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ABSTRACT: With increasing battery demand comes a need for diversified Li sources beyond ~ 100 oo With ALO,
brines. Among all Li-bearing minerals, spodumene is most often used for its high Li content and < g0/ { ""r_'_—__“_ o
natural abundance. However, the traditional approach to process spodumene is costly and % 60 ? \_/(/Ei\-oa £ ALO
energy-intensive, requiring the mineral be transformed from its natural @ to § phase at >1000 © H 273
°C. Acid leaching is then applied, followed by neutralization to precipitate Li,COj3. In this work, x40 NG .CO 750°C 5 |icCO
we report an alternative method to extract Li directly from a-spodumene, which is performed at = 20 : o 2
lower temperatures and avoids the use of acids. It is shown that Li,CO; is formed with >90% 0 2H0| d fime (?1) 8

yield at 750 °C by reacting a-spodumene with Na,CO; and Al,O;. The addition of Al,O; is

critical to reduce the amount of Li,SiO; that forms when only Na,COj is used, instead providing increased thermodynamic driving
force to form NaAlSiO, and Li,COj; as the sole products. We find that this reaction is most effective at 4 h, after which volatility
limits the yield. Following its extraction, Li,COj; can be isolated by washing the sample using deionized water. This energy-saving

and acid-free route to obtain Li,COj; directly from spodumene can help meet the growing demand for Li.

B INTRODUCTION

The demand for Li is experiencing a rapid surge, showing a
27% increase in 2023 alone." As much as 80% of this demand
originates from the battery market,” which has been stimulated
by the widespread adoption of electric vehicles and portable
electronics. As a result, predictions forecast that annual Li
demand (as Li,CO; equivalent) may exceed 2 Mtons by the
year 2030.° To meet the growing demand, an ample and
reliable supply of Li is needed. Currently, most Li-ion cathodes
are synthesized from Li,CO; or LiOH, which can each be
obtained by processing brines or solid minerals. Of these two
sources, solid Li minerals are more uniformly distributed across
the globe while Li-rich brine deposits are heavily concentrated
in Argentina, Chile, and Bolivia.”® More and more deposits of
spodumene (LiAlSi,O¢), the most prevalent and Li-rich
mineral, have become available around the world. Its
abundance, coupled with the fact that spodumene has a higher
Li content than brines, creates the potential for a rich source of
Li at low cost.

Spodumene is typically found in a dense monoclinic
structure of the clinopyroxene type, often referred to as a-
spodumene.” To extract Li from this structure and produce a
compound (often Li,CO; or LiOH) that is useful for Li-ion
cathode synthesis, most traditional methods first transform a-
spodumene into its high-temperature tetragonal polymorph
(denoted as f-spodumene) at temperatures exceeding 1000
°C.” This energy-intensive heating step is generally considered
to be necessary since f-spodumene has lower density and is
therefore more amenable to chemical attack. Acid digestion
can then be performed using concentrated sulfuric acid at
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temperatures of around 250 °C, resulting in the formation of
Li,SO,. Soda ash (Na,COj) is typically added to the solution
after acid leaching to precipitate Li,CO;, which can be
separated from the remaining byproducts by washing the entire
sample with water.””

Recently, some progress has been made in improving upon
the traditional approach to Li extraction from spodumene.
Several published reports (listed in Table 1) have demon-
strated that Li can be extracted from f-spodumene through
solid-state reactions as opposed to acid leaching. For example,
Gustavo et al. reacted f-spodumene with NaF for 1 h at 600
°C to obtain LiF, which enables Li recovery at a rate of
88.2%.'" Grasso et al. tested two different reactions with f-
spodumene, including NaOH at 300 °C'" and Na,COj at 400
°C."” They successfully extracted Li in the form of Li,CO;,
with recovery rates of 91% and 86% after 5 and 10 h of heating
with NaOH and Na,COj, respectively. There have also been
reports of Li extraction directly from a-spodumene, as opposed
to the p-polymorph, thereby eliminating the need for high
temperatures (>1000 °C) in the initial phase transformation
step. For instance, Shihua et al. tested several Na-based
reactants and found that NaOH was most effective in
extracting Li from a-spodumene, leading to a recovery rate
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Table 1. A Summary of Recent Work That Has Made Progress in Extracting Li from Spodumene through Solid-State Reactions

Involving Na Precursors”

spodumene Na temp. Li

polymorph precursor (°c product separation technique efficiency
NaF'? 600 LiF leaching with H,O and H,SO 88.2%

g 4
NaOH"! 300 Li,CO;  leaching with H,0O (60 °C) 91%
Na,CO;" 400 Li,CO; leaching with H,0 (60 °C) 86%
a NaOH" 320 Li salt leaching with H,0 (80 °C) and 6 M H,SO, 889% (acid) 71% (water)
Na,CO," 851 Lisalt  leaching with H,O (80 °C) and 6 M H,SO, 76% (acid) 27% (water)
Na,CO,"* 1100 Li,SiO;  leaching with NaOH and precipitating with Na,CO; 95.9%
Na,CO,"* 750 Li,CO removing silicates with CaO and precipitating Li,CO; with flowin, 91.4%
3 3 g precip g 3 g

Co,

“The temperature values provided refer to the conditions at which the solid-state reactions were carried out. The Li products of each reaction are
listed, and in cases where the identify of these products are not reported, “Li salt” is written. After isolation of the Li product using the specified
separation technique, the reported efficiency refers to the percentage of Li that was successfully extracted from spodumene

of 71% after leaching the sample with water.'® This was further
increased by 17% to a total yield of 88% by extracting
remaining Li from the residual with an acid solution. However,
each set of observed products did not contain Li,CO; or
LiOH, which are generally needed for battery synthesis. They
instead contained a mixture of Na,SiO5, Na,SiO,, NaAlO,, and
Li;NaSiO,. Huidong et al. similarly reacted Na,CO; with a-
spodumene at 1100 °C for 30 min and obtained Li,SiO; with a
Li recovery rate of 95.9%.'* Solution-based approaches'>'®
have also been tested for the extraction of Li from a-
spodumene, yet these processes consistently form silicates such
as Li;SiO;. This compound cannot be readily used for battery
production without first isolating Li from the silicate anion,
which typically requires acid leaching. It has been reported that
Li silicate formation resulting from the reaction between
Li,CO; and SiO, is nearly completed within a short time frame
(<5 h) at 800 °C, suggesting that lower temperatures and
short hold times are needed to retain Li in the form of Li,CO4
after extracting it from spodumene.'”

In this work, we show that Li,CO; can be formed with a
yield >90% by directly reacting a-spodumene with Na,COj;
and AlL,O;. This solid-state reaction can be performed at a
relatively low temperature (compared to the a- to f-
spodumene transformation) of 750 °C and with a short hold
time of 4 h. To clarify the role of each reactant in extracting Li
from a-spodumene, we first apply in situ XRD to characterize
its reaction with Na,CO; (excluding Al,O;). The resulting data
shows the formation of nepheline (NaAlSiO,) and Li,SiO,
above 600 °C, consistent with previous reports.'> Washing the
product with water reveals a third product, Li,CO;, but in
quantities that suggest only 76% of Li is extracted from
spodumene when Na,COj; is used as the sole reactant. The
limited yield of Li in the form of Li,COj is attributed to the
competing formation of Li,SiO;. To avoid this byproduct and
improve the purity of Li,CO;, we identify Al,O; as an effective
additive which traps the silicate anions from spodumene and
provides increased thermodynamic driving force to form
Li,CO;. The reaction with Na,CO; and Al,O; was tested
experimentally, and its products were characterized using XRD
and Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). These measurements reveal that 90.4% of Li is
successfully extracted from spodumene in the form of
Li,CO;, which can be isolated using a low-cost washing
procedure without acid. We propose that this approach can
become an environmentally friendly method of using
domestically sourced a-spodumene to create Li-salts for the
battery industry.

B RESULTS

Characterization of Spodumene Concentrate. The
spodumene ore used in this study was provided by Piedmont
Lithium Inc., who sourced it from the Carolina Tin-
Spodumene Belt (TSB) in North Carolina. Previous studies
have reported that the ore mined from this area generally
contains 20% spodumene, 30% quartz, 43% feldspar, and 5%
mica."” There also tends to be trace amounts of biotite, calcite,
pyrite, chlorite, apatite, and other silicates present.”’ Piedmont
Lithium Inc. purified the ore by using a combination of
physical separation, size reduction, floatation, and magnetic
separation. We then ground and filtered the resulting
concentrate to obtain particles <75 um in diameter by passing
the sample through a 200 mesh. Scanning Electron Microscopy
(SEM) confirms that the sieved concentrate contains particles
with size ranging from S to 75 um (Figure S1). The XRD
pattern obtained from this sample is shown in Figure 1, and
Rietveld refinement (Figure S2) indicates that a-spodumene is
the majority phase, comprising 69.6 + 0.14% of the sample’s
weight. Three impurities are also identified: quartz (SiO,, 18.8
+ 0.06%), feldspar (NaAlSi;Og, 9.4 + 0.09%), and lepidolite
mica (K(Li,Al);(ALSi,Rb),0,0(F,0H),, 2.1 + 0.01%). These

Raw spodumene
concentrate

Intensity (arb. units)

a-Sio, a-Spodumene

10 20 30 40 50 60 70
26

Figure 1. XRD pattern (Cu Ka) of raw spodumene concentrate
obtained from Piedmont Lithium. Reference patterns for the two
most predominant phases a-spodumene (ICSD #9668) and a-SiO,
(ICSD #100341) are shown in the lower panel.
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results are consistent with previous work, in which quartz and
feldspar are reported to accompany spodumene.” Related
studies have also shown the prevalence of lepidolite distributed
in pegmatite minerals, from which spodumene is sourced.”"**
A spodumene weight fraction of 69.6% corresponds to a Li,O
content of 5.59% in our sample, which aligns well with
previous reports on the Li,O content in spodumene, generally
ranging from 5.0% to 7.2%.'%'9%° Our ICP-MS measurements
produce a similar value of 6.18% Li,O in the spodumene
concentrate (Table 2), and this value is used to determine the
Li yield reported in later sections.

Table 2. Weight Fraction of Each Elemental Oxide Group
That Exists in Spodumene Concentrate, as Determined by
ICP-MS Measurements

Li,O
6.18

A1203
23.10

SiO,
66.80

Na,0 K,O
1.34 0.38

Fe,0;
0.68

CaO

weight % 1.00

Reaction of a-Spodumene with Na,CO;. We first
studied the reaction that occurs between a-spodumene and
Na,CO; without introducing any other additives. These
reactants were mixed in a 2:1 molar ratio to match the
stoichiometry needed to form Li,COj; and nepheline,
according to the chemical equation below:

2LiAlSi,O; + Na,CO, — Li,CO; + 2NaAlSiO, + 2Si0,

(AG = —24 meV/atom or —2.3 kJ/mol) (R1)

The reaction energy (AG) was determined using ab initio
calculations and normalized by the total number of atoms (or
moles of atoms) in the products formed, as detailed in the
Methods. The reactant mixture was packed in a sapphire
capillary and heated to 800 °C in air at a rate of 10 °C/min.
The heating process was monitored separately using in situ
XRD measurements at the Advanced Light Source (ALS)
powder diffraction Beamline 12.2.2, where the sample was
scanned four times each minute (Methods).

The heatmap shown in the left panel of Figure 2 displays
XRD intensities that were collected from the sample
containing a-spodumene and Na,COj; as it was heated to
800 °C. Reaction products were identified with the aid of
XRD-AutoAnalyzer,” and their weight fractions were
determined using Rietveld refinement. Only crystalline phases
were accounted for, neglecting the possible formation of
amorphous byproducts that are often prevalent in Si-

containing systems but difficult to identify using XRD alone.
The weight fraction of each crystalline phase is plotted as a
function of temperature in the right panel of Figure 2. These
results show that a-spodumene and Na,CO; begin to react at
600 °C, forming nepheline (NaAlSiO,) as the majority
product. It is anticipated that Li,CO; forms in addition to
nepheline; however, Li,COj is difficult to detect in multiphase
XRD patterns owing to its weak scattering of X-rays, and
therefore we do not attempt to quantify its weight fraction
without first isolating it from the other compounds. In
contrast, a minority Li,SiO; phase is clearly detected shortly
after the formation of nepheline. The weight fractions of both
phases continue to grow until 750 °C, at which point
spodumene is mostly consumed. No further changes are
observed upon heating the sample above 750 °C. Throughout
all the temperatures we sampled, there is little change to the
amount of SiO, that exists in the starting material. Though, it
does exhibit a well-established phase transition from its a to
polymorph in the range of 550—600 °C.**

The observed formation of Li,SiO; suggests that not all Li
was successfully extracted from spodumene in the form of
Li,CO;, which itself is difficult to detect from XRD alone. The
origin of Li,SiO; can be found by inspecting the proposed
reaction (R1), which shows that any Li,CO; formed by
reacting Na,CO; with spodumene must also be accompanied
by the formation of SiO, to balance the chemical equation—
i.e, the silicate anions from spodumene cannot be accom-
modated by nepheline alone. DFT computations indicate that
a reaction between Li,COj; and SiO, becomes thermodynami-
cally favorable at temperatures above 400 °C, and this finding
is consistent with the fact that Li,SiO; does indeed form
shortly after the appearance of nepheline at 600 °C (Figure 2).
These results are also in agreement with previous findings, as
Grasso et al. reported the simultaneous formation of NaAlSiO,
and Li,SiO; at 560 °C when pJ-spodumene reacts with
Na,CO;."* Despite the presence of Li,SiO; in our sample, its
low weight fraction (~6.0%) relative to that of NaAlSiO,
(~79.1%) suggests that Li,SiO; contains only about 24.1% of
the Li that was extracted from spodumene. We will show in the
next section that much of the remaining (unaccounted for) Li
is present in the form of Li,COj.

Separation of Li,CO; from NaAlSiO,. The reaction of a-
spodumene with Na,CO; produces a mixture of NaAlSiO, and
Li,SiO;, with Li,CO; anticipated as a potential byproduct.
Detecting Li,COj; directly is made difficult by the fact that it
scatters X-rays weakly, exhibits strong peak overlap with

800 el
O 700
g
2 600
@

500

10 20 30 40
20

50

......... .
NaAlSiO,
t
LiAISi,O,
60 O 50 100
Weight %

Figure 2. In situ XRD studies of the solid-state reaction between a-spodumene and Na,COj;. The heatmap in the left panel represents intensities
obtained from synchrotron XRD measurements applied in situ while heating. The values of 26 shown on the x-axis of the heatmap were obtained by
converting the synchrotron wavelength (4 = 0.4959 A°) into Cu Ka (1 = 1.5406 A°) for ease of analysis. In the right panel, we plot the weight

fraction of each phase as a function of temperature.
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NaAlSiO,, and likely has a low weight fraction in the sample
compared to the heavier NaAlSiO, phase. To validate that
Li,CO; is present, we separated it from the other phases by
leveraging their solubility differences in water. Li,COj; is
reported to have a solubility of 1.30 g per 100 g of water (pH =
7) at 25 °C,” whereas NaAlSiO,, Li,SiO5, and SiO, are poorly
soluble under the same conditions. The separation process
used here follows a similar procedure to the methods outlined
in previous studies, where Li,CO5 was isolated from several
aluminosilicate phases using water.'”'” In the current work, we
added the products to DI water, with the assistance of
sonication to reduce particle agglomeration. The solution was
then stirred thoroughly for 1.5 h to ensure complete
dissolution of Li,CO;, followed by filtering of the sample
through an inorganic membrane with a pore size of 0.1 pm.
The filtered liquid was placed in an oven and kept at 70 °C
overnight to evaporate water and isolate the solid. This solid
was characterized using XRD measurements, and its Li
concentration was determined using ICP-MS measurements.
The XRD patterns collected from the sample before and
after the washing procedure are shown in Figure 3. Before

2 a-spod. + Na,CO,

Before Leach

Solid residue

\

Leachate

Intensity (arb. units)

i CO,

1 I‘I ||I [ S P .
20 30 40 50 60
20

Figure 3. XRD patterns (Cu Ka) of the products that were obtained
by reacting a-spodumene with Na,CO;. The data is shown for the
sample before and after leaching with water. The washing procedure
results in a solid residue (not dissolved) and a leachate which is dried
and characterized. The pattern of this leachate confirms the presence
of Li,CO; (ICSD #66941), whose reference peaks are shown in the
lower panel.

washing, the XRD pattern contains peaks from both NaAISiO,
and Li,SiO;, while the suspected peaks from Li,CO; are
difficult to detect. After washing, the XRD pattern from the
solid residue (that was not dissolved in water) appears similar
to the original pattern, suggesting that NaAlSiO, and Li,SiO;
remain inert in this treatment. The XRD pattern obtained from
the leachate (that was dissolved in water and then dried)
matches well with the reference pattern for Li,CO;, as shown
in Figure 3. Rietveld refinement also confirms Li,CO; as a

majority phase (90 + 0.2%) in the sample (Figure S3). The
rest of the sample appears to be comprised of SiO, (10 =+
0.3%). This indicates that the washing procedure is effective in
isolating Li,COj; from the other solid byproducts that formed
from the solid-state reaction between a-spodumene and
Na,COj;. Despite its success, ICP-MS measurements per-
formed on the leachate reveal that only 69% of Li was
successfully extracted from spodumene and recovered in the
form of Li,CO;. This finding is consistent with our earlier
observation that some of the Li from spodumene instead
formed Li,SiO;, which has a low solubility in water and is less
useful for battery manufacturing.

Introducing Al,0O; as an Additive. We have shown in the
previous sections that Na,CO; can extract Li from a-
spodumene through a solid-state reaction which forms
Li,CO;, Li,SiO;, NaAlSiO,, and SiO,. Isolation of Li,CO,
can then be achieved through a washing process, but only with
a moderate (69%) yield of Li as determined by ICP-MS.
Avoiding the formation of Li,SiO; is key to increasing this
yield further. For this task, we introduce Al,O; as an additive
that participates in the solid-state reaction between a-
spodumene and Na,CO;. The choice of AlL,O; is motivated
by two anticipated benefits. First, its addition compensates for
the excess silicate anions in spodumene and reduces the
likelihood of Li,SiO; formation. This means that Li,CO; can
now form as the sole byproduct of NaAlSiO, based on the
following reaction stoichiometry:

2LIAISi,0f + 2Na,COs + ALO; — Li,CO; + 4NaAlSio, + CO,
(AG = —95 meV/atom or —9.2 kJ/mol) (R2)

Second, this reaction has a much larger thermodynamic
driving force than the reaction between Na,CO; and
spodumene (without Al,O;). The change in the free energy
(AG) associated with forming Li,CO; increases from —24
meV/atom (R1) to —95 meV/atom (R2) after ALO; is
introduced as an additive.

To validate the effectiveness of the newly proposed reaction
(R2), we mixed a-spodumene with Na,CO; and Al,O; in a
2:2:1 molar ratio and heated the sample to 750 °C for 30 min.
After letting the sample cool to room temperature, it was
manually ground and washed with water using the same
procedure outlined in the previous section. The XRD patterns
obtained from the sample before and after washing with water
are shown in Figure 4. These results show that the sample
obtained directly after synthesis contains a predominant
NaAlSiO, phase. XRD performed on the solid residue (after
removing Li,CO;) also reveals a Li,SiO; byproduct, but
Rietveld refinement suggests that its weight fraction is nearly
cut in half (decreasing from 6.0% to 3.1%) relative to the
sample prepared using Na,COj; alone (Figures S4—S6). What
little Li,SiO; does form likely originates from reactions with
the SiO, phase that coexists with spodumene. As shown in
Figure 1, the spodumene concentrate used in this study
contains a prominent SiO, impurity with a weight fraction of
18.8%. Therefore, although Al,O; circumvents the formation
of additional SiO, during the extraction of Li from spodumene,
it does not prevent any reactions that may occur between
Li,COj; (extracted from spodumene) and SiO, (that is already
present in the sample).

Despite the presence of Li,SiO; in the sample, its reduced
weight fraction points to the success of the proposed reaction
(R2) and suggests that more Li from spodumene successfully
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2 a-spod. + 2 Na,CO, + ALO,

Before Leach

Solid residue

W

Leachate

Intensity (arb. units)

Li CO
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Figure 4. XRD patterns (Cu Ka) of the products that were obtained
by reacting a-spodumene with Na,COj; and Al,O;. The data is shown
for the sample before and after leaching with water. The washing
procedure results in a solid residue (not dissolved) and a leachate
which is dried and characterized. The pattern of this leachate confirms
the presence of Li,CO; (ICSD #66941), whose reference peaks are
shown in the lower panel.

O 60

contributed to the formation of Li,COj; instead of becoming
trapped in Li,SiO;. Enhanced Li,COj; formation is further
evidenced by the results from ICP-MS measurements
performed on the leachate, which reveals that 85% of all Li
from spodumene is present in the form of Li,COj;. This
represents a 16% increase in yield compared to the sample
prepared without AlL,O;. Although both samples (made with
and without AL,O;) display a strong diffuse background in
XRD, which may be caused by the presence of amorphous
impurities that likely contain Si, confirmation of the high Li
yield with ICP-MS suggests that such impurities have little
effect on Li,CO; formation. Further improvements can also be
achieved with longer hold time at 750 °C, as demonstrated in
the next section.

Optimizing the Yield of Li,CO;. To adjust the heating
profile so that Li,CO; is maximized, we tested various hold
times at 750 °C for reactions with (R2) and without AlL,O,
(R1). Five hold times were tested: 10 min, 30 min, 2, 4, and 8
h. After each hold, the sample was allowed to cool and Li,COj;
was separated from the reaction byproducts by washing the
sample with water as described in previous sections. XRD
patterns of the solid products were obtained for samples before
and after washing. We also performed XRD on the leachate
after evaporating water from it (Figures S7—S14). The yield of
Li in the form of Li,CO; was determined by ICP-MS (Table
S1) as a percentage of the total Li available in spodumene.
These values are plotted as a function of hold time for each set
of reactants in Figure 5. Both reactions exhibit a similar trend
in the Li yield, though adding Al,O; (R2) consistently leads to
higher yields (+15% on average). At a very short hold time of
only 10 min, the Li yield ranges from 15% to 20% as the

100

801 !

601 i

40

Li Yield (%)

e Na,COs3 + Al,O3
A Only Na,CO3

2 4 6 8
Hold time (h)

Figure 5. Percentage of Li extracted from spodumene in the form of
Li,CO; is plotted as a function of hold time at 750 °C for two
different reactions (R1 and R2). These yields are determined from
ICP-MS measurements performed on the leachate after washing. The
blue circles and red triangles represent experimentally measured data
whereas the dashed lines are linear interpolations.

S ————

20"

o

reaction with @-spodumene is likely incomplete. This reaction
appears to progress quickly as a large increase in the Li yield is
observed from 10 to 30 min, resulting in yields of 85% and
69% with and without Al,Os, respectively. At longer hold
times, only small changes in the Li yield occur. Reactions
involving Al,O; reach a maximum yield of 90.4% at 4 h of hold
time while those without Al,O; reach a maximum yield of
76.4% at a shorter hold time of 2 h.

At hold times greater than 4 h, ICP-MS measurements
indicate the Li yield tends to decrease for both reactions tested
here. It is possible that this decrease can be attributed to the
reaction that slowly occurs between Li,CO; and SiO,;
however, this seems unlikely as there is no clear change in
the amount of Li,SiO; formed at different hold times. Instead,
we suspect that the observed decrease in Li yield is caused by
the volatility of Li,CO; at high temperature. Considering that
Li,COj has a melting point of 732 °C,”” prolonged exposure at
750 °C is likely to result in some degree of volatility. This
effect is well reported in previous studies, and as such, excess
amounts of Li,CO; are often used when synthesizing Li-ion
cathodes at high temperature.”*™> For the extraction of Li
from spodumene, we suggest that lower temperatures (<750
°C) or relatively short hold times (<4 h) should be used to
avoid this volatility and therefore maximize the yield of
Li,CO;.

Process Overview. Based on the findings reported in the
previous few sections, we propose an optimized procedure
(shown in Figure 6) for direct solid-state Li extraction from a-
spodumene. The first step of this procedure involves grinding
the spodumene concentrate to reduce particle size, thereby
enhancing its reactivity to ensure that short annealing times
can be used. The raw concentrate (without grinding) is less
likely to react at an appreciable time scale given the presence of
exceptionally large particles. After pulverization, the spodu-
mene powder is mixed with Na,CO; and Al,O; in a molar
ratio of 2:2:1 (LiAlSi,O4/Na,CO;/AL,0;), matching the
reaction stoichiometry written in R2. The mixture is heated
at 750 °C in air to form Li,CO; and NaAlSiO,. The results
shown in Figure 5 suggest that Li extraction is almost
completed after 30 min of holding at 750 °C, resulting in a
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Figure 6. A workflow describing the optimized procedure for Li
extraction from a@-spodumene using solid-state reactions based on
Na,CO; and ALO;.

high Li,CO; yield of 85%. Even higher yield (up to 90.4%) can
be achieved when using a longer hold time of 4 h. The optimal
hold time can be determined by the desired trade-off between
energy consumption and Li yield. After completing the solid-
state reaction, Li,COj; can be separated from the byproducts
(mostly NaAlSiO, and Li,SiO;) by washing the sample with
water and filtering it through an inorganic membrane.
Evaporation of water from the leachate at 70 °C leads to the
precipitation of Li,COj;. In principle, the Li yield could be
further increased by removing any Li in the silicate byproducts
through a secondary acid leaching procedure.'?

Discussion. Spodumene is the resource that currently
accounts for about 50% of all Li used in battery cathode
materials production,‘?’0 and its market share is growing.
Sourcing Li from spodumene benefits from the fact that it is
often refined at a much faster rate than from brines, which can
take months or even years to evaporate.4 However, extracting
Li from spodumene tends to be more costly and energy-
intensive owing to the high temperature (>1000 °C) that is
typically considered as a necessary step to transform a-
spodumene to its lower-density # polymorph for enhanced
acid leaching efficiency. In this work, we proposed an
alternative approach whereby a-spodumene is reacted directly
with Na,COj; and Al,O; at 750 °C for short duration, resulting
in the successful extraction and recovery of Li in the form of
Li,CO;. We have demonstrated that Li,COj; can be separated
from other reaction byproducts (e.g,, NaAlSiO, and Li,SiO;)
by washing the mixture with deionized water, thus leveraging
the differences in their solubilities. This process leads to a high
90.4% yield of Li after only 4 h of heating time, as evidenced by
ICP-MS performed on the leachate.

The findings presented here build upon important
contributions from recent efforts, which proposed Na,COj as
an effective reactant for the extraction of Li from spodumene in
the solid state.'”'* Our work further reveals that introducing
Al,O; as a second reactant can boost the Li yield by as much as
14%. The addition of Al,O; not only leads to a near 4-fold
increase in the reaction’s driving force, but also reduces the
formation of Li,SiO;. While the solid reactants used here

generally cost more than acids that would otherwise be used
for Li refinement, there is opportunity to further reduce costs
by using other forms of Al (besides ALO;) that are more
common mineralogically. For example, AIOOH (boehmite),
Al(OH); (gibbsite) and their mixtures in bauxite could be
used as they will likely decompose to Al,O; before reacting
with spodumene. Furthermore, solid reactants are easier to
handle and store as opposed to acids, while alleviating the risk
of instrument corrosion.

Our process is beneficial as it does not require a high
temperature heating step to transform spodumene from its
to B polymorph, thereby reducing the total energy input. All
operations involved in the proposed method are readily
scalable and could lead to substantially reduced costs at the
industrial scale. Furthermore, we completely avoid the need for
acid wash, instead relying only on water to separate Li,CO;
from the byproducts. By eliminating the use of acid, the risk of
equipment corrosion is alleviated, which can assist in reducing
the required facility maintenance costs. Following the washing
procedure used to isolate Li,CO;, we are left with NaAlSiO, as
a primary byproduct. This material may be used for glass
manufacturing (in the place of feldspar) or as a filler in paints,
plastics, foam rubbers, and sorbents.”" The findings presented
in this work demonstrate the feasibility of spodumene as a low-
cost Li source, which can increase the adoption of domestically
sourced ores for cathode production. Our work also shows that
a-spodumene itself can be used as an effective precursor, which
opens new opportunities for the direct synthesis of battery
materials from raw ores.

B CONCLUSIONS

In summary, we have demonstrated that Li can be extracted
directly from the low-temperature (@) polymorph of
spodumene by reacting it with Na,CO; and Al,O;. The use
of Na,COj; provides a large thermodynamic driving force to
extract Li in the form of Li,CO; while simultaneously
producing NaAlISiO, and SiO,. Because the presence of SiO,
in the reaction mixture can lead to unwanted Li,SiO;
formation, Al,O; is added with excess Na,COj; to completely
trap the silicate anion in NaAlSiO,, thereby reducing SiO,
(and subsequent Li,SiO;) formation. Through this process, as
much as 90.4% of Li can be extracted from spodumene within
only 4 h of heating at 750 °C. Isolation of Li,CO; can be
achieved through a washing procedure that only uses water,
circumventing the need for acids. Our work shows that Li
extraction from spodumene is possible without requiring a
high-temperature (>1,000 °C) annealing step to transform the
material into its more reactive # polymorph. It may therefore
be possible to modify the current approaches to Li refinement
and satisfy the growing demand for Li,CO; production at
lower cost.

B METHODS

Material Preparation and Synthesis. The lithium-based ore we
used was a-spodumene (LiAlSi,O), obtained from deposits located
in North Carolina, United States. The spodumene concentrate was
ground and sieved to a particle size less than 75 ym. The processed
spodumene samples were combined with Na,CO; (Sigma-Aldrich,
99.5%) and Al,O; (Sigma-Aldrich, nanopowder) as precursors for Li
extraction. These precursors were stoichiometrically mixed, with 33%
excess spodumene added to compensate for the impurities that
accompany it, using a Retsch PM 200 planetary ball mill at 250 rpm
for 12 h. The precursors were then dried in a 70 °C oven overnight
and pelletized. The precursors were sintered at 750 °C in air for
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different times (10 min, 30 min, 2, 4, and 8 h) before letting them
cool naturally to room temperature.

Separation. The as-synthesized samples were manually ground
with mortar and pestle into fine powders and then added into
deionized water, followed by sonication for 1 h. The solutions were
stirred for 1.5 h to fully dissolve Li,COj. Suction filtration was
performed to separate the liquid from the solid. The resulting solid
was dried in a 70 °C vacuum oven, while the liquid was dried in a 70
°C convection oven. Both samples were held overnight to ensure
evaporation of the water. XRD measurements were performed on
both the solid residue (not dissolved in water) and the solid dried
from the leachate. ICP-MS measurements were conducted only on
the leachate.

X-ray Diffraction. In-house XRD patterns were obtained using a
Rigaku MiniFlex and Aeris benchtop diffractometer (each with a Cu
Ka source). In situ XRD was performed using beamline 12.2.2 at the
Advanced Light Source (ALS) of Lawrence Berkeley National
Laboratory (LBNL), using radiation with a constant energy of 2$
keV. All in situ samples were packed into sapphire capillaries before
exposing them to the X-rays and heated to 800 °C at a ramp rate of 10
°C/min under air, without any gas flow. A diffraction pattern was
acquired once every 15 s during heating and one every 30 s during the
hold. Calibration was performed using a lanthanum hexaboride
(LaBg) standard. Rietveld refinement was used to estimate the weight
fraction of any crystalline phases detected in XRD; however, this
method was not used for quantitative analysis of the Li yield. ICP-MS
was instead used for that purpose, as described in the next section.

Elemental Analysis. The spodumene concentrate provided by
Piedmont Lithium Inc. was first ground into powder. Acids of HNO;,
HCI and HF were successively used to digest the mineral. HF breaks
down the silicates and produces SiF,, which becomes volatile and is
lost when the samples is dried. During the dry down stage,
perchloride acid was added to break down any other fluorides that
might have formed. The concentrations of different elements were
determined by Agilent HPLC-ICP-MS measurements at the geo-
chemical and analytical facility of Earth and Environmental Sciences
Area (EESA) of LBNL. Two measurements were conducted and the
results were consistent with one another. The average concentrations
of these measurements are reported main text (Table 2). Since SiF, is
volatile, the SiO, concentration was calculated based on mass balance.
Elemental analysis of the leachate after filtration was performed at
LBNL using an Agilent 7900 ICP-MS. The calibration curve was
generated using standard solutions with S different concentrations
ranging from 1 to 1000 ppb, and linear fitting was applied. All
solutions were diluted to concentrations between 1 to 1000 ppb using
a 5% nitric acid solution.

Calculation of Reaction Energies. To compute the energy
change associated with each reaction, we followed a similar procedure
to that outlined in previous work.>> The formation energy of each
solid reactant and product was extracted from the Materials Project,*
which computed these energies using density functional theory
(DFT) calculations based on the r?SCAN functional.>* Finite
temperature effects were accounted for by using a machine-learned
descriptor of the vibrational entropy developed by Bartel et al.** All
phases were assumed to be ordered, and as such, no configurational
entropy was accounted for. The zero-temperature (0 K) formation
energies computed by DFT were summed with the finite temperature
corrections to obtain the Gibbs free energy of each phase, neglecting
any effects of pressure which are small for most solids. The energy
change associated with each reaction was then calculated by taking the
difference between the Gibbs free energy of the products and
reactants at the temperature where that reaction was observed. The
resulting energies are normalized by the total number of atoms in the
products formed.

Bl ASSOCIATED CONTENT

Data Availability Statement
All the data presented in this work can be found in the
published article and its Supporting Information.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01722.

Additional characterization results including SEM
images of spodumene, Rietveld refinements, XRD
measurements performed at varied reaction conditions,
and ICP-MS results (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yan Zeng — Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States; Department of Chemistry & Biochemistry, Florida
State University, Tallahassee, Florida 32306, United States;
Email: zeng@chem.fsu.edu

Gerbrand Ceder — Department of Mat. Sci. & Engineering,
UC Berkeley, Berkeley, California 94720, United States;
Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States;

orcid.org/0000-0001-9275-3605; Email: gceder@

berkeley.edu

Authors

Shilong Wang — Department of Mat. Sci. & Engineering, UC
Berkeley, Berkeley, California 94720, United States;
Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States;

orcid.org/0009-0004-8504-5802

Nathan J. Szymanski — Department of Mat. Sci. &
Engineering, UC Berkeley, Berkeley, California 94720, United
States; Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States; ® orcid.org/0000-0003-2255-9676

Yuxing Fei — Department of Mat. Sci. & Engineering, UC
Berkeley, Berkeley, California 94720, United States;
Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States

Wenming Dong — Energy Geosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States

John N. Christensen — Energy Geosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; ©® orcid.org/0000-0002-9533-5801

Michael Whittaker — Energy Geosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; Department of Earth & Planetary Sci, UC
Berkeley, Berkeley, California 94720, United States;

orcid.org/0000-0002-9724-3409

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.4c01722

Author Contributions

S.W. performed all the synthesis and characterization with help
from Y.Z. Analysis of the XRD patterns was carried out by Y.F.
and NJ.S. Reaction energies were computed by N.J.S. ICP-MS
on spodumene concentrate was conducted by W.D. and
spodumene digestion was done by J.N.C. The project was
conceived by Y.Z. and NJ.S., with supervision from M.W. and
G.C. The manuscript was written primarily by S.W. and N.J.S,,
with edits from all coauthors.

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acs.inorgchem.4c01722
Inorg. Chem. 2024, 63, 13576—13584


https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01722?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01722/suppl_file/ic4c01722_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:zeng@chem.fsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerbrand+Ceder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9275-3605
https://orcid.org/0000-0001-9275-3605
mailto:gceder@berkeley.edu
mailto:gceder@berkeley.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shilong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-8504-5802
https://orcid.org/0009-0004-8504-5802
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+J.+Szymanski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2255-9676
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxing+Fei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenming+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+N.+Christensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9533-5801
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Whittaker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9724-3409
https://orcid.org/0000-0002-9724-3409
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01722?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

B ACKNOWLEDGMENTS

This work was funded by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Materials
Sciences and Engineering Division under contract No. DE-
AC02-05-CH11231 (MINES project: The Science of Direct
MINeral to Energy Storage Synthesis, FWP: FP00014914).
SW. and NJ.S. were supported in part by the Jane Lewis
Fellowship at UC Berkeley. This study used resources from the
Advanced Light Source, a U.S. Department of Energy (DOE)
Office of Science user facility operated for the DOE Office of
Science by Lawrence Berkeley National Laboratory.

B REFERENCES

(1) USGS Mineral Commodity Summaries 2024; US Geological
Survey, 2024: p 110—111.

(2) USGS Mineral Commodity Summaries 2023; US Geological
Survey, 2023: p 108—109.

(3) Dugamin, E. J. M,; Richard, A; Cathelineau, M.; Boiron, M. C,;
Despinois, F.; Brisset, A. Groundwater in sedimentary basins as
potential lithium resource: a global prospective study. Sci. Rep. 2021,
11 (1), 21091.

(4) Vera, M. L.; Torres, W. R;; Galli, C. L; Chagnes, A.; Flexer, V.
Environmental impact of direct lithium extraction from brines. Nature
Reviews Earth & Environment 2023, 4 (3), 149—16S.

(S) Pickles, C. A,; Marzoughi, O. Thermodynamic modelling of
spodumene decrepitation. Mineral Processing and Extractive Metallurgy
2022, 131 (2), 130—144.

(6) Grosjean, C.; Miranda, P. H.; Perrin, M.; Poggi, P. Assessment of
world lithium resources and consequences of their geographic
distribution on the expected development of the electric vehicle
industry. Renewable and Sustainable Energy Reviews 2012, 16 (3),
1735—1744.

(7) Dessemond, C.; Lajoie-Leroux, F.; Soucy, G.; Laroche, N;
Magnan, J.-F. Spodumene: the lithium market, resources and
processes. Minerals 2019, 9 (6), 334.

(8) Karrech, A.; Azadi, M. R.; Elchalakani, M.; Shahin, M. A.; Seibi,
A. C. A review on methods for liberating lithium from pegmatities.
Miner. Eng. 2020, 145, No. 10608S.

(9) Yelatontsev, D.; Mukhachev, A. Processing of lithium ores:
Industrial technologies and case studies — A review. Hydrometallurgy
2021, 201, No. 105578.

(10) Rosales, G. D.; Resentera, A. C. J.; Gonzalez, J. A.; Wuilloud, R.
G.;; Rodriguez, M. H. Efficient extraction of lithium from p-
spodumene by direct roasting with NaF and leaching. Chem. Eng.
Res. Des. 2019, 150, 320—326.

(11) Grasso, M. L.; Castro, F. J.; Gonzilez, J. A,; Gennari, F. C.
Obtaining Li2CO3 from S-LiAlSi206 by solid state reaction with
NaOH. Miner. Eng. 2023, 201, No. 108214.

(12) Grasso, M. L.; Gonzilez, J. A,; Gennari, F. C. Lithium
extraction from p-LiAlSi206 using Na2CO3 through thermal
reaction. Miner. Eng. 2022, 176, No. 107349.

(13) Han, S,; Sagzhanov, D.; Pan, ].; Vaziri Hassas, B.; Rezaee, M;
Akbari, H.; Mensah-Biney, R. Direct Extraction of Lithium from a-
Spodumene by Salt Roasting—Leaching Process. ACS Sustainable
Chem. Eng. 2022, 10 (40), 13495—13504.

(14) Zhou, H; Liu, Y.; Ma, B;; Wang, C.; Chen, Y. Strengthening
extraction of lithium and rubidium from activated a-spodumene
concentrate via sodium carbonate roasting. Journal of Industrial and
Engineering Chemistry 2023, 123, 248—259.

(15) Qiw, S; Liu, C; Yu, J. Conversion from a-spodumene to
intermediate product Li2SiO3 by hydrothermal alkaline treatment in
the lithium extraction process. Miner. Eng. 2022, 183, No. 107599.

(16) Xing, P.; Wang, C.; Zeng, L.; Ma, B.; Wang, L.; Chen, Y.; Yang,
C. Lithium Extraction and Hydroxysodalite Zeolite Synthesis by
Hydrothermal Conversion of a-Spodumene. ACS Sustainable Chem.
Eng. 2019, 7 (10), 9498—9505.

(17) Grasso, M. L.; Blanco, M. V.; Cova, F.; Gonzalez, J. A,
Arneodo Larochette, P.; Gennari, F. C. Evaluation of the formation
and carbon dioxide capture by Li(4)SiO(4) using in situ synchrotron
powder X-ray diffraction studies. Phys. Chem. Chem. Phys. 2018, 20
(41), 26570—26579.

(18) Xiong, L; Hu, H; Liu, M.; Zhuang, L,; Li, Y. Extraction of
Lithium and Synthesis of Kaolinite from a-Spodumene via Alkali
Calcination. ChemistrySelect 2024, 9 (1), No. e202304480.

(19) Moon, K. S.; Fuerstenau, D. W. Surface crystal chemistry in
selective flotation of spodumene (LiAl[SiO3]2) from other
aluminosilicates. Int. J. Miner. Process. 2003, 72 (1—4), 11-24.

(20) Rezaee, M.; Han, S.; Sagzhanov, D.; Hassas, B. V.; Slawecki, T.
M.,; Agrawal, D.; Akbari, H.; Mensah-Biney, R. Microwave-assisted
calcination of spodumene for efficient, low-cost and environmentally
friendly extraction of lithium. Powder Technol. 2022, 397, No. 116992.

(21) Tadesse, B.; Makuei, F.; Albijanic, B.; Dyer, L. The
beneficiation of lithium minerals from hard rock ores: A review.
Minerals Engineering 2019, 131, 170—184.

(22) Liu, Y,; Ma, B;; Lv, Y.; Wang, C.; Chen, Y. Selective recovery
and efficient separation of lithium, rubidium, and cesium from
lepidolite ores. Sep. Purif. Technol. 2022, 288, No. 120667.

(23) Szymanski, N. J.; Bartel, C. J.; Zeng, Y.; Tu, Q.; Ceder, G.
Probabilistic Deep Learning Approach to Automate the Interpretation
of Multi-phase Diffraction Spectra. Chem. Mater. 2021, 33 (11),
4204—421S.

(24) Heaney, P. J.; Veblen, D. R. Observation and kinetic analysis of
a memory effect at the a-f quartz transition. Am. Mineral. 1991, 76,
1459—1466.

(25) Haynes, W. M. CRC Handbook of Chemistry and Physics, 95th
ed. 2014-2015; pp 4—71.

(26) Zheng, L.; Bennett, J. C.; Obrovac, M. N. All-Dry Synthesis of
Single Crystal NMC Cathode Materials for Li-Ion Batteries. J.
Electrochem. Soc. 2020, 167 (13), No. 130536.

(27) Zhang, M.; Shen, J; Li, J.; Zhang, D.; Yan, Y.; Huang, Y.; Li, Z.
Effect of micron sized particle on the electrochemical properties of
nickel-rich LiNi0.8C00.1Mn0.102 cathode materials. Ceram. Int.
2020, 46 (4), 4643—4651.

(28) Gim, J; Zhang, Y.; Gao, H.; Xu, G.-L.,; Guo, F.; Ren, Y.; Amine,
K.; Chen, Z. Probing solid-state reaction through microstrain: A case
study on synthesis of LiCoO2. ]. Power Sources 2020, 469,
No. 228422.

(29) Lee, J.; Urban, A; Li, X;; Su, D.; Hautier, G,; Ceder, G.
Unlocking the potential of cation-disordered oxides for rechargeable
lithium batteries. Science 2014, 343 (6170), 519—22.

(30) Haddad, A. Z.; Hack], L.; Akuzum, B.; Pohlman, G.; Magnan, J.
F.; Kostecki, R. How to make lithium extraction cleaner, faster and
cheaper - in six steps. Nature 2023, 616, 245—248.

(31) Zosin, A. P.; Priimak, T. I; Koshkina, L. B.; Masloboev, V. A.
Sorption-Active Materials Based on an Acid-Nonresistant Alumi-
nosilicate Nepheline, Used for Defluorination of Industrial Sewage.
Russ. J. Appl. Chem. 20085, 78, 1077—1083.

(32) Szymanski, N. J.; Zeng, Y.; Bennett, T.; Patil, S.; Keum, J. K;
Self, E. C.; Bai, J.; Cai, Z.; Giovine, R;; Ouyang, B.; Wang, F.; Bartel,
C.J; Clément, R. J.; Tong, W.; Nanda, J.; Ceder, G. Understanding
the Fluorination of Disordered Rocksalt Cathodes through Rational
Exploration of Synthesis Pathways. Chem. Mater. 2022, 34 (15),
7015—-7028.

(33) Jain, A;; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D,;
Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; Persson, K.
A. Commentary: The Materials Project: A materials genome approach
to accelerating materials innovation. APL Mater. 2013, 1 (1),
No. 011002.

(34) Furness, J. W.; Kaplan, A. D.; Ning, J.; Perdew, J. P.; Sun, J.
Accurate and Numerically Efficient r(2)SCAN Meta-Generalized
Gradient Approximation. J. Phys. Chem. Lett. 2020, 11 (19), 8208—
821S.

(35) Bartel, C. J.; Millican, S. L.; Deml, A. M.; Rumptz, J. R.; Tumas,
W.; Weimer, A. W.; Lany, S.; Stevanovic, V.; Musgrave, C. B.; Holder,
A. M. Physical descriptor for the Gibbs energy of inorganic crystalline

https://doi.org/10.1021/acs.inorgchem.4c01722
Inorg. Chem. 2024, 63, 13576—13584


https://doi.org/10.1038/s41598-021-99912-7
https://doi.org/10.1038/s41598-021-99912-7
https://doi.org/10.1038/s43017-022-00387-5
https://doi.org/10.1080/25726641.2020.1827675
https://doi.org/10.1080/25726641.2020.1827675
https://doi.org/10.1016/j.rser.2011.11.023
https://doi.org/10.1016/j.rser.2011.11.023
https://doi.org/10.1016/j.rser.2011.11.023
https://doi.org/10.1016/j.rser.2011.11.023
https://doi.org/10.3390/min9060334
https://doi.org/10.3390/min9060334
https://doi.org/10.1016/j.mineng.2019.106085
https://doi.org/10.1016/j.hydromet.2021.105578
https://doi.org/10.1016/j.hydromet.2021.105578
https://doi.org/10.1016/j.cherd.2019.08.009
https://doi.org/10.1016/j.cherd.2019.08.009
https://doi.org/10.1016/j.mineng.2023.108214
https://doi.org/10.1016/j.mineng.2023.108214
https://doi.org/10.1016/j.mineng.2021.107349
https://doi.org/10.1016/j.mineng.2021.107349
https://doi.org/10.1016/j.mineng.2021.107349
https://doi.org/10.1021/acssuschemeng.2c04402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c04402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jiec.2023.03.040
https://doi.org/10.1016/j.jiec.2023.03.040
https://doi.org/10.1016/j.jiec.2023.03.040
https://doi.org/10.1016/j.mineng.2022.107599
https://doi.org/10.1016/j.mineng.2022.107599
https://doi.org/10.1016/j.mineng.2022.107599
https://doi.org/10.1021/acssuschemeng.9b00923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP03611J
https://doi.org/10.1039/C8CP03611J
https://doi.org/10.1039/C8CP03611J
https://doi.org/10.1002/slct.202304480
https://doi.org/10.1002/slct.202304480
https://doi.org/10.1002/slct.202304480
https://doi.org/10.1016/S0301-7516(03)00084-X
https://doi.org/10.1016/S0301-7516(03)00084-X
https://doi.org/10.1016/S0301-7516(03)00084-X
https://doi.org/10.1016/j.powtec.2021.11.036
https://doi.org/10.1016/j.powtec.2021.11.036
https://doi.org/10.1016/j.powtec.2021.11.036
https://doi.org/10.1016/j.mineng.2018.11.023
https://doi.org/10.1016/j.mineng.2018.11.023
https://doi.org/10.1016/j.seppur.2022.120667
https://doi.org/10.1016/j.seppur.2022.120667
https://doi.org/10.1016/j.seppur.2022.120667
https://doi.org/10.1021/acs.chemmater.1c01071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1945-7111/abbcb1
https://doi.org/10.1149/1945-7111/abbcb1
https://doi.org/10.1016/j.ceramint.2019.10.195
https://doi.org/10.1016/j.ceramint.2019.10.195
https://doi.org/10.1016/j.jpowsour.2020.228422
https://doi.org/10.1016/j.jpowsour.2020.228422
https://doi.org/10.1126/science.1246432
https://doi.org/10.1126/science.1246432
https://doi.org/10.1038/d41586-023-00978-2
https://doi.org/10.1038/d41586-023-00978-2
https://doi.org/10.1007/s11167-005-0453-2
https://doi.org/10.1007/s11167-005-0453-2
https://doi.org/10.1021/acs.chemmater.2c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4812323
https://doi.org/10.1063/1.4812323
https://doi.org/10.1021/acs.jpclett.0c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-06682-4
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

solids and temperature-dependent materials chemistry. Nat. Commun.
2018, 9 (1), 4168.

13584 https://doi.org/10.1021/acs.inorgchem.4c01722
Inorg. Chem. 2024, 63, 13576—13584


https://doi.org/10.1038/s41467-018-06682-4
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



