Spatially resolved potential and Li-ion distributions reveal performance-limiting regions in solid-state batteries 
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The performance of solid-state electrochemical systems is intimately tied to the potential and lithium distributions across electrolyte-electrode junctions that give rise to interface impedance. Here, we combine two operando methods, Kelvin probe force microscopy (KPFM) and neutron depth profiling (NDP), to identify the rate-limiting interface in operating Si-LiPON-LiCoO2 solid-state batteries by mapping the contact potential difference (CPD) and the corresponding Li distributions. The contributions from ions, electrons, and interfaces are deconvolved by correlating the CPD profiles with Li-concentration profiles and by comparisons with first-principles-informed modeling. We find that the largest potential drop and variation in the Li concentration occur at the anode-electrolyte interface, with a smaller drop at the cathode-electrolyte interface and a shallow gradient within the bulk electrolyte. Correlating these results with electrochemical impedance spectroscopy following battery cycling at low and high rates confirms a long-standing conjecture linking large potential drops with rate limiting interfacial process. 
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Impressive advances over the past decade in solid-state Li-ion-conducting electrolytes and the need for intrinsically safe rechargeable energy storage systems have attracted broad interest in solid-state Li-ion batteries (SSBs) (1). More recently, Li-ion-based electrochemical random-access memory (ECRAM) has emerged as a promising element for low-power analog and neuromorphic computing devices(2, 3). This provides further motivation to push the limits of performance of Li-ion-based solid-state electrochemical systems (SSECSs) in terms of efficiency, endurance and dimensional scalability well beyond the metrics expected for energy storage applications. However, high-impedance interfaces remain a major obstacle to advancing both SSBs and emerging ECRAM(4). Numerous mechanisms for interfacial impedance have been proposed, with different mechanisms suggesting different paths toward improvement. Distinguishing between proposed mechanisms has been challenging given the difficulty of direct, non-destructive measurements of the buried interfaces. Electrochemical impedance spectroscopy (EIS) is a powerful, non-destructive tool commonly used to characterize all-solid-state Li-ion batteries and their interfaces. However, EIS cannot identify the causes of interfacial impedance because the models are non-exclusive and often lack independent validation.(5) Therefore, additional experimental tools and theoretical models that directly correlate interfacial impedances with potential drops and ion concentrations origins are required to pinpoint the mechanisms hindering performance and to suggest solutions. 
The diagram in Figure 1a highlights the complicated nature of the SSECSs interfaces. Here, sharp composition changes at the interface between materials with different Li chemical potentials  drive the buildup of the Galvani potential and the electrochemical potential of electrons  across the interface. Despite recent experimental measurements of electric potential distributions using electron holography (6, 7) and Kelvin probe force microscopy (KPFM),(8-16) these results have been challenging to interpret because they have not yet been correlated with ion distributions or directly related to battery performance. Here, we use KPFM combined with neutron depth profiling (NDP)(17-20) to correlate CPD distributions and Li-ion concentrations across interfaces in similar SSBs. The spatially resolved measurements are directly related to , and the impedances extracted using electrochemical impedance spectroscopy (EIS) at low and high battery operation rates. The results are then used to inform theoretical models for calculating energy barriers across interfaces. Figure 1b depicts the experimental setup, where thin film SSBs consisting of an evaporated Si anode, sputtered lithium phosphorous oxynitride (LiPON) electrolyte and sputtered LiCoO2 (LCO) cathode are characterized by KPFM and NDP.  The KPFM cell and NDP cell have slightly different dimensions. Scanning electron microscope (SEM) cross sections for the cells characterized by KPFM and NDP are shown in Figure 2a, b respectively. To measure CPD distributions across the SSB layers by KPFM, cells were first mechanically cleaved in argon and then transferred to a vacuum KPFM/SEM system. The SSB layers were oriented relative to the scanning probe as depicted in Figure 1b. Focused ion beam milling (FIB) is used to polish the surface of the exposed cell layers in situ prior to KPFM measurements. Further details of the cell fabrication, specimen preparation, KPFM, and NDP are in the methods and supplementary information (SI). All characterizations were performed in vacuum (<10−4 Pa) without exposure of layers to ambient conditions. 
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[bookmark: _Hlk60922144]Figure 1.  Solid-state electrochemical interfaces. a) A generalized energy diagram (solid lines) of an electrolyte-electrode interface. It depicts how changes in the electrostatic Galvani potential () are driven by the chemical potential of Li (), causing Li ions and electrons (holes) to accumulate at the interface as a result of Li+ transport. At the open circuit equilibrium condition Li+ will flow across the interface which shifts  until the electrochemical potential of Li+ () becomes a constant.  The energy diagram will shift with the state of charge in the electrode, as shown with the blue dashed lines. Kelvin probe measures the CPD, or the Volta potential () difference. The CPD contains contributions from both differences in work function () and differences in the electrochemical potential of electrons () of both materials. (b) Combined schematic showing the KPFM and NDP measurements, which were performed separately on different cells.
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   KPFM was used to measure the contact potential difference (CPD) between the probe tip and SSB surface. CPD(x) profiles were obtained from raw CPD(x,y)  images collected operando at various open circuit voltages (OCVs) during charge-cycling (for details see SI Figure S4). The SSB was galvanostatically (dis)charged to a certain OCV and then imaged with KPFM in open circuit conditions. The raw  signal and  are related through the following equation:
    			          (1) 
Here  is the local work function of the SSB,   is the work function of the scanning probe tip, e is the elementary charge, and  is the electrochemical potential of electrons relative to the instrument ground.(21) In Figure 2C, CPD(x) is plotted for the anode and cathode grounded at OCV = 0 V (shown in black). Under these conditions  in the electrodes, and therefore CPD(x) is proportional to only the local work function of SSB layers (x).  We observe that CPD(x) is mainly flat in each layer, consistent with a uniform composition inside each layer, with sharp drops occurring at the LCO-LiPON and Si-LiPON interfaces.
In Figure 2C we plot the CPD(x) profiles for OCV values of 1.0 V, 2.0 V, and 3.0 V, after subtracting the OCV = 0.0 V profile such that, 
 	                             	         (2)
which reflects changes in  and  relative to the OCV = 0.0 V state. Note that at equilibrium, , the chemical potential of Li.(22)  We observe that CPD between the Cu current collector and the Pt current collector (or Si base) is equal to the measured OCV of the cell and which is equal to the differences in . This result is expected for the case of current collectors that do not undergo Li insertion/extraction during charge-cycling and, therefore, do not undergo changes in work function (. However, for SSB layers undergoing significant change in Li content is convolved with changes in .(23) Therefore, to extract , we need to consider shifts in  associated with Li insertion/extraction.
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Figure 2.  Measurements of CPD and ion distributions across SSB interfaces during charge cycling. a), (b) SEM micrographs of the FIB-cut cross sections of the SSBs measured using KPFM and NDP, respectively.  c) CPD(x) (for 0 V OCV) and CPD(x) profiles measured during initial charging up to 3 V. d)  NDP profiles for the NDP cell, charged from the as-prepared state to 3 V.  e), f) CPD(x), topographic and  NDP profiles for charging from 3 V and 4 V during the first cycle.  g), h) CPD(x), topographic and NDP profiles for charging from 3 V and 4 V during a second cycle. Gray dashed lines correspond to interface locations as estimated by topography (KPFM), SEM, and Monte Carlo simulations (NDP, see SI). Uncertainties in NDP profiles based on experimental counting statistics. Black dashed line in NPD profiles indicates background (see SI for more details on the background). Uncertainty bars are all reported to 1 unless otherwise stated. 
[bookmark: _Hlk59622193]Shifts in work function in the anode Δ/e can be determined through Eq. 2, by subtracting the measured OCV from ΔCPD. We demonstrate this concept for the CPD(x) profiles for first complete cell charging cycle shown in Figure 2e. At OCV = 3.35 V we find that nearly the entire width of the Si anode has a CPD higher than OCV, indicating that the anode has become lithiated, resulting in changes in . Li insertion is confirmed by an increase in topographical height shown in the bottom panel of Figure 2E, where the Si layer develops features >10 nm in height, with expansion starting at the Si-LiPON interface. We also find that the current collector begins electroalloying with Li (24, 25) as the expansion front slowly moves into the Cu electrode and further into the Pt/C support structure from OCV = 3.35 V to 4.0 V. Since Pt/C, Cu and  are good electronic conductors, their must be equal to the measured OCV. Hence, the Si anode Δ/e value ranges from (1.70 ± 0.04) V at OCV = 3.25 V to (2.16 ± 0.05) V at OCV = 4 V upon cycling. This is consistent with the values expected from  titration curves (SI Figure S2) and previous measurements.(26)

[bookmark: _Hlk78896945]To confirm our interpretation of the CPD(x) signal, NDP was used to measure the Li distribution profile across a similarly fabricated cell but with a thicker LiPON electrolyte. NDP is a non-destructive, nuclear reaction technique by which the concentration of select isotopes (e.g., 6Li) are measured as a function of depth into a sample.(27) As outlined in Figure 1b, cold neutrons reacted with the 6Li isotopes within the SSB layers to produce alpha,  ), and triton, t (), particles. The number produced ions are used to calculate the Li areal density  (Li atoms cm-2) in the sample while the depth axes of the profiles are calculated relative only to the ion’s exit energies (see SI for more details). The profiles displayed in Figure 2 d, f, and h show the areal Li concentration (Li atoms cm-2) per energy bin (as calibrated) or depth bin (Figure 2D only, as modeled). More information about NDP data acquisition and processing can be found in the SI.
Figure 2d shows the  profiles as a function of the particle energy (bottom axis) for a pristine (black) and charged to OCV = 3.0 V (red). In addition to the energy scale in Figure 2d, we plot the calculated depth (top axis) based upon Monte Carlo simulations of particle transport through modeled cell layers. An important observation is that the pristine and CPD(x) profiles agree, with a nearly flat CPD(x) profile and only shallow gradients  observed in the bulk of the electrolyte. This suggests sharp gradients in  occur primarily at interfaces. After charging to 3.0 V, the  profiles support the observed changes in profiles across all cell layers. For example, in Figure 2d, a net loss of Li  from the LCO and LCO-LiPON interface corresponds to a net increase in Li in the Si layer (grey curve).
Most critically, we observe in Figure 2d that the Si does not uniformly lithiate at OCV=3.0 V (red), with the distribution tilted towards the Si-LiPON interface and a small region of the Si near the Cu which maintains its initial state. Each NDP data set was collected for ≈ 6 h, suggesting that diffusivity across the Si is low and plays a critical role in the battery impedance. Such observations are also captured in the  profiles in Fig 2c at low OCV (0.0 V - 3.0 V), qualitatively agreeing with NDP. We note that each KPFM dataset was collected for 0.75 h, and shows signs of non-uniformity consistent with low Li diffusivity. Here we observe the region with the sharp drop in  at the Si-LiPON interface beginning to move into the Si as the cell is charged from OCV = 0.0 V to OCV=3.0 V with a decrease in slope. This moving   front does not indicate a change in position of the interface, but rather increases in Δ or the Li distribution across the Si layer that propagate from the Si-LiPON interface.  The inhomogeneous Li distribution found by both KPFM and NDP is consistent with the reported diffusivity of Li in Si of 10−14 cm2·s-1 to 10−10 cm2·s-1,(28) indicating that Li concentration may take as long as 11 h to homogenize in a 200 nm thick layer. At the same time, the propagation of the lithiation front in amorphous Si is limited not by diffusion, but by a slower process of electrochemically-driven Si-Si bond breaking(29, 30). While the formation of the crystalline Li15Si4 phase cannot be absolutely ruled out, none was observed in situ TEM studies of similarly prepared and cycled SSBs(31).
At the fully charged state, OCV = 4.0 V, NDP profiles show a peak at the Si-LiPON interface. This indicates the Si layers closest to the interface preferentially lithiate with a large Li enrichment region about the Si-LiPON interface. Furthermore, our results suggest this interfacial region dictates the OCV of the SSB as the entire volume of the Si is not completely lithiated. Unlike the NDP profiles the KPFM profiles (Figure 2e) suggest substantial Li movement to the Cu and Pt/C support structure after charging to 4.0 V (large topographical and Δ changes). We attribute this difference to the exposed anode surface in the KPFM experiments which allows mobile surface Li to more readily enter the exposed Cu, Pt/C and Si surfaces. This contrasts with the buried, non-exposed interface measured by NDP. While surface movement shifts the work function in these layers, the bulk  is known from measuring the OCV and therefore we can still track across the battery layers. 
While Eq. 2 provides useful insight about CPD and NDP profiles, a first-principles informed model(32, 33) is required to construct an internal energy diagram (including the electronic bands, chemical potentials, electrochemical potentials, and inner (Galvani) electrostatic potentials as shown in Fig. 3a) to correlate the KPFM and NDP data.  Based on DFT-predicted lithiation dependent material properties (Figures S6 and S7) and the correlated Li contents with the full cell OCV (see Figures S2), the simulated ΔCPD(x) based on the internal energy diagram at different OCVs (Figure S8) is obtained in Figure 3b. The resulting calculated values are in good agreement with the KPFM data although the chemistry of the modeled layers is not identical to those of the measured cells.  In the current collectors far from the cell, the work function is unchanged and ΔCPD(x) is equal to −VOCV. From 0 V to 3 V, the lithiation of the silicon electrode is minimal and the work function change is negligible; the ΔCPD(x) between silicon and LCO is equal to −VOCV.  As Si begins to substantially lithiate, the work function change (red curve in Fig. S8) outpaces the voltage change (blue curve in Fig. S8).This causes a higher ΔCPD(x) in  at OCV = 3.75 V compared to OCV = 3.0 V. This agrees with the experimental results.  Lithiation extends into the current collector, keeping the ΔCPD(x) high. Past the lithiation front, the work function of the current collector returns to its pristine value, and the ΔCPD(x) again matches −VOCV. 
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Figure 3. A first-principles informed model of a Si-LiPON-LiCoO2 solid-state electrochemical cell. a) Potential profiles in a cell charged to OCV = 3 V. The vacuum level (red) is defined just outside the surface (semiconductor physics terminology) and does not include long-range electrostatic contributions. Valence-band maxima (orange) and conduction-band minima (green) show the band alignments, and  (purple) is the inner (Galvani) electrostatic potential. b) Simulated CPD(x) at OCV = 0 V through 3.75 V, calculated based on potential profiles similar to those in panel A using Eq. 2. Profiles for each given OCV are shown in Figure S10. 

Having established the cross-sectional KPFM method, we now apply it to investigate evolution of the battery interfaces that take place in the KPFM cell after high-rate cycling. By establishing the relationship between ΔCPD, OCV, Δ, and Li distribution within the cell, the magnitude of the  drops across the SSB can be extracted from the measured CPD(x) profiles.  Figure 4a shows the fraction  of voltage drop across the SSE, SSE-anode and SSE-cathode interfaces as a function of OCV calculated from KPFM data and cycling current. The measurements were taken after cycling at currents 1 A and 100 A, blue and pink shaded regions in Figure 4a, respectively. We find that after cycling at 1 A, the relative fraction of voltage dropped at each interface is relatively stable, with 70 % dropping across the Si-LiPON interface, 25 % across the LCO-LiPON interface and 5 % dropping across the bulk LiPON at OCVV (sequence 11, 15). At OCV  4.0 V we find that a larger drop builds across the LiPON 10 % at the expense of the Si-LiPON interface which lowers to  65% (sequence 13).  However, after cycling at 100 µA (Figure 3a pink shaded region) the voltage fraction F across the Si-LiPON interface is no longer stable and increases from roughly 65 % to 82 % at the expense of LCO-LiPON interface. Figure S6 of the SI also shows the concurrent morphological changes and Figure S4c discusses the complexity of interfaces.
Large drops in potential across the interfaces have been proposed as a primary source of impedance in SSBs(34). Therefore, we compare the KPFM-derived voltage drops to the device-averaged EIS data. Figure 4b shows two representative EIS spectra recorded after the KPFM cell was discharged to OCV = 3.5 V at 1 µA and 100 µA. Three semi-circles and a diffusion “tail” can be identified in the spectra. The high-frequency semi-circle can be reliably identified with the Li+ transport through the LiPON bulk(35-38) (see SI) and its impedance stays nearly unchanged during high-rate cycling. The KPFM-measured  in LiPON behaves similarly (Figure 4a). The mid-frequency semicircles (MF1, MF2) have been associated with SSE/electrode interfaces, but an unambiguous assignment is challenging, since numerous models can generally fit the same EIS data. The impedance of the well-defined MF2 semi-circle significantly increases after high-rate cycling which is correlated with the F-value increase of the Si-LiPON interface (Figure 4a,b, sequence 14&18). We associate MF2 with the Si-LiPON interface because its magnitude is larger compared to MF1 it is much more sensitive to SOC, and its impedance increase following high-rate cycling correlates with the increase in F for the Si-LiPON interface. 
We propose the following interpretation of the observed data. Low Li+ diffusivity in Si limits the uniform lithiation of the anode, leading to accumulation/depletion of Li+ across the Si-LiPON interface. This makes it the performance-limiting interface. Indeed, the NDP measurements show the largest drops in Li concentration at the Si-LiPON interface, further corroborating this interpretation. This interpretation is also consistent with that of Koerver et al., who similarly reported that the most significant changes in the impedance response related to the SSE-anode interface, due to a kinetic hindrance associated with the In/Li anode used in that work.(37) The theoretical values match the experiment within uncertainties (see Figure 4a, squares). The interfacial potential change is intrinsic to the interface during negligible current flow, consistent with the equilibrium model assumption as the ΔCPD is measured under OCV. While both the electrochemical barrier to Li atoms () and the electrostatic barrier to Li ions () will impede DC charge and discharge processes, barriers are expected to be different between charge and discharge. However, EIS is dominated by the barrier in the rate-limited direction and can be related to the absolute value of the interfacial potential change.



Figure 4. Interfacial behavior. a) KPFM-measured voltage drop fraction  for the Si-LiPON and LiPON/LCO interfaces and LiPON bulk as a function of measurement sequence. Dashed lines are for eye guidance. Also plotted is the master curve showing the evolution of OCV. The shaded regions indicate measurements taken at the indicated operation rates. The uncertainty bars correspond to 1σ of the spatial variation of the CPD signal from which voltage fractions were calculated. Theory points on the left (squares) show the average voltage drop fraction for a cycle between 3.0 V and 3.75 V. b) Two EIS curves recorded after discharging the KPFM cell to OCV = 3.5 V at two different rates. The fitting model is shown in the inset. 
In conclusion, we have presented operando KPFM measurements of a Li-ion SSB. We have demonstrated that the internal drops in potential across the SSE and the SSE/electrode interfaces are consistent with Li concentration measured using operando NDP, with electrochemical impedance spectroscopy, and with first-principles-informed theory.  In the Si/LiPON/LCO model system studied here, our results indicate that internal resistance is dominated by the Si-LiPON interface.  More broadly, we confirm a longstanding conjecture connecting impedances to large internal potential drops.  The resulting self-consistent picture of electrochemical driving forces, band-bending, interfacial barriers, and Li redistribution during charge and discharge is very general, and we expect the connection between large potential drops and interfacial impedances to hold in any SSEC system. Identifying these potential drops, either experimentally or theoretically, will therefore identify the rate-limiting interface for a specific system. Performance can then be improved by mitigating Li enrichment/depletion at that interface. This guided interfacial optimization will enable the integration of a wider array of promising SSE into emerging SSB and ECRAM devices.
EXPERIMENTAL METHODS
[bookmark: _Hlk59617277]Solid state cell fabrication: Thin film cell layers were deposited directly onto silicon wafers with thermally-grown SiO2 using a combination of radio frequency magnetron (RF) sputtering and electron-beam evaporation. Thin films of LiCoO2 and LiPON were deposited by radio frequency magnetron (RF) sputtering from 3″ (7.62 cm) targets of LiCoO2 under 2.13 Pa O2 flow, and Li3PO4 under 0.53 Pa N2 flow, respectively. Before LiPON deposition, LiCoO2 films were annealed at 500 °C to crystallize the layered, pseudo-hexagonal (R3m) phase as verified by Raman spectroscopy and x-ray diffraction. Finally, amorphous n-type Si anodes and a Cu current collector were deposited using e-beam evaporation. 
[bookmark: _Hlk59617251]Sample preparation for KPFM: The wafer for the KPFM cell was cut into approximately 5 mm × 5 mm pieces.  Individual cells were cleaved in halves in an Ar glovebox (< 0.1 μPa/Pa of O2 and H2O), mounted on an angled holder and wired using cold-pressed metallic indium contacts. Devices were then transferred to a combined FIB/SEM/AFM microscope in a transfer suitcase (Ar environment) to prevent any exposure to ambient. A Pt/C support structure 10 μm × 2.5 μm and about 2.5 μm thick was then deposited close to the cleaved edge onto copper with the electron beam at 3 kV and 4.3 nA of beam current. Following Pt/C deposition, an area of about 20 μm wide was milled with Ga+ FIB almost parallel to the cleaved interface. Milling was performed at 30 kV and 300 pA of current, followed by sequential polishing with 50 pA and 10 pA of ion beam current. Contamination with Ga is expected to be minimal, as the cell structure was protected with a thick Pt/C support layer and milling was performed at a grazing angle. During Pt/C deposition and milling, a potentiostat was used to monitor leakage current across the cell layers to prevent inadvertent shorts. Both Pt cathode and Si base were connected to the reference and counter electrode and Cu anode collector was the working electrode. Before and after all fabrication stages after the device assembly in the glove box, EIS spectra were recorded with 50 mV of excitation voltage in the range of frequencies between 500 kHz and 0.2 Hz to assess the state of the device. Upon milling, the device was transferred back to the glovebox in the transfer suite (vacuum, residual N2 pressure < 0.6 Pa), where it was quickly re-mounted and transferred back into the AFM/SEM/FIB chamber to perform KPFM measurements. The chamber pressure was 1.3×10-4 Pa or better. More details of the device preparation can be found in the SI (Figure S1). Cell B was measured in an AFM inside an Ar-filled glove box following a similar procedure. 
Kelvin probe force microscopy: CPD and topography images were acquired simultaneously. KPFM was used in the frequency-modulated mode with conductive Pt/Ir coated tips having resonance frequency between 65 kHz and 75 kHz and Q-factor of ≈ 3000 in vacuum. SEM was used to navigate the AFM tip to the desired location (edge of the cleaved wafer), and the beam was blanked throughout the KPFM imaging to prevent carbon deposition and electron-beam induced reactions on the measured surface. An external lock-in amplifier was used to track the cantilever oscillation frequency and nullify its shifts. To promote stability and prevent crashing during imaging, the topographic control used a separate feedback loop that maintained constant cantilever damping relative to free oscillation in vacuum. The cantilever was aligned parallel to the cell electrodes and the fast scanning direction was perpendicular to them to avoid artifacts related to asymmetric capacitive coupling of the cantilever to the electrodes.  Cell charging/discharging was performed as follows. First, amperostatic charging/discharging to desired voltage. Second, potentiostatic relaxation at desired voltage until current is minimized. Third, KPFM imaging was done while the potentiostat measured the open circuit potential between the cell electrodes. Fourth, the AFM tip was disengaged and an IES spectrum recorded. For cell forming, the following charging currents were used: 0 V to 1 V – 20 nA, 1 V to 2 V – 50 nA, 2 V to 3 V – 100 nA, 3 V to 3.25 V – 500 nA, 3.25 V to 4 V – 1 μA. These currents were chosen to charge the cell as slow as possible but finish the KPFM imaging in one day. After the forming the cell was cycled at 1 μA and 100 µA, which corresponds to approx. 2C and 200C rates, respectively.
NDP measurements: NDP experiments were completed at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR). Cold neutrons are produced by a 20 MW nuclear reactor equipped with a liquid hydrogen cold source (≈ 20 K, (4)). Experimental data were collected at Neutron Guide 5 (NG-5) at the NIST cold neutron depth profiling station(39) using an in-house made solid-state cell charging station, a Gamry 600 potentiostat, and Gamry EIS specialty 2 m cable.  Experiments were initiated on a fresh, as prepared cell with natural abundance Li components.  SSBs measured in NDP were similarly prepared as those for KPFM but with a larger area of 1.1 cm2 (defined by the Si anode) for increased signal to noise. The NDP cell was galvanostatically charged and discharged at a current of 1.75 A operando to the NDP measurements. See SI for more details on experimental and data analysis methods.
DFT-informed potential maps: All Density Functional Theory calculations are performed in VASP using the PBE-GGA and a plane-wave basis set with a 520 eV cutoff energy. Core electrons are described using the PAW method. Point defect calculations are partially automatic using PyCDT and the DefectPhaseDiagram methods in pymatgen. The calculations of LCO and LimSi are taken from previous work(32, 40).  Potential maps are constructed following the procedure outlined by Swift and Qi, (32) with more details on  and defect calculations for Li3PO4 (Modeling Methods in SI). 
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