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ABSTRACT  

Copper is the conventional, broadly applied anode current collector in lithium-ion batteries, 

since Li does not form intermetallic alloys with Cu at room temperature. Fast diffusion and 

trapping of lithium in copper were however suggested in the past and the involved diffusion 

mechanisms are still not clarified. By using three complementary methods, we determine grain 

boundary and lattice diffusion of lithium in copper. We show that indiffusion into copper is not 

only possible from metallic lithium deposits at the surface, but also from a Li+-containing 

electrolyte. Lattice diffusion (D0 = 3.9 x 10-9 cm²/s; Ea = 0.68 eV) and grain boundary diffusion 

(D0 = 1.5 x 10-11 cm²/s; Ea = 0.36 eV) are found to be 13 orders of magnitude lower than 

previously published. For practical Li-ion batteries considerations, lithium trapping in copper 

current collectors, which relies heavily on operating temperature and morphology, is furthermore 

discussed. 
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Lithium-ion batteries (LIBs) have been commercialized as secondary cells by Sony in 1991 

and the commercial use of primary lithium batteries reaches back to the 1970s with first 

experimental work done in the early 20th century1. However, many seemingly basic mechanisms 

involving lithium are still disputed. This includes lithium diffusion phenomena within certain 

components of newly developed, or even the most commonly used cells. Considering secondary 

LIBs, electrolytes and active electrode materials require high diffusivity of lithium-ions to ensure 

fast charging and discharging. Current collectors, on the other hand, are ideally inert to avoid 

reactions that could degrade the cells rapidly, and have no tendency to incorporate lithium(-ions) 

to prevent capacity loss during cycling of the cells. Whether a metal is inert with respect to 

lithium can generally be judged from its binary phase diagram with lithium 2. Only a few metals 

are supposed not to form intermetallic alloys with lithium at room temperature, which could 

happen at the anode side of the battery at low potentials versus Li+/Li. These inert metals include 

copper3, nickel4, titanium5, magnesium6 and iron7.  

Due to this inertness, its electrochemical stability at the required potentials, its good 

processability and high conductivity, copper is the common choice as current collector on the 

anode side. However, the generally accepted binary phase diagram also shows an apparent 

solubility of Li in Cu of more than 13 at.-% at room temperature3. While this value is open for 

debate, as will be discussed later, assuming its validity could lead to the assumption that Cu - 

even without forming intermetallic alloys - exhibits non-negligible diffusion and subsequent 

trapping of lithium. High diffusion rates of Li in Cu were previously reported in general8,9, or 

more specifically in copper grain boundaries10–12. Their use as protective coatings on anode 

materials was therefore investigated, since protective layers with high lithium diffusivity could 

drastically improve the lifetime of a battery13. Doubts about high diffusion coefficients, however, 
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were expressed due to severe hindrance of the lithiation of active material if coated with a 

conformal copper layer with a thickness of about 100 nm or more14–17. These conflicting views 

require a quantitative determination of lithium diffusion in copper. 

While the measurement of diffusion coefficients in most metals is a standard procedure 18, 

lithium is a special case, since it reacts with oxygen, nitrogen, or moisture in the atmosphere, 

makes cross-sectioning difficult due to its soft nature, and has a low melting temperature that 

allows rapid diffusion of other metals. To make matters even worse, very few experimental 

techniques exist that are able to determine Li depth profiles. To the best of our knowledge, the 

only direct experimental quantification of the lithium diffusion coefficient in copper was 

communicated by Suzuki et al. by using a bipolar electrochemical cell, whereby a diffusion 

coefficient of 10-7-10-6 cm2/s at room temperature was measured11. Gruen et al. estimated the 

diffusion coefficient on the basis of a Cu4Li phase studied by Old and Trevena 19,20. The 

experiment was performed by alloying molten lithium with copper metal at 600 °C for 12 hours. 

The major discrepancy is that the value of 2.6 x 10-7 cm²/s for 600°C is of the same magnitude as 

diffusion coefficients reported by Suzuki at room temperature. Furthermore, even Gruen’s values 

are expected to be overestimated, since interdiffusion, which is governed by the high diffusivity 

of Cu in liquid Li at 600 °C 21, was neglected. 

Based on the inconsistencies mentioned above, we have designed and employed different 

techniques that are suitable to measure small diffusion coefficients at low temperatures - namely 

the measurement of lithium depth profiles by Time-of-Flight Secondary Ion Mass Spectrometry 

(ToF-SIMS) in copper metal samples after being exposed to lithium sources using three 

complementary protocols: (i) direct contact with metallic lithium; (ii) 0 V (vs. Li+/Li0) 

polarization in a Li-cation containing electrolyte; and (iii) high-energy ion-implantation of Li+ 
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into metallic copper. We were furthermore able to apply these techniques at temperatures as low 

as 25 °C, and to separate the effect of grain boundary diffusion and lattice diffusion. 

For measurement of grain boundary diffusion coefficients, polycrystalline Cu disks with an 

average grain size of 11.9 ± 2.7 µm were mechanically and electrochemically polished and 

lithium was allowed to diffuse into the sample. While single crystals only allow diffusion 

through the bulk of the matrix, three types of diffusion are typically considered when studying 

polycrystalline samples 22:  

(i) The A-type diffusion stands for direct diffusion of lithium from the surface into copper 

through the lattice (bulk) of the sample, which is the same mechanism as in single crystals.  

(ii) B-type diffusion describes initial fast diffusion along grain boundaries and subsequent 

diffusion from these defects into the bulk.  

(iii) C-type diffusion appears when diffusion along grain boundaries is the dominating effect 

and in this region, it can be approximated that no lithium leaves the grain boundaries.  

In the first case, metallic lithium was used as a source for indiffusion and was allowed to 

diffuse into copper for 11 days at temperatures between 30 °C and 120 °C (refer to SI for 

detailed experimental conditions). An example of the ToF-SIMS concentration depth profile of 

Li in a Cu polycrystal after annealing at 120 °C for 11 days is shown in Figure 1. 
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Figure 1. (a) Schematic representation of lithium diffusion into copper along a grain boundary. 

(b) Exemplary ToF-SIMS Li-concentration depth profile in a Cu polycrystal after indiffusion 

from metallic lithium at 120 °C for 11 days (black curve), and exponential fit to the C-type 

region, in which grain boundary diffusion dominates (red curve). The inset shows an optical 

micrograph of the polycrystal surface that was etched to reveal the grain boundaries. 

Since the Cu sample in this case is polycrystalline, the Li concentration profile shows several 

diffusion regimes, as indicated in Figure 1b. At small depths (close to the Li/Cu interface), a 

mixture of A- and B-type diffusion can be observed, as schematized in Figure 1a. Diffusion in 

the B-type regime was described by Whipple 23, but the determination of the grain boundary 

diffusion coefficient in this region requires knowledge of the grain boundary width, the 

segregation factor of the diffusing species in the grain boundary and the bulk diffusion 

coefficient, and was therefore not performed here. Diffusion at higher depths is governed by C-

type behavior and the logarithmic Li concentration is proportional to the square of the depth 

(Gaussian behavior). The concentration can be fitted by a simple Gaussian profile 24 (red curve in 

Figure 1b), from which the grain boundary diffusion coefficient was determined. An increased Li 

concentration can furthermore be observed at the surface of the Cu sample (< 10 nm) due to 
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minimization of the surface free energy, which has previously been observed for Cu-Li alloys 19, 

and due to the strong preferential reaction of lithium with oxygen or nitrogen. 

In order to measure lattice diffusion coefficients, electrochemically polished Cu(100) single 

crystal substrates were used instead of Cu polycrystals. Since lattice diffusion in metals is 

typically slower than grain boundary diffusion, the annealing times were adapted depending on 

the respective temperature. This method, however, is limited by fast diffusion of Cu in Li at 

elevated temperatures21. The highest temperature at which reliable results were achieved was 160 

°C. At higher temperatures, the Li-Cu interface becomes extremely rough due to interdiffusion, 

up to the point of severe dissolution of Cu into liquid Li at 250 °C. A typical ToF-SIMS depth 

profile after annealing at 120 °C for 28 days is shown in Figure 2. 

 

 
Figure 2. (a) Schematic representation of lithium (bulk) diffusion into a copper single crystal. 

(b) ToF-SIMS depth profile of Li in a Cu single crystal after indiffusion from metallic lithium at 

120 °C for 28 days (black), and exponential fit with tail (red). 

The boundary conditions in this particular case could be altered by a surface hold-up of lithium 

due to a thin oxide layer or limited solubility in copper 18 and were difficult to determine. The 
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measured profiles excluding the above-mentioned increased surface concentration are best 

described by a Gaussian function 18,25, where C is the lithium concentration, C0 a constant related 

to the concentration at the boundary, t the diffusion time at a given temperature, Dl the lattice 

diffusion coefficient, and x the penetration depth : 

𝐶(𝑥) =
𝐶0

√2𝜋𝐷𝑙𝑡
exp (−

𝑥2

4𝐷𝑙𝑡
) + 𝐴 exp(−𝐵𝑥6/5) 

The second term including the constants A and B is added to account for the tail in the 

concentration profile. This tail can result from surface irregularities of the copper sample or fast 

diffusion paths along dislocations, which are both covered by addition of the exponential term 

and do not influence the calculated diffusion coefficient, as was discussed by Neumann and Lam. 

Due to the temperature restrictions of the above described method - fast Cu diffusion in Li - 

peak broadening of ion-implanted lithium in Cu single crystals (<100>; Alineason Materials 

Technology) was used to analyze the lattice diffusion coefficients in the temperature range of 

180 °C to 300 °C. The as-implanted ToF-SIMS profile is shown in Figure 3b. 

 

Figure 3. (a) Schematic representation of lithium diffusion in a copper single crystal after ion-

implantation. (b) ToF-SIMS depth profile after implantation (blue), after annealing at 300 °C for 
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90 minutes (black), and weighted fit of the annealed profile (red). The dashed line marks the 

position of maximal induced vacancy concentration (refer to figure S2 for details). 

Apart from the increased surface concentration of Li, which is also visible for this method, the 

as-implanted profile follows the expected truncated Gaussian and the profiles after annealing 

were analyzed using an analytical approach to peak broadening according to Malherbe et al. 26. 

While the profiles after annealing show the expected peak broadening due to diffusion (see 

Figure 3b), a clear deviation of the profile from the expected shape is apparent. This is a result of 

the increased diffusion in the region around 140 nm, where ion-implantation resulted in the 

highest number of induced vacancies (refer to Figure S2). This effect is the so-called transient 

enhanced diffusion (TED). Especially the lithium concentration towards the surface is apparently 

increased due to TED. In order to avoid artifacts from induced vacancies and from the increased 

surface concentration, Malherbe’s analytical equation was only fitted to the right side of the 

profile (high depth of penetration), where a small concentration of induced vacancies is expected 

(based on the modelled amount of induced vacancies, Figure S2).  

Finally, the indiffusion from a Li+-containing ionic liquid was also tested, since this setup is 

closer to the reality in Li-ion batteries: graphite anodes operate at potentials close to 0 V (vs. 

Li+/Li0) and occasional Li plating may occur under fast charge conditions, as well as under-

potential deposition. Different cells were short-circuited (no induced Li plating), while being 

maintained at different temperatures (details on the setup are given in the supporting 

information). Since a low potential vs. Li+/Li increases the concentration of Li+ at the Cu surface, 

a larger amount of Li is expected within the Cu sample than at open circuit conditions. The 

inverse was done by Gąsior et al., who measured the potential of Cu-Li alloys at high 

temperatures in molten salt electrolytes as a function of the Li-concentration in the alloy 27. 
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Limited by the thermal stability of the utilized ionic liquid, this method was applied only up to 

100 °C. Analysis by ToF-SIMS shows that the Li-concentration depth profiles after indiffusion 

from Li-cation containing electrolyte show the same behavior as when in contact with Li-metal 

(see Figure S1), meaning that lithium can diffuse into Cu current collectors, even if no Li-metal 

is deposited on the surface of Cu. While the exact mechanism for Li indiffusion for this specific 

set of experiments is not yet clear, we presume that lithium can diffuse into Cu without the 

transfer of electrons across the electrolyte/Cu interface, similar to the process that Gileadi 

proposed for metal deposition 28,29. Since the ionizability of Li is larger than that of Cu (the first 

ionization energies are 519 kJ/mol and 745 kJ/mol respectively), lithium is present as Li+ in 

copper (comparable to Na in Li as described by Ott 30). The electrons that are necessary for 

charge neutrality are located at the top of the Fermi level of Cu and the charge of the Li+ 

impurities is shielded by local changes in electron density. This is equivalent to the metal 

deposition process described by Gileadi, and the fact that lithium was able to diffuse into copper 

without any applied current supports his claims, which remains controversial. 

 

 
Figure 4. Arrhenius plots of lattice diffusion coefficients from single-crystal measurements 

(filled symbols, red fit) and grain boundary diffusion coefficients from polycrystal measurements 

(hollow symbols, blue fit). The data include peak broadening of ion-implanted lithium (squares), 



 12 

indiffusion from lithium metal (circles), and indiffusion from PYR13 with Cu at 0 V vs. Li+/Li 

(triangles). 

The grain boundary and lattice diffusion coefficients calculated from all complementary 

experiments performed in this work are summarized in Figure 4. Following the same trend, the 

lattice diffusion coefficients extracted from indiffusion and Li+-implantation are in good 

agreement with each other. This additionally confirms the validity of both methods. By avoiding 

the influence of interdiffusion of the two metals and any eventual surface or interface effects due 

to roughening or oxide layers, ion-implantation leads to a smaller error. The resulting Arrhenius 

equations of the lattice and grain boundary diffusion are respectively given by 

𝐷𝑙 = 3.9 ∙ 10−9 exp (−
0.68 𝑒𝑉

𝑘𝐵𝑇
) 

𝑐𝑚2

𝑠
  

and 𝐷𝑔𝑏 = 1.5 ∙ 10−11 exp (−
0.36 𝑒𝑉

𝑘𝐵𝑇
) 

𝑐𝑚2

𝑠
 . 

The activation energy for lattice diffusion with 0.68 eV is in excellent agreement with the 

value of 0.67 eV for the vacancy diffusion mechanism obtained by Xiong et al. using ab-initio 

calculations 31. We did not observe a curvature of the Arrhenius plot due to divacancies at 

temperatures below 300 °C, which could however be related to the inherently low accuracy of 

the indiffusion experiments. The lower activation energy of 0.36 eV that was measured for grain 

boundary diffusion results from the high defect density between grains. The room temperature 

diffusion coefficients from Arrhenius fits are 1.3 x 10-20 cm²/s and 1.4 x 10-17 cm²/s for lattice 

and grain boundary diffusion, respectively. These are 13 orders of magnitude lower than 

previously reported values of 10-7-10-6 cm2/s 11. 

While the diffusion coefficients provide information about the speed of Li uptake in Cu, the 

actual amount of Li that can potentially be trapped in current collectors cannot be obtained from 
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these values. The amount of Li that diffused into Cu can nevertheless be extracted from the 

indiffusion experiments by integration of the concentration profiles, including the increased 

surface concentration of lithium. The respective values for room temperature and 120 °C are 

listed in Table 1. As expected and confirmed by diffusion experiments, grain boundaries lead to 

a faster and higher Li uptake in copper. Even though lithium was only allowed to diffuse for 11 

days into the polycrystals, while diffusion into Cu single crystals was done for 28 days, a 3 to 4 

times higher mass-uptake of Li in Cu was found for the polycrystalline samples as compared to 

the single crystals. This gives evidence that smaller grains (and therefore more grain boundaries) 

lead to a larger uptake of lithium.  

 

Table 1. Mass of lithium that diffused into copper during the indiffusion experiments at different 

temperatures and durations, as extracted from ToF-SIMS depth profiles. 

Temperature Single crystal  

(28 days) 

Polycrystal  

(11 days) 

27 °C (± 3 °C) 3 ng/cm² 10 ng/cm² 

120 °C 156 ng/cm² 591 ng/cm² 

 

It is worth being pointed out that the commonly accepted Cu-Li binary phase diagram is based 

on experiments that were conducted by Klemm et al. by using fine Cu powder 32. This Cu 

powder offers many grain boundaries and a high surface area where Li concentration is 

increased, as well as an increased total amount of surface oxide with high lithium content, as 

compared to bulk samples with a low surface-to-volume ratio. We believe thus that the actual 

bulk solubility of Li in Cu is much lower than shown in the binary phase diagram. 
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The polycrystals utilized here were hot-rolled and have thus a relatively large average grain 

size of 11.9 µm. Battery current collectors, on the other hand, are typically electrodeposited and 

have average grain sizes closer to 1 µm. We expect this to be the reason for the much larger 

amount of 10.6 µg/cm² lithium that was found by Rehnlund et al. after 7 days at 50 °C (lithium 

in direct contact with copper) 8. Whether the amount of trapping Li in Cu could be neglected or 

not, will strongly depend on the chemistry and configuration of the anode electrodes used, as 

well as operation temperature. When using low mass loading in thin film anodes, for example, 

lithium trapping might be found to lead to significant relative losses, especially when long 

lifetimes at elevated temperatures are aspired. Room-temperature operation, even for a typical 

battery lifetime, is expected to lead to minimal Li losses in typically used anodes. As was 

previously proposed by Lv et al. 10 and is confirmed here, the use of copper current collectors 

with a large grain size could be a valid method to limit lithium losses when necessary. 
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