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Nominal Lanthanum Niobate, a Versatile Additive for
Reducing Grain Boundary Resistance in Conductive

Ceramics

Limin Liu, Yujian Liu, Xiaoliang Zhou,* Frank Tietz, Daniel Griiner, Tingting Yang,
Lei Jin,* Xingyu Liu, Jiirgen Malzbender, Ruth Schwaiger, Rafal E. Dunin-Borkowski,

and Qianli Ma*

Conductive ceramics currently play a vital role in human life. In practical as
applications, most conductive ceramics are polycrystalline, and their overall
conductivity (6,.,) is influenced by both bulk and grain boundary resistances
(Ruuic and Ry, respectively). While Ry, is mainly of academic interest, Ry, often
determines the quality of a conductive ceramic component. Currently, studies
discussing the influence of specific methods on grain boundary resistances
are typically related to individual ceramics. In this study, it is discovered

that the addition of 0.5-3 mol% nominal LaNbO, significantly reduces the Ry,
of several well-known conductive ceramics, such as rhombohedral NaSICON-
type Na*-ion-conducting Na, ,Zr,Si, ,P, sO;, and Li*-ion conducting

Li, 5Al, s Ti; sP;0,,, Lit-ion-conducting tetragonal perovskite Lij ;,Lag 5 TiO;,
oxygen-ion-conducting cubic fluorite 8 mol% Y, O, stabilized ZrO,, and
electron-conducting perovskite StTiO; (sintered in a reducing atmosphere). In
particular, for NZSP and LATP, the enhanced o, reaches 9.3 X 1073 S cm™’
and 2.1 x 1073 S cm™" at 25 °C, surpassing previously published results.
Detailed investigations reveal that the microstructure of the grain boundaries
in all the ceramics undergoes significant improvements. The findings elevate
the importance of research on grain boundaries, inspiring the development
of conductive ceramics with higher o, for superior applications.

1. Introduction

Conductive ceramics currently play a vital role in human life
due to their wide range of applications, for example in electronic
components, sensors, catalysis, energy conversion, or storage

systems. Here, the ceramics are defined
non-metallic inorganic materials
which are crystallized, strengthened, and
densified by heat treatment (sintering).
Most of the applied conductive ceram-
ics are polycrystalline materials due
to their cost-effectiveness compared to
single-crystalline materials. The overall
resistance, R,,;, of conductive polycrys-
talline ceramics is usually composed
of two contributions: the grain inte-
rior or bulk resistance, R, and the
transgranular grain boundary resistance,
R,;,. While materials scientists predom-
inantly focus on R, as an intrinsic
property of the ceramic that is strongly
related to the transport mechanism in
the individual material, Ry, is often
regarded as an unavoidable fact due
to the existence of inadequate grain-
to-grain contact and secondary phases
along the grain boundaries, which can
consist of crystalline and amorphous
phases. Although Ry, may contribute
negligibly to R, in some cases, such
as properly prepared Y,O,-stabilized
ZrO, (YSZ, cubic phase),l!l it can also contribute equally as
Ry or become the dominant contribution of R,,. In ce-
ramics with a lower crystal symmetry than cubic structure,
high Ry, can be induced by thermal expansion anisotropy,
which is defined as the difference between the thermal
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Table 1. Fundamental information concerning the pristine and LaNbO,-modified samples.

Sample name  LaNbO, amount for ~ Powder preparation

Theoretical density

Sintering temperature for pristine and  Relative density of ~ Relative density of

modification [mol%)] method [gcm™3] modified samples [°C] pristine sample [%] modified sample [%)]
NZSP 2 SASSR 33 1260 96 97
LATP 3 SASSR 2.9 950 95 96
LLT 2 Pechini 4+ SSR 5.0 1325 96 97
8YSzZ 0.5 Pechini 6.0 1400 97 94
SrTiO; 1 Pechini 5.1 1400 93 93

expansion coefficients (TECs) of different lattice parameters.
Prime examples are the NaSICON-type Na,,Zr,Si, PO,
(NZSP) and Li, sAl,sTi, ;P;0,, (LATP),[>3] classical solid-state
sodium and lithium-ion conductors, respectively, both crystalliz-
ing with rhombohedral symmetry. Their TEC along the rhom-
bohedral a axis is much lower than that of the ¢ axis, leading to
contact degradation between the grains due to anisotropic con-
traction after the sintering process and resulting in a significant
increase in Ry,. The difference between Ry, and Ry, in these ma-
terials can be as high as one order of magnitude.?! Since this
thermal expansion behavior is an intrinsic property of the materi-
als, the elimination of such differences is extremely challenging.

R,;, may also be determined by microstructural features such
as the grain size distribution. As an example, in YSZ, Ry
can also dominate R,,, when the sintered grains of YSZ are
nanocrystalline, since the volumetric ratio of grain boundaries
to grains is then much higher than in YSZ with grains of several
micrometers.[®]

In many cases, the reasons for high Ry in ceramics are
not clear due to the complexity of grain boundary formation
and the difficulties in its characterization. For instance, the Ry,
of Liyla,g;,TiO; is orders of magnitude higher than R,
but the exact reasons for this have been debated for decades.
Liy, Lay ¢, TiO; has a pseudo-cubic perovskite structure with a
tetragonal phase. Unlike NaSICON-type NZSP and LATP, it has
a weak thermal expansion anisotropy effect because of the higher
crystal symmetry. The explanations for its high Ry, vary. They
range from the significant depletion of lithium ions in the grain
boundaries — which leads to layers with thicknesses of several
unit cells composed of a binary Ti-O compound, obstructing
the accommodation and transport of the charge carrier, and re-
sulting in a lower grain boundary conductivityl”—to the forma-
tion of space charge layers in the grain boundaries® and nu-
merous domain boundaries in a single Li,, La,, TiO; grain,
which may have a more pronounced contribution to Ry, com-
pared to grain boundaries.”) Specific methods have been em-
ployed to decrease Ry, in certain ceramics, such as modifying the
microstructure of the grains,!3¢] altering the chemical environ-
ment of the grain boundaries,['*"3] narrowing the space charge
layer in grain boundaries,!**! rectifying the misorientation of
grain boundaries,!'®l or even activating grain boundaries through
optical illumination.!'”] However, these studies have been limited
to specific methods that affect grain boundary resistances in indi-
vidual ceramics. No universal method that is suitable for multiple
ceramics has been reported so far.

Monoclinic lanthanum niobate (LaNbO,) is a ferroelastic ma-
terial that contains domains in two crystallographic orientations
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separated by highly mobile boundaries, exhibiting rubber-like be-
havior and a shape-memory effect.l'®-20] Several previous reports
have demonstrated its effectiveness in improving the mechani-
cal properties when present in the grain boundaries of ceram-
ics such as AL,O;, YSZ, and CeO,-stabilized zirconia.[?'-%] Since
such modifications of grain boundaries can enhance the me-
chanical properties of ceramics, it is reasonable to assume that
they may also be effective in reducing Ry, due to the improved
grain-to-grain contact. However, this assumption has yet to be
verified.

In this study, we added 0.5-3 mol% LaNbO, into various well-
known conductive ceramics, namely NZSP and LATP with a
rhombohedral structure, Lijy,La,s,TiO; (LLT), Yq 14527 55,055
(8YSZ), and SrTiO, with (pseudo-)cubic structures. In all these
ceramics, a significantly reduced Ry, was observed. For NZSP
and LATP in particular, the o, was significantly enhanced,
reaching9.3x 1072 Scm~"'and 2.1 X 1073 S cm™! at 25 °C, respec-
tively, surpassing previously published results. Detailed investi-
gations using scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) revealed that the mi-
crostructure of the grain boundaries in all the ceramics under-
went significant improvements in terms of better grain-to-grain
contact, fewer micro-cracks, a narrower width, and a higher den-
sity of the grain boundary region. As a result, we successfully
discovered an effective inhibitor for Ry, across a wide range of
ceramics.

2. Results and Discussion

2.1. Conductivities

The NZSP, LATP, LLT, 8YSZ, and SrTiO, samples were modified
with 0.5-3 mol% LaNbO, (Table 1). The amount of LaNbO, added
to all the compositions was previously optimized. The composi-
tions for the optimization are shown in Table S1 (Supporting In-
formation). The pristine and modified NZSP and LATP powders
were prepared by a solution-assisted solid-state reaction method
(SASSR).[2°] The pristine LLT powder was prepared by Pechini’s
method,?’ which is regarded as a sol-gel method. The mod-
ified LLT powder was prepared by solid-state reaction, mixing
the proper amounts of La,0, and Nb,O; with pristine LLT pow-
der by means of ball milling. The pristine and modified 8YSZ
and SrTiO; powders were also prepared by Pechini's method.
The SrTiO, samples were sintered in a reducing atmosphere.
The various preparation methods were applied to verify an in-
fluence of the synthesis method on the impact of the LaNbO,
addition, but the grain boundary resistance clearly does not
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depend on the preparation method. All pristine and modified
samples of each material were exposed to the same sintering
temperature and resulted in similar relative densities (Table 1),
indicating that LaNbO, is not a sintering aid for the targeted ce-
ramics. All samples show high relative densities between 93%
and 97%, which is suitable for conductivity analysis. Because of
the low LaNbO, content, all pristine and modified samples are
highly pure materials, with a very small amount or even non-
observable secondary phases in the X-ray diffraction (XRD) pat-
terns. There are also unnoticeable phase differences observed
between pristine and modified samples (Figure S1, Supporting
Information).

The impedance spectrum and the Arrhenius plot of pristine
NZSP are taken from a previous publication.?! All other data
are collected experimentally in the present study. The o, and
o Of the pristine and modified samples are determined by fit-
ting Nyquist plots of the impedance spectra. To facilitate com-
parisons between the different samples, the impedance spectra
are normalized with the sample geometries. The equivalent cir-
cuit for fitting the impedance spectra is shown in Figure 1a,
where L, R, and CPE indicate the inductance, resistance, and con-
stant phase element (CPE), respectively. The key parameters of
an equivalent circuit in Figure 1a are shown in Table S2 (Sup-
porting Information). For NZSP and LATP samples, it is com-
mon that only one (or even half) of the semi-circles appears in the
impedance spectrum at room temperature (RT) due to the lim-
ited frequency range (up to 10 MHz) of conventional impedance
spectroscopy systems. It is therefore challenging to precisely dis-
tinguish between the contributions of Ry, and Ry,. In this study,
two impedance spectroscopy systems were combined to over-
come this issue, covering high frequency (HF) and normal fre-
quency (NF) ranges from 3 GHz to 1 MHz and from 10 MHz
to 0.01 Hz, respectively. As shown in Figure 1a, both the pris-
tine and modified NZSP and LATP exhibit nearly two complete
semi-circles, facilitating the differentiation of Ry, and Ry,. This
can also be determined just by NF impedance spectroscopy at
low temperatures, since the time constant (z) of the parallel RC
element (R1 and CPE1) shifts towards the NF range because of
the increased resistance of the samples at low temperatures. For
LLT, YSZ and SrTiO;, the NF range is sufficient to exhibit both
semi-circles in the investigated temperature range (partially en-
larged impedance spectra for SrTiO, are shown in Figure S2
(Supporting Information), where the first semi-circle could be
observed). LO is only applied for NZSP and LATP, since only
these materials show an apparent inductance behavior in the
impedance spectra. For all samples, the capacitances of CPEI],
CPE2, and CPEO align well with the characteristic capacitance
originating from the bulk contribution (represented by R1 and
CPE1), the grain boundary contribution (represented by R2 and
CPE2), and the interface between ceramics and electrodes (repre-
sented by CPEO),!?8] respectively (Table S2, Supporting Informa-
tion). The only exception is the capacitances of CPE1 of StTiO;,
which is discussed in the supporting information (Table S2,
Supporting Information). Consequently, for all the samples, R1
and R2 are attributed to Ry, and Ry, respectively, while R,
equates to Ry + Ry,. Evidently, the o, values of all the pris-
tine and modified samples are very similar, with the notable dif-
ference in their o, primarily arising from the grain boundary
contribution.
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All o, and o) values exhibit linear behavior in the Arrhe-
nius plot (Figure 1b), except for SrTiO;. The non-linear Arrhe-
nius behavior observed in reduced SrTiO, is not surprising.?’!
The reduction of Ti** to Ti** creates electrons in the 3d con-
duction band, resulting in semiconducting or even metal-like be-
havior depending on the electron concentration.**} However, re-
duced SrTiO; is inherently unstable in the presence of air, as Ti**
gradually oxidizes back to Ti**. This oxidation process is accel-
erated at higher temperatures, leading to the non-linear behav-
ior observed in the Arrhenius plot. For all other samples, the
activation energy (E,) of oy for both the pristine and modi-
fied samples are similar to each other, while the E, of o, of
the modified samples is noticeably lower than that of the pris-
tine samples. This is attributed to their lower R, compared to
the pristine samples. All the conductivities and activation ener-
gies (E,) obtained from Figure 1a,b, respectively, are shown in
Table 2.

The significant difference between the o, and the o, of
the pristine NZSP can be attributed to consequences of the ther-
mal expansion anisotropy, causing the contact degradation be-
tween the grains after the sintering process and resulting in a
higher Ry, [” The 6, of the pristine NZSP in this study was al-
ready optimized by the preparation method and grain control,
making it the material with one of the highest reported con-
ductivity values (5.2 X 10~ S cm™! at RT) among all polycrys-
talline NaSICON-type materials, comparable to the state-of-the-
art Na*-ion-conducting liquid electrolyte of 1 M NaClO, in the
mixture of ethylene carbonate and dimethyl carbonate.>3!] The
Ry, of LaNbO,-modified NZSP is further decreased. The result-
ing o, (9-3 X 1072 S cm™! at RT) of the modified NZSP sur-
passes previously published results of Na-ion-conducting poly-
crystalline oxides. Higher Na*-ion conductivity at RT is only re-
ported for single crystalline #”-alumina (1.3 x 107! S cm™),32!
polycrystalline Na,(CByH,()(CB,;H},) (7.0 X 1072 S cm™),13%I
and polycrystalline Na, ¢4Sb s W 1,5, (3.2 X 1072 S cm™1).34 A
detailed comparison is shown in Figure S3 (Supporting Infor-
mation). For verification of the beneficial influence of nominal
LaNbO, on Ry, in polycrystalline NZSP, La and Nb sources are
separately added to pristine NZSP. While the La-modified NZSP
also exhibits a higher o,.,, compared to pristine NZSP (6.7 x 1073
S cm™! vs 5.2 x 1073 S cm™!, respectively, Figure S4, Support-
ing Information), the increase is still much lower than that ob-
served in LaNbO,-modified NZSP (9.3 x 1073 S cm™). Instead,
Nb-modified NZSP shows a o, of 5.3 X 107 S cm™! at RT,
which is nearly the same as that of the pristine sample (Figure S4,
Supporting Information). This suggests that the superior 6, of
LaNDbO,-modified NZSP arises from the combined influence of
both La and Nb, rather than the impact of the single. Previous
publications have also discussed La and Nb substitution in Na-
SICON ceramics, 3] agsuming that La or Nb cations occupy Zr
positions. In these reports, the o, increased up to 3.4 x 1073
and 5.5 X 107 S cm™' at RT for La and Nb substitutions, re-
spectively. The values are far below those observed in the present
study, in which nominal LaNbO, is only considered as a mixture
in the polycrystalline NZSP.

The 6, of the pristine LATP in this study (9.5 x 107
S cm™) is also among the highest values reported so far.[*]
The 6., of the modified LATP (2.1 X 10~* S cm™), while
not as high as the complex sulfide Ligg,Si; 74P 445:1,Cly s
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Figure 1. a) Impedance spectra with gold electrodes using a high-frequency (HF) and a normal-frequency (NF) analyzer, together with the fitted data for
both pristine and LaNbO, modified NZSP, LATP, LLT, 8YSZ (Ag electrodes are applied) and SrTiO;. The spectra are corrected for dimensional variations.
b) Arrhenius plot of 6,4, and op of the samples in (a).
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Table 2. Conductivities obtained from Figure 1a and E, derived from Figure 1b.

Sample name Opuik [S cm™] Ciotal [S cm™] E, of oy [€V] E, of 6,0 [€V]
NZSP Pristine 1.5 x 1072 52x 1073 0.28 0.32
Modified 1.4 x 1072 9.3x 1073 0.28 0.29
LATP Pristine 6.0x 1073 9.5 x 107 0.29 0.34
Modified 5.0x 1072 2.1x 1072 0.30 0.32
LLT Pristine 1.0x 1073 7.2% 1073 0.35 0.40
Modified 5.1%x 1074 1.3 x 107 0.36 0.39
8YSZ Pristine 3.0% 1070 1.1x107° 1.08 1.10
Modified 2.4 %1075 1.4 x107° 1.07 1.08
SrTiO; Pristine 7.9x 1073 9.9x 1073 - =
Modified 5.8x107° 3.1x 107 - -

(2.5 x 1072 S cm™1),17) surpasses previously published results
of Li*-ion-conducting polycrystalline oxides, including the ma-
terials based on state-of-the-art Li,La;Zr,0,, (LLZO).’3%] De-
tails are provided in Figure S3 (Supporting Information). Sim-
ilar to NZSP ceramics, La and Nb sources are added separately
to pristine LATP to ascertain the influence of nominal LaNbO,.
While La or Nb-modified LATP also exhibits higher o, com-
pared to pristine LATP (1.3 x 10~% or 1.5 x 107 S cm™!, re-
spectively, Figure S5, Supporting Information), the increase is
again much lower than that observed in LaNbO,-modified LATP,
indicating the combined influence of La and Nb on pristine
LATP.

The oy, values of modified LLT appear to be lower than those
of the pristine compound, indicating that the addition of LaNbO,
may enter the structure of LLT and influence the o. In con-
trast, the o, of the modified LLT is noticeably higher than that
of the pristine LLT, indicating a large difference of R, between
pristine and modified LLT. The achieved o} and o, values of
the pristine LLT are in good agreement with previous results.[*0]
The enhanced o, of modified LLT is among the best published
results.[*!)

The measured oy, values of the pristine 8YSZ are also in
good agreement with previous results.l') The o, of 8YSZ may
differ significantly according to the various grain sizes, prepa-
ration methods, and the presence of secondary phases,[613:42]
which can either be negligible or several times lower than o\ ,.
Nevertheless, as the pristine and modified 8YSZ are prepared in
the same way and possess similar microstructures in this study,
the decrease of o, and the increase of o, for the modified
8YSZ at all tested temperatures indicate the effective reduction
of Ry,

Since SrTiO; is sintered in a reducing atmosphere, it is a
semi-conductor with electrons as the major charge carriers. In
combination with Au as electronic conductor and non-blocking
electrode, the interface resistance between Au and SrTiO; is
negligible.*}] The conductivity of SrTiO, differs strongly de-
pending on the amount of oxygen vacancies, A or B-site de-
ficiency, and element doping.?**>*] In the present study,
the conductivities of both pristine and modified SrTiO, fall
within a reasonable range. The significant difference in R, be-
tween the pristine and modified SrTiO; samples again high-
lights the effectiveness of grain boundary modification with
LaNbO,.

Adv. Energy Mater. 2025, 15, 2404985 2404985 (5 of 13)

2.2. Microstructures and Their Influences
2.2.1. Microstructures of NZSP and LATP

The influence of thermal expansion anisotropy is evident in the
microstructural SEM images of the pristine NZSP and LATP
shown in Figure 2a,c, respectively. In both samples, many micro-
cracks are visible, often originating from remaining small pores
at triple grain junctions. It should be mentioned that the sam-
ple preparation of NZSP and LATP was carried out with Ar
etching, which already minimizes the mechanical impact on the
microstructures of the samples. When alternative methods are
used involving mechanical forces, the loss of contact at the grain
boundaries is significantly increased compared to the observa-
tions shown in Figure 2 (see Figure S6, Supporting Information).

For two adjacent grains of NZSP or LATP, when their lattice
orientations are parallel with each other, the grain-to-grain con-
tact is maintained during the cooling process of ceramic sin-
tering, as the shrinkages of the grains in the direction of their
interface and the direction perpendicular to their interface are
equal. In general, the neighboring grains are misaligned with
each other (e.g., ¢ || a), leading to a loss of contact between the
grains, since one grain shrinks more in the direction of their in-
terface while the other shrinks more in the direction perpendic-
ular to their interface. This phenomenon is responsible for the
insufficient grain-to-grain contact and the formation of micro-
cracks along the grain boundaries (Figure 2a,c).

After the modification with LaNbO,, the crack formation at
the grain boundaries in both NZSP and LATP is significantly
reduced (Figure 2b,d). For LATP in particular, the micro-cracks
are almost fully eliminated, resulting in a superior increase of
Oioral (2.2 times higher than that of the pristine LATP, Table 2).
It is noteworthy that in both cases of NZSP and LATP, the pris-
tine and modified samples exhibit similar grain sizes. This ob-
servation verifies that LaNbO, is not acting as a sintering aid for
the samples, especially considering that the samples also possess
similar sintering temperatures and relative densities (Table 1).
Typically, a similar grain size results in a similar volume frac-
tion of the grain boundaries within the ceramic, leading to sim-
ilar Ry, contributions. However, the modified NZSP and LATP
demonstrate decreased Ry, values with similar grain size like
the pristine specimen, confirming the effectiveness of LaNbO,
in reinforcing the grain contacts. In addition, in both modified
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Figure 2. Backscattered electron SEM images of a) pristine NZSP, b) modified NZSP, c) pristine LATP, and d) modified LATP.

samples of NZSP and LATP, more secondary phases are formed.
It seems that the remaining pores that are present in the pris-
tine samples are filled by these secondary phases in the modified
samples (Figure 2b,d). This is reasonable when La and Nb are
not incorporated into the grains and are segregated at the grain
boundaries and grain triple junctions. To demonstrate the sec-
ondary phases more clearly, STEM analysis with energy disper-
sive X-ray spectroscopy (EDS) was used (Figure 3). Since NZSP
and LATP are sensitive to beam irradiation, which causes mor-
phological changes and decomposition,*®) only limited magnifi-
cation can be applied and atomic resolution is not possible in the
present experimental setup. In the modified NZSP, a Nb-rich sec-
ondary phase is observed, which contributes primarily to the pore
filling and, more remarkably, it can diffuse into the grain bound-
aries (Figure 3a), thus improving the grain-to-grain contact. How-
ever, it has been known that Nb,-modified NZSP has no apparent
improvement in o, (Figure S4, Supporting Information), indi-
cating that La must also contribute to the reinforcement of the
grain boundary of NZSP. In modified LATP, the triple junction
pores are eliminated by three types of secondary phases, which
are La-rich, Ti/Nb-rich, and Al-rich. No grain boundary diffu-
sion/enrichment can be detected within the instrumental limit
(Figures 2d and 3D).

2.2.2. Mechanical Properties of NZSP and LATP

To further confirm the grain boundary reinforcement observed
in the SEM and TEM investigations, the mechanical properties of
pristine and modified NZSP and LATP samples were analyzed, as
presented in Table 3. The average elastic modulus (E,,) and frac-

Adv. Energy Mater. 2025, 15, 2404985 2404985 (6 of 13)

ture stress (X;) were selected as representative parameters for the
mechanical characteristics of the samples. These values were de-
rived from the load-displacement curves obtained through ring-
on-ring bending tests (a typical curve is shown in Figure S7, Sup-
porting Information), following the guidelines outlined in the
American Society for Testing and Materials (ASTM) C1499-05
standard.’] E was calculated from the linear portion of the
load—displacement curve, as unevenness in the specimen can
cause non-linearity at low loads:

p 3(1—v?)-rt-AF
™ T Af8

(&) -1em(2) 25 (22) (2)| @

where AF is the force difference and Af the correspond-
ing displacement change of the linear part, v is the Pois-
son’s ratio, t is the specimens’ thickness, r,, r, and r; are
the radii of loading ring, supporting ring and specimen,
respectively.

X, is constant within the tensile loaded surface inscribed by the
loading ring, i.e.:

3(1+v) - F r 1—v r—r?
%= rp [an+<1+v>' 27 @

where F; is the fracture load. Other parameters are the same as
in Equation 1.

Apparently, both E,, and 3; show an increase in the mod-
ified NZSP and LATP samples compared to their pristine
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Figure 3. High-angle annular dark-field STEM images and background-subtracted EDS elemental maps of modified a) NZSP and b) LATP.

counterparts. The difference is particularly pronounced in LATP.
Considering the microstructural differences between the pristine
and modified samples (Figure 2), the improved reinforcement
of grains and the reduced presence of microcracks in the mod-
ified NZSP and LATP are likely key factors contributing to the
enhanced mechanical properties observed with the addition of
nominal LaNbO,.

2.2.3. Microstructures of LLT, 8YSZ, and SrTiO,
Unlike NZSP and LATP, LLT, 8YSZ, and SrTiO; possess

(pseudo-) cubic structures and exhibit no (or a weak) ther-

Adv. Energy Mater. 2025, 15, 2404985 2404985 (7 of 13)

mal expansion anisotropy effect. Micro-cracks are not observed
in the pristine samples of LLT, 8YSZ, and SrTiO; (SEM im-
ages in Figure S8, Supporting Information), which means that
they are not the main origin of the conductivity enhance-
ment. Similar to the situation of NZSP and LATP, all pris-
tine and modified samples exhibit similar grain sizes (except
for SrTiO,, where modified StrTiO; even show smaller grain
size compared to pristine SrTiO,), further confirming LaNbO,
is not a sintering aid for the samples. Given the extremely
thin dimension of their grain boundaries compared to those of
LATP and NZSP (even smaller than the resolution limitation of
SEM), atomic-resolution STEM was employed to study the grain
boundaries.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UBD17 SUOWIWOD BAIIS1D 3|qedl|dde aup Aq peusenob aJe Sejoile YO ‘8sn Jo Se|nl Joj Akelqi8uluO 3|1 UO (SUONIPUOD-PUE-SULBIAL0 AB 1M AeIq 1 |BUl|UO//SANY) SUO NIPUCD pue Swie | 84} 89S *[6Z02Z/S0/ST] Uo Ariqiauliu A8|IM ‘IS UoIessey HAWD yoiine wniuezsbunyosiod Aq 586020z WUse/Z00T 0T/I0p/0D A8 |IM Akl 1pul U0’ peoueApe//:SAny oy pepeojumoq ‘8T ‘S20Z ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Table 3. The mechanical properties of E,,, and X for pristine and modified NZSP and LATP samples.

NZSP pristine

NZSP modified LATP pristine LATP modified

Average elastic modulus E,, [GPa] 49
Standard deviation of E,, 7
Average fracture stress X [MPa] 79
Standard deviation of ¢ 13

58 24 56
15 2 1
88 37 77
9 4 14

Figure 4 compares the microstructure of the grain bound-
aries of pristine and modified LLT, 8YSZ, and SrTiOj;. It should
be emphasized that multiple and random positions were cho-
sen in each sample to ensure a statistical significance. Figure 4
shows a typical example of each composition, while some addi-
tional examples are presented in Figure S9 (Supporting Infor-
mation). In all three cases, the modified samples (right panel of
Figure 4) show improved grain boundary contact, as evidenced
by the atomically sharp connectivity between the lattice planes
and the neighboring grains. The matter density at the grain
boundaries is also significantly increased, particularly for modi-
fied 8YSZ and SrTiO; (Figure 4b,c), as indicated by the absence of
adark HAADF STEM contrast at grain boundaries of the pristine
samples (left panel of Figure 4). This observation, in combination
with the atomically sharp lattice contact, indicates that the grain
boundaries of the modified samples merge almost perfectly with
the adjacent grains, thus resulting in the improvement of grain
boundary conductivity.

Moreover, elemental enrichment can be observed at the atom-
ically contacted grain boundaries of modified LLT and 8YSZ,
as shown in Figure 5. The enrichment of Nb is evident in the
grain boundaries of modified LLT (Figure 5a), while the enrich-
ment of La is observed in the grain boundaries of modified 8YSZ
(Figure 5b). A reasonable doubt arises as to whether Nb or La
alone reinforces the grain boundary of LLT or 8YSZ, respectively.
It is challenging to distinguish only Nb or nominal LaNbO, as
the tightener of the grain boundaries in LLT, especially since La
itself is a major element in the ceramic. However, when La, O, is
added separately to pristine 8YSZ, a 6, 0f2.9 X 107> Scm™ and
a0y 0f 1.1 X 1075 S cm™! (both tested at 350 °C) are achieved
(Figure S10, Supporting Information), with little difference to the
values of pristine 8YSZ. This indicates that the reinforcement of
the grain boundary of 8YSZ stems from the combined influence
of La and Nb, rather than La alone, despite the fact that only La is
observed in the grain boundary of modified 8YSZ. On the other
hand, no clear enrichment is seen in the modified SrTiO, (Figure
S11, Supporting Information), indicating that the additional ele-
ments are evenly distributed in the sample. This is reasonable
because the solubility of La and Nb in SrTiO; is high.

In all samples of the five investigated ceramics, the distribu-
tion of elements in their grain boundaries appears irregular. In
NZSP and LLZ, Nb enrichment is observed in the modified sam-
ples, while in 8YSZ, La enrichment is observed. However, in the
cases of LATP and SrTiO;, no enrichment of any element is ob-
served. This ambiguity makes it difficult to determine how nom-
inal LaNbO, affects the grain boundaries of these ceramics. One
possible assumption is that a La-Nb-O related phase may appear
in a certain sintering step of the investigated ceramics, thereby
improving the microstructure of the grain boundaries, but it may
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not persist after sintering. Nonetheless, at this stage, it can be
concluded that nominal LaNbO, (and not La or Nb alone) can ef-
fectively decrease the R, of NZSP, LATP, LLZ, 8YSZ, and StTiO,
ceramics by reinforcing the microstructure of their grain bound-
aries. However, the elucidation of a detailed mechanism still re-
quires further investigation.

2.3. Discussions

The concept of Ry, in polycrystalline ceramics is generally well-
understood and agreed upon in the literature. However, there is
some debate regarding the definition of grain boundary conduc-
tivity (6,,). Some studies directly define o, as:

I
%% = R A 3)

where [ is the thickness of the sample pellets, and A is the surface
area. However, strictly speaking, this “o,” should be considered
an “apparent o, ” as it is based on the dimensions of the entire
sample rather than the actual grain boundary. A true o, needs
to be calculated using the grain boundary’s specific dimensions,
which are typically a small fraction of the total sample dimen-
sions. Only with a true o, can the intrinsic conductivity of the
grain boundary material (related to chemical circumstances like
chemical composition, phases, defects etc. in the grain boundary,
and independent of its geometry) be properly evaluated.

Determining the precise dimensions of grain boundaries in
ceramics is challenging. To address this, a brick-layer model can
be applied:[*®]

C
o = l bulk ()
Ry A Cy

where Gy, and C,;, represent characteristic capacitance of the
CPEs originating from the bulk and grain-boundary contribution
(see Figure la and Table S2, Supporting Information), respec-
tively. A “real 0 5,” as in Equation (4) can be easily calculated from
the achieved data in the present work. Although o, calculated
this way is convenient, it assumes that the dielectric constants of
the bulk and grain boundary are equal. This is highly debatable
because they easily differ by orders of magnitude.[**->!] Neverthe-
less, the achieved o, from Equation 4 is presented in Table S3
(Supporting Information).

With the above considerations, Ry, is mainly influenced by two
factors: 1) Dimensional factor: This pertains to the microstruc-
tural geometry of the grain boundary, primarily the grain bound-
ary thickness d. In pristine NZSP and LATP, poor grain-boundary
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Figure 4. HAADF STEM investigations of a) pristine and modified LLT, b) pristine and modified 8YSZ, and c) pristine and modified SrTiO;. The grain
boundaries are tilted to an end-on configuration, while the lattice fringes of the neighboring grains are maintained.

reinforcement can result in an increased grain boundary thick-
ness d, and even the formation of microcracks, as observed via
SEM. These factors contribute to high R,,. The thermal expan-
sion anisotropy of both modified samples of NZSP and LATP,
however, should not change significantly due to the following rea-
sons: i) The addition of LaNbO, does not change the thombohe-
dral crystal structure. The pristine and modified samples show al-

Adv. Energy Mater. 2025, 15, 2404985 2404985 (9 of 13)

most the same main phase (Figure S1, Supporting Information).
ii) The oy, values do not exhibit an essential difference between
the pristine and modified samples. Therefore, the elimination of
micro-cracks in the modified samples should not be directly cor-
related with thermal expansion anisotropy. Since for both materi-
als, secondary phases are observed which fill the remaining pores
at the triple grain junctions, it is reasonable to assume that they
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Figure 5. STEM investigations with EDS of modified a) LLT and b) 8YSZ.

can provide extra support for reinforcing the grain-to-grain con-
tact. In particular, the crack-like boundaries seen in the modified
NZSP sample can be mediated by Nb enrichment. For materials
such as LLT, 8YSZ, and SrTiO,, LaNbO, modification improves
the grain-to-grain contact particularly at the atomic level, as ob-
served by TEM. Since the element distribution of both La and
Nb is almost all different for the different sintered ceramics, it
is hard to determine the in-depth mechanism of how nominal
LaNbO, reinforces the microstructure of the grain boundaries.
In situ TEM observation is doubtless the best instrument to an-
swer the question. However, because of the sensitive nature of

Adv. Energy Mater. 2025, 15, 2404985 2404985 (10 of 13)

NZSP and LATP under TEM beam (even at RT), and the too high
sintering temperature of LLT, 8YSZ and SrTiO, (>1300 °C), more
realistic considerations are still needed for the further investiga-
tions. 2) Chemical factor: The chemical composition, phases, and
defects in the grain boundary also play significant roles. For the
same reason of the complexity of grain-boundary compositions,
phases and defects, it is difficult to discuss their contributions
in general. Whereas for the investigation of the crystal chemistry
of a ceramic, sufficient methods (like XRD, neutron scattering,
nuclear magnetic resonance, X-ray photoelectron spectroscopy
etc.) provide comprehensive data, the investigation of chemical
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circumstances in the grain boundary can almost only rely on
TEM. There are reports discussing the influence of chemical state
related to Ry,. Space-charge layer models assume that depleted
space-charge layers are the origin of the enhanced Ry,.*”) This
model was also applied to explain the possible reason of extra
high R, of LLT and SrTiO,.[***! It should be noted that space-
charge layers are influenced by geometry effects too.>*! With this
consideration, the space-charge layers (if there is any) of all the
discussed ceramics in the present work may be benefited from
the decreased thickness d of the grain boundary with the modifi-
cation of nominal LaNbO,. It is also reported that La,0, and/or
Nb,Os doped ceramics, especially perovskites, may exhibit high
dielectric constants, effectively mitigating potential barriers at
grain boundaries and decreasing Ry,.[*>**°l However, these in-
fluences are only suitable to be analyzed on a case-by-case basis,
not for a general consideration. A common observation for all
the discussed ceramics is an increase in matter density within
the grain boundaries. This is a proven finding that may lead to
the decrease of Ry, Further investigation is needed to confirm
the underlying mechanism.

3. Conclusions

In summary, various well-known conductive ceramics such as
NZSP, LATP, LIT, 8YSZ, and SrTiO, were prepared using solid-
state reaction methods or sol-gel methods. For each material,
both the pristine and 0.5-3 mol% LaNbO,-modified ceramics
were prepared using the same processes for better comparison.
All the prepared ceramics within the same system exhibit a simi-
lar density (with a minimum of 93% of theoretical density), phase
purity, and grain size. All pristine and modified samples of each
material were exposed to the same sintering temperature and re-
sulted in similar relative densities, indicating that LaNbO, is not
a sintering aid for these ceramics. Although LaNbO,-modified
ceramics show similar or even lower o, compared to their pris-
tine version at a fixed temperature, the o, ., value is always signif-
icantly higher. Separate addition of La or Nb does not show same
effect. Notably, the o, values of modified NZSP and LATP are
the highest among all published Na*-ion- and Li*-ion-conducting
polycrystalline oxides (9.3 x 107 S cm™! and 2.1 x 107 S cm™!
at 25 °C, respectively).

The improvement of the grain boundary microstructure, at-
tributed to the addition of LaNbO,, leads to lower Ry, and, con-
sequently, higher o, in all these ceramics. Enhanced grain-to-
grain contact and narrower and more crystalline grain bound-
aries with a higher matter density are determined in all the mod-
ified ceramics. These findings, which were observed for differ-
ent ceramic systems with varying crystalline structures, charge
carriers, and preparation methods, make LaNbO, an attractive
option for improving the grain boundary resistance and grain
boundary microstructure of other ceramics. However, the de-
tailed mechanism by which LaNbO, influences the grain bound-
ary microstructure requires further investigation.

4. Experimental Section

Materials: The powders were synthesized using either a solution-
assisted solid-state reaction method (SASSR) for NZSP and LATP,[2¢] or
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by Pechini’s method for the remaining compositions.[2’] In the latter case,
a double molar amount of citric acid and ethylene glycol with respect to
the cations was added to the solutions of LLT, 8YSZ, and SrTiOs. Since
many preparation steps are similar for the five powders, the synthesis is
described in detail and the different parameters can be taken from Figure
S12 (Supporting Information). The chemicals used are listed in Table S4
(Supporting Information).

NaNO;, ZrO(NOj;),, Si(OCH,CH;),, and NH,H,PO, were used as
starting materials for the pristine NZSP powder. An additional 2 mol%
of LaNbO, was applied for the modified NZSP with NH4NbO(C,0,),
and La(NO;); as starting materials. Stoichiometric amounts of NaNO;
and ZrO(NO;), were dissolved in deionized water. For modified NZSP,
NH,4NbO(C,0,), and La(NO3); were also added in this step. A stoichio-
metricamount of Si(OCH,CHj3) 4 was then added to the solution while stir-
ring. When Si(OCH,CHjs), was hydrolyzed, the stoichiometric amount of
NH,4H,PO, was added to the system during stirring. The homogeneous
aqueous solution immediately revealed the formation of complex zirco-
nium oxyphosphate compounds. The whole mixture was dried at 85 °C.
The dried powder was then calcined at 800 °C for 3 h. After calcination,
a white powder was obtained. The calcined powder was then milled in
ethanol with zirconia balls on a milling bench for 48 h, and dried at 70 °C
for 12 h. The original and modified NZSP powders were put into a cylin-
drical pressing mold (8-13 mm in diameter) and pressed with a uniaxial
pressure of about 100 MPa at room temperature. The pressed pellets were
sintered between 1250 °C and 1300 °C for 5 h. The pellets obtained had a
thickness of 1-2 mm.

LATP powders were prepared by the same method like that of NZSP. The
differences are LiINO;, AI(NO3); 9H,0, Ti(OCH (CHj3);)4, NH4H,PO,,
NH4NbO(C,0,), and La(NOs); were applied as starting materials; The
dried powder was calcined at 650 °C for 3 h; And the pressed pellets were
sintered at 950 °C for 5 h.

Pristine LLT powders were prepared by Pechini’s method.
Ti[OCH(CHj3),]s, LINO; and La(NOs); were applied as the starting
materials. Stoichiometric amounts of LINO; and La(NOs); were dis-
solved in deionized water. Nitric acid was then added into the solution to
keep the pH value of the solution at about 1. Stoichiometric amounts of
Ti[OCH(CH3),], was slowly dissolved into the solution, followed by the
double mole-amount of citric acid and ethylene glycol to the cations in
the solution. The solution was evaporated and dried at a heating plate at
300 °C while stirring, then calcined at 800 °C. The calcined powder was
then milled in ethanol with zirconia balls on a milling bench for 48 h, and
dried at 70 °C. Modified LLT powder was prepared by adding 1 mol%
La, 05 and Nb,Os into the pristine LLT powders followed by ball-milling
with zirconia balls on a milling bench for 72 h, and dried at 70 °C. The
pristine and modified LLT powder was put into a cylindrical pressing mold
(1013 mm in diameter) and pressed with a uniaxial pressure of about
100 MPa at room temperature. The pressed pellets were sintered at 1325
°C for 5 h. The obtained pellets had a thickness of 1-2 mm.

The pristine and 0.5 mol% LaNbO,-modified 8YSZ samples was added
by Pechini’s method. ZrO(NO3), and Y(NO;); were applied as the start-
ing materials for pristine 8YSZ. 0.5 mol% of LaNbO, was added for
modified 8YSZ with NH,NbO(C,0,), and La(NO;); as starting ma-
terials. Stoichiometric amounts of ZrO(NO3), and Y(NO3); were dis-
solved in deionized water. For modified 8YSZ, stoichiometric amounts of
NH4NbO(C,0,), and La(NO3); were also added in this step. Double mo-
lar amount of citric acid and ethylene glycol to the cations were then added
into the solution. The solution was evaporated and dried on a heating plate
at 300 °C while stirring, then calcined at 900 °C. The calcined powder was
then milled in ethanol with zirconia balls on a milling bench for 48 h, and
dried at 70 °C. The pristine and modified 8YSZ powders were put into a
cylindrical pressing mold (13-20 mm in diameter) and pressed with a uni-
axial pressure of about 50 MPa at room temperature. The pressed pellets
were sintered at 1400 °C for 5 h. The obtained pellets had a thickness of
1-2 mm.

The pristine and 1.0 mol% LaNbO,-modified SrTiO; samples were syn-
thesized using Pechini's method. Sr(NO;), and Ti[OCH(CH;),], were
used as the starting materials. 1 mol% of LaNbO, was added for mod-
ified SrTiO5; with NH4NbO(C,0,4), and La(NO3); as starting materials.
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Stoichiometric amount of Sr(NO;), was dissolved in deionized water.
Nitric acid (65%, Aldrich) was then added into the solution to keep the
pH value of the solution at about 1. For modified SrTiO;, stoichiometric
amount of NH4NbO(C,0,), and La(NO3); were also added in this step.
Stoichiometric amount of TI{OCH(CH3),], was slowly dissolved into the
solution, followed by the double molar amount of citric acid and ethylene
glycol to the cations in the solution. The solution was evaporated and dried
on a heating plate at 300 °C while stirring, then calcined at 900 °C. The cal-
cined powder was then milled in ethanol with zirconia balls on a milling
bench for 48 h, and dried at 70 °C. The pristine and modified SrTiO; pow-
ders were put into a cylindrical pressing mold (8-13 mm in diameter) and
pressed with a uniaxial pressure of about 100 MPa at room temperature.
The pressed pellets were sintered at 1400 °C in 2% H,-Ar for 5 h. The
obtained pellets had a thickness of 1-2 mm.

Characterizations: The prepared dense pellets of pristine and modi-
fied NZSP, LATP, LLT, and SrTiO3 were sputtered with gold on both sides.
After sputtering, the edge of the samples was polished with sand paper
to prevent the short-circuit caused by the residual Au on the edge. For
8YSZ, Ag paste was printed and sintered at 800 °C onto both sides of the
pellets as the electrodes. The temperature-dependent impedance spec-
tra of pristine and modified NZSP, LATP, LLT, and SrTiO; ranging from
100 °C to —100 °C were recorded with a commercial electrochemical sys-
tem (Novocontrol Technologies Alpha-A) using a temperature-controlled
chamber (Novocontrol Technologies BDS1100). For NZSP and LATP, ex-
tra impedance spectra of the samples were measured at 25 °C with two
commercial electrochemical systems (Keysight E4991B and Novocontrol
Technologies Alpha-A), with an AC frequency range of 3 GHz to 1 MHz
and 10 MHz to 1 Hz, respectively. For 8YSZ, the temperature-dependent
impedance spectra were investigated in the temperature range of 500
°C to 250 °C using a commercial electrochemical system (Novocontrol
Technologies Alpha-A) including a temperature-controlling system and
a furnace. The results were fitted using the “Z-view” software (Scribner
Associates Inc.).

The microstructures of pristine and modified NZSP and LATP samples
were analyzed using a Zeiss Merlin field-emission scanning electron mi-
croscope equipped with an EDS detector. The microstructure of the grain
boundaries of all samples was investigated using high-angle annular dark-
field scanning transmission electron microscopy (FEI Titan 80-200 Chemi-
STEM), which is equipped with a Super-X EDS system, running at 200 kV.
NZSP, LATP, and LLT samples for HAADF STEM were prepared using stan-
dard procedures including cutting, mechanical grinding, dimpling, and ion
polishing under water-free conditions. The final thinning was carried out
by means of 5 kV Ar-ion milling at liquid nitrogen temperature followed by
a cleaning process at 1kV (Gatan Precision lon Polishing System I1). 8YSZ
and SrTiO; samples were prepared following a standard lift-out process
using a focused ion beam (FIB) system (FEI Helios NanoLab 460F1). The
thickness of the FIB sample was thinned below 100 nm to better investi-
gate the images.

The ring-on-ring bending test is an often used to determine elastic
modulus and fracture strength of ceramic materials. The experiments
were performed using an electromechanical machine (INSTRON 1362)
with a £1000 N load cell (Lebow) and the displacement during the test
was measured with the aid of a ceramic extension rod joined to a linear
variable differential transformer (Solartron Metrology). The elastic mod-
ulus and maximum stress were obtained as outlined in ASTM C1499-
05.[47] Tests were conducted at room temperature; the diameter of load-
ing ring and supporting ring were 3.324 mm and 10.032 mm, respec-
tively. More detailed descriptions of the procedures can be found in for-
mer references.[>®37] The average thickness and diameter of pristine and
modified NZSP and LATP are at the range of 0.80-0.88 mm, 12.51-
12.81 mm, respectively, and the number of tested specimens ranges from
6to 18.
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