New magnetic resonance and computational methods to study crossover reactions in Li-air and redox-flow batteries using TEMPO
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ABSTRACT 
[bookmark: _Hlk80223066]Redox-active molecules or ions are important in a variety of electrochemical energy storage systems. In lithium-air batteries (LABs), redox active mediators are added as soluble catalysts that mitigate (dis)charge overpotentials as well as promote solution-phase reactions that improve the capacity and cycle life of a cell. Redox flow batteries (RFBs) are dependent on the dissolved species to carry and store charge. In both of these systems, crossover phenomena, whereby the redox-active species in solution diffuse from one side of the cell to the other, result in capacity loss. Here, we report a technique to monitor crossover reactions in lithium-air batteries and redox-flow batteries, exploiting methodology previously developed to monitor radical formation in redox flow batteries. In this technique, radical concentrations are directly quantified operando by flowing an electrolyte solution containing 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) through nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) spectrometers. We apply this to Li-TEMPO flow batteries and find the coulombic efficiency is only 50%; 50% of the oxidized TEMPO radical, TEMPO+, formed at the cathode, crosses over to the anode where it is reduced, regenerating TEMPO. Numerical modelling simulations of static systems cannot capture the extent of redox shuttling seen experimentally unless extremely fast diffusion of TEMPO and TEMPO+ is assumed in 1D models or convection is included in 2D models, confirming that redox shuttling is enhanced significantly by flow. Finally, we tested Nafion membranes in both flow cells and static LABs and found that the membrane limited crossover of TEMPO and TEMPO+ by factors of ~15x and ~7x respectively.


INTRODUCTION
	Next-generation battery chemistries are an extremely active area of research, the work being motivated by growing demand for high performance energy storage devices, which are cheaper, use more sustainable materials, have higher energy densities, and can be scaled to sizes relevant for grid scale storage.1–3 Each of these technologies comes with its own challenges, which need to be overcome to realize a practical device. In this work, we develop a new in situ metrology to explore crossover effects and redox shuttles, challenges relevant to two next-generation technologies, lithium-air batteries and non-aqueous redox flow batteries.
The lithium-air battery (LAB) is the only battery system that promises energy densities comparable to fossil fuels, yet there are many challenges to be overcome.2,3 In a typical LAB during discharge, lithium metal is oxidized at the anode, forming Li+ ions that diffuse to the porous cathode and react with oxygen gas, where the O2 is (reversibly) reduced to form solid lithium peroxide, Li2O2. However, the electronically insulating Li2O2 phase that forms and deposits on the cathode prevents electron transport, inhibiting further reduction of O2, and eventually limiting the discharge capacity of a LAB. During charge, the insulating Li2O2 causes an increase in the potential during galvanostatic oxidation, driving side reactions, such as electrode degradation.2,3
One promising method for removing the solid lithium peroxide deposits at lower potentials on charge is to employ solution phase redox mediators (RMs), also termed soluble catalysts.4 These catalysts undergo electron transfer at the electrode, then diffuse to, and chemically oxidize the Li2O2 deposits, pinning the charge voltage at the redox potential of the mediator.5 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) is commonly used as a mediator in organic synthesis during the oxidation of alcohols into ketones, and therefore a suitable candidate as a charge redox mediator in LABs.6,7 TEMPO was first demonstrated as an oxidation mediator in LABs by Bergner et al.5 
A second next-generation technology, and one that is inherently scalable, is an organic redox flow battery (RFB). These batteries are widely studied for grid-level energy storage, in order to address the intermittency of renewable energy sources, such as solar and wind. However, they face challenges with degradation of solution species, self-discharge, and low energy densities.8–10 Hybrid-semi flow designs have also been studied, which enable higher voltages by using a Li metal anode and flowing non-aqueous catholyte.9,11 Of relevance to this work, the hybrid flow design has been applied to LABs,12 and many of the molecules (or ions) and their derivatives proposed as RMs in LABs have also been considered as redox active molecules (catholytes or anolytes) in RFBs.13 For example, TEMPO can be employed as the catholyte charge carrying species in aqueous and non-aqueous RFBs and hybrid flow batteries.8,11,14
[bookmark: _Hlk88049660]In both RFBs and LABs, mass transport of redox active species is crucial to rate capabilities and overall performance, as shown experimentally and computationally.12,15–18 One problem in these systems, however, is that the mobility of the redox active species also leads to crossover from anode to cathode or vice versa, and the effect of mass transport on this crossover is rarely explicitly discussed. Crossover creates major challenges by limiting the capacity per cycle and promoting self-discharge via redox shuttle mechanisms.19,20 The Li metal solid electrolyte interphase (SEI) can also be significantly altered when Li metal is used as an anode.21,22 Development of selective membranes to prevent crossover in non-aqueous systems remains a major area of research:10,23–26 critically, the absence of effective and commercially available membranes for non-aqueous systems necessitates new methodologies that allow detailed studies into crossover rates and reactions.
Previous reports on crossover reactions in RFBs and their membranes utilized diffusion experiments, capacity fade during cycling, as well as diffusion and permeability modeling.19,23,26,27 In LABs, crossover studies have focused on the effects of atmospheric gases and RMs on the Li anode by studying electrochemical performance and ex-situ characterization of the SEI.21,22 In this work, we introduce a new methodology to observe redox behavior and crossover reactions in a Li-air flow battery connected to electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spectrometers. TEMPO is directly detectable via EPR,28 while also affecting the NMR spectra by inducing bulk magnetic susceptibility (BMS) shifts,29 which arise from the magnetic fields caused by partial alignment of the paramagnetic species in a static magnetic field.29 Both of these spectroscopic techniques have been used to study radical concentrations in solution,30–33 during electrochemical cycling. 
We study the extent of TEMPO redox shuttling by comparing the total charge passed during electrochemical oxidation/reduction and the change in radical concentrations measured via in-situ magnetic resonance. We first show the radical concentration changes measured by EPR and NMR clearly deviate from that expected from the electrochemistry (and total charge passed). We ascribe this mismatch to redox shuttling, where oxidized TEMPO migrates to the counter electrode and is reduced back to TEMPO. Both 1 and 2-dimensional (1D and 2D) diffusion models are then used to investigate the mass transport effects on the extent of redox shuttling. Both the experimental and modeling results indicate that capacity is lost via self-reduction of redox active species that have migrated from the cathode to the anode. Finally, we tested the efficacy of a lithiated Nafion (Li-Nafion) membrane in mitigating the crossover of TEMPO and TEMPO+ species using the flow set-up with in-situ magnetic resonance measurements as well as assembling LABs with these membranes. We found that at short time scales the Li-Nafion mitigated, but did not completely prevent, crossover of both TEMPO and its cation.
EXPERIMENTAL METHODS
Materials. Lithium bis (trifluoromethyl) sulfonylimide (LiTFSI) was sourced from Sigma Aldrich. Prior to use, LiTFSI was dried under vacuum at 120° C for 12 hours. Diethylgylcolmethyl ether (diglyme) was purchased from Acros Organic. Diglyme was refluxed under Ar with sodium metal, then distilled, and finally stored in an Ar-filled glovebox over molecular sieves. Carbon electrodes, Sigracet 39BC, comprising of carbon fiber paper coated with microporous carbon were purchased from FuelCellStore. Electrodes were cut into 0.5 cm2 discs or 1 cm2 squares, rinsed in EtOH, and dried under vacuum at 120° C for 12 h. Borosilicate glass fiber (GF) separators from Whatman, were used. Lithium metal, 99.5%, was purchased from LTS Research, and stored in an Ar-filled glovebox. 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) radical, 98% purity, was purchased from Alfa Aesar and used as is. Lithium iron phosphate (LFP) was purchased from MTI corporation. 
	The membranes used were either Celgard 3501, or Li-Nafion. Celgard membranes were rinsed in EtOH and dried in a 60° C oven prior to use. Nafion 212 membranes, were purchased from Sigma Aldrich. Lithiated membranes were prepared following procedures outlined in literature:34 the Nafion was heated in 1M LiOH aqueous solution for 8 h at 80° C in a water bath, followed by rinsing for 30 min in distilled water, then drying under vacuum at 80° C overnight before storing in the glovebox. Prior to use in cells, the Li-Nafion was soaked in electrolyte for 12 h.
	Battery assembly. Electrolyte solutions were prepared in an Ar-filled glove box. The electrolytes used were 0.25 M LiTFSI in diglyme with or without 25 mM TEMPO. In Swagelok cells, 75 μL was used for cells with one separator and 100 μL was used for cells with 2 separators. In flow cells, 25 mL of electrolyte was used. All cells were assembled in an Ar-filled glovebox. 
Swagelok cells were assembled using carbon cathodes, borosilicate glass fiber separators, Li metal, or LFP in order to minimize parasitic reactions caused by Li metal. De-lithiated LFP was first obtained by electrochemical oxidation of LFP assembled into a Swagelok cell (Li anode). After cell assembly in the glovebox, the cells were connected to a O2 gas filling station via Swagelok connections. The gas volume in each cell was measured by a mass flow controller. Operando pressure measurements were performed using a pressure transducer connected to the Swagelok cells. Pressure changes were measured during electrochemical cycling, then converted to moles of gas consumed/evolved using the known volumes and the ideal gas law:
[1] 
where V is the volume of gas the cell body, 8.024 cm3, R is the universal gas constant, and T is the temperature.
For flow cells, stainless steel and graphite current collectors were used for the delithiated LFP anode and carbon cathode, respectively. The graphite current collector was etched with interdigitated flow fields to allow electrolyte flow. Polytetrafluoroethylene (PTFE) seals were used to prevent electrolyte leakage (see SI). A Suba-Seal rubber stopper was used to seal the electrolyte reservoir (see SI). The cell was assembled and bolted to 2N-m force using a torque wrench. Perfluoroalkoxy (PFA) tubing, 1/16-inch outer diameter, was used to connect the cell to spectrometers and electrolyte reservoir. MasterFlex tubing 77202-60 #14 Chem Bio was used with the peristaltic pump. The tubing used may be permeable to water and other gases, however the experiments were run for less than two days and the amount of contamination due to permeation through the tubing should be low. A non-aqueous redox flow cell design was reproduced following specifications from Milshtein et al.35 For a hybrid-flow, instead of flowing both anolyte and catholyte, only the catholyte was flowed and a PTFE seal was placed on the Li anode side.
Online NMR and EPR set-up. The online flow-through design is discussed in detail in previous reports.32,33 NMR measurements were performed using a Bruker 300 MHz Advance III Spectrometer, with MRI probe and a custom flow-through NMR sampling tube. EPR measurements were performed using Magnettech 5000 benchtop EPR, with a flow-through quartz tube. Electrolyte was pumped from a glass reservoir into the cell, then from the cell to the EPR, then to the NMR, and finally back into the reservoir (figure 1). A peristaltic pump, MasterFlex L/S 0755020, was set to 20 rpm, resulting in a flow rate of ~ 0.06 cm3 s−1. The flow rates used in the experiment give a Reynolds number of ~3, indicating that we are in the laminar flow regime (Re < 2000). All measurements were performed under inert atmosphere. 
Pseudo 2D-NMR experiments were performed with single 4.5° pulse excitations. The pulse length was 1μs. Such a small tip angle was used to avoid the saturation of the NMR receiver since a non-deuterated solvent was used. The signals from the solvent molecules were being tracked so as to determine their 1H chemical shifts, and a small tip angle is sufficient for their excitation. The acquisition time and recycle delays were 0.165 s and 5 s, respectively. Number of scans was 16, giving the total acquisition time per spectrum as 82.6 s (16 × 5.165 s). 
The X-band EPR measurements were performed using a microwave power of 0.1 mW microwave power, 9.47 GHz microwave frequency, 0.01 mT modulation, the field was swept from 330 to 345 mT, and the sweep time was 60 s.
Battery cycling. Electrochemical cycling was performed using either a portable Biologic SP 150 potentiostat and EC-lab software or Ivium potentiostat and software. For potentiostatic cycling, voltages of 3.8 V, 4.0 V, or 4.2 V versus Li/Li+ was applied to oxidize TEMPO radicals and 3.0 V was applied to reduce the TEMPO+ cation back to TEMPO radical. For galvanostatic Swagelok static cell experiments, currents of 50 μA cm−2 were applied.
Radical concentration calculations. The double integral of the EPR spectra is directly proportional to the concentration of spins. The conversion equation is as follows:36 
[2] 
where DI is the double integral of the EPR spectra, Cns is a constant including the normalized spectrometer settings, P is the microwave power, Bm is the modulation amplitude, Q is the resonator quality factor, kB is the Boltzmann constant, S is the electron spin, V is the sample volume, and f(B1,Bm) is the spatial distribution of microwave magnetic field and modulation amplitude. By measuring EPR spectra for samples of known concentrations, the linear relation between DI and Cns can be established (SI). Substituting in the constants and the Cns value from calibration, the spin concentrations can be calculated from the EPR double integrals in experiment. 
Using Evans' method, shifts in the in the proton peak positions caused by paramagnetic species in solution can be accurately related to concentration of the species.30 The change in solvent chemical shift can be related to the magnetic susceptibility, which is calculated by the molar paramagnetic susceptibility and molar volume of radicals. The molar paramagnetic susceptibility can be calculated by:
[3] 
where Crad is the concentration of radicals, kB is the Boltzmann constant, T is temperature, NA is Avogadro’s number, β is the Bohr magnetron, S is the total spin quantum number (1/2 for an unpaired electron), and Δδs is the change in chemical shift. Combining equations and simplifying all the constants yields a simple scaling factor that converts the change in chemical shift, in ppm, to radical concentration, in mM, by a factor of 183.33.32
Computational Modeling. All 1D diffusion modeling was performed on Matlab R2019b. Schematics of the computational domains and governing mass transport equation for the 1D models can be found in the SI. The electrode and separator domains were discretized into 200-300 points, with the exception of the model with low mass transport (which required 800 mesh points in the separator). At each timestep, the TEMPO redox reactions were calculated either under galvanostatic or potentiostatic conditions. TEMPO redox reactions were assumed to be the sole contributor to current for galvanostatic models. For potentiostatic models, the rate of TEMPO oxidation reactions at the cathode and self-reduction reactions at the anode were calculated using equations 4 and 5:
[4] 
[5] 
where k0 is the heterogeneous electron transfer coefficient, Eapp is the applied potential, and E0 is the standard potential.37
Concentration gradients were then calculated for each mesh point in the electrode and separator domains. Subsequently, diffusive flux was calculated using Fickian diffusion for solution species in the dilute limit and assuming a geometric effect of the tortuosity and porosity on effective diffusion (captured via the Bruggeman relation)38. The concentrations were updated at each point, where each mesh point corresponds to a volume of 1×10−4 cm3.
Open-circuit voltage models were performed following similar methods to the potentiostatic models. The potential was then calculated from the concentrations via the Nernst equation:
[6] 
where E is the potential, E0 is the equilibrium potential of TEMPO/TEMPO+ (3.76 V vs Li/Li+),5 R is the universal gas constant, T is temperature, n is the number of moles of electrons involved in the redox reaction, F is Faraday’s constant, [red] is the concentration of the reduced species, and [ox] is the concentration of oxidized species.
For the 2D model, a 2D flow field across the cathode and separator cross sectional areas is first calculated based on the flow rate being simulated. TEMPO and TEMPO+ concentrations are then calculated for each mesh point. Equations used to calculate the reaction rates are the same as those used in the 1D model, while the mass transport is modeled according to the convection-diffusion equation: 
[7] 
where u is a 2D vector,  describing the flow at each mesh point. Further details are included in the SI. 
Initial parameter values input into the 1D and 2D models can be found in the SI (Table S2, figure S9). 
RESULTS
Online NMR and EPR measurement during potentiostatic cycling of TEMPO
[image: ]
Figure 1. Schematic of the Li-TEMPO battery and electrolyte flow pathway. The electrolyte (0.25 M LiTFSI in diglyme with 25 mM TEMPO) is pumped from the reservoir into the cell then out from the cell consecutively to the EPR and NMR spectrometers.
A Li-TEMPO battery was assembled (figure 1) and cycled under potentiostatic conditions. De-lithiated lithium iron phosphate, FePO4, was used as the counter electrode in order to limit the effect of SEI reactions (and TEMPO decomposition at low potentials) on the experimental results. Lithium metal was used as the reference electrode and a porous carbon gas diffusion layer was used as the cathode. The electrolyte was flowed from the cell through the NMR and EPR spectrometers, enabling online measurements during electrochemical cycling (figure 1). The cells were cycled in an Ar environment so as to investigate TEMPO redox reactions without the influence of O2. The theoretical redox potential for TEMPO is 3.76 V vs Li/Li+ (0.31 V vs LiFePO4/ FePO4).5 During TEMPO oxidation, a constant voltage of 3.8 V vs Li/Li+ (0.35 V vs LFP/FP) was applied at the cathode for 10 h and TEMPO is oxidized to the TEMPO+ cation at the cathode (figure 2a), while Li+ ions are intercalated into the FePO4 anode and forming LiFePO4 (LFP). During TEMPO+ reduction, a voltage of 3.0 V vs. Li/Li+ was applied to reduce TEMPO+ back into TEMPO radical at the cathode, and the LFP anode is delithiated. This 3.0 V voltage hold ensures a higher overpotential for reduction (0.76 V overpotential is applied on reduction as opposed to a 0.04 V overpotential applied on oxidation), with the aim to drive the reduction to completion (i.e., to ensure all the TEMPO+ species are reduced back into TEMPO and the TEMPO concentration reaches its initial value before the next cycle).
[image: ]Figure 2. a) Molecular structure of TEMPO radical and the corresponding oxidized species, the oxoammonium cation, TEMPO+. b) EPR and c) NMR spectra evolution over time and d) current profile during the 3.8 V vs Li/Li+ voltage hold. e) Radical concentrations calculated from the EPR absorption (blue), NMR BMS shift (red), and capacity (pink), plotted alongside the applied voltages vs Li/Li+ (black).
Figure 2b shows the EPR spectra collected during constant voltage (at 3.8 V vs Li/Li+) oxidation of TEMPO. The unpaired electron resides mainly on the nitrogen and oxygen atoms, and is protected by methyl groups from chemical reduction and decomposition into nitrone, making it a stable radical (figure 2a).28 The three observed peaks are characteristic of the hyperfine splitting caused by the nitrogen (spin = 1) nuclei in nitroxyl radicals.28 The peak width decreases with time, which is ascribed to a decrease in both spin exchange as well as dipolar interactions between cations and radicals,31 as the TEMPO concentration decreases. Integrating the EPR spectra gives the absorption signal, which is clearly seen to decrease over time (figure S1). The integral of the absorption spectra is directly proportional to the TEMPO concentration, as fitted by using a calibration curve (see figure S2 for details).
Three 1H peaks are seen in the NMR spectra (figure 2c), which are assigned to the diglyme solvent peaks as non-deuterated diglyme was used. The TEMPO radical is not directly observed under the conditions used here. Nonetheless, the TEMPO concentration can be inferred indirectly by monitoring the peak shifts caused by changes in the BMS as the radical concentrations evolve during the electrochemistry, using the Evans’ method (see experimental methods).30 The line broadening of the NMR solvent peaks also decreases with decreasing radical concentration, as expected with changing concentrations of paramagnetic species in solution (figure S3).
Thus, from both the EPR spectra integrals and BMS shifts, the radical calculations can be monitored during cell operation and compared to the total charge passed, where the total charge, in mAh, was calculated by integrating the current profile (figure 2d) over time. Charge was then converted into TEMPO radical concentration (figure 2e), assuming TEMPO redox reactions were the only contributors to current (i.e., 100% coulombic efficiency) and using a stoichiometric conversion of one mole e− per mole of TEMPO (figure 2a). This calculation is useful as it allows us to compare the theoretical concentrations of TEMPO in the solution based on the current flow with those obtained via the EPR and NMR quantification methods.
[bookmark: _Hlk86923377]The changes in radical concentration measured via EPR and NMR are consistent with the expected redox reactions, where at potentials above the redox potential of TEMPO, the radical concentration decreases as the TEMPO is oxidized to TEMPO+, and at potentials below that of TEMPO redox potential, the radical concentration increases as TEMPO+ is reduced and TEMPO radicals are regenerated, (figure 2e). There is, however, an apparent mismatch between the amount of charge passed and the measured radical concentrations from EPR and NMR spectroscopy. Due to the reversibility of the TEMPO redox reaction, as shown by the recovery of TEMPO after the reduction steps (figure 2e, table S1), and the lack of detectable amounts of impurities or degradation products in the electrolyte (figure S4), we propose that the mismatch between total charge and measured radical concentrations can be explained by rapid redox shuttling of the TEMPO+ and a large self-reduction rate at the counter electrode, which regenerates the TEMPO radicals. 
The changes in the current when a constant voltage is applied (chronoamperometry) also provides information on concentration and mass transport.39 The application of overpotential causes a current spike due to initial redox reactions that occur quickly on the electrode surface. The surface species are then rapidly consumed when sufficient overpotentials are applied and the current decays toward zero, indicative of a diffusion limit, where the diffusion rate of reactants from the bulk electrolyte cannot keep up with the electron transfer at the electrode surface.39 Interestingly, after the initial current peak, the current plateaus (figure 2d) rather than decaying as expected in static chronoamperometry experiments (figure S5). This indicates that a diffusion limit is not reached; instead, it suggests that a constant supply of reactants is reaching the electrode at rates comparable to the oxidation reaction rate. In part this is due to the flow set-up, where ‘fresh’ electrolyte containing TEMPO is continually transported to the electrode for oxidation, enhancing the mass transport and preventing the current from quickly decaying to zero, as seen in figure 2d. However, once all the TEMPO in the tubing and reservoir has been oxidized into TEMPO+, the oxidation current is again expected to approach zero. This decrease in current is not observed even after long voltage holds (figure S6), and further supports the radical quantification data (figure 2e) which showed that the TEMPO was not being continuously depleted on oxidation but was being regenerated elsewhere in the cell. In other words, increasing mass transport in LABs/RFBs, as achieved here by using a flow cell, also results in increased crossover of redox active species in solution. 
Modelling crossover (i) during constant voltage oxidation 
[image: ]Figure 3. a) Simulated TEMPO and b) TEMPO+ concentrations as a function of distance across the cathode, separator, and anode domains shown after the first 30 s of a constant voltage hold at 3.8 V vs Li/Li+ (0.35 V vs LFP/FP), c) TEMPO+ concentration at the anode surface as a function of time during constant voltage oxidation, d) simulated current profiles during constant voltage oxidation, and (inset) fraction of the current resulting in self-reduction at the anode. Reaction rate constant:diffusion coefficient ratios of 1:0.5, 1:1, and 1:2, were used, where a 1:0.5 ratio (blue trace) corresponds to a diffusion coefficient value that is half that of the redox reaction rate constant. The black dotted trace corresponds to a simulation with diffusion rates that are orders of magnitude smaller than the reaction rate, representing a cell with low mass transport. e) Simulated current profiles using the 2D model at various flow rates, from static to 0.1 cm3 s−1, and f) Comparison of experimental current profile with the simulation at a 0.01 cm3 s−1 flow rate.

A 1D computational model was developed and applied to investigate the diffusion of TEMPO/TEMPO+ during oxidation reactions. The governing equations and model domains are given in the SI. The model is used to calculate the concentrations of solution species in the electrodes and bulk electrolyte and explore the effect of diffusion rates on the extent of redox shuttling. For modeling simplicity, a static cell without flowing electrolyte was used. (No convective terms were added to the governing equations due to the complexities of accurately describing the flow field for the cell shown in figure 1). The 1D models were then tested for different ratios of the redox rate to effective diffusivity. Ratios were used to simplify the model, as the diffusion rate changes at each time point and position point, due to its dependence on local concentration gradients (equation S9.3). Similarly, the reaction rate is dependent on the local concentration, (equation 4) and will also vary with time and position. A 3.8 V potential vs Li/Li+ (0.35V vs LFP/FP) was applied for 1800 s at the cathode to oxidize TEMPO to TEMPO+ for all simulations.
An electron-transfer rate constant of ~110-3 cm∙s−1 was measured experimentally using chronoamperometry in a static cells (figure S5), which is comparable with literature values, ~3 10-3 cm s−1,40 while a typical literature value for the diffusion coefficient of TEMPO is DTEMPO ~ 1x10-5 cm2 s-1.5 Thus simulations were initially performed with a reaction rate constant:diffusion coefficient of 1:10-2 (figure 3a, b, black dotted trace). Figure 3a and b, respectively, show the TEMPO and TEMPO+ concentrations after 30 s of constant voltage oxidation. Under these simulations conditions almost no transport of TEMPO from the bulk into the cathode or TEMPO+ from the cathode into the electrolyte is observed. Furthermore, very little TEMPO+ reaches the anode surface throughout the simulation, as shown in figure 3c, black dotted trace. Figure 3d plots the current as a function of time as calculated from the diffusion model, assuming TEMPO redox is the sole contributor to current. Currents were calculated by integrating the number of electrons passed per timestep across the electrode region. Initially, the rapid oxidation of TEMPO species at the cathode results in high currents (figure 3d). In contrast to the experimental data of Figure 2d, but as expected for a diffusion-limited regime, the calculated current profile exhibits a rapid decay to zero, indicating a depletion of TEMPO species at the cathode.
Since these simulations were unable to reproduce the experimentally observed current behaviors and redox shuttling (figure 2d, e), simulations with faster mass transport were explored. Reaction:diffusion coefficient ratios of 1:0.5, 1:1, and 1:2, were used, corresponding to diffusion constant equal to half, equal and double the reaction rate constant, respectively (figure 3a, b). As expected, relatively lower diffusion leads to faster depletion of TEMPO in the cathode region (figure 3a, blue trace), while at increased diffusion ratios (figure 3a, yellow trace), TEMPO from the bulk (separator region) easily replenishes the supply. The TEMPO+ formed at the cathode also diffuses into the bulk separator region much more efficiently at the higher rate of diffusion (figure 3b, yellow trace). 
Again, increasing the diffusion ratio increases the amount of TEMPO+ that diffused to the anode as a function of time (figure 3c). After more than 450 s, ~1 mM of TEMPO+ is present at the anode surface for a 1:2 redox to diffusion rate ratio (figure 3c, yellow). In the model, all TEMPO+ species that have diffused to the anode are subject to self-reduction, due to the overpotential at the anode. 
Initially Li metal anode was first used in the modelling due to its relevance in Li-air batteries. Since the metal has a large reductive potential, the self-reduction rate of TEMPO+ at the anode (in the absence of a passivating layer such as the SEI) is very fast. Furthermore, as the reaction rate constant is proportional to the exponential term (equation 5), the overpotential at the anode results in a reduction rate constant that is several orders of magnitude larger than the oxidation rate constant at the cathode. We note that the overpotential of both Li metal () and LFP () at the anode results in a sufficiently large reaction rate constant (equation 5), leading to fast reduction of TEMPO+ back to TEMPO. For the timescales and time steps used, varying the choice of anode resulted in essentially no difference to the simulated results of figure 3, as shown in Figure S7.
In the fast mass transport regime used in the model, the current subsequently plateaus (figure 3d) rather than decaying to zero,39 now consistent with the experimental current profile (figure 2d). Larger diffusion ratios resulted in larger current values at the plateau. The current plateau occurs at lower values in the simulated data (figure 3d) compared to the experimental (figure 2d) due to modeling constraints; the model contains a smaller volume of electrolyte and therefore a smaller number of redox species. Only electrolyte in the cell is accounted for in the model as opposed to an external electrolyte reservoir, which limits the amount of current that can be sustained in the model. The inset in figure 3d shows the fraction of the current at the anode stemming from the self-reduction of TEMPO+. At these fast mass transport regimes, redox shuttling contributes to nearly all of the current at the anode by 1800 s. Again, this is comparable to the radical quantification experiment with in-situ EPR and NMR, where the net oxidation of TEMPO to TEMPO+ is limited by significant reduction of TEMPO+ at the anode.
[bookmark: _Hlk88050164][bookmark: _Hlk88064034]A 2D computational model was also developed for this system. First, a flow field was set up over the computational domain, where electrolyte flows in via an inlet, flows through the cell, and then out via an outlet (figure S9).41 The mass transport of TEMPO and TEMPO+ is then determined using a convection-diffusion equation (Equation 7), which includes both flow and diffusion.42 Details for the model description can be found in the SI. The concentration profiles and simulated current vs time calculated using the 2D model show the same trends to the 1D model: at higher flow rates, TEMPO from the bulk electrolyte reaches the cathode more readily, enabling higher concentrations of TEMPO+ to form (figures S10-S13). In the simulated current profiles, increasing the mass transport also led to current plateaus at larger values (figure 3e) as well as higher crossover and larger currents that resulted from TEMPO+ reduction at the anode (figure S14). The simulated current using a flow rate of 0.01 cm3 s−1 is close to the measured experimental current, particularly when the current plateaus (figure 3f), although further work improving the accuracy of the 2D model is still needed, particularly to capture the experimental exponential current decay by using more accurate reaction rates. 
The 1D crossover model (ii) during constant voltage holds
[image: ]
Figure 4. OCV decay profile varying a) heterogeneous electron transfer coefficients and b) diffusion coefficients.
[bookmark: _Hlk86924368]Applying the 1D diffusion model to open-circuit-voltage (OCV) behavior also indicates that both the diffusion rate and self-reduction rate affects the voltage decay. The Nernst equation (equation 6) relates the concentration of oxidized and reduced species to deviations from standard potential. As the concentration of TEMPO slowly increases at OCV due to the crossover and self-reduction of TEMPO+, the equilibrium potential decreases. Increasing the electron transfer rate leads to faster decrease in voltage decay, as expected since TEMPO concentrations will increase more rapidly with faster self-reduction (figure 4a). Slower diffusion rates led to a gentle sloping OCV decay, while faster diffusion rates lead to a steeper decay (figure 4b). These general trends and shape of the initial drop and slower decay in the simulated OCV can help explain the experimental OCV (figure S15, figure 4), where the initial volage drop is related to the fast reaction kinetics, and the subsequent sloping voltage decay is more closely related to diffusion rates. Due to the fast diffusion and the comparatively small volume of electrolyte used in the simulation, however, the OCV decays much faster than in experiments (figure S8). These results are in agreement with OCV models for vanadium redox flow batteries, which demonstrate that crossover rates of redox-active species play an important role in self-discharge extent and rate.19
Effect of Li-Nafion on TEMPO crossover using online NMR and EPR experiments
[image: ]Figure 5. a) Schematic of flow cell designed to measure TEMPO crossover in the absence of electrochemical reactions, with electrolyte reservoirs containing TEMPO in diglyme on one side and diglyme reservoir on the other. The crossover species were measured via online EPR and NMR by monitoring the change in the radical concentrations in the solvent-only reservoir as a function of time as shown in (b) for two different membranes, Celgard and Nafion. The radical concentration was measured by EPR absorption and NMR via the BMS shift.
It is clear from both experiments and the simulations that crossover rates are significantly enhanced in flow experiments, motivating simpler experiments, performed in the absence of an electrochemical reaction, to compare the efficacies of Li-Nafion and Celgard in mitigating crossover (figure 5a schematic). In this set-up, a reservoir of TEMPO in diglyme solvent was flowed on one side of the cell, while a reservoir of pure diglyme was flowed on the other side and through the EPR and NMR spectrometers. The concentration of radical species in the pure reservoir was monitored via online EPR and NMR measurements, to track crossover of TEMPO species. Either Celgard or Li-Nafion membranes were used to separate the two sides of the cell. Flow rates used were the same as the electrochemical cell (~ 0.06 cm3 s−1, see experimental).
When Celgard is used, a sharp increase in radical concentration is detected in the pure solvent side, due to a fast crossover of radical species through the porous Celgard membrane. This is followed by a more gradual increase in concentration (figure 5b, blue and orange trace), caused by a dilution effect, where initially, TEMPO species that cross over the membrane are detected in the EPR and NMR in high concentrations before being diluted when the solution is then pumped into the solvent reservoir (figure 5a schematic). When a Li-Nafion membrane is used, crossover concentrations were much lower than when Celgard is used (figure 5b, yellow and purple trace). The longer delay before the detection of TEMPO via EPR and NMR (time = 0-7 h) when using Li-Nafion may be related to slower solvent uptake within the Li-Nafion membrane compared to Celgard, despite having soaked the Li-Nafion in solvent prior to assembly. The membrane wettability and degree of swelling in various non-aqueous solvents strongly affect the effective diffusivity of solution species,23 and therefore crossover rates. These experimental results suggest that while Li-Nafion can better prevent crossover of radical species compared to Celgard, it is not a wholly effective membrane at stopping crossover and longer duration experiments or aged membranes may see even more species cross over.
Simple 1D diffusion across a membrane was then simulated in order to compare to the experimental results (figure S16). The initial conditions for the model mimic that of the experiment: on one side of the membrane, there is an initial concentration of TEMPO species, while on the other side of the membrane, there is initially only pure solvent. Varying membrane porosity and thicknesses had clear effects on the rates of crossover and therefore the concentrations of crossover species over time as well (figure S16). Effective diffusivities can be affected by porosity and tortuosity via a geometric relation, where increased porosity increases the effective diffusivity.38 The modeling results are consistent with the experimental results where the effective diffusivity of TEMPO is likely lower in Li-Nafion compared to Celgard due to the smaller and ion-selective nature of the pores in Li-Nafion.23 Thicker membranes also led to slower crossover rates and slower increase in crossover concentrations, which again corroborates experimental results as the Li-Nafion has a thickness of 51 μm and Celgard membrane is 25 μm thick.
Effect of Li-Nafion on TEMPO+ diffusion in LABs using operando pressure measurements[image: ]
Figure 6. a, e, c) Schematic of LAB Swagelok cells connected to pressure transducers (expanded view) and b, d, f) corresponding voltage profiles during galvanostatic discharge/charge with operando pressure measurements. In a, b) the LAB cell comprising of stainless-steel current collectors, Li metal anode, GF separator with 0.25 M LiTFSI in diglyme electrolyte, and carbon electrode undergoes discharge to form Li2O2 at the carbon cathode and consume O2 gas. In c, d) the cell is then reassembled where the carbon electrode containing Li2O2 discharge products is electrically isolated from the current collectors. An electrolyte with 25 mM TEMPO added is used so that upon charging, TEMPO is electrochemically oxidized to TEMPO+ at the carbon cathode. The TEMPO+ then diffuses to and chemically oxidises the Li2O2, which evolves O2 gas. Similarly, in e, f) the electrically isolated Li2O2 and TEMPO/TEMPO+ are used, however a Li-Nafion membrane is added between the TEMPO+ species and the Li2O2 order to evaluate the extent of TEMPO+ diffusion through the Li-Nafion.
Operando pressure experiments with Li-O2 batteries were then designed to characterize TEMPO+ transport across Li-Nafion membranes further, and to determine whether these membranes can prevent diffusion of the oxidized TEMPO radical, TEMPO+. Since TEMPO+ is difficult to detect directly via online NMR and EPR measurements with the flow cell shown in figure 5a, an electrochemical method was used where Swagelok cells were set up such that the chemical oxidation of Li2O2 into O2 gas can only occur via TEMPO+ diffusion. The O2 gas evolution is therefore indicative of TEMPO+ diffusion and can be easily monitored in operando using a pressure transducer.
First a Li-O2 Swagelok cell is assembled without TEMPO redox mediator (figure 6a) and the galvanostatic discharge behavior is recorded (figure 6b). A Li metal anode and carbon paper cathode are used (figure 6a). During discharge, O2 is reduced at the carbon cathode, and reacts with Li+ to form Li2O2, which precipitates and deposits on the cathode. The reduction of O2 gas results in a linear decrease in the pressure during discharge (figure 6b, blue), as monitored by the pressure transducer. The voltage profile (figure 6b, red) shows a clear plateau at 2.65 V vs Li/Li+. Using the ideal gas law, the number of moles of gas consumed during discharge can be calculated, while the number of electrons passed can be calculated by integrating the current over time. The experimental data for gas consumption closely follows the 2 mole e−/mole of O2 (2 Li+ + 2 e− + O2  Li2O2) indicative of Li2O2 formation on discharge (see SI for detailed calculations, Table S3).
The noise seen in the data from the pressure measurement is due to electrical interference at the pressure transducer. The transducer is electrically insulated from the rest of the cell body, however a small electrical connection to the cell (e.g., due to ineffective grounding) can interfere with the electrical signal recorded. As seen in the data, the noise in the pressure measurement is only observed during electrochemical cycling of the battery and not during OCV, demonstrating that the noise is related to electrical interference.
Following the first discharge, the cell was disassembled and reassembled as shown in figure 6c. In this arrangement, the Li2O2 is now electrically isolated and can only be chemically oxidized via a redox mediator, such as TEMPO. During galvanostatic charge, TEMPO is oxidized to TEMPO+ at the carbon electrode (depicted in figure 6c). The voltage plateau (figure 6d, red) is pinned at the TEMPO/TEMPO+ redox potential of 3.76 V vs Li/Li+. The TEMPO+ then diffuses to the Li2O2 and chemically oxidizes the Li2O2 to form O2, which can be observed via the change in pressure (figure 6d, blue). The onset of gas evolution is slightly delayed compared to the application of constant current due to the delay in diffusion of TEMPO+ from the cathode to the Li2O2 as well as the diffusion of O2 gas from further inside the cell. The charge reaction, as measured via the oxygen evolution, deviates from the ideal 2 mole e−/mole O2 (see SI, Table S11) due to parasitic reactions. However, some parasitic reactions and the subsequent deviation of mole e−/mole gas evolved is observed even in cells where the Li2O2 in electrical contact with the current collector (figure S17, Table S3). 
In contrast, when a Li-Nafion membrane is placed between the electrically isolated Li2O2 and the TEMPO/TEMPO+ (figure 6e), the amount of gas that is evolved relative to current passed decreases significantly (figure 6f). A ratio of more than 7 mol e−/mole O2 evolved was observed (Table S11). This suggests that TEMPO+ does not diffuse as easily across the Li-Nafion membrane and only a small amount of Li2O2 was oxidized to O2. As a side note, due to overpotentials caused by the Li-Nafion ionic resistivity during galvanostatic oxidation,23 the 3.8 V vs Li/Li+ cutoff voltage was quickly reached. This limited the total capacity passed.
Combined, the flow crossover experiment (figure 5) and the operando pressure cell on charge (figure 6e, f) indicate that, if implemented in a TEMPO-mediated LAB, the Li-Nafion can mitigate both TEMPO and TEMPO+ crossover: a reduction by a factor of ~15x and ~7x is achieved for TEMPO and TEMPO+ respectively when Li-Nafion is used (see SI for calculations).
DISCUSSION
Although TEMPO+ is a diamagnetic ion, it was not easily detected in the 1H NMR spectra in these experiments (figure S4). Fast intermolecular electron transfer between diamagnetic TEMPO+ and paramagnetic TEMPO has been studied previously characterized to explain the challenges in NMR detection:31,32,43 exchange between TEMPO and its oxidized form, on a timescale approaching the hyperfine interactions in TEMPO, results in severe line-broadening of the 1H signals of TEMPO+ making direct NMR detection difficult if even small concentrations of TEMPO are present in the solution.43 The paramagnetic properties, however enables detection of radical species in solution based on the BMS shift in 1H NMR spectra of the solvent, diglyme, as well as direct quantification through EPR. 
[bookmark: _Hlk86928539][bookmark: _Hlk86845424] The changes in radical concentration measured by EPR and NMR during constant voltage oxidation and reduction of TEMPO is suggestive of significant crossover reactions. The radicals oxidized are recovered during reduction (table S1), indicating the reversibility of the TEMPO redox reaction and that the parasitic electric current cannot be solely related to TEMPO degradation reactions. Although a solution phase chemical self-reduction or degradation may occur and has been briefly mentioned in literature,9,20 this was not observed in our experiments and solution-phase decomposition products were not seen in the 1H NMR spectra (figure S4). Impurities which may result in parasitic side reactions consuming electrons are also not observed in the pristine electrolyte, nor are their decomposition products observed (figure S4). Thus, it is not reasonable to ascribe any of these potential parasitic pathways to all the parasitic current observed, where for every mole of electron passed, in net, only half a mole of radicals is oxidized (figure 2e). It is, however, reasonable to conclude a fast redox shuttling of TEMPO+.
[bookmark: _Hlk86929360]From the modeling results, mass transport plays a large role in determining the extent of crossover, concentration gradients across the cell, and current profiles during potentiostatic cycling. Previous models studying mass transport effects in LABs focus on the impact of O2 mass transport on concentration gradients within the cells, with and without a flowing design.12,15,16 Our models expand on previous work, now studying transport phenomena in soluble RMs and examining the effect of mass transport on not only the cathode reactions, but also at the anode, i.e., redox shuttling. Typically, diffusion is much slower than electron transfer rates, however this is not the case for the Li-air flow battery or RFBs. Convective flux from flowing the electrolyte occurs in addition to diffusive flux. When comparing the 1D model to experimental conditions, the effective diffusion rates can then be considered as total flux rates, which includes both diffusive flux and convective flux arising from the flow field. Choosing diffusion coefficients that are on the same order of magnitude as the reaction rate constant, much larger than the literature values,40,44 results in average mass flux values of ~7 ×10−7 mol s−1 cm−2, which approaches the flux in experimental cells with flowing electrolyte, ~1 ×10−6 mol s−1 cm−2. In this way, the model can provide an appropriate comparison to experiment as both are in the fast mass transport regime, where supply of reactants at the electrode does not limit reaction rate. We found that the simulations with fast mass transport, such as that achieved with flowing electrolytes, show considerably higher concentrations of TEMPO+ diffusing to the anode (figure 3c) and increased redox shuttle contributions to total current passed (figure 3d) compared to simulations of static cells using realistic diffusion coefficients. Furthermore, a preliminary multidimensional (2D) model with simplified flow field corroborates the trends observed in experiment and in the 1D simulations (figure 3e, 3f, S10-13).
Direct detection and quantification of the crossover phenomena in RFBs and flow LABs is of importance to RFBs and flow LABs, where the extent of crossover is greatly increased at high mass transport regimes. In RFBs species crossover from one electrode/electrolyte tank to the other causes losses in round-trip efficiency and overall capacity loss over time.19 In LABs, crossover and redox shuttling also result in capacity loss and interfacial reactions. Due to redox shuttling, a greater amount of current needed to remove Li2O2 discharge product in LABs. Since chemical oxidation of Li2O2 via redox mediators is slower than the fast heterogeneous electron transfer of redox mediators at the electrode,40 mediators can easily diffuse into bulk electrolyte without oxidizing Li2O2, and crossover to the Li anode.
While redox shutting is a well-known issue, for example, the widely studied polysulfide shuttling in Li-Sulphur batteries,45 it is not well-studied in LABs. Characterization of cathode reactions during charge and discharge is prioritized in LABs, and redox shuttling and crossover reactions to the anode have not been thoroughly considered.3 Having now shown, experimentally and computationally, the significant concentration of species that have crossed over to the anode, particularly when fast mass transport occurs, we now consider the impact of crossover on the anode reactions.
The specific effects of TEMPO+ on the Li metal SEI were not characterized in this work as de-lithiated LFP was used for the in-situ studies and no SEI was likely to form. In addition, no SEI components were included in the computational models. However, it is well known that the stability of the SEI greatly affects the lifetime and cyclability of the Li anode.46 An ideal SEI would be electronically insulating, preventing redox shuttling of crossover species and further oxidation of Li metal. The SEI must itself also be chemically stable toward oxidation. For instance, the theoretical oxidation potential of Li2CO3, a common inorganic SEI component, is above the TEMPO redox potential and will not be oxidized by TEMPO+ that has crossed over to the anode.21,47–49 However, the specific composition of Li metal is dependent on the electrolyte used and the atmospheric environment it is exposed to.21 Therefore SEI stability toward oxidation is strongly dependent on composition: SEI components with lower redox potentials than TEMPO such as lithium oxides or hydroxides may be chemically oxidized and removed by TEMPO+. Ha et al. demonstrated this phenomenon by using a thiazine-based redox mediator.22 The oxidation of SEI via redox shuttling of the mediator caused de-stabilization of the Li metal anode and further parasitic electron and electrolyte consumption,22 motivating further work. 
Despite increasing redox shuttling, enabling high mass transport through a flowing design is advantageous: flowing the electrolyte improves rate capabilities, increases uniformity of Li2O2 deposition at the cathode, and increases longevity of the LAB.15 In order to capitalize on the improvements granted by increasing mass transport while also mitigating crossover, engineering a stable SEI or providing protective layers to inhibit crossover is necessary. Selective membranes are widely used in the aqueous RFB community and may be employed to protect the anode and limit parasitic redox shuttling. 
Adapting conventional membranes used in aqueous conditions for non-aqueous batteries has proven challenging. We performed several experiments studying the effects of a Li-Nafion membrane on crossover rates of TEMPO/TEMPO+. Li-Nafion appears to prevent severe crossover of TEMPO radical species as compared to a Celgard membrane (figure 5) as well as limiting TEMPO+ diffusion shown in the operando pressure measurements with LAB cells (figure 6). In the OCV decay experiments, Li-Nafion also slowed the voltage decay at rest after charging, corresponding to less self-discharge (figure S8). Challenges remain however, to ensure good ionic conductivity and compatibility of the membrane with electrolytes used in LABs and non-aqueous RFBs. In our static cells, Li-Nafion increased the ionic resistivity and limited the total charge capacity (figure 6f). This result is consistent with literature,50 and is particularly problematic in LABs, where high overpotentials can lead to additional electrode and electrolyte breakdown.2 Furthermore, since Nafion is typically used in aqueous electrolytes, its long-term stability in non-aqueous electrolytes and long-term efficacy at preventing crossover also require further study.23,45 As seen in our crossover flow experiment, within less than a day, on the order of 10mM TEMPO species had diffused across the Li-Nafion membrane (figure 5b). Improvements in short term crossover we observed with Li-Nafion may in part be a result of slower non-aqueous solvent uptake in these, which decreases the membrane porosity and diffusivity of species through the membrane.23
Further work is required in order to develop next-generation battery technologies such as RFBs and LABs. While high mass transport has many advantages when used in flow-LABs and are integral to RFBs, the combination of employing solution phase redox active species and flow systems where fast mass transport is enabled requires detailed consideration of crossover rates.
CONCLUSION
In summary, we have utilized in-situ measurements and supporting computational modeling to study crossover and redox shuttling in batteries using TEMPO as the redox-active species. Online EPR and NMR measurements reveal a mismatch between the changes in TEMPO concentrations and the capacities measured from electrochemistry. A significant amount of charge passed on oxidation, nearly half, does not result in net TEMPO oxidation into TEMPO+. The discrepancy is a result of self-reduction of TEMPO+ species that have crossed over to the anode. Modeling the diffusion and redox behavior of TEMPO/TEMPO+ supports the hypothesis of extensive redox shuttling at high mass transport regimes – i.e., during flow, resulting in effective mass fluxes across the membrane that are two orders of magnitude higher than for a static system. Crossover and self-reduction continue while the cells are at rest, leading to self-discharge and capacity loss.
Since in high mass transport regimes, TEMPO+ (and indeed other soluble RMs) can easily crossover to the anode surface, this can result in further reactions at the Li metal surface used in LABs and hybrid RFBs, which will affect the SEI forming reactions. The continuous crossover reactions necessitate the use of membranes for non-aqueous RFBs and LABs. Lithiated-Nafion reduces the rate of species crossover in simple crossover, operando pressure, and OCV experiments. However, this membrane also resulted in increased overpotentials, and we have yet to demonstrate its efficacy over long periods of time. Development of effective, stable, and highly conductive ion-selective membranes, particular in non-aqueous solvent, to combat crossover reactions is critical for LABs and RFBs.
The study of crossover and redox shuttling is relevant to RFBs and LABs, resulting in loss of efficiency during operation and significant self-discharge, as well as SEI reactions in the latter. We used TEMPO a model species to characterize redox shuttling since it is used in both RFBs and LABs and is also quantifiable via EPR and NMR. The online EPR and NMR methodology presented in this work is an effective and general method of studying species crossover which can be applied to monitor redox and crossover behavior with other radical species in solution, including intermediates or side reaction products. The concentrations of radical species can be quantified and compared throughout various stages of electrochemical cycling. The approach demonstrated here using TEMPO molecules can easily be applied to studying degradation reactions and redox reactions. Oxidation reactions with Li2O2 or SEI species can also be investigated by reaction with TEMPO/TEMPO+ via monitoring the changes in radical concentrations in solution.
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