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Abstract
Electrochemical lithium intercalation has emerged as a promising direct lithium extraction (DLE) technology owing to its high lithium selectivity and avoidance of chemical usage. While geothermal brines are a rich source of lithium ions (Li+), they also have high concentrations of coexisting constituents, including Fe(II), Mn(II), and silica, which can form scaling layers on the electrode surface, thus presenting substantial challenges for Li+ extraction. This study systematically investigates the effects of Fe(II), Mn(II), and silica on Li+ extraction by lithium iron phosphate (LiFePO4, LFP) electrodes and the mechanisms underlying performance degradation. Through cycling experiments in impurity-laden solutions, we demonstrate that Fe(II) severely compromises LFP electrode performance, reducing capacity, Faradaic efficiency, and Li⁺/Na⁺ selectivity. This performance degradation is attributed to the formation of an iron (hydr)oxide scaling layer and the bonding of Fe²⁺ ions with oxygen atoms in the LFP lattice, leading to the accelerated reconstruction of the crystal structure. In contrast, Mn(II) and silica cause minimal performance loss despite contributing to scaling. Finally, we propose a cost-effective pretreatment method to remove Fe(II) from geothermal brines, extending LFP electrode lifespan while maintaining high Li⁺/Na⁺ selectivity. These findings provide critical insights for scaling mitigation in electrochemical lithium extraction from complex brine sources. 
Keywords: lithium iron phosphate, direct lithium extraction, geothermal brine, mineral scaling, electrochemical intercalation
Synopsis: This research investigates the impact of impurities (Na, Fe(II), Mn(II), silica) on lithium extraction from geothermal brines using lithium iron phosphate (LFP) electrodes. The findings clarify the underlying mechanisms and provide feasible solutions for enhancing electrode performance during direct lithium extraction.
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Introduction
[bookmark: _Hlk202442647][bookmark: _Hlk204793350]In recent years, the global demand for lithium has surged dramatically, driven by the rapid expansion of electric vehicle (EV) production and the growing need for renewable energy storage  1-3. According to market reports, the worldwide lithium market is expected to grow at a compound annual growth rate of 14.8 % from 2021 to 2028, reaching a projected value of USD 8.2 billion by 2028 4, 5. This heightened demand underscores the critical importance of efficient and sustainable lithium extraction techniques. Geothermal brines are particularly advantageous for lithium extraction due to their high lithium concentrations and wide availability 6-11. The brines in the developed portion of the Salton Sea Geothermal Field in California, distinct from the Salton Sea itself, contain an estimated 4.1 million metric tons of lithium as lithium carbonate equivalent (LCE), with the total resource in the extended geothermal reservoir reaching up to 18 million metric tons LCE–sufficient for over 375 million electric vehicle batteries 12. These brines offer the possibility of a more environmentally friendly lithium extraction avenue compared to traditional mining, as they utilize existing geothermal power infrastructure and lead to significantly lower carbon emissions and landscape disruption 13, 14. Advanced electrochemical methods, particularly those involving intercalation reaction, have emerged as promising technologies for extracting lithium from those brines 15-19. Electrochemical intercalation reaction is highly selective toward Li+, enabling the reversible uptake and release of Li+ within the electrode material 20, 16, 10. This method is entirely driven by electricity and therefore minimizes the use of chemicals and enhances the overall sustainability of the lithium extraction process. 
Lithium iron phosphate (LiFePO4, LFP) is a mineral of the olivine family, belonging to the polyanion class of cathode materials 21, 22. Since its development, LFP has become a key component in modern lithium-ion batteries (LIBs) 23-25. Its ability to reversibly intercalate Li+ (eq. 1), combined with excellent structural stability, safety, long cycle life, and a low energy barrier for Li+ migration, makes it a leading material for energy storage in LIBs 26-28. 

[bookmark: _Hlk204792794][bookmark: _Hlk203583977][bookmark: _Hlk202357898]Previous research has demonstrated the feasibility of direct lithium extraction using LFP electrodes via electrochemical intercalation 16, 29-31. Our recent report shows that an integrated system of electrochemical intercalation and bipolar electrodialysis achieves production of 99.5 % purity battery-grade lithium hydroxide (LiOH) from geothermal brines 32. While LFP-based electrochemical intercalation shows great promise for lithium extraction, its practical implementation faces significant challenges. A key limitation is the competing intercalation of other cations like Na⁺, which reduces the system’s lithium selectivity and overall efficiency. The synthetic Salton Sea Simbol Brine, selected for our lithium extraction process due to its high Li concentration (Table S1), contains high levels of Na+, K+ and Ca2+, along with notable presence of metal and metalloid impurities including Fe(II), Mn(II), and silica 33, 34. While previous research has shown that Na+ is the primary competitor ion to Li+ in the extraction process among the main interfering ions (Na+, K+, Mg2+ and Ca2+) 31, the effect of Fe(II), Mn(II) and silica have been overlooked. These impurities commonly found in geothermal brine are known for forming colloids and precipitates, which can deposit on the electrode surface, potentially causing material performance degradation.
This study addresses this critical knowledge gap by investigating the influence of Fe(II), Mn(II), and silica on Li+ direct extraction from geothermal brine. We employed a suite of electrochemical methods including cyclic voltammetry (CV), galvanostatic measurement, linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) to study the performance of LFP electrodes in these co-existing impurities. Specifically, we found that Fe(II) markedly reduces the capacity, Faradaic efficiency, and Li+ selectivity over Na+ of LFP electrodes. The predominant degradation mechanism is attributed to the formation of an iron (hydr)oxide scaling layer on the electrode surface, as well as the formation of bonds between Fe²⁺ ions and oxygen atoms in the LFP lattice, ultimately leading to the collapse of its crystal structure. Mn(II) and silica also cause surface scaling but have limited impact on electrode performance. This research seeks to enhance the understanding of ionic interactions in Li+ extraction processes and contributes to optimizing the efficiency of electrochemical intercalation techniques. This research is the first to systematically investigate the role of scale-forming species on the Li extraction performance of electrochemical intercalation, and will provide important insights into optimizing the efficiency of electrochemical lithium extraction from unconventional brines

Material and Methods
General. Certain equipment, instruments, software, or materials are identified in this paper in order to specify the experimental procedure adequately.  Such identification is not intended to imply recommendation or endorsement of any product or service by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
Preparation of the LFP electrode.  We prepared the LFP electrode on carbon cloth using drop casting, using LFP as the active material, polyvinylidene fluoride (PVDF) as the binder, and carbon black as the conductive additive.  Details regarding electrode fabrication are provided in Text S1 and Figure S1 of the Supporting Information.
Electrochemical Characterization of the LFP electrode. All the electrochemical operations were performed on a BioLogic VSP Potentiostat using a three-electrode system electrolytic cell at room temperature. The LFP electrode was first infiltrated with 1 M (mol/L) LiCl (aq) under a vacuum to ensure sufficient electrode wetting. A subsequent electrochemical delithiation step was performed to establish a controlled lithium-deficient state (LixFePO₄, x ≈ 0) prior to testing.  To achieve that, a positive constant current of 0.1 C (equivalent to 17 mA/g) was applied to the LFP working electrode coupled with a Pt counter electrode (Sigma) and an Ag/AgCl (3 M NaCl) reference electrode (BASi Research Product Inc, MF-2056) in a 1 M LiCl solution, until a cutoff voltage of 0.35 V vs Ag/AgCl is attained (setup details in Figure S2). 
For the Li extraction and cycling experiments, a series of solutions was prepared using deionized (DI) water (Millipore, Milli-Q, 18.2 MΩ cm resistivity): (a) 3 M NaCl, 30 mM LiCl, (referred to as Li/Na) (b) 3 M NaCl, 30 mM LiCl, 5 mM Na2SiO3 (Li/Na/Si), (c) 3 M NaCl, 30 mM LiCl, 5 mM Na2SiO3, 30 mM FeCl2 (Li/Na/Si/Fe), (d) 3 M NaCl, 30 mM LiCl, 5 mM Na2SiO3, 30 mM FeCl2, 30 mM MnCl2 (Li/Na/Si/Fe/Mn), (e) same composition as group (d), but further treated by aeration and pH adjustment to promote partial removal of iron via precipitation, the resulting solution was subsequently filtered to obtain the Fe-treated group, and (f) a blank group was included, with the solution composition identically to the Li/Na group but without applying electrical current. The electrodes in the blank group were soaked in the same solutions for the same duration to account for Na+ adsorption on the carbon-based porous electrode surface during lithiation. These concentrations are chosen to represent the impurity concentrations in Salton Sea geothermal brines (Table S1). It is worth noting that the Na2SiO3 concentration (5 mM) was higher than the solubility of amorphous silica (1.95 mM at 25°C, corresponding to ) 35, 36 at pH 5.5, therefore the solution is supersaturated with respect to amorphous silica. The LFP working electrode was paired with a carbon electrode and an Ag/AgCl (3 M NaCl) reference electrode for cyclic tests conducted in 100 mL for each solution, adjusted to pH 5.5 ± 0.1, using a constant current rate of ± 0.1 C. The lithiation process continued until the electrode reached the cut-off voltage of 0.35 V, corresponding to full capacity.
The lithiation and de-lithiation capacity retentions are calculated as follows:

[bookmark: _Hlk197976473][bookmark: _Hlk197976451] Cyclic voltammetry (CV) was performed to assess potential competitive redox reactions between Li+ and impurity ions (Na+, SiO32-, Fe2+, Mn2+) for intercalation sites in the LFP electrode. The CV test spanned from −0.2 V to 0.6 V (vs Ag/AgCl, 3 M NaCl) at a scanning rate of 0.1 mV/s, using an LFP working electrode in 1 M solutions of LiCl (control), NaCl, Na2SiO3, FeCl2, or MnCl2. Additionally, linear sweep voltammetry (LSV) was conducted to probe the ion diffusion process and reaction kinetics after the charge-discharge cycles. Details are provided in Text S2.
Electrochemical impedance spectroscopy (EIS) measurements were conducted after undergoing multiple cycles in environments with competing species. A constant potential of 0.08 V was applied, and the impedance spectra were recorded over a frequency range from 100 kHz to 100 mHz with an AC amplitude of 10 mV. Detailed calculations are provided in Text S3.
[bookmark: _Hlk203733584]Measurement of Li selectivity and Faradaic efficiency. After Li extraction process, the electrode was immersed DI water for 5 min, then placed in 5 mM LiCl solution to release Li+. Once the release process was complete, the variation in Li+ and other competing impurity concentrations was determined using inductively coupled plasma optical emission spectroscopy (Agilent Technologies 5800 ICP-OES; Agilent Technologies SPS 4 Autosampler) (see Text S4 for details). The Li+ and other individual metal concentration percentages in the release solution and Li+ selectivity over Na+ is calculated as follows.


 
where  and  represent the concentration of Li+ and impurity ions (M) in recovery solution respectively.   and  represent the concentration of Li+ and Na+ in feed solution respectively
The Faradaic efficiency is calculated as follows:

Where  is the amount of Li+ product, n is the number of electrons transferred per mole of product,   is the faraday constant, while  refer to the total charge supplied to the electrode during the lithium extraction process.
[bookmark: _Hlk195696676]Material Characterization. Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was used to characterize the morphology and elemental composition of the LFP electrodes after cycling.  X-ray diffraction (XRD) was used to examine the crystalline structure of the electrodes. Finally, X-ray photoelectron spectroscopy (XPS) was employed to identify the chemical composition of the surface scaling (see Text S5 for details). 

Results and Discussion
LFP Electrode Capacity Decay. We first investigated the capacity retention of the LFP electrodes in different solutions. The pre-delithiation process showed that all the LFP electrodes had capacities of around 140 mAh/g to 150 mAh/g (Figure S3), close to the theoretical capacity of 170 mAh/g. Given that the pH of the Salton Sea geothermal brine is around 5.5 32, the safe voltage window for preventing water splitting reaction ranges from −0.5 V to 0.7 V versus Ag/AgCl 32, theoretically avoiding oxygen evolution as a side reaction.
The lithiation capacity retention for all groups exhibits a consistent pattern (Figure 1A, 1B): a rapid decline during the first few cycles, followed by stabilization in the subsequent cycles. This initial drop in capacity can be attributed to an irreversible phase transition in the electrode material, which can trap Li+ within the electrode structure and thus reduce the amount of active Li+ available for subsequent cycles 37-39. Once these processes stabilize, the capacity stabilizes in the following cycles. We calculated the lithiation and delithiation capacity retention for subsequent cycles expressed as a ratio of the observed capacity to the pre-delithiation capacity. Few electrodes showed capacity retention exceeding 100 % (Figure 1A), which can be attributed to localized side reactions or non-Faradaic processes. Overall, the Li/Na group showed the best performance and stability, exhibiting a distinct and relatively flat plateau during the lithiation and delithiation process (Figure S4), while the addition of Si resulted in a slight decrease in the capacity. In contrast, the Fe-containing groups demonstrated severe capacity degradation, retaining less than 10% of their initial capacity after 10 cycles (Figure 1A). Notably, extensive and pronounced scaling was observed on the LFP electrode surface after cycling in the Fe(II) group (Figure 1C).
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[bookmark: _Ref172639418]Figure 1. (A) Capacity retention rate of LFP electrodes for Li capture process in each solution. (B) Capacity retention rate of LFP electrodes for Li release process. The initial pH of all solutions was adjusted to 5.5 prior to cycling experiments. Error bars represent standard deviation of replicate measurements (n = 2). (C) Post-cycling images of LFP electrodes in the Li/Na and Li/Na/Si/Fe groups. (D) Li+ selectivity over Na+. (E) The concentration ratios of released Li and other impurities from LFP electrodes at 10th cycle in various solutions, along with the corresponding Faradaic efficiencies.

[bookmark: _Hlk176344131]Li Selectivity and Faradaic Efficiency. We further investigated the effects of competing impurities on the Li+ selectivity and charge utilization efficiency of LFP electrodes. We conducted the selectivity test using a solution containing Li+, Na+, silica, Fe(II), and Mn(II) to simulate the components from Salton Sea geothermal brine (Table S1). A 5 mM LiCl solution was used for Li+ release to avoid excessively low conductivity of DI water, which could otherwise result in high operating voltages 32. 
The Li/Na group exhibited the highest selectivity, reaching 8.3×102 (Figure 1D), with Li concentration ratio approaching 90 % in the release solution, closely approximating the blank group (Figure 1E). This indicates that during the intercalation reaction, most of the ions involved are Li+, while the competing Na+ interact minimally with the host storage sites. The observed Na+ ions in the release solution are primarily those physically adsorbed onto the carbon cloth surface, rather than participating in the electrochemical intercalation reaction. In comparison, the selectivity of Li+ in silica, Fe(II), and Mn(II) groups are 3.4×102, 7.8×101, and 1.1×102 respectively, demonstrating a gradual decrease in selectivity, as the impurities were incrementally added. 
[bookmark: _Hlk196741836]The Faradaic efficiency of the LFP electrodes varies across the groups shown in Figure 1E. Faradaic efficiency is the ratio of the charge utilized for lithium intercalation to the total charge supplied to the system. Higher Faradaic efficiency signifies reduced charge loss due to side reactions and therefore enhanced efficiency of the electrochemical process. The Li/Na group showed the highest Faradaic efficiency, approaching 86 %, indicating that supplied charge was primarily utilized for Li extraction and release, with minimal charge consumed by side reactions and non-Faradaic processes. The Li/Na/Si group exhibited a slightly lower Faradaic efficiency of around 83 %. In contrast, the Faradaic efficiency for Fe-containing groups was significantly lower, with the Li/Na/Si/Fe/Mn group at around 78 % and the Li/Na/Si/Fe group at around 67 %. This decrease in Faradaic efficiency is attributed to additional side reactions, including the redox reactions of Fe(Ⅱ) in the presence of oxygen. Furthermore, mineral deposition formed scales on the LFP electrode, further contributing to the reduction in Faradaic efficiency by diverting current toward parasitic processes. 
[bookmark: _Hlk204077127][bookmark: _Hlk204077146]Influence of Competing Impurities on Intercalation Reaction. To investigate the intercalation reactions of various impurities on LFP electrodes, we conducted CV tests for each ion, focusing on their intercalation capabilities and the voltage ranges associated with these reactions, particularly the cathodic processes associated with intercalation reactions. The results revealed distinct intercalation behaviors for Li+ and Na+ on the LFP electrode. Specifically, the Li+ capture and release resulted in a symmetric redox peak, observing the lithiation potential at approximately  0.15 V versus Ag/AgCl, which is at 3.4 V versus Li/Li+, consistent with the reported value 40 (Figure 2A). The calculated theoretical potential (described in Text S6) for lithiation process under our condition is 0.06 V versus Ag/AgCl, which also aligns with our measurement as depicted in Figure S4 of the capacity-voltage plot. The Na+ group exhibited noticeable intercalation reactions occurring at voltages below −0.1 V versus Ag/AgCl (Figure 2B). A clear distinction exists between the intercalation potentials of Li+ and Na+, which can be leveraged to achieve Li+ selectivity: by establishing a cut-off voltage when applying a negative constant current, the reaction can be halted prior to reaching the intercalation voltage of Na+. The sodium metasilicate (Na2SiO3) group showed no significant additional reactions occurred compared to the NaCl solution, with Mn(II) group displayed negligible voltage change across the entire spectrum (Figure 2C, 2D). The Fe(Ⅱ) group exhibited a broad cathodic feature between 0.35 V and 0.4 V (Figure 2E), corresponding to the reduction process of  (standard reduction potential + 0.56 V vs. Ag/AgCl) 41, 42. The observed reduction onset is slightly more negative than the theoretical value, which may be attributed to overpotentials in the system. Since the oxidation of Fe(II) occurs during the positive electrode process, it would not directly compete with the lithiation process when the negative potential applied. The CV analysis indicates that none of the introduced impurities undergo intercalation into the LFP electrode.
(A)
(B)
(C)
(D)
(E)

[bookmark: _Ref198055304]Figure 2. Cyclic voltammograms of LFP electrodes in various solutions: (A) 1 M LiCl, (B) 1 M NaCl, (C) 1 M Na2SiO3, (D) 1 M FeCl2, and (E) 1 M MnCl2. The counter electrode used is a platinum sheet, with all potentials referenced to Ag/AgCl. The tests were conducted over a voltage range of −0.2 V to 0.6 V at a scanning rate of 0.1 mV/s. 

The preferential intercalation of Li⁺ over other metal cations in LFP is governed by a combination of thermodynamic and kinetic factors. Thermodynamically, ions undergo dehydration at the electrical double layer (EDL) before intercalation, and Li⁺ gains a significant advantage due to its lower hydration enthalpy (Table S3) compared to multivalent ions like Fe(Ⅱ) and Mn(Ⅱ). This difference in hydration energy provides the initial selectivity for Li⁺. As the metal ions diffuse into the crystalline iron phosphate (FePO₄) host, Li⁺ exhibits a more favorable electrochemical potential (Table S5), making it energetically more favorable for Li⁺ to intercalate into the LFP structure. Kinetically, the smaller ionic radius (Table S2) and lower migration energy barrier (Table S4) of Li⁺ allow it to more easily intercalate into the LFP electrode. The smaller size enables Li⁺ to fit efficiently into the interstitial sites of the crystal lattice, while the lower migration barrier facilitates faster diffusion through the material. These factors collectively contribute to a high affinity of Li⁺ for the LFP host material 28, 43, 44, 31.
[bookmark: _Hlk203583759][bookmark: _Hlk203655818]Mechanisms For Performance Decay of LFP Electrode in the Presence of Fe(II), Mn(II), and Silica. We hypothesize that the observed degradation in capacity and selectivity of LFP electrodes during cycling in the presence of impurities can be primarily attributed to two mechanisms, including (1) impurity-induced scaling reducing active surface area and hindering Li+ intercalation kinetics, and (2) structural degradation of the LFP crystal lattice.
[bookmark: _Hlk171181702]Hinderance of Interfacial Li+ Transport. To investigate the behavior and characteristics of Li+ in the system across different solutions, we conducted linear sweep voltammetry (LSV) tests to study ion diffusion. The Randles–Ševčík equation relates the peak current  to the scan rate ν, providing insights into the kinetics of electrochemical reactions 41:

where n is the number of electrodes per species reaction, A is the electroactive area of the electrode in cm2, D is the apparent diffusion coefficient of Li+ in cm2/s, and C is the concentration of Li+ in mol/cm3. 
We systematically examined ion diffusion during both lithiation and delithiation processes employing a range of gradient scan rates. The resulting peak currents (Figure S5) were obtained and analyzed through linear fitting, revealing a linear relationship between the peak current  and the square root of the scan rate  (Table S6, S7). The slope of these lines is used to calculate ion diffusion coefficients. The diffusion coefficient of Li+ in the Na/Li group is the highest at , in line with reported values of  obtained for Li+ diffusion in a 0.2 M salt concentration solution 45, 46. Upon introducing silica, this coefficient slightly decreased to , suggesting that silica has a limited impact on Li+ diffusion. In comparison, the addition of Fe(II) and Fe(II)/Mn(II) caused dramatic reductions in the diffusion coefficient to  and , respectively. The interfacial diffusion coefficients can be changed after interfacial fouling because the formation of a fouling layer increases the resistance to ion transport at the electrode–electrolyte interface. Target ions must first diffuse through the fouling layer before reaching the electrode surface, which adds an additional diffusion barrier. Within the fouling layer, ions no longer move in straight paths but instead follow more tortuous trajectories. This increases the effective diffusion path length and reduces the apparent diffusion rate across the interface, thereby lowering the interfacial diffusion coefficient 47, 48. This significant decrease suggests that Fe(II) severely hinders Li+ diffusion, potentially by forming a barrier layer on the electrode surface, thereby obstructing the diffusion pathways for Li+.
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[bookmark: _Ref172642708][bookmark: _Hlk203584622][bookmark: _Hlk203551674][bookmark: _Hlk203661169]Figure 3. SEM images showing (A) pristine LFP electrode, and the surface scaling deposits on LFP electrodes after 10 cycle tests in solutions of (C) Li/Na, (D) Li/Na/Si, (E) Li/Na/Si/Fe, and (F) Li/Na/Si/Fe/Mn. Images (A)(C)(D)(E)(F) were captured at a magnification of 150× under an accelerating voltage of 5 kV. (B) High-resolution image of the pristine electrode, showing LFP particles adhered to carbon cloth fibers at a magnification of 20000× under 5 kV. (G) (H) (I) (J) are EDS spectra showing the elemental composition at selected points on the LFP electrode surface in samples (A), (C), (D) and (E) respectively. (K) and (L) present X-ray photoelectron spectroscopy (XPS) spectra of Fe and O elements in the scaling layers formed on the surface of the LFP electrodes: (K) shows intensity plot of Fe in the binding energy range of 740 eV to 700 eV, with the fitting curves for Fe²⁺ and Fe³⁺. (L) shows intensity plot of O in the binding energy range of 544 eV to 526 eV, accompanied by the fitting curves for Fe²⁺ and Fe³⁺.

Reduction of Effective Electrode Surface Area. To substantiate the hindrance of Li+ diffusion at the solution-electrode interface caused by introduced impurities, we characterized the electrode surfaces post-cycling experiments using SEM. The SEM images reveal that the LFP particles are approximately 1 μm in size on average and are dispersedly adhered to the carbon fibers (Figure 3A, 3B). After approximately one week of cycling, the LFP electrode in the Li/Na and Li/Na/Si groups exhibited minimal solid residues (Figure 3C, 3D). It is noteworthy that trace amounts of solutes in the corresponding solutions can adsorb onto the surface of the carbon-based film and precipitate upon drying. EDS characterization (Figure 3G, 3H) revealed that the predominant elements on the Li/Na group surface were O, P, Fe, and C, consistent with the element composition of LFP and the carbon cloth substrate. Surface analysis of the Li/Na/Si group revealed scaling composed predominantly of Si and O, with minor Na and Cl contributions, confirming silica deposition on the LFP electrode surface. 
[bookmark: _Hlk204711525][bookmark: _Hlk182908864]The surfaces of the Fe-containing groups exhibited significantly more scaling deposits (Figure 3E, 3F) observed as extensive deposits surrounding the carbon fibers. EDS analysis further indicated that the scaling deposits on the surface mainly consisted of Fe and O (Figure 3I, 3J). When a constant current is applied, a voltage difference develops between the working electrode (WE) and counter electrode (CE), creating a temporary electric field. Simultaneously, Fe(II) in water exhibits a strong tendency to undergo precipitation, leading to the formation of colloidal iron hydroxide precipitates. These precipitates can then be influenced by the electric field, migrating toward the electrode and depositing as a layer of scaling deposits on its surface. This process consumes a portion of the charge supplied to the system, while the formation of the covering layer further hinders the diffusion of Li+ from electrolyte to the electrode for intercalation, significantly reducing the overall Faradaic efficiency of the Li/Na/Si/Fe group. Although Mn(II) can also form manganese hydroxide, their solubility () 49 is significantly higher than that of iron hydroxide (, ) 49, with more stringent conditions for precipitate formation typically requiring higher pH levels. As a result, the scaling-forming tendency of Mn(II) on the electrode surface is relatively lower. The introduction of Mn(II) increases the variety of ionic species in the system, potentially complicating the precipitation behavior. The presence of Mn(II) may compete with Fe(II), influencing the overall precipitation dynamics. As observed in the SEM images (Figure 3E, 3F), the electrode surface of the Li/Na/Si/Fe group exhibits larger aggregates of scaling deposits, whereas the Li/Na/Si/Fe/Mn group shows a more fragmented appearance. This observation explains why the scaling on the surface is less severe with the addition of Mn(II). 
After confirming that the fouling primarily consisted of iron oxide compounds, we employed XPS to analyze the oxidation states of Fe scaling on the electrode surface to assess whether redox reactions had occurred. The XPS analysis revealed the presence of Fe, with binding energies corresponding to Fe2+  and Fe3+  states at 711.9 eV and 713.9 eV (Figure 3K), respectively, consistent with values reported in the literature 50-52. The contribution at 725.7 eV and 728.3 eV are characteristic peaks due to Fe , and are associated with the main peaks of Fe , respectively. Two satellite peaks on the higher binding-energy side (717.0 eV and 731.0 eV) are observed, commonly associated with Fe3+. The ratio of Fe2+ to Fe3+ was determined by analyzing the peak areas, which showed that approximately one-quarter of the ferrous ions were oxidized to ferric ions in the solution, primarily due to the oxygen present in the solution and the continuous influx of atmospheric oxygen. Additionally, the O 1s binding energy at 531.6 eV (Figure 3L) indicated the presence of Fe(OH)2 species, as this binding energy is typically associated with surface-absorbed hydroxyl groups (O-H bonds) rather than the “lattice” oxygen found in metal oxides such as FeO or Fe2O3, which generally appear at lower binding energies around 503 eV 52-54.
Increase in Charge-Transfer Resistance and Interfacial Capacitance. We further employed electrochemical impedance spectroscopy (EIS) to investigate the lithium transport and intercalation processes in electrode-brine system. In this system, Li⁺ diffusion is governed by confined diffusion, limited by particle size and interstitial voids within the FePO₄ electrode. To better capture these dynamics, a modified diffusion element (RM) (Figure 4A, 4B, 4C) was employed to model the finite linear diffusion behavior observed during lithiation.
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[bookmark: _Ref179292356][bookmark: _Hlk204793083]Figure 4. (A) Crystal structure of LFP particles. (B) Schematic of the surface interaction between the LFP electrode and the electrolyte solution during the intercalation process. (C) Equivalent circuit model for the EIS results. (D) EIS test results for the LFP electrode after 10 cycles. The dashed lines indicate equivalent circuit model fitting. 

The Nyquist plot for this system (Figure 4D) consists of a high-frequency region on the left, representing the charge transfer process, and a low-frequency region on the right, corresponding to the diffusion process. The solution resistance (Table S8) derived from equivalent circuit fitting consistently decreased across groups: from 0.54 Ω in the Na/Li group to 0.41 Ω in the Li/Na/Si/Fe/Mn group. This reduction in solution resistance reflects an enhancement in electrolyte conductivity as more impurities were added to the solution.
The Li/Na/Si group exhibited significantly higher charge transfer resistance (Table S8) than all other groups, rising from 0.03 Ω in the Na/Li group to 0.05 Ω, nearly doubling the resistance. This rise in Rct reflects a limitation in reaction kinetics, indicating that the charge transfer at the electrode-electrolyte interface is slower. There is a notable increase in the diffusion impedance value (Table S8), demonstrating that the silica scaling on the electrode further restricts the diffusion of Li+ within the electrode, requiring more energy for Li+ to migrate through the electrode. This leads to decreased overall electrochemical performance in the Li/Na/Si group, resulting in lower efficiency and a slightly accelerating degradation of electrode capacity during lithiation.
While Fe(II) and Mn(II) introduction caused only modest changes in charge transfer resistance, their impact on interfacial capacitance revealed more significant effects. The observed capacitance increase (from 0.0036 F in Na/Li to 0.0048 F in Li/Na/Si/Fe/Mn groups) reflects enhanced electrical double-layer (EDL) formation, where ions (including Na⁺) accumulate in the scaling layers at the electrode interface. This competition between Na+ adsorption and Li+ intercalation can negatively affect the reaction rates and the availability of active electrode surfaces, ultimately influencing Li selectivity and capacity decay over time. The increase in capacitance following the addition of Fe(II) and Mn(II) is consistent with the pronounced scale formation revealed in SEM imaging (Figure 3).
Degradation of LFP Crystal Structure. To investigate the impact of impurities on the LFP crystal structure after cyclic tests, we conducted X-ray diffraction (XRD) analyses on each sample. The diffraction peak (Figure 5) positions of the LFP powder used in electrode fabrication align with those of the standard LFP spectrum. Notably, the carbon substrate exhibits a broad diffraction peak at about 25.7°, which closely overlaps with LFP’s (101) peak of LFP at 26.1°. The pristine LFP electrode exhibits diffraction peaks resulting from the superimposition of LFP and carbon substrate peaks.

[bookmark: _Ref179314100]Figure 5.  (A) XRD spectra of LFP standard (from ICSD, collCode: 18907), LFP Powder, Carbon substrate, Pristine LFP electrode, (B) XRD spectra of LFP electrode after cyclic tests in the solutions of Li/Na, Li/Na/Si, Li/Na/Si/Fe, and Li/Na/Si/Fe/Mn. (C) Time-resolved XRD spectra of LFP electrodes immersed in Li/Na/Si/Fe solution at lithiation times of 6, 16, 26, 36, and 50 hours. (D) (a) Side view of a Fe2+ cation (in blue color) adsorbed on the FePO4 [010] surface, implicitly solvated by water. The oxygen, phosphorus, and iron atoms are colored red, ochre, and pink, respectively. (b) Top view of the Fe2+/FePO4 adduct, which shows a potential oxygen vacancy site circled by a blue dotted line. That site was selected because it hosts the surface oxygen atom that is closest to the adsorbed Fe2+ cation, while not forming a chemical bond between them.

[bookmark: _Hlk204713960]After cycling in various solutions, the LFP electrode exhibits noticeable shifts and reduced intensities in the diffraction peaks. In the Li/Na and Li/Na/Si groups, the diffraction peaks below 40° are largely preserved, but the diffraction peak around 30° shifts slightly to higher angles, consistent with lattice contraction (Figure 5A, 5B). This is likely due to the Li+ being released after cycling, causing the unit cell to revert to a smaller volume. Additionally, the intensities of the main diffraction peaks in both groups decrease, suggesting that the crystal structure has experienced some degradation, partially transitioning to an amorphous state, which in turn results in diminished electrode capacity. In stark contrast, the Fe-containing groups exhibit near-total disappearance of LFP diffraction peaks, signaling crystalline structure collapse (Figure 5B). To investigate the progressive structural evolution during lithiation in the presence of Li/Na/Si/Fe-containing solutions, we collected the XRD spectra of LFP samples at multiple time points after the onset of cycling experiments (Figure 5C). The main LFP peaks at 20–21°, 25–26°, and 29–30° show a gradual decrease in intensity with increasing reaction time, and almost disappear after 50 hours, indicating a substantial loss of crystallinity. Concurrently, new peaks emerge and are assigned to NaCl (Figure 5C, Figure S6), suggesting that the original LFP phase may have undergone structural disruption. This degradation—consistent with the observed >90% capacity loss—confirms that Fe(II) and its (hydr)oxide derivatives progressively destroy the LFP framework during cycling, irreversibly disabling Li⁺ intercalation pathways. 
[bookmark: _Hlk203585221]It is well known that the surface reconstruction of an oxide compound can be induced by oxygen vacancy formation 55, which in turn can be modulated by its adsorbates 56. We further explore the effect of Fe2+ adsorption on the FePO4 slab via density functional theory (DFT) 57 simulations. Specifically, the surface normal of this 19.44252Åx19.8284Å slab is along the [010] crystalline direction, consisting of 384 atoms with a thickness of ~11Å (Figure 5D). Unless otherwise specified, all calculations were carried out by the CP2K open-source simulation package 58 with Goedecker-Tetter-Hutter (GTH) pseudopotentials 59, polarizable triple-zeta valence (TZVP) basis set 60, and hybrid Perdew-Ernzerhof-Burke (PBE0) exchange-correlation functional. To mimic the solvent effect in an aqueous solution, an implicit solvation model with a generalized periodic Poisson solver 61 was also adopted with a dielectric constant of 78.36. When an Fe2+ cation was placed on top of the FePO4 slab, three Fe-O bonds were readily formed through geometry optimization ((Figure 5D (a)), suggesting a strong adsorption due to electrostatics. Moreover, all oxygen atoms in the slab’s outermost layer are undercoordinated; each of them forms only two chemical bonds, one with phosphorus and the other with iron atoms. As a result, its vacancy formation energy, Evf, could be very sensitive to its local chemical environment change, particularly upon nearby Fe2+ adsorption. As shown in Figure 5D (b), the circled site has the shortest distance to the adsorbed Fe2+ cation among all surface oxygen atoms except for the one that is directly bonded to it. Therefore, we evaluated the circled vacancy site’s formation energy, Evf, with and without the presence of the adsorbed Fe2+ cation, using the following formula 62:

Where , , and  are the energies of the defective slab, pristine slab, and O2 molecule, respectively. It was found that Evf decreases significantly from 0.794 eV to 0.048 eV, suggesting facilitated formation of oxygen vacancy sites on the FePO4 slab upon its adsorption of Fe2+. For reference, the thermal energy, kT, is approximately 0.026 eV at room temperature. Therefore, an accelerated surface reconstruction on FePO4 is expected during its charging/discharging cycles if Fe2+ is present in the electrolytes.   
Removal of Fe(II) via Aeration to Enhance Electrode Stability. Our findings highlight the significant negative impact of scale formation by Fe(II) on the electrode, emphasizing the critical need for geothermal brine pretreatment prior to lithium extraction. Previous research has demonstrated that iron removal is commonly achieved through aeration, such as using cascade aerators 63-65. This method offers advantages of low maintenance costs, rapid oxidation, and efficient iron removal. The underlying principle involves oxygen in the air reacting with ferrous iron (Fe²⁺) to form solid ferric hydroxide flocs, which can then settle or be filtered out.
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(B)
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(D)
(E)
All ions
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[bookmark: _Ref198055061]Figure 6. (A) Bar chart of impurities ion removal through aeration and pH adjustment under different treatment conditions. Initial condition (0 h) without aeration or pH adjustment; Aeration for 2 h; Aeration for 2 h and pH adjusted to 8; Aeration for 4 h and pH adjusted to 8. (B) images of solutions before and after Fe removal. (C) Capacity retention rate of LFP electrodes for Li capture process in each solution. (D) Li+ selectivity over Na+. (E) The concentration ratios of released Li to other impurities in each solution, along with the corresponding Faradaic efficiencies.

Figure 6A demonstrates impurity removal via aeration under varying pH conditions. Initial aeration (2 h, pH 5.5) showed minimal Fe(II) and Mn(II) reduction (<10%), consistent with thermodynamic limitations for their hydroxide precipitation at acidic pH. However, pH adjustment to 8.0 enabled ∼90% Fe(II) removal, with marginal improvement after extended aeration (4 h total), suggesting rapid oxidation kinetics at neutral-alkaline conditions. Mn(II) removal remained suboptimal (∼30%) even at pH 8, as its hydroxide requires strongly alkaline conditions (pH ≥10) for efficient precipitation. Crucially, Li⁺ concentrations remained almost unchanged throughout, confirming selective impurity removal without compromising lithium recovery efficiency.
[bookmark: _Hlk204079678]To elucidate the role of Fe and Mn ions, we performed electrochemical tests in the pre-treated solutions, in which most of the Fe ions were removed (see Figure 6B for visual comparison) while the concentrations of Mn and Li ions remained largely unchanged. The capacity retention (Figure 6C) showed a substantial recovery, reaching a level comparable to that of Li/Na group, indicating that Fe(II) ions played a major role in suppressing the electrode performance. Notably, the fluctuations in Fe removal efficiency during the Fe-treatment process led to variation in residual Fe content, which strongly influenced the rate of capacity fading (Figure S7). As a result, the Fe-treated group exhibited relatively large error bars, reflecting this sensitivity. This issue could potentially be mitigated by increasing the overall solution volume and applying more controlled aeration using glass frits, which could enhance the stability and consistency of Fe removal. The Fe-treated group exhibited a significant recovery in Li⁺ selectivity (Figure 6D), with minimal visible scaling observed on the electrode surface. The Faradaic efficiency (Figure 6E) also showed a moderate recovery, indicating a reduction in parasitic reactions. However, it did not reach the optimal level observed in the Li/Na group, suggesting that minor residual scales on the electrode surface may still persist. 
	Implications for Electrochemical Lithium Extraction from Geothermal Brines. This study comprehensively investigates the impact of commonly present impurities (Na+, Fe(II), Mn(II), and silica) in geothermal brine on lithium extraction in an electrochemical intercalation system. By examining ion diffusion, electrode morphology, and the LFP crystal structure, we uncover the underlying mechanisms by which these impurities influence lithium extraction efficiency, electrode capacity, and structure stability. Notably, the presence of Fe(II) induces severe electrode surface scaling, and Fe(II) forms bonds with oxygen atoms in the LFP lattice, gradually destabilizing and collapsing the crystal structure. This highlights the critical need for pretreatment steps to remove Fe before initiating electrochemical intercalation. In contrast, Mn(II) and silica also contribute to surface scaling but exert relatively limited effects on overall electrode performance. Furthermore, our experiments revealed no significant synergistic effects between Fe(II), Mn(II), and silica in either electrode scaling formation or electrochemical performance degradation.
[bookmark: _Hlk204086470]A further challenge lies in the intrinsic stability of the electrode material in brines. Compared to its typical cycle life of >1000 cycles in organic electrolytes as used in lithium-ion batteries, LFP exhibits reduced longevity in aqueous systems, particularly under the complex chemical environment of geothermal brines, where side reactions are more prevalent. These side reactions can compromise the crystal structure, posing a serious risk to long-term electrode integrity. Despite these challenges, electrochemical intercalation remains a promising strategy for direct lithium extraction, offering advantages in high selectivity, system simplicity, and low chemical input. Ensuring long-term electrode and system stability, particularly under harsh brine conditions, remains a critical direction for future research.
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