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ABSTRACT: Neutron depth profiling (NDP) is a non‑destructive, operando technique that directly quantifies lithium distribution and 

transport in all‑solid‑state batteries (ASSBs) by exploiting the 6Li(n, α)3H nuclear reaction. Conventional techniques (e.g., X‑ray methods) rely on 

interactions with extranuclear electrons and thus struggle to detect lithium due to its low electron density. By contrast, NDP exploits the direct nuclear 

reaction, enabling unambiguous localization of 6Li atoms. Consequently, NDP provides quantitative, depth‑resolved monitoring of lithium 

concentration profiles along the battery thickness direction with a typical depth resolution of tens of nanometers. This review systematically 

summarizes recent progress in applying NDP to four key aspects of ASSBs: 

electrolytes, electrodes, interfaces, and thin‑film full batteries. In electrolytes, 

NDP has revealed electronic‑conductivity‑induced random dendrite 

nucleation and reversible short‑circuit phenomena. In electrodes, it has guided 

3D framework designs, validated surface halogenation for Si anodes, and 

verified longitudinal Li gradients in composite cathodes. In interfaces, NDP 

has visualized space‑charge layers, quantified lithiophilic coating effects, and 

provided early detection of short‑circuit failure. In thin‑film batteries, NDP has 

tracked Li‑ion transport in near real time using isotopic tracers, identified Si 

migration as a degradation mechanism, and pinpointed rate‑limiting interfaces 

in combination with other techniques. Beyond these applications, the inherent 

advantages and current limitations of NDP—such as its sensitivity to 6Li 

isotope, the trade‑off between depth resolution and counting statistics, and the 

requirement for flat sample surfaces—are critically discussed. This review 

establishes NDP as an indispensable tool for understanding and engineering 

lithium transport in ASSBs, and outlines future directions including 

higher‑flux neutron sources, improved detector systems, and integration with 

complementary in situ probes.  

INTRODUCTION  

All-solid-state batteries (ASSBs) offer inherent safety and the 

potential for higher energy density by replacing flammable liquid 

electrolytes with solid-state electrolytes (SSEs). However, the 

opaque and multilayered architecture of ASSBs presents a 

fundamental challenge: conventional characterization techniques, 

such as X‑ray‑based methods, cannot directly detect lithium with 

high sensitivity. Lithium has a low X‑ray absorption edge (Li 

K‑edge at ~55 eV), which lies in the soft X‑ray region, such soft 

X‑rays cannot penetrate the outer layers of a battery cell, making 

it difficult to probe lithium deep inside ASSBs. Moreover, 

lithium’s low atomic number results in weak scattering 

cross‑sections for hard X‑rays, limiting its detectability. Besides, 

X‑ray absorption and emission are also sensitive to the chemical 

state of lithium, which can be advantageous for speciation but 

complicates quantification. In contrast, the NDP signal arises from 

a nuclear reaction that is independent of lithium’s chemical state, 

enabling direct and matrix‑free quantification of total lithium 

atoms. But it’s worth to note that X‑ray techniques can indirectly 

infer lithium content and transport, such as X-ray diffraction 

(monitoring lattice parameter changes of layered oxide cathodes 

Pr
e-
pr
oo
f

http://dx.doi.org/10.46770/AS.2022.235


 

https://www.at-spectrosc.com/as/article/pdf/20260019 XXX  Atom. Spectrosc. 2026, 47(X), XXX–XXX. 

to infer lithium content). However, these remain indirect probes 

relying on changes in the host lattice, rather than directly 

measuring lithium themselves. Consequently, insight into lithium 

transport and reaction mechanisms remains severely limited. 

In addition to X‑ray methods, other operando techniques such 

as neutron imaging and nuclear magnetic resonance (NMR) have 

been applied to battery research. Neutron imaging provides bulk 

lithium distribution but with limited resolution (typically >10 μm), 

while NMR offers chemical state information without inherent 

depth resolution. NDP complements these methods by delivering 

direct, quantitative, depth‑resolved (tens of nm) lithium 

concentration profiles, which overcomes above limitations by 

providing non‑invasive, non‑destructive, and quantitative 

monitoring of lithium concentration distributions along the battery 

thickness direction. Unlike X‑rays, neutrons interact directly with 

atomic nuclei via the nuclear reaction. The reaction produces 

characteristic charged particles whose energy loss encodes the 

depth of each 6Li atom, thereby enabling direct localization of 

lithium ions within the battery stack, provided that the energy‑loss 

properties of the matrix material are known or can be reliably 

approximated. With its unique sensitivity to lithium, NDP allows 

direct and effective probing of lithium transport behavior in 

ASSBs under realistic operating conditions. 

The primary target of NDP experiments was the detection of 6Li 

atoms in the samples. This was achieved by measuring the charged 

particles from the 6Li(n, α)3H reaction, as follows: 

6Li + n → 4He (2055 keV) + 3H (2727 keV)          (1) 

Currently, most NDP experiments typically employs cold 

neutrons for the 6Li(n, α)3H reaction, because the reaction 

cross‑section is significantly large in the cold neutron regime, and 

the low energy minimizes sample heating and radiation damage. 

Upon reaction, both 4He and 3H particles were generated with 

specific initial energies, immediately beginning to lose energy 

because of interactions with the nuclear and electronic properties 

of the sample material. Typically, a 2727 keV 3H has a detectable 

range of ∼20-30 μm in the bulk of battery materials, whereas a 

2055 keV 4He particle has a much shorter range of ∼5-10 μm due 

to its higher stopping power. Therefore, 3H are preferred for 

profiling deeper lithium concentration, while 4He offer superior 

depth resolution for near‑surface regions. However, in some 

experimental configurations for ASSBs, the 4He particles were 

blocked from the detector by a thin Kapton film applied to the 

surface of the sample to avoid spectrum overlapping. 

Consequently, only the 3H particles were analyzed for the 

measured samples to increase the detectable depth. But this is not 

a universal practice. In fact, the 4He particle often provides better 

depth resolution for near‑surface regions because of its higher 

energy loss rate. To appreciate the relevance of this depth 

resolution, consider typical ASSB component thicknesses: the 

solid-state electrolyte layer is usually hundreds of micrometers, 

composite cathodes are ~100 μm, and thin‑film battery stacks are 

below 10 μm. Interfacial layers of interest are often on the order of 

hundreds of nanometers. The ∼10 nm ideal depth resolution of 

NDP using 4He is well matched to resolve these buried interfaces, 

while the broader 3H range enables profiling across the bulk of 

battery. For thicker pellet‑type cells, NDP can still probe 

near‑surface regions and interfaces within the tens of micrometers. 

To obtain quantitative Li depth profiles from the NDP data, the 

following calibration and conversion procedures are essential. The 

concentration of Li atoms was calculated using the natural 

abundance of 6Li for the sample, with 10B serving as a reference. 

The Li concentration was derived using the following equation: 

𝐷𝐿𝑖 =
𝐷10𝐵×𝜎10𝐵

𝑛6𝐿𝑖×𝐶10𝐵×𝜎6𝐿𝑖
× 𝐶6𝐿𝑖              (2) 

Here, 𝐷𝑖  represents the areal concentration of 10B and 6Li, 𝜎𝑖 

denotes the neutron cross‑section for the respective isotope 

averaged over the incident neutron energy spectrum used in the 

NDP experiment (e.g., the cross-section for 0.0253 eV thermal 

neutron of 10B is 3837 barns and of 6Li is 940 barns), 𝑛6𝐿𝑖 is the 

natural abundance of 6Li (~7.5%), and 𝐶𝑖  represents the 

normalized particle counts detected during the measurement. 

Usually, the 10B reference is a thin film of known areal density 

(such as 1.018×1015 10B atoms/cm2 in SRM2137). The reference 

is used to calibrate the detection efficiency and convert measured 

particle counts to absolute Li areal concentration. Specifically, to 

convert the measured energy spectrum to a depth profile, the 

following procedures should be involved: (i) energy calibration 

using a known standard (e.g., 10B reference). (ii) Determining the 

stopping power (dE/dx) of the matrix material via SRIM/TRIM 

simulations based on the measured or assumed composition and 

density. (iii) Establishing a polynomial relationship between 

residual energy and depth, and (iv) converting count rates to 

absolute Li concentrations using a 10B reference of known areal 

density. These procedures are system‑specific and relies on the 

accuracy of the input matrix parameters. 

Currently, several NDP facilities exist worldwide, the majorities 

of which located in United States and Europe. National Institute of 

Standards and Technology (NIST) established the first NDP 

facility. The present cold neutron flux reaches up to 1.2 × 109 n·cm-

2·s-1 [1-2]. At the Reactor Institute Delft (RID), NDP is employed in 

battery research, where it enables operando investigation of 

lithium spatial distribution and transport dynamics, the neutron 

flux at the sample position is approximately 107 n·cm-2·s-1. [3-4] In 

recent years, extensive studies on lithium-ion batteries utilizing 

NDP techniques have also been conducted at China Advanced 

Research Reactor (CARR). CARR is a 60 MW, multipurpose 

research reactor. A variety of experimental instruments including 

NDP equipped with a cold neutron source, neutron guides are 

installed at the beamlines to support fundamental and applied  
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Fig. 1 Layout of facilities in China Advanced Research Reactor (CARR). 

 

research across a wide range of disciplines, including materials 

science, life science, environmental science, and physical 

chemistry. [5-6] The layout of these facilities in CARR is shown in 

Fig. 1. 

Furthermore, NDP is a measurement method of activation 

analysis for near-surface-depth light elements in which a thermal 

neutron or cold neutron beam passes through a material with target 

nuclei that emit monoenergetic charged particles upon neutron 

absorption. The reduction of the energy of an emitted charged 

particle measures the depth of the target nuclei in a material. 

Beyond lithium batteries, NDP is also widely applied to quantify 

and depth‑profile other neutron‑absorbing isotopes such as 10B in 

semiconductors, neutron absorbers, and nuclear materials, 

underscoring its versatility as a non‑destructive nuclear analysis 

tool. With an optimized detector configuration and energy 

calibration, NDP can achieve a depth resolution approaching 

~10 nm, which is well suited for characterizing the relevant length 

scales in ASSBs. A typical ASSB consists of a positive electrode 

(cathode), a negative electrode (anode), and a solid‑state 

electrolyte (SSE) that replaces the liquid electrolyte. SSEs are 

broadly classified into inorganic ceramics (e.g., oxides, sulfides), 

organic polymers, and hybrid composites, each with distinct 

advantages and challenges concerning ionic conductivity, 

interfacial stability, and processability. NDP can play a key 

supporting role in elucidating critical issues such as interface 

modification, ion transport, electrode structural design, and the 

mechanistic understanding of dendrite growth in electrolytes. The 

following sections review the applications of NDP in ASSBs, 

organized by four key sections: electrolytes, electrodes, interfaces, 

and thin‑film full ASSBs. 

NDP INSIGHTS INTO KEY ASSB 

COMPONENTS 

Electrolytes. The electrochemical stability and lithium transport 

behavior of solid‑state electrolytes (SSEs) are critical for ASSB 

performance. Ideally, an SSE should act solely as a Li‑ion 

conductor, but unavoidable electronic conductivity and interfacial 

side reactions lead to uncontrolled lithium deposition inside the 

electrolyte, inducing dendrite growth and short‑circuit failure. 

With its depth‑resolving and dynamic monitoring capabilities, 

NDP provides a unique perspective to reveal the nucleation and 

growth mechanisms of lithium dendrites within SSEs. 

Han et al.[7] comparatively studied three typical SSEs 

(Li3.6PO3.3N0.69 (LiPON), Li7La3Zr2O12 (LLZO), and Li3PS4) 

using operando NDP as shown in Figure 2a-c. In LiPON, the bulk 

Li concentration remained constant during deposition, with Li 

plating only on the current collector surface (Fig. 2a). In contrast, 

high temperature NDP measurement at 100 °C for LLZO and 

Li3PS4 showed that the bulk Li content increased uniformly across 

all depths, independent of distance from the interface (Figs. 2b and 

2c). If growth were unidirectional from the anode/electrolyte 

interface, the Li concentration would decrease progressively with 

depth. The observed uniform increase at all depths instead 

indicates simultaneous nucleation at random internal sites, a direct 

consequence of high electronic conductivity in the bulk electrolyte. 

This depth‑independent Li accumulation directly demonstrates 

that dendrites nucleate at random positions inside the electrolyte 

rather than growing unidirectionally from the anode/electrolyte 

interface. Quantitative NDP analysis also showed that higher 

temperatures aggravated this effect, since higher temperature 

correspond to higher electronic conductivity of the electrolyte. As 

shown in Figure 2d, the normalized NDP count—defined as the 

integrated NDP signal from the bulk region divided by its initial 

value before any current was applied—increases significantly with 

rising temperature after a certain normalized time (the ratio of real 

deposition time to the total test duration, t/t0). Specifically, at 

normalized times above 0.5 at 60 °C and above 0.3 at 100 °C, the 

normalized NDP count rises markedly, indicating the occurrence 

of lithium dendrites in the bulk of the electrolyte, which is correlated 
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Fig. 2 (a-c) Time-resolved lithium concentration profiles for LiCoO2/LiPON/Cu (a), Li/LLZO/Cu (b) and Li/Li3PS4/Pt (c) cells. d) Evolution of the Li content 

in the bulk region of SEs at various temperature. (a-d) Reproduced with permission from ref [7]. Copyright 2019, Springer Nature. e) Voltage profile (red) 

and current curve (blue) of symmetric cell Li/garnet/Li cycling at different current densities. f) The corresponding in situ NDP measurements (purple) and 

charge curve (green) of the cell during Li plating and stripping. The NDP curve without background signals agrees well with the voltage profile trend. (e-f) 

Reproduced with permission from ref [8]. Copyright 2020, Wiley-VCH. 

 

with the higher electronic conductivities of LLZO and Li3PS4. 

This work established high electronic conductivity as the key 

factor inducing internal dendrite deposition, a mechanism 

uniquely revealed by NDP. 

As shown in Figs. 2e and f, Ping et al.[8] further uncovered a 

reversible short‑circuit phenomenon in garnet‑based symmetric 

cells using in situ NDP. At low current densities, the integrated 

NDP count matched the charge curve, confirming fully reversible 

Li plating/stripping. Once a critical current density was reached, 

the NDP curve deviated from the charge curve and remained 

nearly constant, signaling short‑circuit formation. Remarkably, 

after resting, the NDP signal partially recovered, indicating that the 

short‑circuit was not permanent. The authors termed this a 

“reversible short‑circuit”, where a Li‑rich conductive phase forms 

inside the garnet bulk during high‑current plating but can be 

partially consumed when the current is reduced. Besides, a 

Li/garnet/CNT system of irreversible lithium penetration leading 

to permanent short‑circuit was also revealed by NDP, which is 

discussed later in Section “Interfaces”. Therefore, NDP not only 

detected the onset of short‑circuit but also distinguished reversible 

from irreversible internal Li penetration, highlighting its 

diagnostic power for dynamic failure mechanisms. 

Electrodes. ASSBs enable high‑specific‑energy anodes such as 

lithium metal and silicon, but the poor reductive stability of SSEs 

induces side reactions, irreversible Li loss, and uneven Li 

deposition. NDP allows direct quantification of Li distribution, 

providing quantitative assessment of anode structural designs and 

modification strategies. 

Li et al.[9] designed a 3D Ti framework on Li6.4La3Zr1.4Ta0.6O12 

(LLZTO) SSE with regular hole arrays to guide Li deposition, 

which thickness is 860 nm and each hole diameter is 5 μm. In 

anode regions without holes, the emitted particles must pass 

through the Ti (860 nm) layer before entering the detector, which 

causes additional energy loss and broadening of the energy 

distribution. Therefore, counts with kinetic energies close to the 

original particle energy (e.g., 2727 keV for 3H) can be assigned to 

Li deposited inside the holes (shown as the deep purple region in 

Fig. 3a), whereas counts with significant energy loss correspond 

to Li accumulated at the LLZTO|Ti interface (light purple region 

in Fig. 3a). As shown in Fig. 3b, NDP revealed that at the initial 

stage up to11h, Li preferentially nucleated at the Ti/SSE interface. 

With increasing capacity, the signal from the hole regions became 

dominant after 14h, indicating that Li deposited inside the holes. 

Quantitative comparison between electrochemical charge and 

NDP‑measured Li atoms confirmed that nearly all deposited Li 

remained metallic within the holes, with no significant side 

reactions (Fig. 3c). NDP provided spatiotemporal evidence that a 

3D framework effectively directs Li into confined spaces, 

mitigating dendrite penetration. Besides, Li et al.[10] addressed the 

incompatibility between bare Si and Li6PS5Cl (LPSC) electrolyte 

via a surface halogenation strategy, employing AlCl3 treatment to 

transform the native amorphous SiO2 layer on the Si particle 

surface into an Al(Si)OCl composite layer (Fig. 3d). As shown in  
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Fig. 3 a) A typical NDP spectrum of ASSB with 3D Ti anode. b) Integrated curves of NDP data collected in every 1 h. The curves are stacked along y axis 

for presentation. c) The voltage (blue), current (red), capacity (orange) and total NDP signal counts (dark cyan) curves recorded during in-situ measurement. 

(a-c) Reproduced with permission from ref [9]. Copyright 2019, Elsevier. d) Schematic illustration of the Si@AlCl3 negative electrodes within ASSB 

configurations. e) The NDP results on the negative side of delithiated Li-In|LPSC|Si@AlCl3 and Li-In|LPSC|Si. Silicon anode exhibits higher irreversible Li 

content at the interfacial region (corresponding to C-Li for SEI formation) and bulk region (corresponding to K-Li). (d-e) Reproduced with permission from 

ref [10]. Copyright 2026, Springer Nature. f) Li concentration curves of CC and CTOC at 0.1C fully charged, it should be noted that current collector is at 0 

μm and the separator is at right of the image. g-h) Cross-sectional SEM image (g) and mapping of Li content (h) in CAMs of CTOC by PFIB-TOF-SIMS. It 

should be noted that the current collector is at the top side of Figure 3g and the separator is at the bottom side of Figure 3g. (f-h) Reproduced with permission 

from ref [11]. Copyright 2025, The Royal Society of Chemistry. 

 

Fig. 3e, NDP of the delithiated Si anode showed that unmodified 

Si anode exhibited a steep and high Li concentration at the 

Si/LPSC interface (SEI-consumed, C‑Li) and electrode bulk 

(kinetically trapped, K‑Li). After halogenation, NDP shows that 

interfacial C-Li concentration dropped sharply and bulk residual 

K-Li obviously reduced, which demonstrate the decrease of 

interfacial consumption and enhancement of intrinsic electrode 

kinetics. NDP directly confirmed that the Al(Si)OCl modified 

layer suppresses interfacial side reactions and dead‑Li formation 

in Si anodes. 

In composite cathodes, Liang et al.[11] employed multi‑physics 

simulations to predict that when electronic conductivity greatly 

exceeds ionic conductivity, electrochemical reactions 

preferentially occur on the SSE side, creating a longitudinal Li 

concentration gradient. They designed a 

charge‑transfer‑optimized composite (CTOC) cathode with a 

bilayer gradient architecture (a carbon‑free layer near the separator 

and a carbon‑containing layer near the current collector) to balance 

ionic and electronic transport. As shown in Fig. 3f, NDP analysis 

of cathodes fully delithiated at 0.1 C directly verified the 

optimization: a conventional single layer cathode (CC) exhibited 

significant Li enrichment near the current collector (local Li 

concentration ~20% higher than the bulk average), indicating 

insufficient delithiation on that side. In contrast, the CTOC 

cathode showed a homogeneous and low Li distribution across the 

detectable depth, confirming that the gradient architecture design 

of electrodes effectively suppresses reaction heterogeneity and 

promotes electrochemical reaction degree. Furthermore, the 2D Li 

mapping acquired by plasma focused ion beam time-of-flight 

secondary ion mass spectrometry (PFIB-TOF-SIMS) 

demonstrated the homogeneous Li distribution across the full 

cathode thickness direction. As shown in Figs. 3g and h, analysis 

of four longitudinally aligned square regions revealed remarkable 

homogeneous Li distribution among cathode active material 

(CAM) particles. More importantly, this depth-independent Li  
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Fig. 4 a) Neutron depth profiling (NDP) spectrum (inset image is typical TEM cross-section image at the interface of ALD-Al2O3-coated garnet with Ti 

protection layer). (a) Reproduced with permission from ref [12]. Copyright 2017, Springer Nature. b) NDP spectra obtained by the top detector for the LICGC 

SE before (full circle) and after (open circle) the bias voltage of +2.8 V applied between the top and bottom current collectors (inset is schematic of NDP 

setup). c) Comparison of the triton edges in corresponding in-situ NDP spectra. (b-c) Reproduced with permission from ref [13]. Copyright 2022, Elsevier. 

d) Time-resolved lithium concentration profiles and e) 2D maps for Li/Li2ZrCl6/Li symmetric cells. f) Time-resolved lithium concentration profiles and g) 

2D maps for Li/Li2.15Zr0.85Lu0.15Cl6/Li symmetric cells. (d-g) Reproduced with permission from ref [14]. Copyright 2026, Springer Nature. h-i) The 

corresponding voltage profile (blue), charge curve after multiplying a constant of variation (green), and the integrated NDP count curve (red) of an asymmetric 

(h) Li/Garnet/CNT and (i) Li/Garnet/Li cell cycling at different current densities. The counts exhibit a linear increase for Li/Garnet/CNT, indicating 

irreversible Li loss in CNT/garnet interface. (h-i) Reproduced with permission from ref [15]. Copyright 2017, American Chemical Society. 

 

homogeneity persists from the separator side to the current 

collector boundary (Fig. 5h), validating the CTOC architecture's 

capability to enforce Li homogeneity across entire electrode. NDP 

provided direct, depth‑resolved evidence of longitudinal Li 

distribution in composite cathodes, demonstrating a rational 

design strategy to homogenize charge transfer dynamics. 

Interfaces. While the previous sections focused on bulk 

electrolyte and electrode properties, the interfaces between them 

often dominate the overall performance of ASSBs. NDP has been 

extensively used to probe buried solid‑solid interfaces, revealing 

surface segregation, space‑charge layers, and dynamic interfacial 

reactions. 

Han et al.[12] employed NDP to characterize the near‑surface Li 

distribution in Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN) garnet 

pellets. As shown in Fig. 4a, the NDP triton edge profiles revealed 

a distinct Li‑enrichment layer at the surface adjacent to a bulk 

depletion zone, indicating strong Li segregation. This surface 

excess Li readily reacts with atmospheric CO2 to form resistive 

Li2CO3, contributing to high interfacial impedance. After applying 

an ultrathin atomic layer deposition (ALD) Al2O3 coating about 5-

6 nm, the inset transmission electron microscopy (TEM) image in 

Fig. 4a showed that Li diffused into the Al2O3 layer, forming a 

lithiated Li–Al–O interphase that is beneficial for Li‑ion conduct. 

NDP combined with TEM provided direct evidence of surface Li 

segregation and subsequent migration into the ALD layer, 

confirming that lithiated alumina acts as a fast ion‑transport bridge. 

And Tomandl et al.[13] performed in situ NDP on a lithium-ion 

conducting glass-ceramic (LICGC, Li2Al0.5Ti0.75Ge0.75Si0.5P2.5O12) 

solid electrolyte with Cu-Au current collectors (inset image in 

Figure 4b). As shown in Fig. 4b, applying a positive voltage of 

+2.8 V between the top and bottom current collectors caused a 

clear decrease in the NDP signal near the triton and alpha edges 

(compared to the pristine sample), indicating the formation of a 

Li‑depleted space‑charge layer at the top current collector-

electrolyte interface. The detailed time evolution of this 

delithiation is presented in Fig. 4c: after switching on the voltage,  
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Fig. 5 a-b) Operando NDP measurements for five cycles of (a) the Cu/HSE/Li and (b) ZnO@Cu/HSE/Li batteries at 0.05 mA/cm2. The color intensity 

quantifies the measured lithium density normalized to bulk lithium metal. (a-b) Reproduced with permission from ref [16]. Copyright 2020, American 

Chemical Society. c) alpha-particle signal from NDP of a sample consisting of nominally 100 nm of LiPON deposited onto 400 nm of Li metal. d) alpha-

particle signal from NDP of a sample consisting of nominally 100 nm of LiPON deposited onto ∼50 nm of Ni and 400 nm of Li metal. (c-d) Reproduced 

with permission from ref [18]. Copyright 2025, The Royal Society of Chemistry. 

 

the triton edge progressively shifted to lower energies and counts 

reduced, reflecting a loss of Li near the surface (blue curve). After 

the voltage was disconnected for 10 days, the NDP curve returned 

to a state almost identical to the initial one (black line). 

Subsequently, reapplying a positive voltage of +2.8 V caused a 

more pronounced downshift of the triton edge (green line), and 

after removing the voltage again, the profile recovered to the initial 

state (orange line). These results directly visualize the slow, 

voltage‑driven migration of lithium ions away from the interface 

and the establishment of a steady‑state space‑charge layer, 

showcasing NDP’s ability to monitor slow ionic redistribution 

processes critical to interfacial resistance. 

Besides, Zhao et al.[14] investigated halide SSE (Li‑M‑Cl) 

interfaces with Li metal using operando NDP combined with 2D 

mapping. As shown in Figure 4d, in the undoped Li2ZrCl6‑based 

cells, NDP revealed a pronounced Li accumulation exactly at the 

Li|SSE interface (0 μm depth) and, more importantly, a continuous 

and significant increase in Li concentration throughout the bulk of 

the electrolyte after tens of cycles. The 2D Li map presented in Fig. 4e 

further showed that Li migrated deeply into the electrolyte bulk 

over time, indicating Li dendrites penetrated the bulk electrolyte. 

In stark contrast, after Lu doping (Li2.15Zr0.85Lu0.15Cl6), the NDP 

depth profiles present in Figs. 4f and g remained nearly constant 

and the Li signal in bulk was almost identical to the interfacial 

region (0 μm depth), with no detectable Li increase. These 

evidences demonstrate that the doped electrolyte effectively 

suppresses interfacial collapse and dendrite penetration. Thus, 

NDP provided direct evidence that doping is an effective strategy 

to stabilize halide/Li interfaces. Furthermore, the quality of 

physical contact between Li metal and SSE fundamentally 

governs reversibility. Wang et al.[15] used in situ NDP to compare 

symmetric Li/garnet/Li cells (conformal contact) with asymmetric 

Li/garnet/carbon nanotube (CNT) cells (poor point contact). As 

shown in Figure 4h, in the asymmetric cell, NDP identified a thin 

reversible layer near the CNT/garnet interface, Li deposited 

beyond this layer became dead Li, causing a steady increase in 

integrated NDP counts. In the symmetric cell, NDP counts 

presented in Figure 4i returned to near zero each cycle, confirming 

full reversibility. Notably, NDP detected a small net count increase 

several cycles (after 14h in Fig. 4i) before an abrupt voltage drop, 

predicting short‑circuit failure earlier than electrochemical 

measurements. These evidences demonstrated that NDP not only 

quantifies dead‑Li accumulation but also serves as an early 

diagnostic tool for dendrite‑induced short‑circuits. 

For Li‑metal anodes in “anode‑free” configurations, NDP has 

also proven particularly valuable. Liu et al.[16,17] used operando 

NDP to monitor Li plating/stripping on a hybrid solid electrolyte 

(HSE) (poly(ethylene oxide) (PEO)‑based with 

Li1.5Al0.5Ge1.5(PO4)3 (LAGP)). As shown in Figure 5a, on a bare 

Cu current collector, 2D NDP depth profiles showed rapid 

increases in Li density and deposit thickness with cycling, 

reflecting inactive Li buildup and delamination, with a Li 

efficiency (stripped/plated Li) of only ~45%. After coating Cu 

with a 100 nm ZnO layer via ALD, NDP presented in Figure 5b 

revealed much more stable Li density evolution and a Li efficiency 

increased to ~80%. The improvement arises from conversion of 

ZnO to a Zn‑Li alloy, providing abundant nucleation sites for 

uniform Li growth. NDP provided a direct, quantitative metric—

Li efficiency—to evaluate lithiophilic coatings, distinguishing 

reversible from irreversible Li deposition in anode‑free ASSBs. 
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Fig. 6 a-b) NDP plots of a battery sputtered with enriched 6LiCoO2 and standard LiPON during several stages of (a) the charging process and (b) during 

equilibration in the charged state after 0, 1 and 2 hours.[20] (a-b) Reproduced with permission from ref [20]. Copyright 2011, Wiley-VCH. c) Energy spectra 

obtained consecutively before, during, and after charging for an acquisition time of 1 min. An off-set is applied to distinguish the various spectra. (c) 

Reproduced with permission from ref [21]. Copyright 2022, Wiley-VCH. d) Li concentration profile of LNMO/LiPON (black), bare LNMO (red), and 

subtraction of bare LNMO from LNMO/LiPON as a function of detected triton energy. e) Li concentration profile of subtraction of bare LNMO from 

LNMO/LiPON (blue, same data in (d)), Li concentration of bare LiPON simulated with Weibull function (magenta), and subtraction of simulated curve from 

(LNMO/LiPON-LNMO) curve (green). (d-e) Reproduced with permission from ref [22]. Copyright 2022, Wiley-VCH. 

 

In addition, understanding the intrinsic resolution and 

sensitivity of NDP to buried interphases is essential for proper 

experimental design. Westover et al.[18] systematically compared 

NDP and neutron reflectometry (NR) on the model lithium metal-

lithium phosphorus oxynitride (Li/LiPON) system. As shown in 

Fig. 5c, for pristine Li/LiPON, due to superior depth resolution for 

near‑surface analysis, the alpha spectrum profile of NDP was 

employed and showed no distinct interphase—consistent with the 

native interphase being below its resolution limit. However, using 

an artificial Ni interlayer (~50 nm), the alpha spectrum profile of 

NDP presented in Fig. 5d produced a clear dip and peak shift, 

demonstrating that high atomic number (Z) interphases can be 

resolved at ~50 nm. These observations strongly demonstrate that 

alpha particle NDP profiling can achieve depth resolution of tens 

of nanometers. But it is worth noting that under ideal conditions 

with well‑prepared, smooth thin‑film samples and using the alpha 

particle, significantly better depth resolution can be achieved. For 

instance, Fink et al.[19] demonstrated in their NDP study of 

lithium‑implanted CuInSe2 that the evaluation of alpha spectra 

provided a depth resolution of 10 nm for near‑surface regions. This 

indicates that while the practical resolution for buried interphases 

in real battery cells may be limited by factors such as interfacial 

roughness, detector energy resolution, and matrix composition, the 

intrinsic capability of NDP using alpha particles can reach the 

10 nm scale under optimized conditions. But for practical ASSB 

pellets with surface roughness and the need for deeper probing 

depth, a depth resolution of tens of nanometers using tritons 

remains a more realistic benchmark. In contrast, thin‑film full cells 

prepared by physical vapor deposition typically exhibit excellent 

surface roughness, thus readily achieving the ideal resolution 

without additional polishing. Therefore, for well‑controlled 

thin‑film systems, NDP remains a powerful tool to resolve 

nanoscale interfacial features. 

Thin-film full ASSBs. Beyond discrete components above 

mentioned, thin‑film full ASSBs represent an integrated platform 

where all layers are deposited as dense, well‑defined thin films. 

This geometry offers unique advantages for mechanistic studies: 

well‑controlled interfaces, absence of binders or conductive 

additives, and compatibility with operando characterization. NDP 

is particularly well‑suited for thin‑film batteries because the total 

stack thickness (typically a few micrometers) falls well within the 

probing depth of tritons, enabling complete depth profiling from 

the top current collector through the electrolyte to the bottom 

electrode. The following studies highlight how NDP has provided 

direct, quantitative insights into lithium transport, interfacial 

reactions, and degradation mechanisms in thin‑film ASSBs. 

Oudenhoven et al.[20] first demonstrated in situ NDP on a 

Pt/LiCoO2/LiPON/Li/Cu thin‑film battery. By subtracting the 

alpha-particle NDP spectrum of the as‑deposited state from 

spectra collected at various states of charge, the amount of Li  
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Fig. 7 a) Difference alpha energy spectra at the charged (black) and discharged (red) states of the first charge-diacharge cycle for which the signal of the 

pristine (discharged) battery has been subtracted. b) The measured NDP spectra as a function of energy of a discharged battery upon cycling up to 250 cycles. 

c) As-calculated depth profiles of the normalized lithium concentration at the discharged states in the 1st (red), 2nd (blue), 10th (yellow), 30th (green), 100th 

(purple), and 250th (grey) cycles for which the signal of the pristine (discharged) battery has been subtracted. (a-c) Reproduced with permission from ref [23]. 

Copyright 2018, Wiley-VCH. d-f) NDP profiles for the NDP cell charged (d) from the as-prepared state to 3 V, (e) from 3 and 4 V during the first cycle and 

(f) from 3 and 4 V during a second cycle. (d-f) Reproduced with permission from ref [24]. Copyright 2021, American Chemical Society. 

 

shuttled between cathode and anode was quantified and matched 

the electrochemical charge, demonstrating NDP as an in situ 

quantitative tool. Using a 6Li‑enriched LiCoO2 cathode (100% 
6Li), the NDP signal increased ~13‑fold, enabling finer resolution 

of Li redistribution. As shown in Fig. 6a, during charging, the 6Li 

signal in the cathode decreased inhomogeneously—faster near the 

LiPON interface than in the bulk—indicating partial 6Li/7Li 

exchange and gradient formation. After charging, the 6Li gradient 

in the electrolyte flattened within two hours under open‑circuit 

conditions, while the cathode gradient persisted (Fig. 6b), 

revealing low Li mobility in LiCoO2 without an external driving 

force. Building on this approach, Kobayashi et al.[21] achieved 

near‑real‑time tracking of lithium‑ion transport during charging of 

a Pt/LiCoO2/Li3PO4/Ta thin‑film battery with a 6Li‑enriched 

cathode. NDP spectra acquired with acquisition times as short as 

1 min presented in Fig. 6c showed a clear increase in the 6Li signal 

in the Li3PO4 electrolyte during charging, while the Ta negative 

electrode exhibited no significant Li peak—direct evidence 

supporting the vacancy migration mechanism. Quantitative 

analysis before and after charging revealed that the total number 

of Li atoms in the electrolyte is about five times that in the cathode. 

By comparing experimental results with Monte Carlo simulations 

of uniform versus confined migration, the authors demonstrated 

that Li-ion transport in amorphous Li3PO4 does not occur 

uniformly over the entire electrolyte cross‑section but is restricted 

to a limited region. This work established that NDP combined with 

isotopic tracer techniques can not only quantify Li concentration 

gradients but also elucidate the microscopic migration mechanism 

and pathway in solid electrolytes under operando conditions. 

Beyond probing transport dynamics, NDP has also been used to 

investigate cathode/electrolyte interface chemistry in thin‑film 

batteries. Shimizu et al.[22] employed triton-particle NDP spectra 

to examine the Li concentration profile across a pristine 

LiNi0.5Mn1.5O4 (LNMO) cathode/LiPON interface. By comparing 

the NDP spectrum of an LNMO/LiPON bilayer with that of a bare 

LNMO film and fitting the LiPON contribution with a Weibull 

function, the authors extracted the interfacial Li excess. The results 

shown in Figs. 6d and e revealed a slight increase in Li 

concentration at the interface, corresponding to approximately 3% 

overlithiation relative to stoichiometric LNMO, manifesting as 

excess charge capacity in the first cycle. Despite this initial 

chemical incompatibility, the LNMO/LiPON interface remained 

intact after 600 cycles with no detectable voids or cracks. NDP 

provided direct, quantitative evidence of a chemically induced 

overlithiation layer at a cathode/SSE interface. 

On the anode side, NDP has elucidated unique degradation 

mechanisms in Si‑based thin‑film batteries. Chen et al.[23] 

conducted operando alpha-particle NDP spectra on 

Si/Li3PO4/LiCoO2 microbatteries to obtain a better depth-

resolution over hundreds of cycles. As shown in Fig. 7a, NDP 

revealed a Li‑enriched interlayer forming at the Si/Li3PO4 

interface during first charging, which grew progressively with 

cycling (Fig. 7b). Integration of NDP signals presented in Fig. 7c 

showed that the amount of immobilized Li in the electrolyte 
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directly accounted for the capacity decay. The interlayer grew only 

during charging demonstrated in Fig. 7a—not during rest or 

discharge—when Li flux and Si volume expansion coincide. NDP 

quantitatively separated reversible Li loss (kinetic trapping) from 

irreversible Li immobilization (chemical trapping), identifying Li 

migration into the electrolyte as the root cause of capacity fade. 

Finally, identifying the rate‑limiting interface is critical for 

performance optimization. Fuller et al.[24] combined operando 

alpha-particle NDP spectra with Kelvin probe force microscopy 

(KPFM) on Si/LiPON/LiCoO2 thin‑film ASSBs. The NDP 

profiles (Figs. 7d-f) directly map the lithium distribution across the 

battery stack (Cu current collector and Si anode interface is at 0 

μm). As shown in Fig. 7d, upon charging to 3.0 V, a pronounced 

Li enrichment appears at the Si/LiPON interface, while the Si 

region near the Cu current collector remains largely unlithiated. 

This gradient persists at higher states of charge to 4.0 V and 

subsequent 2nd cycle (Figs. 7e and f). The inhomogeneous Li 

distribution directly demonstrates that the slow diffusivity of Li in 

amorphous Si limits uniform lithiation of the anode. Thus, NDP 

pinpointed the anode/electrolyte interface as the primary 

performance‑limiting region, and when combined with spatially 

resolved potential measurements, it provides a powerful 

methodology to guide targeted interfacial engineering. 

CONCLUSIONS 

Neutron depth profiling has emerged as a uniquely powerful 

technique for probing lithium distribution and transport in 

all‑solid‑state batteries. Its ability to non‑destructively and 

quantitatively map lithium concentration as a function of depth—

under realistic operating conditions—fills a critical gap left by 

conventional characterization methods, which are inherently 

insensitive to lithium due to its non-electrified characteristics. In 

this review, we have surveyed the application of NDP across four 

key domains of ASSB research: 

i. Electrolytes: NDP directly revealed that dendrites nucleate 

randomly within the bulk of electronically conductive SSEs (e.g., 

LLZO, Li3PS4), rather than growing unidirectionally from the 

anode interface. It also enabled the discovery of reversible 

short‑circuit phenomena, where a Li‑rich conductive phase 

temporarily forms and later dissolves. 

ii. Electrodes: NDP provided spatiotemporal evidence for 3D Ti 

frameworks that guide Li into confined spaces, validated surface 

halogenation for suppressing dead‑Li formation in Si anodes, and 

confirmed that bilayer gradient cathodes homogenize Li 

distribution by balancing ionic and electronic transport. 

iii. Interfaces: NDP quantified Li‑enrichment layers at garnet 

surfaces, quantified space‑charge layer evolution in LICGC, 

demonstrated the efficacy of Lu doping in stabilizing halide/Li 

interfaces, and served as an early predictor of short‑circuit failure. 

It also enabled quantitative assessment of lithiophilic coatings (e.g., 

ZnO) in anode‑free configurations via the Li efficiency metric. 

iv. Thin‑film full ASSBs: NDP quantified Li shuttling, tracked 

Li-ion transport in near real time with isotopic tracers, revealed Li 

migration as a degradation mechanism, and pinpointed the 

anode/electrolyte interface as the rate‑limiting step when 

combined with other techniques. 

To provide a systematic comparison of the experimental 

conditions and performance metrics across the representative 

studies reviewed in this review, we summarize in Table 1 the key 

parameters for each work, including system, application, subject, 

neutron flux, depth resolution, acquisition time, isotope 

enrichment, and operando conditions. This overview allows 

researchers to quickly appreciate the diversity of NDP 

configurations and to assess the applicability of each approach for 

specific ASSB research questions. 

Beyond these scientific insights, it is important to recognize the 

inherent strengths and limitations of the NDP technique itself. 

Strengths include: (i) direct, isotope‑specific detection of lithium 

with minimal matrix effects; (ii) non‑destructive and operando 

capability, allowing long‑term cycling studies; (iii) depth 

resolution of tens of nanometers (reach ∼10 nm using alpha 

particles), well matched to relevant length scales in ASSBs. 

Limitations comprise: (i) the requirement for a nuclear reactor as 

neutron source, limiting access; (ii) the relatively low natural 

abundance of 6Li (∼7.5%), which may necessitate isotope 

enrichment for high‑sensitivity measurements; (iii) a maximum 

probing depth of approximately 20-30 μm for tritons (and much 

less for alphas), restricting applications in thick components. 

Additionally, NDP alone cannot distinguish chemical states (e.g., 

metallic Li vs. Li+), thereby complementary techniques such as 

X‑ray photoelectron spectroscopy (XPS) or nuclear magnetic 

resonance (NMR) are often required. Furthermore, based on 

practical NDP experience and reported study, while short‑term 

measurements (up to ~15 days) are generally considered 

acceptable[13], the potential effects of longer‑term neutron 

irradiation still warrant further systematic investigation. For 

example, gamma irradiation has been shown to induce latent 

degradation in Li‑ion batteries.[25] In ASSBs, similar potential 

effects are also expected due to long-term neutron irradiation, thus 

further systematic studies are warranted. 

Looking forward, several directions will further enhance the 

impact of NDP in ASSB research: (1) development of compact 

accelerator‑based neutron sources could make NDP more 

accessible; (2) improved detector systems with higher energy 

resolution and larger solid angles will reduce acquisition times and 

improve depth resolution; (3) integration of NDP with other in situ 
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probes (e.g., impedance spectroscopy, optical microscopy, or 

Raman) will provide multi‑modal understanding; (4) routine use 

of 6Li enrichment in battery materials will boost signal‑to‑noise for 

kinetic studies. Collectively, these advances will solidify NDP as 

an indispensable tool for rational design of high‑performance, safe, 

and durable all‑solid‑state batteries. 
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