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significant work is carried out to improve 
their long-term cycling stabilities.[1,2] How-
ever, like most electrochemical energy 
storage devices, LIBs generally exhibit 
capacity decays during repetitive charge 
and discharge.[3,4] The capacity losses 
seen for positive electrodes are mainly 
ascribed to structural changes involving, 
for example, gas release at high potentials 
and transition-metal dissolution.[5–7] For 
negative electrodes undergoing alloying 
and/or conversion reactions, the capacity 
losses are generally attributed to the forma-
tion of a solid electrolyte interphase (SEI) 
and gradual inactivation of the active mate-
rial due to the large volume changes taking 
place during the cycling.[8–10] A range of 
approaches have been developed to address 
the capacity decay, including the use of con-
ductive coatings enhancing the electronic 
conductivity of electrodes,[11–13] reduced 
active particle sizes to shorten the diffu-
sion lengths and to reduce the mechanical 
strain within the electrodes,[14–16] as well as 
modifications of the composition of the 

electrolyte to stabilize the SEI layer.[17–19] Nevertheless, capacity 
losses can still be observed for optimized electrodes composed 
of nanoparticles with efficient ionic/electronic networks and 
SEI-stabilizing electrolytes.[3,20–26] It is, therefore, reasonable 
to assume that there is, at least one, additional phenomenon 
affecting the cycling stability of lithium-based batteries.

When reviewing the literature, it becomes evident that there 
are many experimental results suggesting that trapped (or irre-
versibly immobilized) lithium capacity can yield capacity losses. 
Many of these results were obtained as a result of the use of 
new electrode characterization procedures facilitating the detec-
tion of trapped lithium and lithium concentration gradients 
in cycled electrodes. Incomplete delithiation has, for example, 
been identified in studies involving comparisons of pristine 
and delithiated cycled electrodes composed of, for example, 
Si,[20,21,27–30] Sn,[28,31] Al,[32–35] TiO2,[36] LiFePO4 (LFP),[37–39]  
LiNi1/3Co1/3Mn1/3O2(NCM) ,[40] V2O5,[41–44] MoO3,[45] LiCoO2 (LCO) ,[46]  
as well as ordered[47,48] and disordered carbon.[49–54] A large 
amount of diffusion-controlled trapped elemental lithium (i.e., 
3.3  mol Li per mol Si) was, for example, found in optimized 
nano-silicon composite electrodes after 650  cycles of capacity 
limited (i.e., 1200 mAh g−1) cycling.[20] Lithium-ion-trapping has 
also been reported to give rise to a loss of performance for elec-
trochromic thin films based on WO3 and NiO,[55,56] undergoing 
lithiation and delithiation in analogy with lithium-ion battery 

Rechargeable lithium-based batteries generally exhibit gradual capacity losses 
resulting in decreasing energy and power densities. For negative electrode 
materials, the capacity losses are largely attributed to the formation of a solid 
electrolyte interphase layer and volume expansion effects. For positive elec-
trode materials, the capacity losses are, instead, mainly ascribed to structural 
changes and metal ion dissolution. This review focuses on another, so far 
largely unrecognized, type of capacity loss stemming from diffusion of lithium 
atoms or ions as a result of concentration gradients present in the electrode. 
An incomplete delithiation step is then seen for a negative electrode mate-
rial while an incomplete lithiation step is obtained for a positive electrode 
material. Evidence for diffusion-controlled capacity losses is presented 
based on published experimental data and results obtained in recent studies 
focusing on this trapping effect. The implications of the diffusion-controlled 
Li-trapping induced capacity losses, which are discussed using a straightfor-
ward diffusion-based model, are compared with those of other phenomena 
expected to give capacity losses. Approaches that can be used to identify and 
circumvent the diffusion-controlled Li-trapping problem (e.g., regeneration 
of cycled batteries) are discussed, in addition to remaining challenges and 
proposed future research directions within this important research area.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH. 
This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in 
any medium, provided the original work is properly cited.

1. Introduction

Owing to their high energy densities, Li-ion batteries (LIBs) 
currently dominate the mobile power source market and  

Adv. Mater. 2022, 34, 2108827

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202108827&domain=pdf&date_stamp=2022-03-15


www.advmat.dewww.advancedsciencenews.com

2108827 (2 of 24) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

materials. Elemental lithium has likewise been found to be 
able to diffuse into metallic current collectors.[28,57,58] Very long 
cycling times would, however, most likely be needed for this 
diffusion-controlled effect to become significant when a con-
ventionally thick layer of a lithium alloy-forming active mate-
rial is present on the current collector. Unlike other capacity 
decay mechanisms, for example, SEI formation and volume 
expansion effects, the diffusion-controlled Li-trapping phenom-
enon is still relatively unknown, despite the fact that incom-
plete delithiations of electrode materials have been reported by 
many researchers. In the latter cases, the effect was commonly 
ascribed to sluggish lithium diffusion and/or the formation of 
irreversible phases.[10,38] In more recent work, the diffusion-
controlled trapping phenomenon has been explained based 
on a two-way diffusion process,[20,28] since the lithium atoms 
or ions in the electrode may diffuse both toward the electrode 
surface and toward the current collector (i.e., further into the 
electrode) during the delithiation step.

The aim of this review is to evaluate the experimental evi-
dence for the diffusion-controlled Li-trapping effect based on 
published experimental data and proposed trapping models. 
The influence of Li-trapping is also compared with that of other 
phenomena known to give rise to capacity losses. In this review, 
Li-trapping will be used as a general term for the immobiliza-
tion of Li in an electrode material either in the form of Li atoms 
(in alloy-forming materials) or Li ions (in intercalation-based 
electrode materials). The focus is on the evaluation of experi-
mental data indicating the presence of a diffusion-controlled 
Li-trapping effect, as well as discussions of trends, challenges, 
and directions of future research aimed at identifying and  
preventing such lithium trapping. Because diffusion-con-
trolled Li-trapping can give rise to significant capacity losses 
it is important to study the influence of this trapping effect 
on different electrode materials. As will be described in more 
detail below, such studies are best performed with half-cells 
comprising Li-metal electrodes. Since diffusion-controlled Li-
trapping should be seen for alloy-forming materials as well as 
for intercalation-based materials it is reasonable to assume that 
an improved understanding of this effect can pave the way for 
lithium-based batteries with significantly improved long-term 
cycling performances, or even approaches enabling the regen-
eration of nonfunctioning rechargeable batteries.

2. Which Phenomena Can Give Rise  
to The Capacity Losses?
The performance of Li-based batteries can be affected by many 
reversible and irreversible capacity loss mechanisms. In this 
section, we will review the most widely recognized mecha-
nisms and discuss how well these mechanisms can explain 
the capacity losses typically seen during the cycling of Li-based 
batteries.

2.1. SEI Formation and Volume Expansion Effects

For negative electrodes, the most recognized capacity loss mech-
anism involves the formation of the SEI layer via irreversible 

reduction of the electrolyte.[24,59] This reaction, which proceeds 
until the electrode surface becomes passivated,[9,59] typically 
takes place in parallel with the reduction (i.e., lithiation) of the 
negative electrode. Capacity losses due to SEI formation are, 
however, mainly a problem for full-cell batteries as the SEI pro-
cess then drains the capacity of the positive electrode (which 
typically is capacity limiting). A continuous capacity decay seen 
during the cycling of a full-cell can therefore be explained by 
an unstable SEI layer, for example, due to volume expansion 
effects or SEI components dissolving in the electrolyte.[28,60] In 
the latter case, the SEI layer needs to be continuously reformed 
which results in additional draining of the positive electrode’s 
capacity. The SEI formation can consequently be regarded as 
an irreversible capacity decay mechanism.[61] Advances in elec-
trolyte design have, however, decreased the influence of this 
capacity loss by enabling the formation of more stable SEI 
layers via the optimization of the salts, solvents, and additives 
used in the electrolytes.[23,62–64] SEI forming additives such as 
vinylene carbonate and fluoroethylene carbonate (FEC) which 
are reduced at a higher potentials than the solvents (e.g., eth-
ylene carbonate and diethylene carbonate), are often used to 
stabilize the SEI layers.[23,62–64]

In a half-cell containing a high capacity Li-metal electrode, 
the SEI formation should, on the other hand, not give rise to 
any capacity losses as long as the capacity of the negative elec-
trode remains capacity limiting.[20,28] The SEI formation should 
in this case merely constitute an additional (irreversible) reduc-
tion process proceeding independently of the reduction (i.e., 
lithiation) of the negative electrode. While the SEI formation 
clearly would give rise to a decreased Coulombic efficiency, the 
negative electrode should still be able to undergo a complete 
reduction (i.e., lithiation) due to the much larger capacity of the 
Li-metal electrode. This can be illustrated based on the results 
obtained by Delpuech et al.[65] who compared the capacity lim-
ited cycling behaviors of Si/LiCoO2 full-cells and Si/Li half-cells 
(Figure 1a,b). While a constant capacity was obtained for the 
half-cell, a rapid capacity decay was seen for the capacity bal-
anced full-cell. SEI formation can consequently not explain the 
decrease in the capacity seen for a negative electrode material 
cycled in a half-cell containing a Li-metal electrode. SEI for-
mation can likewise not explain the presence of an increasing 
amount of trapped Li in the electrode materials, or capacity 
losses that can be recovered by introducing constant voltage 
delithiation pulses into a constant current procedure. It should 
also be mentioned that the capacities associated with SEI for-
mation typically are too small to explain the capacity losses seen 
for most negative electrode materials.[20,28]

Since SEI formation is generally believed to be responsible 
for the capacity losses seen for many electrode materials, much 
work has been undertaken to introduce artificial SEI layers on 
electrode materials. Ai et  al.[66] recently investigated the possi-
bility of improving the cycling stability of Si electrode by using 
Si nanoparticles coated with a 2 nm layer of LiAlO2. As seen in 
Figure 1c,d, a significantly improved cycling stability as well as 
a marked decrease in the amount of trapped Li was seen after 
100  cycles (compare the scanning electron microscopy [SEM] 
images in Figure 2e–h). Although the authors ascribed the 
improved cycling stability (Figure  1d) to an SEI effect (which 
appears very unlikely since the experiments were conducted 
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with Li-metal half-cells), the results rather indicate that the 
presence of the LiAlO2  coating decreased the degree of lithi-
ation of the Si, and hence the amount of Li trapped on each 
cycle. When evaluating capacity losses due to SEI formation 
it is consequently very important to acknowledge the differ-
ences between results obtained with full-cell batteries and those 
obtained with half-cells containing a high-capacity counter 

electrode (e.g., a Li-metal electrode). It is likewise important to 
distinguish between mechanisms (such as Li-trapping and elec-
trode degradation due to volume expansion effects) affecting 
the capacity of the electrode material, and reactions (such as 
the SEI formation) which do not directly affect the capacity of 
the studied electrode material.[20] It is often suggested that an 
increase in the cell resistance as a result of, for example, SEI 

Adv. Mater. 2022, 34, 2108827

Figure 1. Specific capacity versus cycle number plots for Si electrodes cycled in a) a half-cell versus Li metal and b) a full-cell versus LiCoO2. The 
specific lithiation, that is, discharge (blue) and delithiation, that is, charge (red) capacities are shown together with the corresponding cumulative 
irreversible capacities (black). Adapted with permission.[65] Copyright 2016, Wiley-VCH. c–h) LiAlO2-coated Si nanoparticles used to mitigate Li-trapping 
in Si electrodes. c) First cycle capacity versus voltage curves for pristine and coated Si-based electrodes and d) the corresponding specific capacities 
versus cycle number. e,f) SEM images of pristine Si and g,h) LiAlO2-coated Si obtained e,g) prior to and f,h) after 100 cycles at 1000 mA g−1. Adapted 
with permission.[66] Copyright 2019, Wiley-VCH.
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formation could cause the cut-off voltage limits to be reached 
prematurely and therefore give rise to an apparent capacity 
loss. Under constant current conditions, such an iR drop effect 
should, however, affect both the reduction and oxidation steps. 
It was recently shown[20] that the increase in the Si lithiation 
overpotential could be explained by the increased Li concentra-
tion in the Si electrode (due to diffusion-controlled Li-trapping) 
and that this effect could be mitigated by using intermittent 
constant voltage delithiation pulses decreasing the surface con-
centration of Li in the Si electrode.

Although a continuous SEI formation cannot explain the 
decreasing capacity of an electrode material cycled in a Li-metal 
half-cell, it would, nevertheless, increase the apparent lithiation 
capacity and hence contribute to the cumulative irreversible 
capacity (Figure 1a,b). Analyses of the latter are very useful when 
trying to find the origin of capacity losses.[28] The cumulative  

irreversible capacity increases when the lithiation capacity is 
larger than the delithiation capacity, that is, when the Coulombic 
efficiency is lower than 100%, whereas a decrease indicates a 
delithiation capacity larger than the lithiation capacity. In the  
presence of an irreversible reaction (such as SEI formation), 
Coulombic efficiencies lower than 100% are thus expected for 
half-cells even when the lithiation and delithiation capacities of 
the electrode material are identical. This means that it is often  
difficult to predict the cycling stability of a half-cell using the  
Coulombic efficiencies.[28,67] A half-cell exhibiting a Coulombic 
efficiency of 98% may hence be cycled for 300 cycles even though 
the remaining capacity by then would be expected to be 0.2% 
for a full-cell battery (as 0.98300 ≈ 0.002). One way of estimating 
the inherent reversibility of an electrode material can then be to 
determine an average Coulombic efficiency based on the capacity 
decrease seen during a specific number of cycles.[20,28]

Adv. Mater. 2022, 34, 2108827

Figure 2. Schematic illustration of the diffusion-controlled Li-trapping mechanism in a composite negative electrode showing the onset during the first 
cycle and its effect on the second cycle as well as the progressive accumulation of the Li-trapping after extensive cycling (e.g., 100 cycles).
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Another (irreversible) capacity loss mechanism often dis-
cussed, particularly in conjunction with Li-alloy forming elec-
trode materials (e.g., Si, Sn, and Al), are the changes in the 
volume of the electrode material associated with the lithiation 
and delithiation reactions. The latter generate stress in the 
material which can give rise to cracking, a loss of active mate-
rial and an increased electrode resistance.[68,69] Volume expan-
sion effects can likewise give rise to additional SEI formation as 
a result of an increased electrode surface area and partial loss of 
the SEI layer. For Si, the volume expansion upon full insertion 
can be as high as 280% (assuming the formation of Li3.75Si).[70] 
While it is well-known that significant losses of active mate-
rial can be seen for micrometer-sized particles,[14] the influence 
of the volume expansion effect can, however, be significantly 
decreased by using nanometer-sized alloying materials and 
efficient binders.[15,31,71–75] The presence of cracking and losses 
of the electrode material should clearly be seen when plotting 
the capacity as a function of the cycle number even when using  
Li-metal half-cells. The volume expansion effects would, how-
ever, be expected to be particularly pronounced during the ini-
tial part of the cycling experiment. The volume expansion effect 
would also be expected to give rise to an irregular capacity decay 
rather than a continuous capacity decrease and should also be 
more pronounced for electrode materials undergoing large 
volume changes (e.g., for Si compared to Al). It is also difficult 
to understand why the Li concentration in the electrode mate-
rial would increase during the cycling as a result of volume 
expansion effects, why a constant voltage delithiation step would 
recover of some of the lost capacity, and why the use of an 
extended delithiation step would extend the lifetime of an elec-
trode. Guo and Jia recently modeled the stress evolution during 
Li insertion in alloy-based negative electrode materials.[76] The 
study showed that stress induced during early stages of lithia-
tion was relieved at the end of lithiation as the Li concentration 
profiles were homogenized over the entire particle. This indi-
cates that rest periods between charging and discharging should 
relieve buildup stress inside large-volume expansion electrode 
materials. Rest periods should hence improve the cycling sta-
bility of these materials. As Lindgren et al. showed,[20] this was, 
however, not the case for Si negative electrodes. It can there-
fore be concluded that while rest periods should be beneficial 
for decreasing the volume expansion effects, they should also 
increase the influence of the diffusion-controlled Li-trapping 
phenomenon. It is important to note that conventional cathode 
materials show little volume variations during electrochemical 
reactions and negligible SEI problems,[77] but still suffer from 
capacity decay upon cycling, which indicate a capacity decay 
mechanism beyond volume changes and the SEI theory.

2.2. Structural Changes, Metal Ion Dissolution,  
and Electrolyte Oxidation

Positive electrodes typically exhibit stable cycling performances 
when cycled in half-cells. However, depending on the mate-
rial type, initial or continuous capacity losses are generally 
observed. Four main mechanisms have been used to describe 
these capacity losses: irreversible structural changes; transition 
metal ion and/or oxygen dissolution; irreversible oxidation of 

the electrolyte leading to the formation of the cathode electro-
lyte interphase (CEI) and slow Li-ion solid-state diffusion.[5,78]

Repeated Li-intercalation and de-intercalation during cycling 
can often lead to structural changes causing transition metals 
to occupy Li+ sites, yielding decreased Li+ diffusion rates. Struc-
tural distortions and strain can also lead to transition metal 
dissolution as is commonly known for LiMn2O4  positive elec-
trodes. Acidic species in the electrolyte (e.g., HF) can react with 
the positive electrode and preferentially leach transition metals 
causing their dissolution and hence a loss of capacity. Both 
phenomena can be effectively mitigated by the use of dopants 
yielding structural stabilization as well as protective coatings.[78] 
Structurally driven fatigue can also lead to limited state-of-
charge (SOC) cycling conditions, as was recently observed in 
Ni-based LiNi0.8Mn0.1Co0.1O2 (NMC) positive electrode mate-
rials.[79,80] Surface localized reconstruction introduced a lat-
tice mismatch between the surface and bulk material which 
reduced the Li diffusion rate through the material leading to 
≈25% Li remaining inside the bulk material after charge (i.e., 
delithiation). This repetitive process caused the population 
of fatigued NMC particles to increase during cycling, as each 
particle affected will be effectively limited to 75% SOC cycling, 
thereby leading to capacity decay. This structural fatigue pro-
cess was described as a general feature for Ni-rich positive 
electrode materials (i.e., above 80% Ni content). The build-up 
of fatigued particles with residual Li trapped inside the bulk 
structure is indeed similar to diffusion-controlled Li-trapping in 
negative electrode materials. However, it is important to note 
that diffusion-controlled Li-trapping in positive electrode mate-
rials should result in a gradual decrease in the Li content of the 
electrode.

Many positive electrodes operate at potentials exceeding 
the stability window of conventional electrolytes.[5,78] Ni-based 
mixed transition metal oxides (e.g., LiNi1/3Mn1/3Co1/3O2) are a 
prime example, in which Ni4+ can oxidize the electrolyte. This 
reaction leads to the formation of a CEI layer that passivates 
the electrode surface hindering further degradation of the elec-
trolyte.[78] Stability issues with the CEI layer due to structural 
strain or dissolution can lead to a continuous reformation and 
capacity losses. Improved cycling stability of these materials 
have been observed by modifying the Ni content.[78]

Intercalation-based positive electrodes are classified by the 
phase transformation that takes place during Li-ion insertion/
extraction.[81,82] Materials such as LFP are classified as two-
phase transformation positive electrodes, where fully delithi-
ated regions (FePO4) form and progressively grow leading to 
boundaries between delithiated (FePO4) and lithiated (LFP) 
regions inside a single particle. Alternatively, materials such 
as LiCoO2  undergo solid-solution transformation leading a 
gradual change in Li-ion concentration and no phase bounda-
ries in the particle. This classification is important with respect 
to the Li-trapping mechanism as the two types lead to different 
Li-ion concentrations profiles inside a single particle. Recent 
in  situ electron microscopy battery studies have,[81,82] however, 
challenged this classification by showing that nanoparticles 
do not necessarily behave in such an ordered manner. Local-
ized high Li-ion concentration regions in LFP were found to 
undergo solid-solution Li-ion movement at the nanometer 
scale. Controversially, creation and separation of Li-ion rich 
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domains was observed in LiCoO2  thin films during lithiation 
where Li+ lateral movement (i.e., toward the current collector) 
was observed during cycling. Cross-domain Li-ion movement 
was however detected when rest periods were used between 
the lithiation and delithiation.[82] These results indicate that 
both types of positive electrode materials can exhibit unidirec-
tional Li-ion movement at the nanometer scale. This raises the 
question if diffusion-controlled Li-trapping also can explain 
capacity losses seen for positive electrodes. Many studies have 
in fact indicated a strong correlation between slow Li-ion mass 
transfer and capacity losses. Slow Li-ion diffusion during the 
end stages of lithiation has been linked to first cycle capacity 
losses for layered metal oxide positive electrodes.[46,79,80,83–85] 
This is in agreement with the observed behavior for negative 
electrode materials such as Si.[20,86]

It was recently shown that Ni-based cathodes that are typi-
cally low-stress materials can crack during high SOC cycling 
leading to a capacity decay as intraparticle fragments become 
ionically disconnected from the electrolyte.[87] This feature was, 
however, isolated to all solid-state batteries where the electrolyte 
could not penetrate the cracked cathode material. Loss of active 
material in solid-state batteries is therefore not necessarily an 
indication of diffusion-controlled Li trapping.

It is important to note that only irreversible structural 
changes, dissolution of active material, and slow Li-ion mass 
transfer can yield capacity decays for half-cells as they affect the 
intrinsic energy storage properties of the positive electrodes. 
CEI formation is, just like SEI formation, compensated by the 
capacity superior negative electrode (e.g., Li metal).

2.3. Diffusion-Controlled Lithium-Trapping

Energy storage devices such as Li-based batteries are based 
on redox reactions. When reducing an electrode material 
(e.g., when reducing Fe3+ to Fe2+ in LFP), a counter ion (e.g., 
Li+) needs to be inserted to restore the electroneutrality of the 
electrode material. Energy storage is, however, also possible by 
directly reducing Li+ to Li (i.e., Li+ + e− = Li) which then either 
is deposited on the electrode surface or forms an alloy with the 
negative electrode material. To simplify the discussion below, 
“Li” will from here on be used to describe the general process 
for a negative electrode involving either Li atoms or Li ions. Care 
should be taken when translating this mechanism to individual 
materials as Li atoms are incorporated in alloying electrode 
materials and current collectors, whereas Li ions are incorpo-
rated in intercalation-based electrode materials. For reversibility 
reasons, the electrode material must therefore enable balanced 
Li exchange during the cycling to maintain the charge storage 
capacity. This is, however, rarely the case as Li diffuses only into 
the electrode during the lithiation process whereas Li can dif-
fuse both toward the electrode/electrolyte interface and further 
into the electrode core (i.e., toward the current collector) during 
the delithiation step. This two-way diffusion, which is sche-
matically illustrated in Figure 2, is the origin of the diffusion-
controlled Li-trapping effect since a small fraction of the Li in 
the electrode (or more correctly a small fraction of the lithiation 
charge) then becomes inaccessible on the time domain of the 
delithiation step.

Li is thus inserted at the electrolyte/electrode interface of the 
pristine electrode material causing a one-way diffusion gradient 
into the electrode core (i.e., toward the current collector). This 
process continues until the inward Li diffusion rate becomes 
too low to maintain the imposed current density, which causes 
the pre-set cut-off potential to be reached. When the electrode is 
delithiated, the Li extraction starts at the electrode surface (i.e., 
at the electrode/electrolyte interface) thereby generating the 
two-way diffusion seen in Figure  2. Li can now either diffuse 
toward the electrode surface or toward the current collector.  
As Li is being extracted at the electrode surface, a small por-
tion of Li diffuses further into the electrode where it becomes 
increasingly more time consuming to extract. If the time 
domains of the Li insertion and extraction steps are the same, 
the diffusion-controlled Li-trapping effect will hence make 
it impossible to fully extract the inserted charge. During the 
second and subsequent cycles, the presence of the trapped Li 
causes the lithiation capacity to decrease as the inward diffusion 
rate decreases when the surface concentration of Li increases. 
As a result, the electrode potential is shifted negatively which 
causes the cut-off potential to be reached earlier. The effect of 
diffusion-controlled Li-trapping is thus twofold as 1) a part of 
the stored energy is trapped in the electrode material as well as 
2) the trapped Li decreases the amount of energy that can be 
subsequently stored. During extended cycling the accumulated 
effect of repeated Li-trapping causes the electrode material to 
become filled with Li and the electrode reaches its (apparent) 
end of life. Diffusion-controlled Li-trapping is here described 
assuming a scenario in which ≈90% lithiation is achieved 
during the first cycle, as can be the case for alloy forming anode 
materials such as Si. Here it should be noted that partial ini-
tial lithiation approaches, involving, for example, Coulombic 
limited cycling protocols, only will delay the capacity decay in 
half-cells and that all types of Li-trapping would cause imme-
diate capacity decays in full-cells comprising charge balanced 
electrodes.[20] Capacity limited cycling may incidentally also be 
(unintentionally) obtained when altering the composition of the 
electrolyte as the conductivity of the electrolyte affects the iR 
drop and hence the cycling potential window.

As the diffusion-controlled Li-trapping effect is caused by 
the presence of Li concentration gradients in the electrode, 
this trapping effect should, however, not be seen if the mate-
rial can be homogeneously lithiated. While this can be realized 
for, for example, TiO2 nanotube electrodes,[36] a homogeneous 
lithiation is unlikely to be reached for conventional electrode 
materials due to the longer Li diffusion path lengths (when 
increasing this length from 1  nm to 1  µm, the diffusion time 
would be increased by a factor of one million).

While the scenario described above focuses on negative elec-
trode materials, the diffusion-controlled Li-trapping in positive 
electrode materials depends on if the pristine electrode material 
contains lithium or not. Electrode materials that need to be prelith-
iated before cycling (e.g., V2O5  and MoO3) should behave simi-
larly as negative electrode materials. Positive electrodes already 
containing lithium (e.g., LiCoO2, LFP and LiNixMn(1−x)Co(1−x)O2) 
should, on the other hand, experience capacity losses due to diffu-
sion-controlled Li-trapping if the delithiation during the first cycle 
is incomplete. As the delithiation process starts at the electrode 
surface and proceeds inwards toward the bulk of the electrode, a 
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Li concentration gradient will form. If the flux of Li toward the 
electrode/interface is sufficient to support the employed current, 
a stable redox potential can be maintained. However, an insuffi-
cient flux of Li to the electrode/interface, due to too slow Li dif-
fusion, would induce a mass transfer limited impedance causing 
the redox potential to ultimately reach the cut-off potential. If the 
delithiation is incomplete there will hence be a lithium concen-
tration gradient resulting in lithium diffusing toward the elec-
trolyte/electrode interface. This opposing concentration gradient 
can then negatively affect the inward diffusion during subsequent 
lithiation causing capacity losses. In this case the lithiation degree 
of the positive electrode should consequently gradually decrease 
during the cycling, as the residual Li in the electrode prevents a 
full relithiation of the material to be reached.

The term “active Li loss” is often used to describe capacity 
losses in positive electrode materials. While it may seem like 

a synonym to the term “Li-trapping,” the loss of active Li can 
also be due to an irreversible process if the electrode material 
becomes ionically or electrically disconnected from the electro-
lyte or current collector, respectively. In this scenario, the “active 
Li loss” is, however, not caused by the diffusion-controlled Li-
trapping discussed in this review. Here it should be noted that 
while the diffusion-controlled process is inherently reversible, 
the accumulated capacity losses and build-up of residual Li 
normally are often caused by extended cycling. Repeated dedi-
cated delithiation steps can then be employed to decrease the 
diffusion-controlled capacity losses and to improve the cycling 
stability as is shown in Figure 3b.

Essentially, there are hence two distinct kinds of Li-trapping 
phenomena affecting Li-based battery materials: irreversible 
and reversible Li-trapping. Irreversible Li-trapping can occur 
when Li-rich phases are ionically or electrically disconnected 
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Figure 3. Capacity and accumulated capacity losses observed for nanosilicon composite electrodes using a) constant current cycling (i.e., CC) cycling 
and b) constant current followed by constant voltage (i.e., CCCV) cycling. Reproduced with permission.[20] Copyright 2019, Wiley-VCH. c) Determination 
of residual LixSi and Li-trapping in a delithiated Si-FeSi2 particle after 700 cycles at a 1 C rate using low-loss annular dark-field (ADF) scanning tunneling 
electron microscopy with electron energy loss spectroscopy (STEM-EELS). Reproduced with permission.[29] Copyright 2020, Wiley-VCH. d) Changes 
in the lithium content x in LixSi in the skin region during the first and second lithiation. e) Scattering length density (SLD) profiles for the first delithi-
ation as a function of time, distance from interface, and potential of the working electrode versus Li+/Li. The depletion of Li is represented by a color 
change from yellow/red (LixSi) to green (Si). The black solid lines depict the exemplary SLD curves shown in panel (e). Reproduced with permission.[88] 
Copyright 2016, American Chemical Society.
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from the electrode so that the stored charge is irreversibly lost. 
This form of Li-trapping found in so called “dead Li” isolated Li 
metal structures and Li isolated in particles that no longer are 
in contact with the current collector, can be either thermody-
namically or kinetically controlled. Reversible (kinetically  con-
trolled) Li-trapping can occur when Li-rich phases inside the 
host material become temporarily inaccessible due to the above-
mentioned diffusion-controlled trapping effect. The degree of 
reversibility is then defined by the time domain available for 
Li-diffusion during the lithiation and delithiation steps. In this 
review we thus focus on the diffusion-controlled (reversible)  
Li-trapping effect.

3. Lithium-Trapping in Battery Materials  
and Components
3.1. Negative Electrode Materials

3.1.1. Alloy-Forming Materials

Silicon is considered to be one of the most promising negative 
electrode material for LIBs due to its high theoretical capacity, 
low working potential, and high natural abundance.[9] The com-
mercial use of silicon electrodes is, however, hindered by the 
significant capacity losses generally observed during the cycling 
of silicon electrodes. The capacity fading mechanism has been 
intensively studied and is generally believed to originate from 
the large volume changes of the Si particles during lithiation 
and delithiation in combination with an unstable SEI.[9] A range 
of strategies aimed at minimizing the volume expansion effect 
have therefore been developed, employing, for example, nano-
structured Si active materials and multifunctional binders.[89,90] 
More robust SEIs have also been designed by introducing elec-
trolyte additives such as FEC and vinylene carbonate, as well as 
by replacing the traditional LiPF6 salt with LiTFSI and LiFSI.[20] 
Significant capacity losses during cycling are, however, still 
observed even when using the abovementioned optimization 
strategies. This raises the question whether the remaining sta-
bility issues can be explained by diffusion-controlled trapping 
of elemental lithium.

Lindgren et  al.[20] studied the capacity fading mechanisms 
of electrodes composed of Si nanoparticle using experimental 
conditions designed to address the typically proposed fading 
mechanisms, that is, volume expansion and SEI formation. 
The electrodes, which were used together with functional 
binders, an LiTFSI electrolyte and SEI stabilizing electrolyte 
additives (i.e., vinylene carbonate and FEC), were studied 
in half-cells using capacity limiting cycling. It was found 
that the Si electrode was able to maintain the set capacity of 
1200 mAh g−1 for about 300 cycles after which a capacity loss to 
virtually zero was observed during 50 cycles (Figure 3a). This 
dramatic capacity drop was unexpected as Coulombic limited 
cycling protocols have been reported to improve the cycling 
stability of Si anodes.[91] Lindgren et al.,[20] however, also used 
a modified cycling protocol in which a constant voltage delithi-
ation step was included after the constant current step (i.e., 
to yield a CCCV protocol) on every tenth cycle, as is seen in 
Figure 3b. These constant voltage Li extraction steps not only 

increased the delithiation degree of the electrode but also 
increased the cycling stability significantly (Figure 3b). As the 
CCCV delithiation steps decreased the accumulated capacity 
loss it was concluded that the main part of the capacity loss 
was due to diffusion-controlled Li-trapping, in good agree-
ment with previous findings.[28] The abovementioned results 
consequently indicate that it is possible to retrieve some of 
the trapped Li (and hence some of the lost capacity) if the 
efficiency of the delithiation step is increased. Chen et  al.[92] 
investigated the cycling stability of a Si electrode in a solid-
state Si-Li3PO4-LiCoO2  microbattery by studying the lithium 
distribution in the full-cell using neutron depth profiling 
(NDP). Lithium immobilization in Si phases protruding into 
the solid-state electrolyte was found to be the main source of 
the capacity loss. The accumulation and trapping of Li in the 
Si electrode resulted in an overall decrease in the capacity of 
the LiCoO2 cathode. At the end of life, the cell was exposed to 
a CCCV step which showed a significant capacity increase, that 
is, about 10% of total the full-cell capacity when comparing to 
the first cycle discharge capacity.

In an attempt to understand the capacity loss mechanisms, 
Lee et  al.[93] used a calculation method to distinguish capacity 
losses based on irreversible electrolyte decomposition from 
those caused by Li-trapping. The model was based on the deter-
mination of the alloy charge (Qalloy) on each cycle by comparing 
galvanostatic intermittent titration technique (GITT) cycling 
data with data based on reference galvanostatic lithiation pro-
files. Using this approach, the authors discovered that the 
capacity decay was mainly caused by Li-trapping, except during 
the first few cycles when there was also a contribution from 
electrolyte decomposition (i.e., SEI formation). Kumar et al.[29] 
investigated the cycling stability of a Si-FeSi2 nano-architectured 
composite electrode by using advanced electron microscopy in 
combination with electrochemical analyses. Due to repeated 
volume fluctuations of the amorphous silicon phase during the 
cycling, the Si-FeSi2  alloy was transformed from a core–shell 
structure into a tree-branch structure. After over 700  cycles, a 
dramatic capacity decay was seen, and the electrode was sub-
jected to post-mortem scanning tunneling electron microscopy 
with electron energy loss spectroscopy (STEM-EELS) analysis. 
The elemental mapping of Li and Si showed the presence of 
significant amounts of Li within the Si host material, as can 
be seen in Figure  3c. Progressive Li-trapping gave rise to an 
enrichment of Li in the core of the Si host corresponding to a 
composition of Li1.27Si. This effect, albeit less pronounced, is in 
good agreement with the previously mentioned[20] enrichment 
yielding a lithium-to-silicon atomic ratio of 3.28 (i.e., Li3.28Si). 
In the latter case, the lithium concentration was determined in 
an extensively cycled nano-Si composite electrode using induc-
tively coupled plasma–atomic emission spectroscopy (ICP-AES) 
post-mortem analysis. The diffusion-controlled trapped Li 
could explain 80% of the accumulated capacity loss while the 
remaining 20% was ascribed to the charge associated with SEI 
formation and SEI dissolution.[20] The enrichment of lithium in 
silicon electrodes clearly indicates that the diffusion-controlled 
trapping of Li can be readily detected after extended cycling. As 
will be explained below, indications of such Li-trapping can, 
however, also be found during the first cycles when employing 
in situ or operando techniques.

Adv. Mater. 2022, 34, 2108827
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Seidlhofer et  al.[88] took advantage of the strong scattering 
contrast between Li and Si in in operando neutron reflectivity 
to monitor the Li uptake and release in a single crystal Si elec-
trode. It was found that the uptake of Li during the first lithia-
tion process resulted in a Li-rich lithiation phase (≈Li2.5Si) on 
the surface and a less lithiated zone (≈Li0.1Si) deeper within 
the crystal (Figure 3d). In addition, the difference between the 
profiles for first and second cycles clearly indicated the pres-
ence of a Li-trapping effect. During the second lithiation step, 
the residual Li phase resulted in a premature Li saturation of 
the Si electrode. As can be seen in Figure  3e, a surface layer 
of lithium in fact remained within the silicon electrode even 
after an 85-min long delithiation step at 1.5  V. These results 
thus indicate that Li was trapped during the first cycle due to an 
incomplete delithiation step and that this phenomenon affected 
the lithiation on the subsequent cycles. Pereira-Nabais et al.[94] 
studied the lithium distribution in thin Si films during the ini-
tial cycles using time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). The elemental composition and species distribu-
tion in the Si electrode were studied and used to determine the 
chemical origin and distribution of the detected Li species in 
the SEI and Si electrode, respectively. In the Li profile for the 
first delithiation step, Li peaks were discovered both at the elec-
trode/electrolyte interface and the electrode/current collector 
interface. This hence indicate that the lithium in the electrode 
diffused both toward the electrode surface and toward the cur-
rent collector during the delithiation step, in accordance with 
the previously mentioned two-way diffusion model.[28] To study 
the distribution of the trapped lithium in the silicon, the same 
group[95] developed ToF-SIMS chemical mapping methods 
involving in situ focused ion beam cross-sectional analyses of 
delithiated Si composite electrodes after five and ten cycles. An 
increased residual Li content was detected in the Si particles 
indicating progressive lithium trapping during the cycling.

Yoon et  al.[22] studied the capacity fading mechanism of Si 
nanoparticle composite electrodes by determining the capacity 
in different potential regions during the lithiation. The total 
capacity decrease was found to coincide with the capacity 
decrease during the early stages of the lithiation (i.e., between 
0.8 and 0.27 V vs Li+/Li). As the lithiation was gradually shifted 
to lower potentials, the lithiation time (and hence the lithiation 
capacity) decreased as the set potential cut-off was reached ear-
lier and earlier. This behavior can be explained by the fact that 
the equilibrium lithium deposition potential should be shifted 
to lower potentials when the Li concentration (or rather the Li 
activity) in the Si electrode increases due to Li trapping.[20,29] 
Moreover, as the activity of Li in the pristine Si electrode should 
be very low, the initial Li-deposition should in fact take place 
at a potential significantly more positive than 0  V versus Li+/
Li. In addition, the diffusion rate of Li in the silicon would be 
expected to decrease as the concentration of Li in the silicon 
electrode increases. Due to these two effects, the preset cut-off 
would hence be reached earlier and earlier during a controlled 
current experiment, which means that the capacity would 
become lower and lower during the cycling.[20,29] Lindgren 
et  al.,[20] however, showed that the influence of these effects 
can be decreased by increasing the efficiency of the delithiation 
step using a CCCV delithiation protocol. As this delithiation 
approach resulted in a decrease in the surface concentration of 

Li in the Si electrode, some lithiation capacity could be main-
tained during many additional cycles (Figure  3a,b). This con-
sequently means that the potential shifts seen during the lithi-
ation of Si can mainly be explained by the diffusion-controlled 
Li-trapping altering the electrochemical lithiation potential and 
the Li diffusion rate in the electrode.

Tin is another interesting negative electrode material which 
can store charge both via the conversion of tin oxides to yield tin 
and Li2O (e.g., SnO2 + 4 Li+ + 4 e− = Sn + 2 Li2O) and the lithi-
ation of the generated tin (e.g., Sn + 4.4 Li+ + 4.4 e− = Li4.4Sn).  
Although reversible Li4.4Sn alloy formation offers a theoret-
ical capacity of 999 mAh g−1, poor cycling stability is generally 
seen. In analogy with silicon, the latter is typically ascribed to 
the considerable volume expansion (i.e., 244%) associated with 
the lithiation.[9] The use of electrodes composed of nanometer-
sized particles has, however, been found to yield more mechan-
ically stable electrodes in good agreement with corresponding 
results for Si electrodes. As capacity decays nonetheless are 
commonly observed for nano-Sn electrodes it is reasonable to 
assume that there is at least one other phenomenon affecting 
their cycling stabilities. Rehnlund et  al.[28] showed that diffu-
sion-controlled Li-trapping can explain the capacity decay seen 
for Sn nanorod electrodes. In this case, the decay was seen after 
an initial capacity increase which was ascribed to an increase 
in the surface area of the electrode due to volume expansion 
effects. The Sn nanorod electrodes were cycled either between 
2.5 and 0.1 V (vs Li+/Li), or between 1 and 0.1 V (vs Li+/Li), using 
cyclic voltammetry (CV) at a scan rate of 1 mV s–1 (Figure 4a–c).  
An improved cycling performance was observed when 1  V  
(vs Li+/Li) was used as the upper potential limit which could 
be explained by the difference in the scan time associated with 
scanning to 1  or 2.5  V. The latter was shown by determining 
the capacities after stopping the scan at 1 V on each oxidation 
step for time corresponding to the scan time from 1  to 2.5  V 
and back. As the observed capacity decrease was analogous to 
that seen when scanning to 2.5 V and no electrochemical reac-
tions that could explain the loss of capacity were observed in 
the 1–2.5 V range, it was concluded that the size of the capacity 
loss depended on the time domain of the experiment. ICP-AES 
analyses of delithiated Sn nanorod electrodes (Figure 4d) clearly 
showed that the amount of Li found in the delithiated electrode 
depended linearly on the cycle number. It should also be men-
tioned that a plot of the capacity as a function of the square root 
of the time was found to be linear in the region where a capacity 
loss was seen, indicating that the capacity loss was caused by a 
diffusion-controlled process. It was hence concluded that the 
capacity decay seen for the Sn nanorod electrodes mainly was 
due to progressive Li-trapping caused by a two-way diffusion 
phenomenon.[28]

Co and coworkers[96] employed in situ NDP to study the dis-
tribution of Li in Sn thin foil negative electrodes. Increases and 
decreases in the Li concentration were observed during the lith-
iation and delithiation steps with faster delithiation taking place 
at the Sn/electrolyte interface compared to in the bulk of the 
electrode. After one cycle, a considerable amount of Li hence 
remained in the bulk, and the Li then diffused deeper into the 
electrode toward the current collector when the cell was paused 
at the open-circuit potential. This finding shows that there was 
diffusion of Li in the electrode as the Li concentration was  
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significantly higher at the electrode surface than in the rest of 
the electrode after the lithiation step. It is, however, important 
to note that as the delithiation step was significantly shorter 
than the lithiation step (i.e., 200 vs 740 min), the interpretation 
of these results is less straightforward. The asymmetric cycling 
should clearly have resulted in an incomplete delithiation, even 
though the lithiation rate has been found to be lower than the 
delithiation rate for Si electrodes.[20,86] Such an asymmetric 
behavior (which appears to be caused by the concentration gra-
dients of Li (or Li+) generated in the electrode material) has, 
incidentally, also been seen for TiO2.

Li et  al.[97] reported that Li-trapping gave rise to capacity 
losses for nanosized SnSb alloy electrodes. The reversibility 
of the binary alloy was found to depend on the alloy composi-
tion since the behavior of the Li-Sn alloy was more reversible 
than that of the Li-Sb alloy. In the presence of preferential Li-
trapping in one of the elements in an alloy, a Li-trapping effect 
may hence affect the properties of an alloy-based electrode in 
an unexpected manner. While the use of a binary alloy may 
improve the mechanical stability of an electrode, the electro-
chemical performance can, on the other hand, be decreased by 
preferential lithiation. When discussing Li-trapping in metals, 
it should also be mentioned that the effect should involve ele-
mental Li rather than Li+, as lithium ions (for obvious electro-
neutrality reasons) cannot diffuse into a metal in the absence of 
a counter ion.[36]

Aluminum is an alloy forming negative electrode material 
that has attracted far less interest than silicon, despite its low 
cost, large natural abundance, and small volume expansion  

effect (i.e., 90% for LiAl compared to 280% for Li15Si4).[9] As 
the fully lithiated LiAl phase offers a theoretical capacity of 
933  mAh  g−1, aluminum electrodes could, nevertheless, be 
alternatives to commercial graphite negative electrodes. In 
analogy with silicon, aluminum is, however, known to exhibit 
poor cycling stability. The capacity loss is typically ascribed to 
volume expansion effects, despite the fact that these are rela-
tively small for aluminum. Oltean et  al.[35] came to question 
this hypothesis when studying the capacity decay of binder-free 
Al nanostructured electrodes synthesized by template-assisted 
electrodeposition. Using Al nanorods which were fortified with 
Al2O3  layers with a thickness up to 60 nm, no correlation was 
found between the cycling stability and the thickness of the 
(mechanically stabilizing) alumina layer. Post-mortem SEM 
analyses also showed that the Al nanorods remained well con-
nected to the substrate after the cycling experiments. In addi-
tion, the authors found that the capacity decayed with time in 
a manner which was unlikely to stem from volume expansion 
and/or SEI effects. The capacity losses were instead ascribed to 
diffusion-controlled trapping of Li in the aluminum nanorods 
as a result of a two-way diffusion process. This hypothesis 
was subsequently investigated in more detail using Sn and Si 
electrodes.[20,28]

Qin et  al.[33] carried out a systematic investigation of the  
Li-alloy formation process for Al electrodes by employing in 
situ X-ray diffraction (XRD), electrochemical dilatometry, X-ray 
photoelectron spectroscopy (XPS), as well as in operando iso-
thermal microcalorimetry. It was found that both the lithiation 
and delithiation were incomplete as well as asymmetric and that 
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Figure 4. a) Cyclic voltammograms obtained with Sn nanorod electrodes showing the 1st, 25th, and 100th cycle when scanning between 0.1 and 2.5 V 
(versus Li+/Li) at a scan rate of 1.0 mV s−1. b) Areal lithiation (open circles) and delithiation (filled circles) capacities as a function of the cycle number 
for CV cycling between 0.1 and 1.0 V (black symbols) and 0.1 and 2.5 V (red symbols), respectively. c) Areal capacities for CV cycling between 0.1 and 
1.0 V with a 3000 s long pause at 1.0 V on each cycle. The length of the pause corresponded to the time needed to cycle from 1.0 to 2.5 V and back at 
1.0 mV s−1. d) The Li amount found in delithiated Sn nanorod electrodes as a function of the scan number. The Li amounts were determined using 
ICP-AES after CV cycling between 0.1 and 2.5 V. a–d) Reproduced with permission.[28] Copyright 2017, The Royal Society of Chemistry. e) Displacement 
profile and corresponding cycling curve for an Al composite electrode obtained using in situ electrochemical dilatometry with f) magnified electrode 
displacement and cycling curve showing the first 1.5 cycles. g) In situ X-ray diffraction (XRD) data for the Al electrode during the first cycle with h) the 
corresponding cycling curve together with the XRD intensity variations of the Al (111) and LiAl (111) reflections. e–h) Reproduced with permission.[33] 
Copyright 2019, Wiley-VCH.
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this gave rise to the growth of an residual Li1−xAl phase in the 
bulk of the electrode, in good agreement with previous findings 
of Liu and Co using NDP.[32] Moreover, by studying the volume 
fluctuations of the cell during operation with electrochemical 
dilatometry Qin et al.[33] demonstrated a gradual increase in the 
electrode displacement (Figure 4e). This effect, which could be 
seen already after one cycle, suggested an incomplete delithia-
tion and hence the presence of trapped Li in the Al electrode 
(Figure  4f). Employing in situ XRD, the authors observed an 
increase and decrease in the LixAl intensity during the lithiation 
and delithiation as well as a residual Li1−xAl phase remaining in 
the structure after delithiation (Figure 4g,h). Residual LiAl was 
also detected by ex situ XPS, thereby supporting the hypothesis 
that Li-trapping can yield capacity losses for Al electrodes.

Lithium trapping in Al electrodes has also been demon-
strated using real-time SEM imaging and Auger spectroscopy 
during electrochemical cycling of a solid-state Li-ion battery.[98] 
The trapping, which resulted in a 90% loss of capacity during 
100 cycles, was proposed to take place in the electronically con-
ducting Al-Li alloy mounds irreversibly generated on the Al sur-
face as a result of the formation of a stable Al-Li-O alloy.[98] Such 
a layer has also been suggested to give decreased capacities and 
cycling stabilities when decreasing the thickness of the alu-
minum layer.[34] The latter is in contrast to the general behavior 
of other Li-alloy electrodes since an improved specific capacity 
and cycling performance typically are seen when the film thick-
ness or particle size is decreased to the submicron level.[99] It 
should, however, be pointed out that Oltean et  al.[35] demon-
strated that the electrochemical behavior of Al nanorods coated 
with a 60 nm thick Al2O3 surface was very similar to that seen 
for the corresponding nanorods with a native Al2O3  layer.[35] 
The latter indicates that the Al2O3 layer mainly acted as a solid 
electrolyte and that the observed capacity loss was caused by the 
Li-trapping phenomenon discussed above.

3.1.2. Intercalation Materials

Carbonaceous materials constitute a large family of negative 
electrode materials, with crystalline graphite being the commer-
cial standard for LIBs.[1] While there is a multitude of different 
carbon electrode materials with varying degrees of structural 
ordering, carbon materials are often divided into graphitized, 
non-graphitized, and intermediate materials.[100] In this report, 
we will mainly discuss ordered (i.e., graphite and soft carbon) 
and disordered (i.e., hard carbon) carbon materials, exhibiting 
long-range and short-range order, respectively. Like other nega-
tive electrode materials, carbon materials exhibit a significant 
irreversible capacity loss on the first cycle which generally is 
ascribed to the formation of an SEI layer.[101] Apart from this ini-
tial capacity drop, carbon electrodes typically exhibit very good 
cycling stabilities with small capacity decays under mild cycling 
conditions (i.e., at room temperature using low current den-
sities). However, a decrease in the capacity can, nevertheless, 
still be seen also for carbon electrodes. Given that intercalation-
based negative electrodes (e.g., carbon electrodes) generally 
exhibit small volume expansion effects, this capacity loss is less 
likely to be fully explained by volume expansion effects and/
or SEI formation (especially when Li-metal half-cells are used). 

In this section, we will therefore re-examine results obtained 
with carbon-based negative electrodes based on the diffusion-
controlled Li-trapping hypothesis.

Matadi et  al.[47] conducted a thorough study focusing on 
the irreversible capacity losses of half-cells and commercial 
graphite/lithium nickel manganese cobalt oxide (NMC) cells 
containing Li metal reference electrodes under low temperature 
cycling conditions (i.e., 5  °C). By cycling the full-cell between 
0% and 100% SOC, a continuous capacity decay was observed 
yielding a 75% capacity loss after only 50  cycles. During this 
time, the end of charge (lithiation) graphite electrode potential 
decreased toward 0 V versus Li+/Li. Post-mortem XRD results 
indicated that Li+ was present in the graphite electrode even 
after delithiation (see Figure 5a). This was further confirmed by 
7Li nuclear magnetic resonance (NMR) results (see Figure 5b) 
and visual observations of the brown graphite electrode sur-
face indicating the presence of LiCx. The authors concluded 
that the capacity decay mainly stemmed from Li+-trapping in 
the graphite electrode due to an incomplete Li+ de-intercalation 
step caused by the presence of a layer of electrolyte degradation 
products on the surface of the electrode.

Yao et  al.[48] employed spatially resolved energy dispersive 
X-ray diffraction to study the formation of Li+ concentration 
gradients in graphite electrodes during their lithiation and 
delithiation. It was found that the lithium distribution was 
inhomogeneous with respect to both the total lithium content 
and the LixC6 phases formed during the lithiation and delithi-
ation steps. Moreover, the delithiation concentration profiles 
did not mirror the lithiation profile in reverse and this asym-
metry was also found to become more pronounced deeper into 
the electrode. In the deepest layers, the LiC6 and LiC12 phases 
were seen to persist much longer than in the surface layer. The 
experimental results were stated to indicate the presence of 
incomplete delithiation of the graphite and a risk of preferential 
Li plating in the Li-rich zone at the electrode surface.

Studies involving disordered carbon materials have indicated 
the presence of irreversible capacity losses which have been 
attributed to different lithium-consuming reactions.[49–53] Mat-
sumura et al.[50] reported that a significant part of the irrevers-
ible capacity loss on the first cycle was due to the irreversible 
immobilization of Li species in the bulk of the electrode. This 
effect was studied using delithiated carbon electrodes and var-
ious analytical techniques including Fourier transform infrared 
attenuated total reflectance, secondary ion mass spectrometry, 
XPS, and determinations of the amounts of Li in the electrodes 
using plasma spectrometry. The results clearly showed that 
some Li remained on the surface and in the bulk of the dis-
charged (i.e., delithiated) carbon electrode, with a significantly 
higher Li concentration in the surface layer compared to in the 
bulk. The Li concentration in the delithiated electrode was also 
much higher than in a pristine electrode. As the binding energy 
for the bulk Li species was 2.5 eV higher than for metallic Li it 
is reasonable to conclude that the Li species remaining in the 
bulk were intercalated Li-ions. The incomplete delithiation was 
ascribed to Li+ ions reacting with active sites within the elec-
trode to yield compounds that could not undergo delithiation.[50]

The results of a 7Li NMR study on lithiated hard carbon[102] 
indicated the existence of two different lithium species in the 
internal porosity; quasi-metallic lithium aggregates and lithium 
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covalently bound to the pore surface (at the edges of small crys-
tallites) demonstrating the complexity associated with the inter-
pretation of the hard carbon insertion process. Takami et al.[54] 
performed an electrochemical analysis of the large hysteresis 
effect observed for disordered carbon electrodes. It was found 
that the Li+ diffusion coefficient decreased dramatically during 
the lithiation step, and that the diffusion coefficient was lower 
during the delithiation step than during the initial part of the 
lithiation step. This asymmetry regarding the lithiation/delithi-
ation process seems to be an inherent characteristic of nega-
tive electrode materials as analogous results have been obtained 
with Si electrodes.[20,86]

Jacques et al.[51] used an in situ electron microscopy technique 
to study the influence of the lithiation charge on the longitu-
dinal expansion of carbon fibers (CFs). As shown in Figure 5c,d, 
distinct expansion could be seen for lithiated carbon fibers when 
compared to pristine carbon fibers. The expansion was almost 
linearly dependent on the lithiation capacity suggesting that the 
measured expansion was a result of the lithium intercalation 
and hence the amount of inserted lithium ions (see Figure 5e). 
The transverse expansion, estimated from cross-sectional SEMs, 
was between 8% and 13% for the fully lithiated carbon fibers, 
which is of the same order of magnitude as the increase in 
the interlayer spacing for lithium-ion intercalated graphite.[103] 
After the delithiation step a significant expansion, however, still 
remained indicating that the delithiation of the carbon fibers 
was incomplete. This behavior, which is in good agreement 
with the Li+-trapping effect generally seen for carbon materials, 
hence shows that the effect also can affect the mechanical prop-
erties of carbon material.[104] Guerin et  al.,[52] who conducted a 
study on hard carbon electrodes with low heteroatomic contents 

and low specific surface areas, concluded that the irreversible 
capacity losses due to the surface area and surface functional 
groups were negligible. A linear relationship between the irre-
versible capacity loss and the internal pore volume of the elec-
trode was, on the other hand, found (see Figure 5f) indicating 
that the irreversible capacity loss resulted from Li-trapping in 
the bulk of the electrode.

Metal oxides can also be used as negative electrode mate-
rials in LIBs since there is a large variety of transition metals 
that can store charge based on intercalation or conversion 
reactions. In this report focusing on diffusion-controlled Li-
trapping, we will, however, only discuss intercalation reactions 
since the capacity losses seen for conversion materials mainly 
are due to other effects, such as the formation of passivating 
surface oxides during the delithiation (i.e., oxidation) of the 
metal nanoparticles generated in the conversion reaction (e.g., 
SnO2 + 4 Li+ + 4 e− = Sn + 2 Li2O).[105–108] Diffusion-controlled  
Li-trapping effects should, nevertheless, still be possible to see for 
electrode materials undergoing conversion reactions providing 
that the capacity losses due to the abovementioned irreversible 
conversion reaction and the Li-trapping effects can be differenti-
ated. The problem can be illustrated using SnO2 as an example. 
During the oxidation of the Sn nanoparticles formed in the con-
version reaction (see the reaction above), the Sn nanoparticles 
first become coated with a layer of SnO which acts as a passive 
layer and thus slows down the oxidation of the nanoparticles. 
Although the SnO layer can be further oxidized to yield a surface 
layer of SnO2 on top of the SnO layer, it is difficult to fully regen-
erate the original SnO2  particles. This inability to reform the 
original metal oxide particles would clearly give rise to a signifi-
cant loss of capacity, the magnitude of which would depend on, 
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Figure 5. Post-mortem analyses of cycled graphite electrodes after cell failure (i.e., after 50 and 1500 cycles between 2.70 and 4.20 V as well as 3.42 and 
4.30 V, respectively) probed in the delithiated state using a) XRD and b) 7Li NMR. Reproduced with permission.[47] Copyright 2017, ECS. Cross-sectional 
SEM images of c) pristine carbon fibers (CFs) d) and fully lithiated CFs. e) Longitudinal expansion of CFs with the capacity indicated for the last lithi-
ation at the different C-rates. c–e) The difference between the total expansion of the lithiated CFs (dash-dot line) and the irreversible expansion of the 
CFs after the last delithiation (dashed line) shows the last cycle-reversible expansion at the different C-rates. Reproduced with permission.[51] Copyright 
2013, Elsevier. f) The irreversible capacity corrected for passivation and binder contributions as a function of the internal pore volume. Reproduced 
with permission.[52] Copyright 2000, Elsevier.
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for example, the size of the metal oxide particles, the size of the 
generated nanoparticles, the nature of the oxide, the cycling rate, 
and the employed potential window. It would therefore not be 
straightforward to evaluate the capacity loss due to the Li-trapping 
in the Sn nanoparticles even if the cycling were conducted down 
to potentials were a LixSn alloy is formed. Due to this complica-
tion (and the fact that we are not aware of any studies involving 
materials undergoing conversion reactions exhibiting evidence of 
a diffusion-controlled conversion reaction) conversion-type elec-
trode materials will not be further discussed here.

During an intercalation reaction, lithium ions are instead 
inserted into the material to maintain electroneutrality within 
the electrode material (e.g., TiO2 + x Li+ + x e− = LixTiO2). While 
the lithium ions are electroinactive counter ions, their presence 
in the delithiated metal oxide electrode can be used to detect 
capacity losses due to an incomplete delithiation of the electrode 
material. Wei et al.[36] investigated the capacity limiting effects for 
binder- and additive-free monolithic TiO2  nanotube electrodes. 
By comparing the results of galvanostatic and voltammetric 
experiments it was found that the capacity was limited by the 
lithiation step and that the lithiation capacity was limited by the 
Li+ diffusion rate in the electrode. A diffusion-controlled Li+-trap-
ping effect could also be seen at sufficiently high cycling rates 
particularly when an open circuit step was used between the 
lithiation and delithiation steps. The latter was explained based 
on the diffusion of Li+ further into the TiO2 material causing a 

fraction of the capacity to become inaccessible during the sub-
sequent delithiation step. In analogy with previous results for Si 
electrodes,[20,86] an inherent asymmetry regarding the lithiation 
and delithiation rates was also observed favoring the delithia-
tion step. The latter was explained on the fact that the lithiation 
should give rise to a decrease in the available Li-ion sites in the 
host structure (and hence a gradually decreasing diffusion coeffi-
cient) whereas an increase in the number of available Li-ion sites 
can be seen during the delithiation step.

Electroactive metal oxides such as WO3 and NiO are particu-
larly interesting in the present context as the insertion/extrac-
tion of Li+ in these materials also give rise to changes in the 
optical properties of the materials.[109,110] Upon cycling of these 
materials irreversible capacity losses and gradually declining 
optical responses are generally seen, which typically are 
ascribed to a lithium-ion trapping effect.[56,111,112] Figure 6 shows 
the electrochemical and electrochromic performance of X-ray 
amorphous WO3  thin films cycled in an electrolyte composed 
of 1 m LiClO4 in propylene carbonate. It is immediately evident 
that the charge capacity as well as the optical transmittance 
decreased during the voltammetric cycling. This was ascribed 
to an accumulation of Li-ions in the WO3  electrode, that is, 
Li+-trapping in three main types of traps. It should, however, 
be noted that potential interferences from the WO3 conversion  
reaction generally appear to have been neglected in these elec-
trochromic studies. Diao and coworkers[55] likewise concluded 
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Figure 6. Electrochemical and electrochromic performance of ≈300  nm thick amorphous WO3  films. a) Cyclic voltammograms recorded between 
1.5 and 4.0 V versus Li+/Li at a scan rate of 10 mV s−1  for the indicated cycles. b) Charge capacity as a function of the cycle number featuring the 
inserted, extracted, and trapped charges. c) In situ optical transmittance measured at a wavelength of 550 nm and current density as a function of 
time for potentiostatic Li+ extraction at 5.5 V. The inset shows the transmittance as a function of time for the indicated time window. Reproduced with 
permission.[111] Copyright 2016, American Chemical Society.
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that the degradation of cycled all-solid-state WO3/NiO elec-
trochromic devices was caused by lithium ion-trapping. The 
latter authors observed a significant increase in the thickness 
of cycled WO3  thin-film electrodes, indicating an irreversible 
insertion of Li+. A combined XPS and ToF-SIMS analysis of 
the WO3-NiO electrochromic devices revealed a progressively 
increasing residual Li+ concentration inside the metal oxide 
films during cycling, in agreement with previous findings for 
WO3 thin films.[112] An analysis of the XPS results suggested that 
the lithium ions were trapped at different types of sites within 
the material. Rejuvenation of degraded electrochromic films 
was, however, possible via extraction of trapped Li-ions using 
extended constant current or potentiostatic delithiation.[56,113] 
Since a fraction of lithium ions typically remains in the films, 
a complete rejuvenation has so far been difficult to achieve.[112]

3.2. Positive Electrode Materials

There are, so far, few reports discussing capacity losses due to dif-
fusion-controlled Li-trapping in positive electrode materials. This 
is somewhat surprising since most positive electrode materials in 
analogy with many negative electrode materials are Li+ intercala-
tion or insertion materials. It is therefore reasonable to assume 
that diffusion-controlled Li-trapping likewise can affect the perfor-
mance of many positive electrode materials. Some experimental 
results supporting this hypothesis are described below.

LFP is a commonly used positive electrode Li+-insertion 
material in LIBs.[114] However, LFP-based electrodes rarely 
reach their theoretical capacities even at low current densities 
and elevated temperatures[115] due to the relative low rates of 
the Li+ extraction and insertion processes. The first cycle per-
formance of LFP electrodes was studied by Andersson and 
Thomas[38] using NDP. It was suggested that the lithium ions 
could not be fully extracted from the LFP particles, indicating 
that the electrode could not be fully oxidized, and that this 
resulted in a trapping of about 20% of the lithium ions. This 
effect, which gave rise to an initial capacity loss, was ascribed to 
sluggish lithium-ion diffusion and a low electronic conductivity 
in the delithiated phase based on the proposed formation of 
a lithium-rich core within the larger delithiated LFP particles. 
While investigating the cycling performance of LFP electrodes 
in half-cells containing functionalized separators, Pan et  al.[39] 
recently discovered a mass transfer dependent memory effect 
analogous to the diffusion-controlled Li-trapping effect seen for 
Li+ insertion in TiO2 nanotube electrodes.[36] In both cases, the 
capacity was found to gradually decrease during cycling at rates 
of 5C and 10C although the full capacity was regained once the 
cycling was continued at a lower rate.

Marcus and colleagues have studied the lithium distribu-
tion and chemical composition in cycled thin-film electrodes 
containing V2O5

[43,116] and MoO3
[45] using a combination of 

XPS, ToF-SIMS, and Rutherford Backscattering Spectrometry. 
XPS analyses of V2O5  electrodes after the first and second  
voltammetric cycles showed that the Li+ extraction reaction was 
incomplete as 14 at% V4+ could still be found after de-intercala-
tion at 3.8 V versus Li+/Li.[43] After 300 cycles, 17–22 at% of V4+  
was observed at the V2O5  surface of the de-intercalated sam-
ples.[116] Li and V depth profiles were generated with ToF-SIMS 

to obtain the depth distribution of Li+ in de-intercalated sam-
ples. As shown in Figure 7a, traces of Li+ were found both 
at the electrode/electrolyte interface and in the bulk of the 
electrode. By comparing the Li and V bulk peaks obtained 
after 12  and 300  cycles, it could be seen that the Li-rich zone 
not only grew in size but also moved deeper into the elec-
trode bulk during the cycling.[43] These results, which indicate 
the presence of a Li+-trapping effect, show that the degree of  
de-intercalation (and hence the capacity) of the electrode 
decreased during the cycling. In addition, the results clearly dem-
onstrate that there was diffusion of Li+ in the electrode material 
due to the presence of Li+ concentration gradients. As a result, 
Li+ was also found in the non-electrochemically treated surface 
areas of the de-intercalated V2O5 samples. It is therefore reason-
able to assume that the observed Li+-trapping effect was linked to  
Li+ solid state diffusion. Analogous results were also obtained 
with V2O5/FTO film electrodes.[41] For MoO3  thin-film elec-
trodes, a large fraction of Mo5+ (i.e., 40%) was still found after 
de-intercalation at 3.2  V versus Li+/Li indicating that Li-ions 
were trapped in the MoO3 material.[45]

Winter and coworkers[117] studied the origin of the first cycle 
capacity losses observed for common positive electrode mate-
rials using electrochemical cycling combined with ICP-AES 
determinations of the lithium contents of the cycled electrodes. 
For LiNi1/3Co1/3Mn1/3O2 (i.e., NCM111), it was shown that about 
70% of the specific capacity loss was associated with the limited 
rate of the lithiation reaction during the discharge (this part was 
denoted the recoverable capacity loss) whereas the remaining 
30% was ascribed to irreversible structural changes leading to 
inactive domains inside the electrode material. The capacity loss 
due to the oxidation of the electrolyte was, on the other hand, 
found to be negligible. By limiting the pathways for Li+ solid state 
diffusion by going from a 3D network to a 1D channel, the degree 
of recoverable capacity losses could be increased. This suggests 
that lithium-ion diffusion focused to single channels can give 
rise to lower irreversible capacity losses than diffusion in 3D. The 
irreversible capacity losses should hence be more pronounced 
for 3D materials such as LiNi0.5Mn1.5O2  than for 1D positive 
electrode materials such as LFP. Winter and coworkers[40] subse-
quently addressed the underlying cause of the capacity fading of 
NCM111 employing Li-metal-based half-cells. It was shown that 
the delithiation of the NCM111 was incomplete and that the influ-
ences of transition metal dissolution and CEI formation on the 
capacity loss were negligible. As can be seen in Figure 7b,c, both 
the charge (i.e., delithiation) and discharge (i.e., lithiation) capaci-
ties depended on the employed current densities. The charge 
capacities were, however, found to differ from the discharge 
capacities when the discharge current density was increased, 
hence yielding a capacity loss. Although an impeded relithiation 
reaction could explain the results obtained when increasing the 
lithiation current density, it could not explain the gradual capacity 
fade seen during constant current cycling. The latter effect was 
found to be more compatible with an increasingly delithiation 
limited reaction as a result of changes in the active material. It 
should also be mentioned that the results presented by Winter 
and coworkers[40,117] clearly show that the capacity losses could 
be decreased significantly by using controlled potential steps 
after the controlled current delithiation and lithiation steps (i.e., 
CCCV cycling). This is important as it indicates that some of the 
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lost capacity could be recovered by extending the time domain of 
the delithiation and lithiation steps. The latter is in good agree-
ment with previous results obtained for negative electrode mate-
rials such as Si[20] and TiO2.[36]

Grey and colleagues investigated the Li diffusion behavior 
inside Ni-rich Li1−xNiO.8Mn0.1Co0.1O2 (NMC811) cathode mate-
rials during cycling.[79,80] Using a combination of in  operando 
NMR and the GITT, the authors found that the Li diffusion 
coefficient was changed dramatically during the delithiation 
(as shown in Figure  7d). The Li extraction was initially slow 
but became increasingly faster in the SOC region 0.25–0.75, 
after which a dramatic drop in the Li diffusion coefficient 
was observed. The reduced Li diffusion rate at high SOC (i.e., 
above 0.75) was found to be caused by surface restructuring as 
a growing oxygen-depleted layer induced a lattice mismatch 
between the bulk and surface layer of the NMC811  electrode 
material. This resistive surface film hindered complete Li 
extraction thereby causing continuous capacity losses, as con-
firmed by operando XRD showing a growing “fatigued” lithiated  

phase (i.e., Li0.26Ni0.8Mn0.1Co0.1O2) formed inside the bulk 
during long-term cycling.[79,85] The capacity decay was, however, 
partially reversible, and responsive to the cycling rate where 
at C/50  cycling rates extensively cycled cells behaved like pre-
cycled cells. Asymmetric cycling with slow lithiation has also 
been shown to improve the cycling stability by allowing more 
time for Li-ions to diffuse into the bulk.[118] It would therefore 
seem that the surface restructuring observed on Ni-rich cath-
odes induces a kinetic limitation to Li diffusion rate that quickly 
becomes rate limiting during extended cycling.

3.3. Current Collectors

Current collectors are important components in lithium-based 
batteries as they typically serve both as substrates for the 
electrode materials and electrical contacts. Based on the binary 
phase diagrams, copper,[119] nickel,[120] and titanium[121] are gen-
erally assumed to be good current collectors for the negative 
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Figure 7. a) ToF-SIMS Li/V depth profiles obtained for V2O5/V films after intercalation at 2.8 V as well as after de-intercalation at 3.8 V after 12 and 
300 cycles, respectively. Reproduced with permission.[116] Copyright 2008, Elsevier. Specific capacity as a function of the cycle number for specific cur-
rent density ranging from 150 to 750 mA g−1 for the b) charge (i.e., delithiation) and c) discharge (i.e., lithiation) of LiNi1/3Co1/3Mn1/3O2 (NCM111) in 
NCM111/Li half-cells. Reproduced with permission.[40] Copyright 2017, American Chemical Society. d) Change in the Li diffusion coefficient as a func-
tion of state-of-charge (SOC) for Li1−xNiO.8Mn0.1Co0.1O2 (NMC811) in NMC811/Li half-cells, as measured using the galvanostatic intermittent titration 
technique (GITT). Reproduced with permission.[80] Copyright 2017, American Chemical Society.
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electrode since these metals do not form intermetallic alloys 
with Li under normal battery cycling conditions. Rehnlund 
et  al.,[28] however, showed that Li diffused into nickel, copper, 
and titanium pieces exposed to lithium metal at 50  °C for 
7 days. Although the amounts of Li found in the metals merely 
were of the order of 10 µg and no attempts were made to try to 
recover the Li from the metal pieces, the results indicated that 
this diffusion likewise could give rise to a Li-trapping effect. 
The latter could give rise to a capacity loss, particularly when  
considering the relatively large volume of the current collector 
and the long life-time of the batteries. Since the obtained Li con-
centrations in the current collectors most likely would be very 

low, the binary phase diagrams are unfortunately expected to 
be of limited use in these cases. Since lithium ions are unlikely 
to diffuse into the current collector (at least in the absence of 
a counter ion), the Li diffusion effect should, however, only be 
seen when using metallic current collectors in conjunction with 
Li-metal electrodes or Li-alloy-forming negative electrode mate-
rials such as Si, Sn, and Al.

Rupp et  al.[122] studied the solubility of Li in Cu employing 
ToF-SIMS. As shown in Figure 8a–c, lattice and grain-boundary 
Li diffusion were analyzed by employing single-crystal and 
polycrystalline Cu samples. Significant Li uptake was observed 
for polycrystalline Cu and the results also showed that the Li 
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Figure 8. a) Schematic illustration of lithium diffusion into copper along a grain boundary as well as a ToF-SIMS Li concentration depth profile obtained 
for polycrystalline Cu exposed to metallic lithium at 120 °C for 11 days. b) Schematic representation of lithium diffusion into a copper single crystal as 
well as a ToF-SIMS Li concentration depth profile obtained for a single crystal Cu exposed to metallic lithium at 120 °C for 28 days. c) Arrhenius plot for 
Li diffusion coefficients valid for lattice diffusion in Cu single crystals (closed symbols, red fit) and grain boundary diffusion in polycrystalline Cu (open 
symbols, blue fit) obtained based on ToF-SIMS diffusion measurements. Reproduced with permission.[122] Copyright 2019, American Chemical Society. 
d) Lithium distribution profiles within the 10 µm thick Cu current collector region during four consecutive Li deposition and oxidation cycles, as well as 
e) the variation in the total amounts of Li in the Cu current collector during these cycles. f) Total amount of Li found in the Cu current collector during 
the first deposition/oxidation cycle (as well as the corresponding cycling curves) for different current densities. g) The Cu unit cell volume as a func-
tion of time as well as the corresponding cycling curves for 15 cycles at 1.0 mA cm−2. Reproduced with permission.[57] Copyright 2018, Springer Nature.
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diffusion rate depended on the microstructure, as smaller 
grains with more grain boundaries yielded larger Li diffusion 
rates. The latter could lead to more severe Li-trapping since the 
Li then can be trapped deeper within the Cu current collector. 
The use of large grain sized Cu was consequently suggested 
to limit the potential trapping of Li in these current collectors. 
Another alternative would be to use a conductive polycrystalline 
boron-doped diamond thin film as a barrier layer to limit the Li 
uptake by the current collectors.[28]

Lv et  al.,[57] employed operando NDP to study the Li distri-
bution inside Cu current collectors during the deposition and 
oxidation of Li. During the first four cycles (Figure 8d), the con-
centration of Li in the Cu was found to increase and decrease 
while the penetration depth and the amount of Li in the current 
collector both increased for each cycle, indicating that the Li oxi-
dation was incomplete. A closer look in fact revealed that while 
18 µg cm−2 Li was found in the Cu after the first Li deposition 
step, only 14  µg  cm−2  could be extracted during the following 
Li oxidation step (Figure  8e). This consequently indicates that 
4 µg cm−2 of Li (i.e., about 20% of the included amount of Li) 
was trapped in the Cu current collector after the first cycle. On 
the subsequent cycles, this effect resulted in a gradual increase 
in the Li concentration in the Cu, and hence progressive Li-
trapping (Figure 8e). The latter can explain the decrease in the 
maximum amount of deposited Li seen when increasing the 
cycle number. As shown in Figure  8f, the amount and distri-
bution of the trapped Li depended on the current density used 
during cycling. A higher cycling rate (i.e., current density) 
hence resulted in a smaller penetration depth and a narrower 
Li distribution indicating that the Li uptake was diffusion con-
trolled. Note also that the amount of Li trapped in the Cu was 
higher when using a higher current density. Since the uptake 
of Li did not affect the Cu unit cell volume determined by oper-
ando XRD (see Figure 8g), it was proposed that the Li was taken 
up and transported mainly within the grain boundary regions.

In an attempt to manufacture a 3D Li-metal electrode, 
Rehnlund et al.[58] electrodeposited a 25 nm thin layer of Li on 
a copper nanorod current collector and subsequently cycled 
this electrode versus an analogous 3D Cu2O/Cu nanorod elec-
trode. Despite the fact that the expected capacity of the Li/Cu 
electrode was four times larger than that of the Cu2O/Cu elec-
trode, the electrochemical results clearly showed that the Li/
Cu electrode became capacity limiting already after the first 
cycle. This phenomenon was found to stem from Li diffusing 
into the Cu nanorods, that is, diffusion-controlled Li-trapping. 
Based on this finding it is immediately clear that Li diffusion 
in the current collector can become a problem when developing 
so called “anode-free” Li-metal batteries in which Li metal thin 
films are deposited directly on planar and porous Cu current 
collectors.[123,124] Needless to say, the problem should be particu-
larly pronounced when using very thin Li layers as the diffusion 
time should depend on the square of the diffusion length.

4. Methodologies Suitable for Studies  
of Diffusion-Controlled Li-Trapping
As seen in the characterization of Li-trapping in LIB battery com-
ponents (i.e., Section 2) many indications of diffusion-controlled  

Li-trapping can be found in the literature although few reports 
show straightforward evidence of the process. While this may 
be explained by a general unawareness of the presence of a dif-
fusion-controlled Li-trapping phenomenon, it also reflects the 
difficulties associated with this type of studies as the effect gen-
erally is small during the initial cycles. Selective analytical tools 
and techniques are consequently required to effectively study 
the Li-trapping effect.

Early indications of diffusion-controlled Li-trapping can 
often be found by comparing the electrochemical performance 
during galvanostatic cycling with results obtained with tech-
niques such as CV and electrochemical impedance spectros-
copy. Li-trapping in negative electrode materials can then be 
detected via shifts in the lithiation (but not the delithiation) 
potential[20,29,36,46] toward more negative values as this indicates 
an increase in the Li concentration in the electrode. Cycling 
protocols with different lithiation and delithiation rates can also 
be used as an increase in the duration of the delithitation step 
should decrease the influence of the diffusion-controlled trap-
ping effect.[20] This can, for example, be done by analyzing how 
the cumulative capacity losses during the cycling are affected 
by intermittent periods of long delithiation steps using, for 
example, CCCV cycling protocols.[20,28,46] Monitoring the indi-
vidual electrochemical performance of the positive and negative 
electrodes can likewise yield evidence of lithium losses during 
full-cell operation. To this end, cycled electrodes reassembled 
with a fresh lithium metal anode can display significant recov-
ered capacities.[65] When analyzing used negative electrodes 
in newly assembled half-cells, it is important to first delithiate 
the electrode. If the capacity loss can be retrieved (e.g., using a 
long delithiation step), the capacity loss was more likely caused 
by diffusion-controlled Li-trapping than SEI formation. An 
electrochemical protocol designed to distinguish between dif-
ferent types of capacity losses was recently developed and used 
to study recoverable lithium losses in full-cell batteries during 
operation.[20,28] The presence of residual Li in delithiated elec-
trodes can also be demonstrated via post-mortem analyses 
using, for example, ICP-AES,[20] STEM-EELS,[29] and XRD.[125] 
Comparisons of the amount of Li trapped in a (delithiated)  
negative electrode with the cumulative capacity loss can be 
highly informative as the capacity corresponding to the trapped 
Li readily can be calculated using Faraday’s law.

To further validate the presence of diffusion-controlled Li-
trapping, the battery components can be investigated using a 
wide range of spectroscopic techniques including NMR, ICP-
AES, ToF-SIMS, and XPS. Changes in the lithium content 
in the current collectors can be revealed with ICP-AES. Such 
measurements indicated that diffusion-controlled Li-trapping is 
possible in most metallic current collectors, with or without any 
intermetallic phases.[28] XPS measurement of cycled thin-film 
metal oxide electrodes have also demonstrated the presence of 
a residual lithium-rich region on fully delithiated electrode sur-
faces.[43] The residual lithium can then diffuse deeper into the 
material where it becomes increasingly less accessible.[94,126]

Although the techniques mentioned above can confirm the 
existence of lithium trapped in electrode materials and cur-
rent collectors, the information regarding the spatial distribu-
tion of the residual Li inside the battery components is typically  
limited. To better understand the diffusion-controlled lithium 
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trapping problem, powerful tools to detect and quantify the  
trapped Li are sorely needed. ToF-SIMS is due to its high sensi-
tivity and in-depth resolution (≈1  nm), a powerful technique in 
this respect. Chemical maps or spectra of specific regions can 
then be created, hence making it possible to distinguish between 
SEI related components and species present within the bulk of 
electrode materials. ToF-SIMS has, for example, been used to 
obtain Li depth-profiles in V2O5,[41,116] Si,[95] WO3,[112] and Cu.[122]

Neutron reflectivity (NR) is another technique capable of 
giving spatial distribution information as it studies small 
changes of the scattering length density as a function of depth. 
The strong scattering contrast between Li and most other 
electrode material elements can yield precise depth profiles 
for Li as a function of time. This can be used to monitor the 
uptake of Li in Si electrodes with different crystallographic  
orientations.[88,127] In situ or in operando applications of 
these techniques are expected to give important new insights 
regarding the Li-trapping phenomenon.

Recent advances regarding the use of transmission elec-
tron microscopy (TEM) has led to the creation of nanobatteries 
which allow in situ investigations with near-atomic resolu-
tion.[81,82,99] With this technology, the structural and chemical 
evolution of individual nanosized electrode materials can be 
studied in both liquid[81,128] and solid state nanobatteries.[82,99] 
The technology was, for example, used to show that nanopar-
ticles have a critical size (i.e., ≈150 nm) below which their frac-
ture is prevented during extreme lithiation.[71,75] In situ tracking 
of the Li-ion dynamics in positive electrodes have also revealed 
that nanomaterials challenge the classical definition of Li-ion 
intercalation.[81,82] In this regard, EELS offers an unchallenged 
Li tracking capability that when used in situ studies can pro-
vide Li chemical mapping (with nanometer resolution) in all 
battery components. Nomura et  al.[82] overcame the problem 
with the very low EELS sampling rates by developing an image 
treatment algorithm that rapidly could process the collected 
low resolution spectra to reveal the Li dynamics during the first 
cycle. New insights are hence expected to result from in situ 
chemical monitoring of the Li distribution during cycling pro-
viding data analogous to the post-mortem results obtained with 
STEM-EELS.[29,82]

In situ and in operando NDP has been employed to observe 
the evolution of lithium deposits on Cu current collectors,[57] 
as well as to monitor the lithiation/delithiation behavior of 
Sn[96,129] and Al[32] anodes giving insight in the lithium spatial 
distribution and elucidating the lithium trapping evolution. 
NDP studies of lithium are based on the stoichiometric nuclear 
reaction between the isotope 6Li atoms and neutrons, resulting 
in two charged atoms: 4He (2044 keV) and 3H (2727 keV).[96,130] 
Because each measured 4He and 3H particle represents one Li 
in the system of interest, NDP can measure the isotopic Li den-
sity with great accuracy as a function of the depth.[57] Hence, 
NDP can provide exceptional sensitivity in the visualization and 
quantification of lithium transport in battery material.

Synchrotron transmission X-ray microscopy for nanoscale 
imaging of electrochemical reactions within a working battery 
is becoming increasingly more powerful with respect to battery 
studies. This technique can provide insights into the interfacial 
processes and probe Li-driven local structure changes in active 
materials with high resolution.[130–132]

Elastic recoil detection analysis (ERDA) is an ion beam-based 
analytical technique with excellent high mass resolution. The 
main advantage of the technique is its precise probing of light 
elements such as Li due to a well-defined inelastic energy loss 
of both recoil and scattered primary ions. The combination of 
both events has been combined in coincidence ERDA to study 
the Li distribution in a thin-film full-cell Li-ion battery during 
operation.[133]

When analyzing Li-trapping events in battery components, 
care must clearly be taken to determine the chemical state (i.e., 
Li+ ions or Li atoms) of the studied lithium. While Li atoms are 
stored in negative alloy forming electrodes (e.g., Si), Li ions are 
required in positive intercalation-based electrodes (e.g., LFP). 
Care should then be taken to specify if the Li diffusion in the 
battery components involves Li ions or Li atoms and to design 
the experiments accordingly.

As previously mentioned, studies of diffusion-controlled Li-
trapping are best performed with half-cells in which a Li elec-
trode is employed as a combined counter and reference elec-
trode with a capacity well exceeding that of the electrode to be 
studied. In this case, the Li metal electrode will be able to com-
pensate for any irreversible capacity losses, for example, due 
to SEI formation so that the capacity of the half-cell always is 
limited by the capacity of the studied electrode. When studying 
a negative electrode material there should consequently not be 
any capacity losses due to SEI formation as long as the capacity 
of the Li metal electrode remains sufficiently high. In a full-cell 
(or half-cell) where the counter electrode is capacity limiting, 
it is clearly more difficult to study the Li-trapping in a nega-
tive electrode material as this is not capacity limiting and as 
the capacities of the working and counter electrodes typically 
are of the same order of magnitude. It can then be difficult to 
know which electrode limits the capacity of the cell. In a full-
cell where the positive electrode is capacity limiting, both Li-
trapping and SEI formation at the negative electrode will drain 
the capacity of the positive electrode, resulting in a decreased 
cell capacity.

To identify the capacity limiting effects, full-cell studies 
require integrated analytical tools that continuously can 
measure the Li amounts in both electrodes. In- and ex-situ 
XRD has been employed to study the Li+ distribution inside  
LiNi(1/3)Mn(1/3)Co(1/3)O2/graphite full-cells after extended 
cycling. Xu et  al.[125] observed a gradual decrease in Li inven-
tory on the positive electrode while the negative electrode 
showed no graphitic peaks in its delithiated (i.e., oxidized) 
state. Instead, LiC6  and LiC12  phases were detected indicating 
that accumulation of Li+ had occurred in the graphite electrode 
after 100  cycles. The observed capacity loss may then have 
originated either from irreversible electrolyte reactions (e.g., 
continuous SEI formation) or diffusion-controlled Li-trapping 
losses. Continuous SEI formation should, however, cause both 
the positive and negative electrodes to gradually become more 
oxidized (i.e., delithiated) during the cycling. This stems from 
the fact that the irreversible SEI reactions during the charging 
of the cell would consume charge from the positive electrode 
and hence effectively decrease the degree of lithiation of the 
negative electrode. Diffusion-controlled Li-trapping, mainly in 
the negative electrode, should also consume part of the charge 
from the positive electrode during the charging step meaning 
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that the positive electrode would not be fully relithiated during 
the subsequent discharge. This process would, however, render 
the positive electrode progressively less lithiated (i.e., oxidized), 
while the negative electrode would become increasingly more 
lithiated due to the trapped Li. The obtained XRD results there-
fore support the hypothesis that the performance of the cell was 
affected by diffusion-controlled Li-trapping in the graphite elec-
trode. Efforts to retrieve trapped Li from either electrode could 
be used to study this effect in more detail.

5. Identification and Circumvention  
of Diffusion-Controlled Lithium Trapping
The influence of the diffusion-controlled Li-trapping effect is 
generally difficult to detect during the initial cycles as less than 
1% of the deposited or inserted Li typically becomes trapped 
within the electrode material per cycle. Incremental changes 
in the performance of electrodes or cells can, however, be fol-
lowed by, for example, monitoring the cell impedance during 
the cycling. During extended cycling, an increased impedance, 
mainly affecting the lithiation step, gives rise to more and more 
negative electrode potentials, as has been shown for Si,[20,22,29] 
TiO2,[36] and graphite[47] anodes. An analogous effect has also 
been seen for NCM[20,40] and LCO positive electrodes.[46] As 
the lithiation and delithiation potentials are determined by the 
surface concentration of the reduced/oxidized forms of the rel-
evant redox couples, the presence of potential plateaus in the 
cycling curves indicate steady state reaction conditions. The 
surface concentrations (in a negative electrode) are determined 
by the time domain of the lithiation step at the electrode/elec-
trolyte interface (i.e., the applied current density) and the Li dif-
fusion rate from the electrode surface toward the bulk of the 
material. Sloping potential regions thus indicate that the rates 
of the Li insertion and inward diffusion differ yielding an accu-
mulation of Li at the surface which shifts the lithiation poten-
tial negatively.

One straightforward way of identifying losses due to diffu-
sion-controlled Li-trapping in negative electrodes is to plot the 
capacity as a function of the square root of the (cycling) time 
or as a function of the duration of an open circuit pause intro-
duced between the lithiation and delithiation steps.[20,28,58] If a 
linear relationship is seen, the capacity is very likely to be con-
trolled by a diffusion-controlled process. This in turn indicates 
that the observed capacity is controlled by a Li-trapping effect.

The influence of the diffusion-controlled Li-trapping clearly 
depends on the cycling protocol used. To decrease the Li-trap-
ping effect for negative electrodes the efficiency of the delithia-
tion step should be increased as much as possible. This is best 
done with potential controlled (rather than controlled current-
based) delithiation steps. If possible, the lithiation should be 
done using a significantly higher rate than the delithiation step 
as this would generate a rather thin concentration profile in 
the electrode material. The drawback with this approach is of 
course that it would be difficult to utilize the full capacity of the 
electrode material. Significant differences regarding the diffu-
sion-controlled Li-trapping effects can likewise be found when 
comparing full capacity cycling with partial capacity cycling, 
for example, using potential versus Coulombic limitation. It 

was recently found that Si-C composite negative electrodes can 
exhibit extended stable capacity cycling when applying Cou-
lombic limited cycling (i.e., 500 mAh g−1).[134] Coulombic limited 
cycling has likewise yielded positive effects on the cycling sta-
bility of alloy forming anodes such as Si.[135–137] It was, however, 
clearly demonstrated that the capacity-limited protocol merely 
prolongs the lifetime without solving the underlying issue.[20] 
While the strategy can offer temporary improved cycling sta-
bility it is important to note that it only works in combina-
tion with a high-capacity counter electrode (e.g., Li metal) in a 
half-cell. This principle was cleverly shown for Si-LFP full-cells 
using LFP electrodes with varying capacities.[138]

In the development of more durable full-cell batteries, con-
taining capacity-balanced electrodes, it is important to mini-
mize the capacity losses due to diffusion-controlled Li-trapping. 
The strategies currently used to limit or reverse the effects of 
the Li-trapping are mainly focused on manipulating the Li solid 
state diffusion. Intermittent chronoamperometric delithiation 
steps can, for example, be used to extract trapped Li from Si 
composite electrodes.[20] This approach was also found to effec-
tively lower the cell impedance during the subsequent lithiation 
step. This is promising as it could constitute the basis of future 
rejuvenation strategies of cycled electrodes, similar to the pro-
cedures that have been proposed to restore degraded electro-
chromic devices.[56,112]

Since the Li-trapping effect discussed in this review is a 
diffusion-controlled process, its influence depends on factors 
such as the diffusion length, diffusion coefficient, and time. 
As the first two normally are assumed to remain constant in 
battery cycling experiments, the time domain of the cycling is 
the only parameter that can be readily modified when trying to 
decrease the influence of the diffusion-controlled Li-trapping. 
To eliminate this effect, the time domain for lithiation of the 
negative electrode should be chosen so that a complete lithia-
tion is obtained, thereby resulting in a homogeneous Li con-
centration in the entire electrode. While this can be realized for 
materials with diffusion lengths of the order of some nm,[36] it 
is unfortunately very difficult to obtain with conventional elec-
trodes. The ideal electrode could be a porous structure in which 
all the active material should be present in the form of entities 
with dimensions (i.e., Li diffusion lengths) smaller than about 
100 nm since the diffusion time depends on the square of the 
diffusion length. Although the diffusion in the electrolyte is 
order of magnitudes faster than the solid-state diffusion it is 
still very important that all the active material can be readily 
accessed by the electrolyte. If this is not the case the Li-con-
centration in the active material at the electrode surface will 
become higher than that in the material close to the current 
collector. Another complication is that the diffusion coefficient 
generally decreases as the lithiation degree of the electrode 
material becomes high enough.[20,84] The use of a higher tem-
perature during the delithiation step is unfortunately not likely 
to result in a decreased diffusion-controlled Li-trapping effect 
since this will increase the diffusion rate in the electrode mate-
rial both toward the electrode surface and toward the current 
collector.

As indicated above, the influence of the diffusion-controlled 
Li-trapping effect can be decreased by decreasing the dimen-
sions (e.g., particle size) of the electrode material. This, however,  
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also has another advantage since materials with dimensions 
smaller than 150  nm are known to withstand large volume 
expansions without breaking.[71,75,99] By decreasing the dimen-
sions to 10 nm, it has been found that it is possible to obtain 
close to theoretical capacities which remain stable during 
prolonged cycling.[31] Since the use of nanoparticles affect all 
known capacity loss mechanisms (i.e., volume expansion, SEI/
CEI formation and Li-trapping), it is sometimes difficult to 
know what causes the observed capacity losses. A reduced par-
ticle size increases the overall surface area which should give 
larger irreversible capacity losses due to continuous SEI/CEI 
formation.[71,99] Capacity losses due to SEI and CEI formation, 
should, however, not be seen when cycling electrodes versus 
Li-metal electrodes in half-cells. From this point of view the 
small capacity losses seen for, for example, 10  nm-sized elec-
trode materials are very promising as these results indicate that 
the influence of the diffusion-controlled Li-trapping effect can  
be made small. One significant problem with downsizing of the 
electrode dimensions is that it often is difficult to obtain a suf-
ficiently high mass loading (i.e., capacity) of the active electrode 
materials without jeopardizing the advantageous nano effects. 
When the nanoparticles are packed into a dense film the diffu-
sion length often becomes defined by the film thickness rather 
than the particle thickness.

The degree of diffusion-controlled Li-trapping can in prin-
ciple also be reduced by increasing the Li diffusion coeffi-
cient in the electrode material. This is, however, clearly a very 
difficult task as the diffusion coefficients would need to be 
increased by orders of magnitude. Zhu et  al.,[139] neverthe-
less, tried to address the Li-trapping in Si negative electrodes 
by increasing the Li diffusion coefficient in the Si via isovalent 
isomorphism. The latter strategy is unfortunately very unlikely 
to solve the diffusion-controlled Li-trapping problem since an 
increased Li diffusion coefficient should affect both the lithia-
tion and delithiation steps in the two-way diffusion equally. So, 
if the increase in the diffusion coefficient does not result in a 
complete lithiation and delithiation of the electrode material, 
the diffusion-controlled Li-trapping effect should remain essen-
tially unaffected.

As indicated above, the most promising approach is to care-
fully design the cycling conditions so that the time domain 
of the experiment is compatible with the diffusion distances 
within the electrode material. This would reduce the influence 
of the two-way diffusion effect, which should result in elec-
trodes with increased life-times.

6. Conclusions and Outlook

Based on the results discussed in this report, it is reasonable 
to conclude that capacity losses due to diffusion-controlled Li-
trapping can be seen for both negative and positive electrode 
materials. As it is clear that Li-trapping likewise can take 
place in current collectors, the effect should also be present in 
anode-free lithium metal electrodes. This means that diffusion-
controlled Li-trapping effects always should be considered (in 
addition to, e.g., SEI effects) when trying to improve the life-
times of individual electrodes and full-cell batteries. Since the 
diffusion-controlled Li-trapping effect is due to the presence  

of concentration gradients in the electrode materials it is clear 
that the lithiation and delithiation in these cases do not result 
in homogeneous concentrations of Li in the electrode mate-
rials. This implies that the solid-state diffusion rates are too 
low to ensure that the lithiation and delithiation steps can be 
conducted under equilibrium conditions. Since diffusion-
controlled Li-trapping can be seen for both Li insertion and Li 
alloy forming electrodes, either lithium ions or lithium atoms 
can therefore be involved in the trapping process. The corre-
sponding trapping effect should, incidentally, also be expected 
to be present in other alkali metal-based cells. The trapping 
stems from a mismatch between the lithiation and delithiation 
capacities caused by a two-way diffusion phenomenon resulting 
from the Li concentration profiles generated in the materials 
during the cycling. For a negative alloy forming electrode mate-
rial, such as Si, the delithiation step becomes incomplete as a 
small fraction (e.g., <1%)  of the deposited lithium can diffuse 
so far into the electrode (i.e., toward the current collector) to 
become inaccessible in the time domain of the subsequent 
delithiation step. When the amount of trapped Li in the nega-
tive electrode increases, the Li diffusion rate in the material 
decreases and it becomes increasingly difficult to lithiate the 
electrode. The capacity of the negative electrode consequently 
decreases while an increase in the lithiation overpotential is 
seen, especially during the final stages of the cycling. For a pos-
itive electrode material, the concentration gradients present in 
the electrode material instead result in problems to fully lithiate 
the positive electrode. While diffusion-controlled Li-trapping 
effects clearly also should give rise to capacity losses in full-cell 
experiments, the interpretation of such experiments is compli-
cated by the presence of, for example, SEI and CEI effects.

The diffusion-controlled Li-trapping effect is best studied 
with half-cells containing the electrode of interest and a  
Li-metal electrode, as the capacity of such a cell should only 
depend on the capacity of the electrode of interest. This means 
that any observed decrease in the capacity cannot be explained 
by, for example, SEI effects. Studies of the diffusion-controlled 
Li-trapping effect are facilitated by the use of highly sensitive 
in  situ/in  operando techniques and long-term cycling experi-
ments. Reports show that techniques such as NMR, ICP-OES, 
XPS, XRD, NR, ToF-SIMS, STEM-EELS, and NPD can be used 
to investigate the presence of capacity losses due to Li-trapping. 
Techniques that offer high spatial Li resolution will conse-
quently be particularly well-suited for use in trapping studies.

There are still relatively only a few reports dealing with strat-
egies aimed at decreasing the capacity losses due to diffusion-
controlled Li-trapping. Conventional approaches designed to 
improve the battery capacity via modifications of the SEI layer 
(involving, e.g., artificial SEI layers or electrolyte engineering) 
are unfortunately not expected to be successful when it comes 
to decreasing the capacity losses due to diffusion-controlled Li-
trapping. More promising approaches for negative electrode 
materials include the use of prolonged delithiation steps at 
constant potentials which increase the efficiency of the delithi-
ation step by extending the time domain of the latter step. To 
eliminate capacity losses due to diffusion-controlled Li-trapping 
for a negative electrode material, the material must be able 
to undergo complete lithiation and delithiation on the time 
domain of the cycling. While this should be possible to achieve 
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for electrode materials with diffusion lengths of less than 
100 nm (e.g., freestanding TiO2 nanotube electrodes or Si nano-
particles immobilized on a conducting surface), it is unlikely to 
be successful for conventional electrode materials. In conven-
tional electrode materials Li-concentration gradients will gener-
ally be present in the electrode (e.g., in the individual particles 
or within the electrode as a whole) which will give rise to dif-
fusion-controlled Li-trapping effects. While thicker electrodes 
with higher capacities can be used to increase the capacity of 
a battery this also increases the risk of increasing the capacity 
losses due to diffusion-controlled Li-trapping since the diffu-
sion time is proportional to the square of the diffusion length. 
There is hence a need for the development of new (sufficiently 
porous) electrode materials in which all parts of the material 
are equally accessible by the electrolyte and where the diffu-
sion length in the active material is sufficiently short to allow 
a complete lithiation and delithiation on the time-scale of the 
charge and discharge steps. An alternative approach involves 
the development of procedures that can be used for rejuvena-
tion of cycled electrodes and batteries. Since the capacity losses 
due to diffusion-controlled Li-trapping merely are caused by an 
inability to balance the efficiencies of the lithiation and delithi-
ation steps rather than an irreversible degradation of the elec-
trodes, the possibility to restore used electrodes and batteries 
by reversing the diffusion-controlled Li-trapping effect clearly 
offers exciting new possibilities.
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