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Abstract: Here, we present a comparison of two thin lithium metal films produced via rolling and 

by thermal evaporation using synchrotron hard X-ray microtomography. In past studies of rolled 

lithium metal foils, a large number of C, O, and N impurities were found and identified as a key 

cause for failure in lithium metal cells. In this comparison, the X-ray tomography data shows that 

the evaporated lithium metal films have an average impurity concentration of 19 particles/mm3 

compared to 1350 particles/mm3 in the rolled lithium metal foil. Analysis of the inner 

substrate/lithium interface and outer lithium surface of the thermally evaporated film shows a 

much greater concentration of impurities at these interfaces, further emphasizing the importance 

of interface engineering in producing high-quality lithium metal batteries. We show that if surface 

contamination can be avoided, it is possible to obtain lithium foils with no impurities detectable 

by synchrotron hard X-ray tomography. 
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Lithium metal anodes are one of the most promising avenues for next-generation high-energy 

batteries.1–4 However, achieving high energy density requires cell designs with very little excess 

lithium. This means that either lithium-free anode designs or methods to produce thin lithium metal 

films are needed. The most common method of making thin lithium anodes is rolling.5 The vast 

majority of published papers on lithium metal anodes use rolled lithium metal films with 

thicknesses ranging from 20 to 600 µm.6–8 Commercially available roll films are known to contain 

impurities; typical films have N, O, and C at the 100 ppm level.9 X-ray tomography has revealed 

that the impurities present themselves as faceted particles distributed throughout the foil.9,10 When 

these electrodes are used to make cells, the impurities accumulate on the electrode surface because 

they are not transported by the applied fields.10 In solid block copolymer electrolytes, these 

particles serve as nucleation sites for the formation of lithium protrusions during charging that 

ultimately result in short-circuit.11,12 Enabling robust rechargeable batteries with lithium metal 

anodes may hinge on the availability of impurity-free lithium foils.

Evaporation of lithium metal has long been used in the thin-film battery community to make 

lithium films less than 5 µm thick.13–16 While rolling has no mechanism for purifying the lithium,  

evaporation preferentially deposits Li leaving behind the impurities containing N, O, and C. The 

evaporation process has the potential to purify the lithium metal in addition to making thin lithium 

metal films. Conceptually, evaporation should produce films of higher purity; 17,18  however, this 

has not previously been demonstrated experimentally. 

In this work, we present a direct comparison of a state-of-the-art rolled lithium metal film 

purchased from Honjo LLC. and evaporated lithium metal films collected on a boron nitride 

substrate using X-ray tomography. The rolled lithium metal films had an impurity concentration 

of about 1300 particles/mm3, while evaporated lithium metal films had an average concentration 
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of about 19 particles/mm3. The impurities in the evaporated lithium films arise mainly from dust 

particles that were present on the boron nitride substrate before the evaporation process was started 

and on the lithium foil surface after evaporation, emphasizing the importance of proper surface 

preparation. 

Figure 1 a) Schematic of roll press processing of lithium metal foils with a rolled lithium metal 
foil photograph inset. b) Schematic of thermal evaporation processing of lithium metal foils with 
a photograph of a thermally evaporated lithium metal film inset.

Figure 1 shows a schematic comparison of the rolling and evaporation processes. Pictures of the 

lithium metal films produced in this way are shown as insets in Figure 1a and 1b. The rolled film 

that we studied was about 150 µm thick compared to a thin lithium metal film formed by thermal 

evaporation that was about 70 µm thick. To prepare the samples for X-ray tomography, the rolled 

lithium metal was placed onto a polystyrene sheet and vacuum-sealed in a glovebox using battery 

pouching material, as shown schematically in Figure 2a. For the thermally evaporated lithium 

metal, we used two 0.5" x 0.5" boron nitride (BN) ceramic sheets as substrates. After the films had 

been deposited, we sandwiched them together to protect the lithium from reactions with 

atmosphere and then vacuum-sealed using the same materials and process used for the rolled 
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lithium films as shown schematically in Figure 2b. The sandwiching was performed specifically 

to limit exposure to residual gasses during shipping to the X-ray tomography beamline. We note 

that the use of BN substrates ensured that this thicker stack did not impede the quality of the X-

ray tomography data. Each lithium film was approximately 70 µm thick. 

We then performed synchrotron hard X-ray microtomography on the samples, and the results are 

shown in Figures 2c-f. Figure 2c and d show typical slices through the stacks in the xz-plane. Since 

lithium is the lightest element in the stack, the dark bands in the middle of each figure represent 

the lithium metal foils. Bright impurities are visible in Figure 2c but not in Figure 2d. The most 

prominent feature in the lithium foil in Figure 2d is a thin band that runs through the middle of the 

foil, representing the demarcation between the two individual lithium foils that were sandwiched 

to make the stack. In the tomograms, bright spots indicate impurity particles made up of atoms 

with a higher Z value than the surrounding lithium metal. We expect impurities to be Li2O, LiOH, 

Li2CO3, and Li3N based on manufacturer-reported impurities in lithium foil and X-ray 

photoelectron spectroscopy.19 Elemental analysis of one impurity particle found that it was 

oxygen-rich.20 Figures 2e and f show typical in-plane slices in the xy-plane. The slice through the 

rolled lithium foil is taken from the middle of the foil, while the evaporated lithium metal slide is 

taken from the middle of the top foil. It is evident that there are fewer impurities in the evaporated 

lithium foil. 
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Figure 2. a-b) Schematics of the experimental setup for rolled lithium metal (a) and evaporated 
lithium metal (b). c-d) X-ray tomography slice in the xz-plane for the rolled lithium metal (c) and 
the evaporated lithium metal (d). e-f) X-ray tomography slice in the xy-plane for the rolled lithium 
metal (e) and the evaporated lithium metal (f).

Three-dimensional volume renderings of our two foils are presented in Figure 3. The bulk lithium 

is rendered in translucent green, while the impurities are rendered in opaque blue. In Figure 3a, we 

show the top view of the rolled film in xy-plane. All of the impurities in this film can be seen. The 

shade of blue reflects the particle's location in the z direction; the particles located deep within the 

film (away from the top surface) appear fainter. The locations of the particles in the xz-plane are 
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clarified in the side view shown in Figure 3b. Comparing Figures 3a and 2e, one can see that 

images of individual slices contain but a small fraction of the impurity particles. The 3D volume 

renderings of the evaporated films are shown in Figures 3c and d. A 20 µm thick slice in the middle 

of the sample was removed because the impurities in this region are unrelated to the evaporation 

process. This region is outlined in Figure 3d. The evaporated films contain fewer impurity particles 

when compared to the rolled films. Most of the particles appear very faint in the side view in Figure 

3d because they are more or less in the middle of the lithium foils, away from the front face.

Figure 3. a-b) 3D rendering of a portion of the rolled lithium metal viewed from the (a) xy-plane 
and the (b) xz-plane, with lithium shown in green and impurity particles shown in blue. c-d) 3D 
rendering of a portion of the evaporated lithium metal viewed from the (c) xy-plane and the (d) xz-
plane.

The volume, V, of each impurity particle was determined by multiplying the number of voxels 

within it and the volume of each voxel, which is 4.3 µm3. The size, d, of each particle was then 
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determined using the relationship d = (6V/π)1/3. This size corresponds to the equivalent spherical 

diameter. A histogram of particle concentration versus size obtained using a bin size of 1 µm is 

shown in Figure 4. The rolled lithium foil contains 1350 impurity particles/mm3, and the mean 

value of d is 6 µm. In contrast, the evaporated lithium foil contains 19 impurity particles/mm3, and 

the mean value of d is 12 µm.

Figure 4. Histogram of the number of particles per mm3 as a function of particle equivalent 
spherical diameter for the rolled lithium metal (blue) and the evaporated lithium metal (yellow).

While the purity of the evaporated lithium is not especially surprising, it would not be unreasonable 

to assume that evaporated lithium should be completely devoid of impurities that can be resolved 

by X-ray microtomography. The presence of impurities raises the question of their origin. 

Comparing the two different lithium on BN films shows a difference in the impurity concentration 

(see Figure 5). The bottom film (Figure 5a) had an average impurity concentration of 37 

particles/mm3, while the top film (Figure 5b) had no impurity particles. The two samples were next 

to each other in the lithium deposition chamber (see Figure S1). The tomograms show that these 
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particles are attached to the BN surfaces (see Figures S2a,b). This data suggests that the particles 

were not generated during the lithium evaporation process but were preexisting before the lithium 

was deposited. It is also interesting to consider the origin of the impurities in the rolled lithium 

metal foils. It is unclear if they were a result of the rolling process or were present in the original 

ingots before rolling. 

Figure 5 3D rendering of lithium foil a) on the bottom and b) on the top of the stack in Figure 3d, 
viewed from the xy-plane. Lithium is shown in green, and impurity particles are shown in blue. 
There are no impurity particles in the top foil. 

Having proved that the evaporated metal is nearly impurity free (and completely free in some 

cases), we would expect that the cycling performance of polymer electrolytes would be 

significantly improved. In Figure S4, we present initial efforts to compare both evaporated and 

rolled Li metal films. These tests used a standard PEO-LiTFSI electrolytes. The Li metal in both 

cases was laminated to the polymer electrolytes using coin cells. The cell that used the rolled Li 

metal foil failed after 237 hours of cycling (0.5 mAh/cm2, at a current of 25 µA/cm2, and 70º C).  

One of two cells using evaporated Li metal films on Cu foil showed an impressive improvement 



10

in performance reaching 900 hours before cycling had to be stopped (not due to failure by 

shorting). A second cell however failed after just ~150 hours of cycling. While these results show 

promise they emphasize that the story is not quite so simple as directly replacing rolled Li with 

evaporated Li. Indeed, so far, our analysis of the Li metal films has ignored the importance of the 

interface. We found a significantly higher concentration of impurity particles on these surfaces. 

Tomographic slices showing these particles are shown in Figure S2c,d. Quantitative statistical 

analysis of the sample, including the interfaces, is shown in Figure S3. The whole stack, including 

the middle 20 µm thick slice, contained 51 impurity particles/mm3 and a mean value of d of 12 

µm. After evaporation, a 5% CO2/ 95% Ar blend was introduced into the glovebox to passivate 

the samples, and then the films were moved in a glovebox, and the sandwich was assembled. While 

we do not know the exact reason for the presence of particles on the evaporated lithium foils, it is 

clear that these particles were the result of these post evaporation processes. These results may be 

expected, given that dust particles are not eliminated from gloveboxes, as with cleanrooms used 

in semiconductor processing.  These particles that can be collected after deposition will also results 

in premature failure of Li metal cells. Therefore, in addition to the careful engineering of the bulk 

Li metal, the interface must also be carefully considered. Some of the next steps for this work 

include an in-depth statistical studies comparing evaporated Li deposited on Cu foil, evaporated 

Li metal directly applied to polymer electrolytes, and rolled Li metal foils. 

In conclusion, we have performed an X-ray tomography comparison of commercially available 

rolled lithium metal foil and thermally evaporated lithium metal foils. The level of impurities in 

thermally evaporated lithium was two orders of magnitude lower than that in rolled lithium metal 

films. If surface contamination can be prevented, then evaporated lithium foils have no impurities 

that can be detected by hard X-ray microtomography. This likely has significant implications for 
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the cycle life and maximum achievable current density of polymer and possibly ceramic-based 

lithium metal batteries. This level of particle impurity in the Li foil may or may not lead to cycling 

problems in all battery designs, but it is worth bearing in mind when performance falls short of 

expectations, particularly for solid state cells. 
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