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Frederick Meisenkothen, c Marissa Wood,a Maira R. Cerón a and Jianchao Ye*a

Garnet-type solid-state electrolytes have significant advantages over liquid organic electrolytes but require

energy-intensive sintering to achieve high density and ionic conductivity. The aim of this study is to

understand the chemical and microstructural evolution towards optimizing sintering conditions to

achieve good conductivity at low sintering temperatures. To this end, the pore surface chemistry,

morphology, and elemental enrichment along grain boundaries are investigated using scanning electron

microscopy, X-ray scattering, and thermo-gravimetric analysis at temperatures below and above

1000 �C where the conductivity is significantly affected. Combined with theoretical simulations, three

transition regions during the temperature ramp to 900 �C were identified: (1) 200 �C to 350 �C where

the air-exposed protonated Li6.4La3Zr1.4Ta0.6O12 (H-LLZTO) releases H+ and the lattice constant

decreases, (2) 550 �C to 700 �C where the LLZTO surface structure becomes unstable, which leads to

the formation of a La2Zr2O7 (LZO) phase, and (3) 700 �C to 870 �C, where the surface Li2CO3 layer starts

to decompose and react with the intermediate LZO phase to reform the LLZTO cubic phase. While

gradual densification is observed between 750 �C and 900 �C, higher temperatures (1000 �C and above)

significantly reduce the pore volume and increase the conductivity. Backscattered electron (BSE) imaging

and energy dispersive spectroscopy (EDS) under cryo conditions reveals Ta enrichment and Zr depletion

at grain boundaries after sintering at 1100 �C for 6 hours.
Introduction

The increasing market of rechargeable Li-ion batteries for
various applications has raised safety concerns due to the use of
highly ammable liquid electrolytes.1,2 There are also strong
demands for high energy density batteries to increase the
mileage range of electric vehicles. To achieve the gravimetric
energy density goal of 500 W h kg�1 set by the U.S. Department
of Energy, it is almost inevitable that metallic lithium must be
used as the anode, paired with a high-capacity sulfur or high-
voltage cathode. This further limits the use of organic liquid
electrolytes due to their narrow voltage stability window and
difficulty preventing Li dendrite growth and polysulde shut-
tling.3 By replacing organic liquid electrolytes with non-
ammable, highly conductive and electrochemically stable
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solid-state electrolytes (SSEs), these safety and energy density
issues can be resolved.4 Among the promising SSEs developed
in the past few decades,4–6 garnet-type SSEs such as doped cubic
phase Li7La3Zr2O12 (LLZO) are extremely interesting due to their
high ionic conductivity (10�4 to 10�3 S cm�1) and wide voltage
stability window.5 LLZO's high Young's modulus (z150 GPa
(ref. 7)) is also benecial in blocking Li dendrite penetration,
though Li dendrites are still observed, particularly along grain
boundaries and in microcrack/void defects.8,9

Sintering is critically important to controlling the LLZO
microstructure (impurities, density, pore size, grain size,
chemical inhomogeneity, etc.), which can greatly affect its
electrochemical performance. Importantly, the cubic phase
LLZO (rather than the tetragonal phase) must be obtained to
achieve higher ionic conductivity.10,11 Stabilization of the cubic
phase at low synthesis temperatures has been achieved by
doping with various elements such as Al3+,11 Ga3+,12 Fe3+ (ref. 13)
at Li+ sites, Ta5+,14 Nb5+,15 Sb5+,16 Bi5+,17 Mo6+,18 W6+,19 Y3+ (ref.
20) at Zr4+ sites, and Rb+,21 Ca2+,22 Ba2+ (ref. 23) at La3+ sites.
Among these various doping options, Ta doping is very attrac-
tive due to the resulting higher ionic conductivity (>10�3 S cm�1

at room temperature).24,25 Although the synthesis temperature
of the garnet phase can be reduced to 900 �C,26 the densication
temperature is still too high and leads to Li loss. For example,
This journal is © The Royal Society of Chemistry 2022
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typical furnace sintering of LLZO materials requires tempera-
tures over 1100 �C for several hours.27 A recent approach aims to
reduce Li loss by applying pressure to allow a lower sintering
temperature and a shorter time (i.e., hot pressing, ash sinter-
ing, spark plasma sintering),28–30 or by rapid Joule heating to
high temperatures to dramatically reduce sintering time to
seconds.31 However, the reaction/sintering kinetics are unclear
and lead to open questions, such as whether the solid-state
sintering conditions result in homogeneous chemical distri-
bution. Furthermore, the condition of the starting powders
(particle size, degree of Li+/H+ exchange) is also important in
reducing sintering temperature and in achieving high density
and ionic conductivity.27,32,33 The sintering environment also
plays a key role in controlling Li loss and overall density. Using
a graphite crucible with inert gas ow helps reduce Li loss
without using mother powder,33,34 and an O2 environment
promotes the annihilation of pores via easier O2 diffusion
through the oxides.35,36

In situmeasurements are necessary to observe changes in the
microstructure during heating without taking the sample in
and out of the furnace for measurements at room temperature
and provide information about kinetics in one experiment,
rather than multiple experiments at different times and
temperatures.37 Ex situ characterization has provided informa-
tion to correlate sintering conditions with nal microstructure
and electrochemical properties. For example, as the sintering
temperature is increased, the sample density also increases and
grains grow, which leads to generally improved ionic conduc-
tivity.33 Rapid sintering methods tend to generate ner grains,
which could help to increase critical current density.38,39

However, much of the critical transient information during
sintering has been overlooked in ex situ characterization.
Understanding the temperature and time dependent pore
evolution/annihilation, possible reaction intermediates, and
the related kinetics problems is essential to optimizing the
sintering process.

In this work, in situ ultra-small-angle X-ray scattering and
wide-angle X-ray scattering (USAXS/WAXS) techniques are
used to reveal the physical and chemical processes involved in
sintering LLZTO solid-state electrolyte. Changes in pore
morphology, density, and surface contrast are evaluated as
a function of sintering temperature and time by in situ USAXS
and comparison with computational models. In situ WAXS
provides the X-ray diffraction (XRD) patterns that reveal lattice
constant changes (caused by Li+/H+ exchange, intermediate
phase formation, and thermal expansion), as well as peak
width changes (caused by grain and microstress evolution).
The nal, sintered product was also analyzed by cryo-SEM to
further reveal the chemical discrepancy in the grain boundary
regions.

Materials and methods
Ball milling and pellet preparation

Li6.4La3Zr1.4Ta0.6O12 (LLZTO) powder (volume-median diam-
eter ¼ 7 mm) was purchased from MTI Corporation and stored
in an argon glove box (O2 and H2O < 10�4%). A SPEX 8000D
This journal is © The Royal Society of Chemistry 2022
mixer mill with 50 mL zirconia jars was used for high-energy
ball milling with a procedure of 30 minute mill, 30 minute
rest, and another 30 minute mill. Each milling sample con-
tained 10 g of LLZTO, 60 g of yttria-stabilized zirconia (YSZ)
beads (0.5 mm diameter, Inframat Advanced Materials), and
10 g of acetonitrile (anhydrous 99.8%, Sigma Aldrich) mixed
with 20 mL of Triton X-100. Aer the milling process, the beads
were ltered out by repeated washing using 30 g of acetonitrile
through a 100 mm mesh to collect the powder. The ltered
powder was then centrifuged (VWR Laboratory Centrifuge) at
50 Hz (3000 rpm) for 4 minutes to separate the solvent, dried
in a vacuum oven at 70 �C overnight, and nally sieved through
a 75 mm mesh.

The sieved powder was pressed into a pellet using a 15 T
compact hydraulic press (MTI Corporation). Approximately
0.2 g of LLZTO powder was used for each pellet. The powder was
poured into a 10 mm diameter die (MTI Corporation), then
pressed at a displayed pressure of 3000 psi (890 MPa for
a 10 mm diameter pellet) for 2 minutes. Typical densities of
3.11 g cm�3 (56.6% relative density) and pellet thicknesses
between 0.4 mm and 0.5 mm were obtained aer pressing.
Sintered pellets for ex situ experiments were prepared by
wrapping the green pellets in graphite foil and placing them
inside a ceramic furnace tube for heat treatment under argon
ow at different furnace temperatures (900 �C, 1000 �C, and
1100 �C) with a heating rate of 10 �C per minute for various
times (2 hours, 4 hours, and 6 hours) before cooling to room
temperature. These samples were removed from the oven,
encapsulated in Kapton tape, and stored in Ar for shipment to
the Advanced Photon Source. Lastly, the density of each pellet
was calculated using Archimedes' method by dividing its mass
by the volume measured by comparing its weight in air and in
Fluorinert FC-40 (Sigma Aldrich).
Scanning electron microscope (SEM) and X-ray microanalysis

Scanning electron microscope (SEM) images of the powders
were acquired using a JEOL JSM-7401F eld emission scanning
electron microscope. Samples sintered for 6 hours at each
temperature were fractured and imaged to reveal the bulk
morphology aer sintering. To amplify the growth of the Li2CO3

layer by air exposure, a portion of the as-received powder was
aged in air for one day before SEM imaging.

In order to observe possible chemical inhomogeneity in the
well-sintered LLZTO pellets (sintered at 1100 �C in Ar) one
pellet was fractured (approximately through its diameter) to
expose the cross-section. Half of the fractured pellet was
mounted on a 45� pre-tilted SEM stub to permit access to the
cross-section for imaging and analysis. The entire mounted
sample was then coated with a thin lm of Au–Pd alloy in
a Cressington sputter coater. Using an FEI Helios 660 NanoLab
FIB-SEM instrument, a 69Ga+ ion beam was directed nominally
parallel to the fracture surface. A region roughly 100 mm by 100
mm in area and several micrometers deep, was ion milled at
room temperature to remove fracture topography and to
provide a fresh surface for analysis, free from reaction prod-
ucts and surface lms. The sample was subsequently coated
J. Mater. Chem. A, 2022, 10, 9080–9090 | 9081
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with a conductive carbon thin lm in another Cressington
coater via a carbon arc process. Room temperature imaging of
the sample at incident beam energies above 2 keV and probe
currents conducive to X-ray microanalysis resulted in rapid
surface modication, making it impossible to get images and
analyses truly representative of the material. Active specimen
cooling was required for proper X-ray microanalysis and BSE
imaging. The sample was cooled to �170 �C using a Quorum
Technologies Polar Prep 2000 liquid nitrogen cryo-transfer
station and cold stage. Electron beam imaging and X-ray
microanalysis were then carried out at incident beam ener-
gies between 5 keV and 10 keV and probe currents between 100
pA and 3200 pA. An EDAX Octane plus (30 mm2) SEM-EDS
detector, with the APEX acquisition and analysis soware,
was used to collect X-ray spectral images. A custom analysis
script, written in the R-programming language for statistical
computing,40 was used to read the spectral image data and to
segment different specimen regions of interest for analysis –

e.g., grain boundary regions vs. grain interiors. Image pro-
cessing was carried out using Fiji41 (Image J v 1.53f).
Ultra small/wide angle X-ray scattering

Three of the as-pressed pellets, as well as the ex situ sintered
pellets, were characterized using the USAXS/SAXS/WAXS
beamline,42 9IDC, at the Advanced Photon Source using
a monochromatic X-ray beam of 21 keV. The scattering inten-
sity, I(q), is reported as a function of the absolute value of the
scattering vector, or momentum transfer q, dened as q ¼
4p sin q/l, where l is the wavelength of the X-rays and 2q is the
scattering angle. In this approach, large structures scatter at
small angles and small structures scatter at large angles. Each of
the as-pressed pellets was loaded into a Linkam 1500 stage that
was immediately placed under Ar ow; typically, the sample was
exposed to air for less than 1 minute. Once loaded, the hutch
was closed and the X-ray scattering, in the q-range: 10�4 Å�1 < q
< 6 Å�1, was collected from the room temperature pellet. The
sample was then heated to temperature (900 �C, 1000 �C,
1100 �C measured near the sample) at 10 �C min�1 and held for
four hours whilst collecting the USAXS, SAXS and WAXS
sequentially.42 Measurements had an effective temporal reso-
lution of z5 minutes, with USAXS scan times of 90 s and 30 s
exposure times for the SAXS and WAXS detectors; dead time
arises from conguration changes and tuning. The USAXS data,
collected with the Bonse-Hart instrument (0.8 mm � 0.8 mm
beam) was reduced and desmeared using the Irena package for
Igor Pro.43 The SAXS and WAXS data was collected using a beam
size of 0.2 mm � 0.8 mm and reduced using the Nika package
for Igor Pro.44

In order to present the general trends in the time-resolved
USAXS data, a heuristic model was t to extract the temporal
evolution of discernible features in the data. Using well-known
scattering approximations, the simple unied equation makes
it possible to extract the temporal evolution of the size, scale
and surface scattering from phases within the pellet during
sintering. Only two unied levels were necessary to t all of the
data:
9082 | J. Mater. Chem. A, 2022, 10, 9080–9090
IpðqÞ ¼ Sðq; p; xÞ

2
66664G exp

��q2Rg
2
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�
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2
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h
erf

�qRgffiffiffi
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p
�i3

q

3
7775

P
3
77775þ BL

q4

þ b

(1)

Sðq; p; xÞ ¼ 1

1þ pFðqxÞ (2)

where G is a scaling parameter related to the contrast, volume
and volume fraction, B is also a scaling factor related to the
contrast, volume and surface area of the phase, Rg is the
volume-mean radius of gyration of the phase, P is the power-
law exponent, BL is a scaling factor (analogous to B) from
phases larger than 10 mm, b is the at background (mostly
from incoherent scattering) and S(q,p,x) is a structure factor
that accounts for the apparent structure of the scattering
phases and uses the normalized scattering amplitude of
a sphere,F(qx), and two parameters, p and x, that are related to
the degree of crystallinity and mean distance between
domains, respectively.45 In total, there are 7 t parameters that
were t across the q-range: 10�4 Å�1 < q < 0.5 Å�1 using the
Irena package for Igor Pro.43 The parameter Ĝ is reported here
instead of G, because it represents meaningful absolute
values. The normalization of G is accomplished using the
approximate volume of the phase and contrast of maximum
density LLZTO by the equation:

Ĝ ¼ G

V
�
Rg

ffiffiffiffiffiffiffiffi
5=3

p �
DrLLZTO

2
(3)

where the function VðRg
ffiffiffiffiffiffiffiffi
5=3

p Þ is the volume of a sphere of

radius, R ¼ ðRg
ffiffiffiffiffiffiffiffi
5=3

p Þ and DrLLZTO is the scattering contrast
between LLZTO and void (1673 � 1020 cm�4), where the theo-
retical density of 5.5 g cm�3 is used for LLZTO. In the case where
eqn (1) represents the scattering from only pores surrounded by

the maximum density of LLZTO, Ĝ is approximately equal to the
volume fraction of pores observable by USAXS. The general
trend in the key t parameters Rg, P and G are used in combi-
nation with the TGA and SEM imaging to interpret the data and
formulate a more specic model that is presented in the
Discussion section of the manuscript.

The WAXS data contains information about phases present
during sintering, as well as their relative size evolution and
lattice parameters. The evolution in lattice spacing was analyzed
by selecting the XRD reections (400) and (321), which were
tted to Gaussian curves using the data analysis HighScore Plus
soware. These specic reections were selected as they did not
overlap with nearby peaks, were spread across the spectra, and
represented a mix of indices. Unit cell parameters were ob-
tained from the average of these specic reections.
Simulated sintering

To gain a better understanding of the pore evolution and
densication kinetics during sintering, a multi-phase eld
This journal is © The Royal Society of Chemistry 2022
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model was also employed to study the microstructure
(including solid grains and pore) evolution from a green-body
with the same particle size distribution as the realistic pellets
informed by experimental SEM characterization. The phase-
eld model, developed by the present authors,33,46 accounts
for multiple transport mechanisms operating during sintering,
including surface transport (such as surface diffusion, lattice
diffusion from the particle surface to the sintering neck, vapor
transport through evaporation and condensation) and bulk
transport (such as grain boundary (GB) diffusion and lattice
diffusion from the GB to the pore). The latter transport mech-
anism leads to densication (i.e., reduction in particle spacing)
while the former does not. As such, the model allows for
consideration of the dynamic interplay between microstructure
evolution and mass transport during sintering. Model formu-
lation and model parameters have been described in detail in
prior work.33 The simulation was performed using a system with
a volume of 96Dx by 96Dy by 96Dz with the spatial grid size
Dx(yz) ¼ 25 nm. Zero ux boundary conditions were used along
all three dimensions. It is worth pointing out that in the phase-
eld simulation, the driving force for sintering has been
increased by increasing the surface energy and lowering the
grain boundary energy to speed up the simulation and reduce
computational cost. Thus, a dimensionless time in the simu-
lation is used here since it may not correspond to the realistic
experimental sintering time.

In order to compare the simulation results with in situ
experimental data, the USAXS from the sintered body at each
simulation step was calculated using a Monte Carlo approach.47

With this approach, the simulated scattering from pores and
particles within the simulation box can only be calculated up to
a maximum q value of 0.02 Å�1, due to the inherent resolution
of the simulation box (25 nm). Scattering from the simulation
box itself ultimately limits the interpretable q-range of the
simulated USAXS, as the whole box will scatter as a single
object. Because the simulation box shrinks during sintering,
only the innermost 60% of the box was used, resulting in box
dimensions of z(1.4 mm � 1.4 mm � 1.4 mm). Therefore, some
scattering from the box is expected at q < 10�3 Å�1 in the form of
an intensity decay with overlaying Bessel-function oscillations
due to the monodisperse nature of the box itself.48 Therefore,
the q-range 10�4 Å�1 < q < 10�2 Å�1 was simulated to identify
contributions of the box and disregard the resolution of the
simulation. Such a broad range in q requires a large number of
points and therefore USAXS was simulated using rst principles
and assuming only a center of symmetry by the equation:

IsimðjqjÞ ¼ KV
2

"Xi¼N

i¼1

½ri � r�cos qr
#2

(4)

where the amplitude of N ¼ 108 randomly located points are
summed together, with each point at position, r, from the
center of mass assigned a value, ri, between 41 � 1010 cm�2

(LLZTO) and 0 cm�2 (pore); as the simulation proceeds, some
points on the pore surface take on values in between as the
particle surfaces become wet and less dense. At each simulation
time, the mean scattering length density, �r, was calculated and
This journal is © The Royal Society of Chemistry 2022
used to compute the contrast. The square of the amplitude was
calculated over an average of 20 different scattering vectors to
obtain the average USAXS curve, which was scaled by the mean
volume-squared occupied by a point �V2, and an arbitrary scaling
factor K ¼ 4 for comparison to the experimental data. Each
Isim(q) curve was subsequently smoothed on a log-scale for
comparison using Igor pro. Unsmoothed curves and contribu-
tions from the overall simulation box size and voxel size can be
found in the ESI (Fig. S3†).
Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on a pressed
LLZTO pellet to evaluate mass loss as a function of temper-
ature and time using a Mettler Toledo TGA/DSC 3+ instru-
ment. The pressed LLZTO pellet (71.9954 mg) was placed in
a Pt crucible, capped and immediately transferred to the TGA/
DSC furnace. The furnace and sample were purged with N2

(ow rate ¼ 100 mL min�1) for 30 min atz25 �C, then heated
to 1050 �C at 2 �C min and held at 1050 �C for 2 hours. Finally,
the sample was cooled down to room temperature at a rate of
20 �C min. Reported temperatures were measured at the
sample holder. A total of 12.80%mass loss was observed, with
the nal mass of 62.7808 mg measured.
Electrochemical characterization

Electrochemical characterization was carried out on the sin-
tered pellets to demonstrate the link between conductivity and
sintering temperature. In order to remove any Li2CO3 from the
surface of the LLZTO pellets, each pellet was treated with
a solution of phosphoric acid (H3PO4) and ethanol (1 : 1 vol
ratio) for 3 min to form a lithiophilic Li3PO4 layer, which
effectively improves the interfacial contact between Li metal
and the LLZTO surface as demonstrated by Ruan et al.49 Each
pellet was then washed with two different ethanol solutions for
1 min each and dried under vacuum for at least 20 min before
cell assembly. Each pellet was placed between two lithium foils,
which were then annealed at 280 �C for 20 min on a heating
plate to improve the contact between Li and LLZTO. Tempera-
ture dependent conductivity measurements were carried out in
a temperature chamber (Espec) in the temperature range from
25 �C to 60 �C. The SP-300 from Biologic Science Instruments
was used for electrochemical characterization. The soware
package EC-Lab V10.02 was used for data acquisition and
impedance data tting. Impedance spectroscopy was obtained
in the frequency range from 100 mHZ to 1 MHZ. Impedance
data were tted with an equivalent circuit with either 1 or 2 RC
components depending on whether the respective sample
showed one or two semicircles by the equations:

Z ¼ R1 þ
�
1=R2 þ C2u

ffiffiffiffiffiffi
�1

p ��1
(5)

Z ¼ R1 þ
�
1=R2 þ C2u

ffiffiffiffiffiffi
�1

p ��1
þ
�
1=R3 þ C3u

ffiffiffiffiffiffi
�1

p ��1
(6)

where u is the period, Ri and Ci are resistances and capacitances
of each component in the circuit. From the model ts to the raw
J. Mater. Chem. A, 2022, 10, 9080–9090 | 9083
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Fig. 1 Secondary electron images of fractured surfaces of LLZTO
pellets in the as-pressed state (a), after sintering at 900 �C (b), 1000 �C
(c) and 1100 �C for 6 hours (d).
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EIS data (Fig. S8†), the total ionic conductivity, s, was calculated
according to the following equation.

s ¼ L

A
P

Ri

(7)

where L is the pellet thickness, A is the effective pellet area, and
R is the total resistance in the circuit.
Results and discussion

The experimental results are discussed in light of three different
features of the LLZTO: (1) pore morphology evolution, (2) pore-
wall chemistry, and (3) grain boundary chemistry. The evolution
in pore morphology is described in light of the ex situ SEM and
density measurements and in situ USAXS measurements. At the
same time, the WAXS and TGA provide valuable information
that is necessary to understand the in situ USAXS data at lower
temperatures where chemical reactions are involved. Finally,
the grain structure such as grain size and grain boundary
chemistry is presented from SEM and SEM-EDS analysis.
Pore evolution with sintering temperature and time

Building on previous work,33 high energy ball milling is used
here to reduce the particle size from several microns to 190 nm
(Fig. S5a and S5c†), to facilitate sintering at lower temperatures.
The as-pressed pellet has randomly packed particles (Fig. 1a)
Table 1 Contains the absolute and relative mass densities and pore vo
temperatures, as well as ionic conductivities for the sintered pellets. T
(5.5 g cm�3) of the LLZTO unit cell. Uncertainties were taken from samp

Sample Density [g cm�3] Relative

LLZTO as-pressed 3.11 � 0.03 56.6 � 0
LLZTO 900 �C 4.68 � 0.21 85.1 � 3
LLZTO 1000 �C 5.17 � 0.02 94.0 � 0
LLZTO 1100 �C 5.29 � 0.02 96.3 � 0

9084 | J. Mater. Chem. A, 2022, 10, 9080–9090
with a relative density of 56.6%� 0.5% (Table 1). Aer sintering
at 900 �C in Ar for 6 hours, a porous structure is observed
(Fig. 1b). The size of open pores and interconnected LLZTO
ligaments is on the order of 1 mm, which is signicantly larger
than the as-pressed pellet, and the sintered pellet also shows
a relative density increase to 85.1% � 3.8%. When the
temperature is increased to 1000 �C, the pores are closed and
the fracture surface shows an intergranular fracture pattern
(Fig. 1c). The relative density increases to 94.0% � 0.4% and
correlates well with the low area fraction of pores observed.
Further increasing the sintering temperature to 1100 �C leads to
a trans-granular fracture indicating stronger grain boundaries
and a higher density of 96.3% � 0.4% (Fig. 1d). It is noteworthy
that the sample-to-sample variation in the 900 �C sintered
samples is larger than in the 1000/1100 �C samples, which
suggests 900 �C is a critical temperature for accelerated densi-
cation.33 Above 900 �C, the conductivity increases dramatically
due in part to the removal of a larger fraction of pores (Table 1
and Fig. S8†).

To understand the detailed structural evolution with time
and temperature, time-resolved USAXS is used to resolve the
meso-scale heterogeneities (nm to a few mm). Selected USAXS
data shown in Fig. 2a and b reveal clear shis in the Guinier
“knee” region, a change in scale and a slight change in the
power-law slope at high q as the temperature is increased.
Importantly, the general shape of the USAXS data is the same
between sequential scans up toz950 �C and beyondz1000 �C;
in between these temperatures, the USAXS changes signicantly
(Fig. 2b). Therefore, the model ts of eqn (1) are able to describe
the scattering from within the pellets reliably well during sin-
tering and are not smeared by temporal changes during the
measurement time (z5 minutes).

Agreement between the USAXS data and the model ts
(Fig. 2a and b) allow for the key t parameters to be extracted
and used to interpret the data. Between 200 �C and 350 �C, Ĝ
increases, while Rg slightly decreases by 30%. As the sources of
the scattering can be either the LLZTO particles or pores, it is
not immediately clear to what the reduction in size is attributed.
The value of P is almost constant at z3.6. For a simple two-
phase system with smooth interfaces, P would equal 4 (Porod
condition), while values between 3 and 4 may be attributed to
roughened surfaces50 or polydisperse surfaces phases.51 This
rst transition region (region I) is referred to as the contrast
region because Ĝ is expected to be dominated by the phase
contrast, as no increase in either the pore or particle volume or
lume fraction of the as-pressed pellet and pellets sintered at different
he pore volume fraction is calculated using the theoretical density
le-to-sample variations

density [%] npore [%]
Ionic conductivity
(mS cm�1)

.5 43.4 � 0.5 N/A

.8 14.9 � 3.8 0.002 � 0.018

.4 6.0 � 0.4 0.20 � 0.02

.4 3.7 � 0.4 0.53 � 0.30

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Time-resolved USAXS plots of LLZTO pellets sintered at 900 �C
(a) and 1000 �C (b), along with the temporal evolution of the relevant
parameters obtained from the least-squared fitting of eqn (1) to all of
the data collected from pellets sintered at 900 �C (black), 1000 �C
(blue), and 1100 �C (red) (c). The evolution in Rg (circles) is shown with
the evolution in P (triangles) in the bottom plot, along with Ĝ (circles) in
the middle plot and measured temperature in the top plot. Guinier
knee and power-law features in the final USAXS curve are shown in (a).
Error bars associated with the parameter uncertainty were obtained
from the curve-fitting routine in Igor Pro.
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their relative volume fractions is observed or expected.52 The
contrast change has to be explained from the chemical
composition within the pore or bulk LLZTO instead of
morphological aspects and thus will be further discussed in the
next portion of this manuscript. Aer this rst transition, all
three key parameters (Ĝ, Rg, P) remain constant, indicating little
to no morphological changes. Above 550 �C, P increases to
values slightly above 4 and Ĝ increases again. While a P value of
3.6 can have multiple interpretations involving surface hetero-
geneities, a value above 4 for P is unique to a surface gradient in
density at the pore-particle interface.53 Therefore, the second
region (region II) is referred to as the surface region (550 �C to
700 �C). In the nal region (region III), Ĝ decreases and Rg

increases monotonically from 700 �C to the target temperature
and continues for the remainder of the sintering experiment
(�4 h). In this region, the USAXS is dominated by pores that
increase fromz0.5 mm toz2 mm. With most of the water and
Li2CO3 removed, the value of Ĝ is very close to what is ex-
pected from the pore volume from a sample sintered at 900 �C
(Table 1). Therefore, this region is referred to as the growth
region, as only the pores grow in size towards a steady state
value.

The nal values of the three parameters are temperature
dependent and offer insights into the temperature dependent
This journal is © The Royal Society of Chemistry 2022
conductivity. First, the value of P remains above 4 in the sample
sintered at 900 �C, indicating that the electron density gradient
is still present at the pore wall. This gradient manifests as
a gradual transition from the bulk LLZTO electron density to the
void (zero), rather than a sharp transition.53 The samples sin-
tered at 1000 �C and 1100 �C both have P values of 4, indicating
no electron density gradient at the pore wall. Rather, a sharp,
well-dened surface of the pore wall is present at these two
higher temperatures. While separate pore-wall phases in the
900 �C sample are not detected by X-ray diffraction, they are
likely decomposition products such as Li2O from pre-existing
Li2CO3, which is not a good Li+ conductor.54 Furthermore,
these phases likely also reduce the connectivity of partially
sintered LLZTO phases, as they necessarily reside on the
surface. While Rg increases at all three temperatures, the
magnitude of increase is three times higher at 1000 �C and
1100 �C, indicating that higher temperatures are required to
collapse larger pores, thereby increasing the LLZTO volume
available for ion transport. Finally, Ĝ approaches 0.07, 0.015
and 0.007 for the pellets sintered at 900 �C, 1000 �C and 1100 �C,
respectively, which are close to the pore volume fractions esti-
mated by density measurements (Table 1). The reason the Ĝ
values are lower than the respective porosities in Table 1 is likely
due to the presence of large (>5 mm) pores outside of the range
that USAXS can detect, as evidenced by the intensity decay
present at 10�4 Å�1 from larger phases. Based on the observa-
tions of region III, the meso-scale pore volume (accessible with
USAXS) reduces when the sintering temperature increases from
900 �C to 1000 �C, while the conductivity increases 100-fold.33

However, according to typical linear law or percolation law for
the relationship of conductivity with porosity,55 such a large
drop of conductivity cannot be solely explained by porosity.
Additional phases at the pore-wall interface and pore volume
observed in our USAXS are expected to adversely affect the
conductivity. The higher temperature sintering may also
increase the Li+ and O2� vacancies by mild Li loss, which may
facilitate Li+ transport and thus further increase the
conductivity.56–58

While the temperature dependent observations in region III
offer clear insight into the change in pore morphology, the
USAXS data in regions I and II contain important information
about morphological changes that occur at lower temperatures
that are desired for sintering. However, these regions are
ambiguous because scattering from pores, particles and other
pore wall phases may contribute in varying amounts.48 The
USAXS from phase-eld simulations of the pellets offer key
insight into interpreting the data during these times, as only
particles and pores are present. Using the same size distribution
of powder to construct a green body to represent the realistic as-
pressed pellet, the Guinier knee in the simulated USAXS is
observed at slightly lower q compared to the measured data
(Fig. 3a). Quantitatively, a shi in q of z30% higher results in
good overlap and is shown in Fig. S4.† The apparent discrep-
ancy suggests that the pores in the pellets measured by USAXS
are smaller, which is likely attributed to Li2CO3 on the pore wall,
but also could be attributed to the packing efficiency, relatively
small simulation size, or errors in the size distribution; the
J. Mater. Chem. A, 2022, 10, 9080–9090 | 9085
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Fig. 3 Log–log plot comparison of USAXS obtained from the simu-
lation results (colored traces) compared with the measured USAXS
from the as-pressed pellets. The smoothed simulated USAXS are
shown as lines (a) and two 3D renderings showing the solid (red) and
pore (blue) spaces obtained from the simulated as-pressed pellet (b)
and the same pellet after 21 simulation time steps (c).
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simulated density is higher (65%) than that obtained experi-
mentally (57%), which indicates some discrepancy in the
packing, likely due to the irregular particle morphology in
experiments compared to the spheres used in simulations.
However, once the sintering is initiated, the simulated intensity
decay at high q immediately steepens and the Guinier region
shis to lower q values (Fig. 3a) as the simulated pellet rapidly
densies (Fig. S1b†). While the intensity decay (Fig. 2) captured
by parameter, P, may be attributed to both smaller pores and/or
surface fractal scattering,50 the intensity decay at q > 0.003 Å�1

in the simulations is unambiguously associated with the pres-
ence of smaller pores between particles that disappear rst
(Fig. S2†) and follows the Porod relationship (P ¼ 4) in Fig. 3a.
Therefore, the increase in P in region II from 3.6 to 4 cannot be
associated with sintering/fusing of very small particles because
the Guinier region does not simultaneously shi to lower q
(increase Rg) to the degree that it increases in the simulations
shown in Fig. 3a. Furthermore, the transitions in region I and II
must be associated with phenomena at the pore wall interface
(Li2CO3), since this would change both P and the real contrast in
Ĝ. Importantly, these surface phases remain at low tempera-
tures and may even be present to some extent at 900 �C, as
evidenced by the gradient scattering (P > 4) in Fig. 2c.
Fig. 4 Stacked plots showing the reference LLZTO63 and LZO64 XRD
positions with the time evolution of select XRD data collected in the
relevant q-range (solid circles) during sintering of the LLZTO pellets at
900 �C (a) and 1000 �C (b) along with the evolution in peak position
observed in the intensity vs. 2q plot (c) and the temporal evolution of
the lattice parameter (d). Error bars associated with the lattice
parameter were obtained from the curve fitting routine in the High-
Score Plus software.
Chemical evolution

Although SEM shows the surface of the LLZTO powder is rela-
tively clean compared with the powder intentionally exposed to
air for 24 hours (Fig. S5a and S5b†), the Raman spectrum
(Fig. S7†) is able to capture the existence of Li2CO3 in the fresh
powder due to inevitable air exposure during synthesis, trans-
portation, and storage. Li2CO3 is formed by H+/Li+ exchange and
the following reaction with CO2:59,60

Li7La3Zr2O12 + xH2O / Li7�xHxLa3Zr2O12 + xLiOH (8)

2LiOH + CO2 / Li2CO3 + H2O (9)
9086 | J. Mater. Chem. A, 2022, 10, 9080–9090
Since the ball milling, ltering, and pellet preparation were
all carried out in ambient conditions, it is reasonable
to believe a signicant amount of Li2CO3 and LiOH exist
in the as-pressed LLZTO pellets. It reduces the contrast
between the pore and bulk, and therefore Ĝ in Fig. 2c in
regions I and II.

In situ wide angle X-ray scattering (WAXS) collected in
between USAXS measurements, provides information about
crystalline phases within the pellet, as well as changes in the
degree of crystallinity and lattice parameter of the bulk LLZTO.
Before heating, LLZTO shows a single cubic phase with little
detectable crystalline impurities (Fig. 4a and b). However, the
lattice constant is 12.99 Å, larger than that of the raw LLZTO
powders protected from air exposure (12.92 Å).33 The expanded
lattice observed in Fig. 4c is attributed to H+/Li+ exchange.61,62

Above 150 �C, the LLZTO peaks shi to higher 2q (Fig. 4c and
d), and the lattice parameter decreases until 300 �C. This
abnormal negative thermal expansion is attributed to the
reverse reaction of the H+/Li+ exchange. In this mechanism, H+

is released as H2O, which spontaneously leads to the mass loss
as revealed from TGA analysis (Fig. 5). The densication of the
LLZTO phase by lattice shrinkage and release of H2O from the
pores correlates well with the slight increase in Ĝ in region I
observed in the USAXS plot in Fig. 2c. With little change in the
scattering size, and assuming no change in number density of
scatterers, the ratio of Ĝ at 350 �C and 200 �C is very close to
that expected from release of water from the pores by the
relationship:
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 TGA plot showing the mass loss of the as-pressed pellet as
a function of time and temperature. The black dashed line is the
temperature profile. The red line is the mass loss.

Fig. 6 BSE Z-contrast image (a) and SEM-EDS spectra (c) of a FIB-
prepared cross section of LLZTO sintered at 1100 �C in Ar for 6 hours.
The red lines in (b) define a pixel mask used to segment the spectral
image into two regions – the grain boundaries and the grain interiors.
Note: the vertical striations in image (a) are due to a common FIB
artifact referred to as “curtaining.”
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ĜðT ¼ 350 oCÞ
ĜðT ¼ 200 oCÞ ¼ 1:7z

½rLLZTO � rvoid�2
½rLLZTO � rwater�2

¼ ½40:5�2
½40:5� 9:4�2 (10)

where the theoretical value for the scattering length density of
LLZTO, rLLZTO, and water, rwater are used and zero is used for an
empty void, rvoid. The approximation in eqn (10) results in
a value of 1.7, which is very close to 1.7 � 0.1 observed experi-
mentally in all three samples.

As most of the H+ is released by 300 �C, the lattice parameter
reaches a minimum and starts to increase again above 350 �C
due to thermal vibration-induced expansion. Between 350 �C
and 550 �C, WAXS shows no new phase formation except
thermal expansion, which is consistent with no change in Ĝ, Rg
and P (Fig. 2c) and the mass loss in TGA (Fig. 5). When the
temperature rises to between 600 �C and 700 �C, two new
diffraction peaks are observed at q ¼ 1.99 Å�1 and q ¼ 2.29 Å�1

in all three experiments (Fig. 4a and b), which correspond to the
formation of La2Zr2O7 (LZO). The formation of the LZO phase is
accompanied by the structural collapse of dehydrated LLZO
materials (indicated by the slowing down of lattice expansion)
and is consistent with the literature,65 although the starting
temperature could be affected by composition. The appearance
of LZO is preceded by the beginning of the surface region II
(Fig. 2c), and strongly suggests that the LZO is forming on the
pore wall. In this case, the dense LZO layer is formed at the
same time as the rough Li2CO3 surface layer is melting (melting
point: 723 �C), which explains the observation of surface
gradient scattering in region II (Fig. 2c). Furthermore, the LZO
phase can only be observed ex situ in samples rapidly cooled
aer sintering at 650 �C (Fig. S10†), suggesting that it is tran-
sitory in nature during sintering.

The increase in Ĝ that follows is then expected as the Li2CO3

decomposes at the pore wall and is released (Fig. 5), thereby
increasing the contrast of the pore. From the TGA, the Li2CO3

content can be estimated from the release of CO2 gas above
z600 �C. Given a CO2 mass loss ofz2.7%, a total ofz4.5 wt%
Li2CO3 is calculated in the as-pressed LLZTO pellet. Although
the formation of the LZO phase is not desirable for real appli-
cations due to its non-conductive nature, it reacts with Li2CO3
This journal is © The Royal Society of Chemistry 2022
and other previously formed stoichiometrically balanced
species (e.g., Li–La–Ta–O oxides) to recreate the LLZTO phase
above 700 �C; and at 870 �C, the LZO phase is no longer
detectable from WAXS (Fig. 4a and b), which shows only the
cubic LLZTO phase. This LLZTO reformation conclusion is also
consistent with an in situ TEM study, where LZO to Ga-LLZO
transformation was directly observed via incorporating
surrounding Li2CO3 and Ga2O3 at 750 �C.66 Therefore, from the
USAXS, TGA, SEM and phase-eld simulations, the chemistry at
the pore wall undergoes a transition beginning at z550 �C
whereby Li2CO3 begins to melt at the same time that LZO forms.
By 900 �C, the LZO phase is no longer observed, but the electron
density gradient at the pore wall remains until 1000 �C (Fig. 2c),
which indicates that a small amount of mass with a lower
density than the bulk LLZTO is present at the pore-wall surface.

Grain structures

The evolution in grain size and grain boundary composition are
key features of the sintering process. SEM shows the average
particle/grain size increases from 0.19 mm for as milled parti-
cles, to 0.8 mm � 0.2 mm, 1.1 mm � 0.4 mm, and 1.2 mm �
0.5 mm for samples sintered for 6 hours at 900 �C, 1000 �C, and
1100 �C, respectively; errors in the grain size were obtained as
the standard deviation from the average grain size values
among tens of grains in the SEM images. These results are
qualitatively consistent with the evolution in peak widths
observed in Fig. 4c; due to the low (3–5) number of points in
each peak, precise grain sizes are not reported here, as the
grains are too large for the 2q resolution of the detector. The
mechanical fracture behaviour changes from intergranular
fracture to trans-granular fracture (Fig. 1c and d), indicating the
strengthening of the grain boundaries with sintering tempera-
ture. To understand the strengthening mechanism, the chem-
ical distribution among grains and grain boundaries were
examined with backscattered electron (BSE) imaging and energy
dispersive spectroscopy (SEM-EDS). The atomic number
contrast (Z-contrast) present in the BSE images (Fig. 6a)
revealed a clear contrast difference between the grain interiors
and the grain boundary regions. The lighter contrast associated
with the grain boundaries suggests a higher average atomic
J. Mater. Chem. A, 2022, 10, 9080–9090 | 9087
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number relative to the grain interiors. By constructing a pixel
mask on the BSE image, the SEM-EDS spectral image could be
segmented into two average signals – one for the grain
boundary regions and one for the grain interiors. A mask with
a width of about 200 nm was chosen, as this is approximately
the width of the light contrast regions associated with the grain
boundary regions in the BSE image. The spectra (Fig. 6c) indi-
cate the grain boundary regions are slightly enriched in Ta, and
slightly depleted in Zr, relative to the grain interiors. This result
is consistent with the observed Z-contrast in the BSE image.
This is the rst empirical evidence for such Ta enrichment and
Zr depletion at the grain boundaries in sintered LLZTO, and as
such, this information can be of benet to modelling and
simulation efforts. Although it is unclear if this chemical
inhomogeneity is the primary reason for strengthening of the
grain boundaries, it may explain the slightly decreased ionic
conductivity observed in 1100C sintered LLZTO sample.33 The
inhomogeneity may also affect the Li dendritic growth behav-
iour, which inspires further investigation in future studies. Ta
enrichment (and Zr depletion) at the grain boundaries appears
to occur at high sintering temperatures. As indicated by the
additional SEM BSE/EDS images pairs provided in Fig. S6,†
whereby no Ta enrichment can be observed in a sample sintered
at 1000 �C.
Conclusions

Combined with simulation and TGA, the time-resolved in situ X-
ray scattering measurements reveal changes in the pore-wall
chemistry within the LLZTO pellets as the temperature
increases. Three distinct regions were identied during the
temperature ramp to 900 �C: (1) 200 �C to 350 �C that is asso-
ciated with water escape and de-protonation of the LLZTO, (2)
550 �C to 700 �C whereby the LZO forms followed by Li2CO3

melting on the pore-wall and (3) 700 �C to 870 �C, where the LZO
phase disappears, and a surface gradient at the pore-wall
surface at 900 �C is observed and remains until 1000 �C.
While coarsening is observed from 600 �C and 900 �C, higher
temperatures are required to collapse larger pores and
improved conductivity of the pellet. Faster kinetics were
observed over 1000 �C in the USAXS. Chemical inhomogeneity
was also observed in the sintered LLZTO at 1100 �C, whereby an
increase in Ta and reduction in Zr were observed at the grain
boundaries. Together, these results are consistent with the
USAXS results (Fig. 2c) that suggest the chemistry at the pore-
wall interface changes signicantly and may signicantly
affect pore collapse and grain growth at temperatures below
1000 �C. Moreover, observable chemical heterogeneities in the
sintered materials may also play a role in the mechanical
properties and ionic conductivity of the LLZTO pellet.
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