Received: 24 May 2023

Revised: 15 September 2023

W) Check for updates

Accepted: 17 September 2023

DOI: 10.1111/jace.19496

RESEARCH ARTICLE

Ju American Ceramic Society

Solid-state NMR for the analysis of interface excesses in
Li-doped MgAl,04 nanocrystals

André A. Bernardes' |
Jair C. C. Freitas® |

IDepartment of Metallurgical and
Materials Engineering, Polytechnic
School - University of Sao Paulo, Sdo
Paulo, Brazil

2Brazilian Nanotechnology National
Laboratory (LNNano), Rua Giuseppe
Maximo Scolfaro, Campinas, Sao Paulo,
Brazil

3Laboratory of Carbon and Ceramic
Materials, Department of Physics, Federal
University of Espirito Santo (UFES),
Vitéria, Espirito Santo, Brazil

4Department of Materials Science and
Engineering, Lehigh University,
Bethlehem, Pennsylvania, USA

Correspondence

Andre L. da Silva, Department of
Metallurgical and Materials Engineering,
Polytechnic School - University of Sao
Paulo, Sdo Paulo 05508-030, Brazil.
Email: andresilva.urussanga@gmail.com

Funding information
RCGI—Research Centre for Greenhouse
Gas Innovation; University of Sao Paulo
(USP); FAPESP—S3io0 Paulo Research
Foundation, Grant/Award Numbers:
2014/50279-4, 2020/15230-5; Brazilian
National Oil, Natural Gas and Biofuels
Agency; LNNano—Brazilian
Nanotechnology National Laboratory,
Grant/Award Number: 21831; DMR
Ceramics, Grant/Award Number: DMR
2015650; FAPES, Grant/Award Numbers:
280/2021, TO 495/2021

1 | INTRODUCTION

Dopants, or additives, are commonly used to control
the properties and processing of nanoscale oxide-based
materials. Improvements in photocatalysis,> mechanical

Andre L. da Silva' | Jefferson Bettini’ |
Ricardo H. R. Castro*
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Abstract

Interface segregation plays a governing role in nanocrystalline ceramics proper-
ties due to the relative increase in the interfacial volume fraction. However, due
to the complexity of the detection and quantification of interfacial excesses at the
nanoscale, the role of ionic dopants or additives on microstructural evolution and
thermodynamics can be easily underestimated. In this work, we address the spa-
tial distribution of Li* as a dopant in magnesium aluminate spinel nanoparticles.
This is achieved through a novel method for the detection and quantification
of Li*™ across the surface, grain boundary, and bulk (crystal lattice). Based on
selective lixiviation combined with chemical analysis, we were able to quantify
the amount of Lit forming surface excess, whereas the quantitative solid-state
nuclear magnetic resonance technique enabled the quantification of Lit segre-
gated in the grain boundaries and dissolved in the lattice. This comprehensive
understanding of the Li* distribution across the nanoparticles makes possible
an unprecedented interpretation of coarsening and sintering, with a clear corre-
lation between the microstructure and the Lit distribution. Although the work
focuses on MgAl,0,, the proposed combination of techniques is expected to
have a positive impact on the understanding of other multicomponent nanoscale
systems.

KEYWORDS
interface segregation, MgAl,O,, NMR, sintering, spinel

strength,® scintillation,* or phenomena such as sintering
and coalescence,”® are examples of the potential benefits
brought by the intentional introduction of foreign ions into
a system. Depending on many factors, those dopants can
either dissolve to form a solid solution within the crystal
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lattice (bulk), segregate at existing interfaces, such as the
surface and grain boundary (GB), or nucleate a second
phase. The dissolution in the lattice is the most accepted
pathway taken by dopants and is predicted by phase dia-
grams; however, particularly at the nanoscale, the dopant
distribution cannot be solely determined by the bulk solu-
bility but by a complex energy balance among the surface,
the GB, and the bulk. This balance of energy is primarily
related to the impact of dopants on each local energetics,
affecting the overall thermodynamic metastability as pre-
viously described in the literature.~'* Thus, one can expect
a decrease in the surface and GB energies associated with
dopant segregation, which decreases the grain growth rate.
The saturation of these interfaces limits the lowering of
the GB and surface energies. Thus, with a further increase
in dopant concentration, the nucleation of a second phase
with its crystalline structure is expected, and the interface
energies should not change from this point forward."

Note that although the term segregation, or surface
excess, has been used in the literature for some time, the
fact that these terms have different meanings in differ-
ent research fields may hinder scientific advancements.
According to the TUPAC, segregation is the process that
differentiates the composition at an interface or surface
from the average or bulk composition.!® For an interface,
the adsorption or surface excess of a given component is
defined as “the difference between the amount of compo-
nent actually present in the system, and that which would
be present (in a reference system) if the bulk concentration
in the adjoining phases were maintained up to a chosen
geometrical dividing surface (Gibbs dividing surface).”"’
In the present work, the term segregation or surface excess
will be used as a reference to the Gibbs adsorption and seg-
regation. This implies that a single phase exists but with
an excess of ions of a certain species accumulated at the
interfacial region (this contrasts with metallurgical inter-
pretations of segregation regarding it as the formation of a
second phase).

The quantification of the distribution of the dopant
across the bulk and interfaces is challenging due to the
difficulty of accessing and chemically analyzing each indi-
vidual interface. Although the total amount of dopants is
easily quantified by common techniques, such as X-ray
fluorescence spectroscopy (XRF), the spatial distribution
relies on extensive electron microscopy analyses associ-
ated with spectroscopic tools, such as EDS and EELS."®
Recently, dopant excess on the surface of nano-oxides has
been successfully quantified by a convenient technique
called selective lixiviation.®!'°~?! This technique relies on
selectively dissolving the dopant and not the rest of the
nanoparticle, using a specific solvent, so that one may
quantify how much is located at the surface region. The
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technique is robust, showing advantages over other poten-
tial techniques, such as XPS, which can be complimentary
as XPS is more concerned with the state of dopants on the
surface and a proper quantification of the dopant should
rely on a series of calibrations.?!

However, selective lixiviation, or even XPS, does not
inform the distribution of the solute between the bulk and
GB regions. Although one could attempt to calculate the
amount of dopant segregated on grain boundaries by sub-
tracting the surface excess from the total dopant content,
the bulk solubility of dopants is usually unknown. Estima-
tions of bulk solubility have been given to specific systems
based on the properties of materials, such as distortions
in the lattice parameters,? or energetic evidence.”’ How-
ever, segregated dopants may also impact those physical
parameters by directly inducing lattice strain or creating
associated defects, highlighting the need for more direct
and absolute methods.

This work proposes an analytic strategy to quantify the
distribution of dopants across oxide nanoparticles. Specifi-
cally, relying on selective lixiviation for surface quantifica-
tion, we propose the usage of solid-state nuclear magnetic
resonance (NMR) to differentiate the chemical environ-
ment of the GB and the bulk atoms according to the sites
occupied in the material.?*">> We apply the methodology
to study the total amount of Li,O and its microstruc-
tural distribution (bulk, GBs, and surfaces) using chemical
analyses and solid-state Li NMR. With a comprehensive
chemical distribution map, we have performed coarsen-
ing experiments of Li-doped MgAl,0, nanopowders to
demonstrate how the dopant distribution (solute con-
tent in the bulk, evaporation, and segregation in the GBs
and/or on the surface) is intimately correlated with the
microstructure evolution and shows a significant temper-
ature and grain size dependence. The nanoparticles with
segregated Li* were later processed by spark plasma sinter-
ing (SPS) to produce a highly dense MgAl,O,4 nanoceramic
aided by the presence of Li* at the interfaces.

2 | MATERIALS AND METHODS

2.1 | Spinel synthesis

Magnesium aluminate spinel was synthesized by simul-
taneous precipitation in an alcohol solution containing
0.5 M magnesium nitrate hydrate alcoholic solution,
Mg(NOs3),-6H,0 (Vetec, 98.0%-102.0%), and 0.5 M alu-
minum nitrate hydrate alcoholic solution, AI(NO5);-9H,0
(Synth. 98.0%-102.0%) in stoichiometric proportion. The
precipitation pH of the solution was controlled by an alco-
holic solution of 3 M ammonium hydroxide and monitored
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TABLE 1
sintering time.

Sample labels according to composition and

Sintering time (min)
Composition 00 15 30 60 120 240
(mol% Li)
1.00 10-000 10-015 10-030 10-060 10-120 10-240
2.50 25-000 25-015 25-030 25-060 25-120 25-240

by a digital pH meter analyzer 300 M equipped with an
alcoholic electrode model 2A51. The Li* doping (0.00-
2.50 mol%) was introduced by a cationic solution of 0.5 M
lithium chloride alcoholic solution—LiCl (Synth, 98.0%).

The cationic solution was added simultaneously with
the ammonium hydroxide solution to maintain the mix-
ture pH at 10.3 and to simultaneously precipitate the
magnesium hydroxide and aluminum hydroxide. This pro-
cess produced a white suspension, which was centrifuged
at 3000 rpm for 6 min, washed in ethyl alcohol (Synth,
99.5%), and centrifuged a second time at 3000 rpm for
6 min. Then, the precipitate was dried at 100°C for 24 h and
calcined at 800°C for 5 h with a heating rate of 5°C/min
and naturally cooled down inside the furnace to room
temperature.

2.2 | Magnesium aluminate pressing and
sintering

The powders were uniaxially compressed in a Carver
hydraulic press under 100 MPa pressure for 30 s to form
cylindrical pellets of 0.4 g with 11.35 mm diameter and
2.50 mm thickness. A total of 36 pellets were compressed
(12 samples in triplicate) and weighed. Their geometric
densities were calculated by measuring the geometries and
masses of the pellets before and after sintering.

The samples were sintered in a Lindberg/Blue M tubu-
lar furnace at 1200°C for 15, 30, 60, 120, and 240 min and
then labeled according to their composition and sintering
time as shown in Table 1. The pellets were inserted and
removed from the furnace at 1200°C and cooled to room
temperature in air.

2.3 | Spark plasma sintering

MgAl, 0, with a 2.50 mol% lithium content was also pro-
cessed by SPS. SPS was carried out by the deformable
punch SPS (DP-SPS) process,?® which allows sintering to
occur under uniaxial pressure up to 2 GPa at relatively low
temperatures. This system also limits grain growth due to
the plastic deformation of the pistons and the slippage of
grains at the interface between the grains and the piston.?

In this work, a temperature of 1100°C and a pressure of
200 MPa were applied during the sintering process.

The powder was dried at 400°C under vacuum to
eliminate the moisture adsorbed on the surface. The
matrix/powder/pistons system was assembled inside a
glove box in an argon atmosphere to avoid contact with
humidity. The sintering routine consisted of heating from
room temperature to 950°C in 7 min, heating from 950
to 1100°C in 3 min, and maintaining the temperature at
1100°C for 5 min with a total sintering time of 15 min.
The cooling to room temperature was performed naturally
inside the equipment. The pressure of 200 MPa started at
950°C and was maintained until the beginning of the cool-
ing process, that is, until the end of the 15-min sintering
cycle.

2.4 | Structural characterization

The X-ray diffractograms of calcined samples were
obtained using an X’Pert PRO PW 3040/00 Philips diffrac-
tometer equipped with Cu K o radiation at 45 kV and
40 mA. The angular step size was set at 0.02° 20 with a
total time of 45 min. The diffractograms were employed
to identify the phases present in the material, and the
Rietveld method using the whole XRD spectrum was
applied to calculate the average crystallite size of the
samples. The Malvern PANalytical X’Pert HighScore Plus
software and a magnesium aluminate standard obtained
under the same conditions as the samples were used for
the Rietveld method calculation.

The pycnometric density, py., was determined using a
Micromeritics AccuPyc II 1340 He gas pycnometer after
200 purges for degassing. The samples were dried at 100°C
for 24 h before the analysis.

The specific surface area (SSA) was obtained by N,
adsorption at 77 K based on the Brunauer-Emmett-
Teller method. The analyses were performed using the
Micromeritics Gemini IIT 2375 instrument after pre-
treating the samples at 400°C under 100 mmHg pressure
to remove any moisture adsorbed on the surface.

Equation (1) was used to calculate the total specific
area (TSA) of the samples considering a tetrakaideka-
hedral geometry, where D is the grain size, and pg, is
the pycnometric density. The specific GB area (GBA)
of calcined and sintered MgAl,0O, was obtained using
Equation (2):

7.1
TSA = 1
pHeD ( )
TSA — SSA
GRa = T5A—S54) @)

2

0d ‘T ¥T0OT ‘916T1SS1

:sdny woiy papeoy

2SUAOI'T suowwo)) daAnear)) a[qearjdde ayy £q pauraao a1e sajonIe Y (asn Jo sa|nl 10J AIRIqIT aul[uQ A3[IAN UO (SUONIPUOD-PUB-SULIA)/ WO AS[IM’ATRIqI[aul[u0//:sd))y) SUONIPUO)) pUB SULI ], ) 23S *[$707/90/+¢] uo Areiqi auruQ LI ‘Aisioatun Yo Aq 96161298/ [ 11°01/10p/wod Ko[im  KIeiqrjouly



BERNARDES ET AL.

Diffuse reflectance infrared Fourier transform spec-
troscopy was performed using the Thermo-Nicolet Magna
560 spectrometer with a scanning capacity of 400-
4000 cm™! and a resolution of 4 cm~! to determine the
chemical species adsorbed on the surfaces of calcined
MgAl, 0,4 nanopowders.

The grain sizes of the sintered pellets were measured
using scanning electron microscopy (SEM) images (FEI
Inspect F50 FEG microscope). The samples were bro-
ken into pieces, and the fractured surfaces were coated
with 10 nm gold layers using a Balzers SCS 050 Sputter
Coater. The SEM analysis was performed on fractured sur-
faces using secondary electrons, and the ImageJ software
was used to measure the average grain sizes. The results
were expressed as the average of at least 100 grains from
each sample. The SEM images and respective histograms
showing the grain size distribution are exhibited in the
Supporting Information section.

Transmission electron microscopy (TEM) images were
obtained for a selected sample sintered by SPS. Sample
preparation was carried out by reducing the thickness of
the pellet by mechanical abrasion, using a Gatan model
601 ultrasonic cutter and ion beam PIPS II. Bright-field
scanning TEM was used to obtain the images. The grain
size distribution and pore volume fraction were mea-
sured using the Gatan Digital micrograph software. For
image processing, square geometries were assumed for
both grains and pores due to the low circularity and high
aspect ratio.

2.5 | Solid-state NMR

Solid-state NMR spectroscopy was used to probe the chem-
ical environments of "Li nuclei in the prepared MgAl,O,.
The NMR spectra were obtained from the 10-000 and 10-
000 lixiviated powder samples, 10-060 and 10-240, which
were sintered samples, and from 25-010 SPS samples.
The sintered and SPS samples were crushed into pow-
der before NMR measurement. As lithium can occupy
three different regions in the nanoparticles’ structure (e.g.,
surface, GB, and bulk), and considering that each region
presents a different atomic organization, the NMR signals
are expected to exhibit different frequency shifts depend-
ing on the atomic nucleus environment. Calcined samples
with 1.00 mol% Li were selected for the NMR experiments.
One of them was lixiviated to wash off the lithium segre-
gated on the surface to compare with a second sample, with
lithium distributed in the three regions. A Variant-Agilent
400 MHz spectrometer with a magnetic field of 9.4 T and
a frequency of 155.3 MHz for "Li was used. The powders
were packed into 4 mm diameter rotors for magic-angle
spinning (MAS) experiments conducted at the spinning

rate of 10 kHz. The "Li NMR signals were recorded using
single-pulse excitation, with 7/2 pulses of 1.5 us duration, a
recycle delay of 1000 s, and the accumulation of four scans.
The spectra were obtained after the Fourier transform of
the free induction decays and were deconvoluted into com-
ponents with Lorentzian line shapes. The frequency shifts
in the 'Li NMR spectra, expressed in parts per million
(ppm), were measured relative to an aqueous LiCl solution
(concentration of 9.7 mol/L).

2.6 | Chemical analyses

The chemical compositions of calcined and sintered
MgAl, O, were obtained via inductively coupled plasma
atomic emission optical spectroscopy (ICP OES). The sam-
ples were dissolved by the multi-acid digestion method.
The lithium and magnesium contents segregated on
the surface were determined by the selective lixiviation
method.”'®??7 Approximately 100 mg of powder was
ultrasonicated with 2.0 g of distilled water for 1 h and
centrifuged at 13000 RPM (18 000g-force) for 1 h. The
supernatant was collected and diluted in 9.0 g of distilled
water and analyzed by ICP OES using a Horiba Jobin
Yvon Ultima 2 spectrometer. The residual Cl~ from LiCl
was measured by XRF using a Malvern Panalytical Zetium
spectrometer.

3 | RESULTS AND DISCUSSIONS

The chemical analyses of the MgAl,O, nanoparticles con-
taining 1% and 2.5% of Li (10-000 and 25-000) are presented
in Table 2.

The powders prepared by chemical precipitation and
calcined at 800°C presented a nonstoichiometric MgAl,Oy4
with an Al,03/MgO molar ratio = 1.12, showing an excess
of Al,O5 but providing satisfactory samples with different
Li contents. As LiCl was used to synthesize the nanopow-
ders, Cl was also measured by XRF. The results show
0.2 mol% Cl for both samples. Considering that the val-
ues are the same for both samples, we assumed a negligible
effect when comparing 10-000 and 25-000 samples.

3.1 | Microstructural evolution during
sintering

The densities of the MgAl,O, pellets before and after fast-
firing (i.e., rapid introduction of the sample in the furnace)
at 1200°C in the tubular furnace at different times are
presented in Figure 1. Sintering time “zero” corresponds
to the density of the powder compact before fast-firing.
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TABLE 2 Chemical analyses of 10-000 and 25-000 MgAl,O, nanopowders.
Li target concentration Li-measured Al,0;/MgO
MgAl,0, sample (mol%) concentration (mol%) molar ratio Cl (mol%)
10-000 1.00 1.43 +£ 0.01 112 +0.01 0.20
25-000 2.50 2.86 + 0.01 112+ 0.01 0.20
23 . T T T . T . T amount of alumina (ICDD file 71-1683) precipitated dur-
i e e E ] ing the sintering of 2.50 mol% Li samples. For 1.00 mol%
1

Geometric density (g/cm?)

—a— MgAL,0, 1.00 % Li |
- m- MgAl,0, 2.50 % Li |

1.5 T T T T T T T T
0 30 60 90 120 150 180 210 240

Sintering time (min)

FIGURE 1 Evolution of geometric density for A 1.00 and |l
2.50 mol% Li MgAl, O, samples sintered at 1200°C.

* MgAl,0, S (440)
oAl203
(400) (511)
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26 (degrees)

FIGURE 2 XRD patterns of 1.00 and 2.50 mol% Li-doped
MgAl,O,-sintered samples at different sintering times (K-beta
radiation was detected because of the high intensities of the K-alpha
radiation peaks).

Fast densification was verified for both Li* concentrations
for times up to 30 min but leveling thereafter.?®

Figure 2 shows the X-ray diffraction patterns of the
coarsened samples. All the samples showed well-defined
magnesium aluminate peaks, identified with an aster-
isk. The peak detected at 43.4° was attributed to a small

Li samples, alumina was not detected despite showing the
same Al-excess content.

Table 3 summarizes the results of average grain size, pyc-
nometric density (oy.), SSA, calculated specific GBA, and
GBA/SSA ratio for the samples coarsened at the different
sintering times. Significant grain growth is observed from
0 to 15 min, for the 10-000 sample, the grain size increased
from 4.7 to 70.4 nm (15 times), and for the 25-000 sam-
ple from 4.7 to 81.6 nm (17 times). The kinetics of grain
growth decreases significantly after 15 min as well as the
densification (Figure 1).

For 1.00 mol% Li samples, the GB areas are around twice
the surface areas, but a slight reduction is observed from
15 to 60 min sintering times. For 2.50 mol% Li* samples,
the GB areas are ~4 times the surface areas. Nevertheless,
the GBA/SSA ratio increases in the early sintering times,
with the highest value occurring at 30 min. After that, the
GBA/SSA ratio decreases, indicating a desintering process
between 30 and 60 min.

The specific pore volume (SPV) was calculated consid-
ering the geometric (og) and pycnometric (pg) densities
as represented in the following equation:

Pg PHe

The evolution of the SPV during sintering is shown in
Figure 3.

For both compositions, three regimes are observed with
the increase in sintering time: (i) from 0 to 15 min, a pore
volume reduction; (ii) from 15 to 60 min, an increase in spe-
cific porosity; and (iii) from 60 min on, an almost constant
pore volume. The increase in SPV between 15 and 60 min
and the decrease in GBA/SSA ratio between 30 and 60 min
are the two pieces of evidence that suggest that desintering
is occurring at this time range.

The Li content as a function of the sintering time is pre-
sented in Figure 4. Li, O loss by evaporation is observed for
both compositions and is more intense in the initial stages
of sintering (0-60 min).?**" However, a tendency toward
residual Li after a long sintering time is observed, as the
2.50 and 1.00 mol% Li curves tend to converge at 240 min.
The Li evaporation seems to be related to the desinter-
ing observed between 15 and 60 min; however, a deeper
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TABLE 3 Main physical and microstructural properties of the green bodies and sintered samples.

GBA GBA/SSA

SSA (m?/g) (m?/g) ratio

87.8+0.1 204.0 + 13.0 23+0.1
6.0+ 0.1 16.0 + 0.4 2.7+0.1
57+0.1 125 + 0.2 22+0.1
54+01 1.2 + 0.3 21+0.1
4.4+0.1 101 + 0.2 23+0.1
43+0.1 82+ 04 1.9+0.1
90.7+0.1 189.8 + 11.8 21+0.1
2.7+0.1 1.1 + 0.5 41+0.2
24+01 109 + 0.2 4.6 +0.2
19 +0.1 72 + 0.3 3.8+0.2
1.7+0.1 6.0 + 0.1 3.6+0.2
15+0.1 4.8 +£ 0.2 32+0.2

Grain size Pycnometric
Samples (nm) density (g/cm?)
10-000 4.7 £ 0.3 3.05+0.01
10-015 53.0 +£ 0.8 3.52 + 0.02
10-030 58.0 + 0.5 3.98 + 0.02
10-060 63.7 + 0.8 4.01 + 0.04
10-120 68.7 + 1.1 4.21 +£0.01
10-240 82.2 + 3.0 4.17 + 0.03
25-000 47 + 0.3 3.21+0.01
25-015 81.6 + 3.1 3.48 + 0.02
25-030 83.6 + 1.1 3.50 +0.01
25-060 104.7 + 3.5 4.14 + 0.01
25-120 1257 £ 1.5 4.15 + 0.01
25-240 153.3 + 4.9 4.18 + 0.03
0.32 T T T T T T T T
—a— MgAl,O, 1.00 % Li
e --u-- MgALO, 2.50 % Li |
o
5 0.28- .
€
S
o 0.26- .
€
5 )
©° 0.244 4
g :
o
G 022 .
o
2
S 0.20 .
@
Q.
@D 0.18 .
0.16 .
T T T T T T T T
0 30 60 90 120 150 180 210 240

Sintering time (min)

FIGURE 3 Specific pore volume as a function of sintering
time for MgAl, 0O, samples containing 1.00 and 2.50 mol% Li.

—a— MgAl,0, 1.00 % Li|
--m-- MgAl,0, 2.50 % Li

160 ~

140 " -

120 - . i

100 -

Li content (umol/g)

@
o
|
I
I
'
!
'
i
I
'
'
'
/
HIH
1

60 B

T T T T T
0 30 60 90 120 150 180 210 240
Sintering time (min)

FIGURE 4 Total Lit content of 1.00 and 2.50 mol% Li-sintered
MgAl, O, samples at 1200°C.

investigation would be necessary to understand the phe-
nomena deeply.

The distribution of Li* across the system certainly plays
an important role in governing the sintering pathways.’
This is because, according to the Gibbs adsorption
isotherm, the amount of surface and GB excesses should
control the local energies. Because sintering is energeti-
cally driven by surface elimination and GB formation (and
elimination thereafter), the balance of energy between
these two interfaces is key for interpreting the microstruc-
tural evolution. The observed dynamics in the behaviors
suggest that the interfacial chemistries, and hence their
respective energies, are equally dynamic during the coars-
ening, and a detailed analysis of the Li distribution is
required for full interpretation of the process.

3.1.1 | Surface composition
Figures 5 and 6 exhibit the Li* and Mg?* surface excesses
(T'1; and I'yg) for 1.00 and 2.50 mol% Li-doped MgAl,0,-
sintered samples, respectively. The results were acquired
by chemical analysis of the leaching supernatant obtained
by the selective lixiviation method.?”-?! I';; increased sig-
nificantly from O to 15 min of sintering for both samples,
which was due to grain growth and the consequent reduc-
tion in SSA (Table 3). T'y;, was very low, and no A+
was detected, demonstrating that MgAl,O, is not soluble
in water in the conditions used for the selective lixivia-
tion. For sintering times greater than 15 min, I';; decreased
continually with sintering time as a consequence of Li,O
evaporation, which increased the FMg as a result of the
MgAl, 0, surface exposure.

The Li,O evaporation was facilitated because part of
the total lithium oxide was segregated on the surface of
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Li*-sintered MgAl,O, samples.

MgAl,0,. However, as presented in Figure 4, after a long
sintering time, the Li content tended to stabilize. Thus,
to better understand the total residual amount of Li in
the MgAl,0,, the total Li concentration was plotted as a
function of surface excess (Figure 7).

Figure 7 shows that the total Li concentration is roughly
proportional to the surface excess. By extrapolating the
observed trends, a residual amount of about 60 umol g~ is
obtained for both samples. This residual Li can be related
to the solute content in the bulk and to the GB segregation.
In both cases, evaporation is hindered by the protection of
the refractory MgAl, O, lattice. The GB and surface excess
can also be modified by the intense reduction in GBA due
to the redistribution of Lit from the GB to the surface
during grain growth and the consequent Li, O evaporation.
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FIGURE 7 Total Li concentration as a function of surface
excess of MgAl, O, sintered at 1200°C.

Quantification of surface and GB segregation is funda-
mentally dependent on bulk solubility.” The total amount
of Lit is easily determined by sample dissolution and
chemical analysis as well as surface segregation by the
selective lixiviation method. However, the distinction
between the GB and the solute content in the bulk has been
very difficult to obtain so far. In this study, the analysis of
solid-state “Li NMR spectra is proposed as a tool to sep-
arate the GB and bulk contributions, as presented in the
next section.

3.2 | Solid-state ’Li NMR: grain boundary
and surface segregation and solute content
in the bulk

The NMR results were used to estimate the lithium distri-
bution on the surface, at the GB, and in the bulk of the
calcined and sintered MgAl,0O, samples. This approach
was possible because the ’Li NMR chemical shift depends
on the chemical environment of the ’Li nuclei. When
comparing the Li NMR spectra obtained for the non-
lixiviated sample with the lixiviated one, three different
spectral components are expected to be found for the non-
lixiviated samples (surface, GB, and bulk contributions),
and two components for the lixiviated sample (GB and
bulk contributions).

Although the literature suggests that Li* occupies the
tetrahedral and octahedral sites of MgAl,O,, this section
proposes to demonstrate that the Lit dissolved in the
bulk occupies only one position: octahedral coordination,
replacing AI** ions.’! The relative area of a given NMR sig-
nal is proportional to the number of nuclei associated with
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thatsignal in the sample. Hence, the total area of the cumu-
lative NMR signal is proportional to the total quantity of
lithium present in the samples, and the chemical shift is
different for each atomic environment: surface, GB, and
bulk (octahedral or tetrahedral). Therefore, the deconvo-
lution of the total “Li NMR signal allowed us to quantify
the solute content in the bulk and the surface and GB
segregation.

It is worth stressing that ’Li is a quadrupolar nucleus
(spin = 3/2), and thus, the "Li MAS NMR spectra are
affected by the quadrupole coupling to the electric field
gradient (EFG) at the nuclear site, besides the shield-
ing interaction and the homonuclear dipole coupling;
more specifically, the frequency shift is determined by
the isotropic chemical shift and second-order quadrupole-
induced shifts, whereas the lineshape and the linewidth
are due to second-order quadrupole and ’Li-’Li dipole
coupling effects not removed by MAS.*’> In the case
of the 7Li NMR spectra presented here, the first-order
quadrupole coupling is mainly responsible for the appear-
ance of a set of spinning sidebands in all detected spectra.
In turn, the second-order quadrupole contribution to the
signal associated with the central transition (which cor-
responds to the spectra shown in Figures 8 and 9) is
small for "Li nuclei in the materials analyzed, as revealed
by the narrow and symmetric lineshape of all detected
signals. This is a consequence of the moderate value of
the electric quadrupole moment of the ’Li nucleus®” and
also of the small EFG at the nuclear sites expected in
Li, O, LiAl;Og, and other diamagnetic oxygen-containing
Li compounds.**??

Some studies have demonstrated more than one contri-
bution to the Li NMR spectra for oxides with only one
octahedral site. For instance, Luca et al. suggested the exis-
tence of two contributions for ’Li NMR in a similar site,
but one uncoupled and another weakly coupled to the
conduction band of TiO,.**%

The different contributions of surface and bulk atoms for
the NMR spectrum have been demonstrated for metallic
nanoparticles. The field sweep Fourier transform method
has been used to separate the contributions of subsur-
face layers of Pt nanoparticles in the Pt NMR spectrum.
Signal deconvolution shows that each sublayer has its con-
tribution to the total spectrum, whereas the outermost
ones have wider peaks with different chemical shifts.?> In
this study, a similar approach was used to identify the con-
tribution of 7Li nuclei to the NMR spectra, considering
their location in the nanostructure of MgAl,O, samples.

The comparison of deconvoluted ’Li NMR spectra
of non-lixiviated and lixiviated MgAl,0, nanopowders
allowed identifying the signals related to the lithium
segregated on the surface, at the GB, and dissolved in the
bulk (Figure 8). These signals were identified by recording
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FIGURE 8 ’Li magic-angle spinning nuclear magnetic

resonance (NMR) spectra obtained for the 10-000 (A) and 10-000
lixiviated (B) samples. The dots correspond to the experimental
data, the blue line is the fitted spectrum, and the other lines indicate
the components obtained by spectral deconvolution.

the NMR spectra before and after lixiviation, that is,
first, a non-lixiviated sample (10-000) was analyzed, then
the lithium from the surface was removed by selective
lixiviation and a new NMR experiment was carried out.
After lixiviation, only two contributions assigned to the
GB and solute content in the bulk were seen instead of
the three contributions found for non-lixiviated samples.
In addition to finding the signals related to lithium excess
on the surface and GBs, and dissolved in the bulk, the
NMR results also show that the superficial lithium was
successfully removed from the surface by selective lixivi-
ation. The total lithium concentration was obtained from
the chemical composition results from the ICP analysis
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resonance (NMR) spectra obtained for 10-060 (A) and 10-240 (B)
sintered samples. The dots correspond to the experimental data. The
blue line is the fitted spectrum, and the other lines indicate the
components obtained by spectral deconvolution.

of dissolved MgAl,0, nanopowder, and the proportion
of each signal was obtained by the integration of the
deconvolved NMR peaks (Table 4).

The signature of each signal concerning the chemical
shift was considered a function of the magnetic shielding.
Thus, chemical shifts closer to zero or negative values were
assigned to Lit content dissolved in the bulk. The more
disordered sites were considered to have less shielding and
therefore led to more positive shifts compared to the bulk.
As the structure of the grain boundaries is intermediate
between the bulk and surface sites, the signals due to 14
nuclei in atoms segregated on the surface are assumed to
have a more positive shift than those segregated at the GB.

TABLE 4 Chemical shifts and relative intensities obtained
from the deconvolution of the ’Li nuclear magnetic resonance
(NMR) spectra of samples treated at different sintering times.

Relative Chemical
Sample Peak intensity shift
10-000 Bulk 47+3 —0.19 + 0.06
GB 49 +5 0.51+0.05
Surface 4+2 1.68 + 0.07
10-000 Bulk 48 +2 —0.19 + 0.05
lixiviated GB 5242 0.51 + 0.04
10-060 Bulk 49 +1 0.72+0.01
GB 51+1 1.04 + 0.02
10-240 Bulk 51+5 0.74 £+ 0.01
GB 49+ 6 1.07 + 0.02
25-010 SPS Bulk 33+2 0.54 + 0.06
GB 43+3 0.86 + 0.01
Surface 24+2 1.06 + 0.01

Abbreviation: SPS, spark plasma sintering.

Therefore, for nano MgAl, Oy, the octahedral coordinated
Li* can be supposed to be associated with the solute con-
tent in the bulk and the tetrahedral to be associated with
the GB.

The chemical shift above O ppm is generally assigned
to the tetrahedrally coordinated Li* and below 0 ppm to
the octahedrally coordinated Li* for silicates.”” However,
LiAl;Og presents a positive chemical shift of approxi-
mately 0.3 ppm in which Lit is exclusively octahedrally
coordinated.?®3® Nevertheless, six- and fourfold coordi-
nated sites have been ascribed to Li-doped MgAl,0, with
the lowest chemical shift attributed to octahedral sites and
the highest to tetrahedral sites.?” Similarly, in the interpre-
tation presented in this work, the contributions of lithium
dissolved in the bulk and segregated in the GB are assigned
to the lower and higher chemical shifts, respectively. Also
note that all of the detected signals show a displacement
toward higher chemical shifts and a progressive narrow-
ing with increasing sintering time, indicating a progressive
improvement in the structural ordering around the Li sites.

Three contributions from the deconvolution of the NMR
spectra were found for the 10-000 sample before lixiviation,
which represents the bulk, GB, and surface contribu-
tions (Figure 8 and Table 4). After lixiviating the lithium
from the surface, only two contributions were identified
(Figure 8 and Table 4), which are ascribed to the bulk and
the GB. The ratios of the deconvoluted areas of the bulk,
GB, and surface components before and after lixiviation
were 47:49:4 and 48:52:0, respectively, representing the "Li
distribution in each of these regions (Table 4). It is worth
noting that the amount of Li* segregated in the MgAl,O,
nanopowders was close to the results obtained previously.”
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TABLE 5 Total residual lithium, solute content in the bulk and in the grain boundaries (GBs) derived from the Li nuclear magnetic

resonance (NMR) results, and GB excess, calculated by multiplying the solute content in the GB by the GB area (GBA).

Total Li* Solute content in the Solute content in the GB excess
Samples [umol/g] bulk [umol/g] GB [umol/g] [umol/m?]
10-000 80.0 + 0.6 372+11 39.2+23 02+0.1
10-000 77.7 + 0.6 371+13 40.6 + 2.4 0.2+0.1
lixiviated

10-060 67.7+ 0.6 33.0+11.6 34.7+5.7 3.0+ 0.7
10-240 63.8 +1.6 32.7+10.0 311+5.5 3.8+0.7
25-010 SPS 158.9 + 0.2 524 +13.2 68.3 +8.3 15+04

Abbreviation: SPS, spark plasma sintering.

Blaakmeer et al. also identified three contributions
in solid-state “Li NMR spectra of MgAl,0, samples
using %’ Al-"Li rotational echo double resonance (REDOR)
experiments: two contributions associated with immobile
Li* ions (in tetrahedral and octahedral sites) and a low-
intensity signal (only visible in REDOR spectra recorded
with long dephasing times or in single-pulse excitation
spectra recorded with short recycle delays) due to mobile
Lit ions in an octahedral site (exhibiting faster spin—
lattice relaxation).?” As the surface-segregated Li* ions are
expected to have higher mobility than that dissolved in
the bulk or segregated in the GB, this weak signal can be
associated with the surface contribution identified in the
present study. Similarly, the results reported by Blaakmeer
et al. showed that the intensity of the surface contribu-
tion in the "Li NMR spectrum is only 5% of the total
concentration (Table 4). Note that the chemical shifts in
the present study are § = 1.68 or 1.06 ppm for different
samples, whereas the shift obtained by Blaakmeer %* is
d = —0.25 ppm. These shift values cannot be compared
because of the difference in Al/Mg stoichiometry, although
the comparison of the contributions of the signal to the
total concentration is still valid.

Figure 9 shows the “Li NMR spectra for 10-060 and 10-
240 MgAl,0, sintered samples. Even if some segregated
lithium remained on the surface of the 10-060 sample,
only two peaks were reliably identified for both samples
after deconvolution, which represents the lithium segre-
gated in the GB and dissolved in the bulk. The amount of
surface-segregated lithium is below the limit of detection.
Consistent with the interpretation presented above for the
"Li NMR spectra of the non-sintered powders, the lowest
chemical shift was associated with the sixfold coordinated,
octahedral site (bulk component), and the highest chemi-
cal shift with the fourfold coordinated, tetrahedral site (GB
component). The distribution of the amounts of Li* ions
corresponding to the bulk and GB components is very sim-
ilar for the sintered and non-sintered powder samples (see
Table 4).

A comparison of the total amount of Li* at different sites
during sintering is exhibited in Table 5.

The total Li* content slightly decreased from the non-
lixiviated 10-000 sample to the lixiviated 10-000 one, which
can be associated with the removal of lithium from the
MgAl,0, surface. For 10-060 and 10-240 samples, due to
evaporation during sintering, the removal of lithium was
even greater. The solute content in the bulk was virtu-
ally constant for all samples, but the solute content in
the GB decreased as the sintering time increased, which
is a consequence of the lithium evaporation and redistri-
bution throughout the sample. These results also lead to
the conclusion that part of the total lithium in the GB is
redistributed to the surface as the sintering time increases
and then evaporates. In contrast, the GB excess increased
due to the reduction of GB during grain growth. As the
GB excess is related to the interface energy, its increment
causes a reduction in the GB energy and consequently
leads to an increase in the interface stability, promoting
densification."”

The segregation of AI’* into the GBs of sintered
MgAl,O, has been detected, and the studies show that
it generates a negative space-charge potential due to Mg
vacancies (V;\',[ ) and a consequent positive subgrain defect
probably associated with substitutional aluminum in the
Mg positions (Aly,).* *" Nuns et al.* proposed that the
octahedral vacancies predominate over the tetrahedral,
and the GBs have a net negative space-charge potential.*’
Their results suggest that the segregation of Li* in GBs for
sintered MgAl,O, can be promoted by the negative electri-
cal potential in GBs, which increases the negative charge
by substituting lithium in the octahedral aluminum site
(Li:;l) and consequently increasing the electrical resistance
of the GBs.*?

Modification of the bulk and GB electrical conductivity
of Li-doped MgAl,0, is an indication of the dissolution
of the solute in the bulk and GB segregation.** Although
difficult to quantify, indirect measurements provide strong
evidence that GB segregation plays a key role in interface
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FIGURE 10 Bright-field scanning transmission electron
microscopy image showing the nanometric grains of the 25-010
spark plasma sintering (SPS) sample (A), and the grain size
distribution presenting a log-normal distribution (B).

engineering and nanoparticle application. If lithium
evaporates from the surface, one may expect this vapor to
stabilize the pores. In this case, a sintering strategy such
as applying external pressure during sintering, aiming to
eliminate porosity and reduce the sintering temperature,
can be applied. In the same way, to minimize grain growth,
SPS is an interesting technique that combines pressure
with a high heating rate and low sintering times.*>**

3.3 | Spark plasma sintering

Deformable punch SPS (DP-SPS) was performed on the 25-
010 SPS sample under uniaxial pressure at 200 MPa and
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FIGURE 11 ’Li magic-angle spinning nuclear magnetic

resonance (NMR) spectrum obtained for the 25-010 spark plasma
sintering (SPS) sample. The dots correspond to the experimental
data, the blue line is the fitted spectrum, and the other lines indicate
the components obtained by spectral deconvolution.

1100°C aiming to retain the lithium dopant in the GBs, sta-
bilizing this interface, and minimizing grain growth. The
microstructure of the sample obtained by bright-field SEM
is shown in Figure 10A. The sample presented a high den-
sity with an average grain size of 46 + 1 nm (Figure 10B),
confirming that SPS of lithium-doped MgAl, O, nanopow-
ders allows maintaining the nanometric grains simultane-
ously to the full densification. The combination of pressure
and low sintering temperature promoted complete pore
elimination with controlled grain growth, achieving a final
grain size 10 times larger than the initial crystallite size.
In this sintering condition, Li,O evaporation can be pre-
vented, and Li ions are expected to dissolve in the bulk and
segregate in the GBs.

The lithium distribution in the 25-010 SPS sample was
obtained by solid-state ’Li NMR (Figure 11 and Tables 4
and 5); in this case, the spectrum obtained was success-
fully fitted using three spectral components. As the NMR
experiment is performed using powders, the 25-010 SPS
sample was milled before the analysis. The milling pro-
cess was surprisingly easy, which suggests that the fracture
occurred at the GBs, creating new surfaces (solid-vapor
interface), and consequently exposing Lit. Therefore, the
three contributions in the NMR result were again associ-
ated with the GB, bulk, and the new surface. The chemical
shifts observed are close to the values corresponding to the
sintered MgAl,O,; the distribution of Lit* in the bulk and
GB is presented in Table 5. The solute content in the GB
was twice as high in the 25-010 SPS sample as it was in
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sintered samples. However, the GB excess was half of the
sintered material (Table 5).

4 | CONCLUSIONS

The paper presents for the first time a comprehensive
description of the dynamic positioning of Li as a dopant
in MgAl,0O4 nanoparticles during microstructural evolu-
tion. The evolution of both surface and GB chemistries
translates into a dynamic driving force for coarsening phe-
nomena, highlighting the challenges that are ubiquitous
to other multicomponent oxide systems. The distribution
of Li could only be determined by the application of a
novel methodology combining selective lixiviation and ’Li
NMR experiments. The analyses showed that Li* is mainly
distributed in the bulk and GB, whereas the surface-
segregated portion evaporates during sintering, leading to
a desintering process. Geometric density measurements
did not show any significant change after 30 min of sin-
tering, whereas the grain sizes increased, reaching ~82
and ~153 nm at 240 min for samples doped with 1.0 and
2.5 mol% Li%t, respectively. The Li content as a function
of sintering time showed a considerable decrease, asso-
ciated with Li evaporation, which was more intense in
the first stages of sintering (0-60 min). Moreover, the
use of NMR to estimate the lithium distribution in the
bulk and at the interfaces refers to a novel interpreta-
tion of sintering additives. To demonstrate a nanoparticle
application, as an alternative to fast-firing technology, the
SPS allowed the decrease of the sintering temperature
and, consequently, the Li evaporation to obtain a highly
dense MgAl,0,4 nanoceramic. This novel understanding
of dopant distribution and its dynamics during coarsen-
ing/sintering is critical for understanding multicomponent
oxides.
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