
Xu et al., Sci. Adv. 11, eady6457 (2025)     3 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 9

C H E M I S T R Y

One-step separation of lithium from natural 
ores in seconds
Shichen Xu1†, Justin Sharp1†, Alex Lathem1,2, Qiming Liu1, Lucas Eddy1,2, Weiqiang Chen3,4,5,  
Karla J. Silva1, Shihui Chen1, Bowen Li1, Tengda Si1, Jaeho Shin1, Chi Hun Choi6, Yimo Han6,  
Kai Gong3,4,5, Boris I. Yakobson1,2,6,7, Yufeng Zhao6,8*, James M. Tour1,2,5,6,7*

Lithium (Li), the lowest-density metal, is an optimal element in most battery designs. With the increasing demand 
for Li, metallurgical techniques using excess acid leaching of mineral ores are common. However, these techniques 
are limited by multistep processes with adverse environmental impacts caused by secondary waste streams. Here, 
we show a one-step, acid-free, and alkali-free extraction process for Li from mineral ores with an initial Li content 
of only 4.8%. By applying flash Joule heating to α-spodumene under an atmosphere of Cl2 (FJH-Cl2), LiCl immedi-
ately distills from the remaining nonvolatile aluminum and silicon oxides. LiCl with a 97% purity and 94% yield can 
be achieved, enormously reducing costs and waste emissions. Local processing with FJH-Cl2 can markedly lessen 
the complexity and cost of obtaining Li, obviating remote mining and facilitating the world’s progression toward 
cleaner renewable energies, which also paves the way for extracting critical metals from other mineral ores.

INTRODUCTION
Li is an essential component in lithium-ion and lithium-metal batter-
ies, which account for most portable renewable energy storage sys-
tems, facilitating the ubiquitous internet of things and electric vehicles 
(1, 2). This has led to a global surge in Li demand (3). The supply of Li, 
however, is confronted with obstacles, including a lack of raw materi-
als, the need for remote mining, environmental concerns, and the 
complexity of Li extraction and separation (1, 4). Efficient separation 
of Li is crucial to prevent supply chain disruptions and to minimize 
secondary waste streams while economically incentivizing the mining 
industry (5, 6). Primary natural sources of Li are in brine deposits and 
mineral ores (fig. S1, A and B) (7–12). Two-thirds of Li that is pro-
cessed worldwide is extracted from brines although the separation 
process is slow, taking 12 to 18 months in large-area evaporation 
ponds, and brines have low Li concentrations of only 1 to 2 wt % 
(9, 13). Conversely, Li ores such as spodumene, lithium aluminum 
inosilicate, LiAl(SiO3)2, have double the Li content of brines, reaching 
~4 wt % of the complex and ~8 wt % of the total metal content in the 
ore. However, only one-third of Li that is obtained worldwide is ex-
tracted from spodumene because of the increased complexity in isola-
tion using this ore instead of brines (8, 14–16). Many wet strategies, 
including H2SO4 roasting (17–21), fluorination (22, 23), chlorination 
(24, 25), carbonation (14, 26, 27), froth flotation (28–30), and electro-
chemical leaching (31), have been used to separate Li from spodu-
mene. Among them, the H2SO4 roasting process has been the standard 
method for Li separation from mineral ores including spodumene, 
but H2SO4 roasting requires extended heating cycles up to 1100°C, 

excess acid, and several chemical additives while generating cumber-
some secondary waste streams as seen in fig. S1A (17–25).

Flash Joule heating (FJH) is an ultrafast, controllable, and energy-
efficient method that has been used for materials synthesis (32–34), 
waste upcycling (35–37), and recovery of metals (38, 39). We show 
here that FJH allows spodumene to be converted from α-phase to 
β-phase in seconds, and LiCl separation can ensue using only 1 M 
HCl (Method A). However, this method still requires the use of di-
luted acid. Conversely, we can combine FJH with a gas chlorination 
process (FJH-Cl2) as an alternative method of Li separation (Meth-
od B) (Fig. 1A). When chlorine gas (Cl2) enters the chamber and is 
flash Joule heated in <1 s, Li from the spodumene reacts with the 
Cl2 to form volatile LiCl that distills from the unreacted silicon and 
aluminum oxides (Fig. 1B). FJH-Cl2 reduces the ore processing 
time to seconds instead of the days needed for H2SO4 roasting and 
the 12 to 18 months needed when processing Li brines by evapora-
tion (fig. S1B).

RESULTS
Arc welder FJH apparatus
A commercial arc welder with a maximum power output of 5.8 kW 
can power the laboratory-scale system (fig. S2), providing a rapid 
and stable electrical heat source for the reaction. The first advantage 
of this setup is temperature controllability, achieved by adjusting the 
current setting on the arc welder dial (Fig. 1C). When the tempera-
ture profile of the unloaded carbon paper platform is measured using 
an infrared thermometer, the temperature is ~1150°C at a current 
output setting of 10 and ~1630°C at a current setting of 20. The sam-
ple is heated through thermal conduction from the carbon paper, and 
thus its temperature is slightly lower than that of the carbon paper 
itself. When the current setting is 15, the top surface temperature of 
the carbon paper reaches 1420°C, whereas the surface temperature 
of the loaded sample is ~1340°C (fig. S3). Second, there is tempera-
ture uniformity. The surface of the heated carbon paper displays a 
uniform orange-red color, confirming a constant temperature in-
duced by FJH across the carbon paper as verified with an infrared 
thermometer (Fig. 1D and fig. S4). Although minor temperature 
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variations may arise due to inconsistencies in the carbon paper 
quality, the overall surface temperature deviation remains within 2 
to 3%. Third, there is temperature stability. When the current setting 
is 15, the voltage remains stable at 14 V (fig. S5), whereas the current 
output is 15 ± 5 A due to the high-frequency switching of the arc 
welder. The resistance of carbon paper is maintained at ~1 ohm, 
maintaining a stable temperature at each current setting. The sur-
face temperature of the carbon paper remains at 1420°C for 150 s, 
which allows us to realize the separation by only one step (Fig. 1E 
and table S1). Benefiting from resistive heating, the carbon paper 
system exhibits rapid heating and cooling rates when powered by an 
arc welder (fig. S6). After the current is cut off at the end of the reac-
tion, the temperature drops below 1000°C within a few hundred 
milliseconds, which is insufficient to sustain the chlorination reac-
tion (fig. S7).

Conversion of α-spodumene to β-spodumene
Spodumene exists in different crystalline phases, typically in its nat-
ural α-phase or rock form (Fig. 2A). Before the FJH process, the 
spodumene rock was ground into micrometer-sized powder using a 
mortar and pestle and then sieved through successive meshes with 
pore sizes of 1000, 200, and 53 μm to obtain particles of correspond-
ing sizes, which were classified here as large, medium, and small 
particles. Scanning electron microscopy (SEM) images show these 
particles as uniformly sized but irregularly shaped (Fig. 2A and 
fig. S8). The particle size distribution of the three sieved spodumene 
samples is measured by combining laser diffraction/scattering and 
dynamic image analysis (Fig. 2A, text S1, and fig. S8). The particles 
sieved through a 53-μm mesh have an average size of 28.59 μm, with 

D50 and D90 values of 22.42 and 62.36 μm, respectively (Fig. 2B). 
When spodumene particles are subjected to FJH, the α-phase con-
verts to the β-phase. The x-ray diffraction (XRD) pattern shows that 
the two phases are clearly different (Fig. 2C) (40). However, the com-
plete phase transformation varies with different particle sizes due to 
inefficient heat transfer with large particles (figs. S9 and S10). When 
small-sized particles (average size at 28.59 μm) are subjected to 30 s 
of FJH at 1150°C, only the β-phase signal is observed after the treat-
ment (Fig. 2C). The Raman spectroscopy further illustrates that the 
untreated α-phase exhibits typical Raman peaks ~370 and 700 cm−1. 
The small particles treated by FJH only show the characteristic 
Raman peak of the β-phase at ~500 cm−1 (Fig. 2D) (41, 42). How-
ever, using FJH and 1 M HCl treatment (Method A; figs. S11 and 
S12) has a greater effect on improving the LiCl yield than the purity. 
When the spodumene average size is 28.59 μm, the yield of Li in-
creased from 56.6% before FJH to 90.2% after FJH with 1 M HCl 
extraction (fig. S12).

FJH-Cl2 of spodumene
FJH can afford the formation of β-spodumene in seconds, which is 
necessary to increase the efficiency of Li extraction. However, this 
cannot eliminate the use of acid nor does it overcome the limitations 
in the purity of Li. Therefore, exploring the chemical reactivity of dif-
ferent elements in spodumene is necessary to achieve efficient Li 
separation. Inductively coupled plasma mass spectrometry (ICP-MS) 
results show that the main elements in the spodumene rock are Li, Al, 
and Si, with Li accounting for 4.8% of the total content of these three 
elements (Fig. 3A and text S2). This is consistent with SEM with 
energy-dispersive x-ray spectroscopy (SEM-EDX) (fig. S13) and 

Fig. 1. FJH-Cl2 for separation and recovery of Li. (A) Process flow of the Li separation from spodumene by the FJH-Cl2 method. (B) Schematic diagram of the FJH-Cl2 
process, where spodumene is placed on the carbon paper and reacts with Cl2. Generated LiCl evaporates and condenses on the inner surface of the quartz tube, whereas 
the unreacted silicon and aluminum oxide residues remain on the carbon paper. (C) Temperature plot with increasing current settings from 10 to 20. This current setting 
is in arbitrary units on the dial and is approximately but linearly modulating the current setting in the arc welder. All error bars represent the SD, where N = 5. (D) Pictures 
of carbon paper before (top) and during (bottom) FJH. (E) Real-time temperature (blue) and current (red) with a current setting of 15 for 150 s. Notice the temperature rise 
to >1380°C in <1 s.
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Fig. 2. Phase transformation of spodumene. (A) SEM image of ground spodumene powder sieved by a 53-μm mesh with an average particle size of 28.59 μm. The inset 
image is the raw α-spodumene sample as received. (B) Size distribution of sieved and ground spodumene particles. The average size is 28.59 μm, and the D50 and D90 are 
22.42 and 62.36 μm, respectively. This means that 50% of the sample has a size of 22.42 μm or smaller, and 90% of the sample has a particle size of 62.36 μm or smaller. 
(C) XRD pattern and (D) Raman spectra of the spodumene before and after phase transformation, where the α-phase (red) is present before heating and the β-phase (blue) 
is present after FJH at 1150°C. a.u., arbitrary units.

Fig. 3. Separation and recovery of Li from the spodumene by FJH-Cl2. (A) The ICP-MS results of the raw spodumene show the Li concentration related to Si and Al. 
(B) Thermodynamic analysis of the chlorination reaction of metal oxides. Only the chlorination of Li2O is feasible above 514°C when the ΔG is negative (below the black 
dotted line). b.p., boiling point. (C) Picture of the quartz tube containing spodumene before (top) and after (bottom) FJH-Cl2 when LiCl (white volatile) has condensed in-
side the quartz tube. (D) XPS spectra of spodumene before (red) and residue after (blue) FJH-Cl2. The Li 1s signal is only detected before FJH-Cl2. (E) The composition of Li, 
Si, and Al in raw spodumene and the volatile phase after FJH-Cl2 are shown for each of the three current settings. (F) Purity (orange) and yield (green) of LiCl after FJH-Cl2 
of spodumene at current settings of 15, 18, and 20 for 30 s each. All error bars in (A), (E), and (F) represent the SD, where N = 3.
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x-ray photoelectron spectroscopy (XPS) (fig. S14) results. We con-
ducted a thermodynamic analysis for chlorinating silicon oxide (SiO2), 
aluminum oxide (Al2O3), and lithium oxide (Li2O). According to the 
Gibbs free energy change (ΔG) versus temperature, only Li2O is chlo-
rinated below 2000°C, whereas chlorination does not occur for SiO2 
and Al2O3 within that temperature range (Fig. 3B and table S2). ΔG is 
negative for Li2O when the temperature exceeds 514°C, suggesting 
that Li in spodumene can be chlorinated at ~514°C. However, when 
the chlorination reaction occurs between 514°C and the boiling point 
of LiCl (1382°C), leaching the formed LiCl with water results in low 
purity and yield of Li due to the interference of Si and Al impurities in 
the sample (fig. S15). However, when the control temperature is above 
the boiling point of LiCl and below 2000°C, LiCl can be cleanly volatil-
ized and separated from spodumene (Fig. 1C).

When the arc welder settings are 15, 18, and 20, the correspond-
ing temperatures are 1420°, 1550°, and 1630°C, respectively. After 
30 s of chlorinating spodumene, volatile LiCl deposits on the inner 
surface of the quartz tube (Fig. 3C). SEM-EDX characterization re-
sults indicate that the primary element in the volatile fraction is Cl, 
with trace amounts of Si and Al (fig. S16A); Li is too light to be de-
tected. XPS results also show that the main elements in the volatile 
fraction are Cl, O, and Li (fig. S16, B and C). After the chlorination 
reaction, a substantial amount of residue remains on the carbon paper. 
SEM-EDX, XPS, and XRD results reveal that the main elements in the 
residue are Si, Al, O, and Cl (figs. S17 and S18). By comparing the XPS 
fine spectra of Li in the original spodumene sample with the residue, 
there is no detectable Li signal in the residue after FJH-Cl2 (Fig. 3D). 
This result suggests that the FJH-Cl2 reaction can selectively and effi-
ciently separate Li as LiCl directly from raw spodumene. The residue 
can be easily removed without surface degradation (fig. S19).

High-temperature vapor-phase reactions can inevitably introduce 
SiO2 and Al2O3 into the volatile phase via physical mass transport 
processes during the rapid LiCl volatilization; in an industrialized 
process, further fractionation plates would be desired. ICP-MS re-
sults show that purity can be enhanced when the volatile obtained 
from the chlorination reaction is rinsed with water (Fig. 3E). LiCl is 
water soluble whereas SiO2 and Al2O3 are not (table S2), so the wa-
ter wash acts as an additional purification step while extracting only 
the condensed LiCl from the quartz tube. As a result, the purity of Li 
obtained from FJH-Cl2 can reach 97% with an average purity of 94% 
(Fig. 3E). Furthermore, the yield of LiCl is related to the particle size 
of the sample and the chlorination temperature. As the particle size 
of the spodumene decreases, the yield of Li increases. When the par-
ticle size of spodumene is ~459 μm and the current dial is set to 18 
(1550°C), the yield of Li obtained from 30-s FJH-Cl2 is only 17% 
(fig. S20). With a particle size of ~143 μm, the yield of Li is slightly 
increased to 54% (fig. S21). However, when the particle size is re-
duced to ~28.3 μm, the yield of Li reaches 90%. The short reaction 
time allows smaller particles to provide a larger contact area with 
the gas, thereby markedly enhancing the efficiency and rate of metal 
extraction (Fig. 3F and fig. S20). Temperature influences both the 
thermodynamic driving force and the kinetic rate of reaction. When 
the particle size is ~28.3 μm and the arc welder setting is 15 (1420°C), 
the yield is still only 69.3% (Fig. 3F). However, when the current dial 
is set to 18 (1550°C), extracted LiCl with a maximum purity of 97% 
and an average purity of 94%, as well as a maximum yield of 94% and 
an average yield of 90%, can be obtained (Fig. 3F). Further increasing 
the temperature with a dial setting at 20 will introduce more Si and Al 
impurities into the volatile phase (Fig. 3F and figs. S22 to 25), leading 

to a slight decrease in purity. Moreover, higher temperatures inevita-
bly lead to increased energy consumption (fig. S26 and table S3). 
Hence, when the temperature is set to 1550°C, the formation of LiCl 
occurs at ~514°C and its distillation at ~1382°C, which are favored 
both thermodynamically and kinetically. It is a common observation 
that one needs to exceed the boiling point of a material to increase its 
distillation rate, in this case 168°C, because the temperatures are so 
high relative to the surroundings.

Other sources of spodumene ore were used to ensure that the 
process worked equally well regardless of the region from which the 
sample was mined (43). Here, sand-like spodumene from Australia 
is used for Li extraction by FJH-Cl2 (fig. S27 and text S3). When the 
Australian spodumene is ground to ~47-μm particle size and under-
goes FJH-Cl2, 90% purity and 89% yield of Li can be achieved at a 
current setting of 18 (figs. S28 to S31 and text S3). In addition, the 
team successfully achieved a scale-up from a 1-inch to a 3-inch sys-
tem in the laboratory, allowing for gram-scale chlorination of spod-
umene. The separated Li reached a purity of 90% and a yield of 85% 
(figs. S32 and S33).

Density functional theory calculations
To understand why the chlorination method can so efficiently and 
quickly separate Li from spodumene, density functional theory (DFT) 
calculations were used to further explore the mechanism of this pro-
cess. We compared three extraction pathways, including direct Li ex-
traction from α-spodumene, direct Li extraction from β-spodumene, 
and transformation from α-spodumene to β-spodumene followed by 
Li extraction (Fig. 4 and figs. S34 to S36). The energy required to ex-
tract 100% of the Li between 1600 and 2000 K and at 1, 6, and 11 atm 
was calculated. Generally, natural spodumene is in the α-phase, which 
is monoclinic (Fig. 4A and fig. S35A); after extracting all the Li, the 
structure is different from the α-phase spodumene but still stable 
(Fig. 4B and fig. S35B). When increasing the temperature from 1600 
to 2000 K and decreasing the pressure from 11 to 1 atm, the chlorina-
tion for extracting Li from α-phase spodumene requires less energy 
(Fig. 4C). During the FJH process, the spodumene readily converts 
from the monoclinic α-phase to the tetragonal β-phase (Fig. 4D and 
fig. S35C). After extracting the Li from β-phase spodumene, the 
structure frame (Fig. 4E and fig. S35D) is totally different from that of 
α-phase spodumene. Delithiation from the β-phase spodumene re-
quires less energy than the α-phase under identical temperature and 
pressure (fig. S36). Because the phase transition from the α-phase to 
the β-phase is a thermodynamically favorable and exothermic pro-
cess, the full delithiation energy is reduced by 0.30 eV/Li when con-
sidering the α-to-β phase transition followed by Li extraction from 
the β-phase (Fig. 4F and fig. S36), compared to direct delithiation 
from α-phase spodumene. This energy advantage accounts for the ex-
perimental observation that Li extraction occurs rapidly within just 
30 s, although the starting material is α-phase spodumene. We pro-
pose that, during the FJH-Cl2 process, spodumene undergoes a phase 
transition from α to β before reacting with Cl2, thereby enabling a 
lower-energy pathway for Li separation.

LCA, TEA, and environmental impacts
A Monte Carlo life cycle assessment (LCA) and techno-economic 
analysis (TEA) were used, and the details are explained in text S4. 
The primary environmental and economic factors considered were 
energy consumption, greenhouse gas emissions of CO2-eq listed as 
global warming potential (GWP), water consumption, and reagent 
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use, including acid, Cl2, etc., and processing cost (Fig. 5 and tables S1 
and S5 to S10). These factors were chosen because they contribute the 
most to the operating expenses (OpEx) materials costs, consumption, 
and produced waste. Compared to conventional H2SO4 roasting, a 
similar Li yield is achieved, and product purity is slightly lower than 
that achieved by traditional H2SO4 roasting and other methods, but 
the purity will likely increase as more theoretical plates are added 
upon scaling up. Processing 1 tonne of high-grade spodumene ore 
would produce 44 to 48 kg of Li for both methods because similar 
yields are achieved in both FJH-Cl2 and H2SO4 roasting processes. 
The LCA shows that FJH-Cl2 can reduce the process energy consump-
tion by 77% from 15,900 to 3700 MJ (Fig. 5A). Water consumption is 
reduced by 67% from 373,000 to 125,000 kg if using the same relative 
amount needed for this laboratory process or 100% reduction of water 
if the equipment is industrialized at a longer evaporation distance, 
thereby inhibiting physical transport of the silicon or aluminum ox-
ides with sufficient theoretical plates. Reagent consumption can be 
reduced by 93% and acid consumption can be 100% eliminated. How-
ever, these do not fully capture the improvement to the H2SO4 roast-
ing method as intercontinental transportation of spodumene ore for 
processing substantially increases OpEx, which FJH-Cl2 can elimi-
nate. When accounting for intercontinental transportation in the 
H2SO4 roasting process, FJH-Cl2 can reduce the GWP by up to 82% 
from 30,800 to 5600 kg CO2 (Fig. 5B), and the TEA shows a reduction 
in OpEx of up to 81% from $4900 to $950 tonne−1 (Fig. 5, C and D).

DISCUSSION
Spodumene can be converted from the α-phase to the β-phase 
with only 30 s of FJH. An inexpensive arc welder can be used on a 

laboratory scale to facilitate this process. A FJH-Cl2 method was dem-
onstrated to separate Li with maximum purity of 97% and an average 
purity of 94%, as well as a maximum yield of 94% and an average yield 
of 90%. DFT calculations indicate that extracting Li from β-phase 
spodumene requires less energy, suggesting that spodumene converts 
first from the α-phase to the β-phase during the chlorination. LCA and 
TEA confirmed that the acid-free FJH-Cl2 method can greatly reduce 
the total energy consumption, capital and operating costs, water con-
sumption, and emissions compared to the industrial standard, H2SO4 
roasting. Capitalizing upon the differences in ΔGform of LiCl versus 
silicon and aluminum chlorides, these results showcase the FJH-Cl2 
method as an efficient and environmentally friendly process for Li 
separation from ores. Compared to the conventional capacitor-based 
Joule heating system, the continuous heating approach has huge po-
tential for broader applications beyond e-waste recycling (table S4). 
This rapid Li separation method permits local Li assets to be devel-
oped, lessening transportation and processing costs for renewable en-
ergy transitions. Although the Li process here was only on a laboratory 
scale, FJH has recently been demonstrated on the production scale of 
1 tonne day−1 for the conversion of inexpensive coal or coke into gra-
phene at ~3000°C (44), a temperature nearly twice that needed for LiCl 
separation. Hence, with optimization of reactor designs, this process 
serves as a harbinger for clean and large-scale Li separation.

MATERIALS AND METHODS
Materials
The carbon paper was purchased from FuelCellStore (Toray Carbon 
Paper 060). Bulk spodumene crystals were purchased from Empath-
MoonGems (Bulk Kunzite Spodumene Crystals), which are normally 

Fig. 4. DFT results for the delithiation energy of α-phase and β-phase spodumene. Side-view ball and stick model of α-phase spodumene before (A) and after 
(B) extracting 100% of Li. Red: O atoms; cyan: Al atoms; brown: Si atoms; violet: Li atoms. (C) Formation energy (Gibbs free energy) of delithiated α-phase spodumene at 
various temperatures and pressures. Side-view ball and stick model of β-phase spodumene before (D) and after (E) extracting 100% of Li. (F) Formation energy of phase 
transition from α-phase to β-phase spodumene followed by delithiation at various temperatures and pressures.
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sourced from one of the four locations: Afghanistan, Brazil, United 
States, or Madagascar (45). The spodumene sand was received from 
Australia. Both spodumene samples were ground into micrometer-
sized powder using a mortar and pestle and then sieved through 
meshes with pore sizes of 1000, 200, and 53 μm to obtain particles of 
corresponding sizes. Nitric acid (HNO3, 67 to 70 wt %, TraceMetal 
Grade, Fisher Chemical), hydrochloric acid (HCl, 37 wt %, 99.99%, 
trace metal basis, MilliporeSigma), hydrofluoric acid (HF, 48 wt %, 
99.99%, trace metal grade for ICP analysis, MilliporeSigma), and 
ultrapure water (MilliporeSigma, ACS reagent for ultratrace analy-
sis) were used for sample digestion. A Cl2 cylinder (MilliporeSigma, 
99.5%, 85 psi, 454 g) was used to supply the Cl2. Argon gas (Airgas, 
99.99%) was used to purge the system to remove moisture and air in 
the reaction chamber before the introduction of Cl2. The arc welder 
power supply used as a DEKOPRO DKUS-MMA-160A arc welder 
(Amazon, $120) (46). The arc welder displays a “current” setting on 
the screen ranging from 8 to 160. Although the arc welder dial set-
tings correspond to increasing current as they are turned higher, 
they are not an absolute current setting in amperes that matches 
with the dial setting number. The details of the FJH and FJH-Cl2 
system have been described previously (47).

Joule heating chlorination system
The Joule heating system comprises a power source, graphite rod, 
graphite block, and carbon paper. The power source is the commer-
cial arc welder, connected to the carbon paper via graphite rods and 
graphite blocks. The temperature of the carbon paper was measured 
using a Micro-Epsilon thermometer, CTM-3SF75H2-C and CTRM-
1H1SF100-C3. The former tests the temperature range between 200° 

and 1500°C, and the latter tests the temperature range between 1500° 
and 3000°C. The spodumene sample (50 mg) is spread evenly on the 
surface of carbon paper in a quartz tube and sealed at the ends of the 
tube with electrodes, an inlet chlorine gas line, and an outlet volatile 
gas line for unreacted chlorine. The quartz tube is conventionally 
2.54 cm in interior diameter and 20 cm long. The size of carbon pa-
per is usually 2 cm by 6 cm, and the resistance is 0.8 to 1.0 ohms. 
Argon gas (Airgas, 99.99%) is initially introduced into the chamber 
to purge the system atmosphere combined with a pumping system, 
and then chlorine gas (MilliporeSigma, 99.5%) is introduced into the 
reaction system. To eliminate the need to keep the Cl2 cylinder valve 
open continuously, a reservoir is positioned between the Cl2 cylinder 
and the gas pipeline, thereby reducing the risk of Cl2 release in case 
of system failure. A CGA-180 fitting with a PTFE O-ring ensures a 
secure seal. Stainless steel is used for both tubing and fittings. To neu-
tralize any unreacted Cl2, the outlet is connected to two absorption 
traps: one containing solid sodium hydroxide (NaOH) and the other 
containing an aqueous NaOH solution. The gas chromatography–
mass spectrometry (GC-MS) indicates that all the Cl2 was absorbed 
by the trap, and the only detected gas was Ar (fig. S37). The entire 
system is in a well-ventilated hood. Note that, when industrialized, 
the unreacted Cl2 can be easily recovered and reused (48, 49).

Characterization
XRD was performed by the Rigaku SmartLab system with filtered 
Cu Kα radiation (λ = 1.5406 Å). Raman spectra were acquired using 
a Renishaw Raman microscope (laser wavelength of 532 nm, laser 
power of 5 mW, 50 × lens). SEM images were obtained using an FEI 
Quanta 400 ESEM FEG system at 20 kV. EDS spectra and maps were 

Fig. 5. LCA and TEA results for Li separation by H2SO4 roasting versus FJH-Cl2 with (w/) or without (w/o) intercontinental transportation (transp.). Probability 
histograms for the (A) energy consumption in megajoules (MJ), (B) GWP in kilograms of carbon dioxide (kg CO2), and (C) processing cost in US dollars necessary to pro-
duce 1 tonne of Li. The higher the probability and narrower the plotted histogram, the more accurate the prediction. (D) Radar plot simultaneously comparing the five key 
variables associated with the FJH-Cl2 and industrial H2SO4 roasting processes to produce equal quantities of Li. For each Monte Carlo plot, N = 10,000 simulations.
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acquired using the same system equipped with an EDS detector. 
XPS was conducted using a PHI Quantera XPS system at a base 
pressure of 5 × 10−9 torr. Elemental spectra were obtained with a 
step size of 0.1 eV with a pass energy of 26 eV. All the XPS spectra 
were calibrated using the standard C 1s peak at 284.8 eV. The parti-
cle size distribution of the spodumene powder was measured using 
a combined laser diffraction and dynamic image analysis system 
with Bettersizer S3 Plus instrument and software V8.20.

ICP-MS measurement
Total digestion is used to analyze the element content in raw spodu-
mene. Fifty milligrams of raw samples was dissolved in a 5-ml solu-
tion of hydrochloric acid (HCl; 37 wt %, 99.99%, trace metal basis, 
MilliporeSigma), nitric acid (HNO3; 67 to 70 wt %, TraceMetal Grade, 
Fisher Chemical), and hydrofluoric acid (HF; 48 wt %, 99.99%, trace 
metal grade for ICP analysis, MilliporeSigma) with a volume ratio of 
3:1:1 and placed in an ultrasonic bath for 12 hours. The leaching 
experiment uses 30 mg of unreacted spodumene powder and 30 mg 
of FJH-treated powder in 5 ml of 1 M HCl for 6 hours at 90°C. For 
testing the volatile phase, the samples washed with deionized water 
are collected first, and then the supernatant is dissolved in 2 wt % 
dilute HNO3, which is then diluted to target concentrations for 
ICP-MS testing. The Periodic Table mix 1 (MilliporeSigma, 33 ele-
ments of Al, As, Ba, Be, Bi, B, Ca, Cd, Cs, Cr, Co, Cu, Ga, In, Fe, Pb, 
Li, Mg, Mn, Ni, P, K, Rb, Se, Si, Ag, Na, Sr, S, Te, Tl, V, and Zn; 
10 mg liter−1 each, in 10 wt % HNO3 containing HF traces) and 
Periodic Table mix 2 (MilliporeSigma, 17 elements of Au, Ge, Hf, Ir, 
Mo, Nb, Pd, Pt, Re, Rh, Ru, Sb, Sn, Ta, Ti, W, and Zr; 10 mg liter−1 
each, in 5% HF and 1% HCl containing HNO3 traces) were used as 
the standard solution.

DFT computational methods
We perform DFT (50) modeling of FJH-Cl2 delithiation of spodu-
mene (LiAlSi2O6) as expressed in the following reaction

where x = 0.5 and 1.0, respectively, for 50 and 100% of Li atoms be-
ing extracted out of spodumene. The Gibbs free energy (formation 
energy) of the reaction can be calculated following the equation

where Eproducts and Ereactants are the DFT total energy of all products 
and reactants according to their chemical formula and stoichio-
metric ratio, and μCl2 and μLiCl are the chemical potentials of Cl2 
and LiCl in gas phase. The chemical potential of Cl2 gas as a func-
tion of pressure p and temperature T can be calculated following 
the equation (51)

where the p0 = 1 atm , and the entropy S
(

T , p0
)

 , enthalpy H
(

T , p0
)

 
are taken from the thermochemical tables (52). For LiCl, the same 
method is used.

DFT methods are used as they are implemented in the Vienna 
ab initio simulation package (VASP) (53). A plane-wave expansion 
up to 520 eV is used in combination with an all-electron–like pro-
jector augmented wave (PAW) potential (54). Exchange-correlation 

is treated within the generalized gradient approximation (GGA) us-
ing the functional parameterized by Perdew-Burke-Ernzerhof (55). 
Periodic condition is applied to the supercell or unit cell of crystal 
structures, with Brillouin zone integration converging over Monkhorst-
Pack type mesh (56). In structure optimization using the conjugate-
gradient algorithm as implemented in VASP, both the positions of 
atoms and the size of unit cells are fully relaxed so that the maxi-
mum force on each atom is smaller than 0.01 eV/Å.

The α-spodumene and β-spodumene crystal structures (57) were 
modeled in supercells each having 4 Li atoms, 4 Al atoms, 8 Si at-
oms, and 24 O atoms. We found that the overall frameworks of α-
spodumene and β-spodumene remain to be stable except for slight 
deformation upon delithiation (see Fig. 4 and figs. S33 and S34, and 
the details of structural coordinates can be found in the data up-
loaded related to this paper). For the partially delithiated spodu-
mene Li(1−x)AlSi2O6 (x = 0.5), we searched the most energetically 
favorable structure in all possible configurations in which two of the 
four Li atoms in the original spodumene were removed. LiCl has an 
fcc (face-centered cubic) crystal structure with lattice constant of 
a = 2.574 Å, and the Cl2 molecule is optimized inside a vacuum box 
of 20 Å by 20 Å by 20 Å.

LCA and TEA
The TEA and LCA were performed using Life Cycle Inventory (LCI) 
data from the European Reference Life Cycle Database (ELCD) with 
the CML-IA baseline impact assessment in the OpenLCA software 
(58). If not available in the ELCD database, LCI data were cited from 
the representative literature. As a preliminary estimate or “Class 4” 
estimate, Monte Carlo simulations were performed for both process-
es with 10,000 iterations at a 70% confidence interval (± 30% trian-
gular distribution) for all variables according to the Association for 
the Advancement of Cost Estimating International (AACE Interna-
tional) (59). This nonamortized operating expense (OpEx) analysis 
was done to assess the necessary inputs to produce 1 tonne of Li from 
the FJH-Cl2 and industrial H2SO4 roasting processes. The data used 
to simulate the spodumene H2SO4 roasting process were collected 
from the literature (17–21) to compare with experimental variables 
for the FJH-Cl2 process. Data analysis from Monte Carlo simulations 
was performed with Microsoft Excel and Origin to plot the histo-
grams and radar plots. The input and output materials for both pro-
cesses are available in the attached Supplementary Materials; tables S5 
to S10 are posted at Zenodo (see Data and materials availability).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S37
Tables S1 to S4
Legends for tables S5 to S10
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