz Naq
1-2° —
3.0(0q=12) 0.55(0q = 0.33)
n.o.’
7.7(0sq = 1.0) 0.14(04q = 0.03)
1.4(4) 0.0(3)
5.0(0=27) 0.53(04q = 0.25)
8.3(24) 0.4(5)
10.1(0gq = 2.0) 0.46(0,q = 0.27)
6(2) 0.5(5)
3.1(0y = 1.0) 0.32(04q = 24)
3.3(3) 0.3(2)
3.4(0,4=0.7) 0.26(05q = 0.14)
3.7(7) 0.6(6)
3.6(0,q=0.9) 0.43(05q = 0.14)

“ Experimental and calculated values in bold and plain text, respectively. (M = Ga or Mg) **Mg and *’O experimental values were determined from the
MQMAS spectra at 19.6 T, while the 7' Ga values were extracted from fits of the static spectra at various magnetic field strengths. Parameters only for the
sites in the La; _,Sr,Ga;_,Mg,O3_(1.,),2 phases are presented in Table 1. The 7!Ga NMR parameters of the LaSrGa;O- impurity are: Oy, = 227(14)
ppm, Cq = 2.8(19) MHz, and 7 = 0.2(6). Detailed experimental (Tables S1, $3 and SS) and calculated (Tables S2, S4, and S6) data are given in the
Supporting Information file. Theoretical shielding (0) references in the form Oyso = Opes + M0y are: 25Mg [Orer = 538.83 ppm, m, o= —0.9533, standard
deviation = 11.9 ppm]27; 1Ga [Orer = 1502.63 ppm, m,.s = —0.8667, rms error = 7.3 ppm]ls; 70 [0 = 223.70 ppm, m,.; = —0.8876, rms error =
12.1 ppm]."® Standard deviations of the calculated data (computed over equivalent site coordination types in all y = 0.125 configurations) are denoted by
0Osq.~ Gaussian distribution of the mean isotropic value 0;5,. “ Root mean square Pq obtained from the simulation of the disorder by using the Gaussian
isotropic model. ¢ Not applicable in the Gaussian isotropic model. © Not observed experimentally.f A more detailed breakdown for all oxygen sites can be

found in Table S6.

quadrupolar broadening can be removed by two-dimensional (2D)
multiple-quantum magic angle spinning (MQMAS)*>***757° Jead-
ing to spectra (Figures 4b and SSb—S7b) that contain a signal from
a single type of Mg site, but with a 2D line shape again indicating the
presence of structural disorder. Second, and more importantly,
the experimental mean isotropic chemical shift diso is found at
21 ppm with a 2 ppm distribution (Tables 2 and S1), in keeping with
a predominantly Mg"" coordination.”"*’ This finding is consistent
with the weak energetic preference for Ga—Vo—Ga configurations
disclosed by the DFT calculations discussed above and the previous
static 25Mg NMR spectra.*

The quadrupolar distribution associated with the structural
disorder has been modeled by a Gaussian isotropic model**~®!
using an aé)proach adopted for NMR of glasses and other disordered
materials.”>”””® The method uses a probability density function
(PDF) description of the strength (quadrupolar frequency V) and
shape (asymmetry parameter 7)) of the quadrupolar interaction
tensor to characterize the MAS NMR line shape 0. The 2D
MQMAS data and associated fitting of the Gaussian isotropic model
line shape are presented in Figure 4b,c, from which a root-mean-
square Pq of 1—2 MHz is obtained (Tables 2 and S1), again in
keeping with a disordered Mg"" coordination.

The site-averaged theoretical *Mg CS and EFG tensors obtained
from GIPAW calculations for the sixteen optimized La;sGa;4M-
2,047 configurations (Tables 1 and S2) support the experimental
values. In particular, the computed dy, of 16 ppm for Mg"" is in
good agreement with the experimental mean value of 21 ppm,
bearing in mind the standard deviation of 2 ppm computed across all
y = 0.125 configurations and the reference-related standard devia-
tion of 11.9 ppm derived from a wide range of Mg oxyanions by
Cahill et al.*” The computed Mg P, value (3.1 MHz) is marginally
larger than the experimental range, although the difference falls

within the combined range of the experimental error and theoretical
deviation. The calculations also provide a dj, value for M. VY of 38
ppm, lying some 22 ppm higher than that derived for Mg

In order to explore the likely limit of detection of a Mg"
resonance, spectral simulations were performed by using the
DFT-derived NMR parameters for this site and by assuming
structural disorder for static fields of 11.7 and 19.6 T (Figures
$8—S10). The results suggest that a small but not insignificant
amount (approximately 20—30% of all doped Mg cations) of
Mg" sites may be beyond the limit of detection under our
experimental conditions.

3.2.2.”'Ga. Inlight of the apparent prevalence of Mg"" sites as
discussed above, we now examine the 'Ga NMR data for the
La;_,Sr,Ga;_,Mg,03_(s1y)/2 (x,y = 0.1—0.2) phases obtained
under various experimental conditions. The static spectra
(obtained at 20 T, Figure S and at multiple magnetic fields
strengths, Figures S11—S12) are clearly dominated by a rela-
tively narrow line that may be satisfactorily fitted*>*® by an EFG
tensor (Tables 2 and S3) with parameters that are consistent with
Ga"" coordination and very close to those derived from numer
ical simulation.””® Stoichiometric LaGaO5 was fit with a Gaussian
line shape.** However, closer examination of the line shapes
reveals the presence of at least one additional Ga resonance (see
inserts in Figure S and Figures S11—S12) for all compounds
except stoichiometric LaGaOs;. The additional resonance is
much broader than that originating from the majority Ga"" sites,
with fitted Cq = 8.3 & 2.4 MHz (Tables 1 and S3) and 0, = 72
= 22 ppm, the latter being extracted from the field dependence
of the peak position (Figure S13). Such values are close to both
the experirnental46 (040 = 76 & 10 ppm and Cq = 15 £ 0.3
MHz) and theoretical'® (J;,, = 89.6 ppm and Cq = 11.6 MHz)
results obtained previously for the Ga' site occurring in
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7!Ga static NMR spectra of La, _,Sr,Ga; ~yMg, 03 (x1y)/2 (%y = 0.1 — 0.2) obtained at 20 T. The insets show a magnified view highlighting

the Ga"sites. Experlmental spectra are shown with full lines and best-fit simulations in black dashed lines. The individual site components are shown with
dashed lines in red (Ga*" in doped LaGaOs3), dark blue (Ga"Vin doped LaGa03), and light blue (Ga" in LaSrGa;0-) using the parameters given in

Tables 2 and S3.

LaGaGe, Oy, lending further support to the notion that the
charge-balancing O vacancies introduced by Mg—doping occupy
sites next to Ga cations. Finally, a third, weak environment was
also observed in the static spectra of Sr-doped LaGaO;, which
was more clearly resolved under very fast MAS conditions at
various fields (see Figures S14—S15). This resonance has a
chemical shift of 227 ppm (Table 3 and Figure S13), which is in
the chemical shift range expected for a tetrahedral Ga®" ion;
furthermore, it is only present in the Sr**-substituted materials. On
this basis, the resonance is assigned to the Ga'" sites present in the
LaSrGa;0, impurity phase commonly occurnng in the preparation
of the present doped materials (Figure S1).” The previously pub-
lished "'Ga static NMR spectra of La;_,Sr,Ga;_,Mg,03_(uy)/2
(%,y = 0.05—0.2) are close to ours (Figure 5) and were also fitted
in a similar way with two sites with qualues of 1.3 and 7.8 MHz,
but here both were assigned to Ga"" sites and Ga"" sites having
oxygen vacancies beyond the nearest anion shell, respectively.
These authors included a third component (with Cq = 17 MHz)
to the fit to account for an additional spectral feature that we were
unable to detect in our spectra. This resonance was then assigned
to five-fold coordinated Ga sites.

Examining the site-averaged Ga"! GIPAW NMR parameters,
the Oy, value is in excellent agreement with experiment, but the
Cq parameter is overestimated (Tables 2 and S4). This is an
interesting finding, glven that our earlier GIPAW calculations of
pure LaGaO; yield Ga NMR parameters in excellent agree-
ment with experiment,'® the earlier computed values lying close
to the experimental parameters presented here. Intuitively, it
might be expected that the presence at ambient temperature of a
relatively static distribution of dopants and vacancies in the
second anion coordination shell of Ga*" sites might lead to an
increase in 'Ga Cq values, but the experimental spectra do not
support this suggestion. It is possible that thermal motion,
neglected in the present calculations, may play an important role
in modlfylng Cq and 77 values, as suggested by our previous
work."”> A more likely suggestion is that the current analysis,
which does not take into account the distribution of quadrupolar
parameters, places a greater weight on the more symmetric
environments that are located further from the substituents.
The experimental and computed shifts of the Ga" sites display
significantly poorer agreement for reasons that are not entirely
clear. Interestingly, our previous GIPAW calculations accurately
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Figure 6. (a) 70 MASNMR spectrum of 7O enriched LaSr;_,Ga; _,Mg,03_(x1y/2 (x,y =0.1—0.2) obtained at 19.6 T. One-dimensional spectra of (i)
LaGa0;, (ii) Lag9Srg1Ga0, 05, (iii) LaGaOSMgO.IOZAQS; (iV) LaGaoAsMgoAzozgz (V) LaOAler.lGaOJMgOAIOZ.Q and (Vl) LaoAsSro.zGaasMgoAzOz.s- (b) Two-
dimensional sheared }”O triple-quantum (3Q) MAS spectrum of Lag gSro,Gag Mg O, s. Right: isotropic projection of the 2D 3Q MAS. Cross sections
(fulllines) extracted parallel to F, of the 2D 3Q MAS spectrum at 9, of 180 (top), 232 (middle), and 245 (bottom) ppm along with the best fit simulation
(dashed lines) uSiIiﬁ the parameters E]r]esented in Tables 2 and SS. (c) Representative optimized local structures showing the oxygen environments
characteristic of M"'—O—M"" and M"'—0O,, /equaV (M = Ga or Mg) sites. Green, blue, and red spheres represent Ga, Mg, and O ions, respectively,

while the black sphere denotes the oxygen vacancy, V.

reproduced the shift of the Ga"site in LaGaGe,0-," as discussed
above, but it should be noted that the trigonal bipyramidal
geometry of this site differs significantly from the distorted
square pyramidal geometry (Figure 1b) produced by vacancy
coordination in the present phases, so that we should not
necessarily expect similar shifts. To the best of our knowledge,
no oxide containing Ga" in a square pyramidal geometry has
been reported to date; therefore, we cannot pursue a strategy of
obtaining and comparing Ga NMR spectra from a relevant
model compound.

Summarizing the cation data, the direct e\),(Ferimental observa-
tion of resonances corresponding to Ga¥, Ga¥', and MgVI environ-
ments indicate that, at ambient temperature, the compensatory O
vacancies produced by Sr- and Mg-doping occur predominantly
between Ga cations. The DFT-derived energetics presented above
support this finding, although we note again that a small concentra-
tion of Mg—V—Ga environments will likely be quenched into the
y = 0.0625 and 0.125 phases prepared by rapid cooling from high
temperature. Spectral simulations were performed to determine
the minimum concentrations at which possible Mg" environments
might be resolved above the majority Mg"" sites (Figures S8—S10).
Combining the observed and simulated spectra, we suggest that
O vacancies approach the large majority (greater than 70%) of
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Mg substituents no closer than to within their second anion
coordination shells.

323 70. O (I = */,) NMR spectra were collected to
determine whether the anions themselves show any useful
sensitivity to the distribution of dopant species and O vacancies.
The 7O MAS NMR spectrum of LaGaOj; obtained at 19.6 T
reveals only one O site at 0y, = 223 ppm (Figures 6a and S16—S17,
and Tables 2 and SS), which is assigned to O bridging two Ga"" sites.
Attempts by 2D MQMAS experiments (Figure S17) to resolve the
two O sites anticipated in the orthorhombic Pbnm space group
failed; this is ascribed to the fact that the chemical shifts of the two O
sites are very similar, differing by only approximately 2.5  ppm in our
previous GIPAW calculations.”> While the dominant 7O signal in
the doped phases (ie, La;_,Sr.Ga;_,Mg,03_(4y)2 With xy =
0.1—0.2) (Figures 6a and S18—S22) at J;,, = 223 ppm is similar to
that observed in the stoichiometric LaGaOs phase, an increase in the
concentration of both Sr and Mg leads to the appearance of two new
70 resonances at approximately 175 and 240 ppm (Figures 6ab
and S16). Importantly, we note that the intensities of these
resonances correlate directly with the total concentration of both
dopant species (i.e,, x + ), rather than with the concentration of one
of the species (ie, either x or y). No apparent further sensitivity to
the relative concentrations of the two dopant species was observed.
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Note that these additional resonances could not be observed at low
field (11.7 T) (Figure S16) and have thus not been in previous
studies.*

Assignment of these resonances is non-trivial, and so we have
examined the full set of 7O GIPAW data for all y = 0.125
configurations to identify the O environments giving rise to the
additional resonances. First, and somewhat surprisingly, the calcula-
tions reveal that the 7O NMR parameters show little sensitivity to
the identities of the cation species (i.e, Ga>* or Mg*") coordinating
with each O site (Table S6). For exareple, the mean Jj, and Cq
values of the Ga"'—~0—Ga"" and Ga"'~0—Mg"" environments
differ by only 3.3 ppm and 1.66 MHz, respectively, indicating that
the variations in the electronic structure at O sites are driven more
by the proximity of the vacancies than by the nature of the
coordinating cations. Thus, the dominant resonance assigned above
to majority Ga"'—O—Ga"" sites must be further broadened in
scope to include all M"'—O—M"" sites (M = Ga or Mg) irrespective
of cation species. In contrast, cation substitution in some other

erovskites has been shown to have a more significant effect on
70 spectra. For example, the shifts of the Sc'—O—Zr"" and
7"V —0—Zr" environments in Sc-doped BaZrO; differ by ap-
proximately 20 ppm.'® These differences in chemical shifts are
nonetheless much smaller than those observed for changes of
coordination number, bridging (essentially two-fold coordinate)
three-, four-, and six-fold coordinate oxygen environments often
varying by more than 100 ppm.*"*!

Second and more importantly, the '’O NMR spectra of the
present phases exhibit a sensitivity to the presence of O vacancies
that greatly exceeds the effects due to coordination with parti-
cular cation species. The GIPAW calculations support the
experimental assignment of the dominant resonance at 223
ppm to majority MY'—0—M"" sites, the corresponding mean
computed shift being 221 ppm with a standard deviation of
7 ppm (Table 2). However, the resonances arising from O ions
bonded to MY cations are found to be significantly shifted relative
to those for majority M¥'—O—M"" sites. The resonance shifted
downfield by approximately 21 ppm (at 0, = 244 ppm) is found
to correspond to O sites occupying equatorial (eq) positions
with respect to the vacancy—cation axis (Figure 6¢), while the
resonance shifted upfield by approximately —44 ppm (at Oy, =
182 ppm) corresponds to O sites occupying the axial (ax)
positions (Figure 6¢c). The relative intensities of the two addi-
tional resonances are consistent with the proposed assignments.
While we note that relative site occugancies obtained from the
NMR spectra of quadrupolar nuclei® (such as '’O) must be
interpreted with care, a semi-quantitative intensity ratio of
equatorial to axial oxygens of 4.5 & 0.5 was obtained from
spectral deconvolution of the 7O NMR spectra (Figure 6), in
good agreement with the anticipated intensity ratio of 4.

An examination of the set of optimized geometries provides some
insight into the source of such disparate shifts. The Ga* and Mg"
cations are each apparently repelled by the neighboring O vacancies,
leading to a significant distortion away from the idealized square
pyramidal MY structure anticipated for coordination with an O
vacancy (Figure 6¢). More specifically, the Ga'—O,, bonds are on
average approximately 0.08—0.09 A shorter than the GaV—Oeq
bonds, leading to the increased shielding of O sites relative to O.q
observed in both the experimental and theoretical data. More
broadly, this is consistent with findings in polyoxometallates®* and
carbonyl transition metals complexes,”* where the positions of the O
sites around a polyhedra were readily identifiable from their '"O
shifts. While the undercoordinated cations are almost exclusively

Ga" in the present phases, we note for completeness sake that an
analogous trend emerges in the computed '’O NMR parameters for
Oy and Oq anions neighboring MgV sites, driven by a similar
MgiOax/eq bond length difference of approximately 0.1 A.

4. CONCLUSIONS

The present study demonstrates that an approach combining
multinuclear NMR spectroscopy with first principles total energy
and NMR calculations affords a comprehensive insight into the key
defect chemistry underpinning the application of Sr- and Mg-doped
LaGaOs as a next-generation SOFC electrolyte. The DFT energetics
have been interpreted in terms of doping energies assuming a range
of phase equilibria, and phase formation energies relative to the
binary oxides, allowing for comparisons with previous interatomic
potential and DFT calculations, and experimental calorimetry
measurements. The **Mg and 7'Ga NMR experiments and DET
energetics all indicate that the O vacancies are located within the first
anion coordination shell of the Ga species and do not approach the
majority of the Mg dopants any closer than their second anion
coordination shells. A key finding is that the strong Mg—V, binding
inferred by previous computational and experimental studies is not
observed here. Rather, there is a weak energetic preference for
Ga—Vo—Ga environments, although we anticipate the presence of
significant concentrations of higher-energy Mg—Vo—Ga environ-
ments if samples are quenched from high temperature. We have also
identified and assigned distinct '’O resonances arising from anions
occupying equatorial and axial positions with respect to the Ga"— V¢,
axis, the O chemical shifts showing an unexpected sensitivity to the
distortions induced by nearby vacancies. We hope that this experi-
mental and theoretical approach will find use to probe the effects of
cation doping on local structure and anion dynamics in a broader
range of electrolyte phases. Further NMR investigations of O
exchange between the distinct local environments as a function of
temperature and atmosphere within the notional operating range of
the electrolyte are currently underway.

B ASSOCIATED CONTENT

© Supporting Information. Additional experimental de-
tails for the 7'Ga MAS spectra, additional discussion of the use
of the Gaussian isotropic and Czjzek models to describe the
distribution of quadrupolar parameters of the Mg data, powder
X-ray diffraction patterns of La; _,Sr,Ga;_,Mg,03_ (41y)/2 (xy =
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(Figures S17—S22), experimental (Table S1) and calculated
(Table S2) **Mg NMR parameters, experimental (Table S3) and
calculated (Table S4) "'Ga NMR parameters, experimental
(Table S5) and calculated (Table S6) 7O NMR parameters,
optimized structures and complete GIPAW NMR data for all
configurations considered. This material is available free of charge
via the Internet at http://pubs.acs.org,
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