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In this study, lithium carbonate (Li,CO;) sourced from the Salar de Uyuni salt
flat in Bolivia was used in the synthesis of cathode active material for Li-ion
batteries. X-ray diffraction, atomic absorption spectrometry, and scanning
electron microscopy analyses confirmed that the material had a high phase
purity (99.59%, battery-grade) and a suitable morphology for active material
synthesis, comparable to a similar commercially obtained material. Li
[Ni;;3Mn;,3Co,,3]0, (NMC111) was synthesized as a model system using
Li,CO; as the precursor and evaluated in full, large-format pouch cells along
with three-electrode cells, using commercially relevant active material fractions
and mass loadings for meaningful assessment of electrochemical performance.
These cells exhibited capacities close to theoretical values and similar to that
of commercially obtained NMC111, demonstrating the viability of the raw
material. Operando X-ray diffraction analysis of aged pouch cells revealed that
capacity loss was due to depletion of lithium inventory, without any
disruption to the long-range cathode crystal structure or significant
degradation in lithium kinetics. Postmortem analysis of the cycled electrodes
further confirmed that transition metal dissolution and lithium trapping on
the anode side were key contributors to the capacity fading observed in the
pouch cells. This work demonstrates the potential of Salar de Uyuni’s lithium

and widespread adoption.[l] The ongoing rapid
increase in the production of electric vehicles
(averaging 47% year on year growth from
2015 to 2022) has resulted in high demand for
raw materials, particularly lithium, which is
now considered a “critical” material by the
European Commission (EU)[Z] and United
States Department of Energy (US DOE).
Global lithium production tripled between
2010 and 2020;[4] however, the demand is
projected to increase by as much as 40-fold by
2050.1 The global lithium supply chain for
LIBs faces major challenges due to its
non-uniform distribution across the world, and
the rapid growth in demand requires new lith-
ium sources to address supply chain
vulnerability.[! Tithium is typically extracted
and processed into lithium carbonate (Li,COs),
lithium oxide, or hydroxide from hard rock or
brine sources. Brine-based production offers
significantly lower greenhouse gas emissions
compared to hard rock mining.m This differ-
ence is attributed to the higher energy con-

resources for the production of cells relevant to practical applications.

1. Introduction

Lithium-ion batteries (LIBs) have revolutionized modern portable elec-
tronics and electric transportation through their superior performance
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sumption of the excavaton and refining
processes associated with hard rock lithium. 8l
Salar de Uyuni, located in southwest Bolivia,
harbors one of the world’s largest lithium brine resources, estimated at
23 million metric tons.””'”! This makes Salar de Uyuni a hot spot for
global lithium extraction efforts, providing a key raw material for the
burgeoning battery industry.!' ' Developing new lithium sources, such
as Salar de Uyuni, offers a pathway to diversifying and stabilizing the
global lithium supply, while also addressing concerns about environ-
mental sustainability. Several studies have investigated the production
of Li,CO; from brines sourced from various locations. For instance, An
et al.l'”! developed a hydrometallurgical technique to recover lithium
from brine sourced from the Salar de Uyuni, achieving a purity of
99.55%, along with other valuable by-products. In another study, a
two-stage Li,CO; precipitation process was designed to eliminate
impurities and enhance lithium recovery from brine obtained from the
Damxungcuo saline lake in Tibet, which proved to be highly effective
for the production of battery-grade 1i,CO3."*! More recently, Li,CO;
obtained from brine was used in the synthesis of lithium bis(oxalate)
borate (LiBOB), which was employed as an additive in carbonate-based
electrolyte for NMC/Li cells.['*] While these studies focused primarily
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An accurate assessment of the electrochemi-
cal performance of the synthesized NMC111 is
crucial for validating the potential of Li,CO;
coming from the Salar for commercial applica-
tions. Several studies have evaluated the electro-
chemical performance of synthesized NMC111
materials using half-coin cells; however, this
approach has intrinsic design limitations, which
can lead to potential inaccuracies in evaluating
material behavior.”'? Specifically, the use of
excess electrolyte, a low active material percent-
age, and/or low mass loading, and a large res-
ervoir of Li inventory in half-coin cells can
obscure the true electrochemical dynamics of
the material, such as electrolyte decomposition,
lithium inventory loss, and side reactions,

which significantly affect battery life and

efﬁciency.[zz] Therefore, half-coin cell testing
may not always be a true representation of the

electrochemical performance observed in indus-
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Figure 1. a) Uyuni salt flat in Bolivia (left) and salt brine pumped into evaporation pond (right). b)
Schematic representation of the extraction and purification of Li,CO; from brine. ¢) Elemental
composition of brine-sourced Li,CO; from AAS. d) XRD patterns of brine-sourced and commercial

Li,CO; powders. e) SEM image of brine-sourced Li,CO5; powder.

on improving the Li,CO; production process, they did not specifically
address its direct application in lithium-ion battery cathode synthesis.

The extracted lithium precursor is refined to ensure quality and suit-
ability for battery applications and can be used as a reactant in the syn-
thesis of cathode active materials such as NMC111 and lithium iron
phosphate, through methods like co-precipitation, combustion, sol—gel,
hydrothermal, and solid-state techniques. Within synthesis, the purity
of the feedstock is critical in achieving high-performance batteries.'*]

Cathode materials that offer high energy densities, adequate safety,
and stable cycling are crucial for the battery community; Li[Ni,Mn,Co,]
O, (x+y+z=1) meets these criteria. In particular, Li
[Ni;/3Mn;,3C0,,3]O, (NMC111) offers distinct advantages over other
Ni-rich chemistries, such as enhanced thermal abuse tolerance,Ue]
improved capacity retention,”] and reduced sensitivity to moisture
and air; "8 therefore, it is widely investigated and commercially
adopted. NMC111 exhibits a reversible specific capacity of
~160mAhg™" in a volage range of 2.5-4.2V (vs graphite)."'"]
Co-precipitation is particularly advantageous for the synthesis of
NMCI11 due to its scalability, cost-effectiveness, ease, homogenous
atomic-level mixing, and precise control over the particle
morphology.[**!
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trially relevant full cell formats,”?'! and mean-
ingful validation requires scaling up the
synthesis to enable fabrication of full and larger
cell formats.

Herein, Li,CO; sourced from the rich
reserves of Salar de Uyuni, Bolivia, was purified
to achieve battery-grade quality. The obtained
Li,CO; was thoroughly characterized before
utilization as a lithium precursor for production
of NMC111 cathode material to validate its
potential for the synthesis of battery cathode
Unlike  previous
brine-sourced Li,CO;3;, which has predomi-
nantly focused on its production processes, our
study utilized this material in cathode synthesis
to demonstrate its potential for practical applica-
tions. We evaluated the electrochemical perfor-
mance of the synthesized NMCI11 in both
three-electrode (3E) and larger-area pouch cells, providing a more
accurate and realistic assessment of its electrochemical behavior. Addi-
tionally, we investigated the capacity fading mechanism of NMC111 by
performing long-duration operando XRD on large-format pouch cells,
without compromising the integrity of the cell format. This approach
offers valuable insights into the real-world performance and degrada-
tion processes of the material.

materials. research on

2. Results and Discussion

Figure 1a shows Bolivia’s Uyuni salt flat and brine being pumped into
an evaporation pond. A schematic of the extraction and purification
process of Li,CO; from the brine is shown in Figure 1b, and the
detailed extraction and purification processes are described in the exper-
imental section. Firstly, Li,CO; was characterized and compared with
commercial battery-grade Li,CO;5 using powder XRD. Additional char-
acterization of the brine-sourced Li,CO; was performed using SEM and
atomic absorption spectrometry (AAS). The purity of the extracted
Li,CO; was determined to be 99.59% from AAS measurements; this
indicates that the material is of battery grade (Figure 10).[23241 5 high

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 2. a) Rietveld refinement data of XRD pattern for NMC111. b) SEM image of NMC111 powder. c) Cross-sectional SEM image coupled with d—h) EDS

mapping of NMC111 electrode.

feedstock purity is critical for good battery performance. The XRD pat-
tern indicates that the brine-sourced Li,CO; material did not contain
crystalline impurities, based on the standard Li,CO3 (JCPDS #00-022-
1141), and it matched well with that of commercial Li,COj;
(Figure 1d). The SEM micrographs show an elongated rectangular
structure for Li,CO;3 (Figure le), matching the morphology of com-
mercial HZCO;;.[H]

To further validate the brine-sourced Li,CO5 material for Li-ion bat-
tery applications, NMC111 was synthesized using a co-precipitation
method and Li,COj; as the lithium precursor, and its structural and elec-
trochemical properties were investigated. The XRD pattern and its rep-
resentative refinement data for the synthesized NMC111 are shown in
Figure 2a. A characteristic diffraction pattern of phase-pure NMC
(JCPDS #44-0145) without any secondary phases was observed; the
pattern showed sharp peaks, indicating a high degree of crystallinity.
NMC exhibits a typical layered a-NaFeO, structure. The XRD peaks can

Energy Environ. Mater. 2025, 0, 70053 3 0of9

be indexed to the R3m space group. Refinement was used to calculate
the structural parameters of the material, and the lattice parameters a
and ¢ were found to be 2.85802(3) and 14.2275(4) A respectively,
consistent with earlier reports.[%] The crystallographic data of the Riet-
veld refinement is shown in Table S1, Supporting Information. Refine-
ment of the powder diffraction data enabled us to semi-quantitatively
determine the degree of cation mixing in the cathodes. Based on the
refinement data, the Li/Ni intersite mixing ratio was calculated to be
2.9%, which is below the critical threshold of 4% 271 1ower intersite
mixing reduces anisotropic stress in the bulk, which can otherwise lead
to mechanical degradation and capacity fading.”**~*"J The obvious split-
ting of the (006)/(012) and (018)/(110) planes indicated the forma-
tion of a well-defined hexagonal lattice structure. The ¢/a ratio of 4.98
indicated a good hexagonal structure of the material.*' The integrated
intensity ratio of the (003)/(104) peaks (I(003)/1(104)) was 1.28,
indicating lower cation mixing, corroborating the refinement results.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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0.365 mol respectively, which were close to
the desired values (Figure S4, Supporting Infor-

mation). These results indicate the successful
synthesis of NMC111 with desirable properties.
EDS mapping of the cross-sectioned NMC111
electrode showed a uniform distribution of Ni,

Co, Mn, and carbon (Figure 2c-h). A proper

distribution of carbon is essential for good con-
woms|  ductivity of the electrode during cycling.**!
The atomic ratio of Ni, Co, and Mn in the EDS
spectrum of the cross-sectioned electrode was
approximately 1:1:1 (Figure S5, Supporting
Information).

The electrochemical performance of the
brine-NMC111 was compared with those of
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Figure 3. a) First cycle charge/discharge voltage profiles at C/10, cycled between 2.7 and 4.3 V. b)

Cycle life and CE at 1C. c¢) Rate capability of brine-NMC111.

An I1(003)/1(104) value lower than 1.2 results in undesirable cation
mixing and poor electrochemical performance of the material.**! The
XRD pattern of commercially sourced NMC111 powder is shown in
Figure S1, Supporting Information for comparison. The morphology
and particle size distributions of NMC material synthesized using
brine-sourced Li,CO; (hereafter referred to as brine-NMC111) was
compared with that of commercial NMC111. The brine-NMC111
revealed secondary particles with a spherical morphology with diame-
ters ranging between 2 and 10 pm (Figure 2b) and an average particle
size of 5 pm (Figure S2, Supporting Information). Particle size distribu-
tion measurements confirmed this, indicating a median particle size
(Dv50) of 6.78 pm, with a distribution range of 4.26 pm (Dv10) to
11.0 pm (Dv90) (Figure S3a, Supporting Information). Commercial
NMC111 exhibited a wider particle size distribution, with Dv10, Dv50,
and Dv90 values of 6.52, 12, and 20.7 pm, respectively (Figure S3b,
Supporting Information). These differences in particle sizes likely origi-
nate from different synthesis conditions; however, a narrow particle
size distribution is usually preferred for better electrochemical
performance.**** The tap density of the brine NMC111 powder was
measured to be 2.1 gcm™>. Furthermore, X-ray fluorescence (XRF)
was used to determine the elemental composition of the synthesized
material. The molar ratios of Ni, Co, and Mn were 0.307, 0.329, and

commercial NMC111 and NMC111 synthe-
sized using commercial Li,CO;. All samples
were tested in a similar half-cell (NMC vs Li)
format with low mass loadings to mimic aca-
demic studies. The first formation cycle voltage
profiles of all three materials showed similar
specific charge and discharge capacities (Figure
3a). The first cycle discharge capacities of
brine-NMC, NMC synthesized using commer-
cial Li,CO;, and commercial NMCI111 were 155.4, 158.8, and
157.4mAh g~ ', respectively, with corresponding Coulombic efficien-
cies (CEs) of 82.1%, 78.1%, and 81.8%. After 50 cycles, the capacity
retentions were 98% for brine-NMC, 95% for NMC from commercial
Li,CO;3, and 94% for commercial NMC111 (Figure 3b). Notably, the
capacity retention and average CE of brine-NMC were higher than those
of other materials. The electrochemical performance was comparable to
that of materials synthesized using the co-precipitation method (see
Table 1). This further confirmed the high quality of feedstock Li,COs3,
as high levels of impurities could negatively impact cycle life.** How-
ever, it should be noted that the low mass loadings of these electrodes
may obscure potential issues such as poor electrolyte wetting and lon-
ger electrical and lithium-ion diffusion pathways associated with thick
electrodes.[*!]

Three half-coin cells were assembled for the brine-NMC for C-rate
and statistical measurements. Here, higher mass loading (18 mg cm™?)
electrodes were used to gain more meaningful data on real-world per-
formance. The cells demonstrated average discharge specific capacities
of 153, 147, 141, 134, 120, and 8‘1—mAhg_1 at C/10, C/5, C/3,
C/2, 1C, and 2 C, respectively. When the C-rate returned to C/10, the
cells retained most of their initial capacities (Figure 3c). The decrease in
capacity at higher C-rates reflects the kinetic limitations inherent to

30 4‘0 50

Table 1. Summary of NMC111 materials synthesized via co-precipitation and their electrochemical characteristics.

System Mass loading (mgcm™2) Formulation Voltage Retention Ref.
NMC111/Li 34 80:10:10 3-43 >60% retention after 100 cycles at 1C [36]
7 80:10:10 25-43 95% retention after 50 cycles at 1C [20]
4-5 80:13:7 27-43 96% after 100 cycles at 1C 571
Not provided 80:10:10 2.8-43 96.6% after 50 cycles at C/5 [38]
Not provided 80:10:10 25-425 54% after 100 cycles at C/10 139

2-3 80:10:10 2743 98% retention after 50 cycles at 1C This work
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12 1 % in the graphite electrode during cycling.[**! The
cathode impedance increase could be attributed
to surface film formation, material degradation,
and/or dissolution of the TMs.[***”]

For a more practical evaluation of electro-

voltage. chemical behavior relevant for commercial
applications, and to further extend the valida-
tion of the brine-sourced Li,CO3, 5cm X 7 cm
(@ (b) 180 { RO | 100 (A7)-sized single-layer pouch cells (SLPs) (Fig-
. o ure 5a) were built using brine-NMC111 and
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&  maximize space utilization and their high active
70 J material packing efficiency, which offers high
O  energy densities.**] In addition, the pouch cell

60 format enables operando X-ray analysis of real,
unmodified cells to verify cathode lithiation
mechanisms. Figure S7, Supporting Informa-
tion shows the voltage profiles of the
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Figure 5. a) Pouch cell configuration. b) Cycle life of NMC111//graphite SLP cycled between 2.5 and

42V at C/3.

Li-ion battery cathodes.**) The observed rate performance was accept-
able considering the high mass loading of the electrodes, that is, tai-
lored for energy dense applications.

Employing a three-electrode (3E) cell configuration (Figure 4a),
which includes a Li reference electrode, allows observation of both
cathode and anode potentials and differentiates between their imped-
ance contributions. Compared with half cells, 3E cells eliminate the
polarization contribution from the chosen counter electrode, resulting
in higher data accuracy. The cathode potential, anode potential, and full
cell voltage profiles for the first cycle are shown in Figure 4b. Figure 4c
shows two formation cycles at C/20, followed by 50 cycles at C/3,
and two diagnostic cycles at C/20, of a 3E cell assembled using
brine-NMC and graphite. The discharge-specific capacities were 156.4
and 156.3 mAh g~ ', respectively, during the first two formation cycles,
with CEs of 93.17% and 98.74%. The initial discharge capacity at C/3

Energy Environ. Mater. 2025, 0, €70053 50f9

80 100 NMC111//graphite SLP. The first cycle dis-

charge capacity of the SLP was 152 mAh g™
with a CE of 91.69%. Figure 5b illustrates the
discharge-specific capacity as a functon of
the cycle number for the SLP at a C/3 rate. After
100 cycles, the discharge capacity retention was
92%. The higher capacity loss here when compared to that of coin cells
is reflective of the leaner electrolyte environment, confirming the
importance of testing in larger format cells. The 8% loss in capacity was
further investigated through operando XRD and postmortem analysis of
the electrodes as detailed in later sections.

Operando XRD measurements are essential for studying the dynam-
ics of the crystal structure of the cathode during lithium-ion intercala-
tion and deintercalation, offering real-time insights into the structural
evolution. In this study, operando XRD was performed on the
NMC111//graphite SLP cell previously used for electrochemical
cycling, without any compromise to the cell format. While previous
studies have often employed coin cells***%]
ando XRD experiments,'*'] our work extends this by monitoring the
performance of NMC111//graphite SLPs over prolonged cycling. Fig-
ure 6a,b presents the XRD data collected during cycles 1 and 101,

or short-duration oper-

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 6. Operando XRD data (red: at OCV; green: at top of charge; blue: at discharge state) along with the voltage versus time profiles from a) cycle 1 and
b) cycle 101. ¢) The evolution of a- and c-lattice parameters calculated from the sequential Pawley fitting of operando XRD data. d) The evolution of current

during the CV step at 4.2 V of operando electrochemical cycling.

along with the corresponding voltage versus time profiles. The XRD
data, recorded in the angular range (260) of 7.5°-18.5° show the
(003) and (101) peaks from the NMC111 phase and the (002) and
(111) peaks from the graphite and Al phases, respectively. During the
charge (delithiation) of cycle 1, the (003) peak shifted to lower angles,
indicating an increase in the interlayer spacing of the layered structure.
This expansion is primarily due to the weakening of the screening
effect of Li* ions on the adjacent TM layers, resulting in increased
repulsion between them.*?! At the top of charge, the (003) peak does
not exhibit an abrupt shift to a higher angle, as typically observed in
Ni-rich NMC cathodes; this is attributed to the so-called “c-lattice
collapse” [ The absence of lattice collapse in NMC111 is likely due to
the relatively lower degree of delithiation within the applied voltage
window (2.5—4.2V). The (101) peak, associated with the a-b plane,
continuously shifts to higher angles throughout charging, suggesting
progressive contraction of the a-b plane as a response to lithium deinter-
calation. Upon discharge (lithiation), both the (003) and (101) peaks
returned to their original positions, demonstrating the reversibility of
structural evolution in NMC111. During cycle 101, the shift of the
(003) peak was less pronounced, indicating a smaller degree of (de)
lithiation, which can be attributed to the loss of Li inventory over 100
cycles.

Figure 6c¢ illustrates the evolution of lattice parameters (a and ¢) and
the corresponding unit cell volume during operando electrochemical
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cycling. These parameters, derived from sequential Pawley fitting of raw
operando XRD data, are presented as percentage changes to provide better
insights into the structural evolution of NMC111. During charging, the
c-lattice, which reflects the degree of (de)lithiation, increased as the volt-
age approached 4.2 V, followed by a slight dip at the top of the charge.
This behavior aligns well with the evolution of the (003) peak. Mean-
while, the a-lattice, which mirrors the (101) peak and is associated with
the a-b plane, continuously decreased until the top of the charge. During
discharge, both the ¢- and c-lattices reverted to their original values, con-
firming the reversibility of the structural evolution of NMC111. After
100 cycles, the overall trend in lattice parameter evolution remained con-
sistent, although the percentage increase in the c-lattice and the percent-
age decrease in the a-lattice were slightly reduced. This small percentage
change in lattice parameters translates into a smaller percentage change in
unit cell volume after 100 cycles, indicating the loss of lithium inventory.

To assess the impact of Li inventory loss on electrode kinetics, the
current evolution (I) during the CV hold (at 4.2V for 30 min) of
the operando cycles was compared (Figure 6d). A similar current evo-
lution suggests that Li* ion kinetics remain unaffected. The upper cutoff
voltage (4.2V) used in this study is significantly lower than the
reported oxygen-loss threshold (4.6 V vs Li/Li*) for NMC111, suggest-
ing no surface layer reconstruction (e.g., rock salt layer with low Li*
diffusion kinetics) occurs,”**! thus preserving the kinetics despite the Li
inventory loss.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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3. Conclusion

Li,COj3 derived from brine beneath the Salar de
Uyuni in Bolivia was successfully purified to
battery-grade quality and validated as a suitable
lithium source for the synthesis of NMCI111
cathode material. The electrochemical perfor-
mance of the synthesized NMC111 was evalu-
ated using SLP and 3E cells under commercially
relevant mass loadings to further validate the
electrochemical quality of Li,CO; and its poten-

Figure 7. a) XRF measurements on the graphite electrodes centered on the a) Ni Ko and b) Mn Ka
emission energy region to inspect transition metal dissolution. c) Cross-sectional SEM images of the

cathode harvested from the NMC111//graphite SLP cell after cycling.

In addition to tracking the evolution of the (003) and (101) peaks
of NMC111, the SLP format offers the advantage of simultaneously
monitoring the (002) graphite peak at 11.8°, which undergoes multi-
ple staging processes during lithium (de)intercalation. During Li* inter-
calation (charging), the (002) peak shifted to lower angles, indicating
an increase in the interlayer spacing of the graphite structure. Con-
versely, during Li* deintercalation (discharging), the (002) peak
reverted to higher angles.

After cycling, the SLP was carefully disassembled, and the electrodes
were retrieved for microscopic and compositional analyses. During
cycling, TM ions dissolve and migrate through the separator, embed-
ding themselves into the SEI of the anode. This process is a further
potential degradation mechanism associated with NMC materials.[**)
XRF of the graphite electrode from the disassembled SLP revealed Mn
and Ni dissolution of 94.3 and 53.5 ppm, respectively (Figure 7a,b).
For comparison, XRF measurements of the fresh graphite anode and a
bare copper foil were conducted (Figure S8a,b, Supporting Informa-
tion) to identify possible contamination. As shown in Figure S8c—e,
Supporting Information, no Mn, Co, or Ni signals were detected in the
fresh graphite, while the cycled anode clearly exhibited these elements.
Also, XRF analysis of the bare copper foil revealed no detectable Mn,
Co, or Ni signals, confirming that the observed TM presence is due to
cycling rather than contamination (Figure S8c—e, Supporting Informa-
tion). The deposition of TMs into the SEI layer leads to the trapping of
Li* ions, resulting in the depletion of cydlable lithium.*~** Therefore,
the capacity fading over 100 cycles can be attributed to the loss of active
lithium. No bulk phase changes occur in NMC111 during the
2.5—4.2 V window; however, this lithium inventory loss may influence
the lattice parameters a and c, as observed in operando measurements.
The SEM images of the cycled cell indicated no visible cracking of the
cathode particle after 100 cycles (Figure 7c). Therefore, the perfor-
mance fading of NMC111 cannot be attributed to the cracking
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tial for battery applications. The 3E and SLP cells
confirmed the good cycling stability of
NMC111 material. The scale-up of synthesized
material to SLPs provided reliable results rele-
vant to real-world battery performance, in con-
trast to conventional half-coin cells and electrodes with low mass
loading. This study bridges the entire process from raw material extrac-
tion to large-format cell evaluation, offering a comprehensive assess-
ment of the potential of Bolivia’s Salar de Uyuni as a scalable and
sustainable source of lithium for the global battery market. Future
research will involve assessing cycle life at high voltages (>4.4V vs
graphite) and evaluating long-term cycling behavior. Additionally, syn-
thesizing Li[Nig ¢Mng,C0g,]O,, LiMn,0,, or LiFePO, using Li,CO;,
and evaluating their electrochemical performance in large-format cells,
will further validate the quality and applicability of brine-sourced
Li,CO; for other cathode materials.

4. Experimental Section

Li,COs extraction and purification: Li,CO; was obtained from the Salar de
Uyuni, Bolivia. Brines beneath the Salar were pumped into evaporation ponds
and allowed to evaporate water until the concentration of lithium in the brines
reached approximately 5%. After the evaporation process, NaCl and other salts
were removed. Subsequently, several chemical processes were applied in a Li,CO;
plant to remove Mg, Ca, B, and other impurities. In the last step, sodium carbon-
ate was used to precipitate Li,COs, leading to a technical-grade product.

The purification of Li,CO; to battery grade began with the preparation of raw
materials by sieving. Then, bicarbonation was performed by dissolving technical-
grade Li,CO; with carbon dioxide and deionized water to obtain a lithium bicar-
bonate solution, which was filtered to remove undissolved solids. Subsequently,
EDTA-2Na was added to prevent the crystallization of magnesium and calcium
carbonate.

The lithium bicarbonate solution was then heated to 90 °C to evaporate
water and form Li,COjs crystals. The product was filtered by centrifugation to sep-
arate the solid from any remaining liquid, yielding high-purity Li,COs. The prod-
uct was washed at 70 °C to remove soluble compounds, dried at 100 °C, and
finally micronized. Consequently, a “battery-grade” (min. 99.5% purity) material
was obtained for cathode synthesis.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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NMC111 synthesis: The cathode material was synthesized using a classical
two-step process as follows.

Synthesis of carbonate precursor: In the first stage, a co-precipitation
method was employed to synthesize an NMC-carbonate precursor. Stoichiomet-
ric amounts of NiSO,-6H,0O, CoSO,-7H,0, and MnSO,-H,O were dissolved in
deionized H,O to prepare a 2.5m solution. Na,CO; was dissolved in DI H,O to
form a solution with a concentration of 2.5 m. Both solutions were simultaneously
introduced into a continuously stirred tank reactor, fully automated, at a flow
rate of approximately 30 mL min~", while NH,OH was incrementally added to
maintain a stable pH. The reaction was carried out under controlled conditions
at 50 °C, with the reactor maintained at a stirring speed of 180 RPM to ensure
homogeneity. After the complete addition of the reactants into the reactor, an
additional reaction time (i.e, maturation process) of 30 min was used. Finally, the
obtained carbonate precipitate was separated, washed, and dried at 60 °C in
an oven.

Synthesis of cathode material: The second step in the synthesis of cathode
material involves a conventional solid-state reaction. The carbonate precursor was
thoroughly mixed with battery-grade lithium carbonate in stoichiometric propor-
tions, with an additional 15% excess lithium to compensate for losses due to sub-
limation during the calcination process. The mixture was calcined at 900 °C for
12 h. Subsequently, the material was allowed to cool naturally overnight to room
temperature. A similar procedure was carried out utilizing commercially obtained
Li,CO; to produce a baseline NMC111 material.

Material characterization: Powder XRD was performed using a Rigaku X-ray
diffractometer operating at 40 kV and 15 mA, with Cu-Ka radiation (1.5406 A).
TOPAS academic software was used to perform the Rietveld refinement of pow-
der XRD data. The crystallographic information of the input structural model for
Rietveld refinement was obtained from the reference.'” The 6-coefficient polyno-
mial function was used to determine the XRD background, and the error in the
sample position was corrected by refining the sample displacement parameter.
XRD peaks corresponding to the NMC111 phase were modeled using the
Thompson—Cox—Hastings pseudo-Voigt peak shape function, and the asymmetry
caused by the instrumental axial divergence was corrected by the Simple_Axial_-
Model. Scale factor was used to scale the calculated intensity during the refine-
ment. Lattice parameters such as a = b, ¢, and the oxygen positions were refined.
Li/Ni interlayer intermixing was determined from the occupancies of Li present in
the Ni (TM) layer and the equivalent amount of Ni present in the Li layer. The
occupancies of Mn and Co atoms were kept fixed at 1/3 each, and for oxygen,
the occupancy was set at 1.0. Reliability parameters such as Rwp and goodness of
fit (GoF) were used to evaluate the quality of fit.

The cross-section of cathode was prepared using a Hitachi IM4000Plus Ar ion
milling system. lon milling was carried out with an air protection unit to prepare
the cross-section of the cycled electrodes in order to prevent moisture contami-
nation of the sample. The cross-section was carried out at 6 kV for 2.5 hour with
a 40° rocking stage. Surface and cross-sectional scanning electron microscopy
(SEM) images were obtained by transferring the milled sample to a Thermo Fisher
Scientific Scios Dualbeam scanning electron/focused ion beam microscope via a
CleanConnect inert gas transfer system.[m] Imaging was performed using an accel-
erating voltage of 2kV and a beam current of 0.8 nA. Wide-area SEM montage
images were acquired using Thermo Fisher Scientific Map Software and stitched
together afterwards in order to investigate the cross-sectional cathode. Energy-
dispersive X-ray spectroscopy (EDS) was performed with an accelerating voltage
of 20kV and a beam current of 1.6 nA using AZtec software (Oxford Instruments,
UK). Wavelength-dispersive XRF (WD-XRF) spectroscopy was performed at the
University of Warwick X-Ray Diffraction Research Technology Platform (RTP)
using a Rigaku Primus IV system, which is equipped with a 4 kW Rh tube. Solid
samples were analyzed under a 20 mm mask, using an “EZ Scan” protocol, which
conducts an element sweep from B-U. The results are reported as mass % for
major components and in ppm for trace elements, with a relative error of about
5% between samples. The particle size distribution was determined using a Mal-
vern Mastersizer 3000 instrument with deionized water as the dispersing agent.
The purity was determined using an atomic absorption spectrophotometer (Per-
kin Elmer, AAnalyst 200).

Electrode preparation and electrochemical characterization: The cathode
electrode composition was prepared by blending NMC111, Super P, and PVDF in
a 95.5:2:2.5 (wt.%) ratio in N-methyl-2-pyrrolidone. The slurry was coated onto an
aluminium foil using a drawdown coater. The mass loading of the electrodes was
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18mgem 2 and the electrodes were calendered to achieve a density of
3.0 gcm >, The graphite electrode was composed of 95.25 wt% graphite, 2.25 wt%
carbon black, and 2.5 wt% CMC/SBR. The mass loading of the graphite electrodes
was 9.3 mg cm ™2 Anode electrodes were calendered to a density of 1.23 gcm™>.
The areal capacity ratio (N/P) of electrodes was 1.2, balanced to an upper cutoff
voltage of 42 V. These electrodes were assembled in CR2032 half-coin, 3E, and
single-layer pouch (SLP) cell formats. One molar lithium hexafluorophosphate
(LiPFg) in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (LP57) with
2% vinylene carbonate (VC) (Solvionic) was used as electrolyte. C-rate measure-
ments were performed in a half-cell format at different C-rates (C/10, C/5, C/3,
C/2, 1C, and 2 C) using symmetric charge/discharge rates. The mass loading of
the electrodes for cycle life testing using half-coin cells was 2-3 mgcm ™ with
80:10:10 formulation, mimicking academic studies. Commercial NMC111 was pur-
chased from AME Energy, China. The 3E cell studies were conducted using the
PAT-EL-cells configuration with 120 pL of electrolyte. The charge—discharge test
for all full cells was carried out between 2.5-4.2 V. For the 3E cells, formation
cycles were carried out at a C-rate of C/20, while the cycling was carried out at
C/3 using constant current (CC) charge and CC discharge modes.

SLP cells were built in WMG in a dry room (dew point of —45 °C to —60 °C)
and filled with 1 g of electrolyte. The cells had a capacity of 80 mAh with an areal
capacity of approximately 2.5 mAh cm™2 Two formation cycles were carried out
at C/20 at 40 °C, followed by cycling at C/3 for 100 cycles at 25 °C using CC and
constant voltage (CV) charge (CV to C/30) and CC discharge modes. Potentio-
static electrochemical impedance spectroscopy (EIS) measurements were per-
formed using a VMP3 potentiostat (BioLogic). The measurements were
performed at 25 °C from 100 kHz to 10 mHz with an amplitude of 10 mV. EIS
measurements were performed at 3.8 V.

After cycling the pouch cells were discharged to 2.5V before being disas-
sembled in an Ar-filled glove box (MBraun, O, < 1ppm, H,O < 1ppm). The
electrodes were then rinsed with dimethyl carbonate (DMC) (anhydrous min.
99% purity, Sigma Aldrich) to remove residual electrolyte.

Operando XRD measurements: Galvanostatic electrochemical cycling during
the operando XRD measurements was performed at room temperature using a
Biologic SP150 potentiostat. The cycling rate was maintained at C/3, with an
intermediate CV hold at 42V, and a rest step, each lasting 30 min between
charge and discharge. Operando XRD data for the pouch cells were collected
using a Malvern Panalytical Empyrean diffractometer operating at 60kV and
40 mA, utilizing Mo-Ka radiation (Ka1 = 0709319 A, Ka2 = 0.713609 A). Data
collection was conducted in transmission mode with the pouch cell mounted on
the XYZ sample stage. The 26 range spanned from 7.5° to 18°, with each scan
taking approximately 15 min.

Sequential Pawley refinement of the operando XRD data was performed using
Topas Academic software (version 7). Both the NMC111 and Al phases were
included in the fitting process. The NMC111 phase was modeled using a rhombo-
hedral unit cell with space group R3m, whereas the Al phase was represented by a
cubic unit cell with space group Fm3m. The refinement incorporated the (003) and
(101) reflections from the NMC111 phase and the (111) reflection from Al phase.
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